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Structure and stability of hydroxyapatite: Density functional calculation and Rietveld analysis
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A study on the structure and energetics of hydroxyapatite has been carried out using generalized gradient
approximation density functional theory. The previously propd3ggd m andP6; hexagonal structural models
have been found to be energetically unfavorable as compared with the previously pr&2esedymmetry
and a newly proposed monoclinR2, structural model. A detailed analysis of the symmetry restrictions and
inconsistencies between the reported physical properties, such as diffraction and birefringence, with hexagonal
symmetry question the validity of these models. Rietveld analysis carried out on a synthetic sample, reported
to be predominantly hexagonal at room temperature, shows that the diffraction pattern of this material can be
interpreted as a mixed monoclinic phase, 23% monochag/ b and 77% monoclini®®2,. This interpretation
reconciles many anomalies in reported experimental observations.
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[. INTRODUCTION nonstoichiometric OHAp containing some impurities, e.g.,

_ ) F~ or CI', which give rise to a disordered arrangement of the
Calcium apatites(CaAp have the general formula oH-jons8 In the case of stoichiometric or synthetic OHAp,

Ca;(POy)5X whereX is a negative ion. Apatites are of inter- {he structure is expected to adopt a monoclinic ordered

est in a number of fieldsbut hydroxyapatitdOHAp) is No-  arrangement.A reversible enthalpy change at 212 °C has
tably important due to the fact that it is the structural teM-paen detected in differential scanning calorimetBsC)

plate for the mineral material in human bone and teeth. Th%tudies‘?'loThis has been interpreted as the enthalpy change
ftwcél:rev\ﬁ?hnngsi %f alr?;? u?&ﬂeﬁf}gf ni?l ne%orqufr:'e;lg f associated with a monoclinic to hexagonal phase transition
anedra ons € interstitia’ Sies and Columns O - s on a reduction in the intensities of monoclinic peaks in

anions oriented along theaxis. Two phases have been sug- . : . .

gested based on least square refinements of diffraction datE:F:? experimental diffraction patter.n.. As with FAp.and ClAp,

a disordered hexagonal structure wil6,/m symmetry It"is suggested that the monoclinic structure is the low-
temperature phase. Further evidence of some change in the

(space group 176 and a monoclinic structure witR2;/b . , , ) 2"
symmetry (space group 14, origin choice).8 The molno_ structure is provided by TSC experimemtsyhich exhibit

clinic unit cell is derived from two hexagonal unit cells with WO relaxations at 211.5 °C. Indirect evidence of a phase
the b parameter twice that of the hexagonal value and inchange is provided by thermal expansion measurements with
volves an ordered arrangement of the anion columns. It ha§e expansion curve showing a change of slope in the region
been proposed that the monoclinic phase is associated wi@f the transition temperaturé.
stoichiometric apatites. The originally suggested hexagon&6;/m OHAp is
Fluroapatite, C&PQ,)3F (FAp), is known to be hexago- shown in Fig. 1a). The central problem associated with this
nal at room temperature with two formula units per unit cellmodel in the case of OHAp is the reflection of the hydroxyl
and is usually taken as a model for the apatite matetifitee  ions in the mirror planes a=0.25 and 0.75. This leads to
F~ ions lie at the center of Ca triangles on mirror planes athe superposition of the oxygen atoms separated by a dis-
z=0.25 and 0.75. A possible phase transition has been reance of 0.7 A. This anomaly is circumvented by assuming
ported at —143.18 ° € the lower temperature phase being athat the OH ions are disordered with, on average, half the
monoclinic arrangement. Chlorapatite,s(R0O,)sCl (CIAp),  OH ions sitting above the plane of the calcium triangles and
has the monoclinic structure at room temperature with théhalf below?’ This necessitates setting the occupancy of these
CI” ions positioned az=0.44 and 0.94.Differential thermal  ions to 0.5 for the purposes of structure refinement. How-
analyses(DTA) studies have shown that CIAp also under-ever, such a structure must be ordered at least locally in the
goes a phase transition at 320 °C with the low-temperaturgirection to avoid electrostatic repulsion between adjacent
phase being monoclinitThe enthalpy for the phase transi- hydroxyl ions’
tion was found to be 1.25 J/gi@.651 kJ mol'). These re- If one were to contend that stoichiometric hexagonal hy-
sults show some correlation with thermally stimulated cur-droxyapatite can exist, then it can only be resolved by re-
rent (TSC findings that indicate a relaxation at the moval of the mirror planes a=0.25 and 0.75. This gives
temperature of the phase transitfon. rise to the hexagonal space group 1P8; symmetry. The
The structure of hydroxyapatite, §80,);OH (OHAp),  loss of symmetry operators on going to the lower symmetry
has proved more difficult to resolve, but most investigatorsdescription requires the specification of additional unique at-
are content that it is hexagonBb;/m, since this symmetry oms: one calcium and one oxygen. This space group gives
gives a good least squares fit to x-ray diffractionRD) rise to an ordered structure with the correct number and oc-
data’® This hexagonal structure is usually associated withcupancy of hydroxyl ions. A number of investigators have
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FIG. 1. Various structural models of OHAp and corresponding simulated XRD patterns in the region 35—38& t2e disordered
P65/ m structure of Hughest al. (Ref. 8), having the catastrophic superposition of the reflected ®Hs and the @ O3 edge parallel to the
¢ axis; (c) a superstructure with the6;/m arrangement of the Ca and RP@amework, but with an ordered alternate arrangement of the OH
ion; (e) the monoclinicP2,/b structure of Elliotet al. (Ref. 3 having a relaxed Ca-Parrangement in addition to the alternate orientation
of OH  ion. In the latter structure, the origin has been translatell 1d4,0 forease of comparisor denotes the extent of relaxation of the
03-05 edge from theP6;/m positions.(b), (d), and(f) are associated simulated XRD patternga®f (c), and(e), respectively.

proposed this symmetty? "3 but its acceptance is limited et all® In agreement with the suggestion of Sudarsanetan
by the inadequacy of least square fits achieved with thisl.,” they found that the OH ions must be ordered locally in
space group. thec direction. These investigators also found thatf2g/b

The previously reported monoclinic structure of Elliot ordered arrangement of hydroxyl columns is lower in energy
et al®is P2;/b. This unit cell was derived from a superstruc- than the hexagond6; arrangement by 1.3 kJ/mol, but re-
ture comprising two hexagonal unit cells, with every secondaxation of the framework was not included in this calcula-
OH~ column in theb direction having alternate orientation. tion. It is also worth mentioning thatb initio investigations
Subsequent least squares refinements distorted thee®@  of Posner’s clusteiCay(POy)¢], the suggested molecular unit
hedra, which were no longer constrained as in the high syminvolved in the precipitation of OHAp, concluded that the
metry description. symmetry of the molecular unit is significantly different from

A previous ab initio simulation of OHAp, the first- the form it takes in crystalline OHAH'" specifically that
principles LDA (local density approximationstudy of Cal- the symmetry is lower than the point group associated with
derin et al,'* did not predict any energy difference betweenthe P65/m space group.
the monoclinic and hexagonal phases of OHAp at the static In the present study we investigate the plausibility of the
limit. Furthermore, the optimized lattice parameters pre-proposed structural models as well as the feasibility of a
dicted by the calculations were considerably lower than exmonoclinic to hexagonal phase transition, using density
perimental values, an expected outcome of the LDA apfunctional theory(DFT) superstructure energy calculations
proach. The energetics of various OH arrangements usingarried out at the generalized gradient approximat®6A)
OHAp superstructures with the phosphate framework fixedevel of theory. We also report a phase analysis of the NIST
at the P65 positions has been investigated by de LeeuwStandard Reference Material 2910, the purest synthetic
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TABLE I. Convergence of lattice parameters and energy withergy cutoff(E,,) converged at 750 eV, the value used in all
k-points sampling set in the case B6;. calculations. For the geometry optimizations the following
convergence criteria were used: the energy change was less
k-points  No. ofk points  a(A) ¢ (R)  Energy(eV) than 2x 1075 eV/atom between successive iterations. The
rms force tolerance per atom was 50 meV/A, while the rms

112 2 9.4756 6.8260 -22648.1382 .

95 4 411 4 92648.2 displacement and stress tolerances were 0.001 A and
94413 6.8540  -22648.2030 1 Gpg, respectively.

223 8 9.4403 6.8556 —-22648.2015

2. Rietveld analysis

The computer program DBW$®Ref. 23 was used for
least squares fitting of the XRD data to the proposed struc-
tures. Least squares refinement was carried out over 615 re-
flections in the range 25-55 #2n the case of thd?2,/b
Il. METHODS structure and over 687 reflections in the case of Hig
structure. The background was modeled using a fifth-order
Chebyschev polynomial of the first kind. The March-

1. Geometry optimization and energy calculations Dollarse method was used to model preferred orientation in
he layer plane. The optimized quantum mechanical struc-

phases of OHAp surrounds the orientation of the hydroxyl.ures were used as a starting point for the refinements with

. initial isotropic temperature factors taken from Hughes
columns and given that the OH columns must be ordere s . o
; o . et al.® as were thé?6;/m data. Atomic positions, peak pro-
locally in the c direction, there are two different arrange-

ments to be considered. Thus, calculations were carried o&"ée’ background coefficients, scale factor, and global isotro-

. pic temperature factors were allowed to vary during the re-
on two superstructures witR2, symmetry(space group 4, finement procedure. Transparency and zero point corrections
option 2 achieved by doubling th&6s/m unit cell in theb b ' parency b

S ; L at the end of the refinement procedure had negligible effect
direction: one with the monoclini®2;/b alternate arrange- . .
. on theR values. Except in the case of the disordeR&d/m
ment of OH columnsP2; , and the other with thd>6, ; . :
. . DALT model, which necessitated the hydroxyl occupancies to be set
unidirectional orientation of OH cqumn§321UN|, both or-

o ) ! - to 0.5, the occupancies of all atoms were set to 1.
dered structures. Theaxis is retained as the unique axis for
comparison with the hexagonal structures. The superstruc-
ture approach ensures consistencykgdoint sampling and
that comparisons are made between structures with similar The NIST standardSRM 2910 was characterized by
unit-cell dimensions and composition. In the casé@f, ., ~ x-ray diffraction using a Phillips X'pert PRO MPD X-ray
the optimized structure could always be described by thdliffractometer(PW3050/60. The copper tube, which oper-
higher symmetryP2,/b space grougtolerance<0.05 &) by ~ ated at 40 kV and 35 mA provided CuaK(\=1.54178 A
translating the origin to 0, 1/4, 0. The optimizemzluNI radiation. The samplé0.5 g was mounted on a ceramic
structure could not be described by tﬁe?; or a h|gher sym- high-density alumina holder and data collected over the
metry space group since the unique angle deviated frorfi@nge 24 to 55 °@ The step size and dwell time per step
120 deg and the optimizdziparameter was not exactly twice were 0.016 °2 and 600 s, respectively.
the a parameter. Thus it was necessary to run geometry op-
timizations on theP6; structure as it was, to maintain the ll. RESULTS AND DISCUSSION
hexagonal symmetry for comparison with the monoclinic
structures.

The total energy package CASTERef. 30 was used to While the hexagonalP6;/m description may be valid in
carry out the density functional theoffDFT) calculations. the case of FAp, the structural model for the apatites, a num-
All geometry optimizations were performed with a BFGS ber of problems can be envisaged when the small spherically
algorithm using the generalized gradient approximatiorsymmetric F ions, which sit on the mirror planes at
(GGA) functional of Perdew and Warl§.112, 222 and 223 =0.25 and 0.75, are replaced by the much larger polar OH
Monkhorst-Pack nets were used to generate the specialons. Within the P6;/m description there are only three
k-point sampling sets in the first Brillouin zone in the case ofunique tetrahedral oxygens as the anion columns are flanked
the P63 structure. These correspond to sampling sets of twoby PO, tetrahedral edges, specifically the edge formed by the
four, and eightk points, respectively. Convergence in the two O; atoms, using a pseudo-hexagonal terminology based
energy and lattice parameters is achieved with a 222 net am Hughe® proposedP6;/m structure. The @ atoms are
shown in Table I. Convergence was also achieved with a 228ymmetry copies of each other via the mirror planes at
net in the case of the superstructures. Ultra soft Vanderbilz=0.25 and 0.75, restricting this tetrahedral edge to lie par-
pseudopotentials were used to describe the core $tated  allel to thec axis. Moreover, the parameters of the Qand
electron-ion interactions. The valence electrons were reprdd, tetrahedral oxygens are constricted to either 0.25 or 0.75,
sented with a plane-wave basis set defined by the kinetias these atoms must remain in the mirror planes. In order to
energy cutoff. Variation in the total energy with kinetic en- accommodate the polar OHon, positioned above or below

OHAp availablé® for experimental validation of our theoret-
ical arguments.

A. Computational methods

As the fundamental difference between the propose

B. Experimental methods

A. Anomalies of the P63/m model
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Il A 1 above fulfill this criterion. It should also be noted that
while such relaxations can be accommodated within the
P2,/b description, the intensities of the hexagonally forbid-
den reflections predicted by this structure are greater than
those experimentally observed. This may have prompted in-

z=0.75 vestigators to retain &63/m component in the phase
¢ analysis'824
[001]

’ z2=0.25 B. Geometry optimizations

The optimizedP2,/b (structurally nonpolgrgeometry is
close to the experimentally determined structure as shown in
Fable 1l and this configuration is lowest in energy. The re-

FIG. 2. Schema of the expected phosphate relaxation when thI . .
F~ ion (a) is replaced with the polar OHion (b). The schema laxation of the PQ tetrahedra in the manner expected to

shows two of thePO, tetrahedra surrounding the anions projected facilitate the OH ions in the case of the monoclink2,/b
onto the(010) plane. In the case of FA the tetrahedral oxygens areStructure is pronounced, with the length of the side of the

labeled as in Ref. 8 In the case of OHAp the oxygens are labeled d§iangle formed by the phosphate oxygens on the anion side
in Ref. 3. of the (004 plane expanded by 0.41 A relative to the one

below. An interesting feature is that in addition to this rota-

the plane, we must expect some perturbation of thg 0  tion of the Q-5 edge away from th&6;/m position, the
rahedra, with at least some rotation of thg-O; edge away reduced symmetry also allows rotation of the-O, edge
from its P6;/m position as illustrated in Fig. 2. out of the(004) plane, Fig. 8a). The calculated tetrahedral

The P63/m high symmetry description therefore imposes distortion indices, following the scheme of Bddrare also
too many restrictions on the phosphate tetrahedra when thisted in Table II. It is expectéd that ortho-phosphates in
anion is polar or too large to sit in the plane of the Ca tri-general would have low indices. As the optimize@,/b
angles. Apart from the fact that disorder is usually associateghodel has very low Baur indices, the resulting relaxed posi-
with high-temperature phases, any disorder in the"@H  tion of the phosphate tetrahedra can be described as a rota-
orientation would also have to be associated with the, POtion of the tetrahedra as a whole, away from tR&;/m
tetrahedra. It has been suggested that impurities such@s F position, as opposed to a distortion of one or more of its
CI” facilitate the reversal of the OHion orientation in @ bonds. A measure of the anglg) that the Q-O; edge
given column? however, given that it is generally accepted makes with thec axis is an indication of the extent of rota-
that the stoichiometric material should be monOCIiﬁEl/b, tion of the tetrahedra away from the symmetry constrained
it is difficult to envisage a situation where the introduction of P65/m position, as this edge would lie parallel to this axis
impurities into such an ideal system would increase the symin the P6;/m case. In the case of th®2,/b structure,
metry. In general the perturbation of an ideal system by im-=5.10° after averaging over the three unique phosphate
purity ions or nonstoichiometry reduces site equivalency an@roups. This structure is also lowest in energy.
hence the symmetry. An important feature of the optimize®2,/b structure is

Itis illustrative at this Stage to look at the theoretical XRD that the tetrahedra can be divided into pairs with each tetra-
pattern of some structures, as shown in Fig. 1. Figut® 1 hedron in the pair related through the symmetry operation of
shows the theoretical pattern of a superstructure with thene P2, subgroup. This symmetry operation involves a rota-
hexagonalP6;/m arrangement of the phosphate tetrahedrajon through 180 degC,) and translation in thg001] direc-
and Ca ions but with the alternate ordered arrangement of thgsn. In Fig. 3 we show two such pairs and their relationship
OH" columns. Figure @) shows the pattern of the mono- jith the OH" columns. Imposing a pseudo-hexagonal peri-
clinic P2,/b structure of Elliotet al3 We can conclude from odicity on the cell, we could consider tiR6,/m tetrahedral
these patterns that the opposite orientations of adjacent Okyosition to be the average of such a pair, as the direction of
columns gives rise to an addition@12) x-ray reflection at  the rotations of the phosphate tetrahedra away from the
36.4 °2 which is forbidden in hexagonal unit cells. This pg,/m position around any OHcolumn are related through
does not, however, account for all the forbidden reflectiongn opposite congruence, one being positive and one negative.
observed in this region. It is the relaxation of the phosphaternis may explain why th@6,/m description fits the experi-
tetrahedra away from thef6;/m positions that gives rise 0 mental data so well. In effect, tHe6,/m model can be con-
the hexagonally forbidden reflectiof®71) and(151) at 35.9  sidered to be a high-symmetry mathematical representation
and 36.7 2, respectively[Fig. 1(f)]. Thus consideration of of the monoclinicP2,/b structure for the purposes of least
the OH orientation alone is not sufficient to explain the squares refinement notwithstanding the largely insignificant
observed experimental pattern. The effect that the displacesontribution of the hexagonally forbidden peaks between
ment of the OH ions off the mirror plane has on the sur- 35.9 and 38 °2. As already discussed, the most plausible
rounding network of tetrahedra cannot be ignored. In ordephysical interpretation of the OHdisorder is theP2,/b
to investigate these effects, a lower symmetry descriptionrmonoclinic arrangement, and, in relation to the perturbation
that does not restrict the framework ions, as in B&/m  of the PQ tetrahedra, th&6;/m position represents the av-
case, is required. Thé?2; superstructures outlined Sec. erage of theP2,/b positions. Based on neutron diffraction
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TABLE Il. Lattice parameters and geometries of experimental and GGA predicted structures.

Lattice parameters  Density P-G2 0-0,2 0-P-Q AH
Symmetry (A) (g cmd) Dlp.d Dlo.o? Dlo.p.d (kd mole’d)
P65/ m? a=9.418 3.16 1.5325 2.5017 109.4400
c=6.875 0.0019 0.0118 0.0171
P6,M a=9.110 3.30
€c=6.860
P6,™° a=9.560 4.07
€c=6.830
P63 a=9.440 3.13 1.5163 2.4750 109.45 2.579
c=6.856 0.0025 0.0098 0.0152
P2,/b° a=9.421 3.15 1.5358 2.5068 109.4460
b=18.842 0.0040 0.0102 0.0155
c=6.881
y=120.00°
P2,/b a=9.451 3.15 1.5160 2.4750 109.45 0.00
b=18.864 0.0023 0.0094 0.0139
c=6.852
y=119.97°
P2, a=9.450 3.16 1.5160 2.4750 109.45 1.446
b=18.86 0.0022 0.0096 0.0141
c=6.841
y=119.86

-0, O-0, and O-P-Qefer to the phosphorous oxygen bond length, the tetrahedral edge, and the tetra-
hedral angle, respectively. The subscript m denotes mean values.

bD| refers to the calculated distortion indic&Ref. 22.

‘The enthalpy of formations\H;, are given relative to the lowest energy structi2;/b.

data, it has previously been suggedtatatP6;/mis notthe  show that displacement of the Okibns off the mirror planes

true symmetry of OHAp and represents only the averagdas a definite effect on the framework tetrahedra in which

structure on a macroscopic level. they are located, namely that the tetrahedra are rotated away
The optimized geometries of both unidirectional, structur-from the P6;/m positions, precluding this space group as the

aIIy polar models and their energies relative to fh%llb correct symmetry description of OHAp.

structure are listed in Table Il along with the experimental

results of Hughet al® (P65/m) and the calculated values

of Calderinet all* (P6;) and de Leeu® Again the indices C. Rietveld analysis

of the tetrahedra in both symmetry descriptions are low, in-

dicating that the tetrahedra are not significantly distorted Rietveld analysis was carried out on the diffraction pat-

although they are slightly more so in the hexagonal structurgern of the NIST Standard Reference Material 29R6f. 18

The relaxation of the tetrahedra away from tR€;/m  ysing a variety of structural models and mixed phases. The

position Is not as pronounced as in tR2,/b case with  qqe|s used and tHe values achieved are listed in Table 111,

¢=2.0° and 2.31° irP6; and P2, respectively. The small o corresponding fits to the experimental data in the narrow

differences between th®6; and P2, descriptions at this o401 (35_38 °2) are shown in Fig. 4. The experimental

stage may seem |ns_|gn|f|cant enough to dlsregardR_Zp pattern shows clear evidence of hexagonally forbidden peaks

structure altogether in favor of the hexagod; descrip- ; . .

tion. The P2, structure is certainly pseudo-hexagonal, but it'"n the harrow region. Furthermore, the worst s!ngle—phage fits

is lower in energy by 1.33 kJ molethan theP6, descrip- are obtallned \{Vl_th the hexagonal models. It is also_ evident

that the intensities predicted by tf2,/b model are higher

tion. We will also see that this structure has advantages th ; . ; .
come to light in the Rietveld analysis and in the interpreta-tN@n those observed in the diffraction pattern as was in gen-
ak&* On the other hand,

tion of the physical properties. Interestingly, it has previously€ral Previously found to be the c: . _
been suggested thRP; is the correct symmetry description the best single phase overall fit is achieved with the mono-

of FA below —143 °C based on electron paramagnetic resctlinic P2, structure and, in particular, this model shows ex-
nance studies, a technique highly sensitive to local sit&ellent correlation with the diffraction pattern in the narrow

symmetry? region with the(271), (212), and(151) peaks being interme-
Regardless of whether the OHbrientation is pola P2,  diate in intensity between zero, in the case of the hexagonal
or P63) or nonpolar(P2;/b), the geometry optimizations models, and the high values predicted by B /b model.
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(a) (b)
phosphate
1 Os ,OH tetrahedron
P63/m || 1 b 2 ~ W e
position Ca I~ -~ W
x [V -
\ ’ P63/m
position
- 2 Al 1. =
O, O i
[001] | | |

[100] 35.0 36.0 37.0 38.0
foto (©) (d)

T T |
35.0 36.0 37.0 38.0

FIG. 3. The relationship between two pairs of tetrahedra and hydroxyl column orientation for the optPRizédstructure(a), its
simulated XRD patterith), the optimizedP2; structure(c) and the corresponding simulated XRD pattéh Tetrahedra that are symmetry
copies of each other via thB2; symmetry operation are numbered similarly. In order to accommodate the polariddHboth the
03-03 and G -0, edges the phosphate tetrahedra in question should rotate away frorR@kkin positions. The @ O3 edge rotation and
0;-0, edge rotation from their respecti\R63/m positions are shown if). In the simulated XRD pattern of the2,/b description, the
hexagonally forbidden reflections at 35.9, 36.7, and 36.4 4& indexed(271), (151), and (212, respectively. Thg271) and (151
reflections are associated with the phosphate tetrahedral rotations while the ordered alternate arrangement of the hydroxyl columns gives rise
to the(212) reflection. The relaxation of the phosphate tetrahedra is more pronouncedRg,ttemodel, with the length of the side of the
triangle formed by the phosphate oxygens on the anion side of the mirror planes expanded by 0.41 A relative to the one below.

In both monoclinic structures there was a tendency for thehe narrow regio®24 However, with the present work con-
hydroxyl oxygen to move from its hexagonally constrainedcluding thatP63;/m is not a valid symmetry description of
position within the pseudo-basal plane. Although XRD can-OHAp, a phase analysis witR2;/b and P2, components
not be relied on for the hydrogen position, this is indicativeseems more appropriate. Such an analysis gives the best fit to
of the OH bond axis being tilted slightly from thg001]  the diffraction pattern and suggests that the NIST standard
direction. Furthermore, the rotations of the three phosphateeference material is 77% monoclinR2; and 23% mono-
tetrahedra surrounding a given Olkbn were such that one clinic P2,/b.
of the O;-O5 edges was rotated towards the Oidn while These results underline the limitations of the least square
the others were rotated away from the Oidn. This may refinement method for resolving fine structural detail. In
indicate some form of weak interaction between the hy-cases where empirically modeled disorder theories are war-
droxyl hydrogen and one of the phosphate oxygens that wamnted, they should be used with caution. It seems in the case
not revealed in thab initio calculations, perhaps as a result of OHAp that the disorder theory was introduced to circum-
of using a bare Coulomb potential to describe the hydrogenvent the anomaly of the superposition of the hydroxyl ions
Such rotations of the tetrahedra relative to one another cameflected in the mirror planes. This arose as a consequence of
not be accommodated within the hexagonal symmetry deassuming that the symmetry would be unchanged when the F
scriptions where there is only one unique tetrahedron. It wa®n of FAp (the structural model for the apatijewas re-
with such an arrangement of the phosphate groups within thplaced by the OH ion, which is neither spherically symmetric
P2, symmetry description that the best single phase fit to th@or small enough to sit in the mirror planes within the apa-
experimental pattern was achieved. titic framework. That this empirical remedy gives such a

It has been common practice to interpret OHAp as a mix-good match to the experimental pattern highlights the need to
ture of P2;/b and P63/ m to yield the required intensities in be prudent when using least square analysis. In cases where
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TABLE lll. R-factors and geometries of phases fit to SRM 2910
over the range 24—-55%
Label in Lattice parameters
Fig. 4 Phasels a,b,c, (A) andy Ry, Rup
a P63/m 100% a=9.419 c=6.88 2.85 3.68
b P65 100% a=9.419 c=6.88 2.69 3.48
c P2,/b 100% a=9.415 b=18.826 2.66 3.47 b
c=6.88 vy=119.87° a
d P2, 100% a=9.415 b=18.846 243 3.17 -
c=6.88  y=110.89° 9
e P2, 77.4% P2, P2,/b 213 2.82 =
P2,/b 22.6% a=9.413 a=9.413
b=18.84 b=18.83
c=6.88 c=6.88
y=119.89° y=119.87°
a number of different models give comparable least square y ;
fits, the energy and structurgl informF;tion providedq by 35 36 37 38
ab initio simulation provides a powerful tool to probe the
finer detail of a structure, but one must also look to physical 20 (deg)

propertiegother than diffractionand reconcile the predicted

. . FIG. 4. The Rietveld fits of various structural models to the
r | symmetry with th mmetr Xperi-
fn)e/f]ttill ?tl)ser\(/aett?gn th the sy etry suggested by expe experimentally measured pattern of the polycrystalline NIST stan-

dard in the region 35—38 are shown. The phases and associated
S labels are listed in Table III.
D. Physical implications

Previous investigators who have tried to interpret the obture at all, but to another monoclinic arrangeme?;, ex-
served physical properties of OHAp, in particular the relax-plaining the observation of birefringence beyond the transi-
ation phenomena observed in thermally stimulated cufrent tion temperature.
(TSO studies have only considered Olfeorientation and The absence of a center of symmetry in B represents
ignored the role of the framework tetrahedra in these proa substantial difference between it af®;/b, or indeed
cesses. Our calculations indicate that the most likely phasB6;/m, particularly in relation to the dielectric properties of
transition, from the alternate Otbrientation,P2;/b, to the  OHAp. It is clear from the TSC and thermally stimulated
unidirectional orientationP2;, must be accompanied by a depolarization currenfTSDC) studies that polar relaxations
relaxation of the framework tetrahedra specifically, a rotatiordo occur in OHAp when the initial polarization temperature
of the tetrahedra as opposed to a distortion of their bondss above the phase transition temperafir®.This suggests
This may explain the observation of two relaxations withthat OHAp is pyroelectric and, theoretically at least, piezo-
different activation energies at 211.5 °C in the TSC studieselectric. However, the broadness of the relaxation peaks in
one being associated with the Olibn reorientation and the OHAp as compared with those observed in typical ferroelec-
other with the accompanying phosphate tetrahedral rotatioritic materials suggest that the relaxation phenomena in
Such reorientation of the OHons and rotation of the PO OHAp are very distinct and, in particular, very slow.
tetrahedra have interesting consequences for the XRD palakamurd® have shown that the TSDC spectra of polarized
tern. Figures @) and 3d) show the theoretical XRD pat- OHAp, cooled to room temperature and short-circuited, re-
terns in the region where the most intense hexagonally formain the same after 60 days. Most investigators explain the
bidden reflections appear(35-38 °%). There is a relaxations in terms of OHdisplacements or migration of
substantial decrease in the intensities of these reflections dhe hydroxyl hydrogen. These being the only considerations,
going from the monoclinid?2;/b structure to our hypoth- one would expect the polarization of OHAp to be easily re-
esized monoclinid?2; structure(they are forbidden in the versed, but this does not seem to be the case. Our work
P65 description. The observation of biaxial birefringence suggests that the kinetically hindered polarization phenom-
beyond the transition temperature has questioned the propena and the relatively high polarization temperatures re-
sition of the high temperature phase being hexagbrimw-  quired in OHAp arise because not only are the Obins
ever, the enthalpy chande€ and dielectric relaxatioR$2®  displaced/reoriented, but there must also be a large activation
observed in the vicinity of 212 °C taken with the marked energy supplied to rotate the phosphate tetrahedra. It is most
reduction in the intensity of the hexagonally forbidden re-likely this reorientation of the OHcolumns coupled with the
flections do point to some structural change at 212 °C. Wghosphate tetrahedral rotation that gives rise to the peculiar
suggest that the phase transition is not to a hexagonal strudielectric properties of OHAp. Furthermore, if the transition
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were to the paraelectrie6;/m phase, the dielectric permit- metry is untenable as a basis for the structure of OHAp.
tivity should follow the Curie-Weiss law, which is not what ~ Two monoclinic models, having the previously proposed
is observed in practic®?’ It may be the activation energy P2;/b symmetry and a novelP2; symmetry, have been
associated with rotating the tetrahedra that stabilizes the pdound to give structural descriptions of this material that are
lar phase at room temperature in the polycrystalline materialnost consistent with the observed physical properties and
Empirical calculatior® that used an ordered unidirectional predicted energetics. In the case of B /b model, detailed
model suggest a link between crystallite size and surfacgeometry optimization analysis of the simulated XRD pat-
energy. At small slab thicknegs direction the surface en- tern fine structure revealed both the existence of an ordered
ergy was low, but above 2 nm thickness there was a consichlternate OH arrangement and a hitherto unreported relax-
erable increase to a relatively constant value. It is worth notation of the phosphate tetrahedral away from Fg/m po-

ing that the only convincing XRD evidence suggesting ansition.

appreciable monoclini®®2,/b phase[2,3,5] was achieved Rietveld analyses carried out on the experimentally ob-
using single crystals where the surface effect is negligible. Itained diffraction pattern from a synthetic standard reference
the case of the polycrystalline material, however, the surfacgaterial OHAp sample indicated it to comprise a mixture of
effect is large and a possible gain in surface energy termghe P2; (77%) andP2,/b (23%) phases.

might favor theP2; unidirectional orientation. Indeed it is ~ Reconciliation of the present results with previously re-
reasonable to suggest that the surface provides the site foprted work(TSC* TSDC?># and birefringencéstudie$
initiating OH™ column reorientation during the phase transi-on the OHAp phase transition observed at 211.5 °C, strongly
tion. Furthermore, the morphology of OHAp in bone is thin suggests that this transition occurs from the nonp@éer-
platelets in the range of 2—4 nm, and it is well known thatnate OH orientation P2,/b phase to the newly proposed
bone is piezoelectric. Although the origin of this property ispolar (unidirectional OH orientation P2; phase. TSC

a matter of some debate, it is a phenomenon requiring thatudied! which have reported the occurrence of two relax-
absence of a center of symmetry, as in B structure. It  ations at the phase transition temperature may be interpreted
may well be that the desirable properties of OHAp, namelyin the light of the present work as resulting from Ok¢ori-

its propertiesn vivo, arise as a consequence of the dielectricentation and accompanying phosphate tetrahedron rotation

properties associated with the non-centrosymmefR; processes. An explanation is also proposed for the unusually
phase. broad nature of these relaxation peaks, indicative of kineti-

cally hindered polarization phenomena: overall large activa-
tion energies accruing as a result of these coupled reorienta-
tion and rotation processes.

A close examination of the structure and energetics of The absence of a center of symmetry in the pdbay
hydroxyapatite has highlighted serious shortcomings in thetructure points towards pyroelectric and potential piezeo-
validity of hexagonal structural models for this material. electric properties for this OHAp phase. In the case of the
DFT calculations have shown both tRés;/m andP6; struc-  latter property, it is thought that OHAp in polycrystalline or
tures to be energetically unfavorable in comparison withthin platelet form(as it occurs in bonemay be best de-
monoclinic models. A detailed examination of XRD patternscribed by the energetically favorablR?; phase. This may
fine structures, generated both from experimental analysig turn shed light on the observation of bone piezeoelectricity
and simulated structural models, has shown B&t msym-  and thein vivo bonding properties of OHAp.

IV. CONCLUSIONS
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