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Triclinic oxy-hydroxyapatite
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Partially dehydrated hydroxyapatite was characterised by X-ray powder diffraction (XRPD)
using Guinier-Hagg films, diffractometer and high-resolution synchrotron data as a
function of the degree of dehydration (DD). It is for the first time shown that the space
group symmetry for partially dehydrated hydroxyapatite changes from hexagonal P6s/m to
triclinic when more than ca. 35% of the structurally bound water is removed. With
increasing DD the a- and b-axes decrease and the c-axis increases. At the highest DD value
attained (78%) before the onset of a decomposition of the apatite, the cell parameters were
determined to be a=9.40023 (3), b=9.39704 (3), c=6.89967 (2) A, « =90.0626 (2)°,
p=89.7478 (1)° and y = 119.9971 (2)°. A structure refinement for this sample converged
with Re =3.7% in space group P1, using synchrotron data (A = 0.852790 A), 795 reflections in
the 20 range 5-45° and 62 positional parameters. The shifts of the atoms from their
corresponding positions in hexagonal hydroxyapatite are small. A possible cause for the
triclinic distortion is a tilting of the hydroxide ions in the apatite channels away from the
channel axis. © 2001 Kluwer Academic Publishers

1. Introduction andz = 0.75[9]. Hydroxyapatite dehydrates on heating
The high-temperature characteristics of hydroxyap-according to the following reaction [6]:

atite, Ca(P0Oy)30H, (OHAp) has been a matter of

debate since 1933, when dehydrated hydroxyapatité>8(PQ:)3OH— Cas(PQs)3(OH)1-x Ox 2+ X/2H20

(O, OH)Ap, was first reported [1]. The subject has (1)
received a lot of attention since then due to the im-

portance of hydroxyapatite, being the main inorganicThe dehydration of stoichiometric OHAp starts at ap-

constituent of all vertebrates. In man, impure OHApprOX'm"’ltely 609C [10] and increases with increasing

constitutes 55% (by weight) of the skeleton and oeuemperature, finally the apatite collapses into trical-

of the enamel [2]. Since the beginning of the seven-Cium phospate, G&PQy),, and tetracalcium phosphate,

ties [2—4] sintered hydroxyapatite has been used as a%a“(PO“)ZO according to [11];
implant material, which has further increased the num- 2Ca(PO)3(0OH)1-xOx/2 — 2Ca&(POs)2
ber of studies.

The existence of completely dehydrated OHAp, +Cay(PQs)20 + (1 - X)H20 @
oxyapatite, has been the subject of controversy [5] buThe kinetics of the rehydration of (O, OH)-Ap are re-
it's existence seems now to be commonly acceptedarded by lowering the temperature. At room tempera-
[6, 7]. The behaviour of partially dehydrated hydroxy ture, dehydrated samples are stable, and even so if they
apatite is however still not well understood and thereare heated up to 116 in water vapour [12, 13]. A study
are a lot of contradictory results in the literature. Theof the physical properties of (O, OH)Ap, such as cell
lack of consistency is mainly due to the poor (if any atparameters, is thus possible at room temperature.
all) methods used for a quantitative determination of the There are several studies that describe the dehydra-
residual water content of the dehydrated samples. Th&on of hydroxyapatite as a function of temperature and
present study was motivated by a need for a proper chawater pressure [14—16] and many that describe the cell
acterisation of apatite samples prepared at high tempeparameters as a function of dehydration [12, 13, 17-19].
ature and intended for e.g. implants, since the physicalowever, in none of these is the evaluation of the cell
properties are highly dependant on the quality of theparameters at room temperature determined in parallel
apatite [8]. with an experimental quantification of the degree of de-

The hexagonal hydroxyapatite structure contains twdaydration (DD). In [6] the cell parameters of oxyapatite
hydroxide ions per unit cell, positioned on the hexad(OAp) were determined but this was done at elevated
close to the calcium triangles positionedzat 0.25  temperatures in order to prevent rehydration.
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In the present study, hydroxyapatite has been dehyStructure refinements using the Rietveld method were
drated to different DD ranging from O up to 84%. The carried out with the program packages GSAS [21] and
water content has been quantitatively measured and theullprof [22].
unit cell parameters accurately determined. As the ap-
atite is dehydrated treandb axes are foundto decrease 3 Results

and thec_—axis to increase. Fo_rthe firsttime it is shown 1iq study comprises an investigation of the detailed
that partially dehydrated apatite undergoes a phase tragg,cyral changes of hydroxyapatite occurring as it de-
sition from hexagonal to triclinic, a fact that may be pyqrates thermally to oxy-hydroxy apatite as a function
very useful for the characterisation of heat-treated apg; gifrerent DD. Ten samples of hydroxyapatite were
atitic samples. The crystal structure of a sample ithyey grated at various temperatures between@sod

a DD of 78% has also been refined using the_RletveI 200°C yielding samples with DD ranging from 3% up
method and synchrotron powder X-ray diffraction datay, g494 The obtained samples were characterised using

to Re=3.7%. thermogravimetric analysis (TGA) and XRPD.

2. Experimental 3.1. TGA
Hydroxyapatite, Merck, was dehydrated at differentWhen hydroxyapatite dehydrates, a maximum of one
temperatures under vacuum in a tube furnace. All samwater molecule per unit cell can be removed according
ples were preheated in air at 12@Xor two hoursinor-  to Equation 1. Upon complete dehydration of OHAp
der to increase the grain size of the precipitated OHApthe weight loss is 1.79%. It is thus possible to quantify
and thus decrease the amount of surface adsorbed wite degree of dehydration by measuring the amount
ter. The samples were then put in an evacuated quartdf residual water that is left in the structure after the
tube and heated at a rate of 4Q0h up to the dehy- dehydration using TGA. The DD is defined as:
dration temperature. Reaching the dehydration temper-
ature (750-125CC) the quartz tube was flushed with DD — 1.79—- WD
argon (99.999%) and then evacuated. The argon flush- - 1.79
ing was repeated every 20 minutes for two hours. The
argon flushing, followed by evacuation to a total pres-where WD stands for the weight decrease in percent
sure of 1Pa, was found important in order to reduceupon heating to 150C. Results from two typical TGA
the partial water pressure to a minimum since wateexperiments are given in Fig. 1. The WD is thus de-
is evolved during dehydration (Equation 1). After a fi- termined from the weight difference between lewvels
nal argon flushing, the quartz tube was sealed and thandb. The increase in weight shown by the lower curve,
temperature decreased to’25at 400C/h. starting at 600C, is due toin situ rehydration of the
The water content of the dehydrated samples wadehydrated sample [11] and does not affect the final re-
guantitatively determined using a high temperaturesults since the sample becomes completely dehydrated
gravimetric analyzer (Setaram TAG24) by heating theat 1450C. The results from the whole series of dehy-
samples from room temperature to 150Qnder argon  dration experiments are shown in Fig. 2 where they are
(99.999%). Hydroxyapatite is completely dehydrated acompared to findings from [14].
1450 C whereupon the structure collapses [12, 15] and
the procedure thus gives an absolute quantification 04 2. XRPD

the water content in the partially dehydrated apatites. Fr the dehydrated samples a splitting of reflections was
Three different XRPD techniques were used to chargpserved in Guinier-Bgg and diffractometer XRPD
acterise the dehydrated samples: Guinieg§ifilms,  patterns that increased with the DD, indicating a lower

powder diffractometry and high-resolution powder gpace group symmetry for these than the hexagonal
diffractometry at a synchrotron source. The Guinier-

Hagg films were recorded using CyzKradiation and

Si as internal standard, and evaluated using a scar

ner system [20]. Powder diffraction patterns were also100% -
recorded, for all dehydrated samples studied, with &
STOE STADI/P diffractometer, Cu-K radiation, the
samples mounted in capillaries with 1 mm diameter
and a small linear position sensitive detector, covering
4.6 in 260, that was moved in steps of 0.XRPD data

for two dehydrated samples (DB39 and 78%) were a

collected on the beam line BM16 at the ESRF, Greno- b
ble, in the 2 range 1-57, with A =0.852790A and

the samples contained in 1 mm diameter spinning cap 28% ‘ !
illaries. The detector arm, with its nine detectors, was - 300 600 900 1200 1500
scanned at a contineous rate of 0.5 degrees mand Temp (°C)

the electronic scalers and 2ncoder were read. every Figure 1 Typical TGA runs for determining the DD for partially de-
ZOQ ms. The data were SUbsequent_Iy normalised, aqdfdrated hydroxyapatite. The lower curve is for a sample dehydrated at
rebinned, and the counts from the nine channels coMr5¢.¢ and the upper one for a non-dehydrated sample. The lower curve
bined, to yield the equivalent scan with a step of 0°002 was moved so that the two curves meet at b.
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Figure 2 The DD as a function of dehydration temperature (squares).a@
The results from [14] are shown for comparison (circles). The DD is

systematically higher for the data from the present study, indicating a 6000 +
lower water vapour pressure at the dehydration temperature.
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Figure 4 Observed (circles), calculated (line) and difference (bottom)
synchrotron XRPD patterns for hydroxyapatite dehydrated at (ayT00
and with DD=39% and (b) at 115 and with DD=78%.

Figure 3 Diffractometer XRPD patterns for a series of samples with OHAP [23]. The distortion of the hexagonal unit cell is
different DD, illustrating the progressive triclinic distortion and shifts in found to be connected mainly with a deviation from 90
units cell parameters. for the anglesx andg, while they angle is very close

to 120 and thea andb axes of very similar length. The
P6s/m symmetry for hydroxyapatiteR2;/b when distortion can accordingly be essentially regarded as a
perfectly stoichiometric and ordered [23]). Diffrac- small tilting of thec axis.
tometer powder patterns in thed Zrange 45-55 Refined values of unit cell axes for samples with
(Cu-K,,-radiation) are shown in Fig. 3 for a series of other DD were determined using Guinieritj data,
dehydrated samples, illustrating the corresponding inwith the 2 scale corrected by the use of Si as internal
crease in the splitting of reflections as well as shiftsstandard. The unit cell anglesand g could however
in reflection positions. The splitting was initially at- notbe reliably obtained from these data which therefore
tributed to a monoclinic distortion of the hexagonal cellwere fixed at values obtained from corresponding re-
but the synchrotron XRPD (Fig. 4) data with their su- finements using diffractometer data. Furthermore, two
perior resolution clearly showed the distortion to be tri-approximations were made: theangle was set to 120
clinic. Reflectionsh00, kO and 00 were furthermore and thea andb axes set to equal length. The esd’s were
found to be sharp and symmetrical, indicating that theon the average 0.0004nd 0.0002for the angles and
samples were mono-phasic and homogeneous. Unit cefl, respectively, and 0. 0008 for the cell axes. For the
parameters obtained from synchrotron data for the twgample dehydrated at 98Dthe triclinic distortion was
samples with DD= 39 and 78% are givenin Table land found to be very small and the esd’s in the anglesd
compared to unit cell parameters from stoichiometricg larger by a factor of 4.

A rough comparison of the three diffraction tech-
nigues used may be made with respect to resolution
and number of reflections covered. Thé Eanges
used were 9.1-8%5(ca. 850 reflections), 10-90
(ca. 860 reflections), 5-45945 reflections) for the

TABLE | Cell parameters of hydroxyapatite [23] compgred to dehy-
d[ated oxy-hydroxyapatite. Unit cell parameters are shovinigstrom
(A) units and the angles in degreé$ (

DD =0% DD=39% DD=78% film, diffractometer and synchrotron data, respectively,
and the respective half-width for the33 reflection
a 9.4214 (8) 9.41009 (3) 9.40023 (3) » >
b 9.4214 (8) 9.41258 (3) 9.39704(3) 0.095 (20 =49.4°), 0.08_2’ (29:49._4) and 0.027
c 6.8814 (7) 6.88301 (1) 6.89967 (2) (20 =26.8°). The reflection intensities were further-
o 90 90.0371 (2) 90.0626 (2)  more more reliable for the diffractometer data than the
p igo 8192’3328%1()1) Eﬁg ‘;g £1()2) film data and superior for the synchrotron data.
4 . . " .
\ 598.08 527.963 (2) 527.833 (9) The variation of the cell parameters as a function of

the degree of dehydration is shown in Fig. 5. The
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Figure 6 lllustration of structure of hexagonal hydroxyapatite projected
along [001]. The crystallographically different oxygen- and calcium

529 le cell volume 1 atoms are indicated.
*ee
BN - . apatite) in parallel with the site occupancy factor for the
8 e~ .. hydroxide-oxygen (all other atom sites assumed to be
[ ° o | fully occupied) resulting in a decrease B to 7.4%.
It is notable here that the refined values for the thermal

0 30 60 9 displacement factors were larger for atoms closer to
. . thec-axis and the disordered hydroxide-oxide position.
Figure 5 Unit cell parametersA), angles () and volumesA®) forpar-  The temperature parameters for thei @Bms, withi
tially dehydrated hydroxyapatite versus the DD. Filled circles are resultsdenoting the set of atoms Corresponding to symmetry
from GH and diffractometer data, open circles and squares are results . : .
related atoms in hexagonal hydroxyapatite, (see Fig. 6)

from synchrotron data. i r
were four times larger than those for iCdnd the tem-

(andb) axis shows a nearly linear decrease with thepergture parameters for dagere 30% Iarge_r'than for
DD while thec axis is constgnt up to a DD of approxi- Cal. In the final refinement 62 atomic positions were

) e - refined with (i) the isotropic temperature parameters re-
0
mately 35%, the value at which the triclinic distortion stricted to be equal for groups of atoms originating from

couldfirstbe discerned,andincreasesthenIinearlywiﬂfhe same atom in hexagonal OHAp, (ii) the displace-

increasing DD. The: and8 angles appear to increase ment of the two oxygen atoms, @&nd O, from the
- . 0 1 Ll
and decrease, respectively, rapidly around-DB5% pseudo-mirror planes at= 1/4 andz = 3/4 kept equal,

(within an approximately 10% wide DD range) and are(i”) the occupancy of the Qaand O were kept equal

I 0,
comparatively constant for DD values above ca. 45 A’and (iv) all other atom sites were assumed to be fully

The unit cell volume decreases in a linear way up tooccupied. The refinement converged wita = 3.7%,

ca. DD=35% and is relatively constant at higher DD Ry = 7.0%, Ryp = 9.2% Dwd= 0.34 andy2=13.7. A
values. corresponding refinement for the sample dehydrated at
1000°C and with DD=39% yielded somewhat larger
3.3. Rietveld refinements using residual factors. The fit between observed and calcu-
synchrotron data lated powder patterns are shown in Fig. 6 for tie 2
The crystal structure of the sample dehydrated atange 24—-29 The progressive splitting of hexagonal
1150C was refined by the Rietveld method and usingreflections withincreasing DD is clearly visualised. The
the synchrotron data set collected at ESRF. The two rehigh x? value for the sample with DB: 78% implies
finement programs used, GSAS and FullProf, yieldechowever that the observed pattern is not modelled en-
essentially the same results and only results from thérely correct. An inspection shows that in the observed
latter will be described. Of the two possible triclinic pattern the reflections of the type ()@nd (k0) are
space groups,Pwas chosen since the hydroxide andsharp while groups of overlappehlk]) reflections ap-
oxide ions can be assumed to be disordered around theear to have smoother observed profiles than calculated
initially present mirror planes &=1/4 andz=3/4. ones. In the refinement programs used a preferential
Starting values for atomic positional parameters werdroadening is modelled by functions thatincrease or de-
taken from [9] and a Debye-Scherrer type absorptiorcrease with the angle relative a chosen crystallographic
correction applied witht R= 1.4 (corresponding to a direction. These functions appear to be inadequate for
sample packing density of 60%). After refining profile the present case and we have not been able to amend
function (Thompson-Cox-Hastings pseudo-Voigt) pa-the profile fit.
rameters, background, unit cell parameters and a com- Although the Rr value decreased by a factor of 2
mon temperature factor, th&- factor was 8.1% for 795 when the positional parameters were refined, the shifts
reflections in the 2 range 5-45. Isotropic tempera- of the atoms from their initial hexagonal positions were
ture parameters were then refined, keeping them equah the whole small and in many cases insignificant. In-
for structurally equivalent atomsié-a-visthe hydroxy  creasing the end limit of theg2range in a refinement
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TABLE Il Structural parameters for hydroxyapatite dehydrated ations. The CaRatoms have three different surroundings
1150°C and with DD=78% from XRPD synchrotron data. Numpers depending onwhether the centre of the 'Gmangb is

in brackets are standard deviations. The calculated differe~ndasA . . ; - . e
relative the positions in hexagonal hydroxyapatite [9] are also given. Theoccupled by a hydrOXIde ion, an oxide ion or if itis va-

refined site occupancy factor for the 04 atoms is 0.37(1) _Cant- The triangle Of Ca%:toms will behave differently
- - inthese three situations, it will expand around a vacancy
Atom X y z B(A%)  A(A) and contract around an oxide ion as compared to when

the Ca2 triangle is filled with a hydroxide ion [7, 23].
Cab 04603 (21) 03300(4) 050918 10~ 005(7 FOr the oxygen's facing the hexad (93he situation
Caz 02402 (21) 0.9929(18) 0.2441(18) 1.6(1) 0.07(2) IS more complex since e.g. the BBiangle close to
Cad 0.0102(21) 0.2543(18) 0.2577(21) 1.6 0.06 (2) z=0.1 will have at least five different surroundings,
Caz 0.7411(21) 0.7496(18) 0.2495(18) 1.6  0.05(2) four cases corresponding to hydroxide or oxide ions
g; g:ggg; 82 g:ggzg ((58 g:ggfg’ 8;3 i'o @ 8'&? ((22)) positionedaz=0.2orz= 0.83 respectively, and a fifth
Pc 09723 (24) 0.6070(24) 0.2433(27) 1 0.07(2) case to when both the positionszt 0.2 andz=0.8
Ola 0327(6) 0477(5) 0267(5) 08(3) 0.13(3) positions are vacant. One reason for a larger static dis-
Olb 0511(5) 0.840(5) 0.253(5) 0.8 0.05(3) order for O2 than O1 atoms may be the close contact
Olc  0160(5)  0676(5)  0234(5 08  011(3) (2 408(9)A [9]) between ORand the disordered Ca2

O2a 0585(5) 0.461(5) 0.272(5 1.5(3) 0.16(3 S o .
0% 0535 ES; 0120 Esg 0223 25; 1.5( ) 0.19 ((3; with displacements of the latter possibly influencing

Ox 0881(6) 0424(5) 0256(5) 15 012(3) theposition of the former. N
O3a 0.345(6)  0.259(6) 0.063(5) 2.3(3) 0.07(3) The available data do not allow us to make any defini-
O3 0773(5) 0.066(5) 0.101(5) 23 0.47(3) tive conclusions concerning the origin of the triclinic
8333 8'222 g S'Sj‘é % g'gig g ;g g'ég g; distortion. It is however most probably connected with
O 0270(6) 0903(6) 0558(5 23 o021(4 he hydroxide ion which in hydroxyapatite is aligned
03f  0.074(6) 0.328 (6) 0.586 (5) 23 0.17 (4) along thec-axis and with the hydrogen atom pointing
O4a 0.000(15) 0.979(19) 0.212(9 3(2) 0.24(10) away from the Ca2triangle [9]. If there is a vacancy
O4 0.990(15) 0986(20) 0712(9) 3(2) 0.18(10) adjacent to the hydroxide ion (in the direction of the
hydrogen) the hydroxide ion is completely free to tilt

. . L . in any arbitrary direction. The O4-H-O3 distance in
to 57 did not improve the determination of atomic OHAp is 3.07A which is long for a hydrogen bond,
positions. Refinements using anisotropic temperatures ;; it an 04 atom is allowed to move towards one of
fac_tors did fqrthermore not indicate any substar?tialthe 03 atoms, a hydrogen bond may form. The possi-
anisotropy, with the exception of O4 atoms for which pjjiry of tilting hydroxide ions is supported by an inves-
the displacements were larger along thaxis, or re-  yiyatinn of y-ray irradiated OHAp in which tilted hy-
sultin a better fit. The final atomic positions are given yqyide jons neighbouring vacant hydroxide positions
in Table Il with the the esd's from the refinement mul- o< reported [26], although no triclinic cell distortion
tiplied by a factor of 3 to account for serial correla- a5 gpserved in that case. Considering however that

tion [24]. The refined value of the sitg occupancy faC'the vacancy concentration is higher for the dehydrated
tor for the O4, batoms was 0.37(1), giving an average g atites it seems possible that a hydroxide-tilting may

of 1.48 oxygen atoms per unit cell. This agrees quite., ;s the small tilting of the c-axis observed in our
well with the TG data giving a DD of 78% which corre- ftudy.

sponds to an average of 1.22 oxygen atoms per unit cell.
Computed shiftg\ in A for atomic positions relative to
those for hexagonal OHAp are also given in Table I,

calculated by using hexagonal coordinates from [9] andt Concluding remarks _
the triclinc cell. For the metal atoms the values are  For the first time it is shown that partially dehydrated

on the average 0.08, corresponding to ca. 3 esd’s hydroxyapatite is triclinic. The hexagonal-triclinic phase

and for the oxygen atoms, excluding thetgom, on tran'sfqrmatio.n occurs at ca. 35% DD. The variation
the average 0.14, corresponding to roughly 4.5 esd’s. Of triclinic unit cell parameters with the DD may be
The shifts (\) observed for the O8atom is larger than V&Y useful f(_)r an estimation of the q_ual_lty of synthetic
for the other oxygen atoms, 0_47@) We do not have hydroxyapatite samples produced via high-temperature
any explanation for this since we do not see any reasoféthods.
to structurally distinguish the @&toms.

The comparatively large temperature factors for the
O4a and O atoms is expected in view of that this site References
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