This article was downloaded by:

On: 14 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Molecular Simulation

Publication details, including instructions for authors and subscription information:

M 0 L EC U L A R http://www.informaworld.com/smpp/title~content=t713644482
SIMULATION

Computer Modelling of Phosphate Biominerals: Parameterisation for

Perfect Lattice Calculations

0B B 6 ey M. G. Taylor® K. Simkiss?; M. G. B. Drew?”; P. C. H. Mitchell’; M. Leslie®

2 Department of Pure and Applied Zoology, University of Reading, Reading, U.K. ® Department of
Chemistry, University of Reading, Reading, U.K. ¢ SERC Daresbury Laboratory, Warrington, U.K.

To cite this Article Taylor, M. G., Simkiss, K. , Drew, M. G. B., Mitchell, P. C. H. and Leslie, M.(1992) 'Computer
Modelling of Phosphate Biominerals: Parameterisation for Perfect Lattice Calculations', Molecular Simulation, 9: 2, 129 —
141

To link to this Article: DOI: 10.1080/08927029208050606
URL: http://dx.doi.org/10.1080/08927029208050606

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://ww.informworld. confterns-and-conditions-of-access. pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |oan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with primary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713644482
http://dx.doi.org/10.1080/08927029208050606
http://www.informaworld.com/terms-and-conditions-of-access.pdf

19: 41 14 January 2011

Downl oaded At:

Molecular Simulation, 1992, Vol. 9, pp. 129-141  © 1992 Gordon and Breach Science Publishers S.A.
Reprints available directly from the publisher Printed in Great Britain
Photocopying permitted by license only

COMPUTER MODELLING OF PHOSPHATE
BIOMINERALS: PARAMETERISATION FOR
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We are extending the use of the method of static simulation of ionic lattices to modelling phosphates and
condensed phosphates, the mineral components of many biominerals whose structure, crystallinity and
reactivity can be influenced by substitutions and other defects. Parameters for the interatomic potentials
of some phosphates and pyrophosphates have been determined and we present our results for the modelling
of a-magnesium pyrophosphate, a representative compound of moderate complexity. The approach has
been to treat the compound as an ionic solid with Mg?* as the cation and P,0%~ as a predominately
covalent anion which is, however, ionically bound to the metal. Good agreement was found between the
calculated and experimental structures for this ionic model using formal or residual charges, a Born-Mayer
term for non-bonded repulsive interactions, whose parameters were calculated using the electron gas
technique, a van der Waals dispersion term and three body terms to account for the directionality of
bonding in the phosphate groups in the tetrahedra.

KEY WORDS: Biominerals, static lattice simulations, interatomic potentials, electron gas

1 INTRODUCTION

Phosphate biominerals are a class of materials that are of growing importance in both
fundamental and applied studies. Hydroxyapatite (Ca;(PO, ), OH) occurs with varying
amounts of carbonate and fluoride in the mineral phase of bones and teeth. Pyrophos-
phates (diphosphates, [P,0,]'~) may occur in trace amounts as precursors of bones
but they can also occur in joints as calcium pyrophosphate dihydrate crystals giving
rise to pseudogout. In the amorphous form magnesium and calcium pyrophospates
are also present in some urinary calculi and in granules in blood platelets {1, 2]. Thus,
in vertebrates, these minerals may occur as ortho- or pyrophospate in either crystal-
line or amorphous forms. These same materials are also widespread among a wide
range of invertebrates often as intracellular granules enclosed within a membrane
delimited space. They are typically calcium and magnesium cations with ortho- or
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pyrophospate anions |3] but in many organisms accumulate other cations such as
manganese and zinc [4]. In all cases, however, it is clear that the degree of crystallisation
of these materials and their surface reactivities are strongly influenced by their
substituent ions and by defects in their lattice. These features determine most of the
properties of these important biominerals but the distribution of the cations is
unknown and, where mixed deposits are involved, could give rise to regions of solid
solutions or biphasic materials. To investigate the cation distribution and to deter-
mine the effects of cation substitution defects on the perfect lattice parameters and the
energetics of these substitutions we are using computer modelling.

As a first step we have calculated parameters for interatomic potentials in a number
of pyrophosphate and orthophosphate compounds for which we have structural
information in order to test the potentials. Here we present our methods and the
results for anhydrous a-magnesium pyrophosphate as a representative compound of
moderate complexity.

2 STRUCTURES

The structures of pyrophosphates have been reviewed [5]. Pyrophosphate is a dimer
of two phosphate tetrahedra sharing a corner oxygen. There are two structural types,
dichromate (e.g., K,Cr,0;) and thortveitite (Sc,Si,0,). These are distingiushed by
the conformation of the phosphate (PO,) groups Figure 1(a), (b). In the dichromate
structure type they are essentially eclipsed and the POP bridging angle is less than
140°. In some metal pyrophosphates the bridging oxygen is in the first coordination
sphere, (e.g. f-Ca, P,0,, [6]). The conformation may also be stabilised by the bonding
of the cation to both halves of the dimer (e.g. «-Ca,P,0,, [7]). In the thortveitite
structure the PO, groups are staggered and there is no cation bonding to the bridging
oxygen. The bridging angle is greater than 140°. While linear POP angles of 180° in,
for example, the f- forms of magnesium, manganese and zinc pyrophospate, have
been reported in crystal structures it seems likely that this is a mean value reflecting
disorder and a crystallographic centre of symmetry [8]. By contrast in some pyrosilicate
structures the linear bridge has been unambiguously established [5].

A feature of both structure types of [P, O,]* ", is the range of bond orders and hence
bond distances of the phosphorus oxygen bonds in the distorted tetrahedral phos-
phate units and consequently the cation and oxygen distances [9]. A molecular orbital
approach for phosphorus-oxygen bonding suggests sp* hybridisation and the forma-
tion of four phosphorus oxygen o bonds in a tetrahedral geometry. Further dn—pn
bonding arises from combinations of oxygen 2pn orbitals and phosphorus 3d orbitals,
3d,, ,, and 34, [10]. Generally the P-O bonds lengths in phosphates average 1.54 A
and thus are shorter than expected for a single bond 1.71 A. This is also true of the
P-O, bond distances which range from 1.56 to 1.63 A [11]. Often at least one of the
bonds shows considerable double bond character {12, 13]. The property determines
the ability to form extended network structures in glasses as there is a limited ability
to use all the oxygens in linking units and contrasts with the 3i-O tetrahedron in
which each Si-O bond is more equivalent. The cations will therefore often stabilise the
network in phosphate glasses but also exhibit a range of bond distances and
coordination numbers. The consequence is that some of these compounds do not
crystallise readily at ambient temperatures and substitutions can lead to amorphous
structures.
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To simulate such compounds presents many challenges. Many of the cations of
interest such as magnesium, calcium and manganese interact in an essentially ionic
way, zinc will be expected to exhibit more covalency. Aluminium phosphate bonding
will be largely covalent as will all the binding in the anionic part of the pyrophosphate
units.

Magnesium pyrophosphate exists in a low temperature a-form and a high tem-
perature f-form. Both structures [8, 14] are related to the thortveitite structure which
exhibits a bridging P-O,;—P (O indicates bridging oxygen) angle greater than 140°
(0 = 144°, B = 180°), a staggered conformation of the PO, groups and the cations
do not approach the bridging oxygen close enough to form a bond. In the a-form the
two independent magnesium cations are five and six coordinate whereas in f-form
both cations are six coordinate in a distorted octahedral environment. In the a-form,
Figure 2, the Mg-O bond distances range from 1.98 to 2.142 A and in the -form from
2.02 to 2.15A.

3 THEORETICAL METHODS
3.1 Introduction

Classical energy minimisation techniques [15}, method of steepest descent and Newton—
Raphson, have been used widely in static lattice simulations of perfect and defect
structures. Much of the early work was concerned with metal oxides; more recently
this has been extended to modelling silica and silicates and zeolites {16, 17]. The lattice
energy of the compound is computed as the sum of the long range Coulombic
interactions summed by the Ewald method, [18], the short range non-bonded poten-
tials which decay quickly and force field terms which may include two, three and four
body interactions.

E(eV) = Ecoyrompic + Esuortrance + ETHREEBODY (D

The lattice energy is minimised as a function of structural parameters such as unit cell
dimensions, atomic coordinates, bond lengths and bond angles. At the minimum the
derivatives of the energy with respect to the geometric factors will be zero.

To calculate the relaxed perfect lattice of a a-Mg,P,0; and so test the parameters
for the interatomic potentials and force constants, the THBREL and PHONON
programs available under the SERC CCP5 scheme have been used [19, 20]. The model
is ionic but the inclusion of three body terms has enabled the successful application
of the programs in the modelling of silicates which present similar problems to the
phosphates. The validity of using the ionic model for such compounds was discussed
and reviewed by Catlow and Stoneham [21]. Our approach has been to treat a-mag-
nesium pyrophosphate as an ionic solid with Mg?* as the cation and P,0%" as a
predominately covalent anion which is, however, ionically bound to the metal.
Oxygen forms bonds with magnesium but is also part of the pyrophosphate unit so
is clearly not equivalent to the oxygen of magnesium oxide which carries a 2~ charge
and therefore we have developed new parameters.

3.2 Interatomic Potentials

Central to any simulations are the interatomic potentials for the compounds of
interest.
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(a)

Figure 1 Conformations of the P,O% anion. (a) The P,03" anion in the g-Ca,P,0; structure. The PO,
groups are eclipsed, indicative of the dichromate structural type. (b) The P,O%™ anion in the «-Mg, P, 0O,
structure. The PO, groups are staggered, indicative of the thortveitite structural type.

The energy of interaction between two ions i and j with charges g, and ¢, is given
by the following Equation (2).

I/ij(rij) = q,'q/'/r,', + A exp {_r[j/pr'j) - (Xn(ri,‘)ce(ij))/rg- (2)
The first term represents the electrostatic Coulombic interactions between each pair
of ions. The second term is the non-bonded repulsive terms arising from the overlap
of the clectron clouds of the approaching ions and is the analytic form of the
Born-Mayer equation and lastly the dispersion term is due to the van der Waals
attractive forces derived by Slater and Kirkwood [22]. Here y, is a damping factor
which is also a function of r [23]. In addition terms for the pyrophosphate anion
incorporating the two and three body vibrations have been included. Three bending
terms account for the strong directional bonding in the anion.

VS—body = 1/2k5(9 - 90)2 (3)
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(b)
Figure I Continued.

where k, is the bond bending force constant and 6, is the equilibrium bond angle.
Harmonic spring constants for the two body terms were derived empirically using
force constants calculated from the vibrational spectrum of a-magnesium pyrophos-
phate [24, 25]. Force constants for the three body bending modes were also derived
empirically by taking account of the regions of the infrared spectrum where these
vibrations occur.

Parameters for the short range potentials can be determined by three methods. In
the first method, parameters are obtained by empirical fitting to the crystal structure
and known tensor properties of the system such as elastic and dielectric constants.
This technique has been used successfully in modelling metal oxides and many silicate
structures. Since the amount of experimental data for our system is limited we have
been reluctant to use this method. The second technique uses ab initio calculations as
proposed by Pyper [23]. However, at present such methods are not feasible for the
complexity of pyrophosphate structures and would require too much computer
resources.

The third method uses the electron gas technique encoded by Harding and Harker
[26] and based on the work of Wedephol [27] and Gordon and Kim [28]. This method
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Figure 2 The unit cell of a x-Mg,P, 0, in the b projection showing layers of pyrophosphate units and

Mg?* cations. For clarity the Mg~O bonds are not indicated.
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Table 1 Charge models of a-Magnesium Pyrophospate.

Charges Model I Model 11 Model 111
Full ionic Formal Fractional
Magnesium +2 +2 +2
Phosphorus +5 +1 +0.750
Oxygen-B -2 0 —0.250
Oxygen-T -2 -1 —0.875

provides an independent theoretical basis for parameterisation and as we shall show
works well for pyrophosphate. The model calculates the forces between closed shell
atoms or ions. It is assumed that the charge density of the ion pair is the sum of the
separate charge densities. The resulting interatomic potentials may be fitted to an
analytic form such as the Born—-Mayer equation. It should be possible to use these
potentials in both static and dynamic simulations [26].

Entsraction Eeleclroslal + Ekin + Ecxch + Econ (4)

The energy of interaction takes account of electrostatic (electrostat) energy, kinetic
(kin) energy, exchange (exch) energy and correlation (corr) energy, each of which can
be expressed in terms of the charge density functions. The interaction energies for the
atoms in the pyrophosphate unit were calculated from expansions of the Slater
functions modified to account for the Madelung potential experienced in the crystal.
They were averaged over configurations to give spherically symmetrical ions. As
magnesium is located in a spacious site the Clementi free ion function was used. The
final term, involving the van der Waals many electron dispersion coefficients was
calculated using the formula derived by Slater and Kirkwood [22]. for the interaction
between species i and j

Coi) = 320m0/[(:/P)'" + (o/P)"") (%)
which for two equivalent species becomes
Ce(il) = 3[4a}?P}2 ©)

where «; is the static polarizability of species 7 and P, the effective number of electrons
contributing to the polarizability. A damping parameter x,,(r) has been included to
reduce the dispersion energies when the wavefunction overlap is not negligible [23].

Whilst recognising that polarisabilities in the pyrophosphate anion are likely to be
important we have not at this stage used the shell model whereby the valence charge
of a massless shell and the mass containing core charge is coupled by a harmonic
spring hence allowing the polarisation effects to occur by the displacement of the shell
relative to the core [29].

4. RESULTS AND DISCUSSION

The first step for our calculations of the short range repulsive interactions was to set
up charge models for the pyrophosphate unit in order to determine the Madelung
potentials for the calculation of the atomic wave functions. These are given in Table 1.
Although we are treating our compounds as ionic the pyrophosphate unit has a large
percentage of covalent character, approximately 61% based on Pauling’s electro-
negativities. It was decided to keep an integral charge on the cation of 27 to facilitate



19: 41 14 January 2011

Downl oaded At:

136 M.G. TAYLOR ET AL.

Table 2 Calculated parameters for the Buckinghamt interatomic potentials for Models 1 and 11*, for
simulating the perfect lattice of a-magnesium pyrophosphate

Species Parameter Model I + Model 11 4
Mean value Mean value

Mg-O, AleV 6059.94 608.36 2551.55 22571
oA 0.21326 0.24332
C,jeVA® 6.0

0,-0, AleV 5905.13 186.54 1394.53 148.77
oA 0.25599 0.29782
CyleVA 120.00

0,-0, AfeV 6700.61 171.81 1081.82 78.83
plA 0.25144 0.30357
CyleVA® 80.00

0,-0, AleV - 764.00
of - 0.320060
C,/eVAS 53.00

P-O, AjeV 6198.06 407.17 270.72 5.96
plA 0.21095 0.42876
C,feVA® 2.00

P-0, AleV 7369.53 20.25 388.48 3.75
ofA 0.20371 0.3997%
C,jeVA® 2.00

P-P AleV 2381.84 10306.43
/A 0.24210 0.35662
C,leVA - _

i V. lr) = dexp (~r;[p) — Cglif). See text for details of the calculations.
L ’/
*See Table |.

future work on cation substitutions. Nevertheless Model I has been constructed with
full ionic charges. Although intuitively a 57 charge on phosphorus is unrealistic
considering the ionisation potentials silicon with a 4* charge has worked well in
modelling silica and silicates. Each oxygen then carries a charge of 2° [30]. Our second
model is based on Langmuir’s formal charges as described by Pauling [12] whereby
each atomic pair contributes an electron to a pair bond thus leaving two terminal
oxygens with a single negative charge and the bridging oxygen neutral. The third
terminal phosphorus—oxygen bond in this scheme also carries a single negative charge
as both of the electrons required to form the pair bond are contributed by the
phosphorus atom which then has a residual single positive charge. As discussed earlier
the bonding is probably more realistically described by the formation of 4 sp’
hybridised ¢ P-O bonds and the fifth P valence electron involved in P-O 7 bonding
with the terminal oxygens. Evidence for the scheme is the shorter P-O bond lengths
compared with the calculated single bond length (see above).

Model 11T was devised to put a fractional charge on the bridging oxygen of — 0.25.
This then gave us a charge of 0.75% on phosphorus and —0.875 on the terminal
oxygens. The Madelung potentials were calculated using the Ewald method [18].

The A and p parameters of the Born—-Mayer function were calculated by the
electron gas technique using the electron densities calculated from the wave functions
determined in the appropriate Madelung potential. In Table 2 we quote mcan values
for each atom pair together with standard deviations. It was found that the parameters
often showed a marked difference for the terminal oxygen species which has a shorter
phosphorus-oxygen bond distance so a new Model IV was considered in which two
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Table 3 Force constants used in the perfect lattice simulation of «-Mg,P,0;.

Species Two-body Bond Length/A Force constantjeVA~?
P-O, 1.516 35

P-Op 1.590 25

Species Three-body Equilibrium angle/0 Force

constant/eVrad 2

0,PO;, 112.33 10

O;PO, 106.33 s

PO,P 144.00 20

types of O, were used. However, this model was not proved necessary as the structure
was successfully simulated using Model II.

The dispersion coefficients, C; terms were calculated approximately using the
formulae (5) derived by Slater and Kirkwood [22]. Values for the static polarizabilities,
a, and P, the effective number of electrons contributing to the polarizabilities are only
known accurately for a limited number of ionic species {23]. The calculated values of
C, which are given in Table 2, have been derived with the help of Dr Pyper [31]. Values
for Mg”* were taken from the literature, « = 0.486a.u. and P = 4.455 [23]; for the
bridging oxygen atom, Oz, we used the free atom value for the polarizability,
o = 5.2a.u. and for the number of electrons contributing to the polarizability i.e., s
and p or just p electrons we took the appropriate fraction of the value for neon,
P = 3.16. For the terminal oxygen, O, considered to have a single negative charge
the polarizability, « = 8.37a.u., was estimated by interpolating between our cal-
culated value for Oy and the published value for O*~ in magnesium oxide [32]. The
number of electrons, P = 3.81, was calculated by a similar method as described above
for Oy. Values for P* polarizability were estimated on the assumption that the
polarizability is roughly halved for each unit increase of nuclear charge and that this
fraction increases on going down the periodic table. Values used for « and P were
17.4 a.u. and 2.54 respectively. The damping factors y, were estimated as follows. For
the oxygen-oxygen interaction they have been set at a value of 0.5 as a mean value
over a range of appropriate interionic separations [33]. Values for the phosphorus-
oxygen interactions were not satisfactory and further work is required. For the
magnesium-oxygen interactions the damping factor set at about 0.25 gave a reason-
able simulation. The C; values actually used are given in Table 2.

The force constants used in the simulations are shown in Table 3. The P-O bonds
were treated as harmonic oscillators.

E; = 1/2k(r — r,)’ M

where (r — r,) represents the displacement from an equilibrium distance 7,(A) and &
is the spring constant. Initial values for the force constants were derived from the
assigned bands in the experimental spectrum [25]. The P-O, stretching vibrations
were split and occurred over a range of energies from 1052-1211cm™'. The P-O,
symmetric and antisymmetric vibrations are at 740 and 982cm ™! respectively. The
force constants used for the three body bending terms were derived empirically
starting from values which bore a sensible relation to the position of the bands in the
infra red spectrum. Some adjustment was made to the force constants to give better
fits to experimental structural data and from using the PHONON program with the
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Table 4 Perfect crystal properties of «-Mg, P, O, calculated with the parameters for Model
I1.

Cell parameters Calculated Experimental

a/A 13.29 13.20

b/A 8.25 8.29

c/A 8.77 8.85

Br° 104.8 104.9

Lattice Energy/eV - 311 332 (from Born-
Haber calculation)

Tensor diagonal Constant volume Constant pressure -

relaxation relaxation

Elasiic constants

¢, /10" dynem™? 27.27 28.69
/10" dynem™? 22.09 23.84
¢,;/10'" dynem~? 19.70 19.91
C40/10" dyncm* 7.93 8.03
c5s/10" dynem—? 7.83 8.37
Cee /10" dyncm 2 6.29 7.27
Dielectric constants

. 2.43 2.33
&, 2.45 2.33
trn 3.17 3.57

wave vector ¢ = 0.00000, 0.00000, 0.00100 to generate the frequencies and atom
displacement vectors of the vibrational modes related to the infra red spectrum. The
results from PHONON also test the other potential parameters as well as the force
constants. The absence of imaginary eigenvalues did suggest that the simulated
structure was stable and the eigenvalues calculated by the program were contained
within the range of frequencies found in the experimental infra red spectrum to within
40cm ', Because of this the locations of bands were not exactly reproduced. This
indicates that our model is not yet perfect. Polarisation effects in the pyrophosphate
unit could be incorporated by using the shell model and better dispersion terms may
produce an improvement. Relaxation of each model of the structure to give a
minimum lattice energy was attempted at constant volume and constant pressure. At
constant volume the internal strains are minimised while the unit cell dimensions
remain constant. The bulk strains can be and often are non-zero. At constant pressure
the cell dimensions may also relax.

Our model I did not relax after a number of iterations (150) and the internal and
external strains were large. In addition large negative elastic constant tensors and
static dielectric constants led us to reject this model. The model with the fractional
charges was also rejected as it did not improve the quality of the simulation given by
Model I which by contrast relaxed within 12 iterations at constant volume and within
18 at constant pressure. The minimised lattice energies compared with values cal-
culated from the Born Haber cycle are given in Table 4. Changes in the cell dimensions
are also included in Table 4 and the diagonals of the elastic constant and static
dielectric constant tensors for the constant volume and pressure relaxations are given.
Although the initial fit was reasonable we investigated the effects of changing various
parameters and established that by varying the A parameter for the magnesium



19: 41 14 January 2011

Downl oaded At:

PHOSPHATE BIOMINERALS 139

Table 5 Experimental (X-ray) and calculated (CONV and CONP)* bond distances and bond angles for
oa-Mg,P,0,.

Species X-ray CONV CONP
Mg (1)-0, 2073 2.079 2.034
2.084 2.103 2.084
2.135 2.087 2.133
2.137 2.041 2.079
2.142 2.145 2.127
2.059 2.106 2.071
Mean value 2105 + 0.033 2.094 + 0.034 2.088 + 0.034
Mg (2)-0, 2.037 2.024 2.011
2054 2.106 2.062
2.120 2.091 2.086
1.985 1.983 1.970
2.024 2.131 2.098
Mean value 2.044 + 0.044 2.067 + 0.055 2.045 4 0.048
P-O, 1.612 1.558 1.583
1.569 1.560 1.588
P-P 3.026 2.974 3.022
<POyP 144 145 145
Side 1, P-O; 1.533 1.511 1.502
1.507 1.522 1.513
1.472 1.507 1.496
Mean value 1.504 + 0.025 1.513 + 0.006 1.504 4+ 0.007
<O,PO, I3 112 111
It 111 108
112 109 110
Side 11, P-O, 1.539 1.520 1.504
1.527 1.526 1.519
1.521 1.527 1.519
Mean value 1.529 + 0.007 1.524 4+ 0.003 1.514 4+ 0.007
<0O;PO; 115 112 109
i1 111 109
112 107 109

*CONYV and CONP denotes relaxation at constant volume and pressure respectively.

oxygen interaction from 2551.55 to 3551.55¢V and the A parameter for the phos-
phorus terminal oxygen from 270.72 to 300.72¢V a significantly better fit was
obtained. The rationale for these changes may be that the assumption of a fully ionic
model for the electron gas calculations is an over simplification. Bond distances for
the atom pairs and bond angles are given in Table 5 and are compared with the
experimental data. Very good agreement is obtained but detailed analysis shows that
there is a tendency for the PO, groups in the simulated structure to become more
regular than in the crystal. The angles around P tend towards the value of a regular
tetrahedral angle, 109.5° and the standard deviations of the bond distances become
smailer but the short phosphorus oxygen bond is reproduced in the structure relaxed
at constant pressure. The P-Oj lengths become almost equal in the relaxed structure
but the mean value is the same as in the crystal structure. These results, however, are
not surprising when one reflects that the electron gas and other parameters were
averaged. The magnesium—oxygen bond lengths at both magnesium sites are well
produced. The sixfold coordination at the first site and the fivefold coordination at
the second site is simulated correctly and the short Mg-O bond of 1.98 A at the second
site is also reproduced correctly.
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5 CONCLUSIONS

The work described has demonstrated that molecules of the complexity of pyrophos-
phates can be simulated successfully. Good agreement between the calculated and
experimental structures of a-magnesium pyrophosphate has been obtained and the
lattice energy compared well with that calculated from the Born-Haber thermochemical
cycle.* The pyrophospate anion modelled best using formal rather than fully ionic
charges. There was a slight tendency for the phosphate units to model as regular
terahedra. The model could be refined to take account of this tendency. Nevertheless
we feel confident that the model can form the basis of our investigations into the
substitution defects of cations in many biominerals.
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APPENDIX: ESTIMATION OF THE EXPERIMENTAL LATTICE ENERGY
FOR a«-MAGNESIUM PYROPHOSPHATE

The lattice energy, Equation (1), is estimated from thermochemical data outlined
below. Numerical values are AH,g/kJmoi™".f
2Mg€5 + P2O‘71(;) - Mg, P,0y, (h
(a) Heat of formation of Mg**: 2326
Mg, — Mgy, — Mg
(b) Heat of formation of the P,O%~ ion: 6524
(HO), OPOPO(OH),;y, — P04, + 4H, — oné(g) + 4Hg,

(taking the electron affinity for Oy, — Og,))
(c) Heat of formation of magnesium pyrophosphate crystal: —2901

2Mg0(c) + H4P207u) — Mg, P,0,, + 2H,0y,
(d) Lattice energy of magnesium pyrophosphate: — 8275
[(@) + (B) + (¢) + (d) = 0 (Born Haber)]

*See Appendix for details of the calculation.
eV = 97kIJmol~".
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