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Substitution of samarium for strontium in hydroxyapatite corresponded to the scheme
Sr2* + OH™ - Sm3* + 0% has been investigated by X-ray powder diffraction and IR spec-
troscopy. It was established that solid solutions Sr;, ,Sm,(PO,)s(OH),_,O, are formed in
the range of x = 0-1.6 at 1100°C in air. Crystal features of some samples have been
refined by Rietveld method. It was shown that Sm3* preferably occupy the Sr(2) site. The
hydroxyapatite dehydration occurring under the scheme 20H™~ — 02~ + O was confirmed
by IR spectra of obtained samples.

Meromom penrrenodasoBoro ananusa u UK-cnekrpockonuu mayueHo nsomMopdHOe 3ame-
IleHre CTPOHIUS HA CAMAPUMA B I'UJPOKCHAIATHTE B COOTBETCTBUU CO CXEMOU 3aMeIeHUs
Sr2* + OH™ —» Sm®" + 02", VcramosieHo, uTo ogHO(ASHEIE TBEPLHIE PACTBOPHI COCTABA
Sr;0.,SM,(PO,4)s(OH),_,O,, curresupoBannsre mpu Temmeparype 1100°C, obpasyroTca B 00-
nactu cocraBoB X = 0—1.6. Kpucraniuueckas cTpyKTypa HEKOTOPHIX 00pasIlOB yTOUHSIACH C
HOMOIIBIO anropurmMa PurBenbga. VeraHoBieHo, uTo moHsl SMSY mpewmymiecrBenHo 3acess-
T mosunuio Sr(2) crpykrypsl anarura. Metogom MK-CIeKTPOCKONMY YCTAHOBJIEHO IIPOTEKA-
HUe ZeruApaTanyy IMAPOKCHAIIATATA B IIOJYYeHHBIX o6pasmax mo cxeme 20H- — 02 + 0.
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1. Introduction

The interest of researchers to compounds
with the structure of apatite is caused by an
opportunity of their practical application.
So they are used as artificial biomaterials
compatible with a bone tissue, luminophor
materials, sensor controls of moisture and
alcohols, adsorbents of ecologically harmful
and radioactive substances, catalysts of al-
cohols dehydration reactions and hydrolysis
of chlorbenzene, conversion of methane and
other cases [1-6]. In addition, it should be
noted that there exists a possibility of
structure units replacement by others in the
compounds with the structure of apatite.
The solid solutions formed in this way can
essentially enlarge the wide area of their
practical application inasmuch as the incor-
poration of modifying ions into the struec-
ture of apatite can results in an appearance
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of new useful physicochemical properties.
Therefore, it is not surprising that a great
number of research works devoted to the
investigation of substitutions in the struec-
ture of apatite has been reported in the lit-
erature in recent years. However, the sub-
stitutions in calcium hydroxyapatite were
mainly investigated, while the substitutions
in strontium hydroxyapatite virtually have
not been examined. Therefore, the purpose
of this study is to investigate the substitu-
tion of samarium for strontium in the
structure of hydroxyapatite. As the charge
of substituent Sm3* differs from the charge
of substituted Sr2*, the simultaneous re-
placement of OH~ groups by 02 ions would
take place to keep the charge balance in the
modified apatite. In this connection, the
substitution of samarium for strontium can
be described by the following scheme:
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Fig. 1. Dependence of the unit cell dimensions of strontium hydroxyapatite modified by samarium

versus composition.

Sr2* + OH- —» Sm3* + 02-. Based on this
scheme the probable composition of the
formed solid solutions would be expressible
by the chemical formula:
Sr1o_xSM(PO4)g(OH),_,O, (0 < x < 2).

2. Experimental

The samples were prepared from mix-
tures of strontium nitrate, samarium oxide
and dibasic ammonium phosphate, which
were composed according to the
(10-x)Sr(NO3), + (x/2)Sm,04 + 6(NH,4),HPO,
stoichiometry for x ranging from 0 to 2.6
by step of 0.2. The mixtures were homoge-
nized in an agate mortar for 20 min, placed
in an alumina crucible and calcined at 300
and 800 °C for 3 h at each temperature.
The resulting cakes were ground and ho-
mogenized for 10 min, pelletized and heated
in an electric furnace at 1100°C for 5—6 h.
After sintering the samples were quenched
in air, powdered, and analyzed by X-ray
powder diffraction. Than the samples were
pelletized and sintered again. This step was
repeated several times until a constant
phase composition has been obtained. Total
time of sintering at 1100°C came to 22 h.

X-ray powder diffraction patterns of the
samples were recorded at room temperature,
using a powder diffractometer DRON-2
with the Ni-filtered copper K, radiation. The
scanning rate was 1°/min, Si used as an
external standard. The a and ¢ parameters
of the hexagonal unit cell of hydroxyapatite
were calculated from the positions of 18
most intense and sharp reflections by using
a least-squares refinement program.

X-ray powder diffraction data for crystal
structure refinement were collected in a
step regime: step 0.05° (20), interval
15.00 < 20 <140.00, scanning rate 10 s per
step. The profile analysis of the data was
performed using the method of approxima-
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tion of X-ray reflections by pseudo-Voigt
profile function. The lattice parameters and
crystal structure of the phases were refined
using Rietveld method with the program
FULLPROF.

IR spectra of the samples dispersed in
KBr tablets were recorded using a Perkin-
Elmer Fourier transform infrared spectro-
photometer in the range 400—4000 cm™1.

3. Results and discussion

The peaks in the X-ray diffraction pat-
terns of the samples with x = 0-1.6 are
sharp and well resolved and all of them can
be attributed to the hexagonal crystal form
of hydroxyapatite. In the patterns of the
samples with x = 1.8-2.6, apart from the
peaks of hydroxyapatite, one can observe
several additional reflections. We could not
match those with a phase because only some
few minor peaks may be visible which is not
enough for the correct identification. The
lattice parameters of the hexagonal unit cell
are plotted against x in Fig. 1. It is seen
that both a and ¢ parameters decrease line-
arly as x increases from x =0, obtain a
minimum at x = 1.6, and then remain un-
changed as x increases up to 2.6. The ob-
tained results show that the substitution
under the supposed scheme, namely: Sr2* +
OH~ - Sm3* + 02, take place in the range
of x = 0-1.6. A decrease of the cell parame-
ters with increase of dopant level of the
modified hydroxyapatite is in agreement
with the fact that the strontium ionic ra-
dius is larger than the samarium one
(1.26 A and 1.079 A, respectively) [7].

The allocations of corresponding atoms
by the crystallographic sites and their coor-
dinates in the calcium hydroxyapatite, pre-
viously reported in [8], were used as start-
ing data for the Rietveld refinement of the
structure of the apatite phases obtained in
the work. Atomic parameters of the sample
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Table 1.

Positional,

isotropic

thermal

parameters

(Biso)

occupations

(G) for

Srg 4Sm, 5(PO,)3(OH), 4O, ¢ (space group P6g/m, a = 9.6936(2), c= 7.2245(2), Ry = 0.0730, Ry =
0.0652, Rp = 0.0615, Ry,p = 0.0792, y, = 1.29)

o

Atom Site x y z B, A2 G
Sr(1) 4af 2/3 1/3 0.001(1) 0.90(9) 0.955(9)
Sm(1) 4f 2/3 1/3 0.001(1) 0.90(9) 0.045(9)
Sr(2) 6h 0.2327(4) 0.9874(5) 1/4 0.72(7) 0.792(6)
Sm(2) 6h 0.2327(4) 0.9874(5) 1/4 0.72(7) 0.236(6)
P 6h 0.403(1) 0.372(1) 1/4 0.5(2) 1
o) 6h 0.331(2) 0.478(2) 1/4 1.1(5) 1
0(2) 6h 0.578(2) 0.466(2) 1/4 1.3(6) 1
0(@3) 12i 0.351(1) 0.270(1) 0.070(2) 1.0(4) 1
O(4) 4e 0 0 0.185(4) 1(1) 0.4
OH de 0 0 0.185(4) 1(1) 0.1

Table 2. Selected bond distances (z&)

Composition, x 0 0.4 0.8 1.2 1.6
P-O(1) 1.50(2) 1.50(2) 1.49(2) 1.48(2) 1.51(3)
P-0O(2) 1.50(2) 1.50(2) 1.51(3) 1.47(3) 1.47(3)

P-0O(3)x2 1.55(1) 1.55(1) 1.55(1) 1.56(1) 1.56(1)
<P-O> 1.53 1.53 1.53 1.52 1.53
Sr, Sm(1)-O(1)x3 2.58(1) 2.58(1) 2.57(2) 2.58(2) 2.56(2)
Sr, Sm(1)-0(2)x3 2.61(1) 2.62(1) 2.61(2) 2.62(2) 2.60(2)
Sr, Sm(1)-0(3)x3 2.88(1) 2.87(1) 2.85(1) 2.86(1) 2.85(2)
Sr, Sm(2)-0(1) 2.80(1) 2.81(2) 2.81(2) 2.79(2) 2.77(2)
Sr, Sm(2)-0(2) 2.49(2) 2.46(2) 2.49(2) 2.49(2) 2.54(3)
Sr, Sm(2)-0(3)x2 2.73(1) 2.72(1) 2.73(1) 2.70(1) 2.71(1)
Sr, Sm(2)-0(3)x2 2.47(1) 2.48(1) 2.48(1) 2.48(1) 2.48(1)
Sr, Sm(2)-0(4), OH 2.530(6) 2.499(6) 2.459(8) 2.424(7) 2.366(8)
Sr, Sm(2)-Sr, Sm(2) 4.255(5) 4.210(5) 4.138(6) 4.102(6) 4.018(6)

Sr843m16(PO4)3(OH)04O16 (x = 1.6) as ex-
amples are represented in Table 1. Obtained
values of atomic coordinates enable calcula-
tion of the interatomic distances; some of
them are given in Table 2.

IR spectra of the strontium hydroxyapa-
tite solid solutions are represented in Fig. 2.
Unsubstituted strontium hydroxyapatite
Srqo(PO4)s(OH), displays typical absorptions
arising from PO, (946-v,, 458-v,, 1034
and 1074-vg, 561 and 592 cm l-v,), ab-
sorbed water (broad peak in the range of
3200-3650 cm™! due to OH™ connected by
hydrogen bonds, and 1630 em™1), hydroxyl
group which are not included in water
(3592 ecml-stretching vibration and
430 cm~1l-librational mode) [9, 10]. In the
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spectra of the samples of substituted hy-
droxyapatite, the positions and intensities
of absorptions arising from PO43‘ are the
same. There is only an apparent reduction
of the absorption at 946 cm™!, which is
probably caused by expansion of the absorp-
tion at 1034 cm™1. Increase of the x value
is accompanied by decrease of the absorp-
tion bands arising from absorbed water and
the absorption at 8592 em ™! and 540 cm™1
reflecting vibrations of OH™ group. The ab-
sorption bands of OH~ virtually do not be
detected even at x = 0.8. At the same time
the absorption in the range of 510-530 em™1
reflecting vibration of Sm-O bond appears
in the spectra of strontium hydroxyapatite
modified by samarium. In the samples with
higher samarium content, this band is
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Fig. 2. IR spectra of the samples of strontium hydroxyapatite modified by samarium in the range

400-1700 ecm™! and 3000-3700 cm™1.

shifted to the larger wavenumber. This fact
is similar to that obtained [11, 12] from the
infrared spectra of calcium hydroxyapatite
modified by lanthanum and europium.

The structure of hydroxyapatite can be
described on the basis of P63/m space group
where two: Sr(1) and Sr(2) different sites
for Sr*2 can be distinguished. The Sr(1) site
is 9-fold coordinated by oxygen atoms and
its size is larger than the size of Sr(2) site.
The Sr(2) site is coordinated by six oxygen
atoms and the OH™ group.

Previous investigations of substitutions
in calcium hydroxyapatite have shown that
the site preference of the substituent cation
depend on its effective charge. It was estab-
lished, that ion with a charge lesser than a
charge of calcium mainly occupy the larger
Ca(1) site whereas ion with a higher one oc-
cupy the more compact Ca(2) site [13]. This is
the case for the Sryg ,Sm,(PO4)s(OH),_ Oy
system under study as well. The refinement
of the crystal structure by Rietveld method
has shown that Sm3* having a charge
higher than that of Sr2* preferably occupy
the Sr(2) site. In the structure of hydroxya-
patite, the OH~ groups occur in columns
parallel to c-axis. The main lines of the
columns pass through the centres of trian-
gles, which are formed by Sr2* in the Sr(2)
position. Incorporation of samarium ions
into the structure of hydroxyapatite results
in evident decrease of the Sm,Sr(2)-Sm,Sr(2)
distance in the triangle (Table 2).

According to the scheme of substitution,
the incorporation of samarium into the
structure of hydroxyapatite generates the
simultaneous substitution of 02~ for OH-
group, and Sm3* on the Sr(2) site becomes

the nearest neighbour of the O2Z-. This
causes a strengthening of electrostatic
forces between ions arranged on the

Sm,Sr(2) and OH,O(4) sites. As a result, the
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total energy of the system decreases, and it
promotes a process of the substitution.
Bond distance of Sm,Sr(2)-OH,0(4) evi-
dently decreases with increase of samarium
content in the apatite (Table 2).

The substitution of Sm3* onto the Sr(2)
site should lead to decrease of the Sm,Sr(2)-
O(1),(2),(3) distances since Sr2* is larger
than Sm3*. But, as shown in Table 2, the
distances remain unchanged in spite of
whatever is x. Apparently this fact is the
result of a balance between increasing
forces of: (I) attraction of the Sm,Sr(2) cat-
ion to surrounding O(1),(2),(3),(4) anions
and (II) repulsion of O(1),(2),(3) from O(4)
within the coordination polyhedron.

In the IR spectra of solid solutions with
x > 0.8 no OH™ bands are observed, which
indicate the absence of the OH~ groups in
the samples. Taking into account the high
temperature used for the synthesis of the
samples, it is safe to say that the OH™ ab-
sence is caused by dehydration of hydroxya-
patite. The similar process has been ob-
served in the case of calecium hydroxyapatite
as well [14]. So, reasoning from the fact that
the base scheme of the Sr2* + OH~ — Sm3* +
02 substitution is accompanied by dehydra-
tion of hydroxyapatite, the formula, which
describe the composition of the obtained
solid solutions, requires more accurate defi-
nition. That can be formulated as
Sr1o_xsz(PO4)6 (OH)Z—(X+y)Ox+y/2E|y/2 (Where:
x + y<2) in the range of 0<x<0.8 and
Sr1o_xsz(PO4)601+X/2D1_x/2 in the range of
x > 0.8. It should be noted that existence of
Sm3* substitution for Sr2* in the range of
x > 0.8, where no OH™ group are detected,
indicates that there can also be a substitu-
tion under the scheme: Sr2* + 1,20 —
Sm3* + 1/202~. The latter scheme is a re-
sidual between the base scheme of substitu-
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tion and the scheme of dehydration of hy-
droxyapatite. Provided that simultaneous
substitution under three above-mentioned
schemes really takes place but to a variable
extent at different x wvalues, definition of
correct formula, which describes the compo-
sition of obtained solid solutions, is not pos-
sible at this juncture.

4. Conclusion

It was established by X-ray powder dif-
fraction that the limit for substitution of
strontium for samarium in the structure of
apatite is in the range of x = 0-1.6. The
substitution of Sm3*, which has a much
smaller crystal ionic radius for Sr2+, caused
a decrease of unit cell parameters in the
homogeneity region. The refinement by
Rietveld method of ecrystal structure of
solid solution was shown that ions Sm3*
preferably occupy the Sr(2) site in the struc-
ture of apatite and as a result the distance
Sm,Sr(2)-Sm,Sr(2) is diminished. According
to IR-spectroscopy, the formation of solid so-
lution under the main scheme of substitution:
Sr2* + OH- —» Sm3* + 02~ are accompanied
by dehydration of hydroxyapatite under the
following scheme: 20H™ — O + H,0.
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K.I.Tobelko,

3aMillleHHsI CTPOHILiI0 HA caMapii B CTPYKTYpi
TiIPOKCHATIATUTY

€.I.r'emvman, O.B.Iznamoé, C.M.J/Io600a,
Myxamed A.B.A60ynv [Jxuabap, A.O./Kezaiino, A.C.I'nyxoea

Metomom pentrenogasoBoro ananidy Ta IY-cmexkTpockomnii gocraimyxeHo isomopdne 3a-
MillleHHA CTPOHILiI0 Ha caMapiil B rigpokcwmanaTuTi y BiAmoBigHOCTI g0 cxeMm 3aMillleHHSA

Sr2* + OH- —»  Sm®* + 02-.

BceranoBimeno, mo opHodasHi TBepAi po3unHU

CKJIaxy

Sr;0.,SM,(PO,4)s(OH),_,O,, cunTesoBani 3a Temmeparypu 1100°C, yrBoproloTeca B ob6aacTi
x = 0-1.6. Kpucraniuny cTpyKTypy HeKUX 3pasKiB YTOUHIOBAJIU 3a JOIOMOTOI AJTOPUTMY
Pirsenbna. Beranosieno, mo iomum Sm3* mepeBaskHo snoKamisyorbea y mosumii Sr(2) cTpyk-
Typu amaruty. Merogom IY-crmeKTpocKolrii BCTaHOBJIEHO [AerigparTaiiilo rifpoKcHaIlaTuTy B

OTPEMAHMX 3pasKax y Bimmosizmocri mo cxemm 20H™ —» 02~ + 0.
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