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Phase Transition of Monoclinic Hydroxyapatite
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Monoclinic hydroxyapatite was prepared by a wet method and followed by heating in air
at 1473 K for 1 hour, and its phase transition was investigated by a high temperature X-ray
powder diffractometry and a differential scanning calorimetry. The prepared hydroxyapatite was
98 % monoclinic. The Rietveld refinement results revealed that the low temperature phase had
monoclinic symmetry, space group P2i/b and the high temperature phase had hexagonal
symmetry, space group P6i/m. In monoclinic hydroxyapatite, two different sizes of oxygen
triangles existed. The rotation of phosphate tetrahedra at about 6 and the change of the
hydroxyl order to disorder arrangement occurred due to the phase transition. The phase
transition took place reversibly at 480.5(1)K in heating process and 477.5(1)K in cooling process.
The enthalpy value was found to be 130(1) J mol ~!. Further, the transition was observed to
resolve into two steps that were attributed to the rotation of phosphate tetrahedra and the

order to disorder arrangement of hydroxyls.

1. Introduction

Hydroxyapatite (Cas(PO4);0H) has been widely in-
vestigated for the chemical and physical properties (e.g.
crystal structure,!® dissolution property +© and surface
structure),” because it is a main inorganic component
of vertebrate bone and tooth tissues. Hydroxyapatite is
classified as a bioactive material, which bonds to hard
tissues directly. Hydroxyapatite has been thought to be
isostructural with flourapatite (Cas(PQ4)3F) and has
hexagonal symmetry with the space group P6i/m.2 10
Elliott et al.» firstly reported the crystal structure of a
monoclinic hydroxyapatite single crystal (space group
of P2i/b) that was prepared by heating a chlorapatite
The

sample was mimetically twined and was 37 % mono-

single crystal in steam at 1473 K for 2 weeks.!D

clinic. The chlorapatite (Cas(PQ4)3Cl) has also mono-

clinic symmetry, space group P2,/b.12 The monoclin-
ic hydroxyapatite has pseudohexagonal symmetry and
the doubled b-axis lattice parameter compared with the
hexagonal unit cell. The structure of hydroxyapatite has
been thought to be sensitive to its chemical composi-
tion and to be changed by preparation methods. Mon-
oclinic hydroxyapatites have been synthesized by both
dry methods!» and hydrothermal methods,' but not yet
by wet methods.!

Van Ree et al.'¥ synthesized hydroxyapatite and
deuterohydroxyapatite single crystals by the hydrother-
mal method and reported the monoclinic to hexagonal
phase transition at 484.5K under a polarized light mi-
croscope equipped with hot stage. They described that
the phase transition was a simple order-disorder phase
transition. Suda et al.!» also reported the phase tran-

sition of hydroxyapatite (Ca/P ratio; 1.68), which was
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prepared by the dry method, using a differential
scanning calorimetry and a high temperature X-ray
powder diffraction method. The phase transition oc-
curred reversibly at 480.3 K in heating process and at
479.7 K in cooling process.

Hydroxyapatite has been thought to be an ion
conductive material.’®» 1% The ion conductivity was
mainly caused by the hydroxyl ions mobility at high
temperature (up to about 873 K). As described above,
the hydroxyl ion's behavior for the dependence on
temperatures has been very important. However, the
crystal structure details of monoclinic hydroxyapatite at
high temperatures and the details of its phase transition
have not been fully understood.

In the present paper, the phase transition mecha-
nism was described. The monoclinic hydroxyapatite was
prepared by a wet method and followed by heating in
air at 1473 K for 1 hour. The temperature and enthalpy
of the phase transition were measured by a differential
scanning calorimetry. The thermal expansion and phase
transition mechanism were discussed from the Rietveld
refinements using the high temperature X-ray powder
diffraction data at 300, 473 and 673K.

2. Experimental Procedure

2.1 Synthesis and Chemical Composition

The details of preparation method were already
reported.’ The monoclinic hydroxyapatite was prepared
as followed. 4000 ml of a 0.6 mol1~! H3PO4 solution
were added in drops slowly into 8000ml of a vigorously
stirred 0.5 mol1-! Ca(OH), suspension to the final pH
of 7.5 at the room temperature. The resulting hydrox-
yapatite suspension was filtered and dried at 333K for
24 hours and heated in air at 1473K for 1 hour. The
sample was slowly cooled to the room temperature.

The calcium and phosphorus contents were
determined by an inductively coupled plasma emission
spectrometry. The chemical formula was determined as
Cag95(PO4)2.99(OH)o02;
calculated from the charge neutrality of calcium and
The Ca/P ratio was 1.65 and

calcium and hydroxyl ions were slightly deficient.

the hydroxyl conten{ was

phosphate ion contents.

2.2 Structural Analysis

X-ray powder diffraction measurements for the
prepared hydroxyapatite were conducted at 300, 473 and
673 K on a Rigaku Rint-2500 diffractometer with graphite
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monochromatized CuKa radiation at 50kV and 300 mA
using a platinum sample holder. The temperature was
raised at the heating rate of 2 K min~! and held for 1
hour at the objective temperatures. Then, the intensity
data were collected twice in 0.02° steps with the count-
ing time of 6.5 seconds, in the 20 range of 20° to 110°.
The divergence, scatter and receiving slits were 172°,
1/2° and 0.15 mm, respectively. Averaged intensity da-
ta of the twice measurements were adopted for Rietveld
refinements.

The crystal structures of the hydroxyapatites at
each temperature were refined by the program, RIETAN-
97.19 Two phases of hydroxyapatite and platinum were
The Rietveld

refinements were performed at two phases. The struc-

confirmed from the diffraction patterns.

tural refinements of the hydroxyapatites at 300 K and
473 K were performed based on monoclinic symmetry,
space group P2i/b (No.14). The monoclinic cell setting
has the c-axis as the unique axis. The initial atomic
coordinates and the lattice parameters of monoclinic
hydroxyapatite were used from the reported data.!® The
crystal structure of hydroxyapatite at 673 K was refined
based on hexagonal symmetry, space group P63/m
(No.176).

al.? were used as the initial parameters of hexagonal

The atomic coordinates reported by Kay et
hydroxyapatite. Refining the structures at 300 K and
473 K, the individual isotropic thermal parameters were
determined to be nonpositive, and these were constrained
to be equal for the same atoms. Refining the structure
at 673 K, the thermal parameters were refined as
anisotropic thermal parameters. The Bz and iz of Ca(l)
and O(H) sites are restrained to be B2 = B and P =
B / 2 from the symmetry operations. All the struc-
tures were determined without hydrogen atoms and the
occupancy factors exclusive of hydroxyl oxygen (O(H))
in the hexagonal hydroxyapatite were assumed to be 1.0.
The occupancy factor of hydroxyl oxygen (O(H)) in the
hexagonal hydroxyapatite at 673 K was assumed to
be 0.5.

The monoclinic percentages were calculated,
assuming to be three phases of monoclinic, hexagonal
hydroxyapatite and platinum using the intensity data
collected at 300 K. The scale parameters were only
refined.

2.3 Differential Scanning Calorimetry

The temperature and enthalpy of the phase transi-
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tion were analyzed with a differential scanning calorime-
ter (Perkin-Elmar Pyris 1). The sample weight was
31.07mg and the sample was crimped in an aluminum
sample holder. The analyses were carried out under an
argon gas flow condition in the temperature range of
393K to 573 K, and at the heating and / or cooling rate
of 20, 10, 5 and 2 K min™!.

were started, the temperature was held at 393 K for 15

Before the measurements

minutes. These measurements were iterated three times.
The temperature was calibrated by measuring the melt-
ing point of indium (In) at 429.60 K.

3. Results and Discussion

3.1 Structure Changes at Each Temperature
Monoclinic hydroxyapatite has the doubled b-axis
parameter compared with hexagonal hydroxyapatite, the
unit cell content (Z) is 4. The origin of a monoclinic
cell was shifted toward (0, —1/2, 0) in the hexagonal
unit cell. The monoclinic unit cell has a two-fold screw

axis on the c-axis and b-glide planes perpendicular to

Table 1 Details of Rietveld refinements for hydroxy-

apatite.
Measured Temp./K
300 473 673
Rup I % 6.11 5.85 6.01
Re I % 4.43 4.33 443
R/ % 4.72 4.70 4.64
Hydroxyapatite
Crystal system  monoclinic monoclinic hexagonal
Space group P2i/b (No.14) P2i/b P63/m (No.176)
Z 4 4 2
D,/ gem? 3.14 3.13 3.11
Cell parameters « =0.9427(2) a=0.9442(2) a=0.9465(2)
/ nm or ° b=1.8856(4) b=1.8884(4)
¢ =0.6888(1) ¢=0.6896(1) ¢=0.6910(1)
y=119.98(1) y=120.00(1)
Weight percent 99.3 99.2 99.5
! %
Platinum
Space group Fm3m (No.225) Fm3m Fm3m
Cell parameters 0.39258(6) 0.39309(6) 0.39359(6)
/ nm
Weight percent
! % 0.7 0.8 0.5
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the two-fold axis. In hexagonal hydroxyapatite, the b-
glide planes are changed to mirror planes and the unit
cell content (Z) is 2. The monoclinic percentage of the
prepared hydroxyapatite was calculated to be 98 %. The
sample, therefore, was a single phase of monoclinic sym-
metry. Table 1 shows the results of the Rietveld re-
finements at 300, 473 and 673 K, respectively. Fig.1,
Fig.2, and Fig.3 depict the Rietveld refinement's plots
at 300, 473 and 673 K in the 26 range of 20° to 110°.

No other phases of calcium phosphates were observed
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Fig.1 Rietveld refinement plots of hydroxyapatite at
300K.
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Fig.2 Rietveld refinement plots of hydroxyapatite at
473K.
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Fig.3 Rietveld refinement plots of hydroxyapatite at
673 K.
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Fig.4 Observed and calculated patterns of hydroxya-
patite at 300 K (a) and 673 K (b).

represent the characteristic reflections of mon-

The arrows

oclinic hydroxyapatite.

except for platinum. The hydroxyapatites at 300 K and
473K had monoclinic symmetry, space group P2i/b.
However, the hydroxyapatite at 673 K had hexagonal
symmetry, space group P63/m. The observed and cal-
culated X-ray powder diffraction patterns in the 20 range
of 20° to 40° are shown in Fig.4(a) at 300K and Fig.
4(b) at 673 K. The arrows in Fig.4(a) represent char-
acteristic reflections of monoclinic hydroxyapatite. The
Miller indices and 28 angles of the characteristic re-
flections were matched to the reported values.29) These
reflections were very weak, but were detectable in the
measurements. The characteristic reflections disappeared
completely in Fig.4(b). This means that the structure
of hydroxyapatite at 673K was changed from the mon-
oclinic to hexagonal symmetry.

Table 1 also shows the lattice parameters of
hydroxyapatites and platinums at 300, 473 and 673K,
respectively. The lattice parameters of the monoclinic
hydroxyapatite at 300 K were the almost same as the
reported ones.» Fig.5 shows the a-axis and the c-axis
parameter's changes against the temperatures. The a-

axis and the c-axis parameters were linearly varied with
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Fig.5 The changes of «-axis lattice parameters (a) and
c-axis parameters (b) at 300 K, 473 K and
673 K.

the temperatures. The mean thermal lattice expansion
coefficients of the hydroxyapatite in the region from
300 K to 673 K were calculated to be a,=10.8 X107
K™ and a.=8.56 x 108K, and o =6.90 X 1075 K~! for
the platinum.

Table 2, 3 and 4 show the refined atomic para-
meters of the hydroxyapatites at 300, 473 and 673 K,
respectively. The atomic parameters of monoclinic hy-
droxyapatites were similar to the reported ones® with-
out that of the hydroxyl oxygen. Ca(l) and Ca(2) sites
in monoclinic hydroxyapatite are crystallographically
equivalent to Ca(l) site in hexagonal hydroxyapatite and
Ca(3), Ca(4) and Ca(5) site are to Ca(2) site.
over, O(1), O(4), O(7) and O(10) sites in monoclinic
hydroxyapatite are crystallographically equivalent to O(1)

More-

site in hexagonal hydroxyapatite and O(2), O(5), O(8)
and O(11) sites are to O(2) site and the other oxygen
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Table 2 Structural
measured at 300 K.

parameters of hydroxyapatite

Table 3 Structural
measured at 473 K.

parameters of hydroxyapatite

atom site x y z B A atom x v z B/ Az
Ca2+(1) 4e 0.3390(21) 0.5833(8) 0.0022(6) 0.32(2) Ca2+(1) 4e  0.3380(18) 0.5838(11) 0.0012(6) 0.60(2)
Ca*(2) d4e 0.3204(19) 0.5782(8) 0.4998(6) 0.32 Ca2+(2) 4e 0.3208(17) 0.5830(11) 0.4990(7) 0.60
Ca2+(3) 4e 0.2507(18) 0.2481(11) 0.2468(12) 0.32 Ca2+(3) 4e  0.2478(29) 0.2489(9) 0.2476(11) 0.60
Ca»(4) 4e -0.0063(22) 0.6244(10) 0.7562(15) 0.32 Ca2+(4) de -0.0092(26) 0.6227(14) 0.7552(16) 0.60
Ca(5) 4e 0.2560(21) 0.3734(12) 0.7442(15) 0.32 Ca2+(5) d4e 0.2570(23) 0.3749(10) 0.7465(16) 0.60
P(1) 4e 0.398(3) 0.433(1) 0.249(2) 0.34(4) P(1) 4e  0.398(3) 0.434(2) 0.248(2) 0.54(5)
P(2) 4e 0.629(3) 0.262(1) 0.249(2) 0.34 P(2) 4e 0.634(3) 0.264(1) 0.250(2) 0.54
P(3) 4e 0.034(3) 0.451(1) 0.750(2) 0.34 P(3) 4e 0.034(2) 0.453(1) 0.747(2) 0.54
o) 4e 0.3227) 0.491(3) 0.243(3) 0.39(5) O (1) 4e 0.321(4) 0.487(2) 0.249(3) 0.77(6)
0 (2) 4e¢ 0.477(5) 0.329(3) 0.735(3) 0.39 0 (2) 4e  0.486(5) 0.329(3) 0.741(3) 0.77
0 (3) 4e  0.150(4) 0.579(2) 0.256(4) 0.39 0 (3) 4e 0.153(6) 0.583(2) 0.238(4) 0.77

O 4) 4e 0.589(4) 0.484(2) 0.262(3) 0.39 0 (4) 4e  0.585(6) 0.483(3) 0.259(4) 0.77

O (5 4e 0.533(6) 0.310(3) 0.260(3) 0.39 O (5) 4e 0.548(3) 0.313(2) 0.247(3) 0.77

O (6) 4e  0.126(5) 0.544(3) 0.761(3) 0.39 O (6) 4e 0.121(5) 0.546(3) 0.766(3) 0.77

O (7 4e 0.357(4) 0.383(2) 0.067(5) 0.39 O «(7) 4e 0.356(5) 0.380(2) 0.064(5) 0.77

O (8) 4e 0.747(4) 0.291(2) 0.068(5) 0.39 O (8) 4e 0.745(3) 0.286(1) 0.062(4) 0.77

O 9 4e 0.087(4) 0.432(2) 0.544(4) 0.39 O 9 4e 0.091(4) 0.436(2) 0.548(4) 0.77

O (10) 4e 0.344(4) 0.378(2) 0.425(6) 0.39 O (10) 4e  0.343(4) 0.376(2) 0.424(5) 0.77

O (11) 4e 0.749(4) 0.292(2) 0.427(6) 0.39 O (I 4e 0.753(3) 0.289(2) 0.426(4) 0.77

0O (12) 4e 0.074(4) 0.410(2) 0.915(¢5) 0.39 O (12) 4e 0.079(4) 0.416(2) 0.921(5) 0.77

O (H) 4e 0.004(5) 0.249(4) 0.196(1) 1.0(3) O (H) 4e  0.000(5) 0.252(4) 0.196(1) 1.0(2)

sites are to O(3) site. Fig.6 and Fig.7 depict the struc-
ture of the hydroxyapatites refined at 300K and 673K
with ellipsoids plotted at the 50 % probability level, and
the arrangements of the calcium and oxygen triangles
around the hydroxyl column are illustrated. The mon-
oclinic hydroxyapatite (Fig.6) has two equivalent cal-
cium triangles formed by Ca(3), Ca(4) and Ca(5) nor-
mal to a hydroxyl column at about z =1/4, 3/4 and four
oxygen triangles that constitute phosphate tetrahedra
formed by O(7), O(8) and (9) and O(10), O(l1) and
O(12) normal to the hydroxyl column. In the four oXy-
gen triangles, two independent oxygen triangles exist at
the upper and lower sides against the calcium triangles
at about z=1/4, 3/4 in its unit cell. In hexagonal hy-
droxyapatite (Fig.7), there are two equivalent regular
calcium triangles formed by Ca(2) lied on the mirror
planes at z=1/4, 3/4 and four equivalent regular OXy-
gen triangles formed by O(3), which triangles are
located perpendicular to the six-fold screw axis
(the c¢-axis).

Table 5 shows the interatomic distances around a
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Table 4(a) Structural parameters of hydroxyapatite
measured at 673 K.

atom site x ¥ z Beg A2
Ca(1) 4f 0.3333 0.6667 0.0012(6) 1.17
Ca2+(2) 6h 0.2471(3)  0.9926(4)  0.2500 0.84
P 6k 0.3986(5)  0.3682(4)  0.2500 0.63
oD 6k 0.3288(7)  0.4847(9)  0.2500 1.26
0 (2) 6k 0.5850(8)  0.4641(9)  0.2500 1.04
0-(3) 12i 0.3423(6)  0.2586(7) 0.0687(7) 1.96
O (H) 4e  0.0000 0.0000 0.1964(29) 0.89

Table 4(b) The anisotropic thermal parameters (X104
of hydroxyapatite measured at 1473K.

atom B B B3 Bz Bis Bas
Ca2+(1) 44(4) 44 40(8) 22 0 0
Ca™(2)  26(5) 27(5) 49%7) 16(5) 0 0
P 27(7)y  16(8)  30(9)  12(6) o] 4]
O-(1) 44(20) 36(20) 69(27) 23(18) 0 0
0-(2) 16(20)  53(17) 59(29) 26(16) 0 0
0-(3) 107(13) S5(12) 52(14) 53(10) -44(11) -31(11)
0-(H) 29(16) 29 45(89) 14 0 0




E g

Fig.6 The crystal structure of the monoclinic hy-
droxyapatite at 300K with ellipsoids plotted at
the 50 % probability level and the arrangements
of the calcium and oxygen triangles around the

hydroxy} column.

Ca(l)

The crystal structure of the hexagonal hydrox-
yapatite at 673 K with ellipsoids plotted ar the
50 % probability level and the arrangements of
the calcium and oxygen triangles around the c-
axis.

hydroxyl column in the hydroxyapatites at 300K, 473
K and 673 K. The oxygen triangles around a hydroxy!l
column in the monoclinic hydroxyapatites at 300K and
473K were appreciably distorted. There are two dif-
ferent sizes of oxygen triangles. The mean O-O dis-
tance in one triangle formed by the O(7), O(8) and O(9),
which was adjacent to hydroxyl ions, was found to be
52 A and that of another triangle formed by the O(10),
O(11) and O(12) was 4.9 A. The existence of the two
different sizes of oxygen triangles seems to be caused

by a static force from the hydroxyl ions. In the hexag-
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Table 5 Interatomic distances (X 10-! nm) around the
hydroxyl columns in hydroxyapatites measured

at evaluated temperatures.

Crystal system monoclinic hexagonal
Space group P2i/b P21/b P63/m
Measured temp. 300 473 673
/K

Ca(3)-Ca(4)? 4.08(3) 4.06(2) Ca(2)-Ca(2)® 4.113(D)
Ca(3)-Ca(5)® 4.14(2) 4.13(3)

Ca(4)-Ca(5)V 4.19(2)  4.19(3)

mean 4.14 4.13

O(7)-0(8)» 5.11(4)  5.12(4)  0O(3)-0(3)7  5.066(9)
O(7)-0(9)» 5.28(4) 5.31(2)

O(8)9-0(9) 5.15(4)  5.15(3)

mean 5.18 5.19

0(10)-0(11)» 4844) 4.90(5)

0(10)-0(12)» 4.86(5) 4.92(4)

0(11)9-0(12) 4.86(4) 4.86(6)

mean 4.85 4.89

0(0)-0(7) 3.14(6)  3.13(5) O(H)-0(3) 3.0553(8)
0O(0)-0(8)» 3.02(6) 2.95(4)

0(0)-009)®» 3.25(7)y  3.37(6)

mean 3.14 315

0(0)-0(10) 3.30(6)  3.28(6)

0(0)-0(11)» 3.30(5) 3.18(4)

0(0)-0(12)» 3.37(6)  3.26(6)

mean 323 3.24

0(0)-Ca(3) 236(5) 2.39(5) O(H)-Ca(2)® 2.403(4)
0(0)-Ca(4) 2.39(6)  2.35(6)

0(0)-Ca(5)® 2.41(5) 2.44(5)

mean 2.39 2.39

O(H)-O(H)® 3.445(3) 3.449(3) O(H)-O(H)» 3.455(1)

Symmetry codes:

D -x, 1-y, I—z 2) —x, 1/2-y, 124z Hx-1L, vz
H1-x, 12—y, 112+z 5) —x, U2-y Ul+z

6) 1—y, 1/2-x, 20 7) —x+ty, =% %

81—y, 1—x+y 12—z 9 —x, —y, 11242

onal hydroxyapatite at 673 K, the mean 0-0 distance in
the regular oxygen triangle formed by O(3) was found
to be 5.06 A. On the other hand, no differences of the
mean Ca-Ca distances in the calcium triangles normal
to a hydroxyl column at each temperature were observed.
As shown in Table 6, the mean P-O distances and O-
P-O angles in all structures were calculated to be about
1.55 A and about 109.5" and no distortion of phosphate

tetrahedra were observed. Since the existence of two
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different size's oxygen triangles and no distortion of the
phosphate tetrahedra, the phosphate tetrahedra were def-

initely rotated. The rotation of phosphate tetrahedra

Table 6 Distances (10~ ! nm) and angles (°) of
phosphate tetrahedra in hydroxyapatites at

evaluated temperatures.

Crystal system monoclinic hexagonal

Space group P2i/b P2\/b P63/m

Measured temp. 300 473 673
/K

P(1)-0O(1) 1.57(6) 1.52(3) P-O(1) 1.543(8)

P(1)-0(4) 1.57(6) 1.53(5) P-0O(2) 1.528(6)

P(1)-O(T) 1.51(4) 1.55(3) P-O(3) 1.542(4)

P(1)-0(10) 1.51(4y 1.544) P-O(3)» 1.542(4)

mean 1.54 1.54 mean 1.539

P(2)-0(2)1) 1.51(5) 1.55(5) O(1)-P-O(2) 110.8(4)

P(2)-0(5) 1.57(6) 1.51(3) O(1)-P-O(3) 110.7(3)

P(2)-0(8) 1.58(3) 1.59(3) O(2)-P-0(3) 107.9(3)

P(2)-0(11) 1.57(4) 1.56(3) O(3)-P-O(3)® 108.7(5)

mean 1.56 1.55 mean 109.5

P(3)-0(3)%» 1.54(4) 1.55(5)

P(3)-0(6) 1.52(5) 1.51(4)

P(3)-0(9) 1.60(3) 1.59(3)

P(3-0(12) 1.53(4) 1.56(4)

mean 1.55 1.55

O(1)-P(1)-0(4) 11133y 113.0(7)

O(1)-P(1)-0(7) 1112y  112.94)

O(1)-P(1)-0(10) 113(2)  112(2)

O4)-P(1)-0(7) 107(2) 106 (2)

O4)-P(1)-0(10) 105(2)  105.9(4)

O(7)-P(1)-0(10) 110(3)  106.9(9)

mean 110 109.5

O(2)-P(2)1-0(5)  115(3)  112.7(6)

O(2)-P(2)D-0O(8)  107(2)  106.0(4)

O(2)-P(2)D-0(11HY 114(2) 113(2)

0O(5)-P(2)-0(8) 111(2)  108(2)

O(5)-P(2)-0(11) 1062y 11K

O(8)-P(2)-0(11) 104(3)  105.9(5)

mean 110 109.4

0O(3)2-P(3)-0(6) 109(2)  109(1)

0(3)2-P(3)-0(9) 108(2)  114(2)

O(3)»-P(3)-0(12) 111(2)  105(1)

0(6)-P(3)-0(9) 104(2)  105.5(4)

0(6)-P(3)-0(12) 114(2) 110(2)

0(9)-P(3)-0(12) 111(2) 113.0(5)

mean 110 109.4

Symmetry codes:

D) —x, 12—y, 1/2+z; 2) —x, 1=y, 1~2; 3)x, vy, /22
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was calculated to be about 6° around the P(1)-O(1),
P(2)-0(2) and P(3)-O(3) bond axis against the hydrox-
yl column. The rotation of phosphate tetrahedra changes
the b-glide planes in monoclinic hydroxyapatite (low
temperature phase) to the mirror planes in hexagonal
hydroxyapatite (high temperature phase). Ito er al.2V
has reported the rotation of phosphate tetrahedra at about

7° around the P-O(1) bond axis against the c-axis in a

boron-containing apatite (Cao 93(Ps.84024)B0s301.79). The
boron-containing apatite was synthesized by the flux
method and has trigonal symmetry with the space group
P3.

The atomic position of hydrogen in hydroxyl group
had been refined using a single crystal hydroxyapatite
from Holly Spring by a neutron diffraction measure-
ment.2? The hydroxyapatite had the hexagonal symme-
try, and the atomic parameters of the hydrogen and the
oxygen atom in hydroxyl group were determined to be
(0, 0, 0.067) and (0, 0, 0.2008), respectively. The hy-
drogen located on the c-axis and hydroxyl ions were
aligned in upper and lower direction along a hydroxyl
column owing to the repulsion of calcium ions. In the
monoclinic hydroxyapatites, the hydroxyl ions showed
the ordered arrangement as shown in Fig.6; i.e. OH,.
OH, OH, OH in one column and HO, HO, HO, HO in
another column and the hydroxyl ions arranged to be
anti-paralleled. The monoclinic hydroxyapatite showed
the antiferroelectric property from the hydroxyl arrange-
ment.!D While, the hydroxyl ions in the hexagonal hy-

droxyapatite existed at the upper and lower direction to

\
4 / \\ /“’/
S / i
* \“,-/’/ -
=N Cooling process
e
o
- [0.05mJs !
e »
=) » -
E Heating proccss\
v S
\.\; / \\
v
450 460 470 480 490 500 510
T/ K

Fig.8 DSC curves for the prepared hydroxyapatite at
the rate of 20 K min ~1.
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Fig.9 Separated curves of differential scanning

calorimetry curves for the prepared hydroxyap-

atite at the rate of 20K min !,

the mirror planes at z =1/4, 3/4 as shown in Fig.7. The
Thus,
the hexagonal hydroxyapatite had the disordered arrange-
ment of the hydroxyl ions; i.e. OH, HO, OH, HO along

the c-axis.

occupancy factor of hydroxyl oxygen was 0.5.

4. DSC Study of phase transition

Fig.8 shows the DSC curves in the temperature
range of 440 K to 520 K and the endo- and the exother-
mic peaks are clearly observed at about 480 K. The
endo- and exothermic peaks were attributed to the struc-
tural changes from the monoclinic to hexagonal sym-
metry and the phase transition reversibly occurred. The
endo- and exothermic peaks showed asymmetric shapes
and resolved into two steps. The two step transitions
are coincident with the results of structural changes.
The phase transition of hydroxyapatite has thought to
be the change of hydroxyl arrangement. However, in
the present study, the phase transition brought about the
rotation of phosphate tetrahedra by 6" against the mir-
ror plane and the order to disorder arrangement of hy-
droxyls. As shown in Fig.9, the endo- and exothermic
peaks were deconvoluted by a Gaussian-Lorentian func-
tion after removed from the background. The peak at
the lower temperature is attributed to the rotation of
phosphate tetrahedra and the peak at the higher tem-
perature is attributed to the changes of hydroxyl order
to disorder arrangement. The phase transition temper-

atures were calculated to the peak top temperatures of

-1
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Fig.10 The extrapolated peak temperature lines as a
function for the heating rate (a) and cooling rate

(b).

the observed peaks. Fig.10 shows the linear extrapo-
lated lines of peak temperatures for the heating and /
or cooling rates at 20, 10, 5 and 2K min~!. The ex-
trapolated peak temperatures (a temperature limits to the
rate of 0K mol™!) were calculated to be 480.5(1) K in
heating process and 477.5(1) K in cooling process and
were almost same value compared with the reported val-
ues.!3 19 The phase transition enthalpies were calcu-
lated from the area of endo- and exothermic peaks mea-
sured at the rate of 20 and 10K min~!. The enthalpy
values are found to be 127(1) J mol~! on heating, and
130(1) Jmol~! on cooling. Suda et al.!® has reported
the enthalpy value of the transition for the hydroxyap-
atite (Ca/P ratio of 1.68) as 630 J mol™! obtained by
DSC measurements. The distinction of the enthalpy val-
ues seems to be caused by the difference of the prepa-
ration methods, the Ca/P ratio and the hydroxyl con-

tents in its lattice.
Conclusion

The prepared hydroxyapatite with the Ca/P ratio
of 1.65 was 98% monoclinic. The following conclusions
are obtained. (1) The mean linear thermal expansion
coefficients from the temperature range of 300K to 673
K are calculated to be @, =10.8 X107 K~! and a.=
8.56 x 1076 K~1. (2) In monoclinic hydroxyapatites, two
different sizes of oxygen triangles normal to the hy-
droxyl columns exist and the hydroxyl ions arrange to

be ordered. In hexagonal hydroxyapatite, the hydroxyl

Netsu Sokutei 25 (5) 1998
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ions arrange to be disordered. (3) The phase transition
from the monoclinic to hexagonal symmetry occurs re-
versibly at about 480 K and the phase transition en-
thalpy is about 130 Jmol ~!. Further, the two step tran-
sitions are observed at the DSC measurements. (4) The
phase transition causes the rotation of phosphate tetra-
hedra at about 6 at lower temperature and the change
of hydroxyl order to disorder arrangement at higher tem-

perature.
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HRERKEET N5 1 P OMBLEE RS 2T 5 2
EEREMEL, BBRBEXBEEITIEIC L 2 Rietveld BT
RUTEEEBERE (DSC) 21772, BElERAET
N A ME, BBV ERLEEEBOKEET Y
A hEI473 K THERT 2 Z 212X D& L 720 Rietveld
WOHRLIY, G LIKET Y 1 bOBALERE T
98B TH-7z, F72, KIBHTIIHEPRR, ZHWEEP2/p
DERIETH Y, BRHTIINFRE, ZHE Posm
DREGHEECHLZENHONE o7, HAERAKEET
NG A MEFHRILE2DDRL B REXOBES 4 VT
WMENDZFATLH Y, ) VB I S — T L
6 BELT H7-0DICE L Tz, DSCHIEL D, ¥HaTR
PORFEBRNOMEBRTHNTH Y, RREETI
480.5(1) K, BB TIZ477.5(1) KICBCA 7, 37,
AL BT BEBELT A VF—IE, 130(1) J mol 1 T
D72 MARURBRY — 7 132 REOBRIZSETE, &
NSEPMERP O NFRRNEHEBT 10, U VB
DS & KEEDRF —ERFEELIIIET 5 & #2 L
5,



