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Abstract Complete carbonate substitution at A-sites (OH)

of low-crystallinity hydroxyapatite with near stoichiometric

composition (i.e. Ca/P ratio of 1.65) was achieved by heating

in a dry carbon dioxide flow at 1173 K for 64 h. The car-

bonate content was analysed by thermogravimetry and

infrared absorption spectrometry; the chemical composition

was determined to be Ca9.9±0.1(PO4)6.00±0.1(CO3)0.9±0.1.

The crystal structure and atomic configuration of the car-

bonate ion were determined by Rietveld refinement using

X-ray powder diffraction data. This analysis revealed that

the space group was monoclinic Pb with a = 0.9571(1),

b = 1.9085(2), c = 0.68755(3) nm and c = 119.847(7)�.

The triangular planes of the carbonate ions were oriented

parallel to the c- and a-axes, though there were two inde-

pendent carbonate sites with occupancy factors of 0.56(1)

and 0.34(1), where the triangles were oppositely rotated

about the corresponding carbon atoms by 23� and -18�,

respectively. The arrangement of the ions was disordered,

which explains the lack of a thermal phase transition below

623 K.

Introduction

Hydroxyapatite (Ca10(PO4)6(OH)2, HAp) exists in partially

carbonated form as the main inorganic component of bone

and teeth [1, 2]. Three types of carbonate apatites (CAp)

are known, classified on the basis of the substitution sites:

A-type, where carbonate ions occupy OH sites; B-type,

where they occupy PO4 sites; and AB-type, where they

occupy both OH and PO4 sites. The chemical properties of

CAp are of great importance in the design of novel bio-

degradable ceramics, cements and CAp/polymer compos-

ites [3], since the chemical bonds in the apatite lattice are

weakened by increase in the amount of carbonate and the

dissolution rate is particularly increased [4, 5]. Further-

more, CAp shows the better biocompatibility [6]. However,

the crystal structure of CAp has not yet been studied in

detail; the configuration and arrangement (ordered/disor-

dered) of carbonate ions remains controversial in relation

to the existence of thermal phase transition.

We previously described the crystal structures of A-type

CAp powders with different amounts of carbonate. Rietveld

refinement showed that A-type CAp with the chemical

formula Ca10.0(PO4)6.00[O0.2, (CO3)0.8] had the hexagonal

space group P �6 with a = 0.95324 and c = 0.68882 nm

[7]. The crystal structure was almost coincident with that

determined for single crystals [8, 9]—the carbonate ions

occupied three equivalent positions, resulting in threefold

rotational disordered arrangement [7, 9]. From X-ray

powder diffraction (XRD) analyses, Elliott et al. [10] con-

cluded that completely carbonated A-type CAp had

monoclinic symmetry with space group Pb with a =0.9557,

b & 2a, c = 0.6872 nm and c = 120.36�. On the contrary,

Fleet and Liu [11, 12] showed that A-type CAp with

the chemical composition Ca10(PO4)6[(CO3)0.75(OH)0.5]

had the lattice parameters a = 0.9522 and c = 0.6875 nm.
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A single crystal synthesised at 2 GPa and 1400–1500 �C

from Ca2P2O7, CaO and CaCO3 had a new trigonal sym-

metry and belonged to space group P �3. These results

suggest that the crystal structure of A-type CAp depends on

the chemical composition. To our knowledge, the atomic

coordination of monoclinic A-type CAp has not been

determined.

A-type CAp with almost stoichiometric composition, i.e.

Ca10(PO4)6[(OH)2-2x,(CO3)x] with x [ 0.9, exhibits ther-

mal phase transition from monoclinic to hexagonal sym-

metry near 473 K with the disappearance of b-glide planes

[13–16]. However, the existence of this thermal phase

transition has not been described in detail.

In the present study, A-type CAp powder was prepared

by heating stoichiometric low-crystallinity HAp powder in

a dry carbon dioxide flow. In the resultant powder, only the

A-sites were completely substituted by carbonate ions. The

crystal structure and the arrangement (ordered/disordered)

of the carbonate ions were determined by Rietveld refine-

ment using powder XRD data. The thermal phase transition

was investigated by differential scanning calorimetry

(DSC).

Experimental

HAp was synthesised by a wet method from a Ca(OH)2

suspension and a H3PO4 solution. The details of the

preparation method are described elsewhere [17]. The HAp

precipitate obtained was filtered and dried at 333 K; it was

then heated at 1173 K for 64 h in a carbon dioxide flow

(500 mL/min). (The gas used here was sufficiently dried

through active Al2O3 at both the inlet and outlet.) The

concentrations of Ca2? and PO4
3- were determined by

an inductive coupled plasma emission spectrometer (ICP,

SII Inc., VISTA-MPX). The powder was dissolved in

0.001 mol/L of hydrochloric acid.

The carbonate content was analysed by thermogravi-

metry (TG, Rigaku Co. Ltd., Thermo plus 8120) between

298 and 1723 K at a heating rate of 10 K/min in air using a

platinum sample holder. Alumina was used as the reference

sample; the sample weight was about 10 mg.

The infrared (IR) absorption spectrum was measured at

room temperature with a JASCO FT/IR-8000 spectrometer

in the range 400–4000 cm-1 to identify the sites occupied

by carbonate ions and the existence of OH ions. Trans-

parent samples were prepared by a KBr pellet method with

the ratio A-type CAp to KBr being 1:200.

DSC measurements (Perkin-Elmar, Pyris 1) were con-

ducted to confirm the existence of thermal phase transition

between 400 and 600 K with heating and cooling rates of

20 K/min using an aluminium sample holder; the sample

weight was 32.7 mg.

XRD intensity data were collected at room temperature

using a Rigaku RAD-rC diffractometer with graphite-

monochromatised Cu Ka radiation at 50 kV and 150 mA.

The measurements were repeated twice in the 2h range

10�–110� in steps of 0.02� with a counting time of 4 s. The

crystal structure was refined for the averaged intensity data

using RIETAN-2000 [18]. Rietveld refinements were

conducted for two different carbonate arrangements on the

basis of space group Pb: ordered and disordered arrange-

ments. Initial unit cell parameters and atomic coordinates

were quoted from those refined for space group P �6 [7].

Four constraints were applied for iterative calculations to

avoid unnecessary divergence: (1) C–O distances were

always kept within the range 0.130 ± 0.02 nm, (2) O–C–O

angles within 120� ± 2�, (3) P–O distances within 0.155 ±

0.02 nm and (4) O–P–O angles within 109.47� ± 2�.

Occupancy factors g for atomic sites were fixed at 1.0

without those of atoms in the carbonate group. For the

disordered carbonate arrangement, the values of g for two

crystallographic independent sites, C(a) and C(b), were

refined for the sum to be 0.9: The value of g for C(a) was

equal to those for O(a1), O(a2) and O(3a); the value for

C(b) was obtained by subtracting the value for C(a) from

0.9 and was equal to those of O(b1), O(b2) and O(b3). The

individual thermal parameters of the O and C atoms in the

carbonate group were fixed at 0.008 nm2, and the other

common thermal parameters were adopted for equivalent

atoms, e.g. 0.012, 0.011 and 0.009 nm2 for Ca, P and O,

respectively. Finally, the atomic coordination, thermal

parameters and g value for the C(a) atom were refined

simultaneously.

Results and discussion

Chemical composition and site occupied by carbonate

The chemical composition is essential for determining g

because individual thermal parameters are strongly corre-

lated to g. ICP analyses revealed that the Ca and PO4

contents were nearly stoichiometric: the accurate Ca/P ratio

determined experimentally was 1.65. The carbonate con-

tent was analysed by TG measurement, as shown in Fig. 1.

TG weight loss ascribed to the evolution of carbon dioxide

began to increase at 873 K and continued up to 1723 K.

The evolution of CO2 from A-type CAp and H2O from

HAp completed at 1723 K [19], leaving behind an oxy-

apatite. The total loss was 4.0 ± 0.3 wt%, which is almost

equal to the ideal value of 4.27 wt% for A-type CAp

(Ca10(PO4)6(CO3) ? Ca10(PO4)6O ? CO2).

IR absorption bands were observed as shown in Fig. 2.

In general, the carbonate bands at 870–880 cm-1 corre-

spond to the out-of-plane bending mode (t2), and those at
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1420–1540 cm-1 to the in-plane asymmetric stretch

vibration mode (t3). The t2 and t3 bands of carbonate ions

were observed at 879 cm-1 and at 1467 and 1539 cm-1,

respectively, while the OH bands at 3572 and 630 cm-1

were not detected. The absorption bands at 878 and 1460–

1540 cm-1 were assigned to substitution at A-sites, while

the bands at 871 and 1420–1470 cm-1 to substitution at

B-sites [20–22]. Thus, the chemical formula of the powder

sample prepared in this study was determined to be

Ca9.9±0.1(PO4)6.00±0.01(CO3)0.9±0.1.

Significant differences, namely, splitting of IR bands

corresponding to PO4
3?, t3, were observed between the

A-type CAp and the stoichiometric HAp. In stoichiometric

HAp, two t3 bands were observed at 1050 and 1092 cm-1

[17], whereas five t3 bands were clearly observed at 1029,

1039, 1055, 1075 and 1130 cm-1 in the present A-type

CAp; the band at 1130 cm-1 was particularly intense. It

was considered that the splitting of these t3 bands was due

to the reduction of site symmetry accompanied by the

lowering of space groups from monoclinic P21/b to

monoclinic Pb, as described below.

Crystal structure refinement and carbonate

configuration

The apatite structures with space groups P �6 and P �3 were

characterised by the [001] diffraction peak observed at

12.54� for the Cu Ka radiation [7–9]. In this study, the

corresponding diffraction peak was observed at 12.865�
and the extra diffraction peaks were simultaneously

detected at 13.936�, 15.858�, 19.181�, 20.623�, 23.238�,

26.826�, 29.607�, 29.637�, 35.497� and 36.328�. Elliott

et al. [10, 13] also observed all the extra diffraction peaks

and proposed that A-type CAp had a monoclinic structure

with space group Pb. The lattice parameters were deter-

mined to be a = 0.9557, b & 2a, c = 0.6872 nm and

c = 120.368 from powder XRD analyses. It is thus con-

cluded from the detection of the extra diffraction peaks that

the A-type CAp prepared in this study had the same

analogy of space group Pb.

Possible models for the carbonate configuration are

illustrated in Fig. 3. The carbonate configuration is the

Fig. 1 Thermogravimetric curve for A-type carbonate apatite at 298–

1773 K. Evolution of carbon dioxide began at 873 K and continued

up to 1723 K; the amount was calculated to be 4.0 wt%

Fig. 2 Infrared absorption spectrum for A-type carbonate apatite

completely substituted by carbonate ions. The typical absorption

bands for A-type substitution are observed at 879, 1467 and

1539 cm-1. The splitting of phosphate bands is clearly observed

Fig. 3 Model arrangements for carbonate ions in A-type carbonate

apatite: (a) disordered model for space group P �6, carbonate ions take

three equivalent positions; (b) ordered model for space group Pb,

carbonate ions arranged alternatively along the c-axis; (c–e) disor-

dered model for space group Pb. In (c), each carbonate plane is

arranged parallel to the c-axis
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most important for determining the crystal structure. In

model a, the carbonate ion stochastically occupies six

equivalent positions because of the existence of both �6 axis

and mirror planes (z = 0, 1/2) in space group P �6 [7–9]. On

the contrary, there are b-glide planes instead of �6 and �3 axis

in space group Pb (models b–e), and four configurations

are possible for the carbonate ions. One (model b) is

ordered and the other three models (c–e) are more or less

stochastically disordered. In model b, the carbonate ions

preferentially occupy one of two possible OH sites, main-

taining an ordered arrangement such that all carbonate

planes are parallel. In model c, the carbonate ions randomly

occupy one of the two OH sites, though the planes are

parallel to each other. In models d and e, the carbonate

planes are alternately rotated about the c-axis.

Figure 4 shows the diffraction pattern (solid line) cal-

culated for the ordered model together with that observed

(dotted line). The inset arrows indicate the forbidden dif-

fraction peaks for space groups P �6 and P �3. The agreement

between the calculated and experimental data was insuffi-

cient, especially at the angles indicated by the open circles;

in fact, the reliability factors (Rwp and Rp) and goodness of

fit (S indicator) were only 11.07%, 7.77% and 1.81,

respectively. The S indicator is defined as the Rwp/Re value.

Table 1 gives the results of Rietveld refinement for

model c (disordered). The values of Rwp and Rp values

converged to 8.42 and 5.98%, respectively, and S indicator

was less than 1.38. These values were sufficiently

improved in comparison with those for the ordered model.

The a-axis length calculated was 0.0014 nm longer than

that reported [10], corresponding to the high concentration

of carbonate ions in the present A-type CAp. Moreover,

because twice the a-axis length is 0.0057 nm more than the

b-axis length, all CO3 planes are arranged in the same

direction, i.e. parallel to the a-plane. Figure 5 shows the

Rietveld refinement plots for model c. Comparing the

miller indices, diffraction angles and relative intensities

estimated to those for model b, the agreement between the

observed and calculated profiles is sufficiently good (see

supplementary material). Therefore, it is considered that

the arrangement of carbonate ions is disordered.

The refined atomic parameters are given in Table 2.

There exist 10, 6 and 2 independent sites for Ca, PO4 and

carbonate ions, respectively. The thermal parameters

refined were 1.16(4) for Ca, 1.19(6) for P and 0.90(9) for

O. The Ca(1) to Ca(4) sites correspond to the Ca(1) site

defined for space group P63/m, and similarly, the Ca(5) to

Ca(10) sites to the Ca(2) site. For the carbonate ion, two

independent sites are possible—a- and b-sites. The atomic

positions of Ca2? and PO4
3? were fundamentally similar to

those in monoclinic HAp [17].

The Rietveld refinements could not clearly distinguish

between the three different models c–e. If the direction of

carbonate planes had been disordered like in models d and

Fig. 4 Observed (dots) and

calculated (line) patterns for

A-type carbonate apatite with

space group Pb where the

carbonate ions are arranged in

an orderly fashion (model b).

The circles show characteristic

and unfitted diffraction peaks

Table 1 Rietveld refinement results for the A-type carbonate apatite

Compound Ca9.9±0.1(PO4)6.0±0.1(CO3)0.9±0.1

Space group Pb (No. 7)

Z 2

Cell parameters (nm) a = 0.9571(1)

b = 1.9085(2)

c = 0.68755(3)

c = 119.847(7)

Step scan increment/� 2h 0.02

2h range/� 2h 10–110

No. of reflections (Cu Ka1, 2) 2954

No. of structure parameters 132

No. of profile parameters 24

Rwp (%) 8.42

Rp (%) 5.98

Re (%) 6.08

RI (%) 1.74

RF (%) 0.95
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e, twice the a-axis length should be nearly equal to the

b-axis length due to the isotropic stereo-hindrance by the

randomly located carbonate ions. However, since this was

not the case, it is conjectured that the most possible con-

figuration is the partially ordered model c.

The refined carbonate configuration for A-type CAp is

illustrated in Fig. 6. The carbonate ions were disorderly

arranged along the c-axis and g was determined to be

0.56(1) for the a-site and 0.34(1) for the b-site. All car-

bonate planes were almost parallel to the c- and a-axes, as

shown in Fig. 6a, projected onto the (001) plane. In par-

ticular, one of the sides of the carbonate triangles was

almost parallel to the a-axis, resulting in the elongation of

the a-axis as mentioned above. Figure 6b illustrates the

carbonate configuration (top view along b-axis). It was

found that the adjacent carbonate triangles were oppositely

rotated at the about the respective C atoms; the rotation

angles were 23� at the a-site and -18� at the b-site. The

feature of carbonate rotation in the apatite structure was

almost coincident with the configuration calculated by

computer modelling methods [23, 24]. It is worthy to note

that, although the structural refinement using powder XRD

data is inferior to single-crystal methods, the present car-

bonate configuration in which two oxygens are located on

or close to the c-axis is in good agreement to the single-

crystal study with trigonal space group P �3 described by

Fleet and Liu [11, 12]. The reduction of space group P �6 to

Pb was attributed to the rotational configuration of the

carbonate ions: that is, the mirror planes at z = 0, 1/2 in

space group P �6 did not appear in space group Pb.

Two independent Ca triangles constituted by Ca(5, 9

and 10) and by Ca(6, 7 and 8) existed at z = 0 and 1/2; the

mean distances between the triangle planes calculated were

0.435 and 0.430 nm, respectively. This was caused by the

above-mentioned two configurations of carbonate ions that

were rotated by different angles: that is, the respective Ca

ions in the triangles shifted by different distances via

attractive forces from the adjacent O ions in the carbonate

ions. For example, the distance was 0.204(2) nm (Ca(10)–

O(a2)) and 0.206(2) nm (Ca(5)–O(a3)) and 0.197(2) nm

(Ca(8)–O(b2)).

The slant of a carbonate ion in A-type CAp against the

c-axis has been reported to be 27� using polarised IR

spectroscopy [13]. In this study, the slant was vague

because of the distortion of the carbonate plane, i.e. the

vertical displacement of C atom from the triangular plane

together with O atoms. This could cause the disappearance

of mirror planes in space group P �6.

Relationship between chemical composition and space

group

From the results of HAp structural analyses, the relation-

ships between Ca or OH deficiency and space groups are

summarised as follows. Stoichiometric HAp with a Ca/P

ratio between 1.65 and 1.67 has monoclinic symmetry

with space group P21/b (a = 0.9426, b = 1.8856, c =

0.6887 nm and c = 119.97�) [17, 25], whereas HAp with Ca

deficiency (Ca/P ratio \ 1.65) has hexagonal symmetry

with space group P63/m (a = 0.9421, c = 0.6881 nm) [26].

Although both space groups are centrosymmetric, their

structures are distinguished by the arrangement of ions in the

OH channel: OH–OH–OH–OH… (ordered) or OH–HO–

OH–HO…(disordered). Such arrangement strongly depen-

ded on the amount of Ca deficiency. In the P21/b system, the

origin of the unit cell was shifted by (0, -1/2, 0) from that of

P63/m, and the b-axis was about twice as long as the a-axis

because of the appearance of a b-glide plane. Further the 63

axis disappeared and the mirror plane changed in the 21 axis.

Furthermore, oxyhydroxyapatites obtained by[33% dehy-

dration of HAp had triclinic symmetry with space group P �1
with lattice parameters a = 0.94002, b = 0.93970, c =

0.68996, a = 90.063, b = 89.747 and c = 119.99 [19]. The

disturbance in the arrangement of ions in the OH channel

and the degree of Ca deficiency are critical to determining

the crystal structure of HAp.

When the OH sites in HAp were partially occupied by

carbonate ions and HAp contained a small amount of O or

Fig. 5 Rietveld refinement

plots for A-type carbonate

apatite with space group Pb and

disordered arrangement of

carbonate ions. The carbonate

arrangement used was model c
in Fig. 4
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OH ions, the resultant A-type CAp had hexagonal sym-

metry with space group P �6 (a = 0.9530, c = 0.6887 nm)

[7–9]. A-type CAp with space group P �6 has 4, 2 and 1

independent sites for Ca, PO4 and carbonate ions. Fur-

thermore, A-type CAp with space group P �3 (a = 0.95211,

c = 0.6725 nm) [11, 12] has 3 and 1 independent sites for

Ca2? and carbonate ions, including 1 P site and 4 O sites in

the PO4 ions. On the contrary, the A-type CAp completely

substituted by the carbonate ion had monoclinic symmetry

with space group Pb [10]; the present sample belongs to

this category. The origins of the unit cells of P �6 and Pb

were shifted at z = 1/4 along the c-axis from those of P63/

m and P21/b for the HAp, respectively. However, the origin

of P �3 for the A-type CAp was same to those of P63/m and

P21/b for the HAp. The relationship between space groups

P �6 and Pb was quite similar to that between P21/b and

P63/m: that is, the �6 axis of P �6 disappeared in Pb, and

simultaneously the mirror planes at z = 0 and 1/2 were

converted to the b-glide planes.

With respect to single crystals and powders of A-type

CAp, different structures were proposed. Young et al. [27]

and Suetsugu et al. [9, 28] studied on the A-type CAp

completely substituted by carbonate ions using neutron

and/or X-ray diffraction techniques. The crystal structures

were analysed on the basis of the hexagonal space groups,

P63/m and P �6, respectively, being different from the

result of Pb for the powder CAp. The single crystal of

A-type CAp, belonged to space group P �6 [9], had car-

bonate ions at both PO4 and OH sites together with a

small Ca2? deficiency at 0.25/10. Furthermore, Fleet and

Liu [11, 12] determined the crystal structure of the A-type

CAp single crystal including 0.25 mol of the OH ions at

the channels. The single crystal exhibited the trigonal

space group group P �3. These results suggest that the

crystal structure of apatite is delicately varied with its

chemical composition, and particularly with the degree of

deficiency in the constituents Ca and OH, the type of sites

occupied by carbonate ions and the presence of impurities

such as O ions.

Phase transition

A-type CAp with complete substitution by carbonate ions

showed reversible phase transition from a monoclinic to

hexagonal lattice near 473 K [13, 14]. This phase transition

was ascribed to the disappearance of the b-glide plane

accompanying the change in carbonate arrangement, i.e.

the transition from an ordered state to a threefold rotational

disordered state along the c-axis. However, in this study, no

endo/exothermic peaks were observed for the A-type CAp

as shown in Fig. 7 (DSC curve), indicating that the crys-

tal structure could not change via the displacement of

Table 2 Structural parameters for the A-type carbonate apatite

Atom x y z

Ca2?(1) 0.340(12) 0.593(4) 0.251(2)

Ca2?(2) 0.338(12) 0.580(4) 0.736(1)

Ca2?(3) 0.656(12) 0.410(4) 0.736(1)

Ca2?(4) 0.676(12) 0.423(4) 0.253(2)

Ca2?(5) 0.260(13) 0.245(4) -0.003(2)

Ca2?(6) -0.005(12) 0.618(4) 0.498(2)

Ca2?(7) 0.262(13) 0.376(4) 0.499(2)

Ca2?(8) 0.735(13) 0.255(4) 0.493(3)

Ca2?(9) 0.014(12) 0.368(4) -0.012(2)

Ca2?(10) 0.732(13) 0.123(4) -0.002(2)

P(1) 0.392(12) 0.435(4) 0.002(2)

P(2) 0.634(12) 0.272(4) 0.003(2)

P(3) 0.032(12) 0.457(4) 0.496(2)

P(4) 0.590(13) 0.061(4) 0.495(2)

P(5) 0.376(13) 0.236(4) 0.495(2)

P(6) 0.970(13) 0.057(3) 0.009(2)

O-(1) 0.325(12) 0.495(4) 0.014(5)

O-(2) 0.573(13) 0.479(4) -0.063(4)

O-(3) 0.383(14) 0.398(5) 0.204(3)

O-(4) 0.293(13) 0.365(4) 0.854(4)

O-(5) 0.534(12) 0.179(5) -0.022(4)

O-(6) 0.515(15) 0.304(5) 0.047(5)

O-(7) 0.728(13) 0.315(4) 0.811(3)

O-(8) 0.763(13) 0.297(4) 0.171(3)

O-(9) 0.854(11) 0.433(4) 0.492(4)

O-(10) 0.140(12) 0.548(4) 0.467(4)

O-(11) 0.079(14) 0.435(4) 0.690(4)

O-(12) 0.074(14) 0.414(4) 0.333(6)

O-(13) 0.654(13) -0.001(3) 0.502(4)

O-(14) 0.407(12) 0.018(4) 0.514(5)

O-(15) 0.668(13) 0.124(4) 0.664(5)

O-(16) 0.634(13) 0.108(4) 0.304(3)

O-(17) 0.488(13) 0.327(4) 0.512(4)

O-(18) 0.471(14) 0.189(4) 0.511(5)

O-(19) 0.286(13) 0.213(2) 0.301(2)

O-(20) 0.246(12) 0.210(4) 0.661(3)

O-(21) 0.157(8) 0.593(4) -0.011(3)

O-(22) 0.892(13) 0.968(6) -0.042(5)

O-(23) 0.907(13) 0.066(4) 0.211(5)

O-(24) 0.924(13) 0.104(4) 0.857(3)

C(a) -0.013(13) 0.254(4) 0.249(5)

O-(a1) 0.021(15) 0.248(6) 0.426(6)

O-(a2) -0.160(13) 0.214(5) 0.197(7)

O-(a3) 0.095(15) 0.271(5) 0.121(7)

C(b) -0.044(16) 0.235(6) 0.712(8)

O-(b1) 0.015(14) 0.244(8) 0.541(10)

O-(b2) -0.168(16) 0.243(7) 0.735(10)

O-(b3) 0.049(15) 0.250(8) 0.858(12)
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carbonate ions. It could be attributed to stereochemical

hindrance at low temperature in model c (Fig. 3).

Conclusions

The crystal structure of A-type CAp (Ca9.9±0.1

(PO4)6.00±0.1(CO3)0.9±0.1) was determined by Rietveld

refinements using powder X-ray diffraction data. The

crystal structure was monoclinic with space group Pb; the

lattice parameters were a = 0.9571(1), b = 1.9085(2), c =

0.68755(3) nm and c = 119.847(7)�. There existed two

different carbonate sites that were oppositely rotated about

the corresponding carbon atoms by 23� and -18�. The

configuration of carbonate ions was thus not ordered, but

disordered along the c-axis; however, all carbonate planes

were almost parallel to the a-axis. The amount of Ca

deficiency, the type of sites occupied by carbonate ions,

and degree of substitution by carbonate at OH sites had a

strong influence on the crystal structure and carbonate

configuration in A-type CAp. No thermal phase transition

was detected.
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