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Using X-ray phase analysis, the calcium substitution with Nd and Dy in hydroxyapatite
Ca;_Ln,(PO,s(OH),_ O, at 1100°C has been established to take place up to x = 2.0 and
1.4, respectively. The IR spectroscopy has shown that along with the Ca?* + OH~ — Ln3* + 0%
substitution, the 20H™ — 0% + (J one occurs. The structure refinement using Rietveld method
has shown that Nd and Dy ions occupy mainly the Ca(2) positions. The Ca2* + OH~ — Ln®* + 0%~
substitution has been established to strengthening of the Ca(2)-O(4) bond but weakens some-
what the Ca(2)-0(1,2,3) ones.

MeTomoM peHTreHo(da30BOTO AHANM3A YCTAHOBJIEHO, UTO 3aMelnenne Kanbiiua ua Nd u Dy
B rugpokcuanarure Ca,, Ln (PO,)g(OH), O, mpu remmeparype 1100°C mpomcxomur B 06-
adactu go x = 2.0 u 1.4 coorsercrBenno. Metogmom MK croeKTpoCcKONMM MOKA3aHO, YTO
Hapsagy ¢ samemenuem Ca2t + OH™ — Ln%* + 0% umeer mecro u samemenme 20H- — 02~ + 3.
YrTouHeHueM CTPYKTYPLI MeTOZOM PUTBelbJa IOKA3aHO, YTO MOHLI HEOAUMA U JAUCIIPO3US 3aHU-
MaloT TpenMyIecTBenHo mosunmy Ca(2). Yeranorieno, uro samernenne CaZt + OH™ — Ln®* + 0%
npuBoAUT K yrnpounenuto ceasu Ca(2)-0O(4) u mexrotopomy ocaabnenuto ceaseit Ca(2)-0(1,2,3).
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Calcium hydroxyapatite Ca;q(PQO4)s(OH),
is the main inorganic component of the
human bone tissue and finds its use as a
bioactive material. The ability of apatites to
isomorphic substitutions allows to use these
materials in wastewater purification from
heavy metal ions and as matrices for radio-
active waste burial [1-3]. Solid solutions with
apatite structure exhibit a catalytic activity
in organic synthesis reactions [4, 5]. Apatites
activated with RE ions have luminescence
properties [6]. When calcium is substituted
with Ln(+3) ions, the charge compensation
is provided by inclusion of ions carrying
lower positive charge, M(+1) and Si(+4), into
the structure. For apatite single crystals,
Ln uptake from the melt is weakened in the
La—Nd-Sm-Dy sequence [7]. In the absence
of foreign cations, calcium substitution
with Ln(+3) is accompanied by the hydroxyl
group transformation into oxide ion 0% .
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Synthetic apatites Caglny(PO,4)gO, where Ln =
La, Pr—Ho obtained by solid phase reactions
at 1100°C [8] cannot be considered as homo-
geneous in all cases.

Of interest is the metal ion distribution
in Ca(1) and Ca(2) positions [7—13] that de-
fines the formation of discrete energy level
system. To date, this problem cannot be
solved a priori basing on the crystal-chemi-
cal properties of atoms substituting each
other. Thus, the purpose of this work is to
determine the substitution limits in the case
of caleium substitution with Nd and Dy ions
at the lowest temperature providing the
apatite phase formation as well to study
some features of its structure.

The Samples of Ca10—XNdX(PO4)6(OH)2—XOX
(I) and Ca10—XDyX(PO4)6(OH)2—XOX (II) were
obtained using solid phase reactions, by suc-
cessive calcination at 300, 800, and 1100°C
at intermediate grinding. Calcium carbonate
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Fig. 1. Dependences of unit cell parameters a
(1) and ¢ (2) in Ca,y Nd,(PO,)s(OH),_,0O, on
the apatite composition.

and ammonium hydrophosphate (Special pu-
rity grade), neodymium and dysprosium ox-
ides (No-CC and Di-2 grade, respectively)
were used as initial materials. The high-
temperature synthesis step was carried out
for 20 h until the constant phase composi-
tion was obtained. The samples of system (I)
belonging to solid solution region were cal-
cined additionally in water vapor atmos-
phere at 900°C for 5 h. The samples were
studied using X-ray phase analysis (XPA;
URS-50im and DRON-2 instruments) with
Cu K, radiation. The counter rotation speed
was 1 deg/min at the phase analysis and
0.25 deg/min at the interplanar distance
determination. The lattice parameters
were calculated using 218 and 410 reflec-
tions of the hexagonal structure. Silicon
was used as the internal standard. The
crystal structures were refined by the
Rietveld method [14]. To that end, X-ray
powder diffraction data were collected in
a regime: step 0.05 deg (2q); angle range
15.00 < 20 <£140°; scanning rate 10 s per
step. The IR spectra were measured in the
4000-400 cm™! for tablets (3 mg in 300 mg
KBr) using a Perkin-Elmer Spectrum BX
Fourier spectrophotometer.

According to the XPA data, the
Ca;o_Nd,(PO4)s(OH),_,O, system samples at
0 < x £ 2 calcined at 1100°C are single-phase
ones having the apatite structure (space
group P63/m). As the composition is var-
ied, the reflection intensities change appre-
ciably while the position thereof change
only slightly. This is associated with close
ionic radii values of Ca (1.12 A) and Nd
(1.109 A [15]. At x>2, two additional
phases with neodymium oxyphosphate
Nd3PO; and orthophosphate NdPO, (mono-
clinic symmetry) were established to be
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Fig. 2. Dependences of unit cell parameters a
(1) and ¢ (2) in Ca,, Dy, (PO,)(0OH),_,0O, on
the apatite composition.

formed along with the apatite phase. The
dependence of ¢ parameter on the Nd con-
tent (Fig. 1) in the homogenity region is
described by the straight line equation c
(A) = 6.877 + 0.011x (correlation coeffi-
cient 0.99) while the a parameter is essen-
tially independent of Nd content. Basing on
the lattice parameter dependence on Nd con-
tent and taking into account the sample
phase composition, it can be concluded that
the substitution limit in the scheme Ca2* +
OH~ — Nd3* + 0%~ coincides with the theo-
retically possible x = 2.

The phase composition of the
Cayg_xDy,(PO,4)s(OH),_,O, system (II) sam-
ples and the lattice parameter dependence
on x (Fig. 2) indicate that the homogeneity
region on the basis of apatite structure is
limited by x = 1.4. At higher Dy content,
phases with Dy;PO; and monoclinic DyPO,
structures are formed, too. The unit cell
parameter dependences on Dy content within
the range 0 < x < 1.4 are described as a (A)

=9.421-0.034x and c (A) = 6.881-0.016x
at correlation coefficent 0.99 in both cases.
The lattice parameter diminishing as x in-
creases agrees with the Dy3* ion radius
(1.027 A).

The hydroxyl group presence in hy-
droxyapatites was determined from the IR
absorption bands corresponding to stretch-
ing and librational modes of OH groups.
The spectra of the (I) system samples meas-
ured after calcination at 1100°C are shown
in Fig. 3. The absorption bands in 1090-960
and 600-460 cm™1 are ascribed to PO43~ ion
vibrations [16]. In the IR spectrum of cal-
cium hydroxyapatite (system (I), x = 0), the
presence of non-aqueous hydroxyl groups
has been determined from 3572 and
632 cm™! absorption bands corresponding to
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Fig. 8. Fragments of Ca,, Nd,(PO,)s(OH),_ O,
absorption spectra.

to stretching and librational modes of OH.
When calcium is substituted with neodym-
ium, these bands decrease in intensity as x
rises from 0 to 0.8; the bands are absent at
higher x values. As neodymium content in
solid solutions increases, the absorption
bands assosiated with the stretching vibra-
tions of OH groups are shifted towards lower
frequencies while the frequencies ascribed to
librational modes increase (Fig. 4a). These
data are in agreement with the character of
relative shifts of the stretching and torsion
vibrations in the case of Ca substitution with
Sr and Ba as well as of OH™ with F~ [17, 18].
A shift of the absorption bands assosiated
with internal vibrations in phosphate groups
has been found, it is the most pronounced for
the middle band vg (Fig. 4).

Calcium substitution with neodymium is
accompanied also by appearance of several
bands in the spectra ascribed to Nd—O bond
vibrations [8—10]. In the 0.4 < x < 1.2 range,
the Nd-O vibrations are presented by a sin-
gle band with wave number increasing from
516 to 522 ecm™! (Fig. 4a). Moreover, an ad-
ditional band at 536 cm~! appears in the
spectra of samples where no OH vibrations
are observed. Before, it has been reported
[9, 10] that when Ln atoms occupy the Ca(2)
site, the Ln—0O vibration frequencies depend
on the OH/O2- ratio in hexagonal channels
of the structure. After the calcination of
system (I) samples with x values from 0 to
1.2 in water vapor, a slight (2 to 8 cm™1)
decrease of Nd-O vibration frequency in the
516—522 cm™1 region is revealed accompanied
by its intensity rise is observed while the
v = 536 cm ! band (x = 1.2) disappears.

The spectra of the system (II) samples
where Ca is substituted with Dy are similar
in character to those of Nd-substituted apa-
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Fig. 4. Dependence of vibration frequencies
in IR spectra on the composition of
Ca, o Nd,(PO,)s(0OH),_, 0O, (a) and

Ca, Dy, (PO,)s(OH),_ O, (b).

tites. The absorption bands related to OH
vibrations are found at x < 0.8; as the dys-
prosium content increases, the OH stretching
vibration frequencies decrease while the libra-
tional ones increase (Fig. 4b). Additional ab-
sorption bands at 527 and 538 cm™1 are also
found and ascribed to the Dy—O bond vibra-
tions; the first band intensity decreases and
the second one increases as Dy content in
apatites rises. A general feature of the IR
spectra for the (I) and (II) system samples in
the absence of hydroxyl group absorption
bands in solid solutions where x > 0.8. This
is due both to Ca?* + OH™ — Ln3* + 02~ sub-
stitution and to OH~ — 02~ + 3 [19].

Thus, it follows from IR spectroscopy
data that the change in OH group content
in modified hydroxyapatite influences the
position and intensity of bands according to
Nd(Dy)-O bond, that agrees with the data
on Ca substitution with La in hydroxyapa-
tite [9]. Moreover, introduction of Nd3* or
Dy3* into the hydroxyapatite structure re-
sults in shifted bands of stretching and li-
brational modes of OH groups contained in
the structure channels. Thus, basing on IR
spectroscopy results, Nd3* and Dy3* ions can
be supposed to substitute for Ca in the
Ca(2) position, that is, in the Ca(2)O; poly-
hedra.This is in agreement with the struc-
ture refinement by Rietveld method. The
calculated site occupancies (FULLPROF pro-
gram) evidences that Ln(+3) ions are ar-
ranged predominantly in the Ca(2) position;
Nd prefers the Ca(2) site in a much more
pronounced fashion than Dy (Table 1). A
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Table 1. Site occupancies and agreement factors

Ca;o_,Dy,(PO4)(OH),_, Oy Ca;p yNd,(PO,)s(OH),_, O,
x=0 x=0.8 x=1.4 x=2.0
Ca(1) (47) 4 3.868 3.868 3.932
Ln(1) (4f) 0 0.132 0.132 0.068
Ca(2) (6h) 6 5.834 4.734 4.068
Ln(2) (6h) 0 0.666 1.266 1.932
Ln(2)/Ln(1) - 5.0 9.6 28.4
Rg, % 7.70 7.98 8.79 6.78
Rp, % 11.0 4.69 5.77 7.20
pr, % 14.6 5.97 7.41 9.46
X2 1.36 1.34 1.87 1.36
Table 2. Interatomic distances in Ca,, ,Ln (PO,)s(OH),_, O, apatites
Distance, A x=0 Dy x = 0.8 Dy x = 1.4 Dy x = 2.0 Nd
Ca(1)-0(1) x3 2.358(8) 2.373(9) 2.31(2) 2.837(1)
Ca(1)-0(2) x3 2.460(8) 2.46(1) 2.49(2) 2.45(1)
Ca(1)-0(3) x3 2.772(8) 2.765(8) 2.79(2) 2.779(9)
<Ca(1)-0> 2.530 2.53 2.53 2.53
Ca(2)-0(1) 2.69(1) 2.72(1) 2.78(2) 2.77(1)
Ca(2)-0(2) 2.36(1) 2.42(1) 2.50(3) 2.55(2)
Ca(2-0(3) x2 2.559(7) 2.557(7) 2.53(1) 2.583(9)
Ca(2)-0(3) x2 2.292(6) 2.828(6) 2.36(1) 2.380(8)
<Ca(2)-0(1-3)> 2.46 2.49 2.51 2.54
Ca(2)-0(4) 2.404(5) 2.304(5) 2.218(7) 2.175(6)
<Ca(2)-0(1-4)> 2.453 2.463 2.462 2.488
P-O(1) 1.59(1) 1.56(1) 1.60(3) 1.57(2)
P-0(2) 1.53(1) 1.51(1) 1.46(3) 1.51(2)
P-O(3) x2 1.577(6) 1.548(7) 1.52(1) 1.533(9)
<P-0> 1.57 1.54 1.53 1.54
Ca(2)-Ca(2) 4.084(6) 3.932(6) 3.84(1) 3.747(5)

similar trend is seen in apatites of different
compositions [7, 9].

As calcium is substituted with Dy (as
well as with Nd), the Ca(2)-0O(4) distance is
shortened substantially (by 0.19 and
0.22 A, respectively; see Table 2). Here,
O(4) denotes atoms situated in the structure
channels. Shortened are also Ca(2)-Ca(2)
distances between atoms situated at the ver-
tices of calcium triangles. According to [8],
this is due to increase in the binding energy
caused by Ca?* and OH~ ions replacement
by those (Ln3*, O27) having higher charges.
The mean Ca(2)-O distance in seven-vertex
Ca(2)O; polyhedra increases slightly (by
0.01 to 0.03 A); but the mean distance be-
tween Ca(2) and six oxygen atoms related to
PO, tetrahedrons increases more consider-
ably (by 0.05 to 0.08 A for limiting compo-

Functional materials, 12, 1, 2005

sitions). The increase of Ca(2)-0(1,2,3) dis-
tance in the case of Ca — La substitution
[8] can be explained by a larger La size as
compared to Ca. The Dy size is, however,
much smaller that that of Ca. Therefore,
the increased distance between Ca(2) and six
oxygen anions seems to be associated with the
increased binding energy of Ca(2)-0(4) bond.
As a consequence, the Ca(2)-0O(4) distance is
shortened considerably while the other dis-
tances in seven-vertex units become some-
what longer. In this case, the Ca(2)-O(4)
distance becomes the shortest in the
Ca(2)0; unit.

On the other hand, the shift of Ln-O
absorption bands in the IR spectra towards
larger wave numbers due to the composition
changes can be supposed to be associated,
among other causes, with increased Ln-O
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binding energy being a consequence of the
shortened Ca(2)-0O(4) distance. As to other
interatomic distances, some "compression”
of phosphate ions can be noted similar to
that observed in [9] (the mean P-O dis-
tanced are shortened by 0.03-0.04 ﬁg, the
size of the Ca(1)Og polyhedra remaining es-
sentially unchanged. The established re-
gions of calcium substitution with neodym-
ium and dysprosium in hydroxyapatite
Ca;p_Ln (PO,4)s(OH),_,O, at 1100°C are in
correlation with the radii of the substitut-
ing ions. The introduction of Ln*3 ions into
Ca(2) position is associated with the local
compensation of O2—Ln3* charges resulting
in a strengthening of Ca(2)-O(4) bond and
some weakening of Ca(2)-0(1,2,3) ones.
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3aMillleHHA KaJbI[il0 HAa HEOJUM Ta AUCIPO3il
Y CTPYKTYPi riipokcHuamaTuty

€.I.'emovman, C.M.JIo600a, T.B.Tkxauenxo,
O.B.Iznamog, T.PD.3abipkro

Meromom penTreHodasoBOro aHaiIisy BCTAHOBJIEHO, 110 3amimienHs Kaibiiio Ha Nd i Dy y
rigzpokcuanatuti Ca,,_  Ln (PO,)s(OH), O, npu remmneparypi 1100°C BizbyBaeThca B obmacti
mo x = 2,0 i 1,4 sBigmoBigno. Meromom 1Y cmekTpockomii mokasaHo, 1110 MOPAJ i3 saMimieH-
Ham CaZ* + OH™ - Ln® + 0% wmae wmicme i samimenna 20H™ — 02~ + . VrouneHHAM
CTPYKTypu MeTogoM PirBesbma ImoxasaHo, IO iOHM HEOAMMY i AHCIIPO3ii0 3aiiMaioTh Iiepe-
BaxxHo nosunii Ca(2). Beranosiewno, mo samimenns Ca?* + OH™ — Ln3* + 02" upusoauts
oo sminmenus 3B asky Ca(2)-0O(4) i meaxomy ocnabuaenuwno 38 askis Ca(1)-0(1,2,3).
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