JOURNAL OF SOLID STATE CHEMISTRY 46, 363—-366 (1983)

Bismuth Substituted Calcium, Strontium, and Lead Apatites

I. MAYER anp A. SEMADJA

Department of Inorganic and Analytical Chemistry, Hebrew University,

Jerusalem, Israel

Received June 21, 1982; and in revised form September 24, 1982

Bismuth substituted apatites of two general types have been prepared: M;p_,,Bi,Na,(PO,)¢Y: (M = Ca,
Sr, Pb; Y = F, C)) and lead apatites with the Y ion completely vacant Pb;y_q.42BiNa,.2(PO,)s. X-ray
powder diffraction patterns of all the compounds show the P6;/m hexagonal apatite type structure. The
change of the lattice parameters and c/a values with compositions indicate the preference of the
bismuth ions to occupy the 6k triangular positions. Bi** tends to incorporate in apatites with unoccu-

pied halide positions.

Introduction

Apatites with the general formula
My(X0,):Y (M = Ca, Sr, Ba, Pb; X = P, As,
V, Si; Y = F, Cl, OH) are widely investi-
gated because of their biological and indus-
trial applications.

The hexagonal (P63/m) unit cell of the ap-
atites contains two Ms(XO04)3Y formula
units. In Mo(X0y)s Y, the 10 cations (M) are
located at two nonequivalent sites: six of
them occupy the 6Ah triangular, and four,
the 4f column sites. In a substitution pro-
cess these cation positions can be occupied
in a statistical way, or in certain cases the
cations might have site preference and con-
sequently the structure becomes ordered.
In addition when substitution takes place,
the phosphate groups can also be affected
by the cations of different size, charge and
polarizability producing changes in the in-
ternal symmetry of the lattice. Previous
studies on Ca, Sr, Ba and Pb apatites (/—4)
have shown that they can be substituted by
the lanthanides and sodium and that struc-

tural changes can in fact occur in these
compounds.

The present study was undertaken to in-
vestigate charge balanced substitution in
apatites in which the trivalent substituent is
the bismuth ion. Also it was interesting to
compare the behavior of these compounds
with the results obtained in case of the lan-
thanide substituted apatites. The bismuth
ion is different from the lanthanides in two
respects: size and electronic configuration.
The ionic radii of Bi?* is 1.17 A (8 coordina-
tion) (5), the electronic configuration is
similar to that of Pb?* and contains a free
electron pair.

Bismuth containing apatites have been
reported for a few silicate oxide apatites
(6). The results obtained in (6) indicate that
when bismuth is present in Pb or Sr silicate
apatites, compounds are formed with the
halogen positions empty and that Bi** pre-
fers to occupy the 64 triangle positions of
the apatite structure. The incorporation of
lanthanide ions in silicate apatites with the
halogen positions empty was less success-
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ful. In case of PbyM(PO,); type apatites (M
= Na, K) substitution by lanthanide ions
failed completely (3).

Experimental

The compounds were synthesized by
solid state reactions. Stoichiometric
amounts (250-300 mg) of the starting mate-
rials were mixed together and heated in a
gold or platinum tube, closed but not
sealed. The heating temperature was
1100°C for the Ca and Sr compounds, 900°C
for the Pb compounds (chlorides at 600°C),
and the duration of heating was 24—48 hr.

The starting materials were reagent grade
Ca;(POy);, CaF;, SrCOs;, Pb3y(POy).,
NH4H2PO4, SI'Fz, SI’Clz, NaF , Na;
PO, - 12H,0 and Bi(NOs); - SH,0.

The X-ray diffraction analyses of the
powders was performed by a Philips X-ray
Diffractometer using monochromatized
CuKa radiation. This method served for
the phase identification of the compounds
and for the determination of their crystal
data.

Results

The X-ray patterns of the substituted ap-
atites could be indexed on the basis of a
hexagonal unit cell. As a rule, well charac-
terized sharp diffraction peaks were ob-
tained indicating good crystallization of the
compounds. The samples were scanned in
the 20 range of 10~70°. About 40 refiections
were recorded in each pattern which per-
mitted a fairly accurate determination of
the lattice constants.

In some cases, mainly with the Sr com-
pounds, additional lines not belonging to
the hexagonal phase were observed. These
lines matched very well with the lines of the
eulytin type cubic phase (7). The additional
compound formed must be therefore Sr;
Bi(POy); (8).
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TABLE I

LATTICE CONSTANTS OF THE COMPOUNDS? IN THE
Cayg-2Bi,Na(PO,)sF2 AND Srip_2,Bi,Na(PO)sF,

SYSTEMS
a c
Compound A A) cla
Cay(PO,)sF, 9.374 6.882 0.734
CagBiNa(PO,)sF, 9.396 6.914 0.736
C%BizNﬂz(POOng . 9.449 6.952 0.736
Sr1(PO,)sF 9.776 7.270 0.744
SrsBiNa(PO,)F, 9.733 7.290 0.749
SreBi,Na,(PO,)sF, 9.670 7.246 0.749

2 Standard deviations in the lattice constants are +
0.002.

Attempts to prepare the corresponding
Ba compounds failed.

Table 1 lists the lattice constants of the Bi
substituted Ca and Sr compounds and Ta-
ble II those of the lead compounds. The X-
ray reflections and the lattice constants of
the compounds are characteristic of the ap-
atite type P6,/m structure. The c/a (Tables I
and II) values remain almost constant for
the different compositions, but differ signifi-

TABLE II
LATTICE CONSTANTS OF Bi SUBSTITUTED LEAD
COMPOUNDS*
a c
Compound A A) cla
Pbo(PO,)cF; 9.7711 7.301 0.747
PbsBiNa(PO,)F, 9.732 7.246 0.742
Pb¢Bi;Na,(PO.,)sF 9.690 7.183 0.741
Pb,Bi;Na;(PO,):F, 9.653 7.149 0.741
Pbo(PO)sCl, 9.934 7.327 0.738
PbsBiNa(PO,):Cl, 9.888 7.217 0.730
Pb¢Bi;Na,(PO,):Cl, 9.849 7.195 0.731
PbgNa(PO,)s 9,722 7.193 0.740
PbgNa;Bi(PO,)s 9.689 7.154 0.738
Pb,Na,Bi,(PO,)s 9.657 7.079 0.733
PbgKNa,Bi(PO,)s 9.725 7.146 0.735

@ Standard deviations in the lattice constants are
+0.002.
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cantly from their values in the nonsubstitu-
ted compounds.

An important finding of this work is the
formation of Pb, M(PQ,); type apatites sub-
stitutes with Bi3**. The maximum amounts
of bismuth, sodium and potassium which
could be inserted in this type of compounds
corresponded to the compositions PbsNa,
Bi;(PO,)s and PbgKNa,Bi(PO,)s. The
increase in the amount of Na* and Bi**
caused a decrease of the lattice constants
and the c/a values.

Discussion

The results obtained in this work prove
that charge-coupled substitution of the apa-
tites by tri- and monovalent ions can be
achieved through Bi’** and Na* ions. Bis-
muth thus behaves in this respect like the
rare-earth ions which have been found as
substituents in many phosphate apatite sys-
tems. Still, bismuth differs from the rare
earths in two ways: (a) no Bi substituted Ba
apatites could be obtained; (b) Bi** can sub-
stitute for Pb?* in Pb;M(PQO,); type apatites,
unlike the rare-earth ions (3). This last
property of the Bi** ions is most probably
due to the isoelectronic configuration of
Bi** and Pb?*. The presence of a free elec-
tron pair enables the Bi** to be incorpo-
rated in apatites in which the halogen posi-
tions are vacant, the free electron pair
completes the coordination sphere of Bi**.
Results in case of silicate apatites have
shown (6) similar behavior of Bi** and that
this ion unlike the rare earths prefers to
form apatites with vacant halide positions
and occupy preferentially the 64 triangle
positions of the P6;/m space group.

Examination of the lattice constants (Ta-
bles 1 and II) shows that as a rule these
constants are different from those of the
nonsubstituted compounds. The general
trend in their variation can be related to the
size and amount of the substituted ions.
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When Bi** and Na* substitute for Ca?* the
lattice expands, while in case of the Sr and
Pb apatites the lattice contracts by insertion
of the same ions.

Conclusions about preferential changes
along one of the crystallographical axes
may be drawn by examining the changes in
the c/a values. Comparison of the c/a
values in the Sr;_,Bi.Na (PO,)F, and
Pbyg-,,Bi,Na,(PO,)sF, systems demonstrate
relatively large differences between these
values in the substituted and nonsubstituted
compounds. Interestingly, these changes
proceed in the opposite way in the two sys-
tems, namely they increase in the Sr and
decrease in the Pb system. It has been
pointed out that bismuth ions prefer to oc-
cupy the triangle sites parallel to the a axis
and therefore it can be assumed that if such
a preference exists the ions will be distrib-
uted so that in the column positions there
will be no Bi** but only Sr>* and Na* ions.
Such an arrangement of the structure leads
to relatively large ¢ constants, i.e., high c/a
values. In the Pb system, because of the
similarity in the chemical properties of Pb?*
and Bi**, no preferential site occupancy is
expected by the Bi3* ions, consequently the
insertion of Bi** in the lattice causes its
contraction in the same proportion along
the two axes.

The results obtained in the case of the
lead chloride apatites show similar trend as
was found for the corresponding fluoride
apatites.

The change of the lattice parameters of
the lead apatites with the halogen positions
vacant, show a different behavior from the
fluoride and chloride apatites. This change
is expressed in the relatively large drop in
the ¢ value observed and also in the de-
crease of c/a (Table II, Pb,Na,Bi,(PO,)s).
The reasoning pointed out already, namely
that Pb?* and Bi** ions prefer the 64 trian-
gle positions, might cause the column sites
to be mainly occupied by sodium ions. The
relatively large contraction of the lattice
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along the ¢ axis must be a result of this

effect.
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