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Sodium-bearing type A-B carbonate chlorapatites {CCLAP; Caio_(y+xNayO,[(PO4)s_(y+22(CO3)y+2-]
[Cly_2x(CO3),], with x~y~4z~0.4} have been synthesized from carbonate-rich melts at 1350-1000 °C
and 1.0 GPa, and investigated by single-crystal X-ray structure and FTIR spectroscopy. Typical crystal
and compositional data are: a = 9.5321(4) A, ¢ = 6.8448(3) A, space group P65/m, R = 0.027, R,, = 0.025,
x =0.37(3), y = 0.57(2). Crystal-chemical features and FTIR spectra are similar to Na-bearing type A-B
carbonate hydroxyapatites (CHAP) and fluorapatites (CFAP) reported recently. The molar amounts of Na
and channel (type A) carbonate maintain a near 1:1 ratio in all three composition series, confirming that
the Na cation and A and B carbonate ion substituents exist as a defect cluster within the apatite matrix,
to facilitate charge compensation and spatial accommodation. Uptake of carbonate is significantly lower
in CCLAP than in CHAP for similar conditions of crystal synthesis.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

The apatite-type structure is adopted by numerous inorganic
compounds of general formula M(1),M(2)3(BO4)3X, where M(1) and
M(2) are large cations, B metalloids and X halides or oxy-anions
[1,2]. The calcium phosphate apatite sub-group [Ca(1)4Ca(2)s
(PO4)sX>] includes the common apatite minerals and mineral
components, hydroxyapatite [HAP; ideally Ca1o(PO4)s(OH),; Z = 1],
fluorapatite [FAP; Cajo(PO4)sF2] and chlorapatite [CLAP; Caqo
(PO4)sCl5], as well as carbonated hydroxyapatite (CHAP). Calcium
phosphate apatites have importance in geochemistry, biology,
agriculture, and materials science. Apatites are the ore minerals
for phosphorus and agricultural phosphates, and they sequester
rare-earth elements, actinides, and volatile elements in the Earth’s
crust and mantle. CHAP is by far the most important biomineral,
accounting for up to about 65% of cortical bone and 97% of dental
enamel [3]. Apatite minerals and compounds are actively
researched in connection with diverse applications in orthopedic
medicine and dentistry, containment of high-level nuclear waste,
and the phosphor and laser industries.

Natural Ca apatites have the hexagonal space group P63/m,
although pure, end-member HAP and CLAP crystallize in the
monoclinic space group P2;/b [4]. In the hexagonal P63/m
structure, isolated PO, tetrahedra centered at z = %,% are linked
by Ca(1) in nine-fold (6+3) coordination and Ca(2) in an irregular
seven-fold (6+1) coordination (Fig. 1). A prominent feature of the
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structure is the large c-axis channel which accommodates the X
anion component (F, OH, Cl, COs, etc.). The apatite channel is
defined by triclusters of Ca(2) cations at z = 1,2. In FAP, the F anion
is located on the c-axis at z=1,3 in the center of a tricluster of
Ca(2). The hydroxyl ion in HAP and Cl in CLAP are displaced along
the c-axis and have split atom positions with occupancy of 0.5:
the hydroxyl oxygen is at z = 4(0.198, 0.302) and the much larger
Cl anion is displaced further at z = +(0.432, 0.068) [4]. Thus, the
coordination of the X anion with Ca(2) is equilateral triangular in
FAP but near octahedral in CLAP.

The structural role of the carbonate ion in CHAP and
carbonated FAP (CFAP) has been investigated extensively by
vibrational spectroscopy and X-ray powder and single-crystal
and neutron powder diffraction methods [5-25]. The carbonate
ion can be accommodated either in the c-axis structural channel
or as a substituent for the phosphate group: the former carbonate
is known as type A and the latter as type B. Detailed information
on these two carbonate ion environments was obtained recently
from X-ray structure study of CHAP and CFAP crystals grown from
carbonate melts [19,20,22,24]. In addition, we found that Na, in
amounts similar to that of apatite biominerals, promoted the
introduction of carbonate. Moreover, the Na cation and A and B
carbonate ions were locally coupled as a defect cluster within the
apatite matrix, to facilitate charge compensation and minimize
the effects of spatial accommodation. The molar proportions of Na
and A and B carbonate ions were in the approximate ratios 1:1:1
in CHAP and 1:1:2 in CFAP.

These studies are presently extended to the accommodation of
carbonate in Na-bearing carbonate chlorapatite (CCLAP), to
investigate the influence of a large mononuclear anion in the
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Fig. 1. Structure of carbonate chlorapatite (CCLAP), showing location of one of 12
possible orientations of the type A carbonate ion in apatite channel: unit-cell
origin is in center of figure; shaded phosphate polyhedra and Ca(2) atoms are
centered at z=3.

apatite channel on the uptake of carbonate. A further area of
interest here is related to the displacement and mobility of
channel anions in apatite structures, since it is well known that
either large mononuclear anions (e.g., C17) in the X site or large
cations (e.g., Pb?*) in the Ca(2) site result in displacement of the X
anion from the ideal configuration of FAP [4,26].

2. Experimental procedures

Single crystals of carbonate-bearing chlorapatite (CCLAP) were
prepared by direct reaction of analytical grade reagents (Ca,P,0-,
CaCl,, CaCOs, and Na,COs3) at high pressure and temperature using
a Depths of the Earth Company Quick Press. A common starting
composition (labeled Cl-1) was mixed in the stoichiometric
proportion of the nominal type B carbonate chlorapatite composi-
tion CagNa[(PO4)4(CO3),]Cl, with 2mol CO, in excess. Both
calcium chloride (CaCl;) and Ca,P,0; were heated at 700 °C and
1atm for 24 h to remove water; CaCO3 and Na,CO3; were dried at
200°C and 1atm for 48 h. CaCl,-2H,0 reagent was previously
heated at 300°C and 1atm for 24h to prepare anhydrous CaCl,.
These prepared chemicals were mixed and ground under acetone
in an agate mortar, and stored at 110 °C for later use. In addition,
furnace parts were previously fired at 1000 °C in air. The starting
mixture was encapsulated in a sealed platinum tube, with a
diameter of 5 mm and a height of 10 mm, which was separated by
crushable MgO tubing from a graphite sleeve. All experiments
were quenched at pressure by switching off the furnace. Run
conditions are summarized in Table 1, and were varied to
investigate the effects of soaking temperature and cooling
gradient in crystal growth. Five experiments were performed at
high pressure (1GPa), but only three yielded crystals of a size
suitable for X-ray structure study. In addition, two experiments
were performed at moderate pressures (0.13-0.21 GPa) using a
hydrothermal apparatus and the Cl-1 starting mixture with and
without an addition of 8 wt% HAP.

Products were characterized by optical microscopy, powder
X-ray diffraction (Rigaku D/MAX-B rotating anode system; CoKo
X-radiation), electron probe micro-analysis (EPMA; JEOL JXA-
8600, using a lead stearate spectrometer crystal for carbon), and
Fourier transform infrared (FTIR) spectroscopy (Nicolet Nexus 670
FTIR spectrometer). The infrared spectra were obtained for both
hand-separated CCLAP crystals (LM169 and LM173) and bulk
samples using KBr pellets (Figs. 2b, ¢ and 3). About 10 mg of

Table 1
Synthesis experiments

Expt. Starting mixture P (GPa) T (°C) Time Ramp (°C/min) Product/crystal
size

Hydrothermal experiments (days)

LM166 CI-1 0.21 950 0 -0.05 CCLAP/small
0.13 500 4
LM167 Cl-1+(8 wt% HAP) 0.21 950 0 -0.05 CCLAP/small
0.13 500 4
Piston-cylinder experiments (h)
LM165 CI-1 1.0 1250 31 - CCLAP/small
LM168 CI-1 1.0 1400 24 -2 CCLAP/small
1200 48
LM169 CI-1 1.0 1350 24 - CCLAP/large?®
LM171 CI-1 1.0 1350 7 -2 CCLAP/small
1200 40
LM173 CI-1 1.0 1350 6 0.1 CCLAP/medium
1000 36
2 Up to 200 um diameter.
T T T T T T T I T T
V3 V2
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Fig. 2. Fourier transform infrared (FTIR) spectra for Na-bearing type A-B carbonate
apatites synthesized at high P-T, identifying bands due to asymmetric stretching
(v3) and out-of-plane bending (v,) of carbonate ions, as well as stretching and
bending of phosphate: (a) CHAP, LM005 [22]; (b) and (c) CCLAP, LM169; (d) CFAP,
LM130. Note that the spectra for (a), (c¢) and (d) were collected using hand-
separated crystals: the hand-separated spectrum for LM173 is essentially identical
to that for LM169; see text for band assignments and interpretation.

apatite crystal product was first ground to a powder, then diluted
in an agate mortar with 1¢g of KBr and ground under an infrared
heating lamp to a grain size <25 pum. Transparent pellets were
made under vacuum at a pressure of 200 kg/cm?. The temperature
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Fig. 3. Fourier transform infrared (FTIR) spectra for bulk samples of Na-bearing
type A-B carbonate chlorapatites (CCLAP): (a) LM169; (b) LM165; (c) LM168; (d)
LM171; (e) LM173; (f) LM166; and (g) LM167 (see Table 1 for conditions of
synthesis).

Table 2
Experimental details for X-ray structures®
Experiment LM169° LM171 LM173
CCLAP crystal Xt399 Xt400 Xt402
Crystal size (mm?) 0.10 x 0.11 x0.13  0.10 x 0.05 x 0.09 0.08 x 0.08 x 0.13
Crystal shape Prism Tablet Prism
a(A) 9.5321(4) 9.5121(4) 9.5252(2)
c(A) 6.8448(3) 6.8603(4) 6.8522(2)
Space group P63/m P63/m P65/m
Formula weight 991.0 1012.9 963.1
Density (g/cm?) 3.055 3.129 2.969
Reflections
Unique 579 575 574
Number, with (I<30(;)) 144 206 11
Ray 0.023 0.029 0.016
Riyw 0.038 0.043 0.030
Refined parameters 52 52 52
w(cm™1) 28.6 29.6 27.5
R 0.027 0.030 0.033
Ry 0.025 0.025 0.026
S 133 113 1.93
g(x10% 1.1(1) 0.62(9) 1.3(1)
Ap (eA3) (+) 0.42 0.47 0.52
(-) 0.45 0.45 0.55

2 X-ray diffraction measurements were made at room temperature and
pressure.

> Formula amounts by EPMA: LM169—Cag 29Nag_40[(PO4)s.55(C03)0.511[Cl1.39(-
C03)031]; LM171—Cag.44Nag 30[(PO4)s5 62(C0O3)0.35][Cl1.36(CO3)0.32]; LM173—Cag 07-
Nag 39[(PO4)s5.43(C03)0.74][Cl1.33(CO3)0.34]-

of the sample under the infrared heating lamp was 60+5 °C, and
the exposure time was typically 10-30 min.

Single crystals from experiments LM169, LM171 and LM173
(Table 1) were evaluated for X-ray structure analysis by optical
microscopy. Single-crystal measurements were made at room
temperature and pressure with a Bruker-Nonius Kappa CCD
diffractometer and graphite-monochromatized MoKo. X-radiation
(50kV, 32 mA, 4 = 0.7107 A). The COLLECT software [27] was used
for unit-cell refinement and data collection. The reflection data
were processed with SORTAV-COLLECT, using an empirical
procedure for absorption correction, and SHELXTL/PC [28].
Structure refinements were made with LINEX77 [29]. Scattering
factors for neutral atomic species and values of the anomalous
scattering factors f and f’ were taken, respectively, from
Tables 2.2A and 2.3.1 of the International Tables for X-ray
Crystallography [30]. Relevant experimental details are given in

Table 3
Positional and isotropic thermal parameters (A2) Ueq = (1/3)Z:Z; U¥ d'd q;- ;

Site occupancy x y z U (Ueq)
Experiment LM169 (xt399)
Ca(1) 0.951(4) 2/3 1/3 0.00214(8)  0.0147(3)
Ca(2) 0.965(3) 0.99454(7) 0.25648(7) 0.25 0.0178(2)
P 0.905(4) 0.37094(9) 0.40238(9) 0.25 0.0106(2)
0(1) 0.905 0.4839(2) 0.3324(2) 0.25 0.0198(5)
0o(2) 1.0 0.4642(2) 0.5869(2) 0.25 0.0286(5)
0(3) 0.905 0.2612(2) 0.3479(2) 0.0712(2) 0.0314(5)
Cl(1)  0.240(8) 0 0 0.382(1) 0.014(2)
Cl(2) 0.085(5) 0 0 0.301(2) 0.014
Cl(3) 0.222(5) 0 0 0.048(1) 0.014
C(1) 0.031 0.046? 0.065 0.492 0.025
0(5) 0.031(3)° 0.144 0.220 0.472 0.025
0(6) 0.031 0.005 0.002 0.662 0.025
0(7) 0.031 0.990 0.972 0.343 0.025
0(8) 0.048 0.311(4) 0.392(3) 0.443(4) 0.025
0(9) 0.095 0.511(2) 0.363(2) 0.25 0.025
Experiment LM171 (xt400)
Ca(1) 0.950(4) 2/3 1/3 0.0020(1) 0.0158(4)
Ca(2) 0.971(4) 0.99335(8) 0.25527(8) 0.25 0.0197(3)
P 0.903(5) 0.3706(1) 0.4018(1) 0.25 0.0123(3)
0(1) 0.903 0.4831(3) 0.3312(3) 0.25 0.0196(7)
0(2) 1.0 0.4639(3) 0.5859(3) 0.25 0.0306(7)
0(3) 0.903 0.2603(2) 0.3469(3) 0.0719(3) 0.0324(6)
Cl(1) 0.251(9) 0 0 0.386(2) 0.015(3)
Cl(2) 0.110(5) 0 0 0.301(2) 0.015
Cl(3) 0.126(7) 0 0 0.048(2) 0.015
C(1) 0.038 0.046 0.065 0.492 0.025
0(5) 0.038(3) 0.144 0.220 0.472 0.025
0(6) 0.038 0.005 0.002 0.662 0.025
0(7) 0.038 0.990 0.972 0.343 0.025
0(8) 0.048 0.317(4) 0.395(4) 0.442(4) 0.025
0(9) 0.097 0.511(2) 0.363(2) 0.25 0.025
Experiment LM173 (xt402)
Ca(1) 0.954(4) 2/3 1/3 0.00208(9) 0.0156(3)
Ca(2) 0.969(3) 0.99419(7) 0.25605(7) 0.25 0.0191(2)
P 0.906(4) 0.37109(9) 0.40243(9) 0.25 0.0118(2)
0(1) 0.906 0.4838(2) 0.3322(2) 0.25 0.0203(5)
0o(2) 1.0 0.4642(2) 0.5867(2) 0.25 0.0297(5)
0(3) 0.906 0.2611(2) 0.3480(2) 0.0712(2) 0.0320(5)
Cl(1) 0.271(8) 0 0 0.388(1) 0.016(2)
Cl(2) 0.091(5) 0 0 0.302(2) 0.016
Cl(3) 0.168(6) 0 0 0.048(1) 0.016
C(1) 0.035 0.046 0.065 0.492 0.025
0(5) 0.035(3) 0.144 0.220 0.472 0.025
0(6) 0.035 0.005 0.002 0.662 0.025
0(7) 0.035 0.990 0.972 0.343 0.025
0(8) 0.047 0.314(3) 0.394(3) 0.443(4) 0.025
0(9) 0.094 0.512(2) 0.363(2) 0.25 0.025

2 x,y, z for C(1), O(5) and O(6) are from Ref. [22].
> Multiplicity of O(5) and O(8) is 12 (equipoint 12i), whereas that of O(9) is 6
(equipoint 6h).
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Table 4
Comparison of anisotropic displacement parameters

Position Sample Uy Uy Uszs Uqa U3 Uss

Ca(1) LM169 0.0175(5) 0.0175
LM171 0.0181(5) 0.0181
LM173 0.0183(5) 0.0183

0.0089(4) 0.0088 - =
0.0113(5) 0.0090 - -
0.0103(4) 00091 - -

Ca(2) LM169 0.0166(4) 0.0202(4) 0.0150(3) 0.0081(3) - -
LM171 0.0174(4) 0.0226(4) 0.0176(4) 0.0090(3) - =
LM173 0.0174(3) 0.0216(4) 0.0168(3) 0.0086(3) - -

P LM169 0.0114(4) 0.0126(4) 0.0097(4) 0.0075(3) — -
LM171 0.0126(5) 0.0143(5) 0.0117(5) 0.0081(4) - =
LM173 0.0123(4) 0.0134(4) 0.0113(4) 0.0077(3) - -

o(1)  LMI169 0.021(1) 0.026(1) 0.018(1) 0.016(1) - =
LM171 0.021(1) 0.023(1) 0.020(1) 0.015(1) - -
LM173 0.021(1) 0.025(1) 0.020(1) 0.016(1) - -

0(2) LMI169 0.022(1) 0.022(1) 0.042(1) 0.011(1) - -
LM171 0.025(1) 0.023(1) 0.044(2) 0.012(1) - -
LM173 0.025(1) 0.023(1) 0.043(1) 0.012(1) - -

0(3)  LM169 0.024(1) 0.053(1) 0.0258(9) 0.0257(9) —0.0117(7) —0.0213(8)
LM171 0.024(1) 0.054(1) 0.027(1) 0.025(1) -0.0113(9) —0.020(1)
LM173 0.025(1) 0.053(1) 0.0262(9) 0.0252(9) —0.0112(7) —0.0199(8)

Table 5 .
Selected bond distances (A) and angles (deg)

LM169 xt399 LM171 xt400 LM173 xt402

Ca(1)-0(1) x3 2.428(1) 2.430(2) 2.429(1)
Ca(1)-0(2)" x3 2.462(1) 2.464(2) 2.463(1)
Ca(1)-0(3)" x3 2.805(2) 2.807(2) 2.802(2)
Mean 2.565 2.567 2.565
Ca(2)-0(1)" 2.756(2) 2.732(2) 2.750(2)
Ca(2)-0(2)™ 2.309(2) 2.317(2) 2.311(2)
Ca(2)-0(3)" x 2 2.550(2) 2.547(2) 2.551(2)
Ca(2)-0(3) x2 2.339(1) 2.344(2) 2.341(2)
Mean 2.474 2.472 2.474
Ca(2)-CI(1) 2.630(2) 2.631(4) 2.643(3)
P-0(1) 1.525(2) 1.522(2) 1.523(2)
P-0(2) 1.523(2) 1.517(2) 1.520(2)
P-0(3) x2 1.523(2) 1.522(2) 1.524(2)
Mean 1.523 1.521 1.523
0(1)-P-0(2) 111.9(1) 112.0(1) 112.0(1)
0(1)-P-0(3) x2 111.46(7) 111.37(9) 111.49(7)
0(2)-P-0(3) x2 107.38(9) 107.5(1) 107.30(9)
0(3)-P-0(3)! 107.0(1) 106.7(2) 107.0(1)

Notes: (I) 1—x, 1—y, —z; (II) 1-y, x—y, z; (IlI) 1—x+y, 1-x, z; (IV) 1+x, y, z; (V) 1+x—y,
x, -z, (VD x,y, 3 -z

Table 2, final parameters in Tables 3 and 4, and selected bond
distances in Table 5.

3. Results and discussion
3.1. Experimental products

The products of the synthesis experiments listed in Table 1
were dominated by sodium- and carbonate-bearing chlorapatite
(CCLAP) with minor amounts of quench carbonates. CCLAP was
present in two grain sizes, as larger prismatic crystals up to
200 um in length in experiment LM169 and as a fine-grained
matrix. Experiments LM169 and LM173 produced sufficient large-

and medium-sized crystals to separate crystal samples for FTIR
spectroscopy (e.g., Fig. 2¢). In addition, FTIR spectra were obtained
for all products in bulk form (Fig. 3). Crystal size showed a broad
correlation with soaking temperature and time (Table 1), with
crystallization under near-liquidus conditions yielding the largest
crystals. Single crystals from LM169, LM171 and LM173 were
selected for X-ray structure analysis. Their EPMA compositions,
given in terms of formula amounts in the footnote to Table 2, are
similar and seemingly independent of variation in cooling
gradient and final soaking temperature. The contents of Na and
carbonate in these CCLAP crystals are intermediate between those
of the carbonate fluorapatite (CFAP) and hydroxyapatite (CHAP;
experiment LMO0O05) studied earlier [22,24].

3.2. FTIR spectroscopy

The FTIR spectra (Figs. 2b, c and 3) are dominated by a complex
band at about 1000-1100cm~! for the asymmetric stretch
vibration of the phosphate group. In addition, they reveal very
broad bands for molecular water at about 3300-3600 (OH stretch)
and 1600-1700cm~! (H,O in-plane bend), and bands for
carbonate at 1400-1500cm™' (asymmetric stretch vibration; vs)
and 873-880cm™! (out-of-plane bend vibration; v,). The char-
acteristic band for the stretch vibration of structurally bound OH,
which is near 3573cm™! in hydroxyapatite, is absent, as are
features consistent with the presence of the HPO3~ ion [8,10].
Interpretation of the vs carbonate band in the FTIR spectra of
apatites with multiple carbonate species is complicated by band
overlap and asymmetry of the doublet for the channel (type A)
carbonate species [25]. Band overlap in the 1470-1450cm™'
interval is particularly troublesome. Earlier studies on synthetic
Na-free CHAP found that type A carbonate was characterized by a
doublet band at about 1545 and 1460-1450cm~! (v3) and a
singlet band at about 880-878cm~' (v,), whereas type B
carbonate has these bands at about 1450-1455, 1410-1420 and
873-871cm™ !, respectively [3,5,6,25,31]. However, Fleet and Liu
[22,24] found recently that in synthetic Na-bearing A-B CHAP and
A-B CFAP the v3 doublet for type A carbonate is apparently shifted
to lower wavenumber into the region normally associated with
type B carbonate. The present spectra for the Na-bearing CCLAP
crystals have the same overall form in the v3 region as the CHAP
spectra of Fleet and Liu [22] with resolved features at 1416, 1457,
1465, and 1471cm™'. The high wavenumber components are
weaker than in the spectra of CHAP, consistent with more type B
carbonate than type A (Fig. 2). However, the relative enrichment
in type B is less than that reported for Na-bearing CFAP [24]
(Fig. 2d). In agreement with these qualitative observations, fitted
band areas for the 873cm~! (type B carbonate) and 880cm™!
(type A) components of the compound band for the out-of-plane
bend vibration (v,) yielded B/A ratios greater than unity (1.43,
1.49; Table 6) and generally intermediate between the values for
CHAP (0.9) and CFAP (1.5, 2.2). The FTIR band areas of the
carbonate vibration modes are consistently higher for bulk
samples than for crystal samples (e.g., Fig. 2b and c), showing
that more carbonate is incorporated in quench CCLAP than in
CCLAP grown under equilibrium conditions. Nevertheless, the B/A
ratios from the v, band are essentially constant in both crystals
and bulk samples (Table 6), showing that the crystal structures of
high-temperature near-liquidus and quench (or low-temperature)
CCLAP crystals must be similar.

The composite v3 band in IR spectra of Na-bearing carbonate
apatites under-represents the proportion of type A carbonate,
when the band assignments from synthetic Na-free apatites are
used as reference. The weak and diffuse intensity beyond
1500cm™~! could represent multiple channel sites for carbonate



2498 ML.E. Fleet, X. Liu / Journal of Solid State Chemistry 181 (2008) 2494-2500

Table 6
Carbonate contents and oxygen-oxygen distances

Experiment LM169 xt399 LM171 xt400 LM173 xt402
Final temperature (°C) 1350 1200 1000
EPMA

Sodium (pfu)? 0.40(4) 0.39(3) 0.39(5)
X-ray structure

A carbonate (pfu) 0.37(3) 0.46(4) 0.42(3)
B carbonate (pfu) 0.57(2) 0.58(3) 0.57(2)
Molar B/A 1.55 1.28 1.35
FTIR B/A (v,-crystals) 1.49 - 143
FTIR B/A (vo-bulk)® 1.55 1.57 1.42
0- 0 distances for B carbonate ion (A)

0(8)-0(2) 2.15(2) 2.11(3) 2.13(2)
0(2)-0(9) 2.39(2) 2.37(3) 2.39(2)
0(9)-0(8) 2.44(4) 2.41(4) 2.44(4)

@ pfu is per formula unit.
b BJA for bulk samples of other experiments were: LM165—1.37; LM168—1.43;
LM166—1.91; LM167—1.62.

ions [8,20,25] (which do not seem to be supported by the X-ray
structures for Na-bearing CHAP, CFAP and CCLAP), multiple Ca(2)
site configurations for a single type A carbonate site, or
destabilization of the A carbonate ion in close proximity to the
channel wall. Certainly, it is not possible to deconvolute these
spectra without further crystal-chemical insight. In contrast, the
complex v, band appears to better reflect the true proportions of
the principal carbonate species. In biological apatites this region is
normally deconvoluted to give singlet bands at 878 cm™~! (type
A carbonate), 871 cm™! (type B carbonate), and 866 cm™" (labile
carbonate) [7,8]. Rey and coworkers reported B/A ratios from v,
region spectra ranging from 1.1 to 0.8 for pig enamel [8] and 1.4 to
1.2 for various bone samples, including cow, human, chicken, rat,
and rabbit [8,10]. Evidently, these biominerals are all type A-B
carbonate hydroxyapatites, and very similar in composition and
structure to synthetic Na-bearing CHAP [22].

Although we have not extracted quantitative information from
the composite v3 band, this spectral region does have an
important qualitative application. The overall profile of the vs3
band is essentially the same for all samples of Na-bearing CCLAP
studied, as well as for all samples of Na-bearing CHAP and CFAP of
previous studies [22,24] (Figs. 2 and 3). Thus, the v3 band profile is
independent of composition series (X=—=O0H, F, Cl) and amount of
Na and carbonate present. This clearly indicates that the local
stereochemical environment of the carbonate substituents is the
same in all Na-bearing carbonate apatites, and complements
evidence from chemical compositions and X-ray structures
pointing to the local clustering of Na and A and B carbonate in
the host apatite matrix (Figs. 4 and 5).

3.3. X-ray structures

The single crystals from experiments LM169, LM171 and
LM173 were of high diffraction quality (e.g., Table 2). Their
diffraction patterns were consistent with space group P6s/m and
revealed no evidence of ordering of the carbonate ion defects in
the form of superstructure reflections, diffuse scattering or
anomalous reflection broadening. Although the Na and carbonate
ion substituents are disordered within the host Ca apatite
structure, they are replicated in the average structure by the
hexagonal P63/m symmetry and therefore contribute coherent
Bragg scattering intensity to the single-crystal diffraction pattern.
In addition, atoms of the host structure are locally displaced to
accommodate the carbonate ions, and this displacement results in
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Fig. 4. Near linear 1:1 correlation of Na and type A carbonate in carbonate-bearing
hydroxyapatite (CHAP; full squares) [22], fluorapatite (CFAP; open squares) [24],
and chlorapatite (CCLAP; full circles): pfu is per formula unit (Z = 1).
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Fig. 5. Fragment of structure of CCLAP, showing location of B carbonate ion close
to the sloping faces of a substituted phosphate tetrahedron: multiplicities due to
P63/m symmetry of the host apatite structure are not shown. Note that the
symmetry-related O(3) oxygen is removed to avoid short interaction with O(5) of
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c
Lo

anomalous increase in anisotropic displacement parameters
[16,25]. Thus, X-ray structures of carbonate apatites present
numerous challenges in interpretation, especially where carbo-
nate contents are very low, as in the recent study of Na-bearing
CFAP [24]. In particular, electron densities which may be
appreciably less than that of a hydrogen atom and overlap of
carbonate and host structure atoms limit the amount of structural
information that can be extracted from X-ray structure analysis.
The three X-ray structure refinements generally followed
previous studies [20,22,24,25] and yielded essentially the same
ideal (carbonate-free) hexagonal CCLAP structure (Tables 3-5).
Preliminary refinements started with ideal CCLAP stoichiometry.
Weak peaks in residual electron density maps located oxygen
atoms of the carbonate ions in the apatite channel (type A) and in
the vicinity of the phosphate group (type B). Various constraints
were added to promote convergence of the structure refinements,
as detailed in Table 3. The scattering factors and dispersion
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corrections for the Ca(1) and Ca(2) positions were weighted in
proportion to the formula amounts of Ca and Na given in Table 2.
The structure refinements confirmed that Ca(1) and Ca(2) were
essentially fully occupied by (Ca+Na), but refinement of the
individual site occupancies was ambiguous due to the minor
content of Na and vacancies. Therefore, Ca(1) and Ca(2) occupan-
cies were fixed at 1.0, with the small proportion of large cation site
vacancies being ignored. The occupancy of P was less than unity,
consistent with substitution of the phosphate group by the type B
carbonate ion. It is well known that the phosphorus site
occupancy yields the most reliable estimate of the extent of
substitution by type B carbonate [13,16,32]. Therefore, the unit-
cell contents were constrained according to: O(1)=P; and
0(8) = O(9) = (6-P). The atom positions of the channel (type A)
carbonate ion [C(1), O(5), O(6), and O(7)] were taken from the
CHAP structure of sample LMOO5 in Fleet and Liu [22], and were
not further refined (Fig. 1). The oxygen O(5), which was furthest
away from the c-axis (Fig. 1) and least affected by the presence of
chloride anions in the apatite channel was used for the occupancy
refinement. Also, for all three crystals investigated, the residual
electron density peaks consistent with O(5) were present in
difference Fourier maps compiled after refinement of the
structure with ideal carbonate-free stoichiometry. Finally, three
separate sites were located for the electron density of the chloride
anion in the apatite channel (Table 3).

3.4. Crystal chemistry

The X-ray structures confirm that the present Na-bearing
CCLAP crystals are type A-B carbonate apatites, with contents of
Na and A and B carbonate approximately intermediate between
those of Na-bearing CHAP and CFAP [22,24] (Fig. 4) and essentially
independent of the precise conditions of synthesis (Tables 1 and
6). Formula amounts of Na and A carbonate are consistent with
the near linear (1:1) correlation reported for CHAP and CFAP
(Fig. 4). This agreement for all three composition series is strong
evidence that Na has an active role in the substitution of
carbonate into the apatite channel, even though it does not
appear in the usual charge-balanced substitution scheme: i.e.,

[ACO5 = 2C] (1)

On the other hand, the molar B/Na ratio is greater than unity
(approximately 1:1.5) and intermediate between the values for
CHAP (1.0) and CFAP (2.0). Thus, the substitution of B carbonate
into CCLAP and CFAP is more complex than the simple mechanism
proposed for CHAP [22]:

[Na -+ BCO3 = Ca + PO,] 2)

Following discussion of CFAP [24], additional charge-balancing
by vacancies at large cation sites:

[0.500 + BCO; = 0.5Ca + POy] 3)

results in an overall substitution formula of Cajo_¢+zNa, O,
[(PO4)6—(y+22)(C03)y+ZZ][CIZ—ZX(COL")}(L with xzyz4zz04 The
small fraction of vacancies is undetectable by present methods
and was ignored in the structure refinements.

The B carbonate ion was located close to the sloping (i.e.,
inclined to c-axis) faces of the substituted phosphate tetrahedron,
in the configuration of CHAP, with one O(3) oxygen displaced to
0(8) and the symmetry-related O(3) omitted (Fig. 5). The O(1)
oxygen atom is displaced slightly to O(9) and the third B
carbonate oxygen is concealed by the electron density of O(2).
Our various studies on the average structures of CHAP, CFAP and
CCLAP have failed to detect any significant residual electron
density in the vicinity of the phosphate group except for that

associated with B carbonate ions lying close to sloping faces
[14,20,24]. The carbonate-for-phosphate substitution uses only
three of the phosphate oxygen sites, and the local coupling of
A and B carbonate ions dictates that the omitted oxygen is the
symmetry-related O(3) atom; close proximity of the A and B
carbonate ions would otherwise result in a prohibitively close
0(5)-0(3) distance of 1.21A (Fig. 5). Logically, charge balance
requirements favor placing the Na cation closest to this vacant
0(3) oxygen site. The resulting oxygen-oxygen distances for the B
carbonate ion (Table 6) are in satisfactory agreement with that for
the ideal carbonate ion geometry (e.g., 2.219 A in calcite) [33] and
consistent with previous X-ray structure studies on type A-B
CHAP and CFAP [20,22,24,25]. Discrepancies with the ideal O-0
distance represent errors in locating atom positions in structures
determined at the lower limit of resolution of the X-ray structure
method using conventional laboratory equipment and do not
imply that the carbonate ion geometries in CFAP are anomalously
distorted.

In summary, studies on three separate composition series of
carbonate apatite crystals grown in the presence of excess sodium
carbonate, including CHAP [22], CFAP [24], and CCLAP, have
yielded essentially the same environments for the A and B
carbonate ions. These studies encompass a wide range in A and B
carbonate content, extending from 0.1 to 0.2pfu in CFAP, to
0.4-0.6 pfu in CCLAP, and up to 1.0pfu in CHAP. The similar
profiles of vz bands in FTIR spectra for all carbonate apatite
composition series and carbonate contents investigated (Figs. 2
and 3) together with the common X-ray structure suggest that the
Na cation and A and B carbonate ion substituents are present as
randomly distributed defect clusters within the host apatite
structure. The defect cluster depicted in Fig. 5 facilitates local
charge compensation by Na-for-Ca substitution, explains the
linear 1:1 correlation between Na and A carbonate, and minimizes
the effects of spatial accommodation. Charge compensation
through the introduction of large cation site vacancies (substitu-
tion mechanism 3) in CFAP and CCLAP, which both have molar
(B/Na)>1, may involve a separate defect cluster, although this is
not reflected in the v5 band profiles of these apatites (e.g. Fig. 2). It
is possible that there exists a degree of intermediate range order,
with several A-B pairs organized into columnar c-axis domains,
analogous to the columnar domains suggested for mixed X anion
occupancy in Ca apatites [4,7]. However, the X-ray diffraction
patterns of these apatites do not reveal any evidence of extensive
ordering and it seems unlikely that compositionally distinct
domains analogous to those observed in Brazilian gem-grade
apatite [34] exist in them.

Moreover, extensive intermediate range ordering is not con-
sistent with the observed distribution of Cl in the apatite channel
of CCLAP. In hexagonal P6s/m CLAP, Cl is displaced along the c-axis
from the center of the tricluster of Ca(2) cations to the split atom
position at z= +(0.432, 0.068) to optimize the Cl-Ca(2) bond
distance [4]. In Na-bearing CCLAP, Cl is more widely distributed
along the c-axis, with at least three sites recognized (at z
coordinates of about 0.382, 0.301, and 0.452; Table 3). The total
Cl contents from the structure refinements (0.97-1.09 pfu)
are somewhat less than the corresponding EPMA values
(1.33-1.39 pfu; Table 2). This suggests that the electron density
of Cl is actually smeared along c-axis and, in consequence, not all
of it has been recovered. Evidently, Cl anions are readily displaced
by the introduction of the bulky carbonate ions into the apatite
channel, and their smeared distribution is evidence for consider-
able disorder of the two ionic species. If there were extensive
ordered domains of hexagonal CLAP structure, the z coordinate of
Cl in the average structure would be close to the end-member
value. Displacement of the Cl anion along the c-axis to create a
second Cl site has been reported previously for binary and ternary
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solid solutions of Ca apatites (X—Cl, OH, F) [35,36], but with
concomitant displacement of the Ca(2) triclusters to create a
second Ca(2) site. However, there is no indication of a split site for
Ca(2) in the present CCLAP structures (Tables 2-4). Displacement
of the X anion in the apatite structure also occurs for very large
M(2) cations, e.g., in lead fluorapatite, the z coordinate of F is 0.453
and solid solutions with strontium fluorapatite result in a
progressive linear shift towards the strontium end-member value
of 0.25 [26]. Similarly, the OH oxygen of lead hydroxyapatite is
displaced to near z = 0.5, but shifts progressively towards z = 0.25
with progressive Ca-for-Pb and Cd-for-Pb substitution [37,38].
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