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ABSTRACT

[A']4]A"]6(BO4)sX, apatites can flexibly accommodate numerous cationic, metalloid and anionic
substitutions. Using a combination of new refinements and published structures, this paper reviews
correlations between substituent type and framework adaptation through adjustment of the A'Og
metaprism twist angle, ¢. These systematics are illustrated through powder neutron diffraction
refinement of the crystal chemistry of A;o(PO4)sF, (A=Ca, Sr) fluorapatites. Variations in ¢ reflect
changes in the relative size of the A4(BO,4)s framework and AlX, tunnel content and can be used to
quantitatively assess the reliability of A'/A" cation partitioning coefficients determined by Rietveld
analysis. In the simplest cases of bi-ionic substitution, the metaprism twist systematics conform to

Neutron diffraction three principle trends

(i) For A-type divalent substitution, the larger A%>* species preferentially enters the channel before
partitioning to the framework. This leads to parabolic modification in ¢ across the compositional series;
(ii) For B-type pentavalent compounds, the ¢ variation will be linear in accord with the relative B>+

ionic size; and

(iii) For X-type substitution of halide anions, ¢ will be reduced as the average size increases.

Departures from these trends may indicate polymorphism, compositional anomalies, AYA" order
disequilibrium, or poor structure refinement, and may be extended to chemically complex apatites with
simultaneous substitutions over the A, B and X sites.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The apatites are a chemically diverse crystallographic family
used as prosthesis materials [1] and for drug release [2], in clean
energy delivery [3] and heterogeneous catalysis [4], and for the
remediation of hazardous [5] and nuclear wastes [6]. The essential
features of the apatite group were established by the structure
determination of the holotype Ca;o(PO4)s(OH,F), [7,8] and the
synthesis of several chemical analogues including Ca;o(PO4)sBr2,
Ca10(VO4)sl, and Cdio(VO4)sCly [9]. In general, these compounds
conform to hexagonal P6s3/m symmetry reflected in the formula
[AL][AY)(BO4)sXo, although the non-isomorphic subgroups are more
common than often supposed [10]. Moreover, non-stoichiometry is
readily accommodated, especially with respect to the X anion, but
compositional disparities are sometimes poorly documented due to
difficulties in establishing site occupancy by powder diffraction
methods [11] and the absence of supporting chemical and
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spectroscopic analyses or single crystal diffraction data [12,13]. In
some circumstances, especially plumbous compositions, polysoma-
tism may appear through rotational twinning leading to 3H and 4H
forms in addition to the 2H prototype [14].

Systematisation of apatite crystal chemistry is essential to
tailor functionality for specific technologies, but devising a
classification scheme requires access to reliable crystal structures.
While single crystal determinations are preferable, Rietveld
refinement is used extensively because model structures are
easily devised and many apatites are most readily synthesised
as powders. However, the least-squares procedure can lead to
false minima due to the propagation of errors during matrix
inversion [15]. Nonetheless, the accuracy and numerical stability
of Rietveld analysis can be enhanced either by applying soft
constraints to the BO, tetrahedra [16] or controlling atomic
trajectories through introducing geometrical parameterisations
[11], and are particularly valuable for locating oxygen within the
relatively fixed D8g cation sub-lattice of apatite [17].

While these techniques can be applied to new refinements, it
would be useful to possess a quantitative means to assess the
existing body of reported apatite structures in a manner that goes
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beyond a conventional analysis of bond lengths and angles. One
approach is to consider apatites as one-dimensional channel
structures in which a framework, composed of face-sharing A'Og
metaprism columns corner-connected to BO,4 tetrahedra, hosts
the AlX, component (Fig. 1). The tunnel diameter adjusts accord-
ing to the size (of A" and X) and stoichiometry (X) of its contents
by counter-rotation of the opposing triangular faces of the
metaprism through a [0 0 1] projected angle (¢) and the extent
of metaprism twisting varies inversely with tunnel cross section.
For P63/m structures 5° < ¢ < 25°, and when apatites contain the
same A-component, but different B and X constituents, there
is a linear relationship between ¢ and the average crystal
radii [18]. Metaprism twisting is established through the
0O(1) and O(2) positions, that together with O(3), form the semi-
rigid framework BO,4 tetrahedron whose location is determined
through bonding to the A" tunnel cation. Because ¢ arises from
the interplay between several atoms, this single parameter proves
exquisitely sensitive to crystallochemical variations. Across a
solid solution series deviations from trend usually reflect depar-
tures from nominal stoichiometry, polymorphism (2H, 2T, 2M, 2A
for di-modular stacking) or poor structure refinement.

The present work is directed towards the accurate determination
of ¢ in [Srio_xCa,][(PO4)s][F2] 2H apatites. The data are compared
with several published crystallographic data sets, which through
an evaluation of ¢, serve to emphasise the generality of twist
angle systematics, and the diagnostic potential for assessing the
reliability of Rietveld refinements and detecting disequilibrium and
non-stoichiometry.

2. Experimental methods
2.1. Synthesis of [Sri0_xCax][(PO4)s][F2]

The starting materials were calcium nitrate (Ca(NOs), - 4H,0-
Aldrich, 99%), strontium nitrate (Sr(NOs3),-Acros, 99%), ammonium
hydrogen phosphate ((NH4),HPO4-Aldrich, 99%) and ammonium
fluoride (NH4F-Acros, 98%). The synthesis is a modified version of
the route developed by Collin [19,20] and required two stock
solutions. In Solution I, calcium nitrate and strontium nitrate were
dissolved in 100 ml of deionised water at 85 °C while maintaining a
cation concentration of 0.2 M. Ammonia was added to raise the pH
above 10. In Solution II, ammonium hydrogen phosphate 1.6007 g
(0.2 M) and ammonium fluoride 0.3024 g (0.13 M) were dissolved
in 60 ml of deionised water and the pH adjusted by ammonia to be
> 10. Solution II was added drop-wise to Solution I with heating
and stirring to obtain a total volume of approximately 200 ml.

Fig. 1. Polyhedral representation of Srjo(PO4)sF>.

The precipitate and solution were maintained at 85 °C with stirring
for 3 h and filtered while warm. The solid was dried overnight at
100 °C then calcined at 700 °C for 6 h under flowing nitrogen.

2.2. Characterisation

Powder X-ray diffraction (PXRD) patterns were collected using
a Shimadzu LabX XRD-6000 with CuKo radiation step-scanned
from 10° to 140° 20 at intervals of 0.02°, with a total collection
time of approximately 12 h. The intensity of the strongest peak
ranged from 5000 to 18,000 counts and the whole patterns were
analysed by Rietveld refinement using TOPAS V3 [21] that employs
the fundamental parameters approach [22]. Refinement para-
meters included the zero point error, a 4 coefficient Chebychev
polynomial background fitting, and ‘crystallite size’ to simulate
microstructure-controlled line broadening. To maintain reason-
able B-0 bond lengths within the BO4 units a ‘Parabola N’ penalty
function was employed with expected bond lengths selected in
accordance with standard ionic radii [23]. Powder neutron diffrac-
tion (PND) patterns for [Srig_xCax][(PO4)s][F2] were collected at
the ISIS Rutherford Appleton Laboratory on the medium resolution
Polaris beamline [24]. Approximately 1-2cm® of each apatite
powder was loaded into 8 mm diameter vanadium cans. Data sets
from two banks of detectors were combined for the refinement;
the first from the backscattering detector bank (average 26 ~ 145°)
and the second from the 90° detector bank. Rietveld refinements
were performed with GSAS [25]. As expected, neutron diffraction
refinements were more robust for determining oxygen positions
and bond-length constraints were unnecessary.

The quality of the Rietveld refinements was checked by
calculating the metaprism twist angle using the method of White
and Dong [18]. For a given metaprism, a consideration of the
absolute fractional atomic co-ordinates (x, y) of A, O(1) and
0(2) allows ¢ to be calculated as

[(53*51 )2 +(H3—H1)? +(G1—G2)* +(H; —H2)? —(G2—G3)* —(H; *H3)2]
cosp =

2% \[(Gs=G1 P+ (Hs—H1)?] x [(G1—G2)? +(Hy~H: )]

where G;=0.866x,, Hj=ya—0.5x4, G>=0.866x0;, Hi=Yo1—
0.5x01 and G3=0.866x0,, Hy =Yo2— 0.5x05.
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Fig. 2. Rietveld profile of PND for Ca;o(PO4)sF2. Observed counts are shown in
crosses, the calculated pattern by a solid black line, background in green, and the
difference in blue. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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3. Results

Powder X-ray diffraction confirmed the synthesis of the entire

Table 2
Selected bond length and angles for the [Srio_xCax][(PO4)s][F2] series.

. . . . Composition x 0 2.56 5 7.56 10

solid-solution series. Rietveld refinements used the model struc- P
tures of Nikéevic et al. [26], apd Swafford and Holt [27] with Bond length (A)
appropriate chemical substitutions. For all samples PXRD and A(1)-0(1) 2.5544(9) 2.5140(18) 2.4806(14) 2.4409(14) 2.4038(9)
PND converged to comparable lattice parameters. The atomic A(1)-0(2) 2.5722(8) 2.5277(17) 2.4938(14) 2.4634(14) 2.4513(9)
positions and selected bond lengths from the neutron refinements A(1)-0(3) 2.9033(7)  2.8796(17) 2.8556(13) 2.8275(12) 2.8027(7)
1l lie within expected ranges (Tables 1 and 2 and supplementar A2)-0(1) 27350(11) 2.732(2)  2741(2) ~ 2.735(2) ' 2.6828(14)
a P g€ - pplen y A(2)-0(2) 25058(12) 2.495(2)  2.4821(19) 2.4282(19) 2.3821(13)
Table A1), and vary appropriately with the Ca/Sr substitution. The A(2)-0(3) 25263(6) 2.4837(12) 2.4444(9) 2.3968(9) 2.3534(6)
lattice parameters are in good agreement with previous work 2.6575(9) 2.651(2)  2.6202(17) 2.5450(18) 2.4993(12)
[19,20,28,29], and c/a lies in the range 0.732-0.745 as found by A(2)-F 2.4007(8) 2.3745(17) 2.3477(13) 2.3102(14) 2.2917(10)
Pujari and Patel [30]. The cell edges dilatg linearly (Fig. 3) as P-0(1) 1.5411(12) 1.518(2)  1.5245(18) 1.5223(16) 1.5279(10)
strontium is introduced because Sr?* (1.18 A) is larger than Ca%+ P-0(2) 1.5381(12) 1.535(3)  1.5286(18) 1.5369(17) 1.5333(11)
(1.00 A) [23], confirming the solid solution is homogeneous. P-0(3) 1.5342(7)  1.5288(14) 1.5282(11) 1.5241(10) 1.5256(7)
The oxygen and fluorine positions were refined from neutron Angle (deg.)
data using anisotropic displacement parameters as the fitting 88;_5_882 Hg-g;g‘;i H?ggg?é) H?ggg)z) H?ZEQ) ﬂ?vggg‘;;
was superior. .As little 1mprovem.ent was fognd .when the 0(3)-P-0(3)  108.15(7) 107.57(16) 108.02(11) 108.08(10) 107.58(7)
Ca/Sr and P sites were refined with anisotropic displacement 0(3)-P-0(2)  108.23(5) 107.77(10) 107.78(7) 107.83(7) 108.09(5)
parameters, these were treated isotropically to minimise the num-
ber of refinement parameters while yielding comparable residual
values (Fig. 2, Tables 1 and 2 and supplementary Table A1).
Table 1
Lattice parameters and crystallographic data for the [Srqo_xCax][(PO4)s][F2] series.

Composition x 0 2.56 5.00 7.56 10.00

Space Group P63/m P63/m P63/m P63/m P63/m

a(A) 9.71333(6) 9.6298(2) 9.56211(13) 9.45877(13) 9.36723(7)

¢ (A) 7.28428(7) 7.1826(3) 7.09772(16) 6.97565(14) 6.88445(8)
V(A3 595.187(6) 576.83(2) 562.027(14) 540.486(14) 523.145(8)

¢ (deg.) 23.75 22.65 222, 22.5; 23.5,

kse (AT/AM)P 0.67 0.64 0.46 0.45 ~

Rwp 0.0158 0.0188 0.0177 0.0162 0.0149

R, 0.0322 0.0376 0.0336 0.0323 0.0271

Sr(1), 4 (1/3, 2/3, 2)

z —0.00005(12) 0.0002(3) 0.0001(2) —0.0002(2) 0.00052(16)
Occ. Fac. (Sr) 1 0.73(2) 0.396(12) 0.190(16) 0

Uiso 0.00636(13) 0.0065(4) 0.0080(3) 0.0089(4) 0.00697(17)
Sr(2), 6h (x,y, 1/4)

x 0.23921(9) 0.2383(2) 0.23828(17) 0.23979(19) 0.24063(13)
y ~0.01519(8) ~0.01579(19) ~0.01389(16) ~0.0087(2) ~0.00785(14)
Occ. Fac. (Sr) 1 0.753(16) 0.570(8) 0.280(11) 0

Uiso 0.00604(11) 0.0053(3) 0.0094(3) 0.0116(3) 0.00756(16)
P, 6h (x,y, 1/4)

P 0.39953(11) 0.4008(2) 0.40143(18) 0.39965(17) 0.39833(11)
y 0.36845(10) 0.3712(2) 0.37100(16) 0.36988(15) 0.36886(10)
Uiso 0.00407(12) 0.0043(2) 0.00680(19) 0.00673(18) 0.00491(12)
0O(1), 6h (x,y, 1/4)

x 0.33046(10) 0.3330(2) 0.33391(16) 0.33100(14) 0.32671(9)

y 0.48086(10) 0.4836(2) 0.48557(17) 0.48511(15) 0.48391(10)
Uiso 0.00793% 0.00934% 0.01315% 0.01118% 0.008182
0(2), 6h (x,y, 1/4)

x 0.58233(9) 0.58485(19) 0.58602(14) 0.58727(13) 0.58730(8)

y 0.46337(10) 0.4629(2) 0.46231(17) 0.46439(17) 0.46645(11)
Uiso 0.00929% 0.01651% 0.01838% 0.01508% 0.01044%
0(3), 12i (x, y, 2)

x 0.34452(9) 0.3446(2) 0.34451(15) 0.34309(14) 0.34172(9)

y 0.26146(8) 0.26292(18) 0.26261(13) 0.26065(12) 0.25777(8)

z 0.07944(7) 0.07827(16) 0.07579(12) 0.07315(10) 0.07121(7)
Uiso 0.01097¢ 0.01601° 0.01862° 0.01735° 0.01252°
F(1), 2a (0, 0, 1/4)

Uiso 0.0233? 0.034312 0.03828% 0.03431? 0.01837°

@ See table of anisotropic displacement parameters in supplementary details section.

b ks, (A'JA")=(2:%0cc. Fac. Sr(1))/(3%0cc. Fac. Sr(2)); Equal partitioning of Sr over A' and A" leads to ks,=0.67.
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3.1. Twist angle (¢) systematics and ‘anomalies’

3.1.1. A-site correlations in [Sr;9_xCax][(PO4)s][F2] and other
apatites

In this work, the metaprism twist angles in [Srip_xCax]
[(PO4)6][F2] show parabolic behaviour as x increases due to the
non-statistical distribution of alkali earths across the 4f and 6h
sites. At lower concentration, Sr>* initially prefers the larger 6h
sites, causing the tunnel to expand and ¢ to become more acute
(Fig. 4). However, once the 6h site is more completely occupied
by strontium, ¢ increases as more Sr>* partitions to the 4f site.
For the end-members, the relative sizes of the framework and
tunnel are similar and the metaprism twisting is comparable
as evidenced by comparing ¢ for Ca;o(PO4)s(OH), (¢p=23.21°)

9.75 7.40

*a

mc
9.55 7.20
9.45 7.10
9.35 7.00
925 6.90

X

a(A)
c(A)

Fig. 3. Lattice parameters for [Srio_xCax][(PO4)s][F2] derived from powder neu-
tron diffraction where a and c are diamonds and squares, respectively.
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and Srio(PO4)s(OH), (22.85°); Bajo(PO4)s(OH), yields similar ¢
(22.2¢°) because the A-sites are isovalent (Table 3). Separately,
Michie et al. [40] showed with quantum mechanical simulations
for [Sri0_xCax][(PO4)s][F2] that internal energy calculations con-
form to a similar parabolic distribution. This behaviour is general
for isovalent A-site substitutions in apatites, as for example, in
[Ba10_xSrx][(PO4)s][F2] [36] (Tables 3 and 4, Fig. 4). Whenever
there is a size difference between A species of the same valence,
the larger ion will preferentially enter the 6h tunnel position
rather than the 4f framework site leading to a parabolic ¢ trend.

The A!Y/A" partitioning coefficient in [A4][AY](BO4)sX> can be
expressed as

ka(A' /A"y = (2%Occ. Fac.A'/(3%Occ. Fac.A") 1)

Equal partitioning of A over A' and A" leads to k,=0.67. ks, (A/A™")
in [Sr10_xCa,][(PO4)s][F2] and kea (A'/A") in [Bayg_,Sry][(PO4)s][F2]
[36] are below 0.67, suggesting that Sr** in the former and Ba®* in
the latter occupy 6h preferably rather than 4f site. The lower values
of kg, for the [Bajg_xSrx][(PO4)s][F2] series reflects the stronger
partitioning of the larger Ba for the 6h site which leads to the greater
variation in twist angle (see Tables 1 and 4).

This simple rule will not be applicable if there are mixtures of
higher valence cations (e.g. rare earth®>*) or monovalent species
(e.g. Na™); the former prefer 6h to better distribute higher charge,
while the reverse is true for large monovalent cations. Ionic
charge always takes precedence over size.

These prescriptions to predict AYA! site partitioning assume
bonding is predominantly ionic in nature. However, cadmium
appears to behave in a different fashion. On the basis of size it would
be expected in [Ca;o_xCdy][(PO4)s][(OH),] apatite that Cd?*
(IR=095 A) would displace Ca>* (IR=1.00A) in the smaller A'
framework site. In fact, several studies [41,42] suggest that Cd**
preferentially occupies the tunnel (6h site). Most recently, Terra et al.
[43] used a combination of computation and synchrotron powder
diffraction to propose that the significantly greater covalent character

a b
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©
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oS- =
©
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0 2 4 6 8 10 0 2 4 6 8 10
at% Sr at% Sr

B [SrixCa,J[(POss]IF2] € [Bai-Srll(PO4)s]F2]

Fig. 4. Comparison of crystallochemical trends for [Srqo_xCax][(PO4)s][F2] (this study) and [Bajo_xSr«][(PO4)s][F2] [36]. (a) The metaprism twist angle (¢) varies in a
parabolic fashion due to the distribution A//A" cations that continuously adjust the diameter of the framework. (b) The relative size of the framework (4h) cations to tunnel

(6h) cations follows the same behaviour.



Table 3

Trends and anomalies in metaprism twist angle variance for [A;0][(BO4)s][X2] apatites.

Substitution Compound @ (deg.) Unit Cell Twist angle systematics Reference
type Volume
(A%
A-type Ca10(PO4)sF2 24.35 523.63 Sr?+ preferentially fills the tunnels, before entering the framework. The size of the This Work
Cag 6513.34(PO4)sF2 22.95 545.37 framework with respect to the tunnel is minimised at intermediate Ca/Sr
Cay,02515.08(PO4)6F2 21.6¢ 559.16 compositions with the channel dilating by reducing ¢. For the end-members, the
Caq.665r8.34(PO4)6F2 21.4¢ 573.33 relative sizes of the framework and tunnel are similar and the metaprism twists are
Sr10(PO4)6F> 23.95 596.14 comparable.
Cayo(P0O4)s(OH), 23.2, 528.67 The twist angles for Ca?* and Sr?* hydroxy and fluoro apatites are similar as the X Sudarsanan and Young
Sr10(PO4)s(OH), 22.83 597.49 anion (F~/OH™) occupy nearly the same volumes. Ba®>* apatite yields similar ¢ as [29]
Ba;o(PO4)s(OH), 22.2g 694.29 the relative size of framework are similar because the A-sites are homoatomic.
Ca10(P0O4)sCly 17.86 544.50 The twist angles for chloro apatites are less than fluro and hydroxyl analogues as Sudarsanan and Young
Cag gSro2(PO4)sCly 17.4¢ 545.20 Cl™ is a substantially larger X anion, with the tunnel opening by decreasing ¢. [31]
Cag 5Sr0.5(P04)sCl3 17.1g 546.40 While following the parabolic trend for differential Ca/Sr site partitioning, ¢ for
CasSrs(PO4)sCl3 16.83 576.50 Ca;0(P04)sCly appears to be anomalously small compared to the Srio(PO4)sCl> end-
Sr10(P0O4)sCl> 21.19 606.60 member. In fact, this reflects a change in symmetry from P6s/m to P2,/b. In the
original refinement of chlorapatite [9] the symmetry was taken as P63/m which
lead to p=19.1°.
Cag.95ST0.05(PO4)s(OH); 22.2g 532.29 The twist angles for CagSr;(PO4)s(OH), and CasSrs(PO4)s(OH), grow larger as the Bigi et al. [28]
CagSry(PO4)s(0OH), 22.5; 533.89 compounds become increasingly strontium rich when the opposite behaviour is
CasSrs(P0O4)s(OH), 2246 570.43 expected due the favoured introduction of Sr to the tunnel. In this case, oxidation of
the X anion (20H~ — 02~ + ) creates tunnel vacancies with a corresponding
reduction in diameter and increase in ¢.
CagPby(PO4)s(OH), 16.15 542.41 Pb%* is driven towards tunnel positions as it is larger than Ca?*, and in addition, Bigi et al. [32]
Cas sPbss5(PO4)s(OH), 13.70 565.90 requires space to accommodate stereochemically active lone pair electrons.
Ca,yPbg(P0O4)s(OH)2 18.13 604.98 Parabolic ¢ trend is as expected.
Na,Pbg(VO4)s 02 26.17 643.84 In lacunar apatites, tunnels are devoid of X anions (X=[J). As the tunnel is vacated Azrour et al. [33] Koumiri
K;Pbg(V04)s 2 29.03 659.41 it must constrict and this is achieved by increasing ¢. These compounds show the et al. [34]
Na,yPbg(PO4)s 12 24.0, 588.88 largest ¢ of all [A10][(BO4)s][X2] apatites.
CasPbs(VO04)sF2 14.4 (equilibrated) 616.70 Apatite A-site ordering and/or compositions can change with annealing. For the Dong and White [35]
CasPbs(VO04)sF2 22.0 (non- 624.04 non-equilibrated CasPbs(VO,4)sF, annealed for 1 day the nominal composition is
equilibrated) correct but the Ca/Pb are distributed statistically over the A sites, the average A
cation size over the framework and tunnel are the same, and ¢=22° is similar to
other homoatomic A-site apatites e.g. Sryo(PO4)sF.. After long annealing (1 week)
Ca/Pb order is established, the framework is small relative to the tunnel and ¢ is
small to dilate the channel. In this case, there is some loss of fluorine (2F~ —
02~ +0O) which would tend to increase ¢, but this is less significant than Ca/Pb
ordering.
Bao(PO4)sF2 22.23 691.38 Whenever the is a size difference between A species of the same valence the larger Aissa et al. [36]
Bag 01S10.99(PO4)sF2 21.8; 680.32 ion will preferentially enter the 6h tunnel position rather than the 4f framework
Bag.92513.08(PO4)sF2 19.1¢ 665.06 site leading to a parabolic ¢ trend. This simple rule will not be applicable if there
Bas 05S14.95(PO4)sF2 18.7¢ 639.39 are higher valence cations (e.g. RE>*) or monovalent species (e.g. Na*); the former
Bay 92S17.08(PO4)sF2 20.05 619.35 prefer 6h to better distribute higher charge while the reverse is true for large
Ba; 03S1r3.97(PO4)sF2 22.33 604.79 monovalent cations. Charge considerations will always take precedence over size.
Sr10(PO4)sF2 23.9; 596.35

86T
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B-type

X-type

Ca10(PO4)s(OH)2
Cai0(Po.89AS0.1104)s(0OH)2
Ca10(Po.76AS0.2404)6(OH)2
Ca10(Po.57A50.4304)6(OH )2
Ca10(Po.34AS0.6604)6(OH )2
Ca0(Po.20AS0.8004)s(OH)2
Ca10(AsO4)s(OH)2

Cai10(PO4)6F2
Cai0(Vo.10P0.9004)sF2
Cay0(Vo.20P0.8004)sF2
Ca10(Vo.30P0.7004)6F2
Ca10(Vo.40P0.6004)sF2
Caio(Vo.50P0.5004)6F
)
)
)
)

N

Caj0(Vo.60P0.4004)6F
Ca10(Vo.70P0.3004)6F2
Cai0(Vo.80P0.2004)sF2
Cai0(Vo.90P0.1004)6F2

Pb10(PO4)sCl>
Pb10(As0.10P0.9004)sCla
Pb1o(AS 020P0.8004)sCl2
Pb1o(AS 0.30P0.7004)sCl2
Pb10(AS 0.40P0.6004)sCl2
Pb1o(AS 0.50P0.5004)sCl2
Pb1o(AS 0.60P0.4004)sCl2

( )

( )

( )

N

Pb10(As 0.70P0.3004)sCl2
Pb10(As 0.80P0.2004)sCl2
Pb1o(AS 0.90P0.1004)sCl2
Pb;o(As04)sCl>

Cayo(PO4)sF2
Cao(PO4)6FCl
Cayo(P0O4)sCl

Cajo(PO4)sF2
Caj0(PO4)sFo.82Cl1.18
Ca10(P04)sFo.34Cl1 66
Cajo(PO4)sCla

2344
24,54
2539
25.4,
25.96
25.5,
2346

23.06
22.09
23.06
23.1,
235,
2325
23.66
24.04
24.60
23.9;

18.44
19.5,
17.1,
18.1o
17.54
17.5¢
18.15
19.0¢
19.3,
209,
19.5,

23.1;
22.25
18.19

23.2
20.2
18.6,
17.8¢

529.81
535.89
541.59
549.42
558.73
565.37
571.05

524.63
524.92
533.02
538.04
543.35
550.48
553.65
556.74
562.80
568.36

634.85
638.91
643.09
647.45
652.12
656.67
661.64
665.74
670.78
674.05
677.93

523.73
532.42
1088.05

523.08
538.79
643.13
544.50

For Ca;o(P; _xAs,O4)s(OH), apatites the twist angle increases as larger As®*
displaces P°* as expected. However, at the highest As concentrations ¢ reverses
trend. This is an indicator that the structure is undergoing additional modification.
It is believed the arsenous compounds are triclinic and may be isostructural with
Cayo(AsO4)sF2

The Ca;o(V1_xPx04)sF> apatites behave in a similar fashion to
Cajo(P1-xAsx04)s(OH), and again show an increase in ¢ when the framework is
large relative to the tunnel. For many apatites the maximum twist angle that is
compatible with P63/m symmetry appears to be in the range of ~24-25°°,
Observations to date suggest that to satisfy bond valence requirements the BO,4
tetrahedron will twist and thereby reduce the symmetry to P2;/m or P—1. This
leads to 3 unique ¢ for each A'Og metaprism.

Locating oxygen in apatite structures by X-ray diffraction is challenging. In this
series, X-ray scattering is dominated by lead. Therefore the expected trend of an
increase in ¢ as larger As®* displaces P>* was not observed. Rather, the twist
angles are random. This apatite system may also suffer from oxidation (2Cl~ —
0%~ +0) that would increase metaprism twisting. In addition, the possibility of
chemical heterogeneity cannot be ruled out as the materials were treated at low
temperatures. Changes in symmetry may also play a role as both hexagonal and
monoclinic varieties of natural Pb;o(PO4)sCl; single crystals have been reported
[54]. The refinement approach of Mercier et al. [16] to control oxygen trajectories
may be useful.

For Ca;o(PO4)s(F1 _xCly) ¢ decreases as larger Cl~ replaces F~. The doubled unit cell
volume arises because there is order correlation of chlorine from tunnel-to-tunnel
that is usually modelled as statistically occupancy of an (0 0 z) site in monoclinic

P2/b. The refinement of Ca;o(PO4)sCl, by O’Donnell et al. [39] and Hendricks [9]

should be compared.

The data combination of these work showed a linear trend in metaprism twist
angle (Fig. 7).

Lee et al. [37]

Mercier et al. [16]

Flis et al. [38]

O’Donnell et al. [39]

Sudarsanan et al. [53]
Mackie and Young [55]
Mackie and Young [55]
Sudarsanan and Young
[51]

Note: [0 =vacancy.
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Table 4

S.C. Lim et al. / Journal of Solid State Chemistry 184 (2011) 2978-2986

Lattice parameters and partitioning coefficient k, for the [Bajo_,Srx][(PO4)s][F2] calculated from Aissa et al. [36].

Composition x 0 0.99 3.08 4.95 7.08 8.97 10
a(A) 10.1611(2) 10.1074(3) 10.0562(5) 9.9288(5) 9.8581(6) 9.7636(3) 9.7211(2)
¢ (A) 7.7322(1) 7.6896(2) 7.5939(5) 7.4893(6) 7.3590(4) 7.3258(1) 7.2869(1)
ka (A/AT)? 0.67 0.53 0.26 0.18 0.15 0.11 ~
Ruwp 0.069 0.054 0.074 0.047 0.072 0.049 0.084
R, 0.053 0.039 0.056 0.036 0.065 0.036 0.051
3 kpa (AYJA")=(2xOcc. Fac. Ba(1))/(3%Occ. Fac. Ba(2)); Equal partitioning of Ba over A' and A" leads to kg,=0.67.
a b c
36 36 24.0
34 4 ¢ 34 4
32 4 32
Swafford &
& 30 ( 4 ¢
< Holt,2002) | & 3° o
S 28 - o 2g 4 (Hata& Marumo, s *
¢ 1983) .
26 4 26 1
. , * 4 @ .
24 A © ' 24
+
Sudarsanan & Young, 1972)—> ¢
22 T T T T 1 22 ( T T T =2 T ) 23 .0 T T
0 2 4 6 8 10 0 2 6 8 10 0.0 1.0 2.0 3.0
X X X

Fig. 5. Metaprism twist angle derived from Badraoui et al. [49] in (a) [Cdjo_xStx][(PO4)s][F2], and (b) [Cdqo_xSrx][(PO4)s][(OH)3]. For (c) [Cajo_xCd,][(PO4)s][(OH),] twist

angle patterns are collated from Kim et al. [46] and Terra et al. [43].

Table 5
Metaprism twist angle of [Ca;g_xCd,][(PO4)s][(OH)3].

xCd g (A) c(A) @ (deg.) Reference

0 9.4322(5) 6.891(2) 23.2 Kim et al. [46]

0.2 9.4326 6.8833 23.4g Terra et al. [43]
123 94227 6.9658 23.6; Terra et al. [43]
2349 941 6.8448 23.29 Terra et al. [43]
10 9.335(2) 6.664(3) 25.8¢ Hata et al. [44]

10 16.1990(3) 6.6485(1) 28.2;, 21.33, 26.40

23.2g, 25.83, 26.53

Hata and Marumo [45]

of Cd-0 bonds results in energetically favoured tenancy of the A" site.
The superior crystallographic refinements of Terra et al. [43] support
this view via an analysis of twist angle systematics. As Cd?* is
smaller than Ca?* the tunnel must contract as cadmium displaces
calcium, leading to an increase in ¢. In other words, the parabolic
trend will be concave up, rather than concave down as in the case of
[Sr10_xCax][(PO4)s][F2] (Fig. 5¢). Thus for x=0, 0.2, 1.23, 2.349 in
[Caj0_xCdx][(PO4)s][(OH);] the twist angle progresses 23.2¢°, 23.45°,
23.6¢° and 23.2¢°. It is also of note that P63/m [Cd0][(PO4)s][(OH),]
[44] yields ¢@=25.8°. This value appears anomalously high as
homoatomic A'/A" phosphate apatites generally show ¢ in the range
22-24°, In this regard, it may be significant that in a subsequent
paper Hata and Maruro [45] presented a revised supercell for the
Cd10(PO4)s(OH), which was prepared in the presence of minor
manganese content that was P65 (a=16.1990(3) A, c=6.6485(1) A)
and contains two unique framework A' sites each with three unique ¢
(Table 5). An alternate description based on the recent investigation
of Baikie et al. [47] may be as a triclinic P1 apatite since
Cd;o(PO4)s(OH), shows PO, tetrahedral tilting reminiscent of
Ca;o(PO4)sF,. While [Cajo_xCd,][(PO4)s][(OH),] solid solutions have
been prepared [48] as verified through contraction of the unit cell
volume, in the absence of complete structure refinements it is not
possible to examine twist angle variations.

Equally, when crystallographic studies yield discontinuities in
@ over a solid solution series, or fail to conform to the parabolic
trace, changes in composition or symmetry are suspected. For
example, using Rietveld analysis Badraoui et al. [49] refined the
structures of the fluoro-apatites [Srqg_xCdx][(PO4)s][F2], but the
metaprism twist angle (Fig. 5a) showed irregularities, especially
for SryCdg(PO4)sF2, where ¢ =34.4°. This greatly exceeds the
maximum twist angle (26.7°) so far observed in any stoichio-
metric hexagonal apatite for Pb;o(PO4)s(OH), [50]. Similarly, over
the limited compositional range reported in the hydroxyl apatite
series [Cdqo_xSrx][(PO4)s][(OH);] the twist angles reported [49]
appear at odds with single crystal determinations of the end
members [29,45] (Fig. 5b). As a further example, Bigi et al. [28]
reported the twist angles for CagSri(PO4)s(OH), and CasSrs(PO4)s
(OH), grew larger with strontium content, when the opposite
behaviour is expected due the favoured introduction of Sr to the
tunnel (Table 3). This contrarian observation can be explained if
there is oxidation of the X anion (20H~ —02~ + ) that creates
tunnel vacancies with a corresponding reduction in diameter and
increase in ¢.

The twist angles for chlorapatites are less than fluoro- and
hydroxyl- analogues as Cl~ is a substantially larger X anion, with
the tunnel opening by decreasing ¢ (Table 3). Sudarsanan and
Young [31] examined the [Cajg_xSrx][(PO4)s][Cl>] series and deter-
mined structures with a parabolic ¢ trend for differential Ca/Sr site
partitioning, but ¢=17.8¢" for Ca;o(PO4)sCl, is “anomalously”
small compared to the Sryo(PO4)sCl, end member. In this instance,
this reflects crystallisation in P2/b rather than P6s/m due to Cl
displacements and inter-tunnel correlations. In the original refine-
ment of chlorapatite [9] the symmetry was forced to P65/m which
led to =19.1°, and somewhat closer to Srqo(PO4)sCl, (21.1°).

Divalent lead (Pb®*) being larger than Ca?* is driven towards
tunnel A" positions, and in addition, requires space to accommo-
date stereochemically active lone pair electrons to produce the
expected the parabolic ¢ trend (Table 3). In lacunar apatites, the
tunnels are devoid of X anions (X=0O) which must constrict
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by increasing ¢; consequently, these compounds show the largest
@ of all [A10][(BO4)s][X2] apatites (Table 3).

Apatite A-site ordering and/or composition can be modified by
annealing [35]. For non-equilibrated CasPbs(VO4)sF> annealed for
1 day the nominal composition is correct, but the Ca/Pb ions are
distributed statistically over the A sites. As the average A cation
size over the framework and tunnel are the same, ¢~22° and
similar to other homoatomic A-site apatites e.g. Srig(PO4)gF-.
After long annealing (1 week) Ca/Pb order is established, the
framework is small relative to the tunnel causing ¢ to decrease,
which is counteracted to a small extent by some loss of fluorine
(2F~ - 0%~ 4+ O) which would tend to increase ¢.

3.1.2. B-site correlations

In P63/m apatites the B-site is unique. The BO, tetrahedron
contributes to the framework and for B-site substitution ¢ will vary
linearly and become more obtuse as the average ionic size of the B
ions increases. For example, Lee et al. [37] found the metaprism
twist angles in [Cayo][(P1— xAsXO4)6][(OH)2] increased linearly as P>+
(0.17 A) is displaced by As®* (0.335 A) (Table 3), and the interpreta-
tion is straightforward with larger As®>* causing the BO, tetrahedra
to dilate as the B-O bond lengths, causing the tunnel to contract and
@ to increase [52]. However, for the Ca;o(AsO4)s(OH), end-member
¢ decreased anomalously, perhaps due to a change of symmetry,
although this could not be confirmed in that study. It is noted
that the fluoro-analogue Cajo(AsO4)sF, is triclinic [47] and
Ca10(As04)s(OH), may be isostructural. In any event, ¢ systematics
suggest the crystal chemistry of the arsenic end member is distinct.

The Caio(P;_xVx04)sF2 apatites (Fig. 6) behave in a similar
fashion to Ca;o(P1_xAsx04)s(OH), and again show an increase in ¢
when the framework is large relative to the tunnel. For many
apatites the maximum twist angle that is compatible with P63/m
symmetry appears to be in the range of ~24-25°, Observations to
date suggest that beyond this limit, the BO4 tetrahedron will twist
to satisfy bond valence requirements and thereby reduce the
symmetry to P2;/m or P1. This leads to 3 unique ¢ for each A'Og
metaprism [47].

The difficulty in locating oxygen accurately in apatites where
the metal matrix is a strong X-ray scatterer is illustrated in the
Pbqo(P; _xAsx04)sCl; series [38] (Table 1). Here, the powder X-ray
patterns will be dominated by lead resulting in relatively poor
sensitivity to oxygen, and possibly errors in occupancy values of
the tunnel X-site due to the stereographically active Pb®* lone
pair electrons directed towards the channel centre. It would be
anticipated that as P> is displaced by larger As®* that ¢ will
increase provided the PbgCl, tunnel contents are fixed. The

9

0 0.2 04 0.6 0.8 1
X

Fig. 6. Metaprism twist angle trend of [Ca;o][(P;_xVx04)s][(OH)2] by Mercier
et al. [16].

25 + O'Donnell [39]

24 B Others [51,53, 54]
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Fig. 7. Metaprism twist angle against atomic percentage of chlorine in
[Ca10[(PO4)6][(F1_xCly)2] by O’Donnell et al. [39], Sudarsanan et al. [53], Mackie
and Young [55] and Sudarsanan and Young [51].

absence of trend in ¢ over the series is indicative of poorer
refinements, disequilibrium (the materials were produced by a
low temperature route), or unexpected compositional variations.
For example, where the twist angle appears large relative to
single crystal structure determinations of the endmembers it
might be suspected that some oxidation has accompanied chlor-
ine volatilization, and in this respect it noted that the oxy
analogue Pb;o(PO4)sO [53] has a relatively larger ¢ as the tunnel
occupancy is half that of the Cl-apatite.

3.2. X-site correlations

For P63/m apatites there is a single X site. Small anions are located
at 2a (0, 0, 1/4) while larger ions are at 2b (0, 0, 0); anions of
intermediate size statistically enter 4e (0 0 z) positions. For stoichio-
metric compounds there is linear change in ¢. However it is often
difficult to prevent halide losses, or the partial inclusion of carbonate
or hydroxyls. These changes in chemistry will be reflected in both
unit cell parameters and ¢. Thus, for [Srlo][(P04)6][F2 £Cly],
¢ decreases as larger ClI~ (1.81 A) displaces F~ (1.33 A) causing
the tunnel to dilate and the twist angle to reduce, with a linear
variation observed in the combined data for metaprism twist angles
of Sudarsanan et al. [53], Mackie and Young [55] and Sudarsanan and
Young [51] (Fig. 7, Table 3). Similarly, for [Ca;0][(PO4)s][(F1_xCly)2] @
decreases as larger Cl~ replaces F~ [39], but the unit cell volume
doubles because of order correlation of chlorine from tunnel-to-
tunnel that is usually modelled as statistical occupancy of an (0 0 z)
site in monoclinic P2,/b. More recent work suggests this order is
incommensurate [56].

4. Conclusions

Metaprism twist angles can be used as a diagnostic tool to
validate apatite structures especially in solid solution series. In
this work, the three possible sites for substitutions, namely
cationic, metalloid and anionic were considered. The following
was demonstrated:

(1) In AYJA" substitution by divalent ion pairs ¢ varies in a
parabolic fashion due to differences in partitioning co-effi-
cient, with the larger ion entering the 6h tunnel position
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before occupying the smaller 4f framework position. An
exception is Cd>* where bonding is more nearly covalent
and characteristically enters the A" position.

(2) In B substitution the variation in ¢ is linear, providing there is
no change of symmetry. However, for large ¢ the BO4
tetrahedra may twist to achieve acceptable bond valence
sums and P2;/m or P1 polymorphs may result.

(3) In X substitution deviations from ideal stoichiometry espe-
cially through oxidation and/or volatilization, can be detected,
and provide an independent measure of site occupancy.

(4) Where apatites equilibrate slowly during volatilisation or
domain formation, ¢ will continue to be variable until kinetic
or thermodynamic equilibrium is reached.

For reliable apatite structures, ¢ is estimated to have an
accuracy better than 0.05°, however a more robust consideration
of errors, taking into account not only the precision of the unit cell
metric and positional parameters, but also ADP and site occu-
pancy site accuracy would be valuable. This matter is presently
under consideration, especially when considering structure-
property relationships. Nonetheless, the A'Og metaprism twist
angle provides the means to recognise inferior apatite structure
refinements or unanticipated modifications of crystal chemistry.
In this paper, the analysis has focused on single site (A, B or X)
substitution, but the approach has been extended to multiple
A/B/X replacements as found in [La;o_,AEx][Ges_xVx][O26 x/2]
(AE=Ca, Sr, Ba) solid electrolytes where the ratio of average
cation sizes in the tunnel and framework correlate with
twist angle and oxygen ion conductivity [57]. This approach has
been directly exploited by Kendrick and Slater [58] to design
optimised [LagY,][Ges_xGax][O27_x2]-electrolyte compositions
with hexagonal, rather than lower symmetry structures. The
location of carbonate in bioapatites controls excipient properties
and a recent study of iron-doped hydroxy-carbonate apatite
[Cas_xFey][Cas_y[(PO4)s—(CO3)y][(OH4)2_»(CO3)y] has demon-
strated the value of twist angle systematics for detecting varia-
tions in stoichiometry [59]. For [Sr2RE>|[RE]e(Si04)s02 (RE=La, Pr,
Tb, Tm, Y) dielectric apatites, being developed for microwave
communication devices, modification of ¢ was associated directly
with resonant frequency [60]. Although apatites are under inves-
tigation for an increasing range of technologies, the precise
control of composition is often challenging, and as demonstrated
here, the routine calculation of ¢ not only provides a rapid
method to isolate problematic structural features, but can be
used to guide crystallochemical tailoring to enhance physical and
chemical properties.

Appendix A. Supplementary materials

Supplementary data associated with this article can be found
in the online version at doi:10.1016/j.jssc.2011.08.031.
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