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For the preparation ofâ-TCP and biphasic calcium phosphates (BCPs, mixtures of hydroxyapatite and
â-TCP), the presence of sodium in the reaction medium results in the incorporation of sodium in the
â-TCP network, by substitution of some calcium sites. Accordingly, a decrease of the unit cell volume
of â-TCP was observed with increasing sodium substitution. The distribution of sodium in theâ-TCP
structure, as a function of the amount incorporated, was probed using31P and23Na MAS NMR and
31P{23Na} REDOR experiments. It was shown that an estimation of the sodium content inâ-TCPs could
be obtained from the modeling of their31P MAS NMR spectra. Moreover, the incorporation of sodium
in â-TCPs results in improved mechanical properties, without affecting the biocompatibility of the ceramics.

Introduction

Biphasic calcium phosphate (BCPs) ceramics, combina-
tions ofâ-TCP [tricalcium phosphate,â-Ca3(PO4)2] and HA
[hydroxyapatite, Ca10(PO4)6(OH)2], are commonly used as
bioactive implants in human bone surgery.1-7 Indeed, such
biomaterials with suitable composition and porosity are
slowly resorbed in the body, releasing phosphates and
calcium ions that are used by the organism for regenerating
natural bone. The method currently recommended by manu-
facturing standards to control the quality of BCPs (HA/â-
TCP ratio, inorganic impurities) is powder X-ray diffraction
in addition to infrared spectroscopy.8-10

However, some results obtained in a recent work suggested
that this method is not sufficient to determine the purity of

the components in BCP. Indeed, as part of a study aimed at
designing implantable calcium phosphate-based bisphospho-
nate local delivery systems,11,12 a series of BCPs obtained
via different preparation routes were studied as potential
carriers for Zoledronate, a highly potent antiresorptive drug
active against osteoporosis13 and bone metastases.14-17 In this
context, the presence of the bisphosphonate sorbed onto the
BCPs was probed using31P solid-state NMR spectroscopy.
Surprisingly, although similar powder XRD patterns were
observed for the BCP starting materials, their31P NMR
signals were significantly different according to their syn-
thesis mode (Figure 1). The presence of one peak at the
expected chemical shift (2.8 ppm) for the HA component in
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all NMR spectra suggested that the observed difference might
arise from some variation in the composition of theâ-TCP
component.

To confirm this hypothesis, a series ofâ-TCP phases were
prepared in the present study according to different methods,
including direct solid-phase synthesis along with calcination
of precursors obtained by soft chemistry routes. In this article,
we demonstrate, on the basis of31P and23Na solid-state NMR
analyses of the resultingâ-TCP compounds, that some
calcium sites can be partly replaced by sodium when present
in the reaction medium, leading to a modification of the
environment of the different phosphorus sites. This results
in an evolution of the31P NMR spectra, the simulation of
which was found to be a convenient method for determining
the sodium content. Moreover, the presence of sodium in
â-TCPs led to increased compressive strengths, without
affecting their biocompatibility.

Experimental Section

Materials and Methods.X-ray powder diffraction (XRD)
patterns of BCPs andâ-Ca10.5-x/2Nax(PO4)7 powders were
recorded using a Philips PW 1830 generator equipped with
a vertical PW 1050 (θ/2θ) goniometer and a PW 1711 Xe
detector. The data were acquired using Ni-filtered copper
KR radiation in a step-by-step mode with 2θ initial ) 10°,
2θ final ) 100°, step 2θ ) 0.03°, time per step) 2.3 s.
Rietveld refinements were carried out to determine the unit
cell parameters and atomic positions using WinPlotr18 and
Fullproff19 as the graphical user interface and Rietveld
refinement software, respectively. All diffraction patterns
were refined using the Caglioti function for the diffraction
profile. TiO2 anatase powder (Merck) (around 10% w/w) was
mixed with the samples to determine the amorphous phase
percentage.20 Energy-dispersive X-ray spectroscopy (EDXS)
measurements were carried out on a LEO 1450 VP (Zeiss,

Germany) scanning electron microscope (SEM) with an
Oxford Inca X-slight 7353 attachment. The determination
of the sodium content in theâ-TCP phases was performed
by atomic absorption spectrometry, using a Unicam 989
spectrometer equipped with a Na lamp. For the analyses,
100 mg of each sample was dissolved in 2 mL of a 10%
HCl solution that was then diluted using a 0.2% KCl solution,
and the analyses were performed at 589 nm with an air/
acetylene flame. Fourier transform infrared (FTIR) spectra
were obtained on a Nicolet Magnat II 550 FTIR spectrometer
(400-4000 cm-1 spectral range with 4 cm-1 resolution and
128 scans), using the usual KBr pellet technique (1 mg of
sample in 300 mg of KBr). Solid-state magic-angle-spinning
nuclear magnetic resonance (MAS NMR) conditions were
as follows: Longitudinal relaxation timesT1 for 31P sites in
â-TCP were measured and found to vary between 10 and
15 s [ν0(31P) ) 121.5 MHz]. For Na-substituedâ-TCP
samples, longer relaxation times (50< T1 < 300 s) were
found. In particular, the values were 90, 210, and 130 s for
the main resonances located at 3.5, 2.3, and 0.8 ppm,
respectively.31P single-pulse spectra were recorded in a
single scan after a delay of 600 s. Single decaying expo-
nential functions were used for apodization (line broadening
below 10 Hz, representing 10% of the line width or less).
The spectrometers used were Bruker 300, 400, and 750
models [ν0(31P) ) 121.5, 162.0, and 303.7 MHz, respec-
tively].

23Na single-pulse NMR spectra were recorded on a Bruker
750 spectrometer [ν0(23Na) ) 198.4 MHz] using a 14-kHz
MAS rate (4-mm rotor), RF field strengths of 25 kHz, single
π/12 RF pulses, recycle delays of 5 s, and acquisition of
four scans.23Na triple-quantum 2D experiments were run
on a Bruker 400 spectrometer [ν0(23Na)) 105.8 MHz], using
an MQ z-filter pulse sequence,21 a 13-kHz MAS rate (4-
mm rotor), an RF field strength of 25 kHz, and recycle delays
of 1 s with presaturation; 240 scans were recorded, with 256
slices in the F1 indirect dimension.

31P{23Na} REDOR experiments22 were performed on a
Bruker 400 spectrometer [ν0(31P) ) 162.0 MHz,ν0(23Na) )
105.8 MHz], using a 25-kHz MAS rate (2.5-mm rotor), RF
field strengths of 50 kHz for31P and 25 kHz for23Na
(selectiveπ pulses of 10µs), recycle delays of 30 s with
presaturation for31P, and acquisition of 32 scans at 32
different echo delays. Additional23Na{31P} REDOR experi-
ments were run on Bruker 400 or 750 spectrometers using
the same range of RF fields.

31P and23Na chemical shifts were referenced to external
aqueous H3PO4 (85%) and aqueous NaCl (1 M), respectively.
NMR spectra were modeled using the home-developed and
freely available dmfit software.23 Modeling of the 23Na
quadrupolar line shape was realized using the amorphous
model line shape of the dmfit software. From this, we

(18) Roisnel, T.; Rodriguez-Carvajal, J.Mater. Sci. Forum2001, 378-
381, 118.
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Software/Methods DeVelopment Issue; Commission for Powder Dif-
fraction, International Union of Crystallography: Stuttgart, Germany,
1998; pp 35-36.

(20) Orlhac, X.; Fillet, C.; Deniard, P.; Dulac, A.; Brec, R.J. Appl.
Crystallogr.2000, 34, 114.

(21) Amoureux, J.-P.; Fernandez, C.; Steuernagel, S.J. Magn. Reson. A
1996, 123, 116.
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(23) Massiot, D.; Fayon, F.; Capron, M.; King, I.; Le Calve, S.; Alonso,

B.; Durand, J. O.; Bujoli, B.; Gan, Z.; Hoatson, G.Magn. Reson. Chem.
2002, 40, 70.

Figure 1. 31P single-pulse MAS NMR spectra of BCP (HA50-TCP50)
compounds obtained by two different preparation routes. The spectrum of
a pure HA sample is given for comparison [ν0(31P) is 121.5 MHz for BCPa
and 162.0 MHz for BCPb and HA).
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extracted the∆CQ parameter that corresponds to the full
width at half-maximum of theCQ distribution.

Synthesis.TCPSolid was obtained by solid-phase reaction
from a mixture of CaHPO4 (9.108 g) and CaCO3 (3.336 g)
that was ground for 30 min and sintered at 1000°C for 24
h. TCPNaOH was synthesized by hydrolysis of dicalcium
phosphate dihydrate powder (DCPD, 90 g, Merck, Darms-
tadt, Germany) in 500 mL of a 0.6 mol L-1 NaOH solution.
This reaction was performed under gentle stirring for 4 h at
90 °C, and the resulting solid was filtered, rinsed with water,
dried in air, and calcined at 1000°C for 4 h. TCPNH4OH
was obtained by hydrolysis of DCPD (40 g) in 500 mL of a
0.3 mol L-1 NH4OH solution. The reaction was performed
under gentle stirring for 4 h at 90°C, and the resulting solid
was filtered, rinsed with water, dried in air, and calcined at
1000°C for 4 h. TCPPrecip was prepared by precipitation
of a 0.6 mol L-1 Ca(OH)2 solution, obtained by the dropwise
addition of 500 mL of a 0.4 mol L-1 H3PO4 solution. The
solution was then stirred for 2 h, and the obtained gel was
filtered, rinsed with water, dried in air, and calcined at 1000
°C for 4 h. Na-dopedâ-TCP samples of various compositions
[Ca10.5-x/2Nax(PO4)7; x ) 0, 0.25, 0.5, 0.75, 1.0) were
prepared by solid-phase reaction using suitable stoichiometric
proportions of CaHPO4, CaCO3, and Na2CO3. Reagents were
mixed intimately, and then 20 cylindrical pellets (diameter,
20 mm; thickness, 5 mm) were prepared for each composi-
tion via uniaxial compression. Microporous ceramics were
obtained after sintering the pellets at 1000°C for 4 h
according to the reaction

Results and Discussion

Identification of the Influence of the Na Content in
â-TCPs on Their 31P NMR Data. Two â-TCP ceramics
were prepared according to methods commonly reported in
the literature, denoted TCPSolid (sintering of a CaHPO4/
CaCO3 mixture) and TCPPrecip [precipitation of a Ca(OH)2

solution by addition of aqueous H3PO4, followed by calcina-
tion of the resulting gel]. Moreover, two additional samples
were prepared by calcination of calcium-deficient apatites
(CDAs) synthesized by hydrolysis of dicalcium phosphate
dihydrate (DCPD), using an aqueous base such as sodium
hydroxide (TCPNaOH) or ammonium hydroxide (TCPNH4-
OH).

Powder X-ray diffraction analyses gave similar results for
the four samples, that exhibited the specific diffraction pattern
of â-TCP; the absence of any amorphous impurity was
confirmed by Rietveld refinement of the XRD patterns of
the various samples mixed with TiO2. However, the31P solid-
state NMR spectra differed notably for the four compounds,
especially in the case of TCPNaOH, for which at least two
additional lines of significant intensity were present at 0.85
and 3.5 ppm (Figure 2).

Similar NMR lines at the same positions were observed
in some BCPs previously studied (Figure 1), thus confirming
that this phenomenon is closely related to theâ-TCP

component, which can probably undergo a chemical modi-
fication that does not significantly affect the X-ray diffraction
pattern. Subsequent characterization of theâ-TCP samples
by energy-dispersive X-ray spectroscopy (EDXS) revealed
that the variation of the31P NMR spectra was directly
correlated to the presence of sodium in the sample. At the
same time, some variations in theνPO4 infrared absorption
pattern were similarly observed (Figure 3), suggesting
slightly different environments around the phosphate groups
for the four compounds.

Whereas TCPPrecip and TCPSolid were shown to be
sodium-free (Table 1) by atomic absorption spectroscopy
(AAS), TCPNaOH and TCPNH4OH were found to contain
1.44 and 0.44 wt % sodium, respectively. Careful analysis
of the synthesis protocol showed that the presence of sodium
in the latter compound arose from the commercial DCPD
starting material, which contained a similar amount of sodium
(Table 1). Accordingly, a new batch of CDA was prepared
from a sodium-free DCPD source and ammonium hydroxide,
and after calcinations, the31P NMR spectrum of the
corresponding TCP was similar to that recorded for TCP-

7CaHPO4 + (3.5- x
2)CaCO3 + x

2
Na2CO3 f

Ca10.5-x/2Nax(PO4)7 + 3.5CO2 + 3.5H2O (1)

Figure 2. 31P single-pulse MAS NMR spectra of the fourâ-TCPs obtained
by different preparation routes (see text).

Figure 3. FTIR spectra of the fourâ-TCPs obtained by different preparation
routes.

Table 1. Sodium Content Determined by AAS for DCPD and the
â-TCP Samples

sample
Na content

(wt %)

DCPD: CaHPO4‚2H2O 0.45( 0.01
TCPNaOH 1.44( 0.02
TCPNH4OH 0.44( 0.01
TCPPrecip 0.000( 0.001
TCPSolid 0.000( 0.001

Effect of Sodium Doping inâ-Tricalcium Phosphate Chem. Mater., Vol. 18, No. 6, 20061427



Precip, with no sodium contamination. It was thus obvious
that the presence of sodium in the reaction medium has an
influence on the composition of the final TCP, via substitu-
tion of some of the calcium sites (ionic radius 1.00 Å) by
sodium ions (ionic radius 0.99 Å). This was confirmed when
a series of Na-doped tricalcium phosphates Ca10.5-x/2Nax(PO4)7

(x ) 0, 0.25, 0.5, 0.75, 1) were prepared by direct high-
temperature solid-phase synthesis, according to eq 1. Indeed,
a strong variation of the31P NMR spectra of the correspond-
ing solids (Figure 4) was observed as the Na content
determined by atomic absorption spectroscopy increased
(Table 2), leading to spectra very similar to those of TCPNH4-
OH (x ) 0.25) and TCPNaOH (x ) 0.75).

Effect of the Sodium Doping on the Local Environment
of the Phosphorus Atoms inâ-TCPs.The structure of pure
â-TCP was determined by single-crystal X-ray diffraction
by Dickens et al.24 and later confirmed by Yashima et al.25

through a neutron powder diffraction study. There are three
crystallographically distinct phosphorus positions with 1:3:3
relative occupancies for P(1)/P(2)/P(3), as P(1) is on a
crystallographically special position. The cations are distrib-
uted over five different sites, and of these, two cation sites
[Ca(4) and Ca(5)] are special positions, one of which is half
occupied [Ca(4)]. Among the three phosphorus sites, only
P(1) and P(2) are each connected to a single Ca(4) site. As
31P MAS NMR spectroscopy is very sensitive to local
structural modifications, it is then expected that the corre-
sponding resonances will differ according to whether the
Ca(4) site is occupied or not, leading, in a first approxima-
tion, to five resonances in all: one for P(3), two equally

intense lines for P(2), and the same for P(1). On this basis,
Jakeman et al.26 were able to simulate theâ-TCP 31P MAS
NMR experimental spectrum satisfactorily, and the corre-
sponding simulation performed with TCPPrecip is presented
in Figure 5a: P(1) and P′(1) [7.1% and 4.2% (expected 7%)],
P(2) and P′(2) [19.1% and 22.8% (expected 21.5%)], P(3)
[46.8% (expected 43%)].

It is worth noting that (i) a deviation from the ideal ratio
is observed, and some resonances are broader than others,
as a probable result of positional disorder of the phosphorus
atoms arising from the partial occupancy of the Ca(4) site,
and (ii) a better ordering of the vacancies seems to be present
for TCPSolid obtained by high-temperature direct synthesis,
leading to a better-resolved31P MAS NMR spectrum, with
at least 16 distinct resonances when the spectrum was
recorded at very high magnetic field (Figure 5b). Actually,
the assignment of these resonances is challenging and would
require further 1D and 2D NMR experiments at different
MAS rates and magnetic fields.

With substitution of sodium in theâ-Ca3(PO4)2 structure,
a much simpler spectrum emerges as the sodium content
increases (Figure 4). The31P spectrum of Ca10.5-x/2Nax(PO4)7

(x ) 1) and its modeling are presented in Figure 6. The
spectrum presents three main resonances (3.5, 2.3, and 0.8
ppm] with relative intensities in a ratio close to 4:1:4. It is
important to note that, in addition to these main resonances,
a series of weak peaks is also present in the spectrum. The
latter probably denote the two insertion modes observed for
sodium in Ca10Na(PO4)7 (see next section) and can contribute
to the deviation observed in the relative 3:1:3 intensity
expected for the formation of Ca10Na(PO4)7 in which the
Ca(4) sites are fully occupied by sodium ions. Moreover,
the intensity of the resonance at 2.3 ppm might be slightly
underestimated because of its longerT1 (see Experimental
Section).

In addition to NMR measurements, XRD patterns were
recorded as a function of the Na content in Ca10.5-x/2Nax(PO4)7.
All of the corresponding structures were refined using the
Rietveld method, starting from the previously mentioned
structure proposed by Dickens et al.24 No deviation from
this latter structure was observed as a consequence of Na
insertion, except for the unit cell parameters. This variation
was found to differ depending on theâ-TCP synthesis
route: a nonmonotonic variation was obtained for all of the
samples resulting from the calcination of precursors obtained
by soft chemistry routes (i.e., TCPNaOH, TCPNH4OH, and
TCPPrecip), whereas direct solid-phase synthesis led to a
quasi-perfect linear variation, especially for thec parameter,
as reported in Figure 7. This monotonic variation in cell
parameters was expected because of the different cation
radius and oxidation state of sodium as compared to calcium.

To assign the new peaks observed in the31P NMR
spectrum of Ca10Na(PO4)7, we undertook a31P{23Na}
REDOR experiment,22 which is sensitive to the dipolar
couplings between31P and23Na nuclei and, thus, to their
internuclear distances.27 The experimental REDOR curves

(24) Dickens, B.; Schroeder, L. W.; Brown, W. E.J. Solid State Chem.
1974, 10, 232.

(25) Yashima, M.; Sakai, A.; Kamiyama, T.; Hoshikawa, A.J. Solid State
Chem.2003, 175, 272.

(26) Jakeman, R.; Cheetham, A.; Clayden, N.; Dobson, C.J. Solid State
Chem.1989, 78, 23.

(27) Guillon, T.; Schaefer, J.J. Magn. Reson.1989, 81, 196.

Figure 4. 31P single-pulse MAS NMR spectra of Ca10.5-x/2 Nax(PO4)7

compounds, as a function ofx [ν0(31P) ) 303.7 MHz].

Table 2. Na Content (wt %) in Ca10.5-x/2Nax(PO4)7 Compounds,
Determined by AAS

x theoretical experimental

0 0 0.000( 0.001
0.25 0.53 0.54( 0.01
0.50 1.06 1.07( 0.02
0.75 1.59 1.61( 0.03
1 2.11 2.13( 0.03
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[i.e., the normalized signal difference (S - S0)/S0 as a
function of the number of rotor periodsNTr] are presented
in Figure 8 for the three main peaks (located at 3.5, 2.3, and
0.8 ppm).

Information on the spatial proximities between the P and
Na sites can be obtained theoretically from the initial slope

of these REDOR curves. We have used the formula proposed
by Bertmer and Eckert28 for the initial variation of (S- S0)/
S0 in the case of a pair of coupled spins and considering a

(28) Bertmer, M.; Eckert, H.Solid State Nucl. Magn. Reson.1999, 15,
139.

Figure 5. 31P single-pulse MAS NMR spectra ofâ-TCP compounds and their modeling: (a) TCPPrecip [ν0(31P) ) 162.0 MHz], (b) TCPSolid [ν0(31P) )
303.7 MHz].

Figure 6. 31P single-pulse MAS NMR spectrum of Ca10.5-x/2Nax(PO4)7 (x ) 1) and its modeling. The table shows the31P chemical shifts and the relative
percentages of the areas of the31P deconvoluted peaks. Assignments are made on the basis of the31P{23Na} REDOR results (see text).

Figure 7. Variation of the cell parameters obtained from Rietveld structural refinement as a function of the Na content in Ca10.5-x/2Nax(PO4)7 compounds
prepared by solid-phase reaction. Thec values for TCPNaOH [c ) 37.292(5) Å] and TCPNH4OH [c ) 37.389(4) Å] are given for comparison.

Effect of Sodium Doping inâ-Tricalcium Phosphate Chem. Mater., Vol. 18, No. 6, 20061429



second-order approximation for the REDOR signal. This
approach is sufficient for the purposes of this study, although
a more complete interpretation could be considered using
model compounds and the procedure recently suggested for
multispin systems that takes into account the effect of the
quadrupolar interactions.29 As we used near-selective23Na
pulses in our experiment (νRF/νQ ≈ 0.02), we have to take
into account the fact that only the central transition|+1/2〉
T |-1/2〉 would be uniformly excited and the other transitions
could be partially excited in these REDOR experiments.30

Therefore, we introduced a multiplicative prefactorf as
previously suggested,31 leading to the formula:

whereD is the dipolar coupling for a given31P≈23Na pair.
D values were calculated using the P(1)-Ca(4), P(2)-
Ca(4), and P(3)-Ca(4) internuclear distances (3.177, 3.320,
and 5.064 Å, respectively) obtained from the published
crystal structure ofâ-TCP.24,25The three curves for the P(1),
P(2), and P(3) phosphorus sites are drawn in Figure 8 using
f ) 0.6. Considering only the excitation of the23Na central
transition would lead tof ) 0.4. The difference accounts
for the non-purely selective pulses used, but also for possible
adiabatic passages between|(1/2〉 and |(3/2〉 statessas in
TRAPDOR32,33 and REAPDOR34 experimentssdue to the
experimental conditions [in particular,νMAS ) 25 kHz and
νRF (23Na)) 25 kHz]. Nevertheless, there is a relatively good
agreement between the sets of experimental and calculated
initial slopes of the REDOR curves. If we also consider the
differences in intensity observed for the three main reso-
nances (Figure 6), we can assign the peaks located at 3.5,
2.3, and 0.8 ppm to the P(2), P(1), and P(3) phosphorus sites,
respectively, in a structure where Na occupies all of the
Ca(4) sites of pureâ-TCP.

Local Environment of the Sodium Atoms as a Function
of the Na Content in â-TCPs. The presence of sodium in
the lattice was also evidenced by23Na MAS NMR spec-
troscopy. Single-pulse23Na spectra of Ca10.5-x/2Nax(PO4)7

compounds, as a function ofx are presented in Figure 9a,
showing a gradual evolution with increasingx. For the lowest
value (x ) 0.25), the signal is broad, suggesting a high level
of disorder for the sodium sites. This was modeled by a
second-order quadrupolar line shape (Figure 9b) with a high
value of dispersion for the quadrupole coupling constant
(∆CQ parameter for signal 1 in Table 3). For the highest
value (x ) 1), the spectrum presents a more defined and
characteristic second-order quadrupolar line shape. However,
this spectrum cannot be modeled accurately by a single
contribution (signal 2, with∆CQ ) 90 kHz; see Table 3). A
second and broader contribution, corresponding to signal 1,
had to be used for a better simulation (Figure 9b).

To further investigate the existence of various23Na signals,
we recorded a23Na triple-quantum 2D spectrum forx ) 1
(Figure 10), showing that its projection onto the isotropic
dimension is not symmetrical and can be deconvoluted into
two Gaussian-Lorentzian functions. In addition, the whole
triple-quantum 2D spectrum is better modeled using two
contributions rather than one (not shown). Therefore, dif-
ferent kinds of sodium sites are present that can be associated
with the two different signals 1 and 2. From23Na{31P}
REDOR experiments performed on various samples (x )
0.5, 0.75, 1), we observed that the two signals have similar
REDOR curves and that both correspond to sodium atoms
close to phosphorus sites. The differences between the two
23Na signals deduced from modeling (Table 3) are the
chemical shifts, the∆CQ quadrupolar coupling constant
dispersion, and theηQ asymmetry parameter. This might
reflect slight differences in the geometry of the Ca(4) sites
occupied by Na.

(29) Strojek, W.; Kalwei, M.; Eckert, H.J. Phys. Chem. B2004, 108, 7061.
(30) Chopin, L.; Vega, S.; Gullion, T.J. Am. Chem. Soc.1998, 120, 4406.
(31) Chan, J. C. C.; Bertmer, M.; Eckert, H.J. Am. Chem. Soc.1999, 121,

5238.
(32) van Eck, E. R. H.; Janssen, R.; Maas, W. E. J. R.; Veeman, W. S.

Chem. Phys. Lett.1990, 174, 428.
(33) Grey, C. P.; Veerman, W. S.Chem. Phys. Lett. 1992, 192, 379.
(34) Guillon, T.Chem. Phys. Lett. 1995, 246, 325.

Figure 8. Experimental31P{23Na} REDOR curves of Ca10.5-x/2Nax(PO4)7

(x ) 1) obtained for the31P peaks located at 3.5, 2.3, and 0.8 ppm (open
diamonds, solid squares, and solid triangles, respectively). Calculated curves
for the three phosphorus sites ofâ-TCP (lines) take into account a complete
insertion of Na into Ca(4) sites and a prefactor off ) 0.6 (see text for
details).

∆S/S0 ) f.[16/15(NTr)
2D2 - 128/315(NTr)

4D4 ] (2)

Figure 9. (a) 23Na single-pulse MAS NMR spectra of Ca10.5-x/2Nax(PO4)7

compounds as a function ofx [ν0(23Na) ) 198.4 MHz]. (b) Modeling of
the 23Na NMR spectra of Ca10.5-x/2 Nax(PO4)7 compounds (x ) 0.25,x )
1).

Table 3. NMR Parameters of the Two23Na Signals Obtained by
Modeling the 23Na Spectra of Ca10.5-x/2Nax(PO4)7.(x ) 0.25 and 1)a

signal δiso (ppm) CQ (MHz) ∆CQ (kHz) ηQ

1 -8.3 2.2 380 ∼0.3
2 -9.7 2.3 90-360 0.0

a See Experimental Section for details.

1430 Chem. Mater., Vol. 18, No. 6, 2006 Obadia et al.



Indeed, we tried to model the four23Na 1D spectra of
Figure 9 using the two contributions with the set of
parameters listed in Table 3. It was clearly necessary to vary
the ∆CQ parameter for signal 2 in order to obtain good
simulations. In the case ofx ) 0.5, ∆CQ reached 360 kHz,
close to the value of signal 1. Accordingly, a gradual ordering
of the sodium nuclei associated with signal 2 was observed
as the sodium content increased. Moreover, the relative
percentages between the two signals varied in an opposite
way as a function ofx (Figure 11). Signal 1 was the only
signal observed at low values ofx, whereas the narrow signal
was detected fromx ) 0.5 and became majority only atx )
0.75. Even if the modeling of the spectra by two contributions
could be formal, these variations clearly show that the
insertion of Na into the Ca(4) sites leads to a Ca10.5-x/2Nax-
(PO4)7 disordered phase at the beginning, and not to a phase
separation between Ca10.5(PO4)7 and Ca10Na(PO4)7 defined
phases. This result is in full agreement with the variation of

the unit cell parameters as a function of Na content observed
from XRD measurements, as a biphasic composition should
lead to two sets of cell parameters.

Evaluation of the Sodium Content.Although the sodium
insertion inâ-TCP appeared rather complicated, we were
interested in determining whether an estimation of the Na
content inâ-TCPs could be obtained from simple and fast
measurements.

A first possibility was investigated through the modeling
of the31P MAS NMR spectra obtained at moderate magnetic
fields [ν0(31P) ) 121.5 or 162.0 MHz]. In this context, we
have shown that the31P MAS NMR spectra of the sodium-
containingâ-TCP could be simulated as the sum of two
contributions: one corresponding to the five NMR signals
of pureâ-TCP (denoted A) and the other to the three NMR
lines of Ca10Na(PO4)7 (denoted B). As illustrated in Figure
12, a deconvolution of the spectra was performed on this
basis, with fixed isotropic chemical shifts for the eight
resonances (5+ 3) and refinement of the corresponding line
widths and intensities. From the calculated spectra, the
relative abundance of the two NMR patterns [area B/(area
B + area A)] was found to be in good agreement with the
experimental value of the sodium percentagex in Ca10.5-x/2-
Nax(PO4)7. This was also the case when similar modeling
was applied to the31P MAS NMR spectra of TCPNaOH
(x ) 0.63 from the NMR simulation;x ) 0.68 as determined
by AAS) and TCPNH4OH (x ) 0.27 from the NMR
simulation;x ) 0.21 as determined by AAS). Therefore, we
can then conclude that, in a first approximation, the Na
content inâ-TCP phases can be conveniently determined
by modeling the corresponding31P MAS NMR spectra, using
a free-access laboratory-developed software available on the
Internet.23

A second possible evaluation of the Na content in
Ca10.5-x/2Nax(PO4)7 could be offered by XRD measurements
through the variation of thec cell parameter as a function

Figure 10. Sheared23Na triple-quantum MQMAS 2D obtained with an MQz-filter pulse sequence [ν0(23Na) ) 105.8 MHz]. The projection onto the23Na
vertical dimension and its deconvolution into two contributions are shown on the right side of the figure.

Figure 11. Variation of the relative percentages of the two23Na signals
for Ca10.5-x/2Nax(PO4)7 compounds as a function ofx.
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of x (Figure 7). This could be very attractive given the recent
development of new X-ray detectors that require ap-
proximately 2 min for the acquisition of a pattern having
the same quality as those described in the Experimental
Section of this article, instead of 2 h with classical scintil-
lation detectors. In the present case, however, as mentioned
above, this measurement is relevant only for samples
prepared by solid-phase synthesis. Therefore, one can wonder
why X-ray diffraction does not show a monotonic variation
of the cell parameters as a function of the sodium content
for samples prepared by calcination of precursors obtained
by soft chemistry routes, whereas31P MAS NMR spectros-
copy does not seem to be sensitive to this parameter. This

could be related to a problem of structural origin that is not
clearly mentioned in the literature: the crystallographic
structure, as published on the basis of the single-crystal study
reported by Dickens et al., shows an estimated valence35,36

of 3 for the Ca(5) site. This result was confirmed by a recent
neutron diffraction study,25 in which the authors calculated
this latter valence but did not comment on its abnormally
high value. It is, of course, inconceivable to completely reject
the â-TCP structure, but it would be interesting to refine it
again from a single-crystal study, with the help of modern

(35) Brese, N. E.; O’Keeffe, M.Acta Crystallogr.1991, B47, 192.
(36) Brown, I. D.Acta Crystallogr.1995, B48, 553.

Figure 12. Simulation of the Ca10.5-x/2Nax(PO4)7
31P MAS NMR spectra as the sum of Ca10.5(PO4)7 (pureâ-TCP) and Ca10Na(PO4)7 contributions. The

relative abundance of the latter contribution (denotedx) is compared to the experimental value of the Na content [x (theory)].
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equipment. Indeed, powder diffraction is not the best method
because of the large unit cell volume, which induces a strong
overlap of the diffraction peaks that does not favor the
measurement of their intensities with high precision. How-
ever, cell parameter refinements are independent of the
intensity of the diffraction lines and are thus reliable, giving
indirect information about the presence of a structural
anomaly that still remains to be elucidated.

A full report on the mechanical properties and biocom-
patibility of Na-containingâ-TCP will follow later, showing
that a linear increase of the compressive strength was clearly
observed for Ca10.5-x/2Nax(PO4)7 as the Na content was raised
and that biocompatibility did not show any significant
difference due to the presence of sodium (up to 2.11% by
weight for x ) 1) in theâ-TCP structure.

Conclusion

We have shown that any source of sodium present during
the synthesis ofâ-TCP resulted in sodium insertion in the

ceramic network, the extent of which can easily be estimated
using 31P solid-state NMR spectroscopy. X-ray powder
diffraction can also be used, but only for compounds obtained
by solid-phase synthesis, provided that a careful Rietveld
refinement is done to obtain very accurate unit cell param-
eters. At low sodium loading, highly disordered Ca10.5-x/2-
Nax(PO4)7 phases were formed, ending up in a well-ordered
Ca10Na(PO4)7 composition when the sodium amountx was
increased, although some slight differences in the geometry
of the Na sites were still present. This study also highlights
a crystallographic issue that needs to be addressed through
a careful single-crystal diffraction experiment.
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