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First principles calculations are used to investig
mineral and also the inorganic component of an

ate carbonated hydroxyapatite, a naturally occurring
imal bone. Two types of carbonate substitution are

studied: A-type in which the carbonate ion substitutes for an OH and B-type where the substitution is

for a phosphate. Both types have unbalanced ch
treated. The methods, which are based on density
yield equilibrium atomic arrangements, changes i

arges and various forms of charge compensation are
functional theory and first principles pseudopotentials,
n lattice parameters, and total energies for different

types of substitution. When calculated energies of selected stable compounds are used, the formation

energies of different carbonate substitutions with

accompanying charge compensation defects can be

compared. The results indicate that compact complexes are energetically favored, and a B-type material
with charge compensation by a calcium vacancy together with a hydrogen atom which bonds to a

neighboring phosphate is the most stable of all th

I. Introduction

Hydroxyapatite (HA), CgPO,)sOH, is a naturally occur-
ring rare mineral, but its most common occurrence is as
the main inorganic constituent of natural bone. In addition,
with silicon doping it is the basis of bioactive ceramics which

show promise as bone repair materials. HA has a hexagonal

structure with space group6s/m and lattice parameteis
=b=9.4225 A and: = 6.8850 A2 There are two formula
units per unit cell and the arrangement is typical of the
calcium apatites and can be viewed as consisting of uncon-
nected, robust P tetrahedra with Cd in the space be-
tween and a chain of OHions along thec-axis to balance
the charge (Figure 1). Monoclinic structures with four formula
units per unit cell have also been reportéd® where the
monoclinic unit cell is obtained from the hexagonal one by
doubling theb lattice parameter and by having different
arrangements of the anion chains. Difficulties in obtaining
the stoichiometric compound, particularly with regard to the
OH content, may influence the structure. The structure of the
hexagonal phase of HA presents a problem. Following failed
attempts to fit X-ray diffraction data using the space group
P63, the structure was found with space grdeGa/mthrough

the addition of two mirror planes perpendicular to the [001]
and passing through = 1/4 andz = 3/4. However, this
structure has four possible sites for the two OH groups per unit
cell, a difficulty which was resolved by assuming 0.5 occu-
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Figure 1. Hydroxyapatite structure viewed along tbexis. The numbers
indicate the defect sites, as listed in Table 1. Note that the numbers are
arbitrary labels that do not correspond to the crystallographic notation. The
colors are as follows: oxygen (red), phosphorus (yellow), calcium (gray),
and hydrogen (light blue).

pancy per site resulting from disorder in every anion column
or disorder from column to columhThe atomic arrangement
and the electronic structure of HA along with other apatites
has recently been studied using total energy first principles
methods and the purpose of this paper is to report results
of a similar study of the form of HA found in natural bone.
Animal bone divides broadly into two components, the
fibrous organic collagen matrix into which the inorganic
crystalline component forms. The latter is a nonstoichiometric
hydroxyapatite containing impurities, which are believed to
be important for biological functiorfsPrincipal among these
is 4—7 wt % carbonaté®!! This mineral component has a
hexagonal crystal structure and is in the form of platelets
with average length and widths of 500 250 A with the
c-axis lying in the plane of the plate, and between 15 and
40 A thick?? Little is firmly established about the atomic
arrangements in natural bone because of the small size of
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the crystals, but synthetic carbonated apatites and the relatedelative to the PQtetrahedron it is replacing. Such configu-
minerals dahllite and francolite are well-studied. The carbon- rations include the sloping face of the Pt@trahedron, the
ate ions are held to occupy two types of sites depending onplane parallel to the (001) plane near the center of the
the manufacture. In most high-temperature apatites th& CO  tetrahedron, or the side of the tetrahedron that is parallel to
resides at an OHion site termed an A-type substitution, thec axis?®In the case of Ng, substituted carbonate apatite,
whereas in the low-temperature materials thesC@eplaces and in the case of francolitefluoride containing carbonate
a PQ? ion, the so-called B-type substitution. Although much apatite- the CQ plane forms an angle of about 3t the
experimental work has been reported using X-ray and neutronc-axis?3 In FTIR and single-crystal X-ray diffraction studies
diffraction, infrared and electron spin resonance spec- similar observations were made for AB-type carbonate
troscopies, thermal decomposition, and nuclear magneticapatite; also, a third configuration for A-site @@as found
resonance studies, uncertainties remain in the details of thein a high-pressure-synthesized matel&f. In a neutron
chemical composition, location, and orientation of thes€O  powder diffraction study a substitution on the mirror plane
ions and the nature of any associated defects providing chargeof the PQ tetrahedron was proposé&tHowever, in an X-ray
compensatiof213-1° powder diffraction study of calcium-deficient carbonate HA
A COz? ion substituting for either an OHion in the it was reported that the C ion occupies the side of the
A-type material or a Pg~ ion in B-type constitutes a  tetrahedron parallel to the axis®
charged defect, and it is expected that there will be First principles methods are able to provide some informa-
considerable lowering of the energy and much increasedtion on local atomic arrangements but we are aware of only
stability if an additional charged defect is associated with a few such studies. One is a study of A-type carbonated
the CQ?" to provide local charge compensation. For A-type, apatite using a cluster consisting of a six Ca and six PO
the charge compensation can take place by OH vacanciesfragment of HA2” The electronic ground state was treated
For B-type material, combinations of OH and Ca vacancies at the Hartree- Fock level and only the structure of the €O
as compensating defects have been proposed, and selfwas relaxed. This pioneering work found the plane of the
compensation by having both A- and B-site carbonate COs;2~ ion oriented at an angle of 7o the crystallographic
substitutions is possibfe'3 For the AB-carbonate apatite, a c-axis when the absence of the other Ol the cluster
combination of two ¢, and one \4y per three B-site C®  provides charge compensation. The results support A-site
ions was observetf,where \t, denotes a Ca vacancy and configuration where the Cfapical direction is close to
likewise for the hydroxide vacancy. Furthermore, there is perpendicular to the axis, but the lack of any account of
experimental evidence of HI%Ogroups in carbonate HA,  electron correlation and the rigidity of the atomic environ-
which can act as compensating speéfe8Simulations are  ment in these calculations require attention. A comparison
performed to investigate a number of possible charge of electron nuclear double-resonance results and DFT-based
compensation mechanisms and the energetically favorablecluster calculations within the local spin density approxima-
ones are identified. Changes in lattice parameters as ation for CO, and CQ A-site substituted HA was performed
function of carbonate concentration have been reported forin ref 28. These calculations provided information about the
synthetic material prepared in different ways and the results chemical environment of the defect. However, to study the
of the simulations casts light on these effects. energetics, atomic geometries, and volume changes for
In a single-crystal X-ray diffraction study of A-type different defects, periodic supercell calculations with relaxed
material, a configuration in which the G@pical direction geometries are required.
is parallel to thec-axis, leading to space group6 was We have investigated different possible arrangements of
reporteck! However, in more recent Fourier transform the CQ? ion in both A- and B-type carbonated HA. These
infrared spectroscopy (FTIR) and single-crystal X-ray dif- calculations are based on density functional theory for
fraction study, a configuration where the g&pical direction  treating the effects of electrerelectron interactions, and use
is close to perpendicular to theaxis and the ion plane is  first principles pseudopotentials for the electréon interac-
canted by about F2was found.®?? At the B-site, different  tions. The atoms of interest occupy one or more HA units
structural models have been investigated, including configu- cells and the structure is repeated to form a superlattice. The
rations in which the C impurity is at different locations electronic structure and the positions of all atoms and the
cell parameters are relaxed so that the electron ground state
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The paper is structured as follows. A description of the
method appears next. This includes a summary of the
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Table 1. Impurity and Vacancy Sites in Different Configurations,
Using the Labeling Convention of Atoms for Pristine HA Shown in

computational techniques and parameters used and describe

the structures used for modeling carbonate substitution. These

are followed by the results in the third section, where we

present data concerning the energetics and geometries of

different defects. Finally, in the fourth and fifth sections,
we give discussion and conclusions.

Il. Methods

The structures were modeled using electron structure density
functional theory®3° with SIESTA softwaré! The GGA-PBE
approximation for exchange-correlation energy was empléiaad

the valence orbitals were represented using a localized basis set. site B2(c)

Troullier-Martins norm conserving pseudopotenfialsere used
to describe the electrerion interactions. The valence orbital basis

set was as follows. For Ca ions, semicore 3s, and valence 4s and

3p orbitals were included. The 3s and 3p were treated with single
£ (S2) orhitals, while doubl€& with a polarization orbital (DZP)
was used for the 4s. For O ions, douBléDZ) 2s and triple; with
polarization orbitals (TZP) 2p were used. For P, DZ 3s and DZP
3p orbitals were used, and for H DZP 1s orbitals were used.

A large basis set was required for C to obtain reasonably well
converged results. A TZP was used for 2s and a tidplgth two
polarization orbitals for 2p. As a technical aside, the valence wave
functions for the C pseudo atom have a long tail so that a large
cutoff radius (6 Bohrs) for the first orbitals was required. Also,
the addition of a 2s polarization orbital lowered the total energy
by adding more variational freedom to the basis set in the tail region.
The exigencies for tripl& orbitals for C have been reported earlier
for amorphous carbon systeffs.

. Figure 12

> C site o site Wy site
site A ordered O(1),H(1) 0(2) H(2)
site A spiral O(1),H(1) 0(2) H(2)

C site \[ site V4 site Vcasite
site B1(a) P(1) 0(2) H(2) Ca(1)
site B1(b) P(1) 0o(1) H(1) Ca(2)
site B1(c) P(2) 0(2) H(2) Ca(2)
site B1(d) P(2) 0(2) H(2) Ca(3)

C site C site \éasite
site B2(a) P(3) P(4) Ca(3)
site B2(b) P(3) P(5) Ca(4)

P(@3) P(5) Ca(b)
site B2(d) P(3) P(6) Ca(5)
clustered B2(c) P(3) P(5) Ca(5)
site B2(c), first CQ separated P(3+#c) P(5) Ca(5)
site B2(c), second C{»eparated P(3 4) P{x) Ca(5)
site B2(c), \kaseparated P(3) P(5) Caf6)
isolated C impurity P(3)
isolated Ca vacancy Ca(6)
C site Heasite
site B3(a) P(3) Ca(6)
site B3(b) P(3) Ca(6)
site B3(c) P(3) Ca(3)
site B2(d) P(3) Ca(2)
isolated R, Ca(6)

2The “+c” denotes that the defect occupies an equivalent site in a
neighboring unit cell in the direction. The most stable structure in each
category has been underlined.

parallel to thec axis or almost so. In the hexagonal host crystal

The Ca, P, O, and H pseudopotentials and the Ca, P, and H basighis allows for 12 configurations: either one or the other OH ion

functions were tested and used in earlier studies of hydroxyapatite
and tricalcium phosphatésThe C pseudopotential was tested by
comparing atomic excitation energies to all-electron results, and
together with C and O orbitals, by calculating formation energies
of diamond, @, CO, and CQ systems. Also, an isolated GO

ion, both in spin unpolarized and in the spin-1 state, was relaxed

is substituted, and at each OH site there are three possibie CO
orientations differing by 120rotations around the axis. Finally,

the presence of two mirror planes doubles the number of possible
configurations. But, there may be disordered arrangements of the
CO%™ ions in which the orientation varies from one unit cell to its
neighbort We have considered two possibilities. First, an ordered

using a large supercell and neutralizing background charge. TheCO;  arrangement, with one GO impurity in a single HA unit

results changed little when the supercell size was increased,
indicating that the interaction of the ion with its images was not
significant and that the simulation was a good representation of

cell; this breaks the 3-fold symmetry of HA. Second, a spiral
arrangement was treated, in which a stack of three HA unit cells
in the ¢ direction was used as a host crystal, and thre§ déns

the ion in vacuo. For carbonated apatites, superlattice geometrieswere placed on every other OH-site so that their orientation

were used, in which the atomic substitutions of interest were made
in one or multiple HA unit cells. The Brillouin zone was sampled
using Monkhorst-Pack grids so that tkpoint density was at least
0.08 A-136 Equilibrium structures were obtained by relaxing all
atom coordinates and the lattice parameters.

A. A-Site Substitution. Different substitution mechanisms were
examined. In the A-site substitution GOoccupies an OFsite

progressed by 120from one cell to the next up the stack. The
latter model was used as an attempt to estimate the effect of disorder
on the total energy.

B. B-Site Substitution. In the B-site substitution the CO
occupies a Pﬁj site. Three charge compensation mechanisms
were considered. First, compensation of a singlét@an be
achieved by removing an Otand a C&" (denoted a B1-complex).

in the channel. A natural way for compensating the excess chargeSecond a complex of two c,§0impurities can be compensated by

is to introduce an OH vacancy on the neighboring OH site in the
channel. This case was treated in the cluster calculation in ref 27
where the plane of the CO ion after relaxation was found

(29) Hohenberg, P.; Kohn, WRhys. Re. 1964 136, B864.

(30) Kohn, W.; Sham, LPhys. Re. 1965 140 A1133.

(31) Ordejm, P.; Artacho, E.; Soler, Phys. Re. B. 1996 53, R10441.

(32) Perdew, J. P.; Burke, K.; Ernzerhof, ®hys. Re. Lett 1996 77,
3865.

(33) Troullier, N.; Martins, J. LPhys. Re. B 1991, 43, 1993.

(34) Nelson, J. S.; Stechel, E. B.; Wright, A. F.; Plimpton, S. J.; Schultz,
P. A.; Sears, M. PPhys. Re. B 1995 52, 9354.

(35) Yin, X.; Stott, M. J.; Rubio, APhys. Re. B 2003 68, 205205.

(36) Monkhorst, H. J.; Pack, J. Phys. Re. B 1974 13, 5188.

a single C&" vacancy (denoted a B2-complex). Third, compensation
of a single C@’ can be achievedyba H atom placed at a Ca
vacancy (denoted B3-complex). With each of these types of B-site
substitution, there are a number of symmetry inequivalent ways to
arrange the impurities and vacancies. Furthermore, at a given site,
the C(f ion has orientational degrees of freedom, especially
whether its plane is parallel or perpendicular to ¢feeis? Instead

of treating all possible configurations, we discerned trends in the
defect formation energies from a small subset of configurations.
The impurity and vacancy sites for the different A- and B-complexes
that have been treated are listed in Table 1. The sites are labeled
according to atom positions in pure HA which are identified in
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HA. In electron- and hole-compensated systems such as are
expected for these isolated charged defects, weakly localized states
can form at the defect. To correctly treat such states and to reduce

Table 2. Defect Energies per (C)g’ at Different Sites, Relative to the
Most Stable Structure Overall, B2(c), and in Parentheses, to the
Most Stable Configuration with Same Charge Compensation
Mechanisn?

AE (eV)

site A ordered
site A spiral

site B1(a)
site B1(b)
site B1(c)
site B1(d)

site B2(a)
site B2(b)
site B2(c)
site B2(d)

site B2(c), clustered double cell
site B2(c), first CQ separated

site B2(c), second C&xeparated
site B2(c), \ka separated

isolated CO; parallel to ¢ and Vca°
isolated COsin 32° to c and Vca°

site B3(a)
site B3(b)
site B3(c)
site B3(d)
isolated CO; and Hca

+2.36 (0)
+2.42 (+0.06)

+2.10 (+0.00)
+2.21 (4+0.11)
+2.10 (0)

+2.10 (+0.00)

+0.73 (+0.43)
+0.41 (+0.11)
+0.30 (0)

+0.99 (+0.69)

+0.77 (+0.47)
+0.70 (+0.40)
+0.82 (+0.52)
+1.38 (+1.08)
+6.07 (+5.77)
+5.65 (+5.35)

+1.32
+0.59
+0.57
0

+5.82

the spurious interactions between neighboring defects brought on
by the enforced superlattice periodicity, large supercells are required.
It was for this reason that cells doubled in thdirection were used

for the isolated defects. One case had a singlg Cion in a
double cell, a second case had g \h a double cell, and a third
treated a K, defect similarly. With \&, both column site and tri-
angle site vacancies were investigated, and witg Hhe calcium

was removed from the triangle site. For the isolate(ﬁt:'@n, the

two configurations were used, in which the ?Q)Iane was either
close to perpendicular or parallel¢toThese systems were relaxed
and the energies per double cell were used in the following com-
binations to estimate the total energy of the dispersed components
of the different complexes in an HA lattice

2 x (CO5 — HA) + (Ve — HA) — 5 x HA
and
(CO;” — HA) + (He,— HA) — 3 x HA

These energies were then used with the total energy for the

complexes in HA to obtain the binding energies of the various
complexes. For ¥, the column site vacancy supercell energy was
used as it was found to be slightly lower than the energy of the

Figure 1. For the B1-complex four different configurations, Bi(a), triangle site vacancy. It should be noted that in all the other
B1(b), B1(c), and B1(d), for B2-complex, four configurations, calculations the lattice parameters as well as all atom coordinates
B2(a), B2(b), B2(c), and B2(d), and for B3-complex, four con- Wwere relaxed, but for the isolated defects they were fixed at the
figurations, B3(a), B3(b), B3(c), and B3(d), were relaxed. The initial calculated values for pure HA to simulate better the dilute
orientations of the C& ions, that is, the orientations prior to ~ conditions.
relaxation, are given below. In all the B1- and B2-complexes, the ~ D. Formation Energy. Of special interest are the relative
CO§_ ion planes were initially set parallel to theaxis, with the energies of different defect complexes. However, the total energies
exception of B2(d), where they were inclined. In the B3(a) the C Of the structures having different substitution mechanisms cannot
Og, ion plane was set close to parallel ¢oThe B3(b) configu- be compared directly because of differences in stoichiometry. A
ration was similar but with the C?p ion plane set perpendicular rigorous comparison of the defect formation energies would require
to c. Also, in all the other B3-complexes, the §i‘0’0n plane was knowledge of chemical potentiadsof individual atoms so that the
set close to perpendicular t reference energy can be decomposed as
In hydroxyapatite, the Ca ions occupy either columns aligned in
the c-direction (Ca site) or triangles surrounding the OH channel
(Ca site). To investigate the difference between Ca vacancies onwheren(X) denotes the number of atoms of specied’Xinfor-
these two possible sites, the Ca was removed from the column sitetunately, these chemical potentials are difficult to obtain. Instead,
(Ca(3) in Figure 1) in the B1(d), B2(a), and B3(c) complexes, while stable intermediate compounds can be used to balance the stoichi-
in the other complexes the Ca was removed from the triangle site. ometry. These include dicalcium phosphate hydrate (brushite,
Table 4 lists the initial distances between the impurities and their CaHPQ-2H,0), hydrated lime [Ca(OH), and HO molecules in
compensating defects. The coordinates of Ca vacancies and H a vacuum. The use of intermediate compounds to compare energies
impurities were taken to be those of the missing Ca ions in pristine amounts to an approximation of the chemical potentials. The total
HA; in the case of 4y, the position of the O atom was used. energies per formula unit for the different intermediate systems used
Electrostatic energy considerations alone would suggest that thehere were calculated using the same ingredients and methods
substituting C@ ion and the associated charge compensating employed in the carbonated HA systems. As a starting point for
defects should be in close proximity. However, other considerations the optimization of brushite, a structure reported in ref 38 was used.
which might compete are lattice strain and opportunities for  The A-site substitution and the Bl-complex are linked by a
bonding. The effects of the degree of clumping together of the reaction involving brushite and water
CO%’ and the associated defects were investigated by considering
three cases involving the B2(c)-complex. In these either one of the CO;—HA(A-site) =
CO5 ions or the \&, was moved far away from the rest of the CO,—HA(B1-site)+ CaHPQ-2H,0 — 3H,0 (2)
B2(c)-complex. This was done using a stack of two HA unit cells in
the c-direction, and by moving the defect to the neighboring cell. whereas the B1- and B2-complexes are linked by a reaction
C. Isolated Defects.The limiting case of defects being far involving Ca(OH} and pristine hydroxyapatite
removed from one another was investigated using double cells of

aThe most stable structure in each category has been undettiGed.
vacancy at column site.

n(Cay(Ca)+ n(Pl(P)+ n(O)u(O) + n(H)u(H) + n(Clu(C) (1)

2CO,—HA(B1-site)=
CO,;—HA(B2-site)+ Ca,((PO,)5(OH), — Ca(OH), (3)

(37) Laks, D. B.; de Walle, C. G. V.; Neumark, G. F.; Pandelites, S. T.
Phys. Re. Lett 1991, 66, 648.

(38) Sainz-Daz, C. I.; Villacama, A.; Otara, F.Am. Miner 2004 89, 307. The B1- and B3-complex are linked by a simple reaction involving
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Table 3. Lattice Parameters of Different Structurest

Chem. Mater., Vol. 17, No. 16, 2009

COswt % a(A) b (A) c(R) o (deg) f(deg) y (deg)
pristine hydroxyapatite 0 9.72 9.72 7.15 90.0 90.0 120.0
hydroxyapatite, experiments 9.4176 6.8814 120
A, ordered 5.8 +0.16 —0.03 —0.01 +0.9 -0.4 -1.3
A, spiral 5.8 +0.12 +0.13 +0.01 -0.0 -0.0 +0.1
A, experiments +0.139 b~2a —0.009 +0.36
Bl(a) 6.3 —0.20 —0.03 +0.04 -0.3 -0.0 -0.8
B1(b) 6.3 —0.20 —0.01 +0.08 +2.1 -1.7 +0.7
B1(c) 6.3 +0.03 —0.20 +0.03 +0.3 +0.0 -0.3
B1(d) 6.3 —0.09 —0.10 —0.03 -2.3 +2.7 -1.0
B2(a) 147 —0.08 —0.10 -0.13 -0.3 -0.0 -0.1
B2(b) 14.7 -0.12 —0.26 +0.10 -1.2 +0.7 +0.6
B2(c) 14.7 —0.05 —0.31 —0.02 +1.0 +0.3 -0.7
B2(d) 14.7 —0.16 —0.19 +0.02 -1.6 +0.7 +0.5
clustered site B2(c) 6.6 —0.06 —0.16 +0.05 +0.3 +0.4 -0.3
B2(c), first CQ; separated 6.6 —0.06 +0.15 +0.02 -0.2 +0.3 -0.4
B2(c), second C@separated 6.6 -0.07 +0.10 +0.02 +0.1 -0.1 +0.0
B2(c), V caseparated 6.6 —0.07 —-0.17 +0.14 +0.4 +0.5 -0.1
B3(a) 6.2 —0.23 —0.15 +0.06 +0.1 -0.1 -1.4
B3(b) 6.2 —0.22 —0.18 +0.09 +1.4 —-2.4 -1.5
B3(c) 6.2 —0.03 —0.07 —0.02 +0.5 -1.1 -0.2
B3(d) 6.2 -0.21 +0.03 —0.02 +0.3 +0.1 -1.1
B, experiments 6.2,6.3,6.6 —0.03-0.00 0.010.02
B, experiments 14.7 —0.05 0.02

aFor pristine HA, absolute values, and for the substituted structures, changes (in A) are given. The experimental data for A-site carbonate is for a

pseudohexagonal structure with doubtegarametet. The most stable structure in each category has been undetliBggerimental data for 6.2, 6.3, and
6.6 wt % is interpolated from Table 4.6 in ref 1. The changes for these three concentrations are the same within the accuracy UBeid betgy is

extrapolated from entry 1 in Table 4.6 in ref 1.

Table 4. Initial Distances between Defect and Compensating Sites;

Calculated for Corresponding Sites in Pristine HA Structure?

C—Vo C—Veca Vo—Vca
A) A) A)
site B1(a) 3.73 3.57 2.46
site B1(b) 4.99 3.16 4.12
site B1(c) 3.73 3.57 2.46
site B1(d) 3.73 3.33 5.98
c-C C—Veca C—Vea
A) A) A)
site B2(a) 5.16 3.71 3.33
site B2(b) 4.86 3.16 3.58
site B2(c) 4.86 7.01 3.79
site B2(d) 5.64 7.01 6.39
clustered site B2(c) 4.86 7.01 3.79
site B2(c), first CQ separated 8.65 7.02 3.79
site B2(c), second C£xeparated 8.65 7.01 3.81
site B2(c), \kaseparated 4.86 7.99 7.91
C—Heca
A)
site B3(a) 3.57
site B3(b) 3.57
site B3(c) 3.71
site B3(d) 3.79

aThe most stable structure in each category has been underlined.

just HO

CO,—HA(B1-site)+ H,O = CO,—HA(B3-site)

4)

Ill. Results

The results of the calculations for the isolated carbonate
ion are presented first. Then, the results concerning the ener-
getics of the different substitution types and the various
modes of charge compensation are given. This allows the
systems to be ranked according to their formation energies
and the most stable configurations can be established. The
comparison is done using the reaction equations (2), (3), (4),
and (5) presented in the previous section. After the most
stable configuration is identified, attention turns to the results
concerning the defect clustering for this system, calculated
using double unit cells or uncompensated defects. Finally,
the detailed atomic geometries and lattice parameter changes
for different structures are presented, with a focus on the
most stable complexes.

The isolated C@)’ ion prefers the spin unpolarized state
by 3.9 eV, compared with the spin-1 state. The ion in the
spin unpolarized configuration is planar, with-O bond
lengths of 1.33 A and ©C—0 angles of 120 The ion is
larger than the OH but smaller than Pb; in pristine
hydroxyapatite the calculatedH® distance is about 1.6 A
and the O-H distance 0.98 A.

A. Energetics.The defect energies are presented in Table
2. The ordered single-cell substitution of A-site £0O
impurities was found to be more stable by 0.06 eV than the

Defects that have the same compensation mechanism but differenSPiraling arrangement. However, the energy difference is small
concentrations can be compared using a reaction

CO;—HA(dilute) == CO;—HA(concentrated Y nHA

where the number of HA unit cell:) is chosen to balance the
composition on the two sides.

®)

and may not be significant, but it does indicate that the inter-
actions between the C§Oimpurities in neighboring cells
are weak. It is noteworthy that the lattice parameters for the
spiraling arrangement deviate less from those of bulk
hydroxyapatite than those for the single-cell substitution, and
the hexagonal unit cell shape is nearly preserved.
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For the B1-complex, the (c) configuration was found to — _
be the most stable, but the (a) configuration had almost the e o ? o
same energy. In the (a) configuration, the Obhd C&" % 83"0 ol © a;f’
vacancies are tightly clustered compared with the (b) and 4 20 o ‘b
(c) configurations. Also, the lattice parameters are closest g~ Ogt %0 epco ¢
to the pure HA values. AN o 6 o o TC

In the case of the B2-systems, the (c)-type configuration
was found to be the most stable. In this arrangement, one of .:'@‘ o o
the Cci_ ions is rather distant from the Ca vacancy, while Figure 2. The single-cell A-site substitution with GO located in the
the other one is close. To test the possibility that moving c-aligned channel. On the left the top view and on the right the side view
the second C§5 further away from the Ca vacancy might with CO%’ between the Pb layers are shown. The small gray sphere

. . . . denotes the carbon atom.
lower the energy, the configuration (d) was investigated.
However, this led to an increase in the total energy. For the
B3-complex, the (d)-type configuration, in which the §TO
and the H, are in different CaP layers, is the most
favorable.

The reaction energies between A- and B1-substitutions,
and between B1- and B2-substitutions, were calculated using
reaction equations (2) and (3), respectively. The results show
that, for the most stable configurations, the A- and B1-type
substitutions are close together in energy, with the reaction
energy favoring the B1-type by 0.32 eV. The B2-substitution
is clearly preferred over B1, with a reaction energy of 1.80
eV. The B3-substitution is even more favored over B1, with
a reaction energy of 2.10 eV. Thus, it follows that the B3- Figyre 3. The B1(c)-complex. The large gray sphere shows the location
substitution is the most energetically favored of these four of the vacant Ca site.
substitutions and charge compensatmp arrangements. Table 5. Geometries of Low Energy Configurations and Multiple

The B-type carbonate HA systems discussed so far have Unit Cell Systems of Impurities®
been ra_lther concentrated with a_comp!ex in every HA cell. dC-0)(A) O-C—O (deg)
More dilute B2(c) systems were investigated by taking one

. . site A ordered 1.281.31 116.6-123.7
complex with the defects clustered together in one-half of a gjte A spiral 1.281.31 117.6-124.2
double HA cell and the other half undoped. The energy of site B1(c) 1.271.34 116.8-121.6
the B2(c)-complex was found to increase significantly in the ~Sit€ B2(©) 1.28-1.33 117.6-121.9

. . clustered site B2(c) 1.3601.32 118.4-121.3
double cell. The energies of the dllff.erent complexes also  sjte B2(c), first CQ separated 1.301.31 119.1-120.7
changed when the defects comprising the complex were site B2(c), second C§separated 1.301.31 118.5-120.9
dispersed. The energy either increased or decreased slightly > Sgggg' Veaseparated 11;99122 ﬂ;ggig
depending on which Cb ion was displaced when the uncompensated, G@arallel toc ~ 1.30-1.32 118.8-120.2
distance between the impurities increased. Moving thg V. uncompensated, Gt 3Z toc 1.30-1.32 119.3-120.6
away from the C@’ to the neighboring unit cell led to an aThe C-O distances and ©C—0 angles are tabulated.

increase in the total energy of the system by 1.1 eV. At the
limit of very large separation simulated using two supercells A-site, the orientation of the normal to the €Oplane is
with uncompensated defects, the defect formation energyroughly perpendicular to theaxis, making an angle of about
increased substantially, by 4.9 eV relative to the complex in 80° for the single-cell substitution. The relaxed structure is
the double cell. Similarly, for the B3-substitution, separating shown in Figure 2. For the triple-cell spiraling configuration,
the CG~ and H into isolated cells increased the energy the angles are about 886°, in reasonable agreement with
by 5.8 eV. The accuracy of these numbers is somewhatthe orientation found in earlier HF cluster calculation¥'
suspect because of the possibility of spurious interactionsThe CCf is oriented so that one C§Oapical direction is
between periodic images. However, it is unlikely that any close to perpendicular to theaxis, in agreement with the
such errors would change the qualitative result that there istheoretical prediction in ref 27, as well as with experimental
a large energy penalty for separating £Ofrom the data in refs 22 and 19, but differing from experimental results
compensating ¥, or Hea in ref 21, where the apical direction was parallectdNote

B. Atomic Geometries and Lattice Parameters.The that the parallel configuration was close to metastable and
internal coordinates of the C§Oions relax slightly on both ~ careful relaxations were required to obtain the minimum
OH~ and PJ sites. Typically the ion retains a planar energy configuration.
geometry with about 1200—C—0 angles and the €0 On B-sites, the orientation changed greatly as the atomic
bond lengths of about 1.3 A (Table 5). The §f®on in HA positions and lattice parameters are allowed to relax. The
as for the gas phase ion is significantly smaller than the final geometries for the most stable structures for each kind
PO, group and larger than the OHon. As we shall see,  of substitution mechanism are shown in Figures 3, 4, 5, and 6.
this has consequences on the lattice parameters. On thén the B2(c)-configuration, the C?p ion planes are closer
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Figure 4. The B2(c)-complex. The large gray sphere shows the location
of the vacant Ca site.

Figure 5. The B3(d)-complex. The HPP and CG~ groups are high-
lighted.
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it. In our calculations, the configurations in which the £0
plane is close to perpendicular or inclinedcttend to have
lower energy than the configurations where it is parallel. This
is clearly seen by comparing the energies of parallel and
perpendicular configurations of uncompensatedﬁt’@ a
double cell, and also the B3(a) and B3(b) configurations
where the main difference is the GOorientation. It was
also found that, in most of the cases where th& Clane
was initially set parallel ta, with exception of one of the
carbonates in the B2(a) configuration and the B3(a) config-
uration, the ion tended to relax toward inclined or perpen-
dicular configurations. These results support the conclusions
of refs 1, 19, 23, and 24 for francolite, and dand AB-
substituted carbonate apatite, where the C was found to
occupy sloping faces of PQetrahedra it was replacing.

Another prominent feature of the atomic relaxations in the
B2(c)-configuration is the relaxation of the OH group that
is nearest to the calcium vacancy. Instead of pointing in the
c direction as in pure HA, the OH intermolecular axis points
almost in thea direction, so that the H is closer to the
vacancy. Such a relaxation can be understood to stem from
electrostatic interactions, with the positive end of the OH
dipole approaching the negativecy Similar behavior is
observed when more dilute double unit cell substitutions are
investigated. This effect was also detected in the B3(d)
configuration. The results show that the OH ion has
substantial rotational freedom in the channel.

The behavior of lattice parameters for relaxed structures
is presented in Table 3. The comparison of experimental and
calculated results shows a systematic overestimation in the
calculated values which is typical when GGA exchange
correlation functionals are used and may reflect the sensitivity
of the values to the choice of basis set, but the changes in
lattice parameters from the HA values are expected to be
reliable. With the A-site substitution, tha and b lattice
parameters were found to increase. The observed hexagonal
symmetry is best preserved in the spiraling A-site substitu-
tion. For this system tha lattice parameter was found to
expand by 1.2% and theby 1.3%; thec parameter changed
very little, increasing by only 0.1%. This agrees well with
the experimental result which shows an increase of 1.4% in
aand a 0.1% decreasednlt should be noted that the A-site
doping level in the experimental sample was typically about
0.9-0.95% C@’ per HA unit cell, slightly less that the
maximum of oné.

In contrast, for B1-, B2-, and B3-site substitutions the
andb lattice parameters were found to decrease, on average
by 1-2%, for the most stable structures. The lattice

Figure 6. The uncompensated carbonate HA double-cell structures, viewed parameters approach pure HA values for double unit cells

down the [110] axis. On the left, the (§O|on plane is parallel to the
axis, while on the right it is inclined.

to parallel toc. The angles are about 36or the P(4) site
substitution and &for the P(10) site. The former is in agree-
ment with the conclusions drawn from polarized IR mea-
surements on single crystals of francolit8imilar agreement
was found for the isolated uncompensated 5CGn a
double cell, where the angle is about®3Zor the B3(d)-
configuration, the plane of the GOion is close to parallel
to the (001) crystal plane, making an angle of abcui#h

that have the lower defect concentration. In most cases the
¢ parameter changed only slightly. The experimental data
for B-site substituted material shows a small decrease in
and an increase in, so that while the calculations predict
the correct trend they overestimate the lattice contraction.
Unfortunately, because the exact ratio of OH and Ca
vacancies in the experimental samples is not known, a
comparison with our calculated data is somewhat unreliable.
For the most stable structures, the unit cell volumes increased
by 2.6% for both the ordered and spiral A-site complex and
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decreased by 1.1% for the B1- and B3-complexes and by structures for the different types of compensation mechanisms
3.3% for the B2-complex. This difference between B2 versus implies that the B3-complex where the €0is compen-

B1 and B3 stems from the higher G@oncentration for B2-  sated by H, is energetically favored over the others that
complex; the volume decrease for the B2-complex is reducedhave been considered. The B2-complex, where twcS‘CO
to 1.5% in the doubled unit cell in which the concentration ions are compensated by-Yis also fairly stable, being only

is halved. 0.3 eV higher in energy. But the carbonate concentration

In the most stable B-site substitutions, the triangle Ca site when the whole complex is in a single HA unit cells is double
for the Vcawas energetically preferred over the column site, that for the B3-complex, and if the complex is placed in a
though in the case of Bl-site substitutions the energy double HA cell so that the concentration is the same as for
difference was negligible. In the isolated:y/ the column the B3-complex, the energy increases by a further-0.8
site vacancy has slightly lower (0.11 eV) energy. eV and the B2-complex becomes less of a contender.

The calculations showed the B3(d)-complex to be the most  The high energy cost of A-site substitution is surprising
energetically favorable. The relaxed complex is shown in since this material is commonly synthesized. Setting aside
Figure 5. In this system the H atom preferred to bond with uncertainties in the comparisons of energies for different stoi-
an O in a nearby Pgroup, forming a HP@ion. This chiometries and in the individual total energies themselves,
bonding will have contributed to the large binding energy it is possible that A-site substitution is kinetically favored,
for the system. The ©H distance was 1.02 A, which is  with the complex formation occurring by simple diffusion
slightly longer than the ©H distance of 0.98 A for the  along thec-aligned channel. Furthermore, OH vacancies
channel OH groups in undoped HA. Also, the @H) bond could be plentiful, in readiness for the A-type substitution,
length at 1.68 A was longer then the-B distance of about  if the processing is at high temperature in low humidity. In
1.6 Ain pure HA, indicating that the protonation weakened contrast, the B-site substitutions we have considered involve
the P-O bond. The geometry of the HRQroup differs from  phosphate and calcium vacancies and the formation of the
those we found for the relaxed brushite structure. The bond complex may be slower. The behavior of gfgs close to
lengths in brushite were slightly different with shorter that of a rigid ion so that the ©C—0O bond angles stay close
P—(OH) distances of 1.66 A and longer-®1 distances of {5 12, while the bond lengths relax somewhat. The3CO
1.03 A. More prominently, the distortion indices that measure s smaller than the PP and consequently it can change its
the deviation of the six ©P—0 angles ¢ from the ideal  gientation when occupying such a site. On the A-site, the
tetrahedron valuetp = cos(—1/3)] showed noticeable  ;qnfiguration of the carbonate ion is such that the’CO
differences. The distortion index can be defined either as plane is close to parallel to theaxis and an apical direction
root-mean-square difference is perpendicular t@. On the B-site, the carbonate prefers
configurations where the @O plane is perpendicular or
inclined to thec-axis.

The trends in the lattice parameters can be largely
accounted for by ion size arguments. TheéCG)s larger
or as an absolute value difference than the OH ion but smaller than PP, and so an increase
in lattice parameters over the pure HA values is expected
for A-site substitution and a decrease for B-type material.
The volumes of both A-type systems were found to increase
by about 2.6%, and for the most stable B-type systems there
In both cases the HPQnN the B4(d) complex was more was a contraction of 2% for the cases where there was

1 6
_ 2
DRMS - é (ei - 90) (6)

1 6
Dass :8 [6; — Oyl (7)

distorted, having values ddgrums = 4.06 andDags = 3.52, on average one carbonate per HA cell. However, the volume
while for brushite HPQgroups the respective values were change depended on the compactness of the complex and
Drus = 3.72 andDpgs = 3.31. decreased in magnitude when the B2 complex was dispersed.

Also, there was a decrease in contraction when thenas
separated slightly from the rest of the B2-complex. The sub-
The large cost in energy of about 6 eV to separate stitutions were often accompanied by substantial distortions
completely the C@T from its charge compensating defects of the hexagonal HA unit cell. This is due to the small size
for the B-type substitution suggests strongly that for small of the systems that have been considered, mainly one HA
carbonate doping there will be local charge neutrality with cell, and at most three cells together, with the ordered super-
the carbonate and the compensating defects forming a rathetattice geometry. These restrictions preclude a proper treat-
compact complex; this is expected for a large band-gap ma-ment of impurity disorder that would tend to preserve the
terial (calculated KohaSham eigenvalue gap over 5 V)  hexagonal structure. The distortion is less pronounced when
for which electron or hole charge compensation is likely to the defects are diluted by doubling the unit cell, and also in
be energetically unfavorable. However, in natural bone and the case of the spiraling A-site substitution where the effect
the synthetic materials for which experimental data is avail- of disorder has been simulated to some extent. The spiraling
able the concentrations of carbonate are such that there isarrangement leaves the unit cell shape very close to
on average one or more carbonate per two HA cells, andhexagonal. The expansion of théattice parameter for this
there will always be charged defects rather close to any car-arrangement is in excellent agreement with experimental
bonate. The comparison of total energies for the most stableresults. Furthermore, the close agreement between the total

V. Discussion
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energies of the ordered single cell and the spiraling A-site so of a (010) surface which must influence the energetics of
substitution suggests that the neighboring;C®ns do not the different charge compensation mechanisms and which
interact strongly. In the case of B-site substitutions ¢he locations for complexes are favored. The presence at the
andb lattice parameters typically decrease more than seensurface of the crystallite of body fluid rather than vacuum is
in the experiments. However, a comparison is not straight- a further complicating factor. For example, if a B3 complex
forward because it is not known what charge compensationis near the interface of bone and body fluids, the H may
mechanisms took place in the experimental samples. diffuse to the interface, leading to a charged surface or, across
In the case of the B3-complex, the most energetically the interface protonating a species in the fluid or catalyzing
favored, for which hydrogen plus a calcium vacancy provide reactions. Furthermore, because B1- and B3-complex are
charge compensation, the H ion being much smaller than therelated by a simple hydration reaction, it is possible that the
Ca ion is able to relax away from its initial position at the B1-complexes are more likely to be found at lowGHpartial
Ca site and bond with nearby O atoms. Consequently, thispressure. First principles methods are sufficiently well-
defect can be considered either as @ khpurity or as a  developed for simulations of atomic behavior at these
complex formed by ¥,and interstitial H. The Hionis likely  interfaces to be attempted.
to be mobile, making its experimental detection difficult. The calculations give the total energy for an atomic
However, HPQ groups in bone mineral have been experi- arrangement and the forces on the atoms. The atom positions
mentally detected these groups are different from the HPO  are then relaxed until static equilibrium is attained. The nuclei
groups in brushite, which is in agreement with our results are treated as classical particles and dynamical effects are
regarding the HP@Xistortion indices. The energy preference neglected. This limits the simulations to zero temperature.
for Hea charge compensation may result from two factors: While it is possible in principle to calculate the phonon
first, no completely vacant lattice sites are present, and spectrum and even to perform nonzero temperature molecular
second, the formation of a ROH bond lowers the energy.  dynamics, treating the electrons with the rigor of the static
The total energy results for the double unit cell arrange- calculations reported here, such studies are not feasible at
ments of B2-configurations indicate that reducing the present for systems as complicated as carbonated hydroxya-
impurity concentration is energetically unfavorable. With C  patite. However, nonzero temperature calculations would be
Og‘ ions occupying B-sites, tha andb lattice parameters  possible with a classical force model such as a shell model.
tend to contract which may lead to lattice parameter These would give some indication of the effect of lattice
mismatch with surrounding pure hydroxyapatite. In dilute vibrations on the atomic arrangements and the lattice
carbonate material the lattice would be strained due to this parameter, and whether a first principles study would be
mismatch between the doped and undoped regions of theworthwhile. It would be particularly useful to investigate the
crystal, leading to a higher defect formation energy. This effects of hydrogen dynamics in HA itself and in the

may be the case in the configuration where the ZC® carbonated materials.
VZ,-complex is clustered in one-half of the double cell
while the other half is pure HA. The GOions do not have V. Conclusions

a strong tendency to cluster as separating one of them from o ) ]
the rest of the complex does not lead to much of an energy Different carbonate substitution mechanisms in bulk hy-
change and the calculations suggest that the energy couldiroxyapatite have been studied by means of first principles

actually decrease. However, there is an energy penalty forsimulations. The results show that B- or P€ite substitutions
separating the ¥, from the rest of the complex. are energetically preferred to A- or OH-site substitutions.

The calculations reported here are for extended SystemsQualitative agreement with experiments for the behavior of
and in addition to the periodicity imposed on the system lattice parameters is found. These results offer a starting point
making it difficult at present to model disordered systems, fOr more comprehensive first principles investigation of
there is no free surface. While this may not be a serious Natural bone minerals, where the focus will be on under-
limitation in the modeling of synthetic carbonated HA, the Standing solubility, surface chemistry, and biological proper-
modeling of natural bone may be another matter. Bone HA {i€s from a physical basis.
is in the form of crystalline platelets extended alongadteis _
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