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Physicochemical Properties and Structural Refinement of Strontium-Lead
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Continuous series of solid solutions of strontium and lead ap-
atite Sr(;0_Pbx(PO4)6(OH), (0 = x = 10), synthesized in
aqueous media have been investigated by X-ray powder-pat-
tern fitting, 3P MAS NMR and IR spectroscopy. The lattice
dimensions and the IR frequencies of the solid solutions vary
linearly with the atom% of lead. The results of the Rietveld
analysis indicated a clear preference of lead for the M(2) site
of the apatitic structure, so that in the samples with low Pb
content it is almost exclusively found in the M(2) site. 3'P
MAS NMR spectra at 162 MHz show a unique isotropic sig-

nal at §;, between +2.9 (StTHA) and —0.7 ppm (PbHA). From
the variation of d;;, with the phase composition it appears
that 3!P shielding in these mixed apatites is essentially gov-
erned by the nature of the metal in the M(1) site. The qualit-
ative variation of the chemical shift anisotropy of the PO,
group agrees with the deviation from ideal T4 symmetry
shown by the Rietveld refinement analysis.

(© Wiley-VCH Verlag GmbH, 69451 Weinheim, Germany,
2002)

Introduction

Hydroxyapatites, M;o(PO4)s(OH),, crystallizing in the
hexagonal lattice, are known for the bivalent metals M =
Ca, Sr, Ba, Cd, and Pb.I' 31 Because of the high stability
and flexibility of the apatitic structure, a great number of
substitutions, both cationic and anionic are possible. In par-
ticular, substitution of the bivalent cations has a great influ-
ence on the structural, textural, and physical properties of
these materials and justifies the increasing number of stud-
ies on this subject, which involves several research and ap-
plication fields: dental and bone pathologies, bioceramics,
luminescence, ionic conduction, water treatment by ionic
exchange, catalysis, etc.[0710]

A major contribution to these studies comes from the
results of structural refinements of powder X-ray diffrac-
tion patterns (Rietveld methods) and of solid-state NMR
spectroscopy investigations, performed at high resolution
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with magic-angle spinning (MAS NMR). Actually, these
two methods are complementary and their combined use
represents a powerful tool for investigating the localization
of the substituted elements in the apatitic cell, as well as the
resulting structural modifications.

The unit cell of stoichiometric crystalline apatite hosts
ten cations arranged in two non-equivalent positions: four
at the M(1) site aligned in the column, each surrounded by
nine oxygen atoms, and six at the M(2) site arranged at the
apexes of “staggered” equilateral triangles, each surrounded
by seven oxygen atoms.!!-219]

Ca-Sr, Ca-Ba, Ca-Cd, and Ca-Pb hydroxyapatites have
been widely investigated!'' ~!>) (hereafter MHA and M'-
M''HA indicate pure or mixed-metal hydroxyapatites, re-
spectively). The lattice parameters of these mixed apatites
vary linearly with the composition, with the exception of
the ¢ axis of Pb-CaHA that displays a discontinuity at
about 50 atom% of lead. The peculiar variation of the c-
axis dimension has been ascribed to an inhomogencous
lead distribution in the two non-equivalent cation sites, on
the basis of the results of powder pattern structure refine-
ments of Pb-CaHA, which indicate a clear preference of
lead for site M(2) of the hydroxyapatite structure.)

We have previously applied powder pattern fitting refine-
ments and 3'P MAS NMR spectroscopy to the study of
Cd-Pb and Cd-Sr systems.['®!7l CdHA and PbHA exhibit
just a limited range of solubility; cadmium can replace up
to 30% of the lead, whereas lead does not seem to “like”
the incorporation into CdHA. The cadmium ion displays a
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clear preference for the M(1) site of the apatite structure, in
agreement with the shorter metal—metal distances in this
site with respect to the M(2) site. On increasing the cad-
mium content, it begins to fill the M(2) site so that at the
highest degree of substitution, two of the four metal ions in
the M(1) site are Cd, whereas just one of the six metal ions
in the equilateral triangles characteristic of site M(2) is Cd.
Also Sr9—,)Cd HA were obtained as a single phase in a
limited range of composition (x = 4). In this system, in
comparison with the Cd-Pb one, the relatively small Cd>*
ion is almost statistically distributed over both sites.

Here we report the results of a structural (Rietveld
method) and spectroscopic (IR and 3'P MAS NMR spec-
troscopy) investigation carried out on strontium-lead hy-
droxyapatites in the whole range of lead substitution for
strontium.

Results

X-ray Analysis

Preliminary structural analysis by X-ray diffraction
(XRD) shows that all the samples correspond to pure apat-
itic phases, whatever the Sr/Pb ratio. This is confirmed by
structural Rietveld refinements of six samples where the re-
sulting formulae are: SrgoPb; HA, Sr¢oPbs HA,
Sr, oPbs {HA, Sry oPbg gHA, Sr, oPbg gHA, and
Sr; oPbg gHA. From now onwards, the samples will be in-
dicated as Sr(;o—  Pb,HA, where x corresponds to the stoi-
chiometry resulting from chemical analysis.

Figure 1 displays the final plot for SrgoPb; HA and
Sr, oPbg gHA samples, as typical comparisons between the
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Figure 1. Comparison of the observed [curve (a)] and calculated
[curve (b)] powder diffraction patterns of Sr, PbgoHA and
SrgoPbl; HA [curve (c)] is the difference profile
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observed and the calculated patterns. The refined structural
parameters are reported in Table 1, and the data about cat-
ionic distribution are reported in Table 2

The existence of a continuous solid solution between the
strontium and lead hydroxyapatite, conforms with the be-

Table 1. Fractional atomic coordinates and equivalent thermal
parameters after Rietveld refinement for the mixed Sr-PbHA (e.s.d.
in parentheses)

Apatite Atom x ¥ z Beq [Az]
SrgoPb; (1 M(1)  0.3333 0.6667 0.0018(9) 0.6035
M(2) 0.2438(3) 0.9876(3) 0.2500 0.7214
P 0.4039(9) 0.3723(7) 0.2500 0.4225
O(1) 0.338(2) 0.489(2) 0.2500 0.4925
0O(2) 0.583(2) 0.466(2) 0.2500 0.7246
0(Q3) 0.347(1) 0.261(1) 0.073(1) 1.2854
O(H) 0.0000 0.0000 0.325(3) 1.4251
SreoPbs, ™ M(1) 03333 0.6667  0.0040(1) 0.2351
M(2)  0.2450(4) 0.9934(5) 02500  0.5958
P 0.4039(6) 0.3726(6) 0.2500  0.9985
O(1) 03422) 04983) 02500  0.5014
0(2) 0.5833) 04703) 02500  1.009
03) 03582) 0.2692) 0.073(2) 0.3987
O(H) 0.0000 0.0000 0.413(6) 1.2514
SryoPbs @ M(1) 03333 06667  0.0102(3) 0.3385
M) 02482(4) 0.9986(6) 02500  0.5924
P 0.4097(8) 0.3781(5) 0.2500 0.9547
O(1) 0.340(3) 0.488(3) 0.2500 0.8014
0O(2) 0.596(4) 0.467(3) 0.2500 1.3954
0(3) 03592) 0272(2) 0.0022) 0.5934
O(H) 0.0000 0.0000 0.444(7) 0.3954
SryoPbeo®  M(1) 03333 0.6667  0.0048(8) 0.8210
M(2) 0.2505(2) 0.0026(8) 0.2500 0.8953
P 0.4057(2) 0.3698(2) 0.2500 1.4251
O(1) 03635 0.4744) 02500  1.8004
02) 05915 0.464(3) 02500  2.1145
03) 03592) 0.2683) 0.0722) 1.5926
O(H) 0.0000 0.0000 0.448(5) 1.2957
Sty oPbso®  M(1) 03333 0.6667  0.0055(5) 0.3354
M(2) 0.2481(4) 0.9987(6) 0.2500  0.8250
P 0.4029(2) 0.3675(1) 0.2500 0.1687
O(1) 0333(3) 0.5063) 02500  0.5140
02) 0.5733) 0471(3) 02500  0.2954
0O(Q3) 0.370(2) 0.280(2) 0.084(2) 0.1542
O(H) 0.0000 0.0000 0.501(5) 0.6982
SrioPboo  M(1) 03333 0.6667  0.0059(9) 0.5932
M(2) 0.2517(3) 0.0031(5) 0.250 0.7586
P 0.4055(2) 0.3744(4) 0.250 1.2476
o(l)  0336(3) 04912)  0.250 1.5748
02) 0.5783) 0.4753) 0.250 1.9507
03) 03642 0276(2) 0.0792)  1.5842
O(H) 00000  0.0000  0.394(7) 1.1957
g = 9.7736(9) A, ¢ = 7.2958(4) A, R, = 7.2, R, = 9.2. M 4 =

9.8121(5) A, c—73203(6)A R, —64 RW = 8.4. C]a—98572(7)
A, ¢ =73352(7)A, R, = 7.1, RW =9.0. d]a—98625(7)A c=
7.3414(8) A, R, = 5.6, RW =17.8. e]a—98681(9)A c =17.3616(5)

A, R, 72RW *94[‘]a*98725(8)A c=173497(5) A, R, =
7.2, R =794, The pattern R factor R, is defined as R, =
100{E|Ym — Y. |/XY,;}. The weighted pattern R factor R, is de-
fined as R, = 100{EW(Y,, — Y. ) WZ(Y,)*} "
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Table 2. Lead substitution (atom%) in mixed Sr-PbHA (e.s.d. in parentheses)

Pb]/(Pb] + Sr]) Pb]/(Pb] + sz)

Pb,/(Pb, + Sr») Pb/(Pb + Sr)l Pb/(Pb + Sr)®!

SI‘g(ngl‘lHA <1 <1

SreoPbs (HA 12.0(1) 15.5(3)
Sr, oPbs (HA 30.8(2) 24.02)
Sty oPbg oHA 33.4(1) 21.9(1)

14.2(2) 8.6(5) 11.7(2)
43.5(1) 31.0(4) 31.6(2)
64.9(2) 51.3(2) 51(2)

78.9(1) 60.7(1) 60.0(1)
93.8(1) 79.5(2) 80.0(1)
98.3(3) 89.3(1) 90.5(2)

[l Rietveld refinement. ! Chemical analysis.

havior of Ca-Pb and Ca-Sr apatites.[''-!¥1 The progressive
substitution of lead for strontium results in a slight increase
in the lattice parameters a and c; the variation of these sizes
is appreciably linear and follows the Vegard law,!'® accord-
ing to the following relations:

a = (9.7729 + 0.0122x) A; 6(a) = 9.3-10° A
¢ =(7.2761 + 0.0011x) A; o(c) = 4.7-1072 A

Despite this regular variation and the similarity of the
ionic radii (coord. 7: Pb>* = 1.37 A, Sr2* = 1.35 A; coord.
9: Pb2* = 1.49 A, Sr2* = 1.45 A),l'% the variation of the
average values of the M(1)—O and M(2)—O distances is
someway irregular. In the mixed hydroxyapatites, the phos-
phate group is considerably distorted by comparison with
the limiting phases. A table with M—O distances and dis-
tortion indexes is reported as Supporting Information.*"]

According to the similarity of the radii of the two cations
the distribution of these ions in both the M(1) and M(2)
sites, should be close to a statistical occupancy. However,
the refinement shows that the occupancy factor of lead in
the M(2) site is always higher than that corresponding to
the statistical distribution (Table 3).

Thus, small lead contents (0.86 atom per cell) go almost
exclusively into the M(2) site. The difference from the stat-
istical distribution decreases when the lead content in-
creases. We could attribute this behavior, as well as the pref-
erential location of lead in the M(2) site, to the relatively
high electronegativity of lead, which increases the polariza-
tion of the O—H bond and strengthens the hydrogen bonds,
as well as the structural stability of the apatite.[*!]

Finally, we observed a good agreement between the
values of the Pb/(Pb + Sr) ratios deduced from structural

Table 3. Statistic distribution and refinement occupancy in the
metal M(1) and M(2) sites of Sr-PbHA; the occupancy parameters
are normalized to one unit cell content

Pb content Refinement Statistic (A — B)/B
[atom/cell]  distribution (A)  distribution (B)

1 M(2) M(1) M(2) M(l) M(2)
0.86 0 0.86 0.35 0.52 -1.0  +0.65
3.10 0.48 2.62 1.24 1.86 -0.61 +0.41
5.13 1.23 3.90 2.05 3.08 —0.40 +0.27
6.07 1.34 4.73 2.43 3.64 —0.44 +0.30
7.95 2.33 5.62 3.18 4.77 -0.27 +0.18
8.93 3.03 5.90 3.57 5.36 —0.15 +0.10
1866

refinements and those obtained by chemical analyses, ex-
cept for the phase SrgoPb; {HA, which exhibits an appre-
ciably smaller lead incorporation (see Table 2).

Infrared Absorption Spectroscopy

The infrared spectra of various mixed apatites show the
characteristic absorption bands of the (PO,)*>~ groups and
OH™ ions of the apatitic structure. Weak bands character-
istic of HPO,>~ and CO32~ ions?? are also present, as it
which can be seen from a typical plot (Figure 2).

0 (@cm™

4000 3000 2000 1000

Figure 2. Infrared spectrum of SrgoPb; (HA

The progressive substitution of the lead ions for stron-
tium induces a regular shift of the absorption bands to-
wards smaller wavenumbers as shown in Figure 3.2

The shift of the absorption bands of the (PO,) group can
be attributed to the variation of the nature of the
metal—oxygen interactions. The character of lead—oxygen
interaction is more covalent than that of strontium—oxygen
and furthermore a cation of larger mass is involved.!?3! The
more covalent character of the Pb—OH leads to a shift of
the OH vibrational modes towards lower frequency. In par-
ticular the shift of the OH stretching mode when the Pb
content increases is in agreement with the predominant role
of the M—OH interaction with respect to the OH---O(PO3)
hydrogen bond.[*4

31P Solid-State NMR Analysis

Table 4 shows the NMR spectroscopic data for the whole
series of mixed Sr-PbHA, as well as that of the pure phases
SrHA and PbHA, and Figure4 shows parts of the
162 MHz MAS spectra obtained at relatively high spinning
rates (ca. 5 kHz).

Eur. J. Inorg. Chem. 2002, 1864—1870
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Figure 3. Infrared frequencies of the vibrational modes of stron-
tium-lead hydroxyapatite solid solutions as a function of Pb con-
tent; vs, vp stretching and librational mode of the OH group; v,
Vs, V3, V4 vibrational mode of the PO4 group

TAble 4. 3'P MAS solid-state NMR spectroscopic data for stron-
tium-lead hydroxyapatites

Sr(lofx)pbeA 8iso fallb] AVl/2 fcl Avstatic [
St1o 29 0.9 (150) 2.6 (16)
SrgoPb, 3.0 1.2 (200) 2.9 (18)
Stg o Pba g 3.0 1.8 (290) 3.4 (21)
SreoPbs 1 3.0 2.5 (400) 5.3 (33)
St Pbso 3.0 3.0 (490) 8.6 (53)
Sty oPbg.o 2.6 4.4 (710) 9.5 (59)
St sPb; 5 1.9 5.1 (830) 12.3 (76)
St oPbsg. o 0.1 4.8 (780) 6 (37)

St} oPbo. —0.7 3.0 (490) 5.1(31)
Pbyo —0.7 1.2 (190) 3.1 (19)

[al Position of the central line observed at a high spinning rate
(about 5 kHz). ™ In ppm relative to 85% aqueous H3;PO, (£0.1 to
+0.2 ppm). [ In ppm, with the values in Hz in parentheses. [
Half-height bandwidth of the resonance for non-spinning sample;
in kHz, with ppm values in parentheses.

The evolution of the isotropic chemical shift §;,, and of
the isotropic full width at half maximum (fiwhm) as a func-
tion of the Pb content is depicted in Figures 5 and 6.

As shown in Figure 4, whatever the phase composition,
only one isotropic signal is observed; however, for the
samples with relatively high Pb contents, a shoulder is ap-
parent, which cannot be resolved by resolution enhance-
ment. This is not surprising when considering the small
chemical shift difference between the limiting phases STHA
(8io = +2.9 ppm) and PbHA (8;s, = —0.7 ppm); Ad;so =
3.6 ppm amounts to only four times the smallest observed
line width of StHA (0.9 ppm, Table 4).

The 9;, variation is far from linear; it does not vary signi-
ficantly with increasing Pb content up to 60%, where it de-

Eur. J. Inorg. Chem. 2002, 1864—1870
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Figure 4. Part of the 162 MHz 3'P MAS spectra of the pure and
mixed Sr-Pb hydroxyapatites, showing only the isotropic signal and
the first (n = +1 and —1) spinning side bands; from bottom to top:
SrHA (Ro = 5 kHz, NS = 24), Srg oPb, ; (Ro = 5.1 kHz, NS = 24),
SrgPb, (Ro = 5.2 kHz, NS = 24), Srs9Pbs; (Ro = 4.9 kHz, NS =
48), Sre1Pbso (Ro = 5.4 kHz, NS = 48), Sr,Pbs (Ro = 5.6 kHz,
NS = 104), Sr,3Pbs> (Ro = 5.2kHz, NS = 72), Sr;Pby (Ro =
5.2 kHz, NS = 48), PbHA (Ro = 4.3 kHz, NS = 438)

3
2
6iso ;
(ppm) |
0

-1.4 T T T T 1

0 20 40 60 80 100

Pb atom%

Figure 5. Variation of J;,, as a function of Pb content (atom%)

creases abruptly, in agreement with a shielding effect of
Pb?* compared with Sr>*. This peculiar variation has to be
related to the nonstatistical distribution of Pb in both the
M(1) and M(2) sites.

The isotropic signal is relatively narrow at low Pb con-
tent, it broadens significantly on increasing Pb substitution
to reach a maximum value (about 5 ppm) for 70% Pb. This
could also be related to the unequal site occupancy, as a

1867
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Figure 6. Variation of the full width at half maximum of the iso-
tropic signal as a function of Pb content (atom%o)

statistical distribution would have given a symmetrical
shape for the Avy/, variation.

The chemical shift anisotropy (CSA) of the PO, tetrahed-
ron can be derived from the intensity of the spinning side
bands (SSB) (see Exp. Sect.). Determination of the chemical
shift tensor components and of the CSA is in principle feas-
ible through analysis of the SSB at various spinning
rates.[>>] However, in the present case, this analysis is virtu-
ally impossible because of overlap of numerous unresolved
resonances and because of the existence of dipolar interac-
tions which contribute to the SSB intensity at a low spin-
ning rate and significantly broaden the band observed in
static spectra.l'”l The trend in CSA variation can, however,
be qualitatively appreciated from the relative intensity of
the first pair of SSB depicted in Figure 4, taking into ac-
count that at any fixed spinning rate, the relative intensity
of these spinning side bands increases with increasing an-
isotropy. It is apparent that the CSA of the PO, increases
smoothly with increasing Pb content, reaching a maximum
at around 70% Pb and decreases again with further Pb sub-
stitution. This explains the variation of the band width of
the static spectra, which, in the absence of any dipolar inter-
action, would have allowed us a direct determination of the
chemical shift anisotropy.

Discussion

The results of this study indicate that STHA and PbHA
form solid solutions over the whole range of composition.
Lead substitution for strontium in the hydroxyapatite struc-
ture induces a linear expansion of the lattice constants in
agreement with its slightly greater ionic radius. Further-
more, Pb is a soft acid and displays a greater tendency to-
wards covalent interactions and directional bonding,
whereas strontium can be considered a hard acid. The more
covalent character of Pb—O interactions with respect to
Sr—O interactions can be invoked to justify the shift of the
infrared OH absorption modes towards lower frequencies
when the Pb content increases.>* The increase of lead con-
tent also induces a shift of the absorption bands, character-
istic of the phosphate internal modes towards lower fre-
quencies. This might either be due to the different ionic

1868

character of the metal or to the different anion—anion dis-
tances.[??

The results of the powder fitting structure refinements
indicate a clear preference of lead for the M(2) site of the
apatitic structure, so that in the samples of low Pb content
it is almost exclusively found in the M(2) site. The prefer-
ence of lead for the M(2) site is in agreement with its
slightly greater dimensions with respect to Sr, since in site
M(2) the arrangement of the staggered equilateral triangles
allows for the optimization of the packing of larger ions, in
contrast to the M(1) site where the strict alignment in the
columns causes a stronger repulsion. However, a contribu-
tion of the more covalent character of the M —O interaction
to the cation site preference cannot be excluded, as sug-
gested by the previous results obtained for Sr-Cd apatites!!”!
where cadmium displays a slight preference for the M(2)
site in spite of its small dimensions which should have pre-
ferred the hexacoordination of site M(1). A clear preference
of Pb for the M(2) site of the apatitic structure was previ-
ously reported on the basis of the results of the powder
fitting refinements carried out on Ca-Pb apatites.'¥! When
substituting for calcium, lead almost exclusively fills the
M(2) site, until, at Pb contents greater than 45%, it begins
to fill the M(1) site, leading to a nonlinear variation of the
¢ axis of the apatite structure. The ionic radii and the char-
acters of the metal—oxygen interaction are not as different
for Sr and Pb as they are for Ca and Pb. This can account
for the minor modifications provoked by lead incorporation
into the STHA structure.

The preference of lead for the M(2) site becomes less
evident on increasing the lead content of the solid phase. In
agreement, the broadening of the NMR isotropic signal is
quite small for the samples at low Pb content and increases
when lead is more statistical distributed in the two cat-
ionic sites.

Numerous studies, experimental and theoretical, have
shown that, among other effects, 3'P shielding in phosphate
compounds increases — that is 8 decreases — with increas-
ing m-bond order between phosphorus and oxygen (p.-d,
overlap) leading to shorter P—O distances.[?6~31]

The shielding effect for pure PbHA (6 = —0.7 ppm) with
respect to pure STHA (8 = 2.9 ppm) can be correlated with
the shortening of the mean P—O bond, which decreases
from 1.54 A in StHA to 1.46 A in PbHA (Table 1 in Sup-
porting Information!?).

For the mixed phases we have to consider the various
cationic environments of the P atom, that is PSro_,,Pb,
(y = 0-9).0¢171 The isotropic resonance of each
PSr_,)Pb, environment should be observed between & =
+2.9 (PSrg in StHA) and —0.7 (PPby in PbHA), the shield-
ing increasing with y. Accordingly, as we have already dis-
cussed for cadmium-lead hydroxyapatites,['® the incidence
in the 3'P MAS spectra of the progressive Pb for Sr substi-
tution would have been in the case of a statistical distribu-
tion:

— a regular shielding of the isotropic resonance accord-
ing to d;s, (ppm) = [2.9-(10 — x) — 0.7-x]/10.

Eur. J. Inorg. Chem. 2002, 1864—1870
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— a pseudo-Gaussian shape for the variation of the iso-
tropic fwhm, with a maximum at x = 5.

On the contrary, both curves (Figures 5 and 6) present
singularities for x = 6—8. Departure from the theoretical
behavior can be accounted for by the results of the Rietveld
analysis. At low Pb content, Pb is located almost exclusively
in the M(2) site, this means that Sr almost exclusively occu-
pies the M(1) site. The quasi invariance of d;, for STPbHA
up to 40% Pb could be the indication that in these series
the shielding of the 3'P nucleus is primarily determined by
the nature of the metal in M(1) and consequently influ-
enced very little by the metal in the M(2) site. As can be
seen in Table 2, more than 70% of the M(1) sites are occu-
pied by Sr, for Pb contents of up to 60%. Therefore, the
singularities observed for both &;, and Av;, curves for
around 60—80% Pb could easily be explained if we assume
the predominant contribution of the metal in the M(1) site
to the 3'P shielding.

Let us return to the variation of the chemical shift aniso-
tropy, which reflects the distortion of the PO, tetrahedron.
For the pure phases STHA and PbHA, the geometry of the
phosphate anion is quite regular and corresponds to a quasi
T4 local symmetry with nearly identical P—O distances and
all O—P—0O angles approaching 109.47°. This explains the
low intensity of the spinning side bands (Figure 4) charac-
teristic of a small CSA. For the mixed hydroxyapatites, de-
viation from the 74 symmetry is evidenced by unequal bond
lengths [DI(PO) > 1%] and bond angles [O—P—0O between
102 and 116°, DI(O—P—0) up to 5%]. Maximal distortion
occurs effectively for the mixed apatites with Pb contents
around 60—80% [DI(O—P—0) ca. 0.04—0.05] which actu-
ally exhibit the largest chemical shift anisotropy (Figure 4,
Table 4).

Experimental Section

Synthesis: The mixed strontium and lead hydroxyapatites with vari-
ous Pb/(Pb + Sr) ratios, were obtained from a double decomposi-
tion method, in aqueous medium.*>331 Concentrations of the solu-
tions in lead, strontium and phosphate ions correspond to the stoi-
chiometry of the desired apatite. 0.03 M ammonium dihydrogen
phosphate [(NH4)H,(PO,), Merck 99%)] solution (A solution) and
a solution containing a mixture of lead acetate
[Pb(CH;CO0),-3H,0, Fluka 99%] and strontium nitrate
[Sr(NOs;),, Riedel—de Haén AG 98%], with a total concentration
of metal cations of 0.05 M (B solution) were prepared. Solution (A)
was added dropwise to solution (B), at boiling temperature under
a nitrogen stream. The pH value of the slurry was maintained at
approximately 12 by regular additions of small amounts of ammo-
nia (Prolabo, d = 0.89; 28% aqueous solution). The resulting solid
phase was kept in contact with the mother solution for 1 h, at
boiling temperature. The precipitate was then filtered, washed with
hot distilled water, in order to eliminate traces of ammonium, ni-
trate and acetate ions, dried at 100 °C for 12 h and calcined at 600
°C for 4 h to improve its crystallinity. Several B solutions, with lead
cation fractions ranging from 0 to 1, were prepared and the proced-
ure was repeated in order to obtain the mixed apatites. The com-
pounds obtained were submitted for XRD, chemical analysis, IR
spectroscopy, and 3'P MAS NMR spectroscopy analyses.
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Characterizations: The XRD data were collected with a Philips
PW1710 diffractometer, equipped with a copper anode and a
graphite monochromator in the diffracted beam (K, radiation, A =
1.5406 A). The investigated range was from 18 to 99.99° (20), with
a step of 0.03° and a counting time of 13 s for each step. The FT-
IR spectra (4000—400 cm™') were recorded with a Bio-Rad FTS
6000 spectrophotometer. 1 mg of the samples was crushed with
300 mg of KBr, and pelletized at 8 tons. The NMR experiments
were performed on powdered samples at room temperature with a
Bruker MSL400 spectrometer (9.4 T) operating at 162 MHz. A
Doty probehead, equipped with 4-mm diameter rotors, was used
for spinning rates of up to 6.5 kHz. The spinning rate was mon-
itored by a Bruker pneumatic unit, allowing the control of bearing
and drive-inlet nitrogen pressure. Because of unexpected failure of
the spinning ratemeter, it was impossible to select and lock a precise
spinning rate for all samples; however, bearing and drive pressures
were sufficiently stable to avoid fluctuations in the spinning rate.
Actually, by comparison with the isotropic signal, no significant
broadening of the spinning side bands could be detected and the
exact spinning rate was easily determined from the spacing of the
spinning side bands. The spectra were acquired using a simple one-
pulse sequence with phase cycling (CYCLOPS sequence). Pulse
duration was 1 ps that corresponds to a 15° flip angle. The spectral
width was 45 kHz (280 ppm). Preacquisition and interpulse delays
were 22 ps and 5 s, respectively. The number of transients (NS) was
chosen between 24 and about 1000, to obtain a good signal-to-
noise ratio, depending on the spinning rate and of the linewidth of
the signal. The 4 K free induction decay was zero-filled to the size
of 8 K and Fourier-transformed after exponential multiplication of
the free induction decay using a 20-Hz line-broadening factor: the
final digital resolution of the real spectrum was 10 Hz (0.07 ppm).
Chemical shifts are reported with respect to external 85% H3PO,
in the IUPAC convention, i.e. positive § corresponds to a resonance
at higher frequency (deshielding) than the reference. Chemical shift
values are given with a precision ranging between =0.1 ppm (nar-
row resonances) and *0.2 ppm (broad resonances). The lead and
strontium contents in the samples were determined with a
Perkin—Elmer 3110 atomic absorption spectrophotometer. The
phosphate ions were quantified by visible absorption spectrophoto-
metry of the phosphovanadomolybdic complex. The measurement
of the optical densities was carried out at 430 nm.¥ XRD shows
that all the samples correspond to pure apatitic phases; according
to the results of the chemical analyses the samples exhibit the fol-
lowing  formulae:  Sr;o(PO4)s(OH),,  SrgoPb; (PO4)s(OH),,
Srg oPby o(PO4)s(OH),,  Sr6.9Pbs 1(PO4)s(OH)s,  Sre1Pbs o(PO4)s-
(OH)s, Sry9Pbs 1(PO4)s(OH),, Sty ¢Pbg o(PO4)s(OH),, SrsgPby,-
(PO4s(OH)s,  Srz0Pbg o(PO4)s(OH)z, Sty ¢Pby o(PO4)s(OH)2,
Pb;o(PO4)6(OH)s.

Structural Analysis: Rietveld full-profile refinements®! of the
mixed strontium-lead hydroxyapatites were carried out by means
of the DBWS-9411 program.*®! The space group (P6s/m, no. 176),
the cell parameters, the atomic positions and the Debye—Waller
factors of SrHA are introduced as the initial structural model for
the hydroxyapatite with the lowest lead content. A five-order poly-
nomial was used to simulate the background, while the peaks were
fitted using a “pseudo-Voigt™ function. Half width of the diffrac-
tion peaks as a function of 20 was evaluated by the formulation of
the Caglioti model.l*” Rietveld refinement was performed in several
stages, the parameters obtained in each stage being deferred as fol-
lows. In the first cycles the scale factor and the background were
refined. Refinement of the other parameters was in the following
order: profile parameters, zero shift, asymmetry parameter and cell
parameters. Refinement of the occupancy factors was done only
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for Pb>* and Sr?>* ions, with the assumption that these two cations
were, initially, statistically located in the two cationic sites, the total
contents answering to the stoichiometry obtained by chemical ana-
lysis. The apatitic structure comprises 7 independent atoms, corres-
ponding to 21 atomic coordinates, 8 being fixed according to sym-
metry rules. The other 13 coordinates were refined, starting with
those of the two metal sites. In the last refinement cycles, all 30
parameters were released. Then, the refined parameters were used
like the initial model for apatite with the lead content immediately
higher, and so on. Atomic positions, anisotropic thermal para-
meters, lattice parameters, reliability pattern factor R, and
weighted factor R, are gathered in Table 1. A Table in the Sup-
porting Information?” gives interatomic distances and distortion
indices of the phosphate tetrahedron.*®! Lead ion distribution be-
tween the two metal sites and chemical analysis results are g_)atl1ered
in Table 3. Equivalent thermal parameters B,, = ZZ p,(a.b) are
Lo
calculated by the relation: B,, = 4-(a?By; + 6> + ¢?P33 + abPio.
cos(y)/3.141 A table with distances, angles and distortion indexes in
Sr-PbHA is reported as Supporting Information.?°! Further details
of the crystal-structure investigations may be obtained from the
Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopold-
shafen, Germany on quoting the depository numbers CSD-412026
to -412031.
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