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Abstract

Divalent ions of the first series transition elements and Hg were introduced
into a cadmium hydroxyapatite Cd;(PO,)3OH by replacing a part of Cd?*, and
the effects on the crystal growths and the structural changes were studied.
Cd®* can be exchanged with Mn2?* up to about 30 mol %, with Ni?* or Hg?* up to
about 10mol %, and with a little amount of Fe?* or Cu?*. It was found that
Cd;(PO,)sOH forms a superstructure when it contains a small amount of Mn?,
Fe?*, Co?*, Ni?%, Cu®" or Hg?" ion. Infrared spectra of Cd;(PO,):0H con-
taining these ions show some new bands in addition to those of Cd;(PO,)sOH.
The average structures of the crystals containing a small amount of Hg?* and
Ni%**, and the superstructure of the crystal containing Mn®* were refined with
the full-matrix least-squares method, although the amounts and sites of the sub-
stituting ions could not be determined except for the crystals containing Hg?*.
The superstructure belongs to P6; (2=16.1990(3), c=6.6485(1)A and Z=6) and
has more distorted POy tetrahedra than the structure of pure Cd;(PO,);OH.

Introduction

Since Naray-Szabo (1930) and Mehmel (1930) determined the crystal structure
of apatite independently, many works have been reported on the structure of
apatite group compounds. Most of them belong to the hexagonal, centrosymme-
tric space group P6,/m. A few of them belong to the monoclinic space group
P2,/b and transform into the hexagonal P6,/m phase at about 200°C (Prener,
1967). Although apatite is known to contain many kinds of atoms substituting
for Ca, P or F, few kinds of divalent transition elements constitute the apatite
structure. The smallest metallic ion which forms chlorapatite is Mn?* (Kreider
and Hummel, 1970), and that which forms hydroxyapatite is Cd*" (Hata et al.,
1978). The ionic sizes of Mn®** and Cd?** are thought to be the lower limits of
the ionic sizes to form chlorapatite and hydroxyapatite, respectively. The divalent
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ions of the first series transition elements have slightly smaller ionic radii
(Shannon, 1976) than that of Cd?* and are essential elements for human body.

Taking into account these facts, Cd;(PO.,),OH were synthesized under the
presence of Mn?*, Fe?*, Co®*, Ni**, Cu** or Hg?". The products were examined
with the X-ray diffraction method, infrared spectroscopy and electron-probe
micro-analysis. Since it was difficult to synthesize single crystals of calcium
hydroxyapatite containing enough amounts of these ions to use for single crystal
X-ray diffraction studies, Cd;(PO,);OH was used in place of Ca;(PO,),OH. It was
revealed that the crystal growth of Cd;(PO,);OH is influenced by these ions and
that the crystal forms a superstructure with the space group FP6, on incorpo-
ration of a small amount of these ions. In the average stucture, three out of
four oxygen atoms of the PO,’~ group show remarkably anisotropic thermal
vibrations.

Synthesis of crystals

Cd;H,(PO,),-H.O used as the starting material was precipitated from solution;
0.1 mol/1 solutions of Cd(NO,),-4H,O and H,PO, were mixed so that the molar
ratio of Cd and PO, becomes 5:4. The pH of the suspension was controlled
to about 5.0 by adding 0.5N NaOH solution. Crystals were synthesized by a
hydrothermal reaction; 0.05g of Cd;H,(PO,),-4H,0, various amounts of nitrates
of Mn?*, Co?*, Ni** Cu®" or Hg?*, or Mohr’s salt, and 5 ml of distilled water were
mixed in glass ampules of about 7cm® in volumes. The initial pH of each
suspension was in the range 5.5-7.0. Each ampule was sealed and set in a
silicon oil bath. The hydrothermal reaction was performed at about 200°C for 2
weeks. The pH values of the residual solutions after the reactions were in the
range 2.5-4.0.

The tolerance of Cd;(PO,);OH for the elements mentioned above was found
to be small. A good deal of coexistent ions inhibit the precipitation of
Cd,(PO,),OH by forming other phosphates. Mn?2* substitutes for Cd** up to about
30 mol %, Ni** and Hg?" substitute for it up to about 10 mol %, and Fe®** and
Cu®" only slightly under the condition employed in this study. (These values
were estimated by EPMA.) Fe?* and Cu®*" could not be detected by EPMA on
the specimens grown under existence of these ions, though the crystals were
tinged with blue. Analysis of Co** was not carried out, because crystals syn-
thesized under existence of Co** were too thin to arrange for EPMA measure-
ment. Mn?*" and Ni** ions were found to be distributed often by forming sector
zoning on line scanning of electron probe. Especially zoning of Mn?* distribution
was distinct.



Syntheses and superstructures of (Cd, M);(PO,)sOH 319

Impurity effect of transition elements and Hg?* ions on the growth form of
Cd;(PO,);OH was observed; when these ions do not exist, Cd;(PO,),OH crystals
grow into hexagonal prisms with the sizes about 0.1-0.2 mm after the hydrothermal
reaction at about 200°C for 2 weeks under the pH region 3.0-7.0. Whereas,
they grow into short hexagonal prisms with the sizes up to 0.5 mm, when Mn?*,
Cu®* or Hg?" exists, and existence of Fe?*, Ni** or Co®* leads to a habit of thin
hexagonal plates with the sizes of around 0.1 mm under the same hydrothermal
condition.

Infrared absorption spectroscopy

Infrared absorption runs of cadmium hydroxyapatite containing Mn?*, Fe®*,
Ni** Cu®*, or Hg?" were carried out in the range 4000 to 250 cm~!. 100 mg of
Csl and 2-3mg of powdered apatite crystals were pressed in an evacuated die
under a total force of 5 tons for 7 min. Spectra were recorded using HITACHI
295 spectrometer with the powdered samples suspended in Csl under the 50%
relative humidity of atmosphere. The infrared spectra of Cdi(PO,):0D,
Cd;(P0O),Cl and Cay(PO,),OH and those containing Mn?* or Cu?* were also
recorded in the same region, for the sake of assignment.

The products showed essentially the same spectra as Cdy(PO,),OH, showing
several new bands at 1220, 800, 760, 480 and 460 cm~* in addition to those of
Cd;(PO,);OH. The band intensity at 760 cm~! is strongest among these new
bands. The infrared spectra of Cds;(PO,);,OH and those containing a small
amount of Mn?* and Cu?*, and of their deuterated analogues are shown in Fig.
1. Spectra of the deuterated samples indicate nearly 1002 OD substitution as
estimated from reduction in OH librational and stretching modes. All of the
additional bands did not shift on OD substitution.

Crystal structure analysis

Crystals of cadmium hydroxyapatite containing Mn?*, Fe?*, Co®**, Nji**, Cu®*
or Hg** were revealed to have superstructures by the single-crystal X-ray dif-
fraction method. From Weissenberg and precession photographs, all crystals
were found to have the Laue symmetry 6/m with systematic absences of 00/ for
[ odd. The lattice vectors of the superstructure are expressed in terms of its
subcell vectors a., b, ¢; by the following relations,

a=as,—b,,
b=a.+2b,,

c=¢s.
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Fic. 1. Infrared spectra of various cadmium apatites.

The possible space groups are restricted to P6,/m (centrosymmetric) and P6,
(non-centrosymmetric). The Akl precession photograph is given in Fig. 2, and
the relation of the unit cells between the average structure and superstructure
is shown in Fig. 3.

Intensity measurements were carried out for two pale brown crystals with
hexagonal prismatic shapes and different depths of color due to Hg®" (crystals
A and B), a yellow, hexagonal prismatic crystal containing a small amount of
Ni** (crystal C) and for a pink, hexagonal prismatic crystal containing a small
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F1G. 2. The hkl precession photograph of superstructure.

775,

as

Fic. 3. Unit cells of the superstructure and average structure.

amount of Mn?** (crystal D), on automated four-circle diffractometers (Philips PW
1100/20 for crystals A and B, Rigaku AFC-5 for crystals C and D) in the 20-w
scan mode, with a scan speed of 2°/min in , using MoKa radiation. The
dimensions of the «crystals, the numbers of independent reflection data
[1Fo1>30(|F,!)] and 26 ranges are tabulated in Table 1. For the crystal D,
746 are the superlattice reflections.

The lattice constants of the crystals A, B, C and D were obtained with the
program RLC3 (Sakurai, 1967) from the 20 values of 21, 27, 29 and 29 reflections
measured on the automated four-circle diffractometers, respectively. These
values are listed in Table 2.

The chemical analyses of these four crystals were not performed. However,
the presence of Hg in the crystals A and B was confirmed as follows. Crystals
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Tamre 1. Data on intensity collection and the final R values.

Crystal Range number of
Crystal size (mm) of 20 reflections R(%) Ru(?%)
A 0.20¢ x0.10 <90 1255 5.85 7.30
B 0.05¢ x0.22 <90 1089 3.49 3.92
C 0.054x0.15 <90 1057 3.36 3.62
D 0.154x0.15 <75 1532 3.00 3.3
TasrLe 2. Cell dimensions. Values for crystals A, B, C are those of sub-cell. For

comparison, those values for pure Cd;(PO,);OH are listed.

Crystal a (A) c (A)
Cd; (PO,),OH 9.335 (2) 6.664 (3)
A 9.335 (2) 6.666 (1)
B 9.348 (3) 6.660 (1)
C 9. 3440(2) 6. 6655(2)
D 16. 1990(3) 6. 6485(1)

tinged with brown were picked up from the same batch as the crystals A and
B came from. Then the average Hg and Cd contents of these crystals were
determined by means of atomic absorption analysis by Mr. H. Sakamoto of
Kagoshima University, giving the values Hg: 6.84 and Cd: 44.8 wt %. Crystals
tinged with pale brown were also picked out from the same batch, and atomic
absorption analysis was carried out, yielding the results Hg: 2.26 and Cd: 489
wt %. These facts as well as the results of EPMA certify the presence of Hg
in the crystals A and B, Ni in the crystal C and Mn in the crystal D.

Intensities were corrected for Lorentz and polarization factors. Absorption
correction (¢—10.9mm™' for MoKa) were also applied by taking the crystal shapes
into consideration. Since the intensities of superlattice reflections were too weak
in the crystals A, B and C to analyze the superstructures, only the average
structures were determined for these crystals, and the superstructure was analyzed
only on the crystal D containing Mn.

The refinements of the average structures were started by assuming the
composition of the ideal Cd;(PO,);OH and the parameters of the Cd(l) and Cd(2)
atoms in the structure of Cd,(PO,),OH for the Cd atoms with intensity data of
the main reflections which satisfy the relation h—k=3n. The positions of P
and O atoms were determined from the subsequent difference Fourier synthesis,
and the parameters were refined with the full-matrix least-squares program
LINUS (Coppens and Hamilton, 1970). The populations of the Cd, Hg, Ni and
Mn atoms at the sites Cd(1) and Cd(2) were varied in the course of the refine-
ments. The calculation on the crystals A and B revealed that Hg exchanges
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only the Cd(l) atoms accompanying vacancies, whereas no evidence of cation
substitutions was obtained on the crystals C and D from the population analyses.
Therefore, populations of the cations at the Cd(l) site were varied in the subsequent
refinements of the crystals A and B, and the Cd(1) and Cd(2) sites were assumed
to be fully occupied by Cd in the crystals C and D, by neglecting the contri-
butions of Ni and Mn. The populations of Cd(l) and Hg atoms converged to
0.60(4) and 0.22(2) in the crystal A and to 0.80(2) and 0.12(2) in B, respectively.
The final R and R, values are given in Table 1, where R, is in the form
Sw(|F,|— | F.|)*/ Y| F,|®. The weighting scheme employed was that of Hughes’
(Hughes, 1941). In the refinements, the space group P6;/m was assumed and
anisotropic thermal parameters were applied for all the atoms. All of the obtained
positional and thermal parameters are approximately equal to those of Cd;(PO,),OH
(Hata et al., 1978). The thermal ellipsoids for the crystal A are shown in Fig.
4 with the program DCMS3 (Takenaka, 1972), enclosing 50% probability.

The partial Patterson maps based only on the superlattice reflections of the
crystal D showed several quadruplets indicating small deviations of Cd atoms
from the averaged positions (Fig. 5). The deviation of each atom was estimated
by the program KEY (Ito, 1973). Remarkable deviations in the z direction
suggested the non-centrosymmetric space group FP6, for the superstructure.

Fic. 4. The average structure projected on (001). The thermal ellipsoids are scaled

to enclose 50% probability. One of the O(3) atoms which are related by a mirror
plane are neglected.
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b/2

Fic. 5. A partial Patterson map on the plane z=0. Contours are at an interval of
0.2¢e%/A® and the first positive contour is at 0.1 e?/A%. Negative electron density is
indicated by broken contours.

Refinement of the superstructure was started with the positional parameters
obtained by KEY. Each of the crystallographically independent atoms except
Cd(1) in the average structure splits into three independent atoms in the super-
structure, which are originally related with the translational symmetry. They
are labelled with A, B or C in the present paper. The Cd(l), O(3) and O(H)
atoms have crystallographically equivalent atoms related with a mirror plane in
the average structure. These atoms become independent’ in the superstructure,
and designated by adding a label A or B in the case of Cd{l) and a prime (')
in O(H). The O atom originally related to O(3) with the mirror plane is denoted
as O(4). The positional and thermal parameters for all the atoms except O(HA)
and O(HC)’, which. were fixed, were refined with the full-matrix least-squares
program LINUS. The electron densities observed in the Fourier maps around
the positions of O(H) and O(H)’ [O(HA) and O(HA)’, O(HB) and O(HB)’, O(HC)
and O(HC)"], which are ‘related by the mirror plane in the average structure, are
different each other. The optimal values for populations of the O(H) and O(H)Y
atoms were estimated by comparing R, values obtained for several sets of
populations. Since the z parameters of O(HA) and O(HC)’ drifted, they were
fixed at the maximum points in the difference Fourier maps calculated by
excluding these atoms. ‘ o

The site of Mn could not be found also in the course of refinement of super-
structure. Several cycles of least-squares calculation converged the R value to
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0.034 and R, to 0.034 with anisotropic thermal factors for Cd atoms and isotropic
ones for P and O atoms. The weighting scheme employed was the same as
that in the refinements of the average structures. The final positional and thermal
parameters are given in Table 3*. The R and R, factors calculated with 746
superlattice reflection data were 0.068 and 0.071, respectively. The |F.|* syn-
thesis based on the superlattice reflections gave a map approximately equal to the
partial Patterson map. Selected interatomic distances and bond angles are given
in Table 4. The superstructure projected on (001) is shown in Fig. 6.

The atomic scattering factors for Cd, P and O, and the correction factors
for anomalous scattering were taken from International Tables for X-ray Crystal-
lography (1974).
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Fic. 6. The superstructure projected on (001). Numbers are zx10% The broken lines
represent the unit cell for the average structure.

* Lists of positional and thermal parameters of the average structures for the crystals
A, B, C and D, and the observed and calculated structure factors are available on
request.
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TaBLE 3. Positional and thermal parameters for the superstructure.

Positional parameter

gT x y z Biso (AZ)
Cd(1A) 1.0 0.3310(1) 0.3285(1) 0.0020(1) 0. 84*
Cd(1B) 1.0 0.6632 (1) 0.6609 (1) 0.0085(1) 0.92*
Cd(ZA) 1.0 0.0791(1) 0.1645(1) 0.2483(1) 0.52*
Cd(2B) 1.0 0.5018(1) 0.2477(1) 0.2655(1) 0. 93*
Cd@2C) 1.0 0.1680(1) 0. 5806 (1) 0.2634(1) 0. 99*
P (A) 1.0 0. 2554 (2) 0.1398(2) 0. 2503 (5) 0.41(3)
P (B) 1.0 0.5272(2) 0.4471(2) 0.2635(4) 0.33(3)
P (C) 1.0 0.2180(2) 0.4107 (2) 0. 2603 (5) 0.66(4)
O(1A) 1.0 0.3489(5) 0.2330(5) 0.3107(12) 0.14(8)
0(1B) 1.0 0.4287(8) 0.4444(9) 0.2770(16) 1. 38(16)
0Qac) 1.0 0.2135(8) 0.3148(8) 0. 2560 (18) 1.29(14)
0@2A) 1.0 0. 2669 (6) 0. 0504 (5) 0.2313(13) 0.49(10)
0@2B) 1.0 0.6091(7) 0.5527(7) 0. 2640(15) 1.02(13)
0@2C) 1.0 0.1187(6) 0. 4008(6) 0 2593(14) 0.68(11)
0 (3A) 1.0 0.2214(6) 0. 1574 (6) 0. 0466 (13) 0.40(9)
0@3B) 10 0. 5156 (9) 0. 3929 (9) 0. 0672 (20) 1.64(17)
0@3C) 1.0 0.2789(7) 0.4835(7) 0. 0982 (16) 0.96(12)
O 4A) 1.0 0.1792(6) 0.1212(6) 0.4151(12) 0.30(9
0 @4B) 1.0 0.5196(7) 0.3917(7) 0. 4582 (14) 0.71(11)
03¢4C) 1.0 0.2753(9) 0.4736(9) 0.4397(19) 1.63(16)
O(HA) 0.75 0.0 0.0 0. 1953(33) 0. 62 (26)
O(HA) 0.25 0.0 0.0 0.315 3.63(225)
O(HB) 075 0. 6667 0.3333 0.3145(34) 0.78(24)
O(HB)" 0.25 0. 6667 0.3333 0.1956(181) 0.78(24)
O(HC) 0.75 0. 3333 0. 6667 0. 3300(28) 0. 39(20)
O(HC)” 0.25 0.3333 0. 6667 0.195 2.29(123)

Anisotropic temperature factors in the form:
exp [ —2a{ Uy h2a*2+ Uph?b*2 4- Ugyl2c*2 + 2 (Uiphka*b* + Uyshla*c* + Uggklb*c*) 1]

Ull U22 U33 U12 U13 U23
Cd(1A)  0.0145(3) 0.0079(3) 0.0062(2) 0.0031(3) 0.0006(4) —.0020(3)
Cd(1B) 0.0155(3) 0.0095(3) 0.0082(3) 0.0050(3) —.0029(4) —.0031(3)
Cd(2A) 0.0100(3) 0.0071(3) 0.0047(2) 0.0060(3) —.0001(3) —.0010(3)

Cd(2B) 0.0102(3) 0.0106(3) 0.0125(4) 0.0037(3) —.0013(3) —.0001(3)
Cd(2C) 0.0145¢4) 0.0116(3) 0.0148(4) 0.0091(3) 0.0015(3) 0.0007(3)

1 Population
* Calculated from the anisotropic temperature factors according to the expression;
Biso=4(a?By, +b2Byy + c2Byy + abBygcos 7) /3
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TaBLE 4. Selected interatomic distances (A) and bond angles (°) for superstructure.

| CA(1A)-O(LA) 2.671(9)  Cd(I1B)-O(LA)ii 2.250( 9)  Cd(2A)-O(LB)  2.318( 9)

-O(1B) 2.530(10) ~O(1B)# 2.226(10) ~0(2A)Y 2.625(11)
-0(1C) 2.471(13) ~O(1C)1 2.487(12) ~0(3A)  2.720(10)
“0(2A)1 2.413( 9) -0(2A) 2.254( 8) “0(3A)Y 2.251( 9)
~0(2B)¥ 2.300(13) ~0(2C)  2.381(13) “O(4A)  2.344(10)
~0(2C)i 2.301(13) ~0(2B)IY 2.277(12) ~O(4A)¥i 2.272( 8)
-0(3A) 2.450( 7) ~O@A) 3,217( 7) -O(HA) 2.335( 3)
-0(3B) 2.663(14) ~O(4B)iii 2,661 (10) -O(HA)’ 2.351
-0(3C) 3.092(14) ~O(4C)ii 2.840(17)
Cd(2B)-O(1A) 2.386(9)  Cd(2C)-O(1B)* 2, 397(20)
~0(2B)vii2. 766 (12) -0(2C)  2.608(10)
-0(3B) 2.608(15) ~O(3B)" 2.226(13)
-0@4B) 2.548(11) ~O(4B)¥12.208( 9)
~0(3C)ix 2.293(11) ~0(3C)*! 2.321(12)
-0(4C)x 2.212(13) ~0(4C)® 2.465(15)
-O(HB) 2.338( 3) -O(HC) 2.345( 3)
-O(HB)’ 2.360(24) -O(HC)’ 2.365
P (A)-O(1A) 1.564( 6) P (B)-O(1B) 1.576(15) P(C)-0(1C) 1°517(14)
-0 (2A) 1.555(13) -0 (2B) 1.555(12) -0 (2C) 1.533(12)
-0 (3A) 1.541(10) -0 (2B) 1.531(14) -0 (3C) 1.537(10)
-0 (4A) 1.563( 9) -0 (4B) 1.545(10) -0 (4C) 1.594(12)
O0(1A)-0(2A) 2.619(11) O (1B)-O (2B) 2.549(14) O (1C)-0(2C) 2.535(20)
-0 (3A) 2.513(11) -0 (3B) 2.406(22) -0 (3C) 2°607(16)
-0 (4A) 2.517(10) -0 (4B) 2.368(19) -0 (4C) 2.589(18)
0 (2A)-0(3A) 2.517(12) O(2B)-O(3B) 2.605(23)  0(2C)-0(3C) 2.489(13)
-0 (4A) 2.541(14) ~0 (4B) 2.607(20) -0 (4C) 2.536(16)

0(3A)-0(4A) 2.532(11) O ((3B)-0(4B) 2.601(16) 0(3C)-0(4C) 2.341(16)
O(1A)-P (A)-O(2A) 114.2(6) O(LB)-P (B)-0O(2A) 109.0(8)
O(1A)-P (A)-O(3A) 108.0(4) O(1B)-P(B)-0(3B) 101.5(7)
O(1A)-P (A)-O (4A) 107.2(4) O (1B)-P(B)-O(4B) 98.7(6)
O(2A)-P (A)-O (3A) 108.7(5) O (2B)-P (B)-0O (3B) 115.2(6)
O (2A)-P (A)-0O (4A) 109.2(5) O (2B)-P (B)-0 (4B) 114.5(5)
O BA)-P (A)-0(4A) 109.3(5) O (3B)-P (B)-0 (4B) 115.5(7)
O (1C)-P (C)-0 (2C) 112.4(6)

O (1C)-P(C)-0(3C) 117.1(7)

0(1C)-P (C)-0 (4C) 112.6(8)

0(2C)-P (C)-0(3C) 108.3(6)

0(2C)-P (C)-0 (4C) 108.4(7)

0(C)-P(C)-O(4C) 96.7(6)

symmetry code

none x, ¥y, z vi x—y, x, z+1/2
i 1—x, 11—y, z—1/2 vii x—y, x, z—1/2
ii ¥y, y—x, z—1/2 viiik 1-y, x—y, z

iii 1—x, 1—y, 2—1/2 ix y, y—x, z+1/2
iv 1-y, x—y+1, z X oy y—x, z-1/2

-y, x—Yy. z xi y—=x 1l—x =z







