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Abstract

Divalent ions of the first series transition elements and Hg were introduced
into a cadmium hydroxyapatite Cd5 (P04) 30H by replacing a part of Cd2+, and
the effects on the crystal growths and the structural changes were studied.
Cd2+ can be exchanged with Mn2+ up to about 30 mol %, with N¡Z+or Hg2+ up to

about 10 mol %, and with a little amount of Fe2+ or Cu2+. It was found that
Cd5 (PO.)sOH forms a superstructure when it contains a small amount of Mn2+,
Fe2+, C02+, N¡Z+, Cu2+ or Hg2+ ion. Infrared spectra of Cd5 (PO.) 30H con-

taining these ions show some new bands in addition to those of Cd5 (PO.) 30H.
The average structures of the crystals containing a small amount of Hg2+ and
Ni2+, and the superstructure of the crystal containing Mn2+ 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 Hg2+.
The superstructure belongs to P63 (a=16.l990(3), c=6.6485(1)Á and Z=6) and
has more distorted P04 tetrahedra than the structure of pure Cdú (PO.) 30H.

Introduction

Sinee Náray-Szabó (1930) and Mehmel (1930) determined the erystal strueture

of apatite independently, many works have been reported on the strueture of

apatite group eompounds. Most of them belong to the hexagonal, eentrosymme-

trie spaee group P63/rn. A few of them belong to the monoclinie spaee group

PZ,jb and transform into the hexagonal P63/rn phase at about ZOO'C (Prener,

1967). Although apatite is known to eontain many kinds of atoms substituting

for Ca, P or F, few kinds of divalent transition elements eonstitute the apatite

strueture. The smallest metallie ion whieh forms ehlorapatite is Mn2+ (Kreider

and Hummel, 1970), and that whieh forms hydroxyapatite is Cd2+ (I-Iata et al.,

1978). The ionie sizes of Mn2+ and Cd2+ are thought to be the lower limits of

the ionie sizes to form ehlorapatite and hyc1roxyapatite, respeetively. The divalent
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ions of the first series transition elements have slightly smaller ionic radii
(Shannon, 1976) than that of Cd2+ and are essential elements for human body.

Taking into account these facts, Cd5(PO.)30H were synthesized under the
presence of Mn2+, Fe2+, COH, NiH, CuH or Hg2+. 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 ca1cium
hydroxyapatite containing enough amounts of these ions to use for single crystal
X-ray diffraction studies, Cd5(PO.)30H was used in: place of Ca5(PO.)30H. It was
revealed that the crystal growth of Cd5(PO.)30H is influenced by these ions and
that the crystal forms a superstructure with the space group P63 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 crystaIs

Cd5H2(PO.)..H20 used as the starting material was precipitated from solution;
0.1 molj1 solutions of Cd(N03k4H20 and H3PO. 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 0.5 N NaOH solution. Crystals were synthesized by a
hydrothermal reaction; 0.05 g of Cd5H2(PO.)..4H20, various amounts of nitrates
of MnH, C02+, Ni"+ Cu2+ or Hg2+,or Mohr's salt, and 5 mI of distilled water were
mixed in glass ampules of about 7 cm3 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 Cd5(PO.)30H for the elements mentioned above was found
to be smal!. A good deal of coexistent ions inhibit the predpitation of
Cd5(PO.)30H by forming other phosphates. MnH substitutes for Cd2+up to about
30 mol %, NiH and HgH substitute for it up to about 10 mol %, and Fe2+ and
CuH only slighUy under the condition employed in this study. (These values

were estimated by EPMA.) Fe"+ and Cu2+ could not be detected by EPMA on
the specimens grown under existence of these ions, though the crystals were
tinged with blue. Analysis of COH was not carried out, because crystals syn-
thesized under existence of Co2+ were too thin to arrange for EPMA measure-
ment. MnH and NiH ions were found to be distributed often by forming sector
zoning on line scanning of electron probe. Especially zoning of Mn2+distribution
was distinct.
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Impurity effect of transition elements and HgH ions on the growth form of
Cd5(PO.)30H was observed; when these ions do not exist, Cd5(PO.)30H crystals
grow into hexagonal prisms with the sizes about 0.1-0.2 mm after the hydrothermal

reaction at about 2000C 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"+,
Cu2+ or HgH exists, and existence of Fe2+, NiH or COH 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 Mn2+, Fe2+,
NiH Cu2+, or HgH were carried out in the range 4000 to 250 cm-l. 100mg of

CsI and 2-3 mg of powdered apatite crystals were pressed in an evacuated die
under a total force of 5 tons for 7 mino Spectra were recorded using HITACHI
295 spectrometer with the powdered samples suspended in CsI under the 50%
relative humidity of atmosphere. The infrared spectra of Cd5(PO.)30D,
Cd5(PO.)3CI and Ca5(PO.)30H and those containing Mn2+ or CuH were also
recorded in the same region, for the sake of assignment.

The products showed essentialIy the same spectra as Cd5(PO.)30H, showing
several new bands at 1220, 800, 760, 480 and 460 cm-l in addition to those of
Cd5(PO.)30H. The band intensity at 760 cm-l is strongest among these new
bands. The infrared spectra of Cd5(PO.)30H and those containing a smalI
amount of MnH and CuH, and of their deuterated analogues are shown in Fig.
1. Spectra of the deuterated samples indicate nearly 100% OD substitution as
estimated from reduction in OH librational and stretching modes. AlI of the
additional bands did not shift on OD substitution.

Crystal structure analysis

Crystals of cadmium hydroxyapatite containing MnH, FeH, COH, NiH, CuH

or Hg2+ were revealed to have superstructures by the single-crystal X-ray dif-

fraction method. From Weissenberg and precession photographs, alI crystals

were found to have the Laue symmetry 6/m with systematic absences of 001 for

1 odd. The lattice vectors of the superstructure are expressed in terms of \ts

subcelI vectors a~, bs, Cs by the folIowing relations,
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The possible space groups are restricted to P6a/m (centrosymmetric) and P63

(non-centrosymmetric). The hkl 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 Hg2+ (crystals

A and E), a yellow, hexagonal prismatic crystal containing a small amount of
Ni2+ (crystal C) and for a pink, hexagonal prismatic crystal containing a small

F[G. 1. Infrared spectra of various cadmium apatites.
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Fll;. 2. The hk 1 precession photograph of superstructure.

F!C;. 3. Unit cells of the superstructure and average structure.

amount of Mn2+ (crystal D), on automated four-circle diffractometers (Philips PW

1100/20 for crystals A and S, Rigaku AFC-5 for erystals C and D) in the 2{)-w

sean mode, with a sean speed of 2°/min in w, using MoKa radiation. The

dimensions of the erystals, the numbers of independent refleetion data

[1 Fa I> 3a( IFa 1)] and 2() ranges are tabulated in Table 1. For the erystal D,
746 are the superlattiee refleetions.

The lattiee constants of the erystals A, S, C and D were obtained with the

program RLC3 (Sakurai, 1967) from the 2() values of 21, 27, 29 and 29 refleetions

measured on the automated four-eircle diffraetometers, respeetively. These

values are listed in Table 2.

The ehemieal analyses of these four erystals were not performed. However,

the presenee of Hg in the erystals A and S was eonfirmed as follows. Crystals



TABLE l. Data on intensity col!ection and the final R values.

Crystal Crystal Range number of R(%) Ru'(%)size (mm) of 2U reflections

A 0.209 x O. 10 <90 1255 5.85 7.30
B o. 059 x O. 22 <90 1089 3.49 3.92
C 0.05.) x O. 15 <90 1057 3.36 3.62
D O. 150 x O. 15 <75 1532 3.00 3.34

Crystal a (A) e (A)

Cd,,(PO,),JOH 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)

T,\BLE 2. Cel! dimensions. Values for crystals A, B, C are those of sub-cel\. For
comparison, those values for pure Cde (PO,) "OH are listed.

tinged with brown were picked up from the same batch as the crystals A and

B carne 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. 48.9

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 (p.-10.9 mm -, for MoKex) 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 Cd5(P04)30H and the parameters of the Cd(1) and Cd(2)

atoms in the structure of CdS(P04):JOH 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(l) 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 Rw values are given in Table 1, where Rw is in the form

l'w(IFol-IFcl)2/1'IFoI2. The weighting scheme employed was that of Hughes'
(Hughes, 1941). In the refinements, the space group P63/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 Cd5(P04)30H
(Hata et al., 1978). The thermal ellipsoids for the crystal A are shown in Fig.
4 with the program DCMS3 (Takenaka, 1972), enc10sing 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 (lto, 1973). Remarkable deviations in the z direction

suggested the non-centrosymmetric space group P63 for the superstructure.

FIG. 4. The average structure projected on (001). The thermal ellipsoids are scaled
to endose 50% probability. One of the 0(3) atoms which are related by a mirror
plane are neglected.

Syntheses and superstructures of (Cd, M) 5 (PO,) 30H
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FIG. 5. A partial Patterson map on the plane z=O. Contours are at an interval of
0.2 e2/Á.s and the first positive contour is at 0.1 e2/Á.s. 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(l) 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), 0(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 0(3) with the mirror plane is denoted
as 0(4). The positional and thermal parameters for all the atoms except O(HA)'
and O(HC)', which were fixed, were refine~ with the full-matrix least-squares
program LINUS. The el~ctron densities obseirved 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)'
atoms were estimated by. comparing Rw 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 di~erence Fourier maps ca1culated by
exc1uding these atoms.

The site of Mn could not be found also in the course of refinement of super-
structure. Several cyc1es of least-squares ca1culation converged the R value to

324
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0.034 and Rw 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 Rw factors ca1culated with 746
superlattice reflection data were 0.068 and 0.071, respectively. The

1 Fe 12 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 lnternational Tables for X-ray Crystal-
lography (1974).

FIG. 6. The superstructure projected on (001). Numbers are z x lO'. 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.

Syntheses and superstructures of (Cd, M) 5(PO,) 30H



T ABLE 3. Positional and thermal parameters for the superstructure.

Positional parameter
-~_.-

gt X Y Z Biso(Á,2)

Cd(IA) 1.0 0.3310 (1) 0.3285 (1) 0.0020 (1) 0.84*
Cd (1 B) 1.0 0.6632(1) 0.6609 (1) O.0085 (1) 0.92*
Cd(2A) 1.0 0.0791 (1) O. 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 O. 1680 (1) 0.5806 (1) 0.2634 (1) 0.99*
P (A) 1.0 O.2554 (2) 0.1398(2) O.2503 (5) 0.41 (3)
P (B) 1.0 O.5272 (2) 0.4471 (2) 0.2635(4) O.33 (3)
P(C) 1.0 0.2180 (2) 0.4107(2) O.2603 (5) 0.66 (4)
O (lA) 1.0 O.3489 (5) O.2330 (5) O. 3107 (12) O. 14 (8)
O (lB) 1.0 O.4287 (8) 0.4444(9) 0.2770 (16) 1. 38 (16)
0(1 C) 1.0 O.2135 (8) 0.3148 (8) 0.2560 (18) 1. 29 (14)
O (2A) 1.0 O.2669 (6) 0.0504(5) 0.2313 (13) 0.49 (10)
O (2 B) 1.0 0.6091 (7) O.5527 (7) 0.2640 (15) 1. 02(13)
O (2 C ) 1.0 O. 1187 (6) 0.4008(6) O 2593 (14) 0.68 (11)
O (3A) 1.0 0.2214 (6) O. 1574(6) 0.0466 (13) 0.40 (9)
O (3 B ) 1.0 0.5156 (9) O.3929 (9) O. 0672 (20) 1. 64(17)
O (3C) 1.0 0.2789 (7) O.4835 (7) 0.0982 (16) 0.96 (12)
O (4A) 1.0 O. 1792 (6) O. 1212 (6) 0.4151 (12) 0.30(9)
O (4B) 1.0 O.5196 (7) 0.3917 (7) 0.4582 (14) 0.71(11)
O(4C) 1.0 0.2753(9) 0.4736(9) 0.4397 (19) 1. 63 (16)
O(HA) 0.75 0.0 0.0 O. 1953 (33) O.62 (26)
O(HA)' 0.25 0.0 0.0 0.315 3. 63 (225)
O(H B) O.75 0.6667 0.3333 O. 3145 (34) O.78 (24)
O(HB)' 0.25 0.6667 0.3333 0.1956 (181) 0.78 (24)
O (H C) O.75 0.3333 0.6667 O. 3300 (28) O.39 (20)
O(HC)' 0.25 0.3333 0.6667 0.195 2.29 (123)

Anisotropic temperature factors in the form:
exp [ - 21r{ Unh2a*2+ U22k2b*2+ U3312c*2+ 2 (U12hka*b* + U13hla*c* + U23klb*c*) ) ]

Un U22 US3 U12 U13 U23

Cd(IA) 0.0145 (3) O.0079 (3) O.0062 (2) O.0031 (3) 0.0006(4) - . 0020 (3)
Cd (1 B) 0.0155 (3) O.0095 (3) O.0082 (3) O.0050 (3) -.0029(4) -. 0031 (3)
Cd(2A) 0.0100 (3) O.0071 (3) 0.0047 (2) O.0060 (3) -.0001 (3) -.0010(3)
Cd (2 B) 0.0102 (3) 0.0106 (3) 0.0125 (4) O.0037 (3) -.0013 (3) -.0001 (3)
Cd (2 C ) 0.0145 (4) 0.0116 (3) 0.0148(4) 0.0091 (3) 0.0015 (3) O.0007 (3)

t Population

* Calculated from the anisotropic temperature factors according to the expression;

Biso=4 (a2Bn +b2B22+C2B33 +abB12coS r) /3



Cd(IA)-O(IA) 2. 671 ( 9) Cd (18) -O (1A) iii 2.250 ( 9) Cd (2A)-0 (1 8) 2. 318 ( 9)

-0(18) 2. 530 (10) -O (18) iii 2.226 (10) -0(2A)V 2.625(11)

-O (1 C) 2.471 (13) -O (1 C) iii 2.487 (12) -0(3A) 2.720 (10)
-0(2A)i 2.413( 9) -0(2A) 2. 254 ( 8) -O (3A) vi 2.251 ( 9)
-O (2 8) ii 2.300 (13) -O (2 C) 2.381 (13) -0(4A) 2. 344 (10)
-0(2C)i 2.301(13) -O (2 8) iv 2.277 (12) -0(4A)vii 2. 272( 8)

-O (3A) 2. 450 ( 7) -0(4A)iii 3. 217( 7) -O (HA) 2. 335( 3)

-O (3 8) 2.663 (14) -O (48) iii 2.661 (10) -O (HA) I 2.351

-O (3C) 3.092 (14) -0(4C)iii 2.840(17)

Cd (2 8) -O (1 A) 2. 386 ( 9) Cd (2 C ) -O (1 8) xi 2. 397(20)
-O (2 8 )viii2. 766 (12) -O (2 C) 2.608 (10)
-0(38) 2. 608 (15) -O (3 8) vi 2. 226 (13)
-O (4 8) 2.548 (11) -O (48) vii 2. 208( 9)
-O (3 C) ix 2. 293 (11) -O (3 C) xi 2.321 (12)
-0(4C)X 2.212(13) -0(4C)Xi 2.465(15)

-O (H8) 2. 338 ( 3) -O (HC) 2. 345 ( 3)

-O (H8) I 2. 360(24) -O (HC) I 2.365

P (A)-O (lA) 1. 564( 6) P (8) - O (1 8) 1. 576 (15) P (C)-O (IC) 1'517(14)

- O (2A) 1. 555 (13) - O (28) 1. 555 (12) -0(2C) 1.533(12)

-O (3A) 1. 541 (10) -0(28) 1.531(14) -0(3C) 1.537(10)
-0(4A) 1. 563( 9) -O (48) 1.545(10) -0(4C) 1.594(12)

O (IA)-O (2A) 2.619(11) 0(18)-0(28) 2.549(14) O (1 C ) - O (2 C) 2. 535 (20)
-O (3A) 2.513(11) -O (38) 2.406 (22) -0(3C) 2'607(16)
-0(4A) 2.517(10) -0(48) 2.368(19) -0(4C) 2.589(18)

0(2A)-0(3A) 2.517(12) 0(28)-0(38) 2.605(23) 0(2C)-0(3C) 2.489(13)
-0(4A) 2.541(14) -O (48) 2.607(20) -O (4C) 2.536(16)

O (3A)-0 (4A) 2.532(11) 0(38)-0 (4B) 2.601(16) 0(3C)-0(4C) 2.341(16)

0(IA)-P(A)-0(2A) 114.2(6) 0(IB)-P(8)-0(2A) 109.0(8)
0(IA)-P(A)-0(3A) 108.0(4) 0(18)-P (8)-0(38) 101.5(7)
O (IA)-P (A)-O (4A) 107.2(4) O (18)-P (8)-0 (48) 98.7(6)

O (2A)-P (A)-O (3A) 108.7(5) O (28) - P (B) - O (38) 115. 2 (6)
O (2A)-P (A)-O (4A) 109.2(5) O (28)-P (8)-0 (48) 114.5(5)
O (3A)-P (A)-O (4A) 109.3(5) 0(38)-P(8)-0(48) 115.5(7)
O (1 C) - P (C) - O (2 C) 112. 4 (6)
0(1 C)- P (C )-0 (3C) 117.1 (7)

O (IC)-P (C)-O (4C) 112.6(8)
O (2C)-P (C)-O (3C) 108.3(6)
O (2C )-P (C )-0 (4C) 108.4(7)
O (3C)-P (C)-O (4C) 96. 7 (6)

symmetry code
none x, y, z vi x-y, x, z+ 1/2
i 1-x, 1-y, z-1/2 vii x-y, x, z-I/2
ii y, y-x, z-I/2 viii 1-y, x-y, z
iii 1-x, 1-y, z-I/2 ix y, y-x, z+I/2

iv 1-y, x-y+l, z x y, y-x, z-I/2

-y, x-y. z xi y-x. 1-x. z
-~--
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T ABLE 4. Selected interatomic distances (A) and bond angles C) for superstructure.
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Discussion

The impurity ions such as Mn2+, Fe2+, Co2+, Ni2+, Cu2+and Hg2+were found
to influence the crystal growth and the structure of CdS(P04)30H. These elements
did not substitute for Cd completely, and the end members for the respective
elements could not be obtained under the condition employed in this study.
Impurity effects of Fe2+, C02+ and Ni2+ on the crystal growth of CdS(P04)30H
are similar: they inhibit the growth along [OOIJ direction. Mn2+, Cu2+and Hg2+
accelerate the growth of pinacoidal or prismatic faces.

As Klee and Engel (1969) reported, the band corresponding to J.i2mode of
the P04 group was not observed on Cd5(P04)30H (Fig. 1). The structure analysis
revealed that the P04 tetrahedron is more distorted in the superstructure than
in the structure of CdS(P04)30H. A small change of dipole moment due to the
slight distortion of the P04 groups might give weak bands at 460 and 480 cm-l.
Infrared studies on Ca5(P04)30H and Cd5(P04)3CI crystals containing a small
amount of Mn2+ or Cu2+ revealed that the former crystal gave an additional
band at 780 cm-l and the latter at 760 cm-l on introduction of these cations.
CdS(P04)30D containing a small amount of Mn2+ also showed an additional band
at 760 cm-l. Therefore, the band at 760 cm-l is supposed to be due to the
metallic ions introduced. Since the internal vibrations of P04 groups in various
orthophosphates do not appear in the region higher than 1200cm-1, the band at
1220cm-l is thought to be a combination of several modes. The relation between
formation of the superstructure and appearance of the additional bands is not
c1ear yet.

As shown in Table2, introduction of Mn2+, Ni2+ or Hg2+ ions changes the
unit cell dimensions of the CdS(P04)30H crystal in the same direction, though
Hg2+ is larger than Cd2+, and Ni2+ and Mn2+ are smaller than Cd2+; all of these

cations lengthen the a-axis and do not cange the c-axis significantly. This
expansion along the (001) plane is supposed to be caused by the formation of the
superstructure.

There are five crystallographically independent Cd atoms in a unit cell of
the superstructure. As shown in Fig. 6, the Cd(IA) and Cd(lB) are in six- or
nine-coordination, and Cd(2A), Cd(2B) and Cd(2C) are in seven-coordination. The
positions of these atoms deviate slighUy from those in the average structure.
Among the three crystallographicaUy independent P04 tetrahedra [P(A)04' P(B)04'
P(C)04J the deviations of atomic positions in the P(A)04 are remarkable. As a
consequence, the interatomic distance between O(3A) and Cd(IA) is shorter than
those between Cd(IA) and O(IA), O(lB) and O(IC) atoms. Although the P(A)04
tetrahedron is almost regular, the P(B)04 and P(C)04 tetrahedra are much
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distorted. The distortion of the P(A)O. tetrahedron estimated in terms of Baur's

DI(PO), DI(OO) and DI(OPO) (Baur, 1974) is a little smaller than that of the

PO. tetrahedron in the average structure, whereas those of P(B)O. and P(C)O.

are 2-5 times larger than that in the average structure.

Cadmium hydroxyapatite is tinged with pink on containing a small amount

of Mn2+, and becomes purple on containing a larger amount of Mn2+. The

intensities of superlattice reflections were found not to be proportional to the

amount of Mn2+ in the crystal from Weissenberg photographs of several crystals

which have different depths of color due to Mn2+. Although little amount of
Fe2+ or Cu2+ substituted for Cd2+, the intensities of superlattice reflections are

strong in the crystals grown under existence of such an ion. Further, Weissen-

berg patterns of these crystals do not depend on the quantity and kind of impurity

ions significantly. Single crystals of Cd5(PO.)30H with the sizes of about 0.5 mm

in diameters and 2-3 mm in lengths synthesized in this study showed diffuse

streaks at the positions corresponding to those of the superlattice reflections after

48 h (30 kV, 15 mA) exposures. This observation suggests that Cd5(PO')30H itself

forms a superstructure which has not a three dimensional periodicity. The large

anisotropic thermal parameters of O atoms in Cd5(PO')30H (Hata et al., 1978)

reflect this fact, and the impurity ions might act as a trigger to yield a three

dimensional periodicity.

The characteristic thermal vibrations of O atoms in the apatite structures

were also observed in Ca5(PO.)30H (Sudarsanan and Young, 1969) and Sr5(PO.)30H

(Sudarsanan and Young, 1972). Namely, the thermal ellipsoids of the atoms of

PO. tetrahedra in these crystals drown from the parameters reported by

Sudarsanan and Young are quite similar to those of the average structures

obtained in the present study. The magnitude of anisotropy is in the order

Cd5(PO.)30H > Ca5(PO.)30H > Sr5(PO.),OH. The Ca5(PO.)30H crystals used for

structure analysis were natural apatite from Holly Spring, and the Sr5(PO.)30H

crystals were synthesized ones. A little quantity of impurity ions are expected

to be contained in the former crystals. Further, since ionic radius of Ca2+ is

only a little larger than that of Cd2+, an analogous effect of impurity is expected.

From these considerations and the results of the infrared studies, it is suggested

that Ca5(PO.),OH also has a possibility to form a superstructure, and that the

crystal structure of the biological apatite is expected to be influenced by impurity

ions in human body. lt can be, therefore, presumed that such a non-centro-

symmetric structure takes a part of piezo-electricity of bone.
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