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Summary 
Atomistic Simulations of Hydroxyapatite, Helen Fiona Chappell 

Hydroxyapatite, (HA), is similar in composition to the main inorganic mineral 

component of all mammalian hard tissue, primarily bone and tooth enamel. It is 

regularly used in medical applications as a bone graft material as well as a coating on 

titanium joints and screws, and as scaffolds. While phase-pure HA has been in use for 

over 20 years, substituted forms are now being investigated due to their greater 

biocompatibility and bioactivity. Silicon substituted HA products, for 

bone-replacement surgery, are already licensed in the UK and USA. 

The aim of this work was to provide a deeper understanding of the electronic and 

geometrical structures of HA when substituted by various ions considered important 

. in the field of biomaterials. Calculations were carried out using Density Functional 

Theory, (DFT), on bulk and surface, substituted-HA structures. Particular attention is 

given to the substitution of phosphate ions by silicate ions. Bulk structures are 

investigated with supercells and the Virtual Crystal Approximation, which simulates 

low concentrations (up to 2.8 wt%) of silicon in the unit cell. The amount of silicon 

that can be substituted into a single cell is limited by the need for charge 

compensation, as the silicate ion has a formal charge of -4 and phosphate -3. Charge 

compensation is therefore explored, showing that hydroxyl-deficient HA is more 

favourable than stoichiometric HA when silicon 1s introduced. The 

HA-britholite-(Y) solid state series is also investigated, using geometry optimisation 

and theoretical NMR spectra, as a potential way of increasing the silicon content of a 

unit cell by charge compensating with the replacement of a + 2 calcium ion by a + 3 

yttrium ion. Further substitutions of titanium and magnesium are also thoroughly 

investigated with the single unit cell model. 

A HA (100) surface slab is also constructed and electronically optimised. This model 

is used in the study of surface structures and interactions and is compared to previous 

experimental and theoretical results. Substitution of silicon into the surfaces is 

investigated in addition to protonation of surface phosphate and silicate ions and the 

adsorption of a glutamic acid fragment. Theoretical NMR studies on the bulk and 

surface structures are generated and compared with previous experimental results for 

bone samples and nanaocrystalline HA. 
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Chapter 1 

Introduction 

Hydroxyapatite (HA), Ca10(P04)6(0H)2, is similar in chemical composition to the 

main inorganic mineral component of all mammalian hard tissue. Synthetic HA has 

been used for many years in the field of bone surgery and is relatively simple to 

manufacture. Along with material derived from natural coral, synthetic HA has been 

employed variously for coatings on metal joints, orbital implants, whole middle-ear 

prosthetics, bone grafts and cements. 

Synthetic hydroxyapatite has proven extremely effective for surgical procedures 

because of its innate biocompatibility and bioactivity. Generally speaking, a bioactive 

material is one that provokes an advantageous biological response from its host. In 

this case the response is apposition of bone tissue onto the implanted material surface 

[1]. HA is naturally bioactive and can be thus used in a very pure form, for example 

in orbital implants. However, in viva, HA is rarely found in this pure state. Bone and 

tooth mineral are heavily substituted with a variety of ions. For example, tooth enamel 

has many OH- ions substituted for co/- ions, which accounts for between 5 and 10 

percent of the total C03 
2
- content of this particular tissue [2]. Carbonate ions are a 

major substituent of in vivo HA and can substitute in to either the phosphate or 

hydroxyl ion positions producing B-type or A-type carbonate-HA respectively and in 

bone it is the B-type that is favored [3]. Equally, it has been shown experimentally 

Chapter 1 Introduction 1 



that substituted forms of HA produced in the laboratory are, as one might expect, 

more bioactive than the pure material [ 4] . Introducing new species into the crystal 

lattice has therefore become an intense area of research, silicon being one of the 

current successful substitutions [5]. As yet, little theoretical research has been 

conducted in this area but experimentally, · it is an area of great interest. For the 

materials scientist interested in producing new and effective materials for medical 

applications, experimental data alone are of limited use due to the vast number of 

variables that are an inevitable part of working in viva and in vitro. Theoretical 

calculations have the great advantage of allowing only a small number of ionic 

species to be considered at one time. It is here that the real strength of computer-aided 

biomolecular materials design comes into force. Already a number of studies have 

been undertaken to look at substitutions in the hydroxyapatite unit cell [2,6,7,8]. Most 

of these studies have analysed the geometrical positions of the substituted species 

within the cell and the effect that these species have on bond lengths and angles. 

Additionally, most of these studies have been conducted on bulk crystalline material 

for ease of computation. 

However, the nature of medical devices is such that it is primarily the interface 

reactions between implanted material and tissue that are most significant. Indeed, 

surface properties of the hydroxyapatite crystal are of great interest and experimental 

work is beginning to look at these surface processes in more detail. For example, 

variations· in the apparent electronic structure on the crystal surface have been 

described [ 4,9]. Results from these kinds of studies have profound implications for the 

potential bioactivity of new materials. 

This thesis descrioes the research that I have carried out over the last three years in the 

field of computer simulations of HA. The first chapter will give a broad introduction 

to the subject of HA and the experimental and theoretical work already carried out in 

this area. Chapter two will describe the theory behind the computational methods used 

throughout this work. This chapter gives details of Density Functional Theory (DFT) 

and the techniques and approximations employed. The third chapter will describe the 

work carried out on the bulk crystalline HA material. This work starts with the 

optimisation of a single phase-pure HA unit cell of 44 atoms. This chapter will then 

develop with the substitutions that have been made into the bulk crystal, including 
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silicon, titanium and magnesium in various lattice positions. Formation energies are 

used as an indicator of stability for the various materials and the Virtual Crystal 

Approximation (VCA) is used to perform calculations on exact substitutional 

composition, some of which model experimental values. This chapter also 

investigates geometricalchanges in the unit cell structure and explores the question of 

altered crystallographic space groups. The fourth chapter looks at the hydroxyapatite

britholite series. This chapter compares theoretical and experimental results for the 

step-wise substitution of phosphorus by silicon and calcium by yttrium in 

hydroxyapatite. Both geometrical optimisations and Nuclear Magnetic Resonance 

spectra are explored. The fifth chapter focuses on the HA (100) surface structure and 

the changes that occur by substituting surface ions by alternate ionic species. The 

principle investigation here is with a silicon substitution. Again, formation energies 

are investigated along with detailed reconstruction effects within the surface slab. 

Surface reconstructions are also investigated with the protonation of surface 

phosphate and silicate ions and the absorption of a glutamic acid fragment. The aim of 

this work is to give a more detailed picture of the HA surface, something which up 

until now has remained elusive to both theoreticians and experimentalist alike. The 

sixth chapter of the thesis explores the generation of theoretical, first-principle 

Nuclear Magnetic Resonance spectra (NMR) for both bulk and surface structures. 

These calculations go a long way to determining a surface structure of the clean HA 

surface and allow insight into the chemical shifts that can be expected with substituted 

materials. · These results are also compared with current experimental spectra from 

nanocrystalline HA and bone samples. The final thesis chapter, Chapter 7, discusses 

the presented work in the context of current knowledge and future possibilities. 

1.1 Chemistry and Properties 

Hydroxyapatite is similar in chemical composition to the main inorganic mineral 

constituent of bone. It is a white crystalline solid at room temperature and in its pure 

state is brittle and does not have the mechanical strength to support long-term major 

load-bearing medical applications. HA is also a thermally unstable compound which 

has been reported to decompose at temperatures ranging from 800 to 1200°C, 

although the exact temperature of decomposition is dependent on the 

calcium: phosphorus ratio [10]. This is particularly important in the laboratory 

--------
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production of the material and the level of sintering that can be achieved [11]. It has 

the chemical formula, Ca10(P04)6(0H)2 and one unit cell contains 44 atoms in a 

hexagonal structure. The space group for the cell is generally accepted to be P63/m 

although, depending on how the symmetry operations are classified and whether the 

hydroxyl ions are regarded as single point entities or complete two atom groups, the 

space group is sometimes given as C63/m [12,13]. The 'P' in the description shows 

that the crystal has a Primitive Lattice type and the '6' shows that it has a hexagonal 

(6-fold) rotational symmetry. The '3' shows that there is a 3-fold screw axis (60° 

rotation followed by a Yz translation) parallel to the c-axis and the Im shows a mirror 

plane perpendicular to the c-axis. This space group denotes the lattice parameters 

a= b;: c, a ={3 = 90° and y = 120°. In this work it is this hexagonal cell that is used 

throughout and not the monoclinic structure, which is sometimes reported. It is 

generally accepted that the hexagonal cell is that which is formed when a high purity 

level of HA is achieved. Additionally, the monoclinic unit cell, which contains 88 

atoms, is too large for a DFT study ofthis kind. 

Figure 1 shows the structure of the hexagonal crystallographic unit cell. 

Figure 1.1 The hydroxyapatite unit cell. Phosphorus atoms are shown in purple, oxygen in red, 
calcium in green and hydrogen in white. The c-axis is vertical. 
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The bonding of the atoms in the crystal structure has been widely studied over the 

years and the general characteristics of the phase-pure state are now well known 

[14,15]. It has been found that calcium bonds ionically to the hydroxyl ions but also to 

the closest oxygen of the nearest phosphate ion [16]. However, electron density 

contour plots reveal that the bonding within the phosphate and hydroxyl ions is 

strictly covalent, giving these two groups polyanion character within the unit cell 

[ 14, 15]. The arrangement of the calcium ions is such that there are two quite separate 

environments available. Four of the calcium ions occupy a Type I position, (Cal), 

which are referred to as columnar calcium ions, and are located parallel to the c-axis 

at positions 1 and Yz. The remaining six calcium ions are referred to as Type II 

calcium ions, (Call), and are located at c=l/4 and c=3/4 on planes parallel to the basal 

plane. If viewed down the c-axis, it is these calcium ions that give the appearance of a 

hexagonal channel around the central hydroxyl ions, as shown in Figure 1.2 [17] . 

Type II Calcium 

Type I Calcium 

Figure 1.2 Plan view of HA cell along the c-axis. The columnar and hexagonal calcium positions are 
highlighted. Calcium is shown in green, oxygen in red and phosphorus in purple. 
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The positioning of the hydroxyl ions has also been of great interest because early 

crystallographic studies showed that the hydroxyl ions seemed highly disordered with 

partial occupancies in several sites. A Density Functional Theory (DFT) study looked 

at various positions available to the hydroxyl ions in order to find which configuration 

had the lowest groundstate energy [14]. Figure 1.3 shows the four configurations that 

were used, including one, configuration 4, where one of the hydroxyl ions was split to 

see if any new hydrogen-bonding interactions could be generated that would stabilise 

the structure. 

Configuration 3 Configuration 4 

Figure 1.3 Four configurations for the positions of the hydroxyl ions within the hydroxyapatite unit 
cell. Calcium is shown in green, oxygen in red, hydrogen in white and phosphorus in purple. 

It was found, unsurprisingly, that configuration 1 was far too unstable for the energy 

to converge due to the proximity of the oxygen atoms. Configuration 3 did however 

generate a stable structure with a final energy of - 310.740 eV but it lacked any 

hydrogen bonding. Configuration 2 was found to be the most stable structure with a 

groundstate energy of - 311.171 e V. This configuration has also been confirmed as the 

lowest energy configuration by Clark [ 18]. Interestingly, configuration 4, on 

convergence, gave a total energy of - 311.175 eV and the separated ion re-bonded 

confirming configuration 2 as the most stable structure [14]. Having established that 

configuration 2 was the most stable, it was shown that the partial occupancies 
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revealed in the crystallographic data could be explained by local domains of these 

ordered hydroxyl columns. That is, the hydroxyl ions can be arranged either up or 

down the c-axis and local domains form within the crystal of either all up or all down, 

hence the apparent partial occupancies of some of the sites. To confirm this, various 

simulations were run to investigate the energetic impact of ordering the columns. 

Indeed, as expected, it was found that the ordering of the columns within the structure 

was of little consequence in energetic terms compared to the ordering of the hydroxyl 

ions within the columns [14]. 

The atomic lattice parameters of the unit cell were first elucidated in the 1930's and 

then later refined in powder diffraction experiments by Posner et al [19]. However, 

given the nature of the experiments and the differences in production methods there is 

a range of values that has been recorded over the years. Table 1.1 lists a few 

examples. 

Group a-parameter/ A c-parameter/ A Cell Volume/ A3 

Posner et al [19] 9.432 6.881 -
Porter [20] 9.4104(1) 6.8747(6) 527.236 
Arcos et al [2 1] 9.4209(1) 6.8841 (1) 529.13(1) 

Table I.I Experimental values for HA lattice parameters. [19,20,21] . 

In the work presented here, the Porter values were the ones chosen as the starting 

reference for the DFT calculations as these values relate directly to experimental work 

undertaken in Cambridge. 

1.2 Bone Structure and Biology 

Bone is a living tissue and as such it requires a vast network of blood vessels to 

supply it with the essential nutrients and oxygen that such a system relies upon. In 

1892 Wolff recognised that bone changes and reconstructs in response to both internal 

and external stresses [22]. Indeed, the changes observed in bone structure are summed 

up in what has become known as Wolff's law: the deposition of bone takes place 

when it is needed and resorption when it is not needed [23]. This management of bone 

deposition and resorption is largely a matter of internal regulation and when this 

system is disturbed there can be serious consequences, for example an excess 

depletion of bone gives rise to the debilitating condition of osteoporosis and an 
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overproduction leads to Paget's disease [24]. 

The skeleton has two major functions within the body, the first being mechanical 
(protection of organs, muscle-attachments, functioning as levers for movement) and 
the second is metabolic, principally the metabolism of calcium [23]. The exact 
composition of bone depends on age, sex and bone-type but in essence all bone is 
composed of mineral, water and an organic matrix of the fibrous protein collagen 
[25]. The bone matrix is composed of collagen fibres, organised in a complex 
hierarchical manner as shown in Figure 1.4, and inorganic mineral crystals, which are 
predominately carbonated-calcium-deficient hydroxyapatite. Other organic molecules 
are also present but represent perhaps only 5 % of the dry weight [26]. 

tropoco llagen 
characteristic banding collagen fibre 

peptide chain 

Figure 1.4 Hierarchical organization of collagen fibres [26]. 

The arrangement of bone is highly complex and organised on various scales. At the 
macrostructural level mature bone consists of cortical bone, which is dense and found 
on the exterior of bones to provide protection, and trabecular or cancellous bone 
which has a lighter structure and is found in the interior of the bone [26]. 
Histologically, bone is divided into three main types; woven, parallel-fibred and 
lamellar bone. Wo':en bone is laid down rapidly and is found mainly in fetal material 
and in areas of fracture repair. It contains randomly orientated collagen fibrils and 
exists in a porous yet highly mineralised state [27]. Lamellar bone consists of local, 
well-ordered domains of collagen and is laid down much more slowly than woven 
bone. Parallel-fibred bone is of an intermediate structure between woven and lamellar 
bone and can incorporate a large two-dimensional network of blood vessels. This 
ultrastructural organisation of bone is based on the arrangement of collagen fibrils and 
woven and lamellar bone is distinguished by differences in this collagen arrangement 
[27]. 
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All primary bone, as described above, continually undergoes remodeling, a process 

that is characterised by the Haversian system created by the bone destroying 

osteoclasts creating a cavity into which subsequent deposition of concentric bone 

lamellae occurs [27]. The central Haversian canal carries blood vessels and nerves 

[28]. 

At the ultrastructural level, the mam inorganic mineral component of bone is a 

substituted form of hydroxyapatite and not the phase-pure material as is often 

suggested [25] . The major substitution is carbonate but many other ions are also 

incorporated, such as magnesium, sodium, potassium, zinc and copper [25, 26]. The 

HA crystals are nanoscopic, approximately 5-100nm in length along the c-axis, and 

form thin plates which lie along the collagen fibres [20,30,31]. X-ray scattering 

experiments suggest that initially, the mineral deposits in parts of the collagen matrix 

that have high hydrophilic residue concentrations and later across the entirety of the 

fibrils [32]. However, some X-ray diffraction studies have shown that bone also 

contains amorphous regions of HA which predominate in younger tissue [33]. The 

exact process of mineralisation is unknown but it is thought to occur in the matrix 

vesicles and is in response to physiochemical and cellular factors alike. The 

nucleation process appears to be born out of a deposited layer of amorphous 

tricalcium phosphate, which is controlled by osteoblasts. Additionally, more recent 

studies have identified a number of non-collagenous proteins such as osteocalcin, 

osteopontin and osteonectin that regulate the mineralisation and remodeling of the 

tissue [34]. However, exact mechanisms for these processes still remain unidentified. 

Other important constituents of bone tissue are Growth Factors (GFs) and cells. GFs 

are peptides that regulate processes of cell growth, function and motility. They affect 

the production of hew bone by acting on osteoblasts in marrow and bone surfaces and 

affect osteoprogenitor cell migration and differentiation, thus inducing such processes 

as angiogenesis (the production of blood vessels) and osteogenesis [35]. 

The three main kinds of bone cells are osteoblasts (production), osteocytes 

(maintenance) and osteoclasts (resorption). Experimental work has shown that 

osteoclasts are derived from haematopoietic stem cells and differentiate from 

macrophages [36,37]. Osteoblasts and osteocytes however are derived from 

osteogenic cells, which are produced from stromal stem cells [38] . How osteogenic 

cells differentiate depends to a large extent on the environment that they find 

Chapter 1 Introduction 9 



themselves in. Bone metabolises a large amount of oxygen but is unable to sustain its 

nutrient supply through diffusion because of the dense nature of the mineral matrix. 

Consequently, vast networks of vessels are required within bone tissue. Thus, if 

osteogenic cells find themselves in a highly vascular environment they will 

differentiate into bone forming osteoblasts and likewise, if they are in a vessel

deficient environment the cells will differentiate into cartilage-forming cells 

(chondroblasts). This may happen for example at a fracture site where the normal 

vascular network is significantly disrupted [39]. 

As can be seen from the above discussion, bone is a highly complex and still as yet, 

not completely understood, tissue. This complexity makes the study of bone an 

enormous challenge for the theoretician, which is why the studies presented in this 

thesis focus on greatly simplified models of the true bone mineral. However, it is only 

be starting with a simple model that individual effects of single substitutions can be 

observed. This allows for more complexity to be added in a gradual way, increasing 

the understanding of the system. 

1.3 Bioactivity 

From 2002-2003, the NHS delivered 77,000 pnmary hip replacements and over 

600,000 other joint and bone replacement procedures in England alone [40]. With 

such a vast number of operations, the supply of allograft material ( donated bone) is 

far outstripped by demand and consequently, synthetic materials are nearly always 

required in some form. 

When embarking on research into new biomedical materials for these kinds of 

procedures it is i~portant to find a substance which, in this context, will bind to bone 

and facilitate the production of new bone cells without rejection. That is, the material 

needs to be "bioactive", but what does this really mean? In its most rudimentary 

form, bioactivity requires that the material will bond to bone without the creation of 

fibrous tissue encasing the implant, the body's usual mechanism for dealing with 

foreign bodies [41]. However, the situation is far more complex. It has been observed 

in several studies that bioactive materials tend to form a biologically equivalent layer 

of apatite at the interface between implant and tissue and it is the formation of this 

layer that is thought to be one of the key elements in material bioactivity [ 42]. In the 
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1910s, experiments on porous metal implants and hydroxyapatite lined implants 
showed that there was significantly more in-growth with the hydroxyapatite coated 
implant, hence an increased bioactivity [43]. Another significant observation from 
experimental work is the relationship between solubility of a material and bioactivity. 
Indeed, solubility is often advantageous and consequently the more highly soluble a 
material, generally the higher the bioactivity [42]. Experiments have shown that 
highly soluble materials actually induce the formation of the initial apatite layer by 
the release of calcium and phosphate ions [42] . The mechanism for this has been 
studied and seems to involve a variety of processes including dissolution, 
precipitation and ion exchange. However, the precise nature of this process still 
remains elusive to both experimentalist and theoreticians alike [42]. 
Jn vitro experiments carried out by Ducheyne et al on bioactive glasses centred on the 
processes at the surface interface, particularly in regard to the initial phases of protein 
adsorption. Their results showed that bioactive glasses in a serum environment 
formed an apatite layer more readily than those in serum-free conditions, most likely 
due to the preliminary adsorption of proteins at the material interface. The proposed 
mechanism for the production of the apatite layer in silicate glasses involves the 
binding of proteins in conjunction with reactions that produce what is essentially a 
layer of silica gel [ 42]. It appears that in the next phase of the process amorphous 
calcium phosphate accumulates within this silica matrix. Experiments carried out on 
the surfaces of bioactive glasses show that the outer apatite layer cracks, allowing 
macrophages into the silica matrix, from which the silica is removed by phagocytosis 
(engulfing and ingestion by large cells). This leaves a calcium phosphate shell, into 
which precursor bone cells, osteoprogenitor cells, can migrate and start production of 
bone on the surface of the implanted material [ 44]. Experiments carried out by El
Ghannam et al seem to suggest that a similar mechanism would be implicated in the 
reactions on hydroxyapatite surfaces albeit different proteins that would initially 
adsorb [45]. 

These studies reveal something of the complex nature of the surface reactions of these 
bioactive materials, but details of their exact chemistry remain sketchy. They do 
however illustrate well that it is the interfacial surface properties that are important, at 
least initially, for bioactive materials such as hydroxyapatite. 
The importance of material solubility has also been observed by Hasegawa et al, who 
showed that the increased solubility of carbonate rich HA facilitates resorption by 
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osteoclasts [46] . This study also illustrates that it is not necessarily phase-pure HA 

that chemically, should be the material of choice. 

Notwithstanding HA's innate bioactivity, it is the substituted crystals that show the 

greatest activity and current speculation seems to suggest charge may play an 

important role [ 4 7] . This is partly because it is well known that electronic energy 

minimisations are able to orientate structures such as proteins and other molecules on 

material surfaces [ 48]. Kobayashi et al published a study on charged surfaces of 

hydroxyapatite in 2001. Bone in-growth on hydroxyapatite and electrically polarised 

hydroxyapatite in simulated body fluid was measured. The negative charges on the 

polarised surfaces produced a highly orientated layer of bone on the surface. At the 

end of the 28-day period, over which the experiment ran, the gap between the 

polarised surface and the cortical bone was completely filled with fresh bone. 

However, the non-polarised hydroxyapatite still had gaps with imperfect bone 

formation. Not only did the charged surface lead to enhanced bone bonding but also 

the new bone was specifically orientated [4]. These results could be very important 

when considering surface substitutions by highly electronegative ions [ 4] . 

Additionally, over the last 5 years work on tooth enamel has revealed evidence of 

surface charge domains on hydroxyapatite crystal surfaces [9]. Chemical force and 

lateral force microscopy were used to show alternating domains of negative and less 

negative (possibly positive) charge along and perpendicular to the c-axis of the 

crystals [9]. Again this could have exciting implications for the study of substituted 

hydroxyapatites and future work in this area is likely to be beneficial. In other studies 

it has been suggested that surface charge density may be significant with regard to 

adhered or passing cells or proteins such as Growth Factors, whose population and 

conformation could be affected [ 49]. Indeed, specific studies have already revealed 

that osteopontin, a bone growth protein, is very sensitive to surface charge density 

and, as such, the binding, inhibiting or inducing of HA crystal growth is significantly 

affected [50]. 

Recent work on HA and its substituted counterparts has focused on finding a 

measurable indicator of bioactivity. In 1998, Wen et al looked at the grain boundaries 

in dental hydroxyapatite and suggested that dissolution or mineralisation may start 

from dislocations and faults at those boundaries [ 51]. Within synthetically produced 
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hydroxyapatite those boundaries are "clean" with few defects or voids. However, it 

was noted that biological apatite is much more amorphous in nature with complicated 

structures encompassing protein pockets [51]. More recently, a study was undertaken 

by Porter et al, looking at grain boundary structures in hydroxyapatite and silicon

substituted hydroxyapatite, a material that has been found to have increased 

bioactivity. It was revealed that while there was no significant difference in 

dislocation type or density between HA and silicon-substituted hydroxyapatite 

(SiHA), there was an increase in triple junctions with increased silicon doping [52]. 

This may account for and lead to the elucidation of bioactivity as a measurable effect 

[52]. 

Furthermore, in vivo studies of HA and SiHA crystal structure showed that dissolution 

occurred preferentially from grain boundaries and triple junctions [53]. Additionally, 

at triple junctions it is the smallest grains that show the greatest dissolution, 

suggesting that a decrease in grain size would lead to increased solubility and hence 

greater bioactivity. It should be noted therefore that after sintering SiHA has been 

shown to have a much finer grain structure than phase-pure HA [11]. These smaller 

grains in SiHA and the increased number of triple junctions make SiHA a real and 

important candidate for enhanced bioactive products [53]. However, research 

conducted in 2005 on carbonate-HA concluded that other factors, in addition to 

solubility, must be involved in bioactivity levels of this particular material. It was 

noted that 2.05 wt% carbonate-HA had a smaller grain size than a 1.2 wt% sample but 

showed no difference in solubility [54]. It was suggested that bioactivity may thus be 

at least partially related to changes in microstructure that the substituted species 

inevitably induce and the effect of protein conformation and cellular attachments to 

the implant material. 

The discussion so far has linked the bioactivity of HA to its chemical properties and 

how these factors change or facilitate the osteoconductivity ( support of bone 

formation on implant surfaces by mature bone-forming osteoblast cells) and 

osteoinductivity (induce the differentiation and maturation of stem cells into bone

forming cells and the subsequent growth of bone tissue) of HA-derived materials. 

However, the debate as to what exactly bioactivity is and how it may be influenced or 

induced also has another side, not related to the chemical properties of a material. 

Bone is a living tissue and requires fresh supplies of oxygen rich blood and vast 
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quantities of nutrients. Therefore it seems likely that the geometry and microporosity 

of the materials used as scaffolds for bone production (i.e. HA bone materials and 

other composite replacement materials) should be of concern. That is, a structural 

permeability could give an enhanced bioactivity to a material [26]. Indeed, many 

bioactive bone-replacement materials have been designed with several levels of total 

porosity to suit specific applications, for example ApaPore™ (supplied by Apatech 

Ltd.) comes with three porosity grades of 60, 70 and 80 % [55]. 

It should also be noted that bone is an example of a functionally adaptive tissue. That 

is, it is able to modify and respond to external mechanical effects. For example, 

astronauts always lose bone mass despite in-flight exercise regimes. It has thus been 

suggested that local areas of differential stress within materials will create bioactive 

effects. Mechanical forces regulate many cell types through biological signals being 

translated into physiological responses. One would therefore expect certain materials 

to be able to induce or indeed inhibit bone growth, depending on the specific local 

mechanical properties [26] . 

As can be seen from the above discussion bioactivity is a complicated and, as yet, 

poorly understood phenomenon. It is for these reasons that theoretical calculations 

will become increasingly important in supplementing experimental work. At present 

only a very few theoretical studies of this nature have been carried out. 

1.4 Silicon 

Silicon has become a major focus of research into hydroxyapatite and its analogues 

due to various observations of critical levels for bone-growth. Conclusive evidence of 

silicon's role was first provided in the 1970's when microprobe studies showed 

silicon to be localised in bone-growth areas in young rats and mice, with 

concentrations of up to 0.5 wt% silicon in these sites [56] . Additionally, in 1972, 

reports were made of skull deformations in rats due to silicon deficiencies [57]. In 

1999, it was reported that the deterioration in osteoblast function and growth in cases 

of osteoporosis and osteopenia, was related to a decrease in biologically available 

silicon [58]. Most recently, in viva experiments were carried out to investigate the 

nature of bone in-growth on hydroxyapatite and silicon-doped hydroxyapatite 

implants [59]. Fluorochrome labels were used to identify sites of active bone 
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deposition, as shown in Figure 1.5. 

Figure 1.5. HA implants with lamellar bone deposition at 1-2 weeks after implantation (calcein green 
tluorochrome; CG) and after 2-3 weeks (alizarin red tluorochrome; AR) [59] . 

As can be seen from this figure bone deposition is observed around the 

hydroxyapatite implants from 1-3 weeks after implantation. Similar results were 

found for the 0.8 wt% Si-doped hydroxyapatite [59]. 

Indeed, with SiHA, new bone was found to deposit directly onto the implant surface 

without any form of fibrous encapsulation; a risk with less bioactive implants. These 

results showed that bone developed normally on and near the doped implants as well 

as on the phase-pure implants. Additionally, histomorphometry experiments reveal 

that not only is it the silicon-doped hydroxyapatite implants that show the greatest 

bone in-growth and on-growth (amount of contact between bone and implant) but also 

they show a faster rate of apposition, as shown in Table 1.2 [ 59]. 

Phase-pure HA Si-Doped HA (0.8 wt%) 
Absolute % Bone In-growth 21.99 ± 6.85 37.52 ± 5.87 
Absolute % Bone On-2:rowth 47.08 ± 3.60 59.77 ± 7.34 
Bone Mineral Apposition Rate 2.53 ± 0.29 3.9 ± 0.27 
(µm/day) 

Table 1.2. Bone growth rates for HA and SiHA [59]. 

It would therefore seem that the more soluble SiHA was more bioactive than the 

phase-pure HA and could consequently be much more useful in implant materials. 

Concerns about crystal-structure changes in HA on incorporation of silicon have also 

been addressed [59,60]. Importantly it has been found that the incorporation of silicon 
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into the HA crystal has little effect on the structure. X-ray diffraction studies revealed 

that the intensity, width and position of peaks for 0.4, 0.8 and 1.5 wt% SiHA were 

very similar to those of pure hydroxyapatite [13]. This and other studies have used 

these data to confirm that no other secondary phases such as tricalcium phosphate 

were present when prepared by an acid-base neutralisation reaction. That is, the SiHA 

structure is stable to decomposition. Additionally, when prepared by this method, the 

Ca/P+Si ratio remains at the phase-pure value of 1.67, showing that the silicon 

substitutes for phosphorus, which has been confirmed using XPS (X-ray 

Photoelectron Spectroscopy) analysis [5,11,60]. This method of preparation avoids 

the production of other phases such as tricalcium phosphate [5]. So what changes does 

the silicon substitution induce in HA? Although there are no obvious changes in the 

crystal structure it should be noted that increasing the silicon content of the crystal 

does produce a slight change in the lattice parameters [52]. Recent work has shown 

that there is a systematic increase in the c-lattice parameter and a concomitant 

increase in cell volume with increasing silicon content from Oto 1.6 wt% Si [52]. This 

is perhaps due to the silicate ion being slightly larger than the phosphate ion although 

further investigation would certainly be worthwhile [20]. 

The silicate ion of course has a different charge to the phosphate ion and it is has been 

found experimentally that there is a loss, on average, of one hydroxyl ion for every 

silicon substitution [5]. However it has been noted that phosphate ions tend to 

predominate on hydroxyapatite surfaces so replacement by silicon is often a surface 

process. This perhaps has the potential of creating a formally charged surface [ 60]. 

A study on silicon-substituted hydroxyapatite looked at the effect of silicon on the 

sintering microstructure of hydroxyapatite [11]. Sintering experiments were 

conducted at 1200°C with phase-pure hydroxyapatite and 0.4, 0.8 and 1.6 wt% SiHA. 

Figure 1.6 shows the scanning electron microscopy images of the microstructure 

achieved with these 4 samples and reveals that the higher the silicon level, the finer 

the grain size [ 11] . 
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Figure 1.6 Scanning electron microscopy (SEM) images showing the effect of silicon substitution on 
the microstructures of sintered ceramics of(a) HA, (b) HA-0.4 wt%-Si, (c) HA-0.8 wt%-S i and (d) 
HA-1.6 wt%-Si sintered at 1200°C [11 ]. 

These differences in grain size are thought to be related to the activation energy for 

grain growth, which is increased in silicon-doped samples as shown in Table 1.3 [11]. 

Ceramic Grain Growth Activation Energy 
/ kJmor1 

HA 141 
HA-0.4 wt%-Si 205 
HA-0 .8 wt%-S i 183 
HA-1 .6 wt%-Si 187 

Table 1.3 Grain growth activation energies for various HA-based ceramics [53]. 

These differences in grain size could have important consequences for the increased 

bioactivity of the silicon- doped hydroxyapatite. As previously mentioned it is the 

smaller grains that show the greatest dissolution and hence enhanced potential 

bioactivity [53]. 

It should also be noted that in 2005, a silicon-containing apatite-collagen composite 

was produced, designed explicitly to emulate immature bone, which is known to have 
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a r~latively high silicon content [ 61]. It was found that the higher the apatite content 

of the finished composite, the smaller was the proportion of silicon, strongly 

suggesting that the silicon was being partitioned into the collagenous phase and not 

the apatite. This was an unexpected result and certainly demands further exploration 

[61]. 

1.5 Britholite 

Britholites are rare minerals found in high temperature geological settings such as 

volcanic ejecta and have been proposed as possible repositories for trivalent actinides 

from nuclear waste [62]. The name britholite comes from the Greek for weight, an 

allusion to their high density due to large amounts of Rare Earth Elements (REEs) that 

they contain. The structure of these minerals is isomorphic with apatite, as has been 

confirmed by x-ray analysis of natural britholites using single crystal studies [62]. 

These minerals contain silicate ions that replace the phosphate ions of apatite, and 

various levels of calcium substitution by REEs. Natural britholites are often rich in 

fluorine and are consequently closer in structure to fluoroapatite than hydroxyapatite. 

Various studies have been conducted to elucidate the space group of these minerals, 

not all results giving a conclusive answer. Britholite-(Ce), a cerium rich isoform, has 

been described both as hexagonal with a P63/m space group and as having monoclinic 

P21 symmetry [63]. Equally, the sodium bearing lanthanum and gadolinium rich 

britholites have been assigned a pseudo-hexagonal sub-symmetry of the P63/m 

arrangement, varying only by oxygen coordination [63]. In 2001 Eu3
+ luminescence 

showed a hexagonal structure of britholite with a monoclinic distortion and two types 

of cation sites that_had almost equal symmetry. It was concluded that the macroscopic 

symmetries of britholite and apatite can certainly be related [64]. However, although 

various Si/P ratio minerals are found in nature, a complete solid solution between 

apatite and britholite has only ever been produced in the laboratory. This series of 

compounds, with a britholite-(Y) end member, has been investigated with 

experimental NMR studies [62]. It is interesting to note that yttrium-doped 

hydroxyapatite has shown enhanced bioactive properties, such as increased osteoblast 

adhesions in preliminary experiments and could be an important substituted product 

in future medical material design [65]. 
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The 31P and 1H NMR experiments carried out on this series, (Ca10(P04)6(0H)2 -

C~ Y6(Si04)6(0H)2), assigned all chemical shifts through the P63/m symmetry. In this 

particular case, the hydroxyl form of the minerals was chosen over the normal 

fluorine rich structure usually found in nature [62]. It was observed that the unit cell 

volume change across the series was anisotropic and mainly accounted for by changes 

in the c-parameter. Assignment of atom environments for both 31P and 1H NMR was 

by no means straight forward, with certain peaks such as that at 5 ppm in the 1 H 

spectra, being assigned to non-bonding water inclusions. Rietveld refinement also 

indicated that if partitioning of yttrium were to occur, it would be strongly favoured in 

the Call sites [62] . This highlighted several areas where theoretical intervention, 

especially in the assignment of NMR chemical shifts, would be beneficial. 

1.6 Bulk Theoretical Calculations 

Early calculations to be undertaken in this area of HA research were performed in 

1997 on the substitution of the two hydroxyl ions for one co/-ion, using an ab intio 

Hartree-Fock cluster model. This substitution produces the A-type carbonate 

hydroxyapatite. The C03 
2- ion was placed in the centre of the newly created vacancy 

and orientated in three different perpendicular planes, allowing the carbonate ion 

complete freedom while the rest of the crystal lattice remained fixed. Various 

properties of the optimised crystal including optimal geometry, vibrational 

characteristics, variation of lattice parameters, charges on atoms and the crystal 

potential energy surfaces were analysed [2] . 

It had been previously reported that with increased co/- content, the a~lattice 

parameter systematically increased while the c-parameter decreased and indeed, 

experiments showed this to be true [2]. The position of the CO{ ion was found to be 

at an angle of 7' to the c-axis with two of the oxygen atoms close to the c-axis and the 

bond to the third being perpendicular to it. This particular bond was thought to have 

double bond character while the other oxygen-carbon bonds were single bonds; the 

wave numbers for the vibrational frequencies of these bonds were found to be in good 

agreement with experiment [2]. 

Previous experimental work had revealed that the lattice parameters for the 

hydroxyapatite crystal could vary from 9.403 - 9.490 A (a-axis) and from 6.866 to 

6.940 A (c-axis) [2]. These parameters were varied to see what effect the lattice 
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parameters would have on the internal and external geometry of the central C03 2- ion. 

The experiments revealed that changing these parameters had such small effects on 

the substituted ion that they were, in fact, negligible [2] . Ab initio Hartree-Fock 

potential energy calculations showed that there were two minimum energy 

configurations that could be obtained by rotation around the c-axis [2]. 

More recently, theoretical work has been carried out on carbonate-substituted HA. In 

2005, a large program of carbonate-substituted HA calculations with various charge

compensation mechanisms were carried out. It was found that the B-type (P043-

position) substitutions were more energetically favourable and the most favoured 

charge compensation was the substitution of a calcium ion by a hydrogen ion [66]. 

However, the carbonate ion itself was found to behave as a rigid ion, with the 0-C-O 

bond angles remaining close to 120°. Further theoretical work completed by Wang, 

looked at different charge compensation mechanisms for C03 
2

- within the HA cell and 

fluorination of phase-pure and carbonated HA. This work showed that calcium 

substituted by sodium was favoured slightly over the H-ion compensation mechanism, 

possibly due to the similar ionic radii of Ca2+ and Na+ [67]. It was also shown that in 

the case of hydrogen compensation, the positioning of the H+ ion was important, with 

substitution in the Cal site producing H20 on relaxation and substitution in the Call 

site producing a HPO/- ion. This work further revealed that the substitution of Off by 

F was equally likely in both HA and carbonated HA, in agreement with a previous 

empirical pair potential simulation, which found fluoride ion incorporation into phase

pure bulk HA to be energetically neutral [ 67]. 

Additional calculations on alternative species were completed and published by a 

variety of groups from 2002. These calculations variously substituted calcium for 
zinc, magnesium and also for iron in its 2+ and 3+ states. 

Experimental work has shown that doping hydroxyapatite with zinc increases the 

bioactivity of the material dramatically [6]. It has also been observed that there is an 

important relationship between zinc deficiency and osteoporosis [8] . Hence, these 

calculations could be potentially very significant. However, it should be noted that 

these particular density functional calculations [8] were carried out on what is known 

as Posner's Cluster, Ca9(P04)6, which has been identified as a growth unit in HA [7] . 

Calculations were carried out replacing one then two then three calcium ions. The 
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introduction of two zmc 10ns causes a slight distortion of the crystal and the 

introduction of three zinc ions has a much larger effect. These observations are in 

good agreement with experimental work done on the crystal structure of hopeite, 

Zn3(P04)2.H20 [8,68]. Indeed, this triple substitution affects three different bond 

orders, (0.52, 0.47, 0.41), between zinc and. oxygen. However, substituting just one 

zinc ion has a negligible effect [8]. 

Other work, using embedded-cluster density functional calculations, has been carried 

out on zinc substitutions in hydroxyapatite [ 69]. These results showed clearly that for 

the zinc substitution, the Call site is energetically more favourable than the Cal site. It 

was shown that a six-fold geometry was the most energetically favourable. However, 

it was acknowledged that the 4-fold and 5-fold geometries could also be accessible 

and therefore experimental work would be of great benefit [ 69]. 

Density Functional Theory calculations on Posner' s cluster have also been carried out 

with a magnesium substitution. In this case the smaller ionic radius of the magnesium 

ion meant slight positional differences, with the magnesium closer to the c-axis than is 

normally found with calcium. Also, in the singly substituted crystal, MgCa2(P04)2, it 

was found that the strength of the magnesium-oxygen interaction was so strong that 

the Ca-0 bond length was actually increased [8]. Additionally, as the Mg substitution 

level increased so too did the Mg-0 bond length. However, it is interesting to note 

that for magnesium, unlike zinc, the P04
3

- tetrahedra remained very insensitive to the 

dopant level [8]. The Mg-0 bond itself was found to be shorter and stronger than the 

Ca-0 bond and in Mg3(P04)2 this bond was found to be significantly shorter than the 

equivalent Ca-0 bond, 2.04 A compared to 2.35 A. Consequently there was a slight 

lattice contraction [8]. 

The most recent work investigating the substitution of calcium by other cations was 

performed by Jiang et al and focussed on Fe2
+ and Fe3

+ species [13]. A series of 

calculations with both these species was carried out, using first-principles embedded

cluster density functional theory. For Fe3+, a nonstoichiometric system of 

Ca9(P04)5(HP04)(0H)2 was used for a vacancy at the Cal site and Ca9(P04)6(0H) 

was used to create a vacancy at the Call site. The Fe2
+ ion was substituted into a basic 

hydroxyapatite crystal. These experiments were carried out such that the most 
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energetically favoured coordination of the iron could be investigated. It was found 

that Fe2+ formed the most stable compound when located in the Call site with a six

fold geometry and for the Fe3
+ ion it was the fourfold geometry in the Cal site that 

was most stable [13]. In conjunction with the calculations, experimental work was 

performed to investigate the actual site occupancy of iron in a hydroxyapatite crystal. 

These experiments used Mossbauer and Electron Paramagnetic Resonance (EPR) 

spectra of Iron-Hydroxyapatite. It was found that the number of sites in the material 

and their occupancy by iron depended, to a large extent, on the iron concentration, 

methods of preparation and specifically, the anion concentration. It also showed, 

perhaps surprisingly, that a small amount of iron actually drives a lattice 

transformation to the monoclinic C2 i/m structure that shows a doubling of the 

b-parameter [14]. This seems to be associated with small deformations at the Call site 

in the P63/m structure [13]. One of the most curious observations from this work is the 

change in EPR spectra over time, suggesting an oxidative process once the iron has 

been substituted. A possible explanation is that initially the iron is deposited equally 

between both calcium sites but oxidation occurs preferentially from one site alone 

[13] . 

In addition to calcium ion substitutions, work has also been conducted on other 

species within the HA crystal. Following on from experimental work carried out in 

1998 on the characterisation of silicon-substituted hydroxyapatite [5], density 

functional calculations were undertaken on the same substitution [18]. Initially, 

calculations replacing one phosphorus atom with one silicon atom were carried out. 

To ensure the crystal retained its neutral charge one hydroxyl ion was also removed. 

Indeed, experimental work has shown that the number of hydroxyl ions in a crystal 

decreases with increasing silicon content [11]. Electronically, the silicon induced a 

slight reduction in the band gap but the effect of the silicon on the P-0 bond length 

was extremely small, practically negligible. Again experimental work has shown that 

incorporation of silicon only affects small changes in crystal structure [11]. 

Experimentally the P-0 and Si-0 bond lengths were found to be very similar, 1.66 A 
for the Si-0 bond and 1.57 A for the P-0 bond. Therefore, in principle, given the 

results from the calculations that suggest little distortion to the hydroxyapatite crystal, 

it would be possible for one or more P04
3
- ions to be replaced by Si04 

4
-. However, it 

has been suggested that this would be unlikely to occur without some sort of driving 
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force for the ion exchange of the stable hydroxyapatite [11]. Additionally, in 2006, an 

ab initio study on the various charge compensation mechanisms that would be 

possible in the silicon-doped HA cell was published. The results suggest that while 

the hydroxyl ion vacancy would be predominant in dehydrated conditions, it is 

possible that an alternative, HSio/- ion may be formed in hydrated chemical 

conditions. It was concluded that charge compensation mechanisms may vary, 

depending on preparation conditions, with the possibility therefore of a variety of 

materials being produced, although this is yet to be confirmed experimentally [70]. 

Following on from this work, further calculations revealed that carbonate-substituted 

hydroxyapatite has a slightly larger effect on P-0 bond length, although still small. 

The model used for this was an experimentally observed structure with a sodium ion 

replacing a calcium ion and the carbonate ion replacing a phosphate ion [18]. 

In conjunction with this, a preliminary study was undertaken, optimising the total 

energy with an introduced vacancy at a phosphate site. The vacancy was placed at 

each of the six phosphate sites in turn and the energy recorded. The results revealed 

that the energy was essentially the same for each site. However, it was suggested that 

other factors should be taken into account, specifically the chemical potential, because 

the creation of a vacancy will inevitably lead to changes in the number of phosphate 

and oxygen ions in the unit cell [ 18]. 

1. 7 Surface Structure and Calculations 

Calculations carried out by Lee et al have focused on the hydroxyapatite crystal 

surface. They investigated relaxation processes on the (100) surface in an attempt to 

gain more insight into the growth morphology of apatite in bone [71]. An empirical 

interatomic potential program called MARVIN was used to look at distortions, 

created by surface relaxations, in the six-fold symmetry calcium channels found 

running along the c-axis [72]. Their results showed that the symmetry was broken 

near the surface but a little way into the bulk material the effects of the surface 

relaxation became negligible [71]. The group speculates that impurities in apatite, 

such as carbonate, will change the surface energies and consequently the relaxation 

processes that occur [71]. 
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Indeed, to try to replicate these results, surface calculations were commenced on the 

(100) surface using Density Functional Theory (DFT) methods [73]. Additionally, in 

2004, a DFT study on various HA surface energies was reported. It was simply 

concluded that a slab thickness of 15.6 A and a vacuum of 12 A thick were necessary 

to achieving meaningful results. They also ventured an "order of morphological 

importance" for the various crystallographic surfaces based on the surface energy 

values, assigning greatest importance to the (100) surface [74]. 

Experimentally, several studies have been conducted using atomic force and chemical 

force microscopy to look at surfaces in greater detail [ 4 7]. For example, work 

conducted on tooth enamel has shown that there is an increased crystal surface area 

associated with fluoride substitution [ 4 7]. It is possible that this increase in surface 

area simply provides a larger number of available binding sites for proteins, which 

could have important implications for dental fluorosis [ 4 7]. 

In 2005, Harding et al addressed the question of surface charge, exploring the surface 

charge of stoichiometric HA and surface behaviour in the presence of physiological 

levels of calcium ions [75]. It was found that the HA surface charge was affected not 

only by H+ and Off ions but also by calcium ion adsorption. For calcium ion 

adsorption a mechanism was proposed involving the desorption of two adjacent 

hydrogen ions from surface phosphate ions and the bonding of one calcium ion in 
their place, to a concentration of 2 Ca2+ ions per nm2

. However, it was noted that at 

physiological concentrations of calcium and phosphate ions the surface would be 

composed, almost entirely, of protonated phosphate ions. As for the surface charge, it 

was found that in water and at physiological pH it would, in fact, be zero [75]. 

This kind of work is of great interest when trying to elucidate the chemistry and 

interaction mechanisms of HA but as yet, little theoretical work has been done to 
complement such findings. 

1.8 Nuclear Magnetic Resonance Calculations 

Nuclear Magnetic Resonance (NMR) is used to investigate the bonding of molecules 

that are far too small to be detected by other means. Magnetic isotope nuclei exist in a 
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small number of allowed energetic orientations. When excited by electromagnetic 

radiation the nuclei can 'flip' from the lower energy state to the higher energy excited 

state. This allows an energy difference to be calculated as given by Equation 1.1 , 

!1E= hv (1.1) 

where his Planck's constant and vis the frequency ofradiation. 

Because each nuclide will give a unique value of 11E, each nucleus can be identified 

separately. However, fortunately, the value of the resonance frequency is also affected 

by the chemical environment of the nuclei, which gives rise to the chemical shift, and 

allows bonding patterns to be identified [76]. Figure 1.7 is an example of a 1H NMR 

spectrum of ethyl alcohol (ethanol) from 1951. This clearly illustrates the different 

chemical shifts for the hydrogen atoms as a consequence of their differing chemical 

environments [77]. 

Figure 1.7 1H NMR spectra of ethyl alcohol [77]. 

Initial NMR studies carried out on bone samples in 1994 showed a varying peak 

centered at 2.8 ppm in the 31P NMR spectrum. This suggested that there were several 

phosphate environments. Additionally, the work highlighted the presence of RPO/

units, with a chemical shift of -0.4 ppm. These experiments were carried out on 

various samples of chick bone material from different aged animals but qualitatively 

the HPO/- spectra remained similar for all [78]. Bulk bone material was used 

throughout and no attempt was made to distinguish bulk from surface, something with 

which the most recent work in this area has been concerned. 
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In 2005, NMR Rotational Echo Double Resonance (REDOR) experiments were used 
to determine a bonding distance from a HA surface phosphate ion to a carboxylate 
carbon of a glutamic acid molecule. As 13C was largely confined to the organic matrix 
and 31 P to the inorganic component, the distance between phosphorus and carbon was 
relevant to the organic/inorganic interface [79]. A fairly short C-P distance of 0.45-
0.50 nm suggested a surface-bonding model that involved a glutamate-containing 
protein interacting strongly with surface calcium ions [79]. This is the first NMR 
work that has looked at the hydroxyapatite surface and its interactions. 

NMR is an experimental technique that has been used for many decades and yet, it 
still has its drawbacks and problems, with some spectra unable to be resolved. 

However, new developments with DFT have led to a first-principles NMR predictive 
method that can now be employed to resolve spectra at a fraction of the cost and time 
of traditional methods. 

Methods for predicting NMR have had to overcome a number of problems themselves 
because of the use of pseudopotentials. One might expect this to be an impossible task 
as pseudopotentials are designed to smooth out core nodal structure, the very details 
which are explicitly examined by NMR [80]. A new method had to be developed to 
overcome this issue and it is the gauge including projector augmented wave (GIPA W) 
code that is now implemented in the CASTEP code [80]. 

Calculations have been performed on several systems, one of the first being the 
elucidation of the atomic structure of icosahedral boron carbide. Both X-ray 

diffraction and neutron scattering experimental methods had failed to locate the 
position of the carbon atoms within the structure [81]. However, using the GIP AW 
method and PW91-generalised gradient approximation, Mauri and et al were able to 
not only locate the position of the carbon atoms, but also to predict the density of 
defects and the defect structure. This was all done by calculating 13C and 11 B chemical 
shifts [81]. 

Other work has focused on 17 0 NMR. In 2002, the spectrum of zeolite ferrierte was 
assigned by the calculation of chemical shifts for various Si02 polymorphs. Indeed, 
the results of calculations of cristobalite, quartz, coesite (Si02) and zeolite faujasite (a 
hydrated aluminosilicate) were all in excellent agreement with experimental results 
[82]. 
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17 0 NMR calculations have also been used to elucidate the structure of glutamic acid. 

Experimentally, 170 magic-angle spinning NMR on L- and D-glutamic acid•HCl was 

unable to produce an unambiguous spectra assignment [83]. However using DFT 

NMR prediction, the spectra of several polymorphs of glutamic acid were calculated 

and the spectra for L-glutamic acid•HCl was confidently assigned. This study not only 

highlighted the excellent agreement with experimental results that the technique offers 

but also it showed that producing predicted spectra is a good way to avoid costly 

experimental procedures, such as 17 0 enrichment which was necessary for the 

evaluation of the experimental results [83]. 

The NMR code is still a recent development and while several studies have been 

undertaken, this work is still in its infancy. Hydroxyapatite as a system is a 

completely new field for the use of the program as is the use of material surfaces. 

1.9 Summary 

Many aspects of hydroxyapatite characterisation have been covered in this chapter 

from its basic chemistry to its use in groundbreaking NMR calculations. This thesis 

will describe the way DFT calculations may be used as a basis for investigations that 

have much wider implications. Indeed, it is hoped that this work will lead to a more 

routine use of theoretical methods in the field of bone grafting and medical device 

applications. 
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Chapter 2 

Theory 

When modelling materials on an atomic scale, it is the fundamental behaviour of the 

nuclei and electrons that is being considered. Specifically, it is the behaviour of the 

electrons that is responsible for most material properties. When assessing the 

properties of an atom it is therefore helpful to think in terms of the atomic 

wavefunction, and in particular, the electronic wavefunction, which is a complete 

description of the electrons entirely incorporating the wave/particle duality of the 

particle. The theory of quantum mechanics states that for every experimentally 
A 

observed property, q, there is a corresponding operator, Q and thus, for a system 

described by a wavefunction, the mean value of this observable is given by, 

(2.1) 

where IJf is the wavefunction [84]. Therefore, to be able to describe completely all the 

properties of a material from first principles (i.e., from fundamental physical laws 

without parameterisation) it is necessary to determine the wavefunction; a complex 

task, which requires the solution to the many-body Schrodinger Equation. Described 

in the following sections (2.1-2.17) is the background theory and modern 
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methodology for solving this equation. Most of this is now standard and well 

documented in the literature and text books. The presentation given here is a basic 

overview and follows closely the approach of Hasnip [84]. Other sources used for 

reference in the writing of this synopsis are Koch et al. [85], Martin [86], Kittel [87] 

and Payne et al. [88]. 

2.1 Determining the Groundstate Energy 

The time-dependent Schrodinger equation is given in atomic units, (me = ti = e = 1), 
by Equation 2.2. 

i ~ P( {r };t) = HP( {r };t) at 
(2.2) 

Here, lJI is the total many-body wavefunction, if is the Hamiltonian, t is time and {r} 
is the positions of the particles [84]. There are many solutions to this equation, as 

higher energy states are continuously described, with an ever-increasing number of 

electron-electron interactions. However in the low-temperature system ( calculations 

being carried out at zero Kelvin) it is only the groundstate that is important for 

property determination [84]. Considering a system of interacting electrons and nuclei, 

Equation 2.2 becomes, 

i :t w({rJ,{R 1 };t) = iiw( {rj },{R 1 };t) (2.3) 

where {rJ represents the positions of the electrons in the system and {R1 } represents 

the positions of the nuclei. The Hamiltonian in Equation 2.3 is given by, 

(2.4) 

where ZJ and MJ are the charge and mass of nucleus J The first two terms in Equation 

2.4 represent the kinetic energy operators for the nuclei and electrons respectively, 

where V 1 and Vj are the vector differential operators with respect to the nuclear and 
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electronic position vectors. The remammg parts of the expression represent the 

Coulol'nb attraction and repulsion terms that make up the potential energy operator. 

2.2 The Adiabatic and Born-Oppenheimer Approximations 

There is an extremely large mass difference between the nuclei and electrons in a 

system such that the nuclear and electronic motions are approximately independent of 

one another. Therefore, as the nuclear configuration evolves the electrons respond 

instantaneously [84]. The adiabatic approximation allows us, on this premise, to 

separate the variables of the many-body wavefunction, as shown in Equation 2.5. 

(2.5) 

'!JI( {rj },{R J}) represents the electronic wavefuncti~n and x( {R, };t) the nuclear 

wavefunction. The masses of most nuclei are large enough such that their motions can 

be modelled classically, the nuclear coordinates evolving classically to applied forces 

[84]. This second assumption completes the Born-Oppenheimer approximation [89]. 

The approximation allows us to define an external electrostatic field, which acts on 

the electrons and represents the nuclear Coulomb potential. The evolution of the 

system can then be calculated by relaxing the electronic wavefunction for a given 

nuclear configuration, calculating the forces from this wavefunction and the ionic 

configuration and then letting the configuration of nuclei evolve in a classical way in 

response to these calculated forces [84]. 

Thus, the time-dependence of the total many-body wavefunction has now been 

incorporated into ·the nuclear wavefunction, x( { R, }; t), allowing for a significant 

simplification of the Schrodinger Equation. 

2.3 Schrodinger and the Electronic Wavefunction 

Because the time-dependence of the many-body wavefunction has been incorporated 

into the nuclear wavefunction alone, it is now possible to solve for the electronic 

wavefunction using the time-independent Schrodinger Equation, 
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A 

H'IJ}=E'IJ} (2.6) 

where E is the energy of the electronic wavefunction. For a system of electrons and 

nuclei the Hamiltonian in Equation 2.6 is give:t;1 by Equation 2.7 [84]. 

(2.7) 

The first term of the Hamiltonian is the electronic kinetic energy, followed by the 

electron-nucleus interaction and finally the electron-electron interaction. The 

electrostatic energy of the nuclei-nuclei interactions is calculated classically [84]. 

The Born-Oppenheimer Approximation has allowed us to simplify the electron

nuclear system, such that we now are left to deal with the problem of N interacting 

electrons moving in an external potential which represents the nuclear Coulomb 

potential. 

2.4 Density Functional Theory 

The fundamental premise of Density Functional Theory is that the groundstate total 

energy of a many-body system of interacting particles is a unique functional of the 

groundstate density. The theory improves upon independent-particle methods by 

allowing the inclusion of particle interactions and correlations and has consequently 

become widely used in the calculation of the electronic structures. We shall use the 

theory to explore the problem of N interacting electrons in an applied nuclear 

potential. 

2.5 The Universal Energy Functional 

Hohenberg and Kohn showed that the ground state particle density, n0(r), uniquely 

determines the external potential, Vex, ( r), in a system of interacting particles moving 

in an external potential [84]. They additionally defined a universal energy functional 

of the density, E[ n], such that the density that minimises the functional is the 
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groundstate density of the system and the groundstate energy is the global minimum 

value 6f this functional [90]. Therefore, the groundstate energy of a set of interacting 

electrons in an external potential is given by, 

E [ n(r)] = f V(r)n(r)d3r + F[ n(r)] 

where E[ n(r)] is the Hohenberg-Kohn universal energy functional, 

external potential, n(r) is the electron charge density and F[ n( r)] 

(2.8) 

V(r) is the 

1s a unique 

functional. The number of electrons can be found by integration, over all space, of the 

total charge density. Therefore, one can see that the density that minimises 

Equation 2.8 must be the exact groundstate density and the value of E[ n(r )] must be 

the exact groundstate energy [84]. However, the situation is more complex than it at 

first appears, because the form of the functional, F[ n( r)], is unknown and has to be 

approximated. A method for approximating this functional value was developed by 

Kohn and Sham [91]. 

2.6 Defining the Universal Energy Functional 

In a reformulation of the many-body problem, Kohn and Sham explicitly assumed 

that the groundstate density of an interacting system is equal to the density given by a 

system of non-interacting particles. As the functional F[ n(r )] is unknown, they made 

an approximation to it by splitting the functional into three parts. 

F[ n( r)] = r[ n( r)] + EH [ n( r)] + E xc [ n( r)] (2.9) 

In the Kohn-Sham rephrasing of the functional, as given in Equation 2.9, r[ n(r )] is 

the non-interacting kinetic energy, EH [ n( r)] the Hartree energy and E xc [ n( r) J the 

exchange-correlation energy. 

In this formulation, calculating the kinetic energy sum of .N independent, 

non-interacting particles approximates the kinetic energy. Each single particle state 

(sometimes referred to as "Kohn-Sham particles"), is defined such that the electron 

charge density, n(r), is now given by, 

Chapter 2 . Theory 32 



N 

n(r) = ~rJ'/r)l 2 (2.10) 

j-1 

where N is the number of particles. Therefore, the kinetic energy term in Equation 2. 9 

can be written in terms of these single particle wavefunctions. 

(2.11) 

It is important to remember that Equation 2.11 represents the kinetic energy of a 

system of nan-interacting particles and is therefore not equivalent to the interacting

system [84]. Indeed, the difference between the energy calculated in Equation 2.11 

and the true energy value is subsumed into the exchange-correlation energy term of 

Equation 2.9. Equally it should be remembered that the Kohn-Sham particles 

represent non-interacting electrons in their groundstate only and not actual electrons 

[84]. 

The Hartree energy in Equation 2.9 is the Coulomb energy of the electron charge 

density, n( r) , interacting with itself. This can be easily defined classically, 

(2.12) 

The remaining part of Equation 2. 9 still to be defined is the exchange-correlation 

term. As the exact form of this functional is unknown, an approximation has to be 

made. 

2. 7 Exchange, Correlation and the Pauli Exclusion Principle 

The Pauli exclusion principle states that all particles of half-integer spin (fermions) 

cannot have identical quantum numbers. This means that electrons in an atom, which 

are fermions with spin=l/2, are unable to occupy the same state simultaneously. In 

terms of a system of electrons therefore, there is a drop in the Coulomb energy due to 
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the separation of electrons with the same spm, which must occur for the Pauli 

exclusion principle to be satisfied. This energy is termed the exchange energy. If 

electrons of opposite spin are allowed to fully avoid each other, that is, electron

electron repulsion is taken into account, then there will be a further drop in the overall 

energy. This energy is termed the correlation energy and together with the exchange 

energy, gives the exchange-correlation term, Exe[ n(r)] , of Equation 2.9 [85]. 

Unfortunately the exact value of Exe [ n(r)] is unknown and an approximation has to 

be made. The easiest way of solving this problem is to ignore the correlation term 

completely, and to employ a method of determining the exchange energy 

independently that satisfies the Pauli exclusion principle. The Hartree-Fock-Slater 

(HFS) method does just this by assuming a volume of space surrounding each 

electron that no other particle is able to enter. This volume is known as the exchange

hole. The sign of this exchange hole is always negative that of the particle density 

such that the density of the particle and its exchange hole can always be integrated to 

unity [85]. Outside the sphere of the exchange hole the exchange hole density is zero 

by definition. The radius of this sphere, rs, is given by equation 2.13, 

I 

( 3 )3 I 
rs = 4n n(rr3 

(2.13) 

where n(r )is the density of a single electron. rs is therefore an approximation to the 

distance between two electrons in a system. One can use this HFS method to form a 

more complete approximation to Exe[ n(r)] by including a correlation term. One of 

the most successfu_l, and simplest, ways to achieve this is through the Local Density 

Approximation (LDA). The LDA assumes that the energy that each infinitesimal 

volume in space contributes to the exchange energy is the same as it would be if the 

entirety of space were filled with a homogeneous electron gas with the same density 

as the infinitesimal volume. That is, the. exchange correlation energy density at any 

point depends solely on the electron density at the point in question. Applying this 

assumption we can wTite the value of the exchange energy as follows, 

- -------
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(2.14) 

where &xc[ n(r )] is the exchange correlation energy per electron of a homogeneous 

electron gas with density n(r ). If the functional, &xc[ n(r )] , is separated into distinct 

exchange and correlation functionals then the exchange term is simply that of the HFS 
theory and the correlation term is calculated using Quantum Monte Carlo techniques, 
the most common example being from Ceperley and Alder [92]. This formulation of 
the exchange-correlation energy relies on slowly varying densities (i.e. systems that 
most closely resemble a homogenous gas) for the achievement of accurate results [84]. 
However, it has been shown in retrospect that LDA can give surprisingly accurate results 
in real systems, where the density can be rapidly varying. 

An alternative way to look at the problem of exchange-correlation is to think of the 
density at any point not being like that of a homogenous gas but more as a gradient of 
density from the point in question. The Generalised Gradient Approximation (GGA), 
as implemented by Perdew and Wang (PW91) [93] and Perdew, Burke and Ernzerhof 
(PBE) [94] , uses the density gradient in just such a way. This allows the discrepancies 
of the LDA method to be somewhat corrected for, for rapidly varying density 
systems. Thus, the exchange-correlation energy can now be written as follows. 

(2.15) 

In Equation 2.14 the exchange-correlation energy per particle for a uniform electron 
gas is known but the value that the functional, ![ n(r),Vn(r)] takes in Equation 2.15 

is much more open to variation and judgement. Approximations have been made 
using semi-empirical GGAs, first-principle numerical GGAs and analytical fits to 
them [94]. It is possible to produce a first-principles numerical GGA by using the 
second-order density gradient expansion for the exchange-correlation hole in a slowly 
varying density. If this expansion is trimmed to remove the long-range parts so the 
total density of the electron and its exchange-correlation hole is unity, then an 
analytical fit can be made that includes various other specific conditions [94]. The 
PW91 GGA was produced in exactly this way [93]. PW91 generally gives good 
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results but still has a number of problems including the over-parameterisation of 

J[ n(r ),Vn(r )] such that the scaling is incorrect at high densities [84]. 

In general, the GGAs favour density inhomogeneity and have improved upon the 

characteristics of the LDA, producing more accurate total energies, atomisation 

energies, energy barriers and structural energies. For the calculations presented here 

the PBE functional, which is a modification and simplification of the PW91 

functional, is employed throughout [94]. 

2.8 Periodicity 

In a crystal system where there is periodicity the operator must be invariant to lattice 

translations [84]. Therefore the Hamiltonian can be written as 

(2.16) 

where U(r) is a periodic function of the Bravais lattice such that U(r + R) = U(r) for 

any lattice vector R [95]. Bloch's Theorem [96] states that the density will also have 

this periodicity and hence the wavefunction will have this form, 

(2.17) 

where eik.r is a plane-wave, with wavevector k, and uj(r) is periodic such that 

u/r + R) = u/r). If the cell periodic phase factor is expressed as a sum of plane 

waves, it can be written as, 

(2.18) 

where G is a reciprocal lattice vector, chosen so that k lies in the first Brillouin zone. 

The wavefunction can therefore be written as follows. 

--------
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(2.1 9) 

We are now able to simplify the problem further by assuming the wavefunctions vary 
smoothly across the Brillouin zone, which allows the k-points to be sampled 
discretely across k-space, and an approximation to the wavefunction to be made. In 
this work the sampling of the k-states is carried out with a nx, ny, nz Monkhorst Pack 
grid [97], with the size representing the number of times the grid cuts the x, y and 
z-axes respectively. The inversion symmetry is exploited to halve the number of 
actual computed k-points. 

k-point grid size can be determined using a convergence test that shows the total 
energy with increasing grid size. Figure 2.1 shows an example of a convergence test 
for silicon. 
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Figure 2.1 A plot of total energy against k-point grid size for a single prim itive unit cell of sil icon. The 
x-axis label, x, represents a grid size x by x by x. 

Figure 2.1 shows that the grid size is important. Where only one k-point is sampled in 
this example the energy is much higher than at the larger sized grids and the energy is 
not converged until around x=4. Plots of this nature can be used to determine the 
appropriate k-point grid size for a system. 
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2.9 Defect Systems 

In systems that lack periodicity, for example a defect in a crystal that occurs only in 
one unit cell and is not repeated throughout the entire structure, a supercell has to be 
created. This supercell is repeated in 3D space as the unit cell would be but the 
periodic images are distant enough from one another to prevent interaction between 
the non-periodic repeated elements. For example, a unit cell that contains a defect 
may be surrounded with another "layer" of unit cells, to create one large supercell. It 
is this supercell image that is then periodic such that the original defect is far removed 
from its surrounding periodic images as illustrated in Figure 2.2. 

Figure 2.2 (a) A defect atom, marked in yellow, is 
found at the centre of one unit cell. When repeat 
boundary conditions are employed, the defect is 
repeated throughout space in each periodic image. 
The repeat boundaries are marked in black. 

(b) The defect in a single unit cell, marked in 
yellow, within a supercell of perfect cells. Repeat 
images of the entire new cell would allow the defect 
atom to be far enough away from its repeat images 
to prevent interaction. The repeat boundaries are 
marked in black. 

A similar effect is obtained by introducing vacuum regions into cells. An example of 
this method of preventing interactions between periodic images, is the use of a 
vacuum layer above a surface such that the top and bottom surface layers are no 
longer close enough to interact as illustrated in Figure 2.3. 
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Figure 2.3 A surface slab is constructed by introducing vacuum such that the top and lower surfaces 
remain separated. The figure shows a surface slab repeated once in the vertical direction. The repeat 
boundaries are marked in black. 

2.10 Expanding the Periodic Part of the Wavefunction 

We expand the periodic part of the wavefunction with a sum of basis functions and 

complex coefficients as shown in Equation 2.20. 

00 

uj(r) = 2Ca}Pa 
(2.20) 

a=O 

where ca,k represents a complex coefficient and <Pais a basis function. There are many 

possibilities for basis functions including Gaussians and atom-centred atomic orbitals. 

However, using orthonormal plane waves as the basis gives a mathematically simple 

and direct way to represent the electronic states. Our requirement for periodicity can 

be achieved by making the wavevectors of the plane waves a linear combination of 

reciprocal lattice vectors. Therefore the different basis functions have different G 
vectors and with a representing a reciprocal lattice vector G, 
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(2.21) 

where G is a linear combination of reciprocal lattice vectors. Thus, the wavefunction, 

'IJl/r), can be written as, 

, 1, (r) _ ik.r ( ) _ ~ i(k+G) .r 
't'j - e uj r - LJcG,/ (2.22) 

G 

In order to completely describe the wavefunction, the sum over G has to be over an 

infinite number of G-vectors. However, the basis set can be truncated by defining a 

cut-off energy such that the set of reciprocal lattice vectors used, is defined to be 

within a sphere with a radius equal to the cut-off energy. This is perfectly reasonable 

because as the modulus of G tends to infinity so its complex coefficient tends to zero. 

Therefore, as the coefficients are small we can truncate the basis set without a great 

loss of accuracy. That is, 

Jk+GJ2 

:5 £cut 

(2.23) 

2 

Introducing the cut-off energy truncates the basis set and removes the basis states with 

large energies, allowing for swifter calculations. The error introduced into the total 

energy of the system by the use of Ecut can be minimised by increasing its value. An 

example of Ecut determination is given in Figure 2.4 for silicon. 
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Figure 2.4 Convergence of total energy against cut-off energy for a primitive unit cell of silicon. 

Figure 2.4 shows that at low energies the energy convergence is poor but after around 

150 eV the total energy decays away exponentially. This shows that it is the low 

energy states that are most important in determining total energy, hence why 

truncation of the basis set by implementation of Ecut is reasonable. 

2.11 Pseudopotentials and Representing the Electrons 

In an atom, the electrons can be divided into core and valence electrons. The tightly 

bound core electrons essentially take no part in atom-atom bonding interactions. That 

is, most physical properties can be described solely in terms of the valence electron 

interactions [98] . In the core region the valence electron wavefunction is subject to 

complicated oscilla~ions due to the strong ionic potential, and the orthogonality of the 

wavefunctions requires a large Ecut, i.e. a large number of wavefunctions is very 

difficult to describe using the plane-wave basis set. Because the core electrons take no 

part in interatomic bonding it is possible to replace them with a fictitious potential, 

which then acts on a set of pseudo wavefunctions rather than the true valence 

wavefunction [98]. By constructing a pseudopotential for the core region, the need for 

orthogonality between the valence and core wavefunction disappears, as the effect of 

the core electrons is incorporated entirely into the new weaker ionic potential [98]. In 

this way, the core electrons and the nuclear charge are merged together and treated as 
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one ion ; the screening of the nuclear charge by the core electrons producing a weaker 
ionic potential than there otherwise would be. In this way, the representation of both 
core and valence electrons has been greatly simplified, with a reduction in the number 
of plane-waves needed [98]. 

The pseudopotential itself needs to be constructed in a way that allows the pseudo 
wavefunction to maintain the same scattering properties and phase shifts as the 
original wavefunction. In general the pseudopotential is angular momentum 
dependent as the phase shift induced by the ion core is different for each angular 
momentum part of the valence wavefunction [98]. Local pseudopotentials use the 
same potential for each value of angular momentum and in so doing, the 
pseudopotential form becomes entirely a function of distance from the nucleus. For 
this project Ultrasoft Pseudopotentials have been employed [99]. These 
pseudopotentials are formulated to allow accurate calculations to be carried out at 
very low cut-off energies, with the electron density being divided into a hard part, 
localized in the core, and a soft part, which extends throughout the unit cell. The 
"soft" part of the pseudopotential is therefore solely representing the bonding 
electrons, such that outside the core the potential and the wavefunction are identical to 
the all electron wavefunction. 

2.12 Finding the Groundstate 

To find the groundstate energy and density an iterative scheme is employed whereby 
a trial wavefunction is constructed and gradually improved until a groundstate is 
found [84]. This ground state is self-consistent, i.e., the wavefunction that minimises 
the energy is the same as that used to construct the Hamiltonian. For a set of states 

{It/>;)} , the energy of a single state, t/>;, is given by the time-independent Schrodinger 

Equation from Equation 2.6. That is, 

(2.24) 

where, 

---------- -
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f. = ( c/J; lifl c/J) 
, (</>;I</>;) 

(2.25) 

and ( c/J; J </>) is equal to 1. To start the process of electronic energy minimisation a trial 

wavefunction, 'ljJ~ is created, where the superscript 1 denotes the first iteration and 

subscript} the l state. In terms of the true eigenstates, </>;, this trial wavefunction, 'ljJ~ , 

for each state j of interest, can be written as, 

(2.26) 

where a~l<t>J represents a component of the true eigenstate j of the wavefunction 

l'ljJ~) and the second term effectively denotes the error in this trial wavefunction. The 

density is now constructed from l'ljJt. The Hamiltonian is then constructed and 

applied to our trial wavefunction, as given in Equation 2.27. 

(2.27) 

It can then be shown that the energy of this first wavefunction, E 1 , is given by the 

expression in Equation 2.28. 

E J = la~i\1 + 2laJ\ (2.28) 
i~j 

It is clear from Equation 2.28 that the energy of the wavefunction is always over

estimated as the second term in this equation is always positive. Thus, the energy has 

to be minimised in each iterative step. The gradient of the energy with respect to the 

wavefunction is found by application of the gradient operator, G, as shown in 

Equation 2.29. 
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(2.29) 

Once the search direction, -Gl'lj.l~), has been determined, the lowest energy point is 

resolved by performing a line minimisation. The simplest way to carry out the line 

minimisation is to use a steepest descents scheme where each successive step 

proceeds along the direction of maximum gradient and each direction is orthogonal to 

the previous step. A technique that brings about convergence of energy more rapidly, 

is that of conjugate gradients where information from previous search steps is also 

incorporated into the minimisation process. After minimisation, the new 

wavefunction, 'ljJ~, is given by, 

(2.30) 

where {31 is determined by the line minimisation. This second wavefunction, 'lj.l~, is 

the wavefunction that minimises the total energy and we have solved the Schrodinger 

Equation. However, the Hamiltonian of Equation 2.29 depended on the charge density 

that was calculated from the previous wavefunction, so the solution is non-self

consistent [84]. At the groundstate of the system the new Hamiltonian should be the 

same as the one that was constructed from the charge density of the minimising 

wavefunction in order to be self-consistent. To make the solution self-consistent 

therefore, a new Hamiltonian has to be constructed from the new charge density and 

the process of minimisation repeated [84]. This scheme has to be employed repeatedly 

until the wavefunction that minimises the energy, is the same one as that used to 

construct the Hamiltonian. The solution is then self-consistent and the true 

groundstate has been found [84] . 

2.13 The Trial Wavefunction 

The initial trial wavefunction that is employed in electronic energy minimisation can 

be created by several schemes. In this implementation, the initial wavefunction is 

generated randomly. This random generation has several advantages over more 

complex schemes where the initial wavefunction is "designed" to be already near to 
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the groundstate energy of the system in question. While minimisation is looking for a 
groundstate energy, it is possible that a local minimum could be inadvertently 
reached. Using a random initial wavefunction obviates the likelihood of this occurring 
because all systematic bias is removed. That is, the initial wavefunction is not biased 
towards any particular minimum. Indeed, if two random wavefunctions were to be 
sampled, the chances of both reaching the same local minimum would be small and as 
such, if both schemes converged to the same minimum energy it could be concluded 
that this is very likely to be the true groundstate. Additionally, having a random initial 
wavefunction avoids the introduction of any extra symmetry constraints, which could 
occur if choosing a symmetric wavefunction. 

2.14 Forces 

In a system of electrons and ions, the ions experience forces due to the repulsion of all 
other ions in the system as well as the forces exerted by the electrons. The forces due 
to the ions simply comprise a Coulomb repulsion and can be calculated by, 

(2.31) 

where Z1 and Z1 are the charges on ions I and J and R1 and R1 are the position vectors 
for ions I and J. 

The situation for the forces generated by the electrons acting on the ions is more 
complex and can be explained in terms of the Hellmann-Feynman Theorem [100] . 
The electronic force acting on any ion, J, can be written as shown in Equation 2.32 
[84] . 

F elec = _ dE 
J dR 

J 

(2.32) 

E is the total energy of the system. However, as the ionic configuration changes, so 
too do the Kohn-Sham eigenstates. This introduces another contribution to the forces 
experienced by an ion [84]. This is true unless the electronic wavefunctions are 
converged to the Kohn-Sham eigenstates in which case the partial derivative of the 
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'th respect to ionic position gives the exact physical forces felt by the ion in energy w1 
. · This can be shown as follows. Equation 2.33 shows an expansion of the question. 

. . m· Equation 2.32, taking into account the extra contributions borne out of denvat1ve 

ement of the ionic positions and subsequent shift in the Kohn-Sham the mov 
. tates .,, . represents the wavefunction of eigenstate j. e1gens · 'f' 1 · 

Since, 

JE A 

- = H'ljJ. 
J'ljJ~ J 

Equation 2.33 can be rewritten as shown in Equation 2.35 [88]. 

(2.33) 

(2.34) 

(2.35) 

However, if the electronic wavefunctions are fully converged then H'l.jJ j = s j'l.jJ j and 

Equation 2.35 becomes, 

(2.36) 

but (1P j lw j) == 1 and so the electronic force on an ion J can simply be written as the 

partial derivative of the energy with respect to ionic position as shown in Equation 
2.37 [88]. 
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energy with respect to ionic position gives the exact physical forces felt by the ion in 

question. This can be shown as follows. Equation 2.33 shows an expansion of the 

derivative in Equation 2.32, taking into account the extra contributions borne out of 

the movement of the ionic positions and subsequent shift in the Kohn-Sham 

eigenstates. 'ljJ j represents the wavefunction of eigenstate j. 

(2.33) 

Since, 

(2.34) 

Equation 2.33 can be rewritten as shown in Equation 2.35 [88]. 

(2.35) 

A 

However, if the electronic wavefunctions are fully converged then H'lj} j = c j'ljJ j and 

Equation 2.35 becomes, 

(2.36) 

but ( 'ljJ j l'I/J j) = 1 and so the electronic force on an ion J can simply be written as the 

partial derivative of the energy with respect to ionic position as shown in Equation 

2.37 [88]. 
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petec = _ aE 
1 aR J 

(2.37) 

2.15 Completed Scheme for Energy Minimisation 

Figure 2.5 shows a schematic representation of the process described above, which is 

employed in these calculations. 

Initialise the wavefunction 

Calculate density 

Construct Hamiltonian 

Construct search direction 

Perform line minimisation along search direction 

Update the wavefunction 

Iteration 
process 

Figure 2.5 Schematic representation of the density functional theory process for solving the time
independent Schrodinger Equation [Adapted from 84] 

This scheme can be used to predict groundstate energies and all the properties that can 

be derived from those energies for most systems. However, it should be noted that due 

to the lack of an analytic form of the exchange-correlation functional, strongly 

correlating systems such as superconductors cannot be described accurately. Equally, 

in this form, excited states and the properties related to them are unobtainable. There 

are however methods, such as time-dependent DFT, which can used to deal with these 

more complex issues. 

2.16 Metals and Density Mixing 

The major difference between metals and insulators in terms of electronic energy 

minimisation is the number of occupied bands, which for metals is not the same at 

different k-points across the Brillouin Zone. The high-energy states are very close 

together in energy and there may be many minima towards which convergence could 
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proceed. To counter this problem extra bands are employed and a smearing of the 

occupancies is undertaken such that previously unoccupied bands contain fractional 

occupancies. This discontinuity in occupancy across the Brillouin Zone can be 

removed and the energy minimised [101]. However, the smearing of the occupancies 

of the energy bands is effectively introducing .an electronic temperature and the result 

of minimisation is not that of the zero-temperature method used for insulators. To 

produce a zero-temperature groundstate, ever smaller smearing widths are used [ 101]. 

Unfortunately, the assignment of occupancies is non-self consistent and there can be 

large changes in occupancies and thus densities, between one minimisation cycle and 

the start of the next. This creates an instability known as charge sloshing, which is 

overcome by mixing some of the density from the previous minimisation cycle with 

the current density to produce the new Hamiltonian. The process is known as Density 

Mixing, and effectively damps the sloshing instabilities [101]. Providing these are 

sufficiently damped the system will converge. As well as metals, the process can also 

be applied to insulators where it is often found to speed up convergence [84]. 

2.17 Population Analysis 

There is no quantum mechanical operator for atomic charge and as such electron 

density has. to be partitioned between nuclei in an arbitrary way. There are several 

schemes for allocating density, which assign a number of electrons to each nucleus, 

the most often used being Mulliken analysis [102]. This process of density assignment 

is known as population analysis and allows bond populations and atomic charges to 

be derived. In the Mulliken scheme the number of electrons is given by, 

N = 2pµµ + 2 2 2pµvSµv 
(2.38) 

µ=I ft=! V=fl+I 

where Sµv is the overlap matrix between the two orbitals </>µand <l>v and P is the 

density matrix [ 103]. All the electron density from one orbital, </> µ, is assigned to the 

atom on which </>µis located. The remaining density is associated with the overlap 

population, </>,,</>v, with each element of that overlap density matrix having half the 

density assigned to the atom on which </>µ is located and half the density assigned to 
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the atom on which </>v is located. The net charge on an atom, A, can then be calculated 

as shown in Equation 2.39 [102]. 

qA = }:wk 2 }:P1,v(k)Sµv(k) 
(2.39) 

k µonA v"µ 

where mk are the weights associated with the calculated k-points in the Brillouin 

zone. Equation 2.40 gives the overlap population between two atoms, A and B [102]. 

on A onB 

N(AB) = }:wk2 }:2Pµv(k)Svµ(k) 
(2.40) 

k I' V 

A spilling parameter can also be defined, which assesses the quality of the projected 

wave-functions on the plane-wave states. However Mulliken analysis is not without 

its problems. The results are heavily dependent on the basis set used, ideally requiring 

a balanced basis set that provides an equivalent number of basis functions for each 

atom in the system. Fortunately, plane-waves form a balanced basis, which does not 

favour particular atomic positions. Indeed, the absolute magnitudes of atomic charge 

have little physical meaning for this very reason, although comparisons of equivalent 

systems with the same basis set can provide useful information. 

2.18 NMR ~ Experimental Theory 

Nuclear Magnetic Resonance (NMR) is an experimental technique that exploits the 

nuclear spin of elements in a sample and their response to the application of static and 

pulsed fields of radio frequency radiation. It is a technique that can give information 

about local bonding and structural environments and has been employed for many 

years on single molecules and crystal systems. The following section is a basic 

overview ofNMR theory based on Duer [104]. 

If one explores NMR in a semi-classical way, the net nuclear magnetisation vector 

(the bulk magnetic moment) of isolated spin-1/i nuclei is given by, 
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(2.41) 

where µ; is the magnetic moment of the ith nucleus. This magnetic moment is related 

to the nuclear spin, Ii .by, 

(2.42) 

where Y; is the nucleus-specific magnetogyric ratio . Therefore, the magnetic moment 

vector of Equation 2.41 can be rewritten as, 

(2.43) 

where J is the net nuclear spin angular momentum that produces magnetisation, M. 

NMR observes the changes in the magnetisation when various radio frequency 

magnetic fields are applied. In its simplest form, a system can be placed in a uniform 

magnetic field. It can be shown that in a uniform field, 

dM 
-= yMxB0 dt 

(2.44) 

where Bo is the applied field. The solution to Equation 2.44 shows that magnetisation, 

M, precesses about this field with the Larmor frequency, w0 , where, 

(2.45) 

Figure 2.6 shows a schematic diagram for the formation of a net nuclear 

magnetisation, as outlined above. 
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M 
Bo 

No magnetic field applied Magnetic field applied 

Figure 2.6 Formation of a net nuclear magnetisation, M, in a sample of isolated nuclei . Individual 
nuclear magnetic moments are represented by vector arrowheads. With no magnetic field, the magnetic 
moments are randomly orientated and there is no net magnetisation. In an applied field, Bo,, however 
the magnetic moments align with the field to give a net magnetisation, M. Perfect alignment is not seen 
because of thermal effects. Adapted from (104]. 

In quantum mechanical terms, the eigenstates of the Hamiltonian for the spin system 

are the wavefunctions describing the states of that spin system. The Hamiltonian for a 

spin system in a static field applied along the z-direction is given, in atomic units, by, 

(2.46) 

A 

where Jzis the nuclear spm operator m the z-direction. The eigenvalues of the 

Hamiltonian in Equation 2.46 are the energies of the different spin-states and the 

transition between these states, ifE, is given by yB0 • 

When a radio frequency pulse of frequency wrf is applied, an oscillating magnetic 

field, B 1(t), is introduced. For a single spin the total field felt by a nucleus is B101 as 

given in Equation 2.47. 

B10, ( t) = i2B1 cos( w,1t) + kB0 
(2.47) 

where i and k are unit vectors along the x and z axes. The Hamiltonian for a spin 

system can now be written as, 
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(2.48) 

So far, we have discussed only the nuclear spin wavefunction and the effect that 

magnetic fields have on it. However, NMR is so useful as a technique because the 

electrons surrounding the nuclei are not impassive to the applied fields, but create 

secondary fields. The contribution of the electronic fields to the total field can alter 

the resonant frequency of a nucleus. It is this frequency shift, caused by the so-called 

shielding interaction, which causes the measurable chemical shifts. There are two 

components to the shielding interaction: the diamagnetic and paramagnetic. The 

diamagnetic component is essentially local and varies with llr? where ri is the 

distance of the ith electron from the nucleus. It is caused by the circulation of 

electrons around the nucleus on application of a magnetic field and is approximately 

the same for atoms of the same type in a molecule regardless of environment. The 

paramagnetic component is caused by the distortion of the ground state electronic 

distribution and it varies considerably with environment. The Hamiltonian for 

chemical shielding can be written as, 

A A 

H =yl·o ·B 
CS 0 

(2.49) 

where a is the chemical shielding tensor. The chemical shift, £5, which is brought 

about by the chemical shielding, is measured relative to a reference value. This is 

usually a compound of known structure and sharp resonant frequency. The chemical 

shift tensor is composed of elements originating from the chemical shielding tensor. 

The chemical shift is a tensor quantity because shielding is different in different 

directions from the nucleus. Studied in the Principal Axis Frame (P AF) the system is 

rotated until the chemical shielding tensor is diagonal. The three non-zero components 

of this tensor are the isotropic chemical shift, the anisotropy and the asymmetry. The 

isotropic chemical shift is defined as, 

(2.50) 
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where b{iAF, <5;t and <5~AF are the principal elements of the chemical shift tensor (i.e. 

the three diagonal elements). The chemical shift anisotropy, Lies' is defined as, 

<5PAF D 
,1cs = II - iso (2.51) 

and the asymmetry, 'Ylcs' is defined in Equation 2.52. 

<5PAF _ <5PAF 
'l'l = 33 22 
'lcs ,1 

CS 

(2.52) 

The frame of reference in which one measures chemical shift parameters is important 
and it is from this that information on the bonding within molecules and crystals can 
be derived. NMR exploits a range of interactions, such as dipolar coupling and 
quadrupolar coupling, which give more detailed information on structure and 
bonding. These interactions and the methods of spectra generation are detailed and 
beyond the scope of this brief introduction. 

2.19 NMR -Theoretical Implementation 

For many years is was thought that a pseudopotential-based theory (section 2.11) for 
predicting NMR parameters would not be possible due to the non-rigid nature of the 
core. Indeed, pseudopotentials are designed explicitly to neglect the electronic 
wave-function structure near the core, with a smoothing out of the nodal structure 
[105]. For many operations, such as calculation of the groundstate energy and all 
propert~es related to it, this is a reasonable approximation to the core and valence 
electrons. However, for NMR and other properties such as electric field gradients, an 
all-electron wavefuriction needs to be implemented in the core region. In 1994 Bloch! 
published the theory of a projector augmented-wave (PAW) electronic structure 
method, which allowed for the calculation of core-level spectra, momentum matrix 
elements and electric field gradients [106]. However, this theory had to be developed 
further for NMR spectra generation to make the Hamiltonian translationally invariant 
in the presence of a magnetic field. The theory that achieved this is the Gauge
Including Projector Augmented-Wave approach (GIPAW) [105]. 
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In basic terms, the chemical shift is described as the ratio of the applied magnetic field 
to the magnetic field induced by the orbital motion of the electrons. The induced 
all-electron current, t)(r'), which produces this induced magnetic field is the key 

value that has to be calculated. The PAW method of Blochl defines an all-electron 
A Hamiltonian by use of a linear transformatiqn operator, T, that maps the valence 

pseudo-wavefunctions, 1 P), on to the corresponding all-electron wavefunction such 

that IP) = fl P). Further details of this method are presented in Appendix A. 

2.20 Virtual Crystal Approximation 

When carrying out calculations on alloy materials one can employ large supercells to 
create single atom substitutions of low concentration. However, this is an expensive 
procedure, as very large cells are required to simulate very small compositions. An 
alternate way of achieving the same result is to use virtual atoms that possess the 
properties of two or more different elements, thus interpolating between the behaviour 
of these atoms in their bulk compounds. This method is known as the Virtual Crystal 
Approximation (VCA) and can be simply applied to density functional theory 
methods using local potentials [ 107] . An averaging of the pseudopotentials, Vps, of the 

alloyed elements on site I gives a new pseudopotenital for that site, v;s , as shown in 

Equation 2.58. 

v;s(r,r ') = (1- x )VP~ (r,r ') + xV! (r,r ') (2.58) 

where atoms A and B form parts of the pseudoatom. For sites with single atom type 
occupancy (i.e. no mixing of the atoms) the pseudopotential is simply, 

v:s(r,r') = vp~(r,r') (2.59) 

where C is the non-alloyed element. The external potential for an atom of type a on 

site I is therefore given by, 

Vex,(r,r ') = 22 w~V:S(r -R1a,r' -R1a) (2.60) 
l a 

---------- -
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where Rra is the location of site I and w~ is a "weight", which determines the 

composition of site I (i.e. how much of atom type a is found on site I). This method 

has been successfully used on several alloy systems [108] although it is not without its 

disadvantages and has been found to give inaccurate results for some unusual alloys 

[107]. 

2.21 Summary 

Presented here 1s the theory behind the CASTEP plane-wave, pseudopotential 

electronic structure code. This focuses on solving the time-independent Schrodinger 

Equation to find the electronic groundstate of a system. Also presented is the 

experimental theory of Nuclear Magnetic Resonance (NMR) and the implementation 

of this theory in the same plane-wave, pseudopotential code, through the GIP AW 

method. 
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Chapter 3 

Bulk Substituted Hydroxyapatite 

The structure of the hydroxyapatite unit cell has been described in Chapter 1, and it is 

this structure that will now be addressed. This chapter describes the optimisation of 

the HA unit cell and compares the structure to published data. Additionally, an 

enthalpy of formation for HA will be calculated. The bulk monoclinic form of HA is 

also optimised for comparison. The chapter goes on to look at silicon substitution in 

the unit cell. Silicon has been a major focus of this work because of its value in 

current experimental research and use in current HA coatings and biomaterials 

[20,46]. Optimisation of the silicon-substituted HA unit cell will be followed by the 

determination of a formation energy for the process, including a discussion of the 

choice of chemical potentials. The discussion of formation energies and their relation 

to stability will be _described in more detail with reference to several Virtual Crystal 

Approximation (VCA) calculations, employing both whole and partial electrons. The 

stability of various silicon substitutional compositions will be explored and compared 

with published experimental data. 

The chapter will go on to discuss titanium ion substitutions, in an attempt to find the 

most favourable position and charge state. Finally, the chapter will describe 

magnesium ion substitutions, exploring the stability of this ion in various unit cell 

positions. 
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3.1 The HA Unit Cell 

Figure 1.1 shows the HA unit cell as generated from Materials Studio's structure files, 
before optimisation [111]. This cell was electronically and geometrically optimised 
using a plane-wave cut-off energy of 500 eV consistent with previous research carried 
out on this system [18]. A Monkhorst Pack k-point grid of 2x2x3 was employed [97]. 
Figure 3 .1 shows the optimised HA unit cell. 

a 

l. 
Figure 3.1 (a) Optimised HA unit cell looking 
down the crystallographic c-axis. Oxygen is 
shown in red, hydrogen in white, phosphorus in 
purple and calcium in green. 

C 

L. 
(b) Optimised HA unit cell. Oxygen is shown in 
red, hydrogen in white, phosphorus in purple and 
calcium in green. 

It is clear from comparing Figures 1.1 and 3 .1 that there are no dramatic changes in 
the geometry of the unit cell on optimisation. The hydroxyl ions are still aligned on 
the c-axis. The lattice parameters for this optimised cell are listed in Table 3.1, along 
with a selection of published experimental parameters for comparison. 
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Reference a-parameter b-parameter c-parameter / A Volume/ A3 

IA IA 
Present work 9.47899 9.48186 6.84375 532.935 
Posner et al [19] 9.432 9.432 6.881 -
Porter [20] 9.4104(1) 9.4104(1) 6.8747(6) 527.236 
Arcos et al [21] 9.4209(1) 9.4209(1) 6.8841(1) 529.13(1) 
Rodriguez-Lorenzo [112] 9.4160(2) 9.4160(2) 6.8801(2) -
Arends et al [113] 9.428 9.428 6.882 -
Baddie! et al [114] 9.432 ~.432 6.881 529.9 
Narasaraju et al [115] 9.42 9.42 6.88 -

Table 3.1 Experimental Lattice parameters for various sources of hydroxyapatite in comparison with 
the theoretical calculated value. 

As can be seen in Table 3.1, there is a broad range of published experimental lattice 

parameters. The theoretical a-parameter is greater than the average experimental 

value by around 0.6 % and the c-parameter is smaller by around 0.5 %. This shows 

good agreement between theory and experiment and is what might be expected from a 

DFT calculation. It should be noted that the experimental values above include single 

crystals and crystalline HA that has been produced by a variety of methods. 

Interestingly, the c:a ratio has been reported to increase in adult bone crystals 

compared to foetal material. In one study the foetal c:a ratio is recorded from X-ray 

diffraction studies as 0.7303 and the adult c:a ratio as 0.7326 [116]. This implies that 

the size of HA crystals in bone, depends on, amongst other things, the age of the 

animal. 

As well as hexagonal hydroxyapatite, there is also a monoclinic form with 

space-group P2i/b, which has been suggested as a possible structure of HA crystals in 

bone and dental enamel [117]. This is partly due to the needle-like shape of dentine 

crystals and the double length b-parameter in monoclinic HA. However it is likely 

that the formation of the monoclinic structure is related to the purity of the material 

produced. For comparison, the monoclinic structure has also been constructed and the 

geometry optimised. The unit cell was constructed from the single-crystal XRD 

parameters published by Elliott et al [117]. It was optimised using a 2xlx2 k-point 

grid [97]. The relaxed structure is shown in Figure 3.2. This figure shows that in the 

monoclinic form of HA the hydroxyl ions are positioned alternately up and down the 

c-axis. 
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Hydroxyl ions 

a 

\____. 
Hydroxyl ions 

Figure 3.2 The optimised structure of monoclinic HA. Oxygen is marked in red, hydrogen in white, 
phosphorus in purple and calcium green. The hydroxyl ions lie on the c-axis, into the plane of the 
paper, thus only the top atom of each ion can be seen in this projection. 

The lattice parameters for the relaxed structure are presented in Table 3.2, along with 

a selection of published experimental values for comparison. 

Reference a-parameter / b-parameter / A c-parameter / A 
A 

Present work 9.3681 18.7340 6.8203 
Suetsugu et al [118] 9.419(3) 18.848(6) 6.884(2) 
Elliott et al [117] 9.421(8) 18.843(6) 6.8814(7) 
Morgan et al [119] 9.4225(15) 18.8465(28) 6.8814(7) 

Table 3.2 Calculated lattice parameters of the optimised monoclinic HA and a selection of published 
experimental values . 

For this monoclinic structure, the calculated lattice parameters are all smaller than the 

experimental values. The a- and b-parameters are around 0.6 % smaller and the 

c-parameter is around 0.9 % smaller. This represents a good match between theory 

and experiment. It should be noted that DFT results are confined by the quality of the 

exchange-correlation functional used. For example, it is known that the LDA 

functional can over-estimate the lattice parameters by 1-3 %. Thus, results that match 

experiment within a few percent can be considered a good match. 

However, it is generally accepted that hydroxyapatite in biological systems is of the 

hexagonal form and it is more appropriate therefore to use this hexagonal structure, 
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shown in Figure 3 .1, in the following work. Additionally its larger size makes the use 

of the monoclinic structure unfavourable for a high-performance computing study. 

3.2 Defect Formation Energies 

In general terms the formation energy, E1, of an uncharged defect in a crystal structure 

such as HA can be expressed in terms of the chemical potentials of the constituent 

elements. In terms of a substitutional defect where species A atoms are substituted by 

species B atoms, 

(3.1) 

where E {defect} is the total energy of the defective crystal structure ( one unit cell in 

our case), E{reference}is the total energy of the original structure, nA is the number 

of species A atoms, µA is the chemical potential of species A, ns is the number of B 

atoms and µ8 is the chemical potential of species B. The value of E 1 is not therefore 

constant as it depends upon the relative abundance of A and B atoms in the 

"reservoirs" from which they are taken or enter. Experimentally, these reservoirs are 

simply the reactants that are used to produce any given compound, molecule or 

crystal. It is important to note however that the chemical potential of the A and B 

atoms are not independent, as they must be in equilibrium with the compound being 

formed. For HA this equilibrium is defined as, 

(3.2) 

where µHA is the chemical potential of HA, µP the chemical potential of phosphorus, 

µ0 the chemical potential of oxygen, µea the chemical potential of calcium and µH 

the chemical potential of hydrogen. For this condition to always be true, we can only 

choose the values of three of the chemical potentials on the right hand side of 

Equation 3.2, with the fourth one being automatically defined by that choice. 

There are however bounds on the values that the chemical potentials can take. 

Essentially the chemical potentials must be less than the chemical potential for the 

bulk material (or molecule for a gas) from which it is calculated or that bulk material 
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would preferentially form. The upper limit for each chemical potential is obtained 

from calculation on bulk materials or molecules for gases. That is, 

max 
µO = µ0(0 2mo/ecule) 

max 
µCa = µCa(bulk) 

max 
µH = µH(H 2molecule) 

(3.3) 

(3.4) 

(3.5) 

(3.6) 

The lower limit for each chemical potential is set by the heat of formation, ~H, for the 

compound from which the chemical potential is calculated. For example, the 

minimum chemical potential for calcium calculated from calcium oxide is given by 

Equation 3.7. 

(3.7) 

As, 

µ = µ + µ + MI(CaO) CaO Ca (bulk) O ( 0 2 molecule) (3.8) 

This method of calculating the chemical potential enforces a strict minimum on the 

chemical potential as defined by Equations 3.7 and 3.8. Additionally these equations 

define a chemical potential in oxygen rich conditions. This will be discussed in more 

detail in the next section, where the calculation of the phosphorus and silicon 

chemical potentials is outlined. 

3.3 Calculation of Chemical Potentials 

The chemical potentials are approximated by their O K energies per atom or molecule 

and their values have been estimated using various chemical sources and sinks. In 

determining these potentials the aim is to obtain the lowest value possible for a 

particular species, the upper bound referred to earlier. The choice of suitable sources 

and sinks depends on several factors: the range of commonly occurring oxides for the 

species concerned, their similarity to the actual components of synthetically produced 
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HA, and ease of calculation. As many combinations of materials were used as 

practicable. All the calculations were carried out at cut-off energies of 500 eV, to 

ensure consistency with the HA unit cell. 

The calcium chemical potential was calculated using pure calcium metal and the 

oxygen and hydrogen chemical potentials were obtained from single optimised 

molecules. Therefore these chemical potentials represent the maximum value as 

defined by Equations 3.5, 3.4 and 3.6 respectively. 

The chemical potential of phosphorus was determined from a number of sources. Two 

forms of elemental phosphorus, both monoclinic and orthorhombic were optimised. 

Additionally, phosphorous oxide and phosphoric oxide were optimised and the 

chemical potentials calculated with a bulk oxygen chemical potential as shown in 

Equations 3.9 and 3.10. 

(3 .9) 

Where µp
4
o

6
(bulk) is the Chemical potential Of phosphorous OXide and µ

02
(molecule) the 

chemical potential of an oxygen molecule. 

(3.10) 

where µP.Dio(butk) is the chemical potential of phosphoric oxide. For phosphorus the 

lowest value of µ P was obtained using phosphoric oxide as a sink, as shown in 

Equation 3.10. Phosphoric oxide is the acid anhydride of orthophosphoric acid, which 

is the usual phosphorus source for HA production in the laboratory [120]. This allows 

us to use a chemical potential that is modelled on the actual experimental source. 

Figure 3.3 shows the variety of chemical potentials that have been calculated using 

various sources of phosphorus, which illustrates why a selection of sources is used. 
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Figure 3.3 Various calculated values of the chemical potential of phosphorus. Mono and Ortho refer to 
bulk monoclinic and orthorhombic phosphorus. 

It should also be noted that if a wider selection of sources and sinks were sampled, it 

is possible that an even more stringent bound could be found, i.e. one with a lower 

energy. This potential, (-189.922 eV) therefore represents a maximum value in 

oxygen rich conditions. A lower bound to this chemical potential would be defined as, 

(3 .11) 

In the following section a silicon chemical potential is also required. Three sources 

were used for the calculation of this chemical potential, elemental silicon, quartz and 

cristobalite. The chemical potential using quartz is calculated by Equation 3.12 and 

using cristo halite by Equation 3 .13. 

(3.12) 

where µs;,,o
6 

is the chemical potential of a primitive unit cell of bulk quartz. 
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(3.13) 

where µs;
408 

is the chemical potential of a primitive unit cell of bulk cristobalite. 

Figure 3 .4 shows the range of silicon chemical potentials that were calculated. 
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Figure 3.4 Chemical potentials of silicon calculated using elemental silicon, cristobalite and quartz. 

In this case the values of µs; for quartz and cristobalite are both considerably lower, 
representing more stringent chemical potentials, than elemental silicon. Indeed, their 
values are very close, although cristobalite is in fact the lowest and the one that is 
employed. Experimentally, in the production of silicon-substituted HA, the source of 
silicon may be a silicon salt such as silicon acetate [120]. However, our source of 
silicon is quite different. Cristobalite is a solid at room temperature, identical in 
chemistry but different in structure to quartz. Silicon acetate has a relatively complex 
structure with formula CsH120sSi and to determine µSi from this material would have 
required many additional calculations in order to find the chemical potential of 
CsH120 8. Each of these calculations would have introduced new uncertainties into the 
value of µSi· Therefore, although cristobalite is chemically quite different from the 
experimental source of silicon, it seems to be a reasonable choice given the 
computational demands and the need for accuracy. Thus, while the formation energy 
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is not calculated in exactly the same manner as the experimental process, the value 
should be a reasonable estimate. The chemical potential determined here represents 
the maximum value in oxygen rich conditions since µo,(molecule) is used in the 

calculations. Both our phosphorus and silicon chemical potentials apply to oxygen 
rich conditions. Oxygen poor conditions could be simulated by calculating a bulk 
silicon chemical potential and then using this to determine the oxygen chemical 
potential as shown in Equation 3.14. 

(3.14) 

The phosphorus chemical potential can then be found as before in Equation 3 .10, but 
using the new oxygen chemical potential of Equation 3.14. Now both the silicon and 
phosphorus chemical potentials are applicable to oxygen poor conditions. However, 
from now on we shall use the oxygen rich chemical potentials. 

Table 3.3 shows the values of the optimal upper bounds of the chemical potentials 
used at a cut-off energy of 500 eV. 

Species Chemical Potential, µ, I eV 

p -189 .922 

02 -871.144 

Si -118 .867 

Ca -1003 .826 

H2 -31.689 

Table 3.3 Chemical potentials of the various species used in this work, with a cut-off energy of 
500 eV. 

3.4 Heat of Formation 

The energy or heat of formation, '1.H, of HA is given by Equation 3.15. 

(3.15) 
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where µHA is the chemical potential of bulk HA, i.e. the energy of a single optimised 
HA unit cell, and µP, µ0 , µea and µHare the chemical potentials of phosphorus, 
oxygen, calcium and hydrogen respectively. Using the above chemical potentials 
Af!is found to be -91.35 eV or -8812.85 kJ/mol. There are no published experimental 
values for the heat of formation of HA but heats of formation are known for 
hexagonal calcium phosphate in the /3-form (-4120.8 kJ/mol), and calcium hydroxide 
(-986.1 kJ/mol) [121]. Combining the predicated heat of formation of HA with these 
published values a heat of reaction can be calculated for the following reaction. 

(3 .16) 

The heat of reaction is therefore approximated to be -4535.65 kJ/mol for this reaction, 
showing that the reaction is predicted to be exothermic. 

3.5 Silicon Substitution in OH-deficient Cells 

The formation energy of phosphorus substitution by silicon in the bulk hydroxyapatite 
unit cell was calculated. For each substitution, the calculation was carried out in a unit 
cell where one hydroxyl ion was removed in order to maintain the charge neutrality of 
the cell as formally the silicate ion has an extra negative charge compared to the 
phosphate ion. Incorporation of a single silicon atom corresponds to an effective 
composition of 2.8 wt% silicon in the bulk crystal. The formation energy of a silicon 
substitutional impurity on a phosphorus site in a charge compensated cell (i.e. with 
one hydroxyl ion removed) is given by, 

(3.17) 

where E{ SiPHA + V0 H }is the energy of the supercell with the silicon impurity and 

missing hydroxyl ion V0 H , and E {HA+ V0 H } is the energy of the hydroxyl-deficient 
HA cell. In calculating the formation energy for this single silicon substitution there 
are six possible sites into which the silicon can be substituted. Additionally, the 
hydroxyl ion vacancy can be made at two different positions. Figure 3.5 shows the 
HA unit cell with the different phosphate ions and hydroxyl ions labelled so all the 

Chapter 3 Bulk Hydroxyapatite 66 



- -------------------------------

positions can be uniquely identified. Table 3.4 lists the formation energies for the 

substitutions made in the OH-deficient cell. 
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Figure 3.5 (a) Hexagonal unit cell viewed down the c-axis. (b) Perspective view with the a-axis 
pointing into the paper. The six phosphate ions are labelled Pl -P6 and the two hydroxyl ions are OH25 
and OH26. Crosses represent calcium atoms. 
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Cell Formation Energy/ eV 
25Pl -0.906 
25P2 -0 .640 
25P3 -0.907 
25P4 -0.410 
25P5 -0 .408 
25P6 -0 .405 
26Pl -0.405 
26P2 -0.406 
26P3 -0.402 
26P4 -0.639 
26P5 -0.907 
26P6 -0.907 

Table 3.4 Formation energies, E1, of the {Sip} defect obtained from the 12 different substitutional 
combinations. The unit cell notation is such that the first number indicates the hydroxyl ion remaining 
and the last number is the substituted phosphate ion. See Figure 3.5 for the labelling scheme. 

Table 3.4 shows that cells 25Pl , 25P3, 26P5 and 26P6 correspond to the lowest defect 

formation energies, these cells having lower groundstate energies than the other cells. 

This indicates that there is a specific site preference within the unit cell for the silicon 

substitution and hydroxyl ion vacancy. Indeed, by referring to Figure 3.5 it can be 

seen that the HA unit cell is essentially divided into a "top" and "bottom" half where 

the environments and substitution characteristics are similar. That is the formation 

energies of 25Pl, 25P2 and 25P3 correspond to the values of 26P6, 26P4 and 26P5. 

The substitution of the silicon into a position in the same "half' of the cell as the 

hydroxyl ion vacancy gives almost identical formation energies for all six 

substitutions, which are around 0.5 eV higher than the substitutions that are in 

opposite "halves" of the cell to the vacancy. 

The lattice parameters for the twelve Si-substituted cells are presented in Table 3.5. 
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Cell a!A b!A c!A Cell Volume 
IA3 

a/deg fJ!deg yldeg 

25Pl 9.402 9.507 6.898 532.802 90.938 90.176 120.196 
25P2 9.392 9.396 6.862 526.450 90.015 89 .913 119.617 
25P3 9.504 9.427 6.898 532.649 88.887 90.932 120.448 
25P4 9.424 9.443 6.864 527.026 89.967 90 .054 120.386 
25P5 9.379 9.424 6.864 527.027 90.054 89.979 119.696 
25P6 9.443 9.381 6.864 526.952 89.977 89 .976 119.929 
26Pl 9.424 9.445 6.864 527.097 90.020 89.988 120.384 
26P2 9.381 9.428 6.864 527.1 81 89 .982 90.003 119.714 
26P3 9.445 9.382 6.864 527.053 89 .987 90.024 119.944 
26P4 9.394 9.448 6.862 526.235 89.931 90.001 120.222 
26P5 9.424 9.406 6.898 532.847 89.812 91.153 119.352 
26P6 9.511 9.428 6.898 533 .062 91.054 89 .114 120.406 

Table 3.5 The lattice parameters of the twelve cell silicon-substituted cells. The unit cell notation is 
such that the first number indicates the hydroxyl ion remaining and the last number is the substituted 
phosphorus atom. 

As can be seen from Table 3.5 the four cells that have the lowest formation energies, 

25Pl , 25P3, 26P5 and 26P6, also have the largest cell volumes. The differences in 

lattice parameters for these four cells seem to be incorporated into an expansion of the 

c-axis, with no discernable pattern in the a- and b-parameters. Figure 3.6 plots the 

c-axis parameter for increasing silicon HA compositions, which are found 

experimentally and theoretically. 
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Figure 3.6 c-parameters for various weight compositions of silicon HA. The three black points 
represent experimental values [20]. The red point is the value for cells 25Pl, 25P3, 26P5 and 26P6. The 
orange point is the value for cells 25P4, 25P5, 25P6, 26Pl, 26P2 and 26P3. The green point is the value 
for cells 25P2 and 26P4. 
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The red point in Figure 3.6 shows the value that matches most closely to the trend of 
the experimental parameters. This suggests that the configurations of 25Pl, 25P3, 
26P5 and 26P6 are the most favourable for the incorporation of silicon, which was 
suggested by the formation energy analysis. 

Calculations were also performed to determine the formation energy of a second 
silicon substitution in a charge compensated SiHA cell, i.e. the formation of a silicon 
substitution in the presence of an existing silicon substitution and two hydroxyl ion 
vacancies for charge compensation. The resulting composition was 5.6 wt% silicon. 
The example reference cell chosen for the second substitution was the 25P4 cell, as all 
the phosphate positions are approximately equivalent, and then additional 
substitutions were made in turn at positions Pl, P2, P3, PS and P6 along with the 
removal of the other hydroxyl ion (OH25). The formation energies were determined 
according to, 

(3.18) 

where E{2SipHA + 2V0H} is the energy of the doubly substituted cell. Table 3.6 

presents the five formation energies determined from Equation 3.18. 

Cell Formation Energy/ eV 
Pl -0.409 
P2 -0.323 
P3 -1.12 
P5 -0.348 
P6 -0.343 

Table 3.6 Formation energies of a second silicon substitution in an already substituted cell. The cell 
label refers to the phosphorus atom that is being substituted, as defined in Figure 3.5 . 

Table 3.6 shows that there is a range of formation energies for this second 
substitution, spanning about 0.8 eV. It is clear from these results that one substitution, 
that of P3 is much more favourable than the others. Indeed, this substitution has a 
formation energy that is lower than any of the single substitutions. The formation 
energy at the Pl position is comparable with the single substitution formation energies 
of Table 3.4 (e.g. 26Pl), while the remaining substitutions produce less negative 
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formation energies. These results suggest that the second substitution is favourable 
and generally as favourable or slightly less favourable than the single substitution. 
Also calculated are the interaction energies of the silicon substitutions, obtained by 
subtracting the formation energy of the second substitution from the formation energy 
of the first substitution at the same position. These values are given in Table 3.7. If 
the two substitutions were not interacting in any way then the formation energies 
should be exactly the same so the interaction energies indicate whether the two 
substitutions are interacting in an attractive or repulsive way. 

Cell Interaction energy/ eV 
Pl +0.004 
P2 -0 .083 
P3 +0.718 
P5 -0.559 
P6 -0.564 

Table 3.7 The interaction energy of the two si licon substitutions. The positive values indicate that the 
interaction acting in an attractive way. The negative values indicate that the interaction is acting in a 
detrimental, repulsive way. 

Table 3.7 shows that the interaction energy is negative in three of the five cells and 
the P 1 cell has an interaction energy of almost zero, suggesting there is practically no 
interaction between these two silicon substitutions. The results indicate that the 
interaction between the two defects is generally repulsive in that the formation energy 
of the second defect is higher than that of the first. However in the case of the P3 
substitution the formation energy of the defect is considerably more negative than the 
formation energy of a single defect in the same position. This shows that in this case 
the two substitutions acting in an attractive, positive way. As the distance between the 
silicon atoms increases the second formation energy should tend to that of the first in 
the same position; i.e. the interaction energy should be zero. These results suggest that 
while the second substitution is generally less likely to occur than the single 
substitution it is still favourable and could occur. However, it should be noted that in 
the laboratory silicon substitutions of 5.6 wt%, which is the composition of the doubly 
substituted unit cell, are never produced without substitution of other ions, largely due 
to phase separation or decomposition. Phase transformations involving 
reconstructions and large shape changes are not accessible in the present calculations. 
Our results are, however, a good indication of which substitutions might occur in a 
much larger system with a much smaller average weight percentage. 
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The electronic structure of hydroxyapatite is also of interest since there is some 

experimental evidence that charged surfaces of HA crystals can lead to enhanced 

bioactivity [ 4]. The cause of these surface polarisations could be due, at least in part, 

to the presence of substituted impurities in the lattice that may accumulate near the 

surface. Before proceeding with surface segregation calculations it is necessary to 

understand the effect of impurity incorporation in the bulk crystal. Here we present 

details of how the electronic density of states changes in bulk HA when a phosphate 

ion is substituted by a silicate ion, accompanied by a hydroxyl ion vacancy. Figure 3.7 

compares the density of states of phase-pure HA with SiHA for substitution on the Pl 

site in a 26P 1 cell. 
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Figure 3.7 Electronic density of states for (a) phase-pure HA and (b) Si-substituted HA. The dashed line indicates the valence band edge. 
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The peaks were assigned to particular atomic orbitals by comparison with similar 

plots of the partial densities of states. It is seen that new peaks appear in the second 

valence band near - 15 e V when silicon is introduced and the band gap reduces from 

5.5 eV to 3.9 eV. No new states are introduced into the band gap indicating that 

silicon incorporation does not make the materi~1 inherently electrically active. A 

Mullikan population analysis [102] was performed on the structures in order to obtain 

the ionic charges and bond populations. Note that although absolute values of these 

quantities were obtained, emphasis is placed on how these values change in different 

environments. A maximum spilling parameter of 0.97 % was achieved, which 

indicates the largest error in the projection of the total charge. For phase-pure HA, the 

averaged charges on the Ca, P and O ions were calculated to be 1.36 [e[, 2.28 [e[ and 

-1.08 [e[ respectively. The P-0 bond populations were found to be 0.62, 0.61, 0.58 

and 0.63 electrons. When Si is substituted for P in the structure its charge was 

calculated to be +1.95 [e[ compared to +2.43 [e[ in bulk silicon oxide (cristobalite). 

Additionally, the charges on the four neighbouring oxygen atoms decreased from an 

average of -1.08 [e[ to an average of -1.12 [e[. These results indicated that the 

substitution induced a small amount of charge transfer with the oxygen atoms 

becoming slightly more negatively charged. The Si-0 bond populations were found to 

be 0.56, 0.57, 0.53 and 0.57 electrons indicating a weakening of the oxygen bonds 

surrounding the silicon impurity compared to the oxygen bonds around the equivalent 

phosphorus atom. On average the Si-0 bond length is 5.53 % longer than the P-0 

bond in the same position. 

3.6 Silicon Substitution and the Virtual Crystal Approximation 

In this section we will go further in the description of the silicon substitution in 

hydroxyapatite, using the Virtual Crystal Approximation (VCA) to give results for a 

larger range of silicon-HA compositions [108]. The VCA averages the 

pseudopotentials of two or more atoms placed on the same site so only a fraction of an 

atom need be substituted instead of a whole atom. The atoms on the same site are 

non-interacting and the exact proportion of each pseudoatom is specified by user input 

atom fractions. This module is a very recent addition to the CASTEP code and so far 

only a few studies have been performed. However, useful results have been obtained 

using this method for hollandite, leucite and bicchulite systems [108,122]. The details 
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of this method have been described briefly in Chapter 2 and in detail elsewhere [107]. 
Here we present the formation energies and lattice parameters for single HA cells 
with silicon substitutions from 0.06 to 2.8 wt%. In these calculations the silicon will 
be spread evenly across all six phosphorus sites. Additionally, some sample 
calculations are carried out, placing the silicon on one site only. The VCA results will 
be compared with the non-VCA results for 2.8 wt% silicon, which corresponds to one 
whole silicon atom substitution per unit cell. A correction factor is also introduced 
into this work to allow for the fact that a fractional number of electrons should be 
used. For this work the VCA implementation only allowed for a fractional number of 
protons and no matter what the silicon fraction in the cell, always used the electronic 
configuration of a whole silicon atom. The strength of this correction factor will be 
assessed when compared to the work of section 3. 7, which presents calculations that 
have the fractional nature of the electrons dealt with explicitly. 

In section 3.5, work was undertaken on the HA unit cell at a cut-off energy of 500 eV 
consistent with previous work carried out on this system [18] . However, to improve 
calculation times the cut-off energy was reduced to 350 eV for all the following HA 
calculations. Figure 3.8 shows an energy convergence plot for the cut-off energy of 
HA. 
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Figure 3.8 Total energy (per atom) convergence of HA with increasing cut-off energy. 
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It shows that the form of the total energy curve is exponential at around 300 eV. At 
350 eV the energy is converged such that it is reasonable to bring the cut-off energy 
down from 500 e V. In order to keep the calculations consistent it was necessary to 
recalculate the required chemical potentials at the new lower cut-off energy of 
350 eV. These values are recorded in Table 3.8. 

Species Chemical Potential/ eV 
p -189.876 
Si -118.819 

HA -22624.356 
HA+VoH -22167.022 

Ca -1003.826 

Table 3.8 Chemical potentials of various species calculated with an energy cut-off of 350 eV. HA is the energy of the stoichi,ometric HA unit cell and HA+VoH is the energy of the OH-deficient HA unit cell. 

This work will look at substitutions in charge-compensated as well as stoichiometric 
unit cells for completeness. The formation energy of a whole-atom silicon 
substitutional impurity, Sip, in a stoichiometric HA cell is given by 

(3.19) 

where E { SiPHA} is the energy of the supercell with the silicon impurity and E {HA} is 

the energy of the stoichiometric HA cell. Similarly the formation energy of a silicon 
impurity in a hydroxyl-deficient HA cell is given by Equation 3.17. When using the 
above equations to calculate the formation energy for a concentration of silicon less 
than 2.8 wt%, represented by a pseudoatom, the µp and µsi values are altered to 
represent the fraction of the respective atom that has been used in a specific 
calculation. Additionally, an adjustment to the formation energy has to be made 
because of the use of whole electrons in the VCA calculation. While only fractional 
atoms are employed in the calculations, whole electrons are still used since the 
method was originally used to calculate relative rather than absolute energies 
[108,122]. In this case, no matter what fraction of a silicon atom is simulated, the 
electron configuration of an entire silicon atom is employed in the calculation. This 
means that, because silicon has one less electron than phosphorus, there is always 
some electronic energy missing from the calculation, the exception being when there 
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is one whole silicon atom substituted. Therefore to account for this, an additional 

energy, gµe, is added to the equations above where µe is an estimation of the chemical 

potential of a non-interacting electron in the host material ( either stoichiometric HA 

or OH-deficient HA) and g is a fraction. The value of µe was determined from 

extrapolation of the uncorrected values of the formation energies back to O wt% 

silicon as shown in Figure 3.9. 
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Figure 3.9 µe is determined from the formation energies of the silicon substitution spread evenly over 
the six phosphate sites in a stoichiometric cell (blue points) and in an OH-deficient cell (red points). A 
best fit linear line is fitted to the data, and extrapolated to the y-axis. The equations of the two lines are 
marked. 

The value of µe was calculated by assuming that at O wt% silicon the formation 

energy would also be zero. Therefore, the value of µe for stoichiometric and 

OH-deficient HA were found to be 6.13 and 9.72 eV respectively, as given by the 

equations of the lines in Figure 3.9. It should be noted that while this value takes 

account of the electronic contribution to the additional energy, no attempt is made to 

add a chemical interaction energy term. However, given the linear nature of the 

original results it is likely that the electronic contribution is by far the most dominant 

part of this energy sum. 
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The silicon substitutional formation energies for various compositions of silicon-HA, 

spread evenly over the six phosphate sites of the unit cell, are shown in Figure 3.10. 

These values include the correction for the electronic energy described above. 
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Figure 3.10 Silicon substitutional formation of various compos1t10ns of silicon-HA into a 
stoichiometric HA cell (blue) and an OH-deficient HA cell (red). In all cases the silicon is spread 
evenly across all six phosphate sites. 

Figure 3.1.0 shows that the substitution of silicon into an OH-deficient cell is 

consistently more favourable than the same substitution in a stoichiometric cell, with 

the formation energy being lower in all cases. This is perhaps to be expected as the 

silicate iori is larger than the phosphate ion and the removal of the hydroxyl ion 

lowers the cell's electron density, thus reducing repulsive electron-electron 

interactions in the cell. This result is consistent with experimental work that shows 

there is a reduction in the number of hydroxyl ions when silicon is added [5]. This 

shows that the loss of a hydroxyl ion to maintain charge neutrality is the most likely 

mechanism for silicon incorporation. The linear nature of the two series in Figure 3 .10 

suggests that it is consistently more difficult to incorporate increasing concentrations 

of silicon into the HA cell. This linear trend is what might be expected for low 

concentrations as the amounts are so small that chemical interactions between the 

substituent and the cell will be minimal. Thus the greatest contribution to the 

formation energy will be the electronic energy rather than chemical interaction 

energy. Interestingly, the formation energies are quite high. For example at 2.8 wt%, a 

------- -- -- -
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concentration that can, with difficulty, be produced in the laboratory, the formation 

energy in the OH-deficient HA cell is around 7 eV. On its own, this result would 

suggest that this material would be unlikely to form. 

The 2.8 wt% results in Figure 3.10 can also be compared with the formation energy 

calculated in the standard supercell manner, not using the V CA. For the 

stoichiometric cell the formation energy of a single, whole-atom silicon substitution is 

3.338 eV and for the OH-deficient cell it is -0.813 eV. These are considerably lower 

than the VCA results of 11.367 and 7.059 eV respectively. It must be recognised 

however that the results are different in that the VCA calculations allows for an even 

spread of silicon across all phosphorus sites while the non-VCA calculations isolate 

the silicon atom on one site only. To see if this was the reason for the large difference 

between the VCA and non-VCA values, a sample of various different silicon 

concentrations was chosen and calculations were performed using the VCA code but 

isolating the silicon on one phosphorus atom only. In all cases, both for the VCA and 

non-VCA calculations the one-site was arbitrarily chosen to be P4. Figure 3 .11 shows 

the results of the one-site calculations along with the original VCA results of Figure 

3.10. 
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Figure 3.11 Formation energies for various silicon compositions in stoichiometric (diamonds) and OH
deficient (squares) cells . The filled blue triangles and filled red squares represent the VCA results with 
silicon spread across all six phosphorus sites and the open blue diamonds and the open red squares the 
VCA results with silicon isolated on one phosphorus site. The black diamond and black square 
represent the non-VCA results for a single, whole-atom silicon substitution. 

The blue points in Figure 3.11 represent the results with the stoichiometric cell. It is 
clear from the open blue diamonds that having the silicon isolated on one-site in the 

cell reduces the formation energy compared to having the silicon spread evenly 
throughout ( filled blue diamonds in Figure 3 .11). Additionally, the results for the 

isolated silicon show an increase in formation energy upto around 1.5 wt% silicon and 

then a decrease. Extrapolating the isolated results shows that the values coincide 
almost exactly with the non-VCA calculation of a single, whole silicon atom 

substitution as marked with a black diamond in Figure 3 .11. This shows that the VCA 

calculations with the correction factor are performing well compared with the 
standard CASTEP program. The OH-deficient results in Figure 3.11 (marked with the 

red squares) show a very similar result to the stoichiometric calculations, with the 

isolated silicon substitution giving lower formation energies than the spread silicon 

substitution. Once again, extrapolation of these results coincides with the non-VCA 

result for a single, whole silicon atom substitution as marked by the black square. 

These results confirm that in all cases below 2.8 wt% silicon, it is most favourable to 

substitute into an OH-deficient cell. Additionally, the results suggest that the silicon 

will be isolated in the cell. What this is likely to mean is that the silicon will be 

isolated as far from other silicon atoms as possible, rather than being concentrated in 
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one area. In effect, spreading the silicon over six sites in the cell has brought the 

partial silicon atoms into close contact with other partial silicon atoms, a process 

which appears to be less favourable than keeping the silicon all on one site. It is also 

interesting to note that at around 1.4 wt% silicon it becomes more favourable to 

isolate the silicon on one site in the stoichiometric cell rather than spreading the 

silicon over the six phosphate sites of the OH-deficient cell. Experimentally, the OH

deficient model is the one that matches experimental results, therefore it follows that 

the silicon must be isolated in the OH-deficient cell as this becomes the lowest energy 

configuration at this point in Figure 3.11. 

It is worth noting that the "spreading" of the silicon in the above calculations is 

entirely fictitious in the sense that atoms are clearly not merged in real materials. 

However, these results should be viewed as a model for a larger system where whole 

atoms would be used to create these lower silicon concentrations. 

Before moving on to explore the VCA calculations using partial electrons, we present 

the lattice parameter results for the above calculations. It should be noted however 

that as there is electronic density missing from some calculations (because of the 

incorrect electron numbers) these results are best viewed relative to one another rather 

than values to be compared with experimental data. Figure 3.12 shows the 

a-parameter for the VCA results, both for the spread and isolated substitutions. This 

figure shows that there is a general increase in the a-parameter with increasing silicon 

content for both the stoichiometric and OH-deficient cells. Additionally, the 

a-parameters are always higher in the stoichiometric cells. The range of values is 

around 0.19 A for the stoichiometric cells and 0. 14 A for the OH-deficient cells, 

indicating that the q.Ctual change across the series is small. It is interesting to note that 

around 1.4 wt% silicon in the stoichiometric cells and 1.2 wt% silicon in the 

OH-deficient cells, there is a drop in the lattice parameter, followed by a further, 

approximately linear increase. This drop at 1.2 wt% is not what would be expected 

from Vegard's Law, which states that for. small defect concentrations there is a linear 

relation between the concentration and the lattice parameters [123]. It is therefore 

important to remember that the lattice parameters that we present here are obtained 

from cells that are energetically unbalanced. That is, the electron number is incorrect 
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for all concentrations below 2.8 wt% and it 1s likely that is the cause of the 

unexpected lattice parameters. 
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Figure 3.12 a-parameter values for the silicon-substituted stoichiometric (blue diamonds) and OH
deficient (red squares) cells, spread over the six phosphorus sites. The pale blue triangles represent the 
stoichiometirc calculations with the silicon isolated on one site and the pale pink triangles represent the 
OH-deficient calculations with the silicon isolated on one site. 

Additionally, Figure 3.12 shows that the values for the cells with the silicon isolated 

on one-site, lie very close to the equivalent spread-values. This is especially true for 

the stoichiometric cells. Figure 3.13 shows the b-parameter changes for the same 

cells. 

Chapter 3 Bulk Hydroxyapatite 82 



9.6 

9.55 

.c 9.5 
..... .. 
II ... e 9.45 
ID .. 
ftl 
Cl. 
I 

9.4 ~ 

9.35 

9.3 
0 0.5 1.5 2 2.5 3 

Silicon / wt% 

Figure 3.13 b-parameter values for the silicon-substituted stoichiometric (blue diamonds) and OH
deficient (red squares) cells, spread over the six phosphorus sites. The pale blue triangles represent the 
stoichiometirc calculations with the silicon isolated on one-site and the pale pink triangles represent the 
OH-deficient calculations with the silicon isolated on one-site. 

Figure 3.13 shows that the b-parameter range, as would be expected for a hexagonal 

system where a=b in an ideal cell, is very similar to that of the a-parameter. The same 

pattern of values is seen with the drop at 1.2 and 1.4 wt% silicon in the OH-deficient 

and stoichiometric cells respectively. However, the results for the OH-deficient cells 

on the isolated site are quite different from the equivalent spread values. At 1.4 wt% 

the one-site value is much closer to the stoichiometric cell values and the rest of the 

one-site parameters lie in between the two series. The results for the c-parameter are 

shown in Figure 3.14. 
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Figure 3.14 c-parameter values for the silicon-substituted stoichiometric (blue diamonds) and OH
deficient (red squares) cells, spread over the six phosphorus sites. The pale blue triangles represent the 
stoichiometirc calculations with the silicon isolated on one-site and the pale pink triangles represent the 
OH-deficient calculations with the silicon isolated on one-site. 

Figure 3 .14 shows that in this case the c-parameters are consistently larger for the 

OH-deficient cells. Additionally, the OH-deficient results follow the same trends as 

the a- and b-parameter results although the range is only half as large at just 0.07 A. 
This shows that in the OH-deficient cell, all the lattice parameters expand in a 

uniform way, with the a- and b-parameters showing twice the expansion of the 

c-parameter. In contrast, the c-parameter of the stoichiometric cell behaves quite 

differently from the other lattice parameters. In this case the range is very small, just 

0.03 A, with the c-parameter remaining almost constant across the range. It is possible 

that this uniformity is related to the hydroxyl ions, which lie on the 

c-axis. Perhaps, with the two hydroxyl ions present certain expansions or contractions 

of the c-axis are highly unfavourable due to the interaction of the two hydroxyl ions. 

The isolated substitution results in Figure 3.14 are associated with their respective 

spread results but the match is not exact. In the OH-deficient cells for example, the 

1.4 wt% value is 0.03 A larger in the isolated cell than in the spread cell. Although 

this difference is small it is much greater than the differences between the other 

results. Additionally, all the isolated substitution results are higher than the spread 

values for the stoichiometric cell. The results for the cell volumes are presented in 

Figure 3.15. 
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Figure 3.15 Cell volume parameters for the silicon-substituted stoichiometric (blue diamonds) and 
OH-deficient (red squares) cells, spread over the six phosphorus sites. The pale blue triangles represent 
the stoichiometirc calculations with the silicon isolated on one-site and the pale pink triangles represent 
the OH-deficient calculations with the silicon isolated on one-site. 

Figure 3.15 shows that the cell volume trend follows that of a- and b-parameters for 

both the stoichiometric and OH-deficient cells. For the stoichiometric cell this 

highlights how little effect the c-parameter value has, which does not change much 

across the whole range. For this series, whose values are consistently higher than for 

the OH-deficient cells, the isolated results are almost identical to the spread results. 

The isolated results are also very similar for the OH-deficient cells except for the 

1.4 wt% result, which is much higher than the spread value. 

In the next section a sample of silicon concentrations of up to 

2.8 wt% will be investigated, using the VCA with partial electrons. This is done in an 

attempt to find more accurate lattice parameter results, which are derived from cells 

with the con-ect electronic configuration. 

3. 7 Silicon Substitution and the Partial Electron Virtual Crystal Approximation 

The partial electron VCA code (implemented while this work was in progress) 

allowed for calculations that did not require a correction factor as the electron number 

was exact. The formation energies for various silicon concentrations were calculated 

using Equation 3 .19 for the stoichiometric cells and Equation 3 .17 for the 
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OH-deficient cells. For this study the silicon atom was spread across all phosphorus 
sites. Figure 3 .16 shows the formation energies calculated for both the stoichiometric 
and OH-deficient cells. 
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Figure 3.16 Formation energies for various weight percentage silicon substitutions in a stoichiometric cell (blue triangles) and an OH-deficient cell (red squares) using the partial electron VCA code. 

The formation energies for the substitution into the OH-deficient cell vary smoothly 
across the sampled composition range. With the stoichiometric substitutions, the 
increase in formation energy is also smooth across the whole series with the 
stoichiometric formation energies always being higher than the OH-deficient series. 
Comparing this figure to Figure 3 .10, both sets of results are almost identical. Figure 
3.17 shows the original VCA and partial VCA results of Figure 3.16 together. 
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Figure 3.17 Formation energies of various concentrations of silicon in HA. The dark blue triangles 
represent the stoichiometric VCA results of Figure 3.10 (using the correction factor) and the light blue 
diamonds represent the same results with the partial electron VCA code of Figure 3.16. The pink 
circles represent the OH-deficient results of Figure 3.10 (using the correction factor) and the red 
squares represent the same results with the partial electron VCA code of Figure 3.16. 

This figure suggests that the approximation to the missing energy, described in 
Section 3.6, for both the stoichiometric and OH-deficient cells is very good. That the 
match is so good shows that the interaction of the extra electron density with the rest 
of the cell has a negligible effect on the cell energy, as the results using the correction 
factor, where this is entirely neglected, are almost identical to the partial electron 
results. The VCA approximation seems to be working well for this system, giving the 
results that would be expected. 

It is worth noting that at 2.8 wt% the OH-deficient cell has its maximum 
concentration in electronic terms (i.e. the cell is charge neutral). Below this 
composition the cell could be viewed as being positively charged as a whole hydroxyl 
ion has been removed even when only small silicon concentrations are added. That is, 
the greatest charge imbalance in the OH-deficient cell is at the lower composition. It 
is possible that more accurate results would have been found had the hydroxyl ion 
also been treated in a fractional way to compensate for the fractional silicon 
concentrations. The formation energy could then have been found by including 
fractional amounts of oxygen and hydrogen chemical potentials. The stoichiometric 
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cell on the other hand is becoming progressively more negatively charged as more 

and more silicon is added. It should be noted however that all cells are properly 

charge neutral in the actual calculations. 

Figure 3 .18 compares the a-lattice parameters for the various cells. 
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Figure 3.18 a-parameter for the silicon-substituted stoichiometric (blue diamonds) and OH-deficient 
(red squares) cells, spread over the six phosphorus sites using the VCA partial electron code. 

It can be seen that the a-parameter for the OH-deficient series decreases m an 

approximately linear way across the series up to 2. 8 wt%. In contrast the 

stoichiometric results exhibit the opposite behaviour with a linear increase in the 

a-parameter across the series. Both sets of results are consistent with the O wt% 

silicon cells (i.e. the pure-phase and OH-deficient HA unit cells) and the 2.8 wt% 

results (which employ only whole electrons). Additionally, for both series, the 

increase or decrease in parameter is only by a small amount, as would be expected by 

V egard' s law [ 123]. The b-parameter changes are shown in Figure 3 .19 and are 

similar to those of the a-parameter as would be expected from the HA a= b hexagonal 

symmetry. 
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Figure 3.19 b-pararneter for the silicon-substituted stoichiometric (blue diamonds) and OH-deficient 
(red squares) cells, spread over the six phosphorus sites using the VCA partial electron code. 

Figure 3.20 shows the changes in c-parameter for the two different series where it is 

seen that the OH-deficient parameter increases linearly across the senes. This is 

opposite to the a- and b-parameter trends. Additionally, the range of the 

c-parameter is approximately double that of the a- and b-parameters, showing that the 

influence of silicon on the OH-deficient cell is mainly the change in the 

c-parameter. Conversely, the stoichiometric series c-parameter remams almost 

constant across the entire series, perhaps suggesting that the "flexibility" of the 

c-parameter is compromised by the interaction of the two hydroxyl ions, which induce 

a certain stability into the structure. 
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Figure 3.20 c-parameter for the silicon-substituted (blue diamonds) and OH-deficient (red squares) 
cells, spread over the six phosphorus sites using the VCA partial electron code. 

The cell volume results follow the lattice parameter results as expected, as shown in 

Figure 3.21, with the volumes increasing for both series. This shows that for the 

stoichiometric series it is the increasing a- and b-parameters that have the greatest 

effect on cell volume. For the OH-deficient series the increase in cell volume is 

smaller than for the stoichiometric series, which is due to the decreasing a-and b

parameters being offset by the much greater increase in the c-parameter. 
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Figure 3.21 Cell volume for the silicon-substituted stoichiometric (blue diamonds) and OH-deficient 
(red squares) cells, spread over the six phosphorus sites using the VCA partial electron code. 

Clearly the removal of a hydroxyl ion allows the cell to incorporate the silicon ion in 

quite a different way, suggesting that the OH-deficient cell is more "flexible" along 

the c-direction while maintaining a fairly constant volume. Experimentally, it is 

reported that gradual incorporation of silicon into the HA cells causes a continual 

increase in both the c-parameter and cell volume, while the trends in the a-parameter 

are not so clearly defined [20]. This shows that the OH-deficient results presented 

here are consistent with experimental observation, where it is seen that hydroxyl ions 

are lost from the cell on incorporation of silicon [ 11]. 

The above lattice parameter results show linear trends that are different from the VCA 

results without partial electrons described in section 3.6. This suggests that the 

missing electronic energy in the original calculations plays a significant role in 

determination of the lattice parameters. However the results are what would be 

expected from both Vegard' s Law [123] and the experimental work on the 

OH-deficient series [20]. 

3.8 Silicon HA Summary 

So far this chapter has described phase-pure HA and, through a variety of 

methodologies, looked at the substitution of silicon into that material along with the 
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removal of one hydroxyl ion. In the first section, Section 3.5, the site specificity was 

explored, highlighting the most favourable sites for substitution. This work also 

showed that putting a second silicon atom into the cell was unfavourable, a conclusion 

that was later confirmed with the VCA calculations. This work also showed that, 

generally, the interaction between two defects is repulsive, suggesting the silicon 

atoms will be as isolated as far as possible in the cell. The VCA calculations of 

sections 3.6 and 3.7 went on to show that the formation energies of the OH-deficient 

cells are increasing and linear up to 2.8 wt% silicon. We also showed that within this 

range it is more favourable to have the silicon situated on one site rather than spread 

evenly throughout the cell, again showing that silicon will generally be at isolated 

positions within the cell such that the interaction between substitutions is limited. 

With the partial electron code, the results matched well with both the stoichiometric 

and OH-deficient cells giving almost identical formation energies. 

This analysis has therefore clearly suggested a number of things. They are: 

1. The OH-deficient cell is most favourable, as found experimentally. 

2. Silicon has more and less favourable sites for substitution. 

3. Silicon substitutions will tend to be isolated as far as possible. 

4. The electronic charge is important for lattice parameters. 

5. Increasing c-parameters and cell volumes are expected in the most 

favourable (i.e. OH-deficient) cells. 

It should be noted however that these results lie within the bounds of certain 

limitations. The primary limitation is that of the chemical potentials and the specific 

conditions that they represent. It is important to remember that the choice of 

alternative potentials would have given different results from those presented here and 

if time permitted a range of chemical conditions should be studied. Additionally, the 

results for the one-site substitutions are calculated with the substituent on one 

phosphate ion site only. It is possible that the results would have been slightly 

different if other phosphate ion sites had been chosen. These results also represent two 

extremes, with the silicon completely isolated on one-site and with it spread evenly 

across all six sites. Other possibilities of an intermediate nature, say the silicate ion 

spread between two distant sites, would arguably be more realistic and give a result 
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that would be in between those presented here. The ideal situation would be to make 
the substitutions in much larger cells so as to have the substituent ions positioned in 
isolated positions as clearly in the laboratory there is no splitting of ions. As yet we 
are unable to calculate band structure and perform Mulliken analysis on the VCA 

cells. 

3.9 Titanium-substituted HA 

For many years titanium has been used for prosthetic joint replacements and various 
other biomedical materials such as wires, meshes and screws. Often titanium 
prosthetics are coated with HA to aid bone in growth and rates of bone apposition. A 
small number of experimental studies have been carried out on Ti-HA composites or 
Ti-bone composites [124,125]. However, to date there are only a few published paper 
on Ti-substituted HA [126,127], although other groups are producing and 
characterising similar materials. Titanium is an interesting substitution for HA 
because it has three common charge states and could substitute in either the calcium 
or phosphorus positions. Experimentally, the results are ambiguous, with both 
positions being suggested as possible substitution sites [127]. In this study we have 
calculated formation energies for the substitution of titanium into both the calcium 
and phosphorus positions. In addition various other substitutions have been made to 
simulate the various charge states of titanium. 

For the formation energy study it was necessary to calculate a chemical potential for 
titanium, which was performed by using various different titanium sources. These 
were Th (hexagonal metal), Tii03 and three forms of titanium dioxide, namely rutile, 
brookite and anatas~. Table 3.9 shows the chemical potentials calculated from these 
materials. Again, these values were calculated using a cut-off energy of 350 eV. 

---- -
Chapter 3 Bulk Hydroxyapatite 93 



Source Chemical Potential / eV 
Th -1605 .530 

Tiz03 -1613.481 
Rutile -1615.494 

Anatase -1615.607 
Brookite -1615 .558 

Table 3.9 Chemical potentials for titanium calculated from various sources. The lowest value is 
marked in red (in italics). 

As can be seen from Table 3.9, the lowest value was obtained from titanium oxide in 

its anatase form and this is the chemical potential that was used throughout. This 

potential corresponds to an upper boundary and oxygen-rich conditions. 

Titanium can be found in +2, +3 and +4 charge states in various compounds. For 

example, TiF2, TiF3 and TiF4 can all be produced as can, oxides TiO, Ti02 and Th03 

[128]. Therefore to account for the +2 and +4 charge states seven different cells were 

created. Table 3.10 shows the substitutions made for calcium and Table 3.11 the 

substitutions made for phosphorus. The + 3 charge state is difficult to simulate in a 

single unit cell requiring multiple substitutions. For this reason this charge state was 

not investigated. 

Cell Ti-position Removed species Ti-state 
1. {Tic.HA} Ca - +2 
2. {Tic.HA +Vea} Ca Ca (Type I) +4 
3. {Tic.HA +Vea} Ca Ca (Type II) +4 

Table 3.10 Substitutions of calcium for titanium in the HA cell. 

Cell Ti-position Removed species Ti-state 
4. {TirHA} p - (Ti04)j-
5. {TirHA +Vea} p Ca(Typel) (TiOS 
6. {TirHA +Vea} p Ca(TypeII) (TiOS 
7. {TirHA +VoH} p OH (Ti04)

4
-

Table 3.11 Substitutions of phosphorus for titanium in the HA cell. 

Tables 3 .10 and 3 .11 show that the titanium substitution was made in the calcium ion 

and phosphorus atom positions without any charge-compensation measures in cell 

types 1 and 4 respectively. Cell types 2 and 3 show the substitution of titanium in the 

calcium positions with Type I and Type II calcium ion vacancies for charge 

compensation to account for titanium in the +4 charge state. Cell types 5-7 show the 
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substitution of titanium m the phosphorus atom positions with similar charge 

compensations. 

Equation 3.20 gives the formation energy for the substitution of titanium on a calcium 

site. 

E 1 = E { Tic~HA} - ( E {HA} - µea + !,lr;) (3.20) 

where E{TicaHA} is the energy of a unit cell with calcium substituted by titanium, 

and /-lr; is the chemical potential of titanium. For cells with an additional 

hydroxyl-vacancy this becomes, 

(3.21) 

and for cells with an additional calcium ion vacancy, 

(3.22) 

For the cells with the titanium on a phosphorus site the appropriate chemical 

potentials are used to find the formation energies using equations similar to Equations 

3.20, 3.21 and 3.22. Figure 3.22 shows the formation energies for all the cells in 

Tables 3 .10 and 3 .11, calculated using the equations above. It is noted that all the 

formation energies are calculated with respect to the pure HA reference state except 

cell 7, which is with respect to hydroxyl-deficient HA. 
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Figure 3.22 Formation energies for the substitution of titanium in various positions. For cell number 
details see Tables 3.10 and 3.11. The point marked in red (cell 7) highlights the formation energy, 
which is calculated with respect to hydroxyl-deficient HA. 

Figure 3.22 indicates that lower formation energies can be found when the titanium 
atom is substituted into the phosphorus rather than the calcium site. Additionally, it 
seems that the calcium vacancy in the cell is highly unfavourable. Formation energies 
of 14 eV are very unlikely to be achieved, especially at physiological temperatures. 
The results therefore suggest that titanium will substitute for phosphorus in the form 
of a (Ti04)4- ion and will be charge compensated by the removal of a hydroxyl ion. 
However, it should be noted that this is just one possible way to create charge 
compensation and may not be the only way a titanium substitution with charge 
compensation can be achieved. However, it is worth noting that experimentally it has 
been shown that silicon substitutes in to the HA cell in the form of (Si04)4- and this is 
indeed accompanied by a hydroxyl ion vacancy [20]. However, it should be noted that 
recent experimental work (XPS analysis) suggested that titanium could be found in 
the calcium ion position when substitution takes place in solid powders incubated in 
titanium ion-containing solutions [127]. 

The a- and b- parameters of the cells in Tables 3.10 and 3.11 are presented in Figure 
3.23. 
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Figure 3.23 The a- and b- parameters of the titanium substituted cells detailed in Tables 3.10 and 3.11. 
The a-parameter is marked with blue diamonds and the b-parameter with red squares. 

In all cases Figure 3 .23 shows that the substitution of titanium into the HA cell 

preserves, to a large extent, the hexagonal symmetry where a=b. In most cases the 

difference between the two data points is of the order of just 0.05 A. Additionally it is 

also evident that the lattice parameters are always larger when the titanium is found 

on a phosphorus atom site. Figure 3.24 shows the c-parameter values for the same 

cells. 
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Figure 3.24 The c-parameters of the titanium substituted cells detailed in Tables 3.10 and 3.11. 
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Figure 3.24 shows, that the c-parameter varies in a similar manner to the a- and 
b-parameters and the titanium substituted in to a phosphorus site increases the lattice 
parameters. Accordingly the cell volumes are also greater for the phosphorus 
substitution position, as shown in Figure 3.25. 
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Figure 3.25 The cell volumes of the titanium substituted cells detailed in Tables 3.10 and 3.11 . 

The electronic structure of the titanium substituted HA has also been analysed. Figure 
3 .26 shows the density of states for the HA cell with the lowest formation energy, that 
is, the substitution of a phosphorus atom by a titanium atom and the concomitant 
removal of a hydroxyl ion. This figure shows that the band gap, which is 4.43 eV, is 
lower than the phase-pure HA value of 5.5 eV. This lowering of the band gap is 
largely due to the presence of the titanium in the cell as can be seen from the green 
trace of Figure 3 .26, which gives the partial DOS of titanium. 
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Figure 3.26 Density of states for titanium-substituted HA with the removal of one hydroxyl ion for 
charge compensation. The blue line represents the total density of states, the green line a sum partial 
density of states for the titanium atom and the red line the sum partial density of states for one calcium 
ion. 

Mulliken analysis shows that the Ti04 ion has a charge of -2.63 JeJ, compared to the 

average PO/- ion charge of -2.04 JeJ. Titanium has a +0.81 JeJ charge and its four 

oxygen atoms charges of -0.84, -0.84, -0.88 and -0.88 JeJ . The phosphorus atom has a 

much larger positive charge of 2.28 JeJ and its oxygen atoms are more negative with 

charges of -1.08 JeJ. This shows that there is a large charge transfer from the oxygen 

atoms to the titanium atom in the Ti04 ion. All other charges in the cell are very 

similar to those of the pure HA. 

From the above analysis one would expect titanium substituted HA to have larger 

lattice parameters due to the titanium being substituted into the phosphorus position. 

Additionally some form of charge compensation, possibly in the form of a hydroxyl 

ion vacancy, would be expected. 

3.10 Magnesium-substituted HA 

Magnesium substituted HA is of interest because of the important role that 

magnesium plays in the calcification of bone tissue. Previous studies have shown that 

magnesium levels are higher at the start of the calcification process than at the end 

stage and that depletion of magnesium can adversely affect various stages of skeletal 
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metabolism [129]. Bone fragility, osteopenia (loss of bone mass) and reduction in 
osteoblast and osteoclast activity can all result from depletion of magnesium [130, 
131]. Experimentally, studies have been carried out on MgHA (5-14 mol%), which 
show that the inclusion of magnesium in the unit cell destabilizes the lattice due to its 
smaller ionic radius [132]. This has been shown to lead to the formation of f3-
tricalcium phosphate as a secondary phase [132]. Other studies have confirmed that 
the long-term stability of MgHA (4 wt%) is low, with Mg migration to the crystal 
surface, something that could have important consequences for storage of 
manufactured biomaterials [133]. However biomaterials, such as brushite cements, are 
being developed from MgHA (1.8 wt%) and it seems that its importance will continue 
to grow [134]. 

Here we address the question of lattice disruption through the introduction of 
magnesium into the HA unit cell. Substitution into both Ca-Type I and Ca-Type II 
positions will be considered to determine the most favourable position for magnesium 
substitution. A single substitution in a stoichiometric unit cell represents a 
concentration of 2.46 wt% and a double substitution represents a concentration of 
5.00 wt%. As magnesium has the same charge as calcium, the stoichiometric cell 
allows for a charge neutral cell without further charge compensations. In order to find 
the stability · of the various substitutions the formation energies are calculated from 
Equation 3.23. 

(3.23) 

where E{ MgcaHA} is the energy of a HA unit cell with a magnesium substitution on 

a calcium site and µ,Mgis the chemical potential of magnesium. For this study the 

chemical potential of magnesium was calculated from pure magnesium metal giving a 
value of -977.873 eV. This value represents a maximum upper bound on the chemical 
potential. The substitution of a magnesium ion into a columnar calcium position gives 
a formation energy of 1. 726 e V and into a hexagonal position a formation energy of 
1.789 eV. These two sites therefore differ by just 0.063 eV. Structurally, the unit cell 
changes very little in the case of the columnar substitution but in the hexagonal 
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position the closest hydroxyl ion to the magnesium moves distinctly off its symmetry 
position as shown in Figure 3.27. 

C 

L. 
Figure 3.27 Unit cell of HA with a magnesium substitution in the hexagonal calcium position. Calcium is shown in green, magnesium in blue, phosphorus in purple, oxygen in red and hydrogen in white. 

This movement is likely to be due to the smaller size of the magnesium ion as 
compared to the calcium ion it replaces. The charge on the hydroxyl ion nearest the 
magnesium ion (marked by the arrow in Figure 3.27) can be determined from 
Mulliken analysis. In the cell with a substitution on the columnar site the oxygen atom 
has a charge of -1.03 lei and the hydrogen a charge of 0.39 lei. In the cell with the 
substitution made in the hexagonal position (Figure 3.27) the negative charge on the 
oxygen increases to -1.07 leland the hydrogen charge decreases to 0.36 lei. 
A second substitution can also be made in the cell. The magnesium arrangement can 
be made such that both ions take hexagonal positions or columnar positions. 
Additionally, one ion can take a hexagonal and one a columnar position. The 
formation energy for this double substitution was calculated as shown in Equation 
3.24. 

(3.24) 

-- - ---
Chapter 3 Bulk Hydroxyapatite 101 

I, 



where E { 2MgcaHA} is the energy of a doubly substituted HA cell with the 

magnesium on calcium sites. Figure 3.28 shows the formation energies for the three 

possible substituted cells. 
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Figure 3.28 Formation energies of cells with a double magnesium substitution on calcium sites. 
[2xCol] refers to a cell with two columnar substitutions, [lxCol, lxHex] a cell with one columnar and 
one hexagonal substitution and [2xHex] a cell with two hexagonal substitutions. 

Figure 3.28 shows that the formation energy is lowest for the cell with both 

substitutions made in columnar calcium ion positions. Indeed, it appears that 

increasing the number of hexagonal substitutions increases the formation energy. 

Interaction energies can be calculated, which determine whether the interaction 

between the two substituents is favourable (i.e. lowers the formation energy from the 

value expected by two single substitutions) or unfavourable (i.e. increases the 

formation energy f:r;om the value expected by two single substitutions). For the two 

columnar substitutions this interaction energy is +0.066 eV showing there is a 

favourable energy-lowering interaction between the two magnesium substitutions. 

This is also true of the cell with one columnar and one hexagonal substitution, which 

has an interaction energy of +0.057 eV. However, the interaction energy of the two 

hexagonal substitutions is -0.121 eV, showing that the two substituents act in an 

unfavourable way increasing the formation energy from the value expected by two 

single substitutions. This strongly suggests that the second substitution is not 

favourable in general but that the columnar calcium position is the most favourable if 
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where E { 2MgcaHA} is the energy of a doubly substituted HA cell with the 

magnesium on calcium sites. Figure 3 .28 shows the formation energies for the three 

possible substituted cells. 
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Figure 3.28 shows that the formation energy is lowest for the cell with both 

substitutions made in columnar calcium ion positions. Indeed, it appears that 

increasing the number of hexagonal substitutions increases the formation energy. 

Interaction energies can be calculated, which determine whether the interaction 

between the two substituents is favourable (i.e. lowers the formation energy from the 

value expected by two single substitutions) or unfavourable (i.e. increases the 

formation energy from the value expected by two single substitutions). For the two 

columnar substitutions this interaction energy is +0.066 eV showing there is a 

favourable energy-lowering interaction between the two magnesium substitutions. 

This is also true of the cell with one columnar and one hexagonal substitution, which 

has an interaction energy of +0.057 eV. However, the interaction energy of the two 

hexagonal substitutions is -0.121 e V, showing that the two substituents act in an 

unfavourable way increasing the formation energy from the value expected by two 

single substitutions. This strongly suggests that the second substitution is not 

favourable in general but that the columnar calcium position is the most favourable if 
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the second substitution is made. Looking at the structures of the three cells of Figure 

3.28, there is no effect in the cell with two columnar substitutions and only a slight 

movement of one of the hydroxyl ions away from its symmetry position in the cell 

with two hexagonal substitutions. However, the cell that contains both a columnar and 

hexagonal substitution has enough distortion of the hydroxyl ions to set up a hydrogen 

bond between them. This is illustrated in Figure 3.29. Again, these disruptions along 

with higher formation energies suggest that substitution in the columnar calcium 

positions is the most favoured. 

Figure 3.29 HA cell with two magnesium substitutions (blue), one in the hexagonal and one in the 
columnar position. Hydrogen bonds are marked as dotted black lines. The bonding is calculated with a 
maximum hydrogen-acceptor distance of 2.5 A and a minimum donor-hydrogen-acceptor angle of 90 
degrees, which are the default values in Materials Studio [111]. 

Figure 3.30 shows the a- and b- lattice parameters for the single and double 

substitutions. 

Chapter 3 Bulk Hydroxyapatite 103 



9.58 ~----------------------------~ 

9.56 

9.54 

.,c 
, 9.52 

~ 
GI 
~ 9.5 
E 
f 9.48 
la 
a. 
I 

.C 9.46 
'a 
C 
1a 9.44 · 
I 
la 

9.42 

9.4 

• 

• 

. 
• 

9.38 -'------- - ----- -------- -----~-----' 
[lxCol, lxHex] [2xCol] [lxHex] 

Cell 
[2xHex] [lxCol] 

Figure 3.30 The a-parameters are shown as blue diamonds and the b-parameter as red squares. Hex 
indicates a magnesium substitution into a hexagonal calcium position and Col into a columnar position. 

Figure 3.30 clearly shows that the hexagonal symmetry of the HA cell where a=b is 
preserved most rigorously with magnesium substitutions in the columnar positions. 
Wherever there is a substitution in the hexagonal calcium position the a- and b
parameters differ by a greater amount. For example, in the cell with two hexagonal 
substitutions the a-parameter is 1.3 % smaller than the b-parameter. However for the 
cell with two columnar substitutions the difference is just 0.1 %. Table 3.12 shows all 
the calculated lattice parameters for the five cells of Figure 3.30. 

Cell a-parameter / A b-parameter / A c-parameter / A Cell Volume/ A~ 
lCol 9.4816 9.476791 6.778138 527.357536 
lHex 9.43081 9.530991 6.803888 531.491789 
2Col 9.4204 9.410218 6.732205 516.393284 
2Hex 9.43571 9.559197 6.745949 523.886746 

lCol, lHex 9.39661 9.493381 6.729583 521.800248 

Table 3.12 Lattice parameters for magnesium-substituted cells. Col and Hex refer to columnar and 
hexagonal substitutions positions respectively. 

Table 3.12 shows that the cell volumes for the single substitutions are larger than 
those of the double substitution. This is to be expected due to the small size of the 
magnesium ion. Equally it shows that the magnesium substitution disrupts the lattice 
especially at higher magnesium compositions. 
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Experimentally a magnesium substitution has also been made in a Si-substituted cell 

[135]. This work showed the magnesium substitution decreased the cell volume as 

compared to the silicon-substituted HA, again as would be expected with the smaller 

magnesium ion incorporated. Cell proliferation on this doubly substituted material 

increases over time, showing good biocompatibility [135] . In line with this work a 

further study with magnesium substitution within the Si-HA cell was performed. Both 

single and double magnesium substitutions were made, in both hexagonal and 

columnar calcium sites, in to a singly silicon-substituted cell that has had a hydroxyl 

ion removed for charge compensation. The formation energy of the single magnesium 

substitution in the silicon cell is given by Equation 3.25. 

(3.25) 

where E{ MgcaSipHA + V0H} is the energy of a cell of magnesium substituted 

silicon-doped HA, which includes a hydroxyl ion vacancy. Equation 3.26 gives the 

formation energy of a double magnesium substitution in a silicon-doped cell. 

(3.26) 

where E{2MgcaSipHA + V0H} is the energy of a silicon-doped cell with a hydroxyl 

ion vacancy and two magnesium substitutions on calcium sites. The silicon 

substitution was made on the P4 position and the same cell was used for all the 

magnesium substitutions. Using equation 3.25 the formation energy of a hexagonal 

substitution is 1.787 eV and that of a columnar substitution is 1.783 eV. These 

energies are just 0.004 eV different, which suggests that in the silicon-doped cell the 

magnesium substitution is equally likely on any calcium site. These energies are also 

very similar to those of the single substitutions in the phase-pure HA cell, which were 

1.726 eV for the columnar substitution and 1.789 eV for the hexagonal substitution. 

Despite the similarity in the formation energies for the two different substitution sites, 

the hexagonal substitution has a significant effect on the structure of the cell. Figure 

3.31 shows these changes. 
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a 

Movement of 
columnar 

calcium ions 

Figure 3.31 (a) Magnesium substitution in a 
hexagonal calcium position in the 
silicon-doped HA cell. Calcium is shown in 
green, magnesium in blue, oxygen in red, 
phosphorus in purple and silicon in orange. 

C 

(b) 

Movement of hydroxyl ion away 
from c-axis 

(b) Magnesium substitution in a hexagonal calcium 
position in the silicon-doped HA cell. Calcium is shown 
in green, magnesium in blue, oxygen in red, phosphorus 
in purple and silicon in orange. The dotted black line is 
a hydrogen bond. 

As can be seen from Figure 3.31, the magnesium substitution in the hexagonal 

position induces changes in both the columnar calcium ions and the hydroxyl ion. In 

particular the hydroxyl ion has moved off the c-axis completely, such that a hydrogen 

bond has been created to the nearest oxygen of the nearest phosphate ion. 

Hydrogen bonding of this nature will be addressed further in Chapter 5, although it is 

worth noting that this implies that even in bulk material impurity atoms will be able to 

induce new bonding patterns in the material. 

A magnesium composition of around 5 .1 wt% and a silicon composition of 

2.9 wt% can be achieved by making a second magnesium substitution into the 

silicon-doped HA cell. Equation 3.26 gives the formation energy of this process and 

the results are presented in Figure 3.32. 
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Figure 3.32 Formation energies for the substitution of two magnesium ions into a silicon-doped HA 
unit cell. Col indicates a columnar calcium ion position and Hex represents a hexagonal calcium ion 
position . 

For the silicon-substituted cell Figure 3.32 shows that substitution of magnesium into 

two columnar calcium ion positions is the least favourable substitution combination. 

This is contrary to the double substitution in the phase-pure HA cell where the double 

columnar position substitution has the lowest formation energy of all. In the case of 

the silicon-doped cell the cell with substitutions in both the columnar and hexagonal 

positions is clearly most favourable. The structure of the cell with the two columnar 

substitutions is shown in Figure 3.33. 
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Disruption of 
columnar positions 

Figure 3.33 Doubly magnesium substituted SiHA, looking down the c-axis. The magnesium ions take 
columnar calcium ion positions. Calcium is shown in green, magnesium in blue, silicon in orange, 
oxygen in red, phosphorus in purple and hydrogen in white. 

Figure 3.33 shows that the major disruption in this cell is the movement of the 

magnesium ion towards the silicate ion. Again, this is likely to be due to the smaller 

size of the magnesium ion. It also shows that there is very little disruption to the 

hydroxyl ion, which remains aligned on the c-axis. However, for the two cells with 

hexagonal magnesium substitutions this is not the case and once again 

hydrogen-bonding occurs between the hydroxyl ion and the nearest oxygen of the 

nearest phosphate ion as shown in Figure 3.34. The columnar calcium and magnesium 

ions also show some movement in these cells but the main feature is the shift of the 

hydroxyl ions away from the c-axis and the bonding induced with the phosphate ions. 

It should be noted that in each case the hydroxyl ion is hydrogen-bonded to a different 

phosphate ion. That these two cells have lower formation energies than the double 

columnar substitution, suggests that the hydrogen-bonding actually stabilises the cell, 

perhaps compensating for the disruption caused by replacing two calcium ions with 

the much smaller magnesium ions. 
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(a) 

Figure 3.34(a) Double magnesium substitutions 
in the hexagonal positions in the Si-doped HA 
unit cell, looking down the c-axis. Calcium is 
shown in green, magnesium in blue, silicon in 
orange, oxygen in red, phosphorus in purple and 
hydrogen in white. The hydrogen bond is marked 
with a dotted black line. 

(b) 

(b) Double magnesium substitutions in the 
hexagonal and columnar positions in the Si-doped 
HA unit cell, looking down the c-axis. Calcium is 
shown in green, magnesium in blue, silicon in 
orange, oxygen in red, phosphorus in purple and 
hydrogen in white. The hydrogen bond is marked 
with a dotted black line. 

Figure 3.35 compares the a- and b-parameters for all the Si,Mg-substituted cells. In 

this case the similarity between a- and b-parameters is small, suggesting that the 

hexagonal symmetry of all the doubly substituted cells is compromised. Table 3 .13 

shows all the lattice parameters, including an experimental value for a magnesium 

substitution in a silicon-doped HA cell [135]. These values come from an 

experimental cell with 1.05 wt% silicon and 0.99 wt% magnesium, which are much 

lower than the compositions we have studied theoretically. 
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Figure 3.35 a- and b-parameters for the silicon-doped HA cells with magnesium substitutions. The 
a-parameters are shown as blue diamonds and the b-parameter as red squares. Hex indicates a 
magnesium substitution into a hexagonal calcium position and Col into a columnar position. 

Cell a-parameter/ A b-parameter IA c-parameter / A Cell Volume / A" 
!Col 9.3673 9.4465 6.9105 529.0277 
!Hex 9.3225 9.4692 7.0129 531.3519 
2Col 9.3657 9.4682 6.8724 520.6496 
2Hex 9.2553 9.3760 6.9285 519.9163 

!Col, !Hex 9.2339 9.4342 6.8918 523.4762 
Experiment 9.402 9.402 6.898 528.0734 

Table 3.13 Lattice parameters for magnesium-substituted silicon-doped cells. Col and Hex refer to 
columnar and hexagonal substitutions positions respectively. The experimental values come from 
[135]. 

The cell volume of the experimental example is closer to the single magnesium 

substitutions, which is to be expected, as there is less than one magnesium ion in the 

experimental cell on average. However, without further work on exact compositions 

using VCA it is difficult to access whether the experimental crystal is likely to have 

hexagonal or columnar substitutions. 

The density of states for the lowest formation energy configuration is given in Figure 

3.36. 
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Figure 3.36 Density of states for MgHA. The blue line is the total density of states for the whole cell. 
The green line represents the sum partial density of states for magnesium and the red line the sum 
partial density of states for one calcium atom. 

Figure 3.36 shows that the magnesmm 10n has no effect on the position of the 
conduction band. This figure shows the partial density of states for just one calcium 
ion for clarity but it is the calcium ions in general, which have the greatest effect on 
the band gap. Consequently, the band gap is 5.5 eV, which is almost identical to the 
pure HA value of 5.6 eV. These results and those of the silicon and titanium show that 
substitution in to the calcium ion position has a much smaller effect on the electronic 
structure than substitution into the phosphate ion position. Mulliken analysis shows 
that the charges of the MgHA cell are very similar to those of the pure HA except for 
the magnesium ion itself. This ion has a charge of 1.62 lei, compared to an average 
calcium charge of 1.35 le!. 

3.11 Summary of Titanium and Magnesium Substitutions 

The analysis of titanium substitution into HA showed that titanium preferred to be 
substituted into a phosphorus position. It most favourably takes the form of Tio/-, 
with charge compensation in the form of the removal of a hydroxyl ion. This 
substitution increases all lattice parameters from the phase-pure HA unit cell, and yet 
approximately preserves the hexagonal symmetry with a=b. 
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The magnesium work shows that the smaller ion does indeed disrupt the lattice, the 

nature of which depends upon the type of calcium site that the ion takes. In cells 

where the hexagonal substitution is made, there is the possibility of hydrogen-bonding 

being created between the hydroxyl ion and the nearest phosphate ion. In general this 

seems to be a favourable change to the lattice with the formation energies being 

lower. Single substitutions both into the phase-pure HA cell and the silicon-doped cell 

are more favourable than the double substitution. It must be remembered however that 

these results depend, as with the other work, on the chemical potentials used. Here we 

use calcium metal and magnesium metal for the chemical potentials and so these 

chemical potentials represent the upper bounds. The electronic structures are also 

shown for both the titanium and magnesium substituted HA cells, with the titanium 

substitution causing a lowering of the band gap from the pure HA value. 
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Chapter 4 

Britholite 

Silicon substitution in hydroxyapatite improves bioactivity and biocompatibility and 
is already used in licensed biomaterial products, both in the UK and USA [26]. There 
are however limits to the amount of silicon that a single unit cell can incorporate. 
Silicon compositions around 2 wt% are routinely incorporated into HA although 
problems with secondary phases, such as tricalcium phosphate can occur [20]. 
Recently however, up to 4.9 wt% silicon has been incorporated [110]. In the currently 
favoured mechanism for silicon substitution, it is thought that charge neutrality is 
maintained by the release of one hydroxyl ion for every one-atom, silicon substitution. 
Indeed, experimental results show that silicon-substituted HA is deficient in hydroxyl 
ions to this extent [60]. With a phase-pure stoichiometry of two hydroxyl ions per unit 
cell, one would expect to be able to substitute only two whole silicon atoms 
(approximately 5.6 wt% silicon) into the unit cell if charge neutrality were to be 
maintained. Therefore, for higher concentrations of silicon to be incorporated, other 
charge-compensation mechanisms would need to be considered. In recent theoretical 
work using pseudoatom orbital DFT, Astala et al suggested that in hydrated 
preparation conditions, HSioi- ion formation would be the most stable way of 
producing the charge-compensation [70]. 
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However, another alternative mechanism is to allow the substitution of the 2+ calcium 
ion by an alternative 3+ cation. Hence, doubly substituted HA with both a 3+ cation 
and a silicon substitution would maintain charge neutrality and allow for larger 
concentrations of silicon to be incorporated. Fortunately, nature already presents us 
with just such a material, in the form of brithofae. 

Britholites are a series of minerals containing silicate groups in addition to high 
substitution levels of Rare Earth Elements (REEs) [62]. Equation 4.1 shows formally 
how the charge is left unchanged on substitution of the calcium and phosphate ions. 

(4.1) 

Here we focus on an yttrium REE substitution, which gives the britholite-(Y) end 
member of formula Crui Y6(Si04)6(0H)2. Experimental work carried out on a 
laboratory-produced hydroxyapatite-britholite series was published in 2002 and sets 
out a Rietvald analysis of the lattice parameters and the NMR characterisation of 
these minerals. This work used the HA symmetry group P63/m for all members of the 
series and concentrated solely on the fluorine-free britholite formations [62]. It should 
be noted that while HA is normally assigned to this space group, britholites can be 
crystallised in both monoclinic (P2 1) and hexagonal (P63) forms with a loss of the 
mirror operation in the hexagonal form [ 62]. 

The work presented here exammes geometry optimisation for this entire senes, 
formation energies of the substitutions, theoretical 31 P and I H NMR spectra and 
Mulliken charge analysis. These methods allow for elucidation of the experimental 
results [62] and further characterisation of this series. However it is important to state 
that the calculations were carried out on an ideal system that is defect-free. This is in 
contrast to the experimental work, which comprises materials with ion vacancies and 
various defects such as water inclusions [62]. For the study of the lattice parameters 
the differences between the two systems will not affect the results greatly but for the 
NMR analysis, which is very sensitive to bonding environments, the defects that are 
present in the experimental samples will have a large effect. The study has a two-fold 
focus of interest in the realm of biomaterials. The yttrium substitution alone in HA
based biomaterials has already proved fruitful , having been shown to increase the 
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surface adsorption of proteins such as vitronectin, which mediate the adhesion of 
osteoblasts [65]. Additionally, the double substitution in HA of both yttrium and 
silicon has been recognised as a potential way of incorporating greater amounts of 
silicon into the HA unit cell while maintaining cell neutrality [136] . It is possible 
therefore, that yttrium, with or without the additional silicon substitution, may play a 
role in the next generation ofbiomaterials. 

4.1 Geometry Optimisation 

The seven members of the HA-britholite-(Y) series were created using the previously 
optimised phase-pure 44-atom HA unit cell with the ideal P63/m symmetry, obtained 
from the Materials Studio Software package [111]. A phosphorus atom was then 
substituted by a silicon atom along with the substitution of a calcium ion by an 
yttrium ion. With successive substitutions six new unit cells were generated of the 
formula, 

(4.2) 

where x is an integer from 1 to 6 which represents the number of substitutions made in 
the unit cell. One substitution refers to the substitution of one silicon and one yttrium 
ion into the unit cell. All optimisations were carried out under a P 1 symmetry so all 
lattice parameters and atoms had complete freedom and a complete electronic 
relaxation could be carried out. In making the yttrium substitution, it is possible to 
choose either a calcium Type I or Type II position. In order to investigate the 
differences in Type I and Type II sites the substitutions were made in both positions 
as far as possible (a_maximum of 4 Type I substitutions can be made at one time). In 
terms of energy the phosphorus positions are all approximately equal as described in 
Chapter 3. 

Figure 4.1 shows the results for the a-parameter on optimisation, comparing Type I 
and Type II substitutions with the results from previous experimental work [62]. The 
experimental lattice parameters of compositions x=O to x=6, were determined by 
Rietveld analysis of X-ray powder diffraction data and assuming a hexagonal cell 
[62]. 
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Figure 4.1 shows that yttrium substitution into the Type II position induces a decrease 

in the · a-parameter across the series. A similar decrease is observed with the 

experimental results and the two results show good agreement particularly at the 

higher substitution levels of x=4/5/6. In contrast, the yttrium substitutions made at the 

Type I site show an increase in the a-parameter towards higher substitution levels. 

These theoretical results suggest that the Type II substitution is that most likely to be 

found in the mineral state for the composition studied here. Indeed, experimentally it 

was concluded that the yttrium probably was partitioning into the Type II site [62]. 
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Figure 4.1 a-parameter results for optimised unit cells with the yttrium substitutions made in the Type 
I calcium positions (squares) and Type II calcium positions (triangles). The results are compared with 
experimental results (diamonds) from previous work [62]. x is defined by Equation 4.2. 

Figure 4.2 shows the effect of optimisation on the c-parameter, again comparing Type 

I, Type II and experimental substitutions. 
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Figure 4.2 c-parameter results for optimised unit cells with the yttrium substitutions made in the Type I 
calcium positions (squares) and Type II calcium positions (triangles). The results are compared with 
experimental results (diamonds) from previous work [62]. x is defined by Equation 4.2 . 

Here the experimental and Type II substitution are very similar. For low values of x 

the experimental data are higher and then this trend reverses. The closest proximity is 

found at x=3, where there is only a 0.16 % difference between the two results. Even at 

their largest deviation, the Type II results vary from experiment by just 0.52%, which 

is well within the experimental error of ±0.07 A [62]. By contrast the Type I trend 

deviates quite markedly from both the Type II and experimental results. The 

c-parameter measurements are not only smaller than in the other two series but 

decrease rapidly across it. In this case only x= l lies within the experimental error [62]. 

These results show that in terms of experimental agreement, the Type II position is 

strongly favoured and substitution in this site constitutes a more realistic model of the 

britholite-(Y) mineral series as presented by experiment. Figure 4.3 shows the 

changes in unit cell volume that are observed across the series on relaxation of the 

unit cells. 
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Figure 4.3 Cell volume results for optimised unit cells with the yttrium substitutions made in the Type 
I calcium positions (squares) and Type II calcium positions (triangles). The results are compared with 
experimental results (diamonds) from previous work [62]. x is defined by Equation 4.2. 

Clearly the increasing number of substitutions in the unit cell made experimentally 
produces a decrease in the unit cell volume. The same is also true for the entire Type 
II series, which is almost uniformly higher than the experimental results by 1.67%. 
However, the Type I series is consistently larger than both experiment and the Type II 
series. The decline in cell volume across this series is not observed for this Type I 
senes. 

All the lattice parameter measurements show that the theoretical Type II senes 
produces the best match for the experimental results, strongly suggesting it is this 
substitution that would be found in the experimentally produced mineral. 

4.2 Formation Energies 

The formation energy of a silicon substitution on a phosphorus site and a concomitant 
yttrium substitution on a calcium site in the HA unit cell was calculated using 
Equation 4.3. The HA cell without the charge-compensating hydroxyl ion vacancy is 
used as the charge compensation is being made with the substitution of the calcium 
ion by an yttrium ion. 
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(4.3) 

Here, E { SiPYcaHA}, is the total energy of a unit cell with a silicon and yttrium ion 

substitution; E{HA}is the total energy of a phase-pure HA cell; µp, µea, µsi and µy 

are the chemical potentials of single phosphorus, calcium, silicon and yttrium atoms 

respectively and, x is an integer representing the number of substitutions made in the 

cell. In this work the chemical potentials are approximated by their O K energies per 

atom and their values were estimated using various chemical sources and sinks. The 

method for the determination of these chemical potentials has been described in detail 

in Chapter 3, with the final chosen potentials being calculated from phosphoric oxide, 

calcium metal, cristobalite and hexagonal yttrium metal respectively. As described in 

Chapter 3 these chemical potentials are calculated for oxygen rich conditions for 

phosphorus and silicon and it is the upper bounds of the potentials that are calculated 

in all cases. The value of µy is -1052.57 eV. All other chemical potentials are those 

given in Chapter 3, Table 3.8. 

For x=l, the formation energy of a silicon and yttrium substitution into the phase-pure 

optimised HA cell was calculated as given by Equation 4.3. For x=2 the formation 

energy of a double substitution into the phase-pure optimised HA cell was calculated, 

again through Equation 4.3, using the appropriate multiples of the chemical potentials 

of silicon, phosphorus, calcium and yttrium. The same procedure was followed for the 

remainder of the series. Table 4.1 shows the formation energies for the multiple 

substitutions across the series. It gives both Type I substitution, Type II substitution 

and a composite series that incorporates both Type I and Type II substitutions. The 

composite series was chosen randomly as an illustration of possible Type I, Type II 

combinations. 

x=l x=2 x=3 x=4 x=S x=6 
Type I (eV) -0.205 -0.572 -1.107 -1.740 NIA NIA 
Type II (eV) -0.389 -1.044 -1.467 -2.11 9 -2.848 -3 .867 
Comp. (eV) NIA -0.809. -l .290b -2.018c -2 .757° -3.623e 

Table 4.1 Formation energies across three different theoretical series; Type I substitutions, Type II 
substitutions and a composite series with both Type I and Type II substitutions. For the composite 
series, a=lxType I, lxType II; b=lxType I, 2xType II; c=lxType I, 3xType II; d=2xType I, 3x Type II; 
e=3xType I, 3x Type II. All formation energies are calculated from the original phase-pure optimised 
HA cell (i.e., x=O unit cell). 
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The formation energies are all small and negative, suggesting that all series members 
after HA up to the britholite-(Y) end member are more stable than hydroxyapatite 
itself, under the conditions assumed by these calculations. The actual formation 
energies do of course span a range of values depending on the bounds of the chemical 
potentials used. Equally, each successive mem.ber in each series is more stable than its 
predecessor. That is, multiple substitutions are the most favourable. It should be noted 
that the formation energies are not simply multiples of the first formation energy. This 
shows that the substituted species are interacting with one another and the rest of the 
cell and are not made in isolation. For example, if the substitutions were made in 
isolation with no interaction between the substituted ions and cell one would expect 
the x=2 composition to be simply double the x= l composition. This is clearly not the 
case for any of the formation energies. Table 4.2 shows the interaction energies for all 
the multiple substitution cells, where a positive value indicates an attractive 
interaction, i.e., the formation energy is lower than expected from multiples of the 
single substitution formation energies. This table shows that the interactions become 
stronger as the number of substitutions is increased, again confirming the 
favourability of having multiple substitutions. 

X Interaction Energy, Type I Interaction Energy, Type II Interaction Energy, Comp. 
leV leV leV 

2 0.162 0.266 0.215 
3 0.492 0.300 0.307 
4 0.920 0.563 0.747 
5 NIA 0.903 1.18 
6 NIA 1.533 1.841 

Table 4.2 Interaction energies of the substitutions in the HA-britholite series cells. For the composite series the substitutions are the same as those detailed in Table 4.1 

It is also clear that the interaction energies for the Type I substitution are generally 
lower than for the Type II substitution, confirming that the Type II position is the 
most favourable site for the yttrium substitution in this system. It is interesting to note 
that the mixed series values are in between the Type I series and the Type II series. 
This suggests that even in the presence of Type I substitutions, it is still more 
favourable to make a Type II substitution. 

------- ---
Chapter 4 Britholite 120 



4.3 31P and 1H NMR 

The chemical shielding tensors for 31 P were calculated using the recently developed 
GIP AW method in the CASTEP code, the details of which have been described in 
Chapter 2. 

Reference values ( a,.,) for 3 1P and 1H were calculated using models of H3P04 and 

(CH3) 4Si (tetramethylsilane, TMS) respectively, as shown in Figure 4.4. 

a b 

Figure 4.4 Optimised (a) TMS molecule and (b) H3P04 molecule. 

TMS is an inert molecule that is soluble in most organic solvents and has become the 
standard reference chemical used in 1H and 13C NMR studies. Its twelve protons have 
indistinguishable environments and thus a single, strong 1H resonance is produced 
[76]. It is also the reference used in the previous experimental work carried out on this 
series [62]. The model of TMS employed here was produced in Materials Studio 
starting from an approximate structure constructed by hand, and was optimised in a 12 

A3 box, with an Ecut of 400 eV and a 2x2x2 Monkhorst Pack k-point grid [97]. The 
Ecut and grid size were determined with convergence tests as described in Chapter 3. 
H3P0 4 was also optimised in a 12 A3 box with a k-point grid of size 2x2x2. Ecut was 
determined by convergence to be 380 eV. a ,ef for 31P and 1H were calculated to be 

282.52 ppm and 30.64 ppm respectively. The value for 1H was calculated by taking 
the average chemical shift of all 12 protons in TMS. The range of shifts was 30.54-

30. 73 ppm. This suggests that in the relaxed structure of the reference material the 
positions of the protons were not exactly identical, although the energy of this 
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structure was fully converged. The range is however small and much smaller than is 
detectable by conventional NMR techniques, making this average a reasonable one 
for 1H a ,.ef. Pervious theoretical work calculated a chemical shift reference for 1H of 

30.8 ppm [105]. It should also be noted, that experimentally, aref' for the 31P shifts, is 

measured from aqueous H3P04. Indeed experimentally, reference shifts are 
determined from liquid samples and not single molecules. Therefore our theoretically 
calculated reference chemical shifts will be different from experiment and thus 
introduce a systematic error into the results presented here. 

For this part of the study only the unit cells with Type II substitutions were employed 
as the results from the previous sections suggested that this was the most likely 
substitution position. 

Experimentally, the 31 P chemical shift of phase-pure HA is recorded as a peak centred 
at 2.8 ppm with a half height width of approximately 2 ppm. These chemical shifts 
have been reproduced in several studies [62,79,137] . However, the theoretical 
chemical shift calculated here, using the optimised phase-pure HA unit cell, is 1.19 
ppm. The difference could be due to the subtle positioning of the various ions in the 
unit cell or because of the use of single-molecule reference states in the theoretical 
work. It should be noted that in Chapter 6 the sensitivity of 31P NMR to environment 
is shown to be large, such that small changes in atom environments can have dramatic 
effects on the chemical shifts. All of the calculated chemical shifts for x=O to x=5 are 
given in Table 4.3, along with their averages. 
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x=O x=l x =2 x =3 x=4 x=S 
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 
1.34 10.78 10.53 10.12 12.96 14.56 
1.2 11.06 11.16 11.91 15.41 14.56 

1.08 11.24 11.76 15.66 14.19 
1.48 12.26 12.75 12.56 
1.27 13.74 11.55 
0.78 11.82 
1.19 

Table 4.3 The 31P chemical shifts for the HA-britholite-(Y) series. Each value represents the chemical 
shift of one unique phosphorus atom and the entry in bold at the bottom of each column is the average 
for that particular cell. Units are ppm. 

Table 4.3 shows that the chemical shifts are all positive and the average tends to 

increase across the series. There is a large jump between the phase-pure and x=l cells, 

showing the complete disappearance of the phase-pure bulk shift of 1.19 ppm. As will 
be shown next, these calculated shifts for x= l to x=5 are much larger than those found 
in the experimental work [62]. However, an alternative study looking at cadmium

substituted HA gave a chemical shift of 12.2 ppm (referenced against 85 % aqueous 
H3P04) [138]. This particular form of HA substituted all ten calcium ions by cadmium 
ions. This chemical shift is interesting for it is around the middle of the range 
presented in Table 4.3 and represents a substituted HA that is substituted by transition 

metal ions. Yttrium is also a transition metal and thus it would seem that the large 

chemical shifts in Table 4.3 are not unreasonable for such a substitution, albeit a 
different cation that is introduced. 

The anisotropic chemical shift and asymmetry parameters have also been calculated 
as shown in Table 4.4. 
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Cell (x) Phosphorus .des (ppm) rJes 
0 l 17.36 0.83 

2 17.60 0.94 

3 16.39 0.73 

4 16.99 0.87 

5 15.35 0.99 

6 17.70 0.94 

l l 16.16 0.63 

2 25. 16 0.3 5 

3 21.00 0.82 

4 35.93 0.06 

5 7.44 0.48 

2 1 29.92 0.1 1 

2 28 .02 0.1 0 

3 31 .29 0.08 

4 9.42 0.27 

3 I 22.48 0.98 

2 27.48 0.22 

3 22.47 0.72 

4 I 26.35 0.74 

2 37.21 0.29 

5 I 37.82 0.18 

Table 4.4 3 1P chemical shift anisotropy, .des' and asymmetry, rJes' parameters for the optimised unit 
cells in the HA-britholite series . All anisotropies are g iven as the modulus of the calculated value. 

Table 4.4 shows that the anisotropy and asymmetry parameters for the phosphorus 
atoms in the pure-phase HA unit cell are q-µite similar, all calculated to be within 9 % 
of each other, as wquld be expected due to their similar environments. However, on 
the introduction of the silicon and yttrium species, the parameters are much more 
varied. 

The results of Table 4.3 imply that the 31 P chemical shifts are sensitive to all ion 
positions in the unit cell and hence the · complete disappearance of the 1.19 ppm 
phase-pure line, which relies on a uniform distribution of ions within the unit cell 
such that no one phosphorus is in an environment that is distinctly different from all 
other phosphorus atoms of that cell. 
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Experimentally, the chemical shifts are significantly different to those presented here, 
with the 2.8 ppm phase-pure peak still visible and a consistent broadening of two 
more peaks centred at 1.5 ppm (modelled by two lines at 1.7 and -0.6 ppm), across the 
series, as shown in Figure 4.5 [62]. 

~ 
::: j~ -

_x=2_jj~-
x =O.S 1 '--
x - o --==- =~==---c-'., . 

15 10 5 0 -5 -10 -IS 
Cbemlcal shirt (ppm from H,PO,(aq)) 

Figure 4.5 31P MAS NMR spectrum acquired at 121.49 MHz, from synthetic apatite samples after 
thermal treatment at l 70°C in air. "x" indicates the number of substitutions. Taken from [62]. 

These differences from the calculated shifts could be due to the exact positions of the 
atoms in the electronically relaxed cell and the differences between these cells and the 
experimental material. The experimentally determined structures included ion 
vacancies and secondary phases such as YP04 at the x=2 position [62]. Additionally at 
x=6 (NMR results not published) at least two other phases (Ca(OH)2 and CaSi03) 

were detected [62]. What is more the consistency of the peak at 2.8 ppm in Figure 4.5 
throughout all compositions suggests that possibly there was phase separation 
whereby HA was always present in a sample as a single phase. As the x=6 results 
were not published it is not possible to assess the likelihood of this hypothesis. Also, 
it should be noted that experimentally, the peaks were assigned within a P6/m space 
group symmetry whereas the calculations were carried out on unit cells that were no 
longer exactly hexagonal after relaxation (i.e. geometry optimisation was carried out 
under Pl symmetry). While the absolute shifts vary, the range is in good agreement 
with experiment, with an experimental range of 3.40 ppm and an average theoretical 
range of 3.01 ppm from x=l to x=6. The asymmetry and anisotropy values were not 
reported in the experimental study. 
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For the 1H NMR there are two hydroxyl ions, each with distinctive chemical shifts, 

for each unit cell from x=l to x=6 as shown in Table 4.5. This table also records the 

asymmetry and anisotropic chemical shift values of the hydrogen atoms. Figure 4.6 

shows the average value of the two 1H peaks for each cell. 

Hydrogen C)iso (ppm) L1cs(ppm) 'Y/cs 

xO HI -1.92 9.49 0.01 

H2 -1.24 7.92 0.01 

xl HI -2.74 9.40 0.07 

H2 -1.15 7.55 0.03 

x2 Hl -2.33 8.19 0.05 

H2 -2.35 8.02 0.12 

x3 Hl -3.00 9.08 0.03 

H2 -1.95 7.02 0.11 

x4Hl -3.03 9.76 0.07 

H2 -2 .11 6.67 0.08 

x5 Hl -2 .79 8.90 0.1 0 

H2 -2.49 7.48 0.09 

x6 Hl -2.67 8.37 0.02 

H2 -2.48 7.83 0.02 

Table 4.5 1H isotropic chemical shift relative to the calculated TMS reference, anisotropic chemical 
shift and the anisotropies for the HA-britholite-(Y) series. x represents the number of silicon and 
yttrium substitutions in the cell. 
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Figure 4.6 Calculated 1H spectrum of the average chemical shifts for x=O to x=6 . The numbers in red 
represent 'x' . The shifts of x=4 and x=5 are almost identical and lie on top of each other at -2.570 and 
-2.575 ppm respectively. 

Figure 4.6 shows that there is a trend across the series to more negative chemical 

shifts with increasing silicon and yttrium content. It also shows that there is a narrow 

range of shifts across the series. Experimentally, the 1H shifts varied from 0.2 ppm at 

the phase-pure HA end to 4.9 ppm at x=6, a range of 4.7 ppm as shown in Figure 4.7 

[62] . This compares to a calculated range of just 2.88 ppm across the entire series. 

However, it should be noted that the experimental range includes a resonance at 

4.9 ppm, which has been assigned to several environments associated with a hydroxyl 

ion H-vacancy. It is hypotherisized that the unprotonated oxygen (of a hydroxyl ion) 

acts as an acceptor atom for hydrogen bonding, which is reflected in the broad 

4.9 ppm resonance [?2]. If this 4.9 ppm measurement is omitted the experimental 

range is 1.98 ppm [62]. It should also be noted that the experimental results assign an 

additional shift at 5 ppm to water inclusions [62]. 
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Figure 4.7 1H MAS NMR spectrum acquired at 300.13 MHz from synthetic apatite samples after 
thermal treatment at l 70°C in air. "x" indicates the number of substitutions. Taken from [ 62]. 

Looking at the closest neighbours of the hydroxyl ions one can assign one of four 

possible environments; three calcium ions, {3Ca}; two calcium ions and one yttrium 

ion, {2CaY}; two calcium ions and one yttrium ion, {Ca2Y} and three yttrium ions, 

{3Y}. The positions of these closest neighbours are illustrated in Figure 4.8. 
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Figure 4.8 The juncture of four unit cells of HA, viewed with the c-axis running into the page. The 
central calcium channel, centred by two hydroxyl ions one below the other on the c-axis, is highlighted 
with yellow and blue calcium ions. The yellow ions represent the calcium close-environment for the 
top most hydroxyl ion and the blue ions represent the calcium close-environment for the lower 
hydroxyl ion. 

Table 4.6 shows the calculated chemical shifts across the senes, highlighting the 

differences between each of these environments. [62]. 

Environment Theoretical 1H resonance (oom) 
{3Ca} -1.44 

{2CaY} -2.30 
{Ca2Y} -2 .75 

{3Y} -2 .74 

Table 4.6 Assignment of 1H chemical shifts to hydroxyl ion environments. Theoretical shifts represent 
averages of all calculated sites. 

Table 4.6 clearly shows that for the theoretical results the larger the number of nearest 

neighbour yttrium ions, the more deshielded the nuclei become. Interestingly there is 

only a very small difference between the {Ca2Y} and {3Y} environments, with 

almost identical chemical shifts being produced. 
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Experimentally, the chemical shifts are all positive. However, the range is narrow at 

1.8 ppm and as with the calculated results the {Ca2Y} and {3Y} results cannot be 

separated. Indeed the theoretical results show that experimentally the results obtained 

are entirely to be expected and the observed line-broadening of this 2.0 ppm 

experimental resonance does not mask a more definitive assignment. Again, the 

difference in actual values is due to the nature of the model employed here, which 

inevitably is different from the exact mineral composition that was used 

experimentally. For example there is evidence from the experimental infrared and 

NMR results that suggests small amounts of other phases, such as Ca(OH)2, are 

present [62]. Additionally it should be noted that the experimental study assigned the 

5.0 ppm shift to water inclusions and a 4.9 ppm shift to hydrogen atoms in all four 

environments associated with an adjacent unprotonated oxygen atom [62]. The 

theoretical model created here was ideal and made no use of hydrogen vacancies or 

water inclusions. 

It is also interesting that on further analysis, the 0 -H bond length was found to vary 

across the series by only 0.003 A and in no pattern that correlates with the chemical 

shifts. This very small change in bond length clearly indicates that the 1H NMR 

chemical shifts are almost entirely dependent on second shell atoms and proximity to, 

in this case, yttrium. This can be further highlighted by an examination of Mulliken 

charge analysis data. 

4.4 Mulliken Charge Analysis 

Although absolute values of both charge and bond population were obtained, 

emphasis is placed on _how they change in different environments. Figure 4.9 shows 

the Mulliken charge on the hydroxyl ion oxygen atoms from one calcium close

environment to another, starting with {3Ca} and ending with {3Y}. These charges are 

obtained from a population analysis on the Type II substitutions from x=O to x=6. The 

results presented in Figure 4.9 show that the most negative Mulliken charges on the 

oxygen atoms are associated with the {3Ca} environment and subsequent addition of 

yttrium increases the charge. The averages for the {3Ca}, {2CaY}, {Ca2Y} and {3Y} 

environments are -1.03, -0.95, -0.88 and-0.83 [e[ respectively. 
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Figure 4.9 Mulliken Charges on the hydroxyl oxygen atoms of the hydroxyl ions in the x=O to x=6 unit 
ce lls . The charges are grouped according to the calcium close-environment they belong to, regardless 
of which composition they came from. The points in red represent two identical values. 

Figure 4.10 shows the Mulliken charges for the {2CaY} environment at x=l,2,3 and 

4. This figure further illustrates that regardless of environment the charge on the 

hydroxyl oxygen atom increases with increasing yttrium concentration, suggesting 

that there is charge transfer away from the hydroxyl ion oxygen atom. This suggests 

that the presence of yttrium and silicon in the cell affects the oxygen atom charge 

whether or not the yttrium ion happens to be in the designated close environment. 

This effect is weaker than the influence of the close environment but nevertheless 

illustrates the importance of second shell atoms in the bonding properties of the unit 

cell. 

In bond population analysis 'O' represents a perfectly ionic bond and all positive 

values show increasing levels of covalency. Here the population analysis shows that 

the bonding of the oxygen atom to the yttrium ions is more covalent in nature than to 

the calcium ions, as illustrated in Figure 4.11. For example, for the Type II x=4 unit 

cell there are two different environments for the hydroxyl ions. The first is a {3Y} 

environment and the bond populations of the three 0-Y bonds are 0.20, 0.22 and 0.21 

electrons. This illustrates the variation in the 0-Y bond order; while being higher in 

all cases than the 0-Ca bond order, the values are lowest in the cells with most 

yttrium. This is a consequence of the electron density in the 0-Ca bond being low 
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Figure 4.9 Mulliken Charges on the hydroxyl oxygen atoms of the hydroxyl ions in the x=O to x=6 unit 
cells. The charges are grouped according to the calcium close-environment they belong to, regardless 
of which composition they came from. The points in red represent two identical values. 

Figure 4.10 shows the Mulliken charges for the {2CaY} environment at x=l,2,3 and 

4. This figure further illustrates that regardless of environment the charge on the 

hydroxyl oxygen atom increases with increasing yttrium concentration, suggesting 

that there is charge transfer away from the hydroxyl ion oxygen atom. This suggests 

that the presence of yttrium and silicon in the cell affects the oxygen atom charge 

whether or not the yttrium ion happens to be in the designated close environment. 

This effect is weaker than the influence of the close environment but nevertheless 

illustrates the importance of second shell atoms in the bonding properties of the unit 

cell. 

In bond population analysis 'O' represents a perfectly ionic bond and all positive 

values show increasing levels of covalency. Here the population analysis shows that 

the bonding of the oxygen atom to the yttrium ions is more covalent in nature than to 

the calcium ions, as illustrated in Figure 4.11. For example, for the Type II x=4 unit 

cell there are two different environments for the hydroxyl ions. The first is a {3Y} 

environment and the bond populations of the three 0-Y bonds are 0.20, 0.22 and 0.21 

electrons. This illustrates the variation in the 0-Y bond order; while being higher in 

all cases than the 0-Ca bond order, the values are lowest in the cells with most 

yttrium. This is a consequence of the electron density in the 0-Ca bond being low 
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such that the density in the 0-Y bond can be higher where both Ca and Y are found in 
the calcium close-environment. 
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Figure 4.10 Mulliken Charges of the hydroxyl oxygen atoms with the {2CaY} close environment at 
x=l to x=4 . x is defined by Equation 4.2. 
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Figure 4.11 Bond orders for all hydroxyl ion 0-Ca (circles) and 0 -Y bonds (diamonds) across the HA
Britholite series. Points in red represent values with multiple occurrence. 
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The second environment is {2Ca Y} with bond populations of 0.10 electrons for the 
two 0-Ca bonds and 0.32 electrons for the 0-Y bond, highlighting the increased bond 
strength between oxygen and yttrium. The spilling parameter for this calculation was 
0.70 % and for all the Mulliken analyses was less than 0.90 %. This parameter 
indicates the largest error in the projection of the total charge, a value less than a few 
percent being associated with reliable results. The enhanced covalency in the yttrium
containing cells may be one reason why the stability, as seen with the formation 
energy calculations, increases across the series. 

4.5 Summary 

This study has used several techniques to explore the bonding, chemistry and stability 
of the HA-britholite-(Y) series. Lattice parameters suggest that the Type II calcium 
position is the one that matches most closely to experimental results. Indeed, analysis 
of the formation energies confirms that this is to be expected on stability grounds. It is 
also predicted that the stability of the unit cells' increases across the series, which is 
consistent with an entire solid solution series from HA to britholite never having been 
observed in nature [62]. 

The relationship between the theoretical 31P NMR chemical shifts and experimental 
values is complicated and difficult to interpret. The sensitivity of the 31P calculation to 
cell geometry has resulted in a large difference in experimental and theoretical values. 
The theoretical model is ideal in nature and includes no defect structures or additional 
phases. The experimental samples however include additional phases, water 
inclusions and point defects such as hydroxyl ion hydrogen-vacancies [62] . Therefore, 
the work presented here represents a predictive study of the NMR parameters for an 
ideal model britholite series. The chemical shifts are however similar to another 
transition metal-substituted HA (CdHA) and are therefore likely to be reasonable for 
this ideal series [138]. 

In contrast to the 31P NMR, the 1H NMR chemical shifts were straightforward to 
assign. The difference between experiment and theory will be due to the detailed 
atomic positions in the unit cell model and the presence of defects and secondary 
phases in the experimental samples. The I H calculations allowed for clear assignment 
of chemical shifts to the hydroxyl ion oxygen close environment, showing that the 
values become more negative with increasing yttrium substitution. This was further 
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elucidated by the Mulliken charge analysis, which showed that the bonding between 

the oxygen atom and the yttrium ion is stronger than between the oxygen atom and 

calcium ion. Furthermore, the 1H NMR chemical shifts highlighted the similarity of 

the {Ca2Y} and {3Y} environments, something that was also observed 

experimentally. 
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Chapter 5 

Hydroxyapatite Surface Structures 

When considering biocompatible or bioactive materials for replacement bone or 

cement, it is important to consider the surface of the material in detail, as it is the 

surface that engages in interactions with its immediate environment. When thinking 

about materials in the body, the most abundant components they will encounter will 

be water, followed by a cocktail of proteins, growth factors, ions, various other 

molecules found in body fluid and cells. This creates a vast range of possible 

interactions that could occur with the implant surface. Additionally, micro-dissolution 

from the surface may alter local properties such as pH. 

Characterising the atomic and geometric properties of the surfaces is the first step to 

understanding the processes that could and do occur on them. Currently, experimental 

studies have described the phase-pure HA surface in terms of larger scale phenomena 

without details of atomic arrangements. For example, Kobayashi et al used chemical 

force and lateral force microscopy to show bands of charge across and perpendicular 

to the HA crystal c-axis, with alternating bands of negative and less negative (possibly 

positive) charge [4]. Other large-scale effects such as increased surface area on 

substitution of fluorine have also been observed [47]. However, atomic structure 

determination still remains a little explored area. One recent nuclear magnetic 

resonance study proposed a simple model for the surface structure of HA and the 

proximity to bonded protein groups on that surface [79]. In this work Rotational Echo 
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Double Resonance (REDOR) experiments were used to determine a bonding distance 

from a HA surface phosphate ion to a carboxylate carbon of a possible glutamic acid 

molecule [79]. Additionally, in 2005, Harding et al proposed a mechanism for the 

adsorption of calcium ions onto a protonated HA surface based on various titration 

experiments [7 5]. 

In the work presented here we explore the atomic nature of the HA surface in more 

detail using computational methods, focusing on the geometry, bonding and 

interactions of various ions and molecules. This chapter will describe the creation and 

optimisation of a block of material comprising two surfaces, the top and lower 

surfaces, separated by a vacuum layer. The question of surface energy of this 

phase-pure structure will also be addressed. Next, the effects of silicon substitution in 

the surface will be explored, in both the top and lower surfaces. Protonation of both 

the phase-pure and one of the silicon-substituted surfaces will also be described. 

Finally, the adsorption of a glutamic acid fragment on to the top surface will be 

explored. 

5.1 Phase-Pure HA Surface Slab Model 

The first surface model to be created was a phase-pure structure. Following other 

theoretical work that had employed it, the (100) crystallographic surface was chosen 

[71]. Being a hexagonal system, it is described fully using a 4-indices system where 

three axes are defined on the basal plane 120° apart and the fourth axis is 

perpendicular to these three. Describing the (100) plane using these Miller-Bravais 

indices gives the (10 I O) plane [139]. However, in other published work on 

hydroxyapatite it is usual to use the three-indices system [e.g. 71] and it is this system 

that we shall continue to use throughout this work. It should be noted however that for 

a complete description of the underlying symmetry, the Miller-Bravais indices are 

required. 

Experimentally, the (100) plane has been identified as the dominant growth surface in 

HA crystallites [75] and it runs parallel to the principal c-axis of the HA unit cell, as 

shown in Figure 5.1. 
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Double Resonance (REDOR) experiments were used to determine a bonding distance 

from a HA surface phosphate ion to a carboxylate carbon of a possible glutamic acid 

molecule [79]. Additionally, in 2005, Harding et al proposed a mechanism for the 

adsorption of calcium ions onto a protonated HA surface based on various titration 

experiments [75]. 

In the work presented here we explore the atomic nature of the HA surface in more 

detail using computational methods, focusing on the geometry, bonding and 

interactions of various ions and molecules. This chapter will describe the creation and 

optimisation of a block of material comprising two surfaces, the top and lower 

surfaces, separated by a vacuum layer. The question of surface energy of this 

phase-pure structure will also be addressed. Next, the effects of silicon substitution in 

the surface will be explored, in both the top and lower surfaces. Protonation of both 

the phase-pure and one of the silicon-substituted surfaces will also be described. 

Finally, the adsorption of a glutamic acid fragment on to the top surface will be 

explored. 

5.1 Phase-Pure HA Surface Slab Model 

The first surface model to be created was a phase-pure structure. Following other 

theoretical work that had employed it, the (100) crystallographic surface was chosen 

[71]. Being a hexagonal system, it is described fully using a 4-indices system where 

three axes are defined on the basal plane 120° apart and the fourth axis is 

perpendicular to these three. Describing the (100) plane using these Miller-Bravais 

indices gives the (10Io) plane [139]. However, in other published work on 

hydroxyapatite it is usual_to use the three-indices system [e.g. 71] and it is this system 

that we shall continue to use throughout this work. It should be noted however that for 

a complete description of the underlying symmetry, the Miller-Bravais indices are 

required. 

Experimentally, the ( 100) plane has been identified as the dominant growth surface in 

HA crystallites [75] and it runs parallel to the principal c-axis of the HA unit cell, as 

shown in Figure 5.1. 
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Figure 5.1 The HA unit cell looking down the c-axis. The a-and b-axes are marked. The intersecting 
blue box marks out the (100) plane with a solid blue line. The plane runs parallel to the c-axis, i.e. into 
the page. 

To create a model with this crystallographic surface, a bulk supercell of optimised HA 

was created from the optimised bulk unit cell as described in Chapter 3. The (100) 

plane was then identified as illustrated by the blue box in Figure 5.1 , and a surface 

block cut such that two unit cells were incorporated and no dangling bonds were 

formed, giving a siab approximately 16 A thick. The surface slab comprises two 

surfaces, the 'top' and ' lower' surfaces, as defined in Figure 5.2. In the published 

work of Zhu et al, it is stated that a slab thickness of 15.6 A is the minimum thickness 

to prevent interaction between surfaces through the bulk of the material [74] . 

However, as will be become clear in the further discussion of this chapter, it is 

doubtful that this is correct, as there does appear to be interaction between the two 

surfaces. A vacuum layer was then added to the slab, separating the top and lower 

surfaces by about 1 7 A. The complete slab and vacuum is periodic in all directions. 
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Zhu et al performed convergence tests with increasing vacuum widths and suggested 

that for a 2 unit-cell surface layer, 12 A was sufficient to prevent surface-surface 

interactions across the vacuum. However, after energy convergence tests, this larger 

vacuum region was chosen for the work presented here [74] . The complete, 

unoptimised surface model is shown in Figure 5.2. 

Vacuum 

Hydroxyl Groups 

Hydroxyl Groups 
Lower Surface ... 

16 A 

Figure 5.2 (100) HA surface slab prior to relaxation. The surfaces run into the page, parallel to the unit 
cell c-axis. Calcium is shown in green, oxygen in red, hydrogen in white and phosphorus in purple. 
This is a 2D representation of a 3D model, the depth into the page along the c-axis being one unit cell 
(-7 A). The vacuum region has been truncated normal to the surface for ease of representation. All 
boundaries have periodic boundary conditions imposed. 

As can be seen in Figure 5 .2, the top and lower surfaces have different forms, which 

allows us to sample two different surface configurations at the same time. Indeed, in 

making a stoichiometric slab of two unit cells it is necessary to have two different 

surfaces. The top surface is composed of two phosphate ions and two calcium ions 

(only 3 of the 4 top level calcium ions are visible in Figure 5.2 because of the 

projection used) lying level with the phosphate ions, and two calcium ions lying just 

above the phosphate level. By contrast the lower surface is composed of two 

phosphate ions, two calcium ions and two hydroxyl ions lying at approximately the 

same level. The top surface by this definition has a formal charge of +2 lei with four 

Ca2
+ ions and two PO/- ions. However, the lower surface has an overall formal 

------
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charge of -4 lei . It should be noted that the whole model in Figure 5.2 is charge 

neutral · and is optimised as such. Additionally, in Figure 5 .2, an apparent hexagonal 

calcium channel centred by two hydroxyl ions can also be identified, running into the 

page along the c-direction. This channel is comprised of two planes of trigonally 

arranged calcium atoms, giving the apparently hexagonal appearance of the channel. 

This model was relaxed in the Pl (no symmetry conditions imposed) symmetry 

group, with all atoms being given complete freedom to move. The surface was 

optimised with a 2x3xl Monkhorst Pack [97] k-point grid and a cut-off energy of 

350 eV. The final optimised surfaces are shown in Figure 5.3. 

Rotated 
hydroxyl ions 

Figure 5.3 A projection along the c-axis of the geometry optimised (100) HA surface slab, as described 
in the text. The calcium ions are shown in green, oxygen in red, hydrogen in white and phosphorus in 
purple. The six blue calcium ions are those of the two 'trigonal' channels and are highlighted to show 
how the ions have dispfaced from the unrelaxed surface. 

The relaxed surfaces in Figure 5.3 show several features that are markedly different 

from the unrelaxed slab of Figure 5.2, with atom disturbance seen throughout. On the 

top surface, the two calcium ions that were located above the phosphate ions (Cal and 

Ca2 of Figure 5.3) have sunk further into the surface such that they are now 

approximately at the same height as the phosphate ions. The two top central calcium 

ions (Ca3 and Ca4 of Figure 5.3), lying in between the top most phosphate ions of 
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Figure 5 .1 have also sunk further into the surface. Figure 5 .4 shows details of the top 

layer in the optimised surface and compares it to the original unoptimised surface, 

highlighting the features discussed above. 

(a) 

Figure 5.4 (a) Detail of original, unoptimised 
top HA surface. Phosphorus is shown in purple, 
calcium green and oxygen in red. 

(b) 

(b) Detail of optimised top HA surface. Oxygen is 
shown in red, phosphorus in light purple or 
turquoise, and calcium in yellow, green, blue and 
dark purple. 

In Figure 5.4b the position of the phosphate ions marked in turquoise has shifted, such 

that both ions have twisted in an anticlockwise direction from their positions in Figure 

5.4a. The relative positions of these two phosphate ions is now much more like that of 

the purple ions, although it is noticeable that in the movement of the turquoise ions, 

there has been an upward movement of the top-most ion such that it is now slightly 

raised above the level of the top most purple ion. The movement in calcium ions is 

also seen more clearly with the ions marked in green in Figure 5.4b moving slightly 

lower into the surface, level with the phosphate ions. The blue calcium ions also sink 

somewhat into the surface. Additionally, there is a lowering of the yellow calcium 

ions further into the bulk and a change in position of the two dark purple calcium 

ions. 

On a larger scale, one can see from Figure 5.3 that the perfect trigonal channels at the 

centre of the figure (marked in blue) have been significantly distorted. In empirical 

simulations carried out by Lee et al, it was shown that the distortion of the 

"hexagonal" channels was evident within one unit cell of the surface [71]. For a three

layer model, where one layer is equivalent to the size of one unit cell, only the central 

layer channels remained undistorted, as shown in Figure 5.5 [71]. 
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Figure 5.5 A view down the c-axis, of the three-unit-cell-layer system. Surfaces appear at the left and 
right of the diagram. The surface channels are clearly distorted while the central channels remain 
hexagonal [71]. 

This suggests that our model, with just two unit cells will see interaction between the 

two surfaces if both surfaces relax on the scale of one unit cell. This is contrary to the 

results of Zhu et al who suggest that two layers of unit cells are sufficient to prevent 

intersurface interactions [74]. However, perhaps the most noticeable effect of surface 

relaxation is the change in alignment of the hydroxyl ions. Three of the hydroxyl ions 

have twisted towards the surface by approximately 50 to 70°. The hydroxyl ions on 

the lower surface have also twisted, as shown in Figure 5.6. These ions on the lower 

surface have twisted in opposite directions. Interestingly the position of the fourth 

hydroxyl ion has changed very little and is still aligned along the c-axis of the slab. 

0 

Figure 5.6(a) Detail of the unoptimised lower HA 
surface. Phosphorus is shown in purple, oxygen in 
red and calcium in green. 

• 
(b) Detail of the optimised lower HA surface. 
Phosphorus is shown in purple, oxygen in red, 
hydrogen in white and calcium in green. One 
calcium ion is shown in light blue and one in dark 
blue. 
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Figure 5.6 shows the change in atom positions from the unrelaxed to the relaxed 

lower surface. The twisting of the hydroxyl ions is clearly discernable. 

Experimentally, the positions of the hydroxyl ions have been difficult to determine, 

with crystallographic studies showing seemingly high disorder and partial 

occupancies of some sites [14]. Theoretical studies carried out previously have 

suggested that partial occupancies could be explained by local ordering of hydroxyl 

ions, with domains of hydroxyl ions pointing up the unit cell c-axis and other domains 

with the hydroxyl ions pointing down the unit cell c-axis [14]. However, the relaxed 

geometry here suggests that the situation may be more complex near the (100) surface 

with the hydroxyl ions not occupying well-defined positions within the cell. Further 

changes in the surface structure due to other surface interactions and substitutions 

would be likely to cause further disruption to their positions, such that biological 

samples may have hydroxyl ions in a number of possible orientations. The hydroxyl 

ion positions will be discussed further in the following analysis of the 

hydrogen-bonding within the slab. 

With further reference to Figure 5.6, the change in positions of the calcium ions is 

also discernable. In particular the two calcium ions marked in blue have moved 

towards the lower surface. The light blue ion has moved towards the lower surface by 

1.09 A, a change of 67 % from the unoptimised surface position. Additionally, the 

dark blue ion has moved towards the lower surface by 0.24 A, a change of 7 % from 

the unoptimised surface position. The reason for this may be explained by the local 

charges on the surface layers. While the entire model is charge neutral, it is possible 

to assign charges to the atoms immediately adjacent to the top and lower surfaces by 

calculation of Mulliken charges. Defining the lower surface of the unoptimised model 

as the two phosphat_e, two hydroxyl and two calcium ions, the overall Mulliken charge 

for this surface is -1.61 lei prior to relaxation. This compares with the formal charge of 

-4 lei. This would explain the movement of the calcium cations towards this lower 

surface on relaxation. Equally, the top surface, defined as the two phosphate and four 

calcium ions, has a Mulliken charge of +0.56 lei prior to relaxation, compared to a 

formal charge of +2 lei. Again, the relaxation of the calcium ions further away from 

the top surface is consistent with this charge picture. Figure 5.7 shows the Mulliken 

charges for the top and lower surfaces and the largest bond populations. 
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Figure 5.7 (a) A plan view of the optimised top 
surface of Figure 5.3. Only the top ions are 
shown. Phosphorus is shown in purple, calcium 
in green and oxygen in red. Mulliken charges 
are marked in black and bond populations in 
red. The phosphorus atoms have charges of2.30 
JeJ and 2.32 JeJ. 
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(b) A plan view of the lower optimised HA 
surface of Figure 5 .3. Only the lower ions are 
shown. Phosphorus is shown in purple, hydrogen 
in white, oxygen in red and calcium in green . 
Mulliken charges are given in black and bond 
populations in red . The phosphorus atoms have 
charges of2.27 JeJ and 2.33 JeJ. 

A bond population of zero represents a perfectly ionic bond and increasing values 

correspond to an increasing degree of covalency. Comparing both surfaces the 

strongest "bonding" is seen between a calcium ion and one of the hydroxyl ions on 

the lower surface. The charges on the calcium ions in the lower surface are, in 

general, slightly larger than those on the top surface ions. The charges on the 

phosphate ion oxygen atoms are similar on both surfaces. The overall surface charge 

of the top surface is now+ 1.24 lei compared with the unoptimised value of +0.56 lei. 

The overall surface charge for the lower surface, including only the atoms of the 

unoptimised surface calculation, is -2.53 lei. This compares to an unoptimised value of 

-1.61 lei . It is evident therefore that the top surface has effectively lost electron density 

and the lower surface gained electron density. In the original unoptimised surface the 

two central calcium ions had Mulliken charges of just + 1.02 lei and the lower surface 

phosphate ion oxygen atoms had charges of between -0.90 and -0.96 lei. It can be 

concluded therefore that there has been charge transfer through the surface slab from 

the top surface ions to the lower surface ions as the positive charge on the top calcium 

ions has increased to + 1.32 lei and the charge on the lower surface oxygen atoms has 

become more negative, to around -1.09 lel. However, it should be noted that two other 
calcium ions have moved very close to the lower surface, such that there are now 4 

calcium ions that could be considered part of this surface, as shown in 
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Figure 5. 7b. If these charges are included in the surface charge calculation the lower 
surface · now has a charge of +0.2 lei , which is consistent with the movement of 
calcium ions towards that surface. 

As well as the positions of the ions relative to each other and the cell, it is also 
interesting to look for any unforeseen bonding patterns or peculiarities. In the 
unoptimised surface of Figure 5.2 there is no hydrogen-bonding between any ions. 
However, the movement of the hydroxyl ions in the relaxed slab has caused the 
formation of some hydrogen bonds in the centre of the slab. Figure 5.8 shows this 
new bonding. These hydrogen bonds have been identified using the Materials Studio 
Package using a maximum hydrogen-acceptor distance of 2.5 A and a minimum 
donor-hydrogen-acceptor angle of 90°. These are the default values [111]. 

Figure 5.8 Optimised (100) HA surface slab with hydrogen bonds marked in dotted black lines. The 
two hydroxyl ions are connected through the repeat boundary conditions. One hydrogen-bond is made 
to an oxygen atom of a phosphate ion from the hydrogen of one hydroxyl ion. This phosphate is 
marked in blue. Phosphorus is shown in purple, oxygen in red, calcium in green and hydrogen in white. 
This view represents a 90° rotation in a clockwise direction from the projection in Figure 5.3. 

As can be seen in Figure 5.8, both the central hydroxyl ions (the hydroxyl ions located 
in the middle of the slab, away from both surfaces) are involved in hydrogen-bonding. 
There is one hydrogen bond between the oxygen of the left most hydroxyl ion and the 
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hydrogen of the right-most hydroxyl ion. This corresponds to a bond order of 0.02 

electrons, which is weak and almost perfectly ionic. It is interesting to note that this 

bonding is set up between one hydroxyl ion that is twisted and one that has remained 

in an almost ideal position. The twisted central hydroxyl ion also hydrogen-bonds to 

the closest oxygen of the nearest phosphate ion, .which is marked in blue in Figure 5.8. 

The bond order for this bond is 0.01 electrons, again another weak ionic bond. It is 

likely that this bonding has created stability across the slab and it could be surmised 

that if this kind of hydrogen-bonding is induced in biological samples, then one might 

expect the influence of surface interactions to be insignificant below this level unless 

they were able to disrupt this bonding network. This bonding takes place at around 

7-8 A into the surface. 

Previous experimental work has provided structural details about the hydroxyl ions 

that can be compared with the results of Figure 5.8 [114]. IR experiments on 

crystalline hydroxyapatite assigned a librational mode to the hydroxyl ion, at higher 

frequencies than normally expected [114]. This indicated that there were likely to be 

large hydrogen-bonding contributions from the hydroxyl ion hydrogen atom to the 

nearest oxygen atom of a PO/- ion [114]. The freedom of movement in the hydroxyl 

ion allows for rocking, which brings the hydrogen atom and phosphate oxygen atom 

close enough to cause hydrogen-bonding [114]. Indeed, this is observed in our 

optimised surface model of Figure 5.8. In the previous work, the 0-0 bond length 

was given as 3.068 A, which compares well with the calculated length of 2.907 A in 

the optimised slab above [114]. The equivalent distance in the optimised bulk model 

is 3.130 A, showing that the optimisation of the surface has decreased this bond 

length by just over 7 %. Earlier, neutron diffraction experiments revealed more details 

about the position o{ the hydroxyl ions relative to the trigonal calcium channels as 

well as highlighting the rocking motions of the hydroxyl ion hydrogen atoms around 

the oxygen or centre of mass of the hydroxyl ion [140]. Kay et al showed that the 

oxygen atom of the hydroxyl ion lies, on average, 0.3 A above or below the plane of 

the calcium trigonal channel. Additionally, the sides of the trigonal channel itself were 

recorded as 4.09 A long and the Ca(II)-O(hydroxyl) bond length was found to be 

2.38 A. Figure 5.9 shows the details of the hydroxyl ion positions for both the bulk 

and optimised surface slab focussing solely on the central hydroxyl ions in Figure 5.8, 

as it is from these that the H-OP03 bonds formed. 
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Figure 5.9. Views of the relationship between the central hydroxyl ions in Figure 5.8, and their 
associated trigonal calcium channels . Distances between calcium ions are given in black, between 
calcium ions and the oxygen atoms in red. Dashed lines represent values that are the same as the solid 
lines. (a) Face-on view along the c-axis of front trigonal calcium channel in optimised bulk material, 
(b) end on view along the b-axis of same channel, ( c) face-on view along the c-axis of the back trigonal 
channel in optimised bulk material, (d) end on view along the b-axis of same channel, (e) face-on view 
along the c-axis of the central front trigonal channel in optimised HA surface slab, (t) end on view 
along the b-axis of same channel, (g) face-on view along the c-axis of the central back channel in 
optimised HA surface model, (g) end-on view along the b-axis of same channel. In Figures (b), (d), (t) 
and (h), the values are the distance from the oxygen atom of the hydroxyl to the average calcium 
channel position, the average plane being marked with a solid black line. The front channel calcium 
ions are marked in yellow, the back channel calcium ions in blue. Oxygen is shown in red and 
hydrogen in white. 
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Figure 5.9 shows the changes in positions of the hydroxyl ions relative to the planar 

trigonal calcium channels. The bulk values (the unoptimised surface model of Figure 

5.2) of Figures 5.9a, b, c and d show that before optimisation of the surface model the 

calcium ions of each channel lie in a plane, with exactly the same distances between 

each calcium ion. However, it should be noted from Figures 5.9b and d that the 

oxygen atom of the hydroxyl ion is lying 0.285 and 0.256 A out of the trigonal 

calcium ion plane. This is consistent with the experimental results, with an error of a 

few thousandths of an A, that suggest on average this atom lies 0.3 A out of the plane 

[140]. In the optimised surface model however (Figures 5.9e, f, g and h) the plane of 

calcium ions is clearly disrupted and the distance between the ions now varies greatly. 

Consequently the distance between the trigonal channel calcium ions and the central 

hydroxyl ion oxygen atom also varies. Figures 5.9f and h show that for the front 

hydroxyl ion the oxygen atom now lies 0.165 A out of the average calcium ion plane 

and the back hydroxyl ion 0.410 A out of the average calcium ion plane. It should be 

noted however that the calcium ions of each trigonal channel have changed position 

considerably; hence the position of the hydroxyl ion oxygen atom is given relative to 

an average calcium ion position. Although the bulk displacements are a better match 

to experiment (as would be expected), these surface slab results are also consistent 

with the experimental data, which shows that the hydroxyl ions have significant 

freedom to rock and cause hydrogen bonding to the nearest phosphate ion [114]. 

Figure 5.10 shows the standard deviations in Angstrom of the bond lengths of the P-0 

bonds in the twelve phosphate ions of the optimised surface of Figure 5.3. 
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Figure 5.10 Distortion of the phosphate ions is measured by the standard deviation of the P-0 bond 
lengths in each ion. The z-axis measurement is centred at zero, which is the middle of the slab such that 
negative values are closer to the lower surface and positive values are closer to the top surface. The two 
values marked in red are the top surface ions. 

Figure 5 .10 shows that the distortions in the phosphate ions are highest in the lower 

surface phosphates. Towards the middle of the model the bond length standard 

deviations are approximately constant. The top surface ions have the lowest standard 

deviations of all, which is surprising given that it is at the surface that most distortions 

would normally be found. Figure 5.11 shows a similar diagram taken from empirical 

atomistic simulations on a ten-layer system [71]. This figure shows that in this larger 

system both the top and lower surfaces show the largest distortions in their phosphate 

ions while deeper into the model the distortions are small and fairly constant. Also the 

distortions are symmetric about the centre of the slab since the top and lower surfaces 

are, in this case, the same. Two differences should be highlighted in comparing these 

two figures. Firstly, the standard deviations in the non-surface phosphate ions are 

larger in our surface slab than in the ten-layer system. This is likely to be due to the 

small size of our slab, and the interactions between the surfaces. Secondly, it is 

evident that in Figure 5.11 both surfaces incorporate phosphate ions with larger 

distortions, which highlights the anomalous nature of the top surface ion results of our 

model, marked in red in Figure 5.10. One possibility for this result is that the calcium 

ions move away from the top-most phosphate ions, into the surface, decreasing the 

interactions between these ions. While on the lower surface, the calcium ions are 

Chapter 5 Hydroxyapatite Surface Structures 148 



moving closer to the phosphate ions, hence the larger distortion. Indeed Mulliken 

analysis shows no interactions between the calcium ions and the phosphorus atoms in 

the bulk but in the optimised surface there is one interaction between a calcium ion 

and the top-most phosphate oxygen but three interactions calculated between the 

lower surface phosphorus atoms and adjacent calcium ions. 
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Figure 5.11 The distortion of phosphate ions as measured by the standard deviation of the P-0 bond 
lengths. Each square represents a single phosphate ion. Atomistic simulations taken from [71]. 

Although there is a formal double bond in a phosphate ion, all bonds have equal 

partial bond character in the absence of other interactions. The bond angles of all the 

phosphate ions are similar, except for the two top surface phosphate ions, which have 

angles almost at the tetrahedral value of 109°. 

It is also possible to calculate a surface energy for our model, which is indicative of 

its thermodynamic stability and can be compared with values for other cleavages of 

the same surface or other crystallographic surfaces. A low positive value indicates a 

stable surface [141]. When dealing with non-stoichiometric surfaces, the surface free 
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energy can be approximated by varying various parameters such as temperature and 

oxygen partial pressure ( chemical potential), giving a range of values under different 

conditions [142]. For example, in a two-phase system you might express the surface 

free energy as given in Equation 5.1 [142]. 

(5.1) 

where Gs is the Gibbs free energy of the slab, Ni is the number of each component i 

within the slab, µ; is the chemical potential of component i per formula unit, µP1 is 

the chemical potential of phase one of the system, P02 is the oxygen partial pressure 

and T is the temperature. The factor of Yz is due to there being two surfaces in the 

model. As can be seen from Equation 5 .1, the choice of chemical potential is critical 

and the surface free energy is often calculated against one or more varying chemical 

potentials to give a range of energies under different conditions. The chemical 

potentials can be found from thermodynamic data or by calculating the groundstate 

energy of a solid system and equating it with the Gibbs free energy. For the HA 

system, we have simplified this surface energy calculation and have calculated it 

under one set of conditions only. In so doing, the chemical potentials of individual 

species have not been varied and the bulk material total energy has been used instead 

of a summation of chemical potentials as given in the right hand side of Equation 5.1. 

This method is a simplification of the real situation but nevertheless, gives a measure 

of the stability of our surfaces, which can be compared with the literature and in time, 

values for different crystallographic surfaces. 

The average surface energy for the slab model shown in Figure 5.3, rather than for the 

two individual surfaces, is estimated by, 

(5 .2) 

where, Gs is the total energy of the optimised surface slab of Figure 5.3, G8 is the 

total energy of the same sized slab of bulk and A is the total surface area of the two 
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surfaces. G 8 can be calculated from doubling the energy of a single bulk unit cell. 

The surface area of the model in Figure 5.3 is 65.8 A2 for both the top and lower 

surfaces, giving a total surface area to the model of 131.6 A2
. Thus the total surface 

energy is found to be 0.79 J/m2
. Therefore, the average surface energy of each surface 

is 0.40 J/m2
• This is in reasonable agreement with a published result of 0.3322 J/m2 

calculated using density functional theory [74]. This energy was obtained from what 

appears to be the same crystallographic cleavage as our model but it is unclear 

whether their value is simply an average of the two different surfaces or not. Clearly if 

the surface energies of the individual surfaces were calculated separately, one would 

expect the values to be different, showing a preference for one surface or another. 

Additionally, as only one cleavage plane has been used for the current study, it is 

impossible to say whether other surfaces would be more favourable. An empirical 

atomistic surface energy has been calculated for what appears to be the same surface 

as our top surface and found to be 1.296 J/m2 [71] . It should be noted that the method 

used in Equation 5.2, takes no account of the configurational entropy or vibrational 

entropy of the surface structures as the calculations were conducted at zero Kelvin. 

These two factors, and in particular the latter, could be significant in deciding 

between the stability of closely related structures [142]. When discussing the surface 

energy it is important to realise that the calculations are carried out on an ideal system 

in vacuum that does not compare to the experimental or in vivo situations. Particularly 

in vivo, the binding of proteins and water to the HA surface will change the surface 

energy and the surface relaxation by altering the boundary conditions [71]. Therefore 

the results presented here should not be used as a definitive indicator for the 

preference of various surface structures in bone mineral. The situation in vivo is 

extremely complex with bound moieties and large amounts of ion substitutions, all 

varying with local conditions. 

5.2 Silicon Substituted Surface 

A single silicon substitution was made in a phosphorus position of the unoptimised 

surface model of Figure 5.2. This substitution was made without any attempt to 

conserve charge, as was undertaken with the bulk substitutions of Chapter 3. The aim 

of this work was to identify what effects would occur with just a single impurity 

substitution on the top surface. If charge were to have been conserved, a hydroxyl ion 
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would have needed to be removed from the slab and there would have been four 

possible positions to choose from. Therefore, the single substitution was explored 

without charge compensation. The same optimisation conditions were used as for the 

phase-pure surface model. Figure 5.12 shows the optimised silicon-substituted surface 

model, the substitution being made in the top surface P4 position. 

Vacuum 

Figure 5.12 A plan view along the c-axis of the geometry optimised (I 00) HA surface slab with a 
single silicon substitution on the top surface. The calcium ions are shown in green, oxygen in red, 
hydrogen in white, silicon in orange and phosphorus in purple. The six blue calcium ions are those of 
the 'hexagonal' channel and are highlighted to show the movement in the ions. 

Figure 5.12 shows many of the same features as the relaxed phase-pure surface slab of 

Figure 5.3. The hydroxyl ions have again twisted although the central ones not to the 

same degree as in the phase-pure model. There is also distortion of the trigonal 

channels, which are highlighted in blue in Figure 5 .12. This distortion seems to be of 

a lesser degree than in the phase-pure surface model and is also caused by different 

calcium ions. Figure 5 .13 highlights this central region for both optimised surface 

models. 
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Figure 5.13 (a) Section of the optimised phase- (b) Section of the optimised silicon substituted 
pure HA surface slab, showing the central calcium HA surface slab, showing the central calcium 
channel. Phosphorus is shown in purple, oxygen channel. Phosphorus is shown in purple, oxygen 
in red, hydrogen in white, calcium in green. The in red, hydrogen in white, calcium in green. The 
yellow, blue and turquoise ions are all calcium yellow, blue and turquoise ions are all calcium 
ions. ions. 

The yellow, blue and turquoise calcium ions all have slightly different positions for 

the two structures with the positions being higher in the cell ( closer to the top surface) 

in the Si-substituted model. It is also clear that the phosphate ion closest to the 

highlighted yellow calcium ion has a slightly different relative orientation between the 

two surfaces, indicating some rotation of this ion. It must be remembered that the 

distortion we see in Figure 5 .13 is only in two dimensions but this figure serves to 

highlight the small changes in configuration that occur. Figure 5.13 also shows that 

the hydroxyl ions are twisted to different degrees, with the silicon substituted surface 

model showing less deviation from the starting configuration than the optimised 

phase-pure surface model. 

It is also interesting to observe the changes in the top surface, surrounding the silicate 

ion. Figure 5 .14 highlights the difference in surface configuration that the silicon 

substitution introduces. 
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1.34 

Figure 5.14 (a) A plan view of the optimised top 
HA surface of Figure 5.3 looking at the surface. 
Only the top phosphate and calcium ions are 
shown. Phosphorus is marked in purple, oxygen 
red, calcium green. One oxygen is marked in light 
blue and one calcium ion in dark blue. The 
Mulliken charges have been marked in black. The 
bond populations are marked in red. 
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(b) A plan view of the optimised top 
Si-substituted HA surface of Figure 5.12 looking 
down on the surface. Only the top phosphate and 
calcium ions are shown. Phosphorus is marked 
in purple, oxygen red, calcium green and silicon 
in orange. One oxygen is marked in light blue 
and one calcium ion in dark blue. Mulliken 
charges are marked in black and the bond 
population in red. 

Figure 5.14 shows the plan views of the optimised top phase-pure surface and the 

optimised top silicon-substituted surface. The Mulliken charges of the oxygen atoms 

clearly show that those of the silicate ion have somewhat larger negative values than 

those on the equivalent phosphate ion. This effect seems to play a large part in the 

positions of the calcium ions. Of all the calcium ions surrounding the silicate ion, two 

are further away from the silicon atom than they are from the equivalent phosphorus 

atom and two are closer. The closest calcium ion is at a distance of 3.098 A from the 

nearest phosphorus atom in Figure 5.14a but it is 2.969 A from the silicon atom in 

Figure 5.14b. This value represents a decrease in length of 4.2 %. Bond populations 

are also marked between various calcium ions and the phosphate and silicate oxygen 

atoms. It is clear from Figure 5 .14 that there is a greater degree of co valency of the 

bonds in the silicon-substituted surface. It should be noted however that despite the 

increase in bond populations in the silicon-substituted surface, it is not the case that 

all bond lengths are shorter, although those that are longer are so by only around 

0.02 A. Thus this figure illustrates the increased negative charge on the silicate 

oxygen atoms and the increased bond populations between ions in the silicon

substituted surface. This suggests that where silicon is found within a: mineral, the 

effect of the silicon on the calcium ion environment will be much stronger than in the 

areas where there are only phosphate ions. Of course this result is only applicable to 

the particular composition studied here. 
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The electronic structure of the silicon-substituted surface slab can be further 

elaborated with reference to the density of states. Figure 5 .15 shows the density of 

states of the silicon-substituted slab and compares it to that of the optimised phase

pure surface. 
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Figure 5.15 The density of states of the optimised silicon-substituted HA slab (a) and the optimised 
phase-pure HA slab (b ). The blue trace is a full density of states for the complete slab and the red trace 
is a local density of states trace for a single surface calcium atom, calcium I of Figure 5 .3. Calcium 1 is 
shown in Figure 5.14b, where it is bonded to the silicate oxygen with a bond population of 0.19 
electrons. The top of the valence band is at O eV. The green trace on (a) is that of silicon. 
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Figure 5 .15 shows that the bandwidths are smaller in the SiHA slab than in the pure

phase slab. Additionally, the silicon-substituted material has a band gap of 2.52 eV, 

which is clearly visible on Figure 5.15a. However, Figure 5.15b shows that the 

phase-pure surface slab has a band gap of just 0.05 eV. This suggests that the 

phase-pure surface is likely to be a semi-.conductor and the silicon-substituted 

material an insulator. This change in the band gap seems to be due to the calcium ions 

and in particular calcium ion 1, which shows the greatest variation of all the calcium 

ions. This can be seen from observing the change in position in the conduction band. 

The bonds in the silicon-substituted material, and indeed to calcium 1, show that their 

strength is increased compared to the phase-pure material. It is therefore possible that 

this change in the band gap is ultimately due to the atomic and therefore electronic 

configuration of the calcium ions around the silicate ion. For comparison, Figure 3.7 

shows the bulk density of states for the phase-pure and silicon substituted material. In 

the bulk phase the phase-pure band gap is 5.5 eV and the silicon-substituted band gap 

is 3.9 eV. Thus, the band gaps for both phase-pure and silicon-substituted materials 

are reduced from the bulk value, but most significantly with the phase-pure material. 

Figure 5 .16 illustrates the hydrogen-bonding patterns in the Si-substituted surface 

model. 
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Figure 5.16 Optimised (100) Si-substituted HA surface slab with hydrogen-bonds marked with dotted 
black lines. The two sets of hydroxyl ions are connected through the periodic boundary conditions. 
Phosphorus is shown in purple, oxygen in red, calcium in green, silicon in orange and hydrogen in 
white. 

The hydrogen-bonding pattern of the silicon-substituted surface slab, as shown in 

Figure 5.16, is different to that of the phase-pure optimised surface slab of Figure 5.8. 

The silicon-substituted model exhibits hydrogen bonding between both sets of 

hydroxyl ions, on the lower surface and through the middle of the slab. Additionally, 

there is no hydrogen-bonding from any of the hydroxyl ions to any of the phosphate 

oxygens. This is different from the phase-pure surface and seems to be primarily due 

to the smaller changes in the positions of the hydroxyl ions in the substituted-surface 

structure. However, on SiHA we expect far fewer hydroxyl ions due to charge 

compensation and therefore the density of hydrogen bonds may be quite small. 

It is also possible to calculate the formation energy of the silicon substitution in the 

surface, in the same manner as for the bulk material in Chapter 3. Equation 5.3 gives 

the expression for the formation energy of the single silicon substitution in the 

surface. 
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£ f = £ SiSurf - ( £ Su,f - µp + µSi) (5.3) 

where E s ;surf is the total energy of the silicon-substituted surface slab, E Surf is the 

total energy of the phase-pure surface slab, µP the chemical potential of phosphorus 

and µsi the chemical potential of silicon. Using this equation E1 is found to be 

0.804 eV under the same conditions described in Chapter 3 for the bulk 

silicon substitution. This is a low positive value, which would not be unreasonable for 

the formation energy of this element in the surface. In terms of composition, one 

silicon substitution in the 2-unit cell model represents 1.4 wt% silicon. Therefore, this 

formation energy can be compared to the 1.4 wt% silicon formation energy of the 

bulk substitution, calculated with the fractional electron VCA code. For the 

stoichiometric cell with all hydroxyl ions remaining (the bulk equivalent of the 

surface model considered here) the formation energy is 6.09 eV. This clearly shows 

that the surface substitution is much more favourable than the bulk substitution. 

Experimentally, it is shown that a lot of silicon is found at grain boundaries, 

particularly in triple junctions [20]. That is, the silicon tends to be found in defect not 

bulk areas, suggesting that the surface would be likely as an area for high silicon 

concentrations. Indeed, it is probably for this reason that silicon-substituted 

biomaterials are so effective, because the change that they produce in geometric and 

electronic structure is likely to be concentrated at the biological interface. 

The above discussion relates to the substitution of silicon into the surface phosphate 

ion position, P4. However, there is an alternative position, PS, in which the silicon 

substitution can be made. This substitution was made and a geometry optimisation, 

under the same conditions as previously described, was undertaken. The resulting 

geometry is shown in Figure 5 .17. 
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Vacuum 

4111 
Lower Surface 

Figure 5.17 A projected view along the c-axis of the geometry optimised (100) HA surface slab with a 
single silicon substitution in the PS position. The calcium ions are shown in green, oxygen in red, 
hydrogen in white, silicon in orange and phosphorus in purple. 

Figure 5.17 shows many of the same features as the phase-pure and the original 

silicon-substituted surfaces. From Figure 5.17, it is noticeable that the twisting of the 

central hydroxyl ions is less than in both the previous two surfaces. Additionally, the 

movement of the six calcium ions comprising the central calcium channel is also very 

slight. Figure 5.18 looks at the changes to the top surface that the silicon substitution 

produces and compares it to the same positions in the optimised phase-pure surface 

slab. 
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Figure 5.18 A plan view of the optimised top HA surface from above. Only the top phosphate and 
calcium ions are shown. (a) The phase-pure HA surface. Oxygen is marked in red, phosphorus in 
purple or blue, calcium in green, yellow or turquoise. (b) The silicon substituted HA surface for the P8 
substitution position. Silicon is marked in orange, phosphorus in purple, oxygen in red and calcium in 
green, yellow or turquoise. Mulliken charges are marked in black and the bond populations in red. The 
two cells in each case are identical and simply a repeat in space, along the periodic boundary. 

Figure 5.18 shows the changes in bond populations and Mulliken charges that occur 

on substitution of a silicon atom into the top surface in the P8 position. A repeat cell 

along the periodic boundary is shown to highlight the interaction of the ions more 

clearly. From Figure 5.18b it can be seen that the charges of the oxygen atoms on the 

silicate ion are more negative than for the same oxygen atoms on the phosphate ion 

(marked in blue in Figure 5 .18a). This was also the case with the original silicon 

substitution in the P4 position. Equally, the charges on the calcium ions have also 

been reduced. Of the four calcium ions surrounding the silicate ion, three are closer 

than to the equivalent phosphate ion. The greatest change is seen with calcium ion 1 

of Figure 5.3, which is marked in yellow in Figure 5.18. The distance from this ion to 

the silicon atom is 2.902 A, a reduction of 3.8 % from the equivalent phosphorus 
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distance of 3.017 A. Consequently the bond populations of the two 0-Ca bonds, from 

the silicate ion have increased compared to the phosphate interaction, as illustrated 

above. Interestingly, this increase in bond population to the silicate ion oxygen atoms 

coincides with a reduction in the bond population of the 0-Ca bond to the phosphate 

ion of the substituted system. There is also an increase in the bond population 

between the silicate oxygen and calcium ion 2 of Figure 5.3, which is marked in 

turquoise in Figure 5.18. As with the original substitution (P4) it is clear that the 

degree of covalent bonding between the silicate ion and the calcium ions is greater 

than between the phosphate ion and the calcium ions. This perhaps suggests a more 

stable structure is achieved by the substitution of silicon into the surface. 

Figure 5.19 shows the hydrogen-bonding patterns m this alternate Si-substituted 

surface model. 

Figure 5.19 Optimised (100) Si-substituted HA surface slab with hydrogen bonds marked in dotted 
black lines. The bond between the hydroxyl ions is connected through the repeat boundary. Phosphorus 
is shown in purple, oxygen in red, calcium in green, silicon in orange and hydrogen in white . The 
silicon atom in the P8 position is marked. 

The hydrogen-bonding shown in Figure 5 .19 is different from both the phase-pure 

surface slab of Figure 5.8 and the original silicon-substituted (P4) surface slab of 

Figure 5.16. This new substitution (P8) causes only small movements in the central 
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hydroxyl ions but is still enough to create hydrogen-bonding between them, as is the 

case with the other two surfaces. However, there is no additional bonding to any of 

the phosphate ions as there was with the phase-pure surface and no bonding between 

the two lower surface hydroxyl ions as there is in the original silicon-substituted 

surface. 

Calculating the formation energy for this silicon substitution on the surface, using 

Equation 5.3, it is found that it is actually more favourable than the original 

substitution (P4) with E1= 0.627 eV. This suggests that in fact, this new substitution 

position on the P8 site is the most favourable in this particular surface. Again, this 

value is much lower than equivalent bulk value (under the same chemical conditions) 

of 6.09 eV and once again highlights the importance of silicon accumulation at the 

HA surface. The DOS state plot for this surface is the same as for the original silicon 

substitution as shown in Figure 5 .15a. 

In order to investigate the effect of silicon substitution on a surface featuring hydroxyl 

ions, a second substitution was made on the lower surface. This second substitution 

was made into the original Si-substituted surface slab (P4), giving a doubly 

substituted slab with one silicon atom on the top surface and one on the lower surface 

(P5). This optimised surface model is shown in Figure 5.20. 
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Vacuum 

11111 
Top Surface 

Lower Surface 1111-

Figure 5.20 Optimised structure of the doubly substituted (100) HA surface slab. Oxygen is shown in 
red, hydrogen in white, calcium in green, phosphorus in purple and silicon in orange. The silicon 
positions (P4, PS) are marked. 

As can be seen from Figure 5.20 this doubly substituted model shows, once again, 

many of the same features as the phase-pure and singly substituted surface models of 

Figures 5.3, 5.12 and 5.17 respectively. The calcium ions of the top surface are 

displaced further into the bulk than on the original phase-pure surface and the calcium 

channel shows some slight distortion most closely resembling that of the original 

silicon substitution of Figure 5.13b. The other obvious characteristics of this surface 

are the twisted hydroxyl ions. Again, as with the other silicon-substituted surfaces, the 

central hydroxyl ions of the slab show less movement than in the phase-pure surface. 

The Mulliken charges ~nd the bond populations of this doubly substituted surface slab 

have been investigated. The top surface of Figure 5.20 has the same bond populations 

and Mulliken charges as in Figure 5.14b. However, there are differences in 

populations and in particular, charges, on the lower surface. Figure 5.21 illustrates the 

differences between the optimised phase-pure lower surface and the doubly silicon

substituted lower surface. 
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Figure 5.21 (a) A plan view of the lower (b) A view of the lower optimised Si-substituted 
optimised pure HA surface of Figure 5 .3 looking HA surface of Figure 5 .20 looking down the c
down the c-axis. Only the lower phosphate, axis . Only the lower phosphate, hydroxyl ions and 
hydroxyl and calcium ions are shown. Phosphorus calcium ions are shown. Phosphorus is marked in 
is marked in purple, oxygen red, calcium green purple, oxygen red, calcium green, hydrogen white 
and hydrogen in white. The Mulliken charges and silicon in orange. Mulliken charges are 
have been marked in black. The bond populations marked in black and the bond populations in red. 
are shown in red. The top phosphorus atom has a The charge on the phosphorus is 2.33 lel and the 
charge of 2.27 lel and the lower phosphorus a charge on the silicon 2 .14 lel. 
charge of2.33 lel. 

Figure 5.21 shows that the Mulliken charges on the oxygen atoms of the upper 

phosphate ion, become less negative in the doubly substituted surface. Interestingly 

the Mulliken charges become more positive for the oxygen atoms on the silicate ion 

than on the equivalent phosphate ion. This is contrary to the results for the singly (P4) 

silicon-substituted surface model of Figure 5.14, where the oxygen atoms of the 

silicate ion have more negative Mulliken charges. It should be noted that the 

differences are quite large, for example one oxygen atom changes from -1.07 to 

-0.92 JeJ, a difference of 14 %. Figure 5.21 also shows that there are small increases in 

the marked bond populations. The distances from the silicon and equivalent 

phosphorus atom to the closest two calcium ions, increase by 3.97 % and 5.78 %. 

However, as can be seen from the above figure, the movement across the plane is not 

large, with no obvious. differences between the phase-pure lower surface and the 

silicon-substituted lower surface. Therefore it is pertinent to look at the displacements 

normal to the surface. Of the 4 calcium ions on the lower surface, the smallest 

displacement is a 6.31 % movement towards the upper surface. The two calcium ions 

that are closest to the silicate ion increase in distance from the lower surface, by 0.35 

A and 0.25 A respectively. These displacements represent changes of 15.72 % and 

25.09 % relative to the phase-pure surface. These are large displacements, much 

larger than those on the top surface where the calcium ions move by around 3 %. It is 
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likely that this large difference is due to the interaction of the two silicon-substituted 

surfaces and the influence of the hydroxyl ions on the lower surface. Indeed as the 

major difference between this surface and the top surface is the presence of the 

hydroxyl ions it is possible that they have a strong influence in the presence of the 

more negatively charged silicate ion. It is also true that the silicate ion moves further, 

normal to the surface, compared to the equivalent phosphate ion. The second 

phosphate ion in the cell moves normal to the surface by 0.1 A. 

The density of states for the doubly substituted surface slab is shown in Figure 5.22. 
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Figure 5.22 Density of states for the doubly silicon-substituted surface slab. The blue trace marks the 
full density of states and the red trace the local density of states for calcium ion I of Figure 5.3. The 
green trace is the sum local density of states for the two silicon atoms. The top of the valence band is 
marked at zero. 

This figure is very similar to that of Figure 5.15a, the slab with the single (P4) silicon 

substitution. The band gap in this case is 2.63 eV, which is only slightly higher than 

that of the singly substituted slab and significantly larger than that of the optimised 

phase-pure surface slab. Again, the red trace shows that the increase in band gap is 

largely due to the shift in the conduction band due to the calcium ions. 

Figure 5.23 shows the hydrogen-bonding present in the doubly substituted surface 

model. 
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Figure 5.23 Optimised (100) doubly Si-substituted HA surface slab with hydrogen bonds marked with 
dotted black lines. The two sets of hydroxyl ions are connected through the repeat boundary. 
Phosphorus is shown in purple, oxygen in red, calcium in green, silicon in orange and hydrogen in 
white. The two silicon positions (P4, PS) are marked. 

It shows that the doubly substituted surface model generates two sets of hydrogen 

bonds on relaxation, between the two pairs of hydroxyl ions. This is similar to the 

original single (P4) substitution, which is the top surface substitution of Figure 5.23. 

Whether this double substitution is energetically favourable can be estimated by 

calculating the formation energy, as given in Equation 5.4. 

E f = E Si,Surf - ( E Surf - 2µ,p + 2µ,Si) (5.4) 

where E s;,,surf is the total energy of the optimised doubly substituted HA surface slab. 

In this way, a formation energy for the double substitution is found. Using Equation 

5.4 E1is found to be +3.887 eV under the same chemical conditions as before. This 

formation energy is low and positive but considerably larger than the values 

calculated for the single substitutions (at alternate positions). This suggests that this 

double substitution is unlikely to be favourable, although it should be noted that this 
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value is lower than that of the equivalent bulk substitution. However, the formation of 

the lower surface substitution alone can also be calculated using Equation 5.5. 

E f = E Si-,Surf - ( £ SiSurf - µp + µSi ) 
(5.5) 

Using this equation E1 is found to be +3.455 eV. As the formation energy of the top 

surface substitution (P4) was calculated to be +0.627 eV, it is clear that this lower 

surface substitution is much less favourable and would be less stable. Equally, it is 

interesting to note that if there were no interaction between the two substitutions 

across the slab then a formation energy of +4.081 eV would be expected as the result 

of the sum of the top and lower surface substitution formation energies. However, as 

the formation energy of +3.455 eV is lower than this, the two substitutions act in a 

synergistic way, lowering the non-interacting formation energy to something more 

favourable. However, despite this energy-lowering effect, it is still the case that the 

substitution on the lower surface is much less favourable than that of the top surface. 

This effect however shows definitively that the two surfaces of the model are 

interacting. It is concluded therefore that the minimum slab thickness suggested by 

Zhu et al has to be treated with care [74] . 

This work on the silicon substitution of the HA surface has shown that the position of 

the surface substitution influences the geometry of the surface slab as well as the 

hydrogen and ionic bonding. Additionally, relative stability of the various 

substitutions has been shown to vary, with the top surface positions being clearly 

more favourable than the lower surface and the second investigated position (P8) 

being slightly the most favoured of the two. 

5.3 Protonated Surfaces 

In addition to the substituted surfaces, both the phase-pure and silicon-substituted 

slabs were protonated, giving HPo/· and HSio/· ions. It is natural to assume that in a 

liquid environment, such as the biological environment, the phosphate ions will 

become rapidly protonated. Indeed, experimentally there is evidence from NMR 

studies that the phase-pure surfaces are most often found in a protonated state [143]. 

To this end two hydrogen atoms were added to the vacuum region of the optimised 
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surface slab at a distance of 4 A from the phosphate oxygen atom closest to the 

surface, for each of the two top surface phosphate ions. This distance was chosen such 

that there were no interactions between the top surface and the hydrogen atoms prior 

to relaxation. To simulate the charge of two protons, two electrons were removed 

from the system on calculation such that the whole system had a charge of + 2. It 

should be noted that this charge is applied to the system as a whole and not solely to 

the hydrogen atoms themselves. The slab was then optimised with the usual 

parameters. Figure 5 .24 shows the surface slab prior to and after optimisation. Small 

displacements can be observed in the surface phosphate ions as well as the upper 

calcium ions. The hydroxyl ions have also been displaced somewhat and in fact the 

ions on the lower surface have displaced enough to create hydrogen-bonding between 

them as shown in Figure 5.25. Additionally, the central hydroxyl ion, which in the 

phase-pure surface had moved very little from its symmetry position, has now 

displaced further with the oxygen atom rotating towards the top surface. Again this is 

illustrated in Figure 5.25 . 

(a) 

Figure 5.24 Phase-pure optimised HA surface slab 
prior to relaxation with Ir ions positioned 4 A 
from surface phosphate ions. Hydrogen is shown 
in white, oxygen in red, calcium in green and 
phosphorus in purple. 

(b) 

(b) Phase-pure optimised HA surface slab after 
relaxation with Ir ions now attached to surface 
phosphate ions. Hydrogen is shown in white, 
oxygen in red, calcium in green and phosphorus 
in purple. 
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Figure 5.25 Hydrogen-bonding patterns in the protonated phase-pure surface after opt1m1sation. 
Hydrogen bonds are marked as dashed black lines. Hydrogen is shown in white, oxygen in red, calcium 
in green and phosphorus in purple. This figure is rotated 90° about the vertical axis with repect to 
Figure 5.24. 

The Mulliken charges were projected onto the atoms in the protonated surface slab 

and are shown for the top surface in Figure 5.26, along with some of the bond 

populations. 
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Figure 5.26 The top surface of the protonated surface slab, with Mulliken charges indicated. 
Phosphorus is shown in purple, oxygen in red, hydrogen in white and calcium in green. 
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The oxygen atoms attached to the hydrogen atoms have lower negative charge, 

showing that there is some charge transfer to the hydrogen atoms. However, the other 

oxygen atoms have similar charges to the non-protonated ions as shown in 

Figure 5.7a. Here, the two HPO/- ions have charges of -1.37 JeJ and -1.38 JeJ, which 

compares to the formal charge of -2 JeJ . The bond populations shown in Figure 5.26 

show that there are some weak bonds with covalent character between the calcium 

ions and the hydrogen-phosphate ions. The calcium ions have all lost charge (become 

more positively charged) compared to the phase-pure surface of Figure 5.7a with 

charge transfer to the hydrogen atoms. It must be remembered that the hydrogen 

atoms were added to model single protons without any electrons ( although the 

electrons were removed from the model as a whole and not the hydrogen atoms 

specifically), thus their positive charges of +0.58 JeJ and +0.57 JeJ represent an 

increase in electron density from the formal + 1 charge. 

This protonated surface slab can be compared with that of the protonated 

silicon-substituted surface slab. This slab, with silicon in the P4 position, was 

constructed in a similar way to the phase-pure slab with the hydrogen atoms placed 4 

A above the surface oxygen atoms and a charge of +2 being imposed on the slab. The 

starting configuration and that achieved on optimisation are shown in Figure 5.27. 
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(a) 

Figure 5.27 (a) Silicon-substituted optimised HA 
surface slab prior to relaxation with H+ ions 
positioned 4 A from top surface phosphate ions. 
Hydrogen is shown in white, oxygen in red, 
calcium in green and phosphorus in purple. The 
silicon P4 position is marked. 

(b) 

(b) Silicon-substituted optimised HA surface slab 
after relaxation with W ions now attached to top 
surface phosphate ions. Hydrogen is shown in 
white, oxygen in red, calcium in green and 
phosphorus in purple. The silicon P4 position is 
marked. 

Figure 5.27 shows that on optimisation the hydrogen atoms bond to both the silicate 

and the phosphate ions. In addition there is considerable disruption to the calcium ions 

and the central hydroxyl ions. Indeed, the front central hydroxyl ion twists such that 

the oxygen atom of the ion is pointing almost directly towards the top surface. In fact 

the hydroxyl ion has twisted by around 100 °. Figure 5.28 highlights the top layer of 

this model and shows the displacements of the various ions, with a positive 

displacement indicating a move towards ( or out of) the top surface and a negative 

displacement indicating a movement towards the lower surface, into the bulk. In 

general all ions displace towards the top surface except two of the calcium ions that 

move into the bulk of the slab. These movements are fairly large and there appears to 

be a much greater degree of disruption in this surface slab than in the phase-pure 

protonated slab. 
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Figure 5.28 Detail of the optimised protonated Si-substituted HA surface slab. Displacements are 
marked in black in A. Silicon is shown in orange, oxygen in red, hydrogen in white, calcium in green 
and phosphorus in purple. The silicon P4 position is marked. 

It is also clear from Figure 5.27 that the hexagonal channel of calcium ions has been 

significantly disrupted, showing that a change on the top surface causes disruption in 

the atomic configuration well in to the slab, and is not confined to the top surface ions 

alone. The hydrogen-bonding within the slab is illustrated in Figure 5.29. 

Figure 5.29 Hydrogen-bonding in surface slab of protonated Si-substituted HA. The hydrogen bond is 
shown as a dotted black line. Oxygen in shown in red, hydrogen in white, calcium in green, si licon in 
orange and phosphorus in purple. 
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Figure 5 .29 shows that unlike the unprotonated surface slab of Figure 5 .23, there is no 

hydrogen-bonding between the hydroxyl ions in this protonated surface slab. 

However a hydrogen bond has now been induced, by the twisting of the hydroxyl ion, 

between the hydroxyl ion hydrogen atom and the nearest oxygen atom of the nearest 

phosphate ion. 

The Mulliken charges have also been calculated for this protonated surface, as shown 

in Figure 5.30. 

1.41 

. . 
~0.22 . . . 

1.34 

. 
/ 0.16 . . . 

-1.08 

1.39 

Figure 5.30 Mulliken charges (black) and bond populations (red) for the protonated silicon-substituted 
top HA surface. Oxygen is shown in red, calcium in green, hydrogen in white, phosphours in purple 
and silicon in yellow. The silicon P4 position is marked. 

Figure 5.30 shows that the silicate ion oxygen atoms have higher charge density than 

those of the phosphate as we have seen before. Equally, as with the phase-pure 

protonated surface of Figure 5 .26, the oxygen atoms attached to the hydrogen atoms 

are of a lower negative charge suggesting there has been charge transfer to the 

hydrogen atoms. The calcium ions generally have a lower positive charge than in the 

phase-pure surface. The bond populations show that in the protonated surface the 

strength of bonding to calcium ion 1 of Figure 5.3 increases even further as compared 

to the unprotonated state, with a bond strength of 0.22 electrons to the nearest silicate 

oxygen atom. Additionally, the bonding of the silicate ion oxygen atom to calcium 4 

of Figure 5.3 has a bond strength of 0.16 electrons, which is larger than the 

phase-pure equivalent bond of 0.14 electrons. Although the strength of the silicate 
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bonds has increased it is noticeable that the bond strengths of the calcium ions to the 

phosphate ion have decreased dramatically as compared to the phase-pure surface, 

with a reduction in bond strength of around 55 %. This must be a result of the ion 

movements and the bonding of the hydrogen to the closest phosphate oxygen atom. 

This analysis shows that not only is the bonding around silicate ions stronger than 

around phosphate ions but the bonding to the protonated silicate ion is even stronger. 

This perhaps suggests that protonated silicate ions on a HA surface would promote 

surface stability. 

5.4 Glutamic Acid Fragment 

The amino-acid sequences of several bone-specific proteins have been known for 

sometime [144, 145, 146]. Human osteopontin is a cell binding protein, which is 

specific to bone and can be found concentrated at the cement line of the remodelled 

tissue [27]. The cDNA sequence of this protein contains 942 bases, encoding for 314 

amino acids [144] and contains specific features that can be recognised in the 

polypeptide precursors of osteopontin from other species. For example, rat 

osteopontin is 65 % identical to the human equivalent [145]. A cell-binding domain 

has been identified in this protein sequence, which is comprised of an Arg-Gly-Asp 

sequence, and has been identified in other bone-related proteins such as the plasma 

protein vitronectin [145,146]. In addition to its cell-binding properties it has also been 

shown experimentally that osteopontin and other bone proteins such as osteonectin 

bind strongly to hydroxyapatite [145,146]. A binding region composed of aspartic 

acid and glutamic acid residues has been proposed, this region being conserved across 

species, as is illustrated in Figure 5.31. 

splP 1045 1 IOSTP _ HUM PQNA VSSEETNDFKQETLPSKSNESHDHMDDMDDEDDDDHVDSQDSIDSNDSDDVDDTDD 

splP31097IOSTP _RABIT PQNAMSSEEKDDLKQETLPSKSIESHDHMDDIDEDEDDDHVDNRD---SNESDDADHPDD 

splP I 4287IOSTP _PIG PQNTISSEETDDFKQETLPSKSNESPEQTDDVDDDDDEDHVDSR----DTDSEEADHADD 

splP3109610STP _BOVIN PQNSVSSEETDDNKQNTLPSKSNESPEQTDDLDDDDD-NSQDVN----SNDSDDAETTDD 

splQ9XSY9IOSTP _SHEEP PQNSVSSEETDDNKQNTLPSKSNESPEQTDDLDDDDE-NSQEVN----SDDSDDAETPDD 

splP08721 IOSTP _RAT PQNSVSSEETDDFKQETLPSNSNESHDHMDDDDDDDDD-----------GDHAESEDSVN 

splP l 092310 STP _ MOUSE PQNA VSSEEKDDFKQETLPSNSNESHDHMDDDDDDDDDD---------GDHAESEDSVD 

Figure 5.31 Results of a Clustra!W alignment on the results of a BlastP [14 7] search against the human 
osteopontin amino acid sequence from the SwissProt database [148]. The proposed hydroxyapatite 
binding sequence is marked in yellow. 
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Osteonectin and other associated proteins are comprised of a number of 

y-carboxyglutamic acid residues, which are rare, carboxyl-rich residues [148]. It has 

been proposed that the binding of these proteins to HA is through the association of 

the carboxyl ion to a surface calcium ion [145, 146]. 

To explore the interaction of these kinds of proteins with the hydroxyapatite surface, a 

small glutamic acid fragment was constructed and relaxed onto the phase-pure top 

surface of Figure 5.3. Figure 5.32 shows the structures of glutamic acid, 

y-carboxyglutamic acid and the residue fragment, (CH3(CH2)2COO), that was 

employed in this study. 
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Figure 5.32 (a) Glutamic acid 
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As all the previous studies, discussed above, suggest that the binding to HA is linked 

to carboxyl groups this feature has been preserved. However, to make the structure as 

small as possible the a-carbon atom has been truncated to a CH3 group. It should be 

noted that this truncation at the a-carbon was made to greatly simplify the model for 

ease of computatio~. However, in so doing an approximation is being employed and 

the choice of terminating group may affect the electronic structure of the molecule, 

for example CH3 is known to be an electron donating group. However, in this case we 

are using a very small surface, which is unlikely to be large enough for protein 

backbone interactions to be seen. Essenti,ally this model will allow us to model only 

the surface interaction with the carboxyl group and will give no further information 

about the stability of the protein through additional bonding or hydrogen-bonding 

interactions. 
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Following convergence tests the fragment was geometry optimised with 4 k-points 

and a cut-off energy of 350 eV. The optimised fragment is shown in Figure 5.33. 

Figure 5.33 Optimised glutam ic acid fragment of Figure 5.32c. Oxygen is given in red, carbon in grey 
and hydrogen in white. The alpha-carbon atom is marked. 

The fragment was optimised with an extra electron added to the system to simulate 

the negative charge of the molecule, as illustrated schematically in Figure 5.32c. On 

optimisation a layer structure was constructed with the optimised surface slab of 

Figure 5.3. The fragment was placed above the surface, with a 3 A vacuum separating 

the two structures and was positioned so as to have the carboxyl group pointing 

towards the HA surface but with no particular positioning as to where over the surface 

the fragment was placed. If time had permitted, a larger study could have been 

undertaken, using varying starting positions and orientations in order to determine the 

absolute most favourable position for surface adsorption regardless of the molecule 

starting position. Figure 5.34 shows the layer structure constructed with the 

individually optimised . surface and molecule. In this starting structure there are no 

bonds from the surface to the amino acid fragment and no close contacts as defined by 

a scale factor of 0.891 relative to the sum of the atomic van de Waals radii [111]. 
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Figure 5.34 (a) A projected view down (b) A projected view down the c-axis of the individually 
the b-axis of the individually optimised optimised amino acid fragment and the (100) HA surface 
amino acid fragment and the (100) HA slab. Oxygen is shown in red, hydrogen in white, 
surface slab. Oxygen is shown in red, phosphorus in purple, calcium in green and carbon in 
hydrogen in white, phosphorus in purple, grey. 
calcium in green and carbon in grey. 

The slab in Figure 5.34 was optimised with a cut-off energy of 350 eV and with a 

2x3xl Monkhorst Pack k-point grid [97]. The final relaxed atomic positions of the 

protein in relation to the immediate surface are shown in Figure 5.35. There are 

several features of the relaxed surface that need to be highlighted. The most obvious 

change in the surface is the position of the calcium ions and in particular the calcium 

ion marked in blue. This ion has moved up, out of the surface towards one of the 

oxygen atoms of the amino acid fragment, which has itself moved closer to the 

surface. The close contact distance between the oxygen atom and calcium ion is now 

2.206 A, which is 61 % shorter than the starting configuration. This association with 

the surface calcium ion bears out earlier predications about the interaction patterns of 

carboxyl-containing proteins with the HA surface [146]. The bond population for this 

interaction has been calculated to be 0.21 electrons, which shows significant covalent 

character. The Mulliken charge on the calcium ion changes from + 1.40 lei in the 

starting structure to + 1.36 lei on optimisation and the bonding oxygen atom in the 

amino acid fragment changes from -0.74 lel to -0.70 lel. 
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Figure 5.35 (a) Detail of the starting 
configuration of the glutamic acid fragment on 
the HA (100) surface slab viewed along the 
b-axis. Oxygen is marked in red, hydrogen in 
white, carbon in grey, phosphorus in purple and 
calcium in green. One calcium ion is marked in 
blue. 

. 
: 0.21 

(b) Detail of the final relaxed configuration of the 
glutamic acid fragment on the HA (100) surface 
slab viewed along the b-axis. Oxygen is marked in 
red, hydrogen in white, carbon in grey, phosphorus 
in purple and calcium in green. One calcium ion is 
marked in blue. The close contact between the 
surface and calcium ion is marked with a dashed 
line. The bond population is also marked. 

Looking more closely at the displacement of the ions normal to the surface, the 

average distance the calcium ions move is + 0.16 A, where a positive value indicates 

movement towards the top surface. By contrast, the average displacement of the 

phosphate ions in this direction is + 0.06 A. It is interesting to note that both species 

tend to move towards the upper surface but significantly the displacement of the 

calcium ions is much greater. The calcium ion with the largest displacement is shown 

in blue in Figure 5.35 and moves by+ 0.402 A. The only phosphate ion that displaces 

deeper into the surface is the one closest to the blue calcium ion. Figure 5.36 

illustrates the largest movements of both the calcium and phosphate ions. 
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Figure 5.36 The optimised (100) HA surface slab with amino acid fragment viewed along the c-axis. 
The largest ion displacements are marked for both calcium ions (displaced ions marked in blue) and 
phosphorus atoms (positively displaced atoms marked in yellow, the negatively displaced atom marked 
in green). Oxygen is marked in red, hydrogen in white, calcium in green, carbon in grey and 
phosphorus in purple. 

The largest calcium ion displacements are all along the left hand-side of the model, 

approximately aligned with the interacting amino acid fragment above. Of the 

phosphate ions, the only negative displacement is the ion marked in green in Figure 

5.36, which is associated with the largest positive calcium displacement. The two 

largest positive displacements of phosphate ions are marked in yellow, although they 

are still smaller displacements than the average calcium ion displacement of 

0 .16 A. It can be seen from this figure that the interaction with the amino acid 

fragment has had the most significant effect on the calcium ions in the top surface. 

This suggests that the positions of the phosphate ions is much more rigidly fixed, 

perhaps in part due to the hydrogen-bonding illustrated in Figure 5.8, which is entirely 

preserved. It also suggests that the interaction of carboxyl groups with calcium ions is 

a likely form of interaction. This interaction has also been proposed in some recent 

experimental work employing 13C-{3 1P} Rotational Echo Double Resonance 

(REDOR) NMR experiments. This technique allowed for determination of the C-P 
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distance from the HA surface to bound proteins in bone samples [79]. From the 

chemical shifts, the identified carbon was associated with a carboxyl group of a 

glutamic acid residue. This work shows that the 31 c-3 1p distance from a surface 

phosphate to a glutamate carbon atom measures 0.45 to 0.50 nm [79]. In our model 

the distance from the 6-carbon of our amino acid fragment to the nearest phosphate 

ion is 0.463 nm, which agrees well with the experimental range above. 

In order to estimate how favourable the relaxed configuration would actually be, for 

the system presented here, a formation energy was obtained from Equation 5.6. 

(5.6) 

where Ecamp is the energy of the complete fragment-surface model system, Esuifis the 

energy of the optimised surface and EGiu is the energy of the optimised amino acid 

fragment. '1.E is a correction factor to account for spurious interactions between 

periodic images, which are generated with having a charged cell [149]. In this study 

the correction factor has been ignored but could in principle be determined from the 

average electronic potential in the charged supercell. In Equation 5.6 Ecamp includes 

an extra electron to account for the negative charge of the amino acid fragment. In the 

right hand side of the same equation, the extra electron is included in the energy of the 

amino acid fragment, E Glu . Hence, the chemical potential of an electron does not enter 

the equation. For the optimised system the formation energy of relaxing the amino 

acid fragment is +2.158 eV. It must be remembered that the fragment used here is 

unrealistic, as it is a truncated amino acid. Normally, this amino acid fragment would 

be part of a large protein of more than 300 amino acids and it would be on a much 

larger surface than is presented here. One would therefore expect multiple alignments 

with the surface, either through direct bonding to surface calcium ions through 

carboxyl groups or through hydrogen bonding of the protein backbone with the 

surface. These interactions would lower the formation energy further. For 

completeness, the formation energy of the unoptimised surface-fragment system was 

calculated to be +4.992 eV, showing that the optimization process has reduced the 

formation energy of the system by 2.834 eV. 

Chapter 5 Hydroxyapatite Surface Structures 180 



As well as the HA surface structure, the structure of the fragment has also changed 

upon relaxation, from its vacuum relaxed position. The changes in bond lengths for 

the fragment are small, in the range of +/-0.002 A, apart from for the yC-6C bond and 

the two 6C-O bonds as shown in Figure 5.37. The torsion angle of the 4 carbon atoms 

also changes from 62.32° to 68.10° upon optimisation of the complete system. 

Figure 5.37 The largest changes in bond length of the amino acid fragment upon optimisation of the 
complete surface-fragment system. Oxygen is marked in red, hydrogen in white and carbon in grey. 
The a, ~, y and 6 carbon atoms are marked. 

These changes in the fragment are clearly due to the interaction of the carboxyl group 

with the surface calcium ions. This work shows that the fragment interacts with the 

surface in a manner that was predicted by experiment and shows well how this kind of 

modelling can be used to predict the bonding geometries of amino acids and protein 

fragments. 

5.5 Summary 

Chapter 5 presents density functional theory calculations on the HA ( 100) surface slab 

and substitutions in that model. The phase-pure surface slab is first presented and its 

geometry, atomic charges, hydrogen bonding and surface energy are discussed. It is 

shown that relaxation of the structure occurs throughout the entire slab and the top 

and lower surfaces interact. It is also shown that while the surface slab is charge 
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neutral, the surfaces themselves are charged locally. Density of states maps are 

presented in discussion of the electronic structure. The chapter then proceeds to 

discuss two silicon substitutions in the top surface of the slab and the effects that these 

substitutions have on the structure as a whole. The differences in atomic charges, 

hydrogen bonding and geometry from the phase-pure surface model are discussed. 

Formation energy analysis identifies the most stable substitution. A double 

substitution, one in the top surface and one in the lower surface is then presented, with 

the same analysis being performed. The lower surface substitution is shown to be far 

less stable than either of the top surface substitutions. The protonated surfaces are 

then described. Finally, the adsorption of a glutamic acid fragment onto the 

phase-pure surface is presented. The effects of this adsorption on the surface structure 

are explored along with an estimation of the formation energy for the process. It is 

shown that the fragment interacts with a surface calcium ion and causes atomic 

disturbance lower in the surface slab. All these results are compared to other 

theoretical and experimental data. 
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Chapter 6 

Nuclear Magnetic Resonance 

In Chapter 5, an analysis of the HA (100) surface was undertaken, with various 

surface-absorbate systems being considered. When using theoretical studies to look at 

biological phenomena in the form of surface interactions it is of course important to 

be confident that the surface used for modelling purposes is one that approximates 

well the real situation found either in laboratory or biologically produced samples. 

Experimental studies on the surface of hydroxyapatite have largely been conducted on 

a microscopic scale, using techniques such as atomic force microscopy and chemical 

force microscopy [ 4 7]. In these studies, charge banding and surface morphology have 

been observed [4,9,47]. More recent work employs Field Emission Scanning Electron 

Microscopy (FE-SEM) to visualise deposition of calcium-phosphate minerals on 

surfaces, and Fourier transform Infrared Spectroscopy (FTIR) to analyse the 

molecular structure of coatings [109,110] . However, at the atomic scale much less is 

known, although studies have been conducted using Nuclear Magnetic Resonance 

(NMR) analysis. Cho et al used this technique to analyse the hydroxyl ion content in 

bone samples, which suggested that HA in bone contains only 20% of the expected 

hydroxyl ion concentration of stoichiometric HA [150] . Many other NMR studies 

have been carried out on bone and hydroxyapatite samples [ e.g. 112,143,151] 
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In order to test the surface model that was created in Chapter 5 for consistency with 

currently available experimental results, the following study compares experimental 

NMR parameters with their theoretical counterparts. The purpose of these calculations 

is to determine how good an approximation our model is to the real HA surface. There 

are many experimental techniques that can be used to study surfaces such as IR and 

FE-TEM but these techniques do not yield parameters that can be readily compared 

with our calculated model. NMR chemical shifts can however be calculated and 

compared with experimental NMR data pertaining to the HA surface of 

nanocrystallites and of bone mineral [137, 152]. 

In the biological environment HA mineral will be surrounded by water and have 

protein and possibly polysaccharides bound to its surfaces [27]. These factors will 

change the NMR parameters considerably; water will hydrogen-bond to HA hydroxyl 

ions and bound proteins will create diverse relaxed surface structures that will have 

varied chemical shifts. All impurity substitutions are likely to create broadening of the 

NMR chemical shift peaks that would be expected for the phase-pure material, due to 

the changes in atomic environments that the impurities create. These differences 

between experimental samples and the theoretical models will affect the agreement of 

results. However, before these more complex interactions are studied theoretically it 

is important to know if the model of Chapter 5 is a good approximation from which to 

work. Comparing the theoretical results with those of experiment for bone and more 

particularly nanocrystalline HA (which is only complicated by water interactions), 

will serve to give an indication of the suitability of the model. Results that are similar 

will be indicative of a reasonable approximation to the biological or nanocrystalline 

samples. A perfect match would not be expected due to the reasons highlighted above. 

The experimental work had been previously carried out by Dr Nicholas Groom 

(Department of Chemistry, University of Cambridge) and involved the generation of 
31 P NMR spectra for samples of equine bone [ 13 7] . The results of the theoretical 

calculations will also be compared with the nanocrystalline HA work of Jager et al 

[152]. Theoretical NMR results for the optimised HA (100) surface slab, using 31 P, 1H 

and 170, were generated and comparable experimental values are available for the 31P 

and 1 H results. The theoretical results are compared with the calculated NMR 

parameters of two additional surface slabs, a perturbed two-cell surface slab and an 
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additional single cell surface slab. 170 has a very low natural abundance (-0.037%) 

and requires sensitivity enhancement techniques to produce spectra [ 15 3]. 

Consequently, no experimental spectra are, as of yet, available for this system. The 

chapter will then proceed to consider results of 31P and 1H calculations of the relaxed 

protonated surface model that was presented in Chapter 5 and a comparison will be 

made with previous experimental results. 

6.1 Experimental Design 

The experimental NMR spectra were generated from bone samples, taken from the 

dorsal cortical region of the distal third metacarpal bone of a one-year-old 

thoroughbred colt. The material was cleaned and frozen. Prior to use in the NMR 

experiments it was powdered by grating with a metal file and then ground further with 

a pestle and mortar to create a fine powder with uniform particle size [137]. All the 

spectra generated from these samples were obtained using a Bruker Avance-400 

spectrometer, operating with a 1H resonance frequency of 399.87 MHz, a31P 

resonance frequency of 161.87 MHz and a spinning rate of 12.5 kHz. The recycle 

delay was 2s and the experiments were carried out at room temperature [ 13 7]. 

The HA (100) surface slab was optimised and relaxed as discussed in Chapter 5, 

Figure 5.3 showing the optimised surface structures from which the NMR spectra 

were generated. The geometry optimisation was carried out using the ultra-soft 

pseudopotentials, as described in Chapter 2, that model the interaction between the 

atomic cores and the valance electrons. However, the NMR spectra were calculated 

with modified pseudopotentials created using the GIP AW approach, as described in 

Chapter 2 and Appendix A, since generation of NMR spectra requires all-electron 

pseudopotentials to be employed. 

The calculation procedure produces absolute chemical shifts. However, experimental 

NMR spectral frequencies are determined relative to a reference sample, usually 

something that gives a very distinct, sharp signal for each atomic species. 

Accordingly, for these surface calculations, a reference material of tetramethylsilane 

(TMS) was used for the 1H calculations and H3P04 was used for the 31 P calculations. 

Chapter 6 Nuclear Magnetic Resonance 185 

/II 
I 



An absolute value of the reference chemical shift, a ref, for phosphorus was calculated 

to be 282.52 ppm as described in Chapter 4. For the 1H spectra, a,ef was calculated to 

be 30.64 ppm, also described in Chapter 4. This chemical shift is an average value of 

the three hydrogen atoms in an optimised H3P04 molecule. It should be noted that the 

experimental work (both using bone and nanocrystalline HA) used TMS and 85% 

aqueous H3P04 as reference materials [137, 152]. 

6.2 31P NMR 

Figure 6 .1 shows a 31 P NMR spectrum calculated for the HA ( 100) surface slab that is 

shown in Figure 5.3. It should be remembered that this slab consists of two different 

(100) surface structures. 

1.2 ~----------------------------~ 

1>4 P12 PB P7 P3 P1 P9 P2 P1 1 P6 PS P10 

Q 4---+1----+--- - -+---+------+-+--------+--------+--~ 

0 2 4 6 8 10 12 

Chemical Shift / ppm 

Figure 6.1 31P NMR calculated chemical shift spectrum for the HA (100) surface slab. Each line 
represents one phosphorus atom in the model and the intensity of each is given as unity. The lines are 
labelled with a 'P' number, in order to distinguish each phosphate ion. The two values marked with red 
' P' numbers (P4 and P8) represent the phosphates that lie on the top surface and the two values marked 
in blue (PS and Pl 1) represent the phosphate ions that lie on the lower surface. 

The range of 31P isotropic chemical shifts in Figure 6.1 goes from +0.08 to 

+ 10. 73 ppm with a pronounced asymmetry towards the high frequencies (positive) in 

the distribution. This 31P spectrum compares to that of the optimised bulk HA unit 
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cell, as shown in Figure 6.2. This bulk spectrum serves to highlight the difference in 

chemical shifts between the bulk and surface slab structures, with the frequency range 

of the bulk material being just 0.7 ppm. Experimentally, a range this small would be 

observed as a single relatively sharp peak. Studies carried out on highly crystalline 

HA place the experimental chemical shift of 31P at 2-2.3 ppm [137, 152]. Therefore 

our average bulk 31P bulk chemical shift value of 1.19 ppm is around 1 ppm different 

from experimental shifts. This difference could be accounted for by the single 

molecule ( as opposed to liquid sample) reference states used in the calculations. 

Figures 6.1 and 6.2 also show that the top surface phosphate ions have chemical shifts 

well within the range of the bulk frequencies. 
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0 -'--------'------ - - -----1------~-+---l--+--I---- -I----, 

0 0.2 0.4 0.6 0.8 1.2 1.4 1.6 

Chemical Shift/ppm 

Figure 6.2 3 1P NMR calculated chemical shift spectrum for the bulk HA unit cell. Each line represents 
one phosphorus atom in the model and the intensity of each is given as unity. 

Figure 6.3 shows an experimental 31 P NMR spectrum of bone [137]. It is assumed that 

this spectrum primarily contains signals from the mineral component, as no 

significant amounts of phosphorus are expected in the bone matrix [27]. Here 'matrix' 

is referring to water, collagen and other bone proteins/polysaccharides, th~ main soft 

organic material found in bone, but could equally refer to cells and blood vessels. 
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Figure 6.3 Experimental 3 1P NMR spectrum of bone [137]. Details of the sample and method of 
recording may be found in Section 6.1 . The reference material is 85% aqueous H3P04. 

Figure 6.3 shows a frequency range of approximately 10-12 ppm. Clearly the range of 

this experimental spectrum is similar to our calculated spectrum, which has a range of 

10.65 ppm. Given that the experimental spectrum is generated from a bone sample 

that will represent many different surface structures and will be rich in ion 

substitutions, protein and water, the match with theory is very good. This consensus 

suggests that the theoretical surface model is representative of inorganic bone 

material. An exact match would, at this stage, be impossible to achieve as only one 

surface model (albeit including two different surfaces) has been explored 

theoretically, while there will be a large variety of different possible surfaces in the 

experimental sample with differing levels of substitution and protein binding, 

producing varied local environments. However, what this work does show is that the 

possibility of obtaining exact matches in the future, is possible. At present, the range 

of experimental data that is available is limited and unable to distinguish between 

specific surface structures. Therefore, an unambiguous match between theory and 

experiment, even if a host of other surfaces were sampled theoretically, could not be 

expected. It is likely that, without experimental data being available to distinguish 

them, there will be many families of surface structures, which would match or be very 

similar to the spectrum in Figure 6.3. Therefore this work represents the first step in 

being able to generate a library of such possible structures such that, as more 
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experimental data become available, a better understanding of the actual crystal 

structures in samples will be possible. 

It is also interesting to compare our spectrum with that of nanocrystalline HA. In 

many ways the model of Figure 5.3 is a better approximation to nanocrystalline 

mineral than to that found in bone, as we have no substitutions or bound protein. 

However, the nanocrystalline samples are in contact with water and elemental 

analysis shows that with a Ca:P ratio of 1.51, the mineral samples are calcium 

deficient, the ratio for pure hydroxyapatite being 1.67 [152]. This shows that the 

nanocrystalline samples are not composed of exactly the same material as our surface 

slab and therefore an exact match would not be expected. Interestingly the range of 
31P frequencies for the nanocrystalline sample, is approximately 10 ppm, ranging 

from around 6 ppm to -4 ppm [152]. This range is very similar to both our calculated 

range and to the bone sample range of Figure 6.3. However, the form of the spectrum 

is different to Figure 6.3, in that the peak is far less broad, perhaps due to a more 

uniform chemical composition. Interestingly the nanocrystalline peak is much broader 

than a peak for well crystallised HA. This is likely to be due to the stresses and strains 

of a nanocrystalline sample, where a single change in composition say at a surface, 

could induce considerable subsurface relaxationt. Given an average crystal size of 

10 nm x 10 nth x 40 nm, obtained from TEM images, it was calculated that in its 

smallest dimension the disordered surface region would be 10 A thick [152]. 

Therefore, as we surmised in Chapter 5, the model in Figure 5.3, which has 

approximately 1 7 A of atomic layers, is actually comparing two interacting surfaces 

and no bulk material, as a two-surface model would require a minimum of 20 A of 

material to be realistic according to this experimental calculation. For bulk material to 

be included an even larger model would be required. 

Of course, it must be demonstrated that the agreement between our calculated model 

and experiment is unique to the slab in Figure 5.3. To this end, two alternative, non

equilibrium surfaces have been constructed and the 31 P chemical shift spectra 

calculated. Firstly, Figure 6.4 shows a non-equilibrium surface. This surface was 

created by protonating the two phosphate ions on the top surface of Figure 5.3 and 

t private communication, Christian Jager 
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relaxing the structure. This change in the surface structure caused further sub-surface 

relaxations. On convergence the surface was restored to its unprotonated form without 

allowing further relaxation, giving a surface that was a non-equilibrium structure for 

its chemical composition (i.e. because the protons were removed, the surface was no 

longer an equilibrium structure). Additionally, the calcium ions were disrupted 

further. This was done because the movements of the calcium ions were seen to be 

greater than the other ions, as described in Chapter 5. Therefore it was hypothesised 

that their movement would cause the most significant effects to the surface. The top

most calcium ions, marked in blue in Figure 6.4, were moved away from the 

immediate top surface and placed deeper into the model and the calcium ions of the 

hexagonal channel marked in turquoise in Figure 6.4, were moved slightly to break 

the hexagonal symmetry further. This gave a highly perturbed surface model that was 

significantly different from the original optimised model of Figure 5.3. 

Lower Surface ... 

Figure 6.4 A projected view along the c-axis of the non-equilibrium model of the HA (100) surface 

slab . The top and lower surfaces are marked. Phosphorus is represented by purple atoms, oxygen by 

red, hydrogen by white and calcium by green atoms. The calcium atoms marked in blue have been 

moved further into the surface, while the calcium atoms marked in turquoise have been moved off their 

original hexagonal positions. 

Figure 6.5 shows the 31 P chemical shift spectrum of the non-equilibrium surface slab 

of Figure 6.4. The range of chemical shifts in this figure is now of the order of 

113 ppm compared with the relaxed surface, which gave a chemical shift range of just 

10.65 ppm. Clearly, disrupting the surface increases the range of chemical shifts 
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dramatically. This highlights the sensitivity of the phosphorus atoms to their local 

environment. Figure 6.6 shows the change in chemical shifts for each phosphorus 

atom in the non-equilibrium surface slab as compared to the shifts of the original 

surface slab of Figure 5.3. There are large changes in the shifts of the top surface 

phosphate ions as well as for some of the phosphate ions in the lower half of the 

model. As the majority of the perturbation to the surface structure was in the top most 

layers, it is unsurprising that the top most phosphorus atoms should show large 

changes. However, that the atoms further into the bulk material and on the lower 

surface, also show significant changes highlights the sensitivity of the 31 P resonances 

to environment. Additionally, these results highlight the relaxation that occurs 

throughout the slab when changes are made to the top surface. Again this is evidence 

that the two surfaces of the model are interacting, a change in one surface inducing a 

change in the other. 
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Figure 6.5 31P chemical shift spectrum for the disrupted (100) HA surface of Figure 6.4 . The dark line 
represents several values that lie very close together. 

Chapter 6 Nuclear Magnetic Resonance 191 



-74.58 -34.23 

+3.62 +l.33 

+17.30 

+29.06 +17.96 

+32.21 +0 .73 

Figure 6.6 Changes in chemical shifts of each phosphorus atom in the non-equilibrium surface slab, 
compared to the original optimised surface slab. Phosphorus is represented by purple atoms, oxygen by 
red, hydrogen by white and calcium by green atoms. 

In addition to this significantly perturbed surface, another (100) HA surface, 

consisting of just 1 unit cell in the slab was also created and relaxed as shown in 

Figure 6.7. 
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111111 

Top Surface 

Lower Surface 

Figure 6.7 Optimised 44-atom (100) HA surface slab. Phosphorus is represented by purple atoms, 

oxygen by red, hydrogen by white and calcium by green atoms. 

This optimised surface structure is similar to the original but contains only one unit 

cell and consequently has different surface properties, with both the top and lower 

surfaces being composed of a phosphate, hydroxyl and calcium ion. Additionally, by 

only using one unit cell we are allowing the two surfaces to interact strongly, more so 

than before. This surface model is clearly not realistic because it uses only a small 

amount of material, one unit cell's worth, which is much smaller than any actual 

crystal dimensions. However, this cell was used solely to explore the sensitivity of the 

31P NMR and to see how reliable our original results for the model of Figure 5.3 

might be. The range of chemical shifts for this surface slab is -3.69 to +4.58 ppm. In 

this case we have a range of 8.27 ppm, which is similar to that of the original surface 

(10.65 ppm) but the distribution is quite different as shown in Figure 6.8. This 

spectrum is obviously different to and distinguishable from the spectrum in Figure 

6.1. 
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Figure 6.8 31 P spectrum for the optimised (100) HA surface slab of Figure 6.7. 

3 4 5 

Figure 6.8 illustrates that the 31P NMR chemical shifts are extremely sensitive to the 

specific geometry of the surface model and the more distant atoms. Therefore, the 

optimised surface slab of Figure 5.3 is clearly one that may contribute to the range of 

surfaces available in a bone or nanaocrystalline HA sample, given the similarities in 

calculated and experimental NMR spectra, which would not be expected otherwise. 

Given the sensitivity of 31 P NMR to the structure however, it is likely that the atomic 

arrangements that make up the surface are to a large extent relatively small variations 

on the model structure presented here. Experimentally, the surface structure has been 

shown to inchide HPo/· ions and hydroxyl ions [154] . IR analysis for example 

showed that surface modification of HA with isocyanate groups (used as a grafting 

agent for addition of polyethylene glycol), reduced the height of the structural 

hydroxyl ion peak, suggesting that hydroxyl ions on the surface, had reacted with the 

new surface modifying group [ 154]. This suggests that the lower surface of our model 

is also likely to be a possible structure. Clearly most surfaces in vitro and in viva will 

have HPo/· ions due to the abundance of water and this surface modification was 

modelled as described in Chapter 5. However, aside from revealing the ions that are 

available on the HA surface, experimental studies are unable to give a clear picture of 

the atomic surface structure. It is for this reason that the surfaces created in Figure 5.3 

are helpful, as they show that their structures are ones that are consistent with current 

experimental NMR data. 
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The isotropic chemical shifts have been discussed in detail but the anisotropic 

chemical shift and the asymmetry parameters as defined in Chapter 4, were also 

recorded for this surface. These parameters are presented in Table 6.1. 

Phosphorus Lies (ppm) 'Y/es 
PI -101.61 0.69 
P2 -86.19 0.37 
P3 71.55 0.47 
P4 33.41 0.93 
P5 -103.58 0.75 
P6 -79.91 0.40 
P7 75.70 0.27 
PS 21.78 1.00 
P9 92.02 0.55 
PIO 103.85 0.67 
PI I 195.72 0.12 
P12 103.60 0.14 

Table 6.1 3 1P Chemical shift anisotropy, Lies' and asymmetry, rJes' parameters for the optimised (100) 

HA surface slab. The parameters in red represent the two phosphate ions on the top surface and the 
parameters in blue represent the phosphate ions in the lower surface. 

Table 6.1 shows that the anisotropies for the two top surface phosphorus atoms (P4 

and P8) are low in comparison to the other values. However the lower surface 

anisotropies of P5 and Pll, are quite different to the top surface. Indeed, the Pll 

value is much larger than any of the other anisotropies, perhaps because this ion is in 

close proximity to two hydroxyl ions. It should be noted that the sign of the 

anisotropy value is not usually given because only the chemical shift tensor principal 

values are readily measured. To determine the sign of the anisotropy, one needs to 

correlate the principal values with the associated principal directions of the chemical 

shift tensor, which are difficult to measure in NMR. Therefore it is common to take 

the modulus value of the anisotropy. In the experimental work of Wu et al, the 

anisotropy and asymmetry parameters for P04 
3
- groups in well crystallised 

stoichiometric (Ca:P = 1.67) HA are reported [78]. However, to compare the 

anisotropy parameters from our calculations and those recorded by Wu et al, it is 

necessary to convert our calculated values to correspond to the definition of the 

anisotropy as presented in their experimental work. In CASTEP the anisotropy is 

defined as, 
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(6.1) 

where axx, aYY and a zz. are the principal values of the chemical shielding tensor. In 

the work by Wu et al, the anisotropy is defined as, 

(6.2) 

where a 11 and a33 are the largest and smallest numerical values from the chemical 

shielding tensor. Table 6.2 lists the calculated anisotropies calculated using both 

Equation 6.1 and Equation 6.2. 

Phosphorus Anisotropy (ppm) 1 Anisotropy (oom) z 

Pl -101.61 124.8187 
P2 -86.19 97.5060 
P3 71.55 82.6560 
P4 33.41 43.8032 
P5 -103.58 129.3166 
P6 -79 .91 90.5416 
P7 75.70 82.6185 
P8 21.78 29 .0169 
P9 92.02 108.8074 
PlO 103 .85 127.0937 
PI 1 195 .72 203.4874 
P12 103.60 108.4315 

Table 6.2 Anisotropies values for the (100) HA surface slab. 1 Values calculated from Equation 6.1. 2 

Values calculated from Equation 6.2. The values marked in red are those of the two top surface 
phosphate ions and those in blue the lower surface phosphate ions. 

The experimental anisotropy shift for phosphorus in HA is given as 40 ppm [78] using 

Equation 6.2. Clearly the calculated values that are closest to that here are the two top 

surface groups P4 and P8. The calculated bulk value of the anisotropy calculated with 

Equation 6.2 is 22.8676 ppm. It should be noted that the highly crystalline sample 

used in the experimental work will give mainly bulk values but will also contain 

contributions from phosphorus atoms on the crystal surfaces [78]. Looking at the 

asymmetry parameters in Table 6.1, the top surface groups have values of 0.93 and 

1.00. Experimentally the value is reported as 1.00 [78]. This suggests that the groups 

on the top surface are most like the bulk groups in character, which we have already 

observed in the phosphate bond length analysis of Figure 5.10. The average calculated 

bulk value for the asymmetry is 0.8521. The anisotropy parameters of the two lower 
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surface phosphate ions are quite different for one another with P 11 being very high. 

Again, the apparent anomalous parameters of P 11 are likely to be due to the proximity 

of the hydroxyl ions and being on the immediate surface-vacuum interface. 

6.3 1HNMR 

In addition to the phosphorus NMR, the 1 H NMR chemical shifts have also been 

calculated for the optimised surface slab in Figure 5.3. The reference material chosen 

was TMS, as described in Chapter 4, with an absolute value of 30.64 ppm. The 

spectrum for the optimised (100) HA surface slab is presented in Figure 6.9. 

HI H2 H3 H4 

-4.5 -4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5 0 

Chemical Shift /ppm 

Figure 6.9 1H NMR calculated chemical shift spectrum for the HA (100) surface slab of Figure 5.3 . 
Each line represents one hydrogen atom in the surface slab and the intensity of each is given as unity. 
The lines are labelled with a 'H' number, in order to distinguish each hydroxyl ion. 

In this figure, each line represents the chemical shift of one of the four hydrogen 

atoms in Figure 5.3. Hl is the lower back hydrogen atom, H2 is the central back atom, 

H3 the lower front atom and H4 the central front atom. Here, the chemical shift 

spectrum for 1H shows a range of -2.29 to -4.00 ppm. Normally, hydroxyapatite gives 

a single 1H signal at 0.2 ppm for bulk material [137,151]. It is interesting therefore to 

note the differences in chemical shifts, which occur in this surface model. It has been 

shown before that 1H NMR spectra are most sensitive to the cationic environment of 

the hydroxyl ion oxygen atom because of the lack of hydrogen bonding in the material 
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[62]. One would therefore expect that any disorder in the HA system and especially in 

the alignment of the hydroxyl ions, would have a significant effect on the chemical 

shifts. Indeed, with reference to Figure 5.3, one can see that the hydroxyl ions have 

moved significantly away from their symmetry positions on relaxation of the surface 

slab. Some of these ions have twisted by almost 90 degrees, creating a large amount 

of distortion and a disruption to atomic interaction patterns as detailed in Chapter 5. 

Indeed on relaxation of the ideal HA surface slab, one of the hydrogen atoms, H2, 

forms a hydrogen bond with the oxygen of the nearest phosphate ion. This hydrogen 

bond has a length of 2.23 A and may be implicated in the stability of this relaxed 

conformation. 

Figure 6.10 shows the calculated 1H bulk spectrum. 
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Figure 6.10 Calculated 1H chemical shift spectrum of optimised bulk HA. The reference material is 

optimised TMS. 

The calculated bulk values in Figure 6.10 are less negative than the surface slab 1 H 

chemical shifts but still around 1.5 ppm different from the experimental value of 

0.2 ppm. Experimental work on other calcium phosphates, for example brushite and 

octacalcium phosphate, has shown this 0.2 ppm resonance to be characteristic of 

apatite hydroxyl ions in general [151]. Even in bone samples, on removal of the 

organic background signal by 1H-31P heteronuclear dipolar correlation experiments, 

the 0.2 ppm resonance of the apatite hydroxyl ions can be easily recognised [151] . 
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Table 6.3 gives the asymmetry shifts and anisotropies for the hydrogen atoms in both 

the surface slab and the bulk. 

Hydrogen Atom _jcs (ppm) rJcs 
1 9.06 0.36 
2 12.81 0.67 
3 9.76 0.49 
4 9.36 0.91 
1 9.49 0.01 
2 7.92 0.01 

Table 6.3 The asymmetry ( L1c,) and anisotropy ( rJcs) parameters for the hydrogen atoms in the surface 

model of Figure 5.3 (first 4 values) and the bulk HA unit cell (last two values). 

The most noticeable difference between the surface model and bulk parameters in 

Table 6.3 is the anisotropy values, which vary between the two structures markedly. 

6.4 170 NMR 

By weight, oxygen 1s the most abundant element in the Earth's crust and is 

consequently involved in many mineral compounds. The natural isotope 17 0 is an 

ideal candidate for NMR spectroscopy. However, the natural abundance of 170, is 

very low and often 17 0 enrichment has to be undertaken, although this is not always 

possible, for example in mineral samples formed over long periods of geological time 

[153]. However, high-resolution NMR spectra can be obtained without enrichment by 

using techniques such the satellite-transition MAS experiment [155] . 

As 17 0 NMR is not a routinely used technique, there are no experimental results 

available for HA, with which to compare. However, the 170 chemical shifts have been 

calculated here for both the bulk model and surface slab of Figure 5.3. The reference 

was taken from an optimised water molecule. The monomer was optimised with a cut

off energy of 3 80 e V in a 15 A x 15 A x 15 A box with repeat boundary conditions. A 

Monkhorst Pack k-point grid of 2x2x2 was employed. An absolute 170 chemical shift 

of 329.52 ppm was calculated for this water monomer. This value is used as the 

reference for the bulk and surface slab 17 0 NMR calculations. Previous ab initio 

calculations using Gaussian03 produced a chemical shift of 327.3 ppm for this 

monomer unit, which is in good agreement with our value [156]. However, varying 

the water molecule cluster size has a large effect on the calculated chemical shift 
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[156] . As nuclear magnetic shielding is a microscopic property, it is sensitive not only 

to the molecular structure but also to the intermolecular interactions of the molecule. 

For water, there is a very large effect from hydrogen bonding. Therefore, calculating 

the chemical shift of various sized water clusters gave a range of 270-320 ppm [156]. 

Accordingly it is pertinent to state that the calculated chemical shifts for the 

hydroxyapatite models cannot be considered absolute, as the reference sample is 

highly variable. The range of values that can be calculated will however be the same, 

no matter what the absolute value of the reference. 

Figure 6.11 shows the 170 spectrum of the hydroxyl ion oxygen atoms for the 

optimised surface slab of Figure 5.3. Additionally, the two bulk chemical shifts are 

also highlighted. As can be seen in Figure 6.11 there are large shielding variations for 

the oxygens of the hydroxyl ions. All the oxygen atoms of the surface slab hydroxyl 

ions are deshielded with reference to monomeric water. This large range of values, 

some 44.16 ppm, is due to the differences in environment of the surface hydroxyl ions 

on relaxation. It should be remembered that in the electronically-relaxed surface slab 

there is a large shift in positions of the hydroxyl ions due to the independent character 

of these ions, as described in Chapter 5. This movement of hydroxyl ions causes 

hydrogen bonding and a change of environment to these hydroxyl ion oxygen atoms. 

This accounts for the large range of shifts observed in this calculation. Indeed, of all 

the atoms in the surface, it is the hydroxyl ions that are affected most by the electronic 

relaxation process. The red peaks in Figure 6.11 are those of the bulk structure. These 

oxygen atoms are also deshielded with reference to the water monomer. 
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Figure 6.11 170 NMR spectrum for the hydroxyl oxygen atoms in the optimised (I 00) HA surface slab 

of Figure 5.3. The values are referenced against monomeric water. The peaks in red are the chemical 

shifts of the hydroxyl oxygen atoms in optimised bulk hydroxyapatite. 

Figure 6.12 shows the 170 spectrum for the phosphate 10n oxygen atoms of the 

surface slab in Figure 5.3. Point representations have been made due to the large 

number of chemical shifts in close proximity. The range of chemical shifts here is also 

large, with most values lying between -140 and -193 ppm. There are 6 conspicuous 

values at the low frequency end of the spectrum, which are large and lie outside the 

main range. These oxygen atoms lie in areas where they are not closely associated 

with any other phosphate ions, pointing towards either two or three calcium ions. 
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Figure 6.12 170 spectrum for the phosphate oxygen atoms in the optimised (100) HA surface slab. The 
values are referenced against monomeric water. Point representations are made due to the large number 
of chemical shifts in close proximity. 

Figure 6.13 shows the 17 0 chemical shift spectrum of the phosphate ion oxygen atoms 

of the optimised bulk hydroxyapatite, for comparison. This spectrum shows that the 

chemical shift frequency range is much smaller for the bulk material, some 14 ppm. 

This highlights the large difference there is in oxygen positions between the bulk and 

the optimised surface slab. These results suggest that the recording of experimental 

17 0 spectra for bone would be very worthwhile, as potentially, a lot of information 

could be derived, given the large range calculated here. Table 6.4 shows the 

asymmetry chemical shift and anisotropy parameters for all the oxygen atoms in the 

HA surface slab and Table 6.5, those of the bulk structure. The last four surface slab 

values and the last two bulk values represent those of the hydroxyl ion oxygen atoms. 
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Figure 6.13 170 spectrum for the phosphate oxygen atoms in the bulk HA. The values are referenced 
against monomeric water. Point representations are made due to the large number of values in close 
proximity. 
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Oxygen Atom ,1cs (ppm) 'Ylcs (ppm) Oxygen Atom ,1cs(ppm) 'Ylcs (ppm) 
1 55.68 0.23 27 -96.44 0.39 
2 -36.39 0.52 28 -59 .11 0.54 
3 51.70 0.84 29 39.72 0.34 
4 77.35 0.25 30 27.1 3 0.63 
5 56.63 0.37 31 48.60 0.50 
6 91.12 0.20 32 51.31 0.26 
7 64.62 0.14 3~ -69.33 0.1 6 
8 86.57 0.23 34 53.30 0.82 
9 30.88 0.97 35 62 .86 0.3 7 
10 92.01 0.21 36 68.24 0.46 
11 39.57 0.70 37 55.82 0.30 
12 -41 .29 0.36 38 54.43 0.69 
13 72.05 0.30 39 58.66 0.28 
14 64.47 0.37 40 33.1 4 0.42 
15 34.66 0.44 41 -68.62 0.73 
16 37.59 0.61 42 60.21 0.58 
17 31.19 0.24 43 35.02 0.64 
18 28.59 0.78 44 76 .67 0.05 
19 40.62 0.58 45 67.29 0.18 
20 -21.17 0.60 46 -81.97 0. 15 
21 36.96 0.68 47 -44.68 0.67 
22 68.38 0.29 48 67.60 0.78 
23 97.99 0.24 49 -148.44 0.47 
24 95.85 0.34 50 -155.48 0.76 
25 -24.45 0.77 51 150.46 0.86 
26 36.36 0.88 52 192.35 0.92 

Table 6.4 The asymmetry ( L1cs) and anisotropy ( 'Ylcs> parameters for the oxygen atoms of the 

optimised (100) HA surface slab of Figure 5.3 . The figures in red correspond to the hydroxyl ion 
oxygen atoms and all other values correspond to phosphate oxygen atoms. 

Oxygen Atom ,1cs (ppm) 'Ylcs (ppm) Oxygen Atom ,1cs (ppm) 'Ylcs (ppm) 
1 50.59 0.23 14 21.84 0.69 
2 45.18 0.23 15 71.15 0.21 
3 51.21 0.21 16 19.01 0.77 
4 46.94 0.2 1 17 70.85 0.16 
5 47.83 0.27 18 22.40 0.58 
6 44.96 0.26 19 70.38 0.21 
7 54.86 0.29 20 20.15 0.33 
8 49.03 0.20 21 71.64 0.22 
9 57.71 0.23 22 -24.81 0.67 
10 50.19 0.20 23 71.05 0.14 
11 55 .88 0.28 24 20.10 0.35 
12 49.92 0.23 25 -124.85 0.07 
13 71.87 0.19 26 -116.85 0.09 

Table 6.5 The asymmetry ( L1cs) and anisotropy ( 'Ylcs) parameters for the oxygen atoms of the 

optimised bulk HA. The figures in red correspond to the hydroxyl ion oxygen atoms and all other 
values correspond to phosphate oxygen atoms. 

Tables 6.4 and 6.5 show that the anisotropies of the hydroxyl ion oxygen atoms, are 

much larger in the surface slab than in the bulk. 
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6.5 Protonated Surface 

In addition to the surface slab in Figure 5.3, a protonated surface slab was also 

constructed as discussed in Chapter 5. The final relaxed structure is shown in Figure 

6.14 and it can be seen that there are two surface HPO/- ions on the top surface. 

HPO/- ions have been found in several minerals similar to HA (for example, Brushite 

and j3-TCP [78]) and are also known to occur in the mineral phase of bone [78]. 

Figure 6.15 shows the calculated 31P chemical shift spectrum for the 12 phosphorus 

atoms in the protonated surface slab relative to the single-molecule H3P04 reference 

described in Chapter 4. 

Figure 6.14 A doubly protonated (100) HA surface slab. The two surface HPO/- groups are 
highlighted in turquoise and labelled (P4, P8). 
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Figure 6.15 31 P chemical shift spectrum for the protonated surface slab in Figure 6.14. The line marked 

in blue represents the phosphorus nucleus of the P4 HPo/· ion in Figure 6.14 and the line marked in 

red represents the phosphorus nucleus of the P8 HPo/· ion in Figure 6.14. The thick black line around 

b=3 is due to two signals lying very close together. 

As can be seen from Figure 6 .15, the two protonated phosphate ions produce 31 P 

chemical shifts that are quite different from one another. The group on the left hand 

side of the surface (P4) has a chemical shift of -9.92 ppm. If one compares this 

chemical shift with the original clean surface shift for the same phosphorus (P4), it is 

evident that this nucleus is less shielded than in the original surface, with a reduction 

in chemical shift of 10 ppm. The shift marked in red in Figure 6.15 is the chemical 

shift for the other protonated phosphate ion, on the right hand side (P8) of Figure 

6.14. This clearly has a larger chemical shift than previously found in the clean 

surface with an increase of 9.62 ppm to 10.15 ppm. It is likely that this difference in 

chemical shifts between the two HPo/· ions is due to their specific environments and 

the way the proton is attached. Although the orientations of the two ions are slightly 

different (hence their different chemical shifts in the clean surface), it is true to say 

that approximately the ions are mirror images of one another and are in a mirrored 

environment. This is shown more clearly in Figure 6.16. 
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Figure 6.16 A small section of the HA (100) surface slab, showing the two HPO/- ions. The calcium 
ions marked in yellow are in equivalent positions at opposite sides of the cell. The two oxygen atoms 
marked in turquoise are also equivalent. The two oxygen atoms with the grey dots are the equivalent 
oxygen atom, closest to the yellow calcium ions. 

Both HPO/- ions have three of their four oxygen atoms positioned such that they 

make a triangle directed towards the surface_ These three oxygen atoms are all marked 

in red. The oxygen atoms marked in turquoise are approximately equivalent also and 

are positioned pointing into the surface. The two calcium atoms marked in yellow are 

equivalent and relate to the respective oxygen atom marked with a grey dot. In 

general, enantiomers (non-superimposable mirror images) give the same isotropic 

chemical shift and thus it is clear that the difference in chemical shift is not related to 

this property of the HP04 2- groups themselves but to the relative positions of the other 

ions in the unit cell. As can be seen from the above figure, the only part of their 

environment that differs significantly is the proximity to the green calcium ions. 

Figure 6.17 shows the surface from above in more detail with only the top phosphate 

and calcium ions shown. 
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Figure 6.17 A view of the HA (100) surface slab from above showing 4 repeat cells. Only the top 
phosphate and calcium ions are included. The phosphorus atom in turquoise is P4, from the original 
surface and the phosphorus in purple is PS, from the original surface. The black arrows show the 
distances from the PS phosphorus atom to the four calcium ions. The blue arrows show the distances 
from the P4 phosphorus atom to the four calcium ions. 

Figure 6.17 shows that the P4 phosphorus atom is considerably closer to three of the 

calcium ions than is the P8 phosphorus atom. In particular, the nearest calcium ion (to 

each phosphate ion) is 2.739 A from the P4 atom and 3.374 A from the P8 atom. It is 

therefore probable that the difference in chemical shifts between the two HPO/- ions 

is because of calcium ion proximity. In fact the change in position is most marked for_ 

the P8 ion, which is on average 0.12 A more distant from the calcium ions than in the 

clean surface. The averag~ P-Ca length for the P4 group is just 0.04 A shorter than in 

the clean surface. 

It is interesting to note that experimentally, the 31P chemical shifts of HPO/- in 

calcium phosphate minerals (including HA) are generally lower than the P04
3

- shift 

[157]. For example, the 31 P chemical shift of HPO/-in brushite (CaHP04·2(H20)) has 

been measured at 1.4 ppm [78,157] and m octacalcium phosphate it has been 

measured at -0.5 ppm [78]. Additionally m monetite (CaHP04) (where all the 

phosphate ions are protonated) chemical shifts of -0.3 and -1.7 ppm have been 

recorded [157]. In this particular mineral there are two distinct phosphorus 
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environments recorded and it has been suggested that the difference between these 

two shifts is due to the way in which the hydrogen atom is associated with the 

phosphate ions [157]. However, it should be noted that much larger 31P chemical 

shifts have also been recorded for HPO/- ions. For example, Kohler recorded 31 P 

resonances of 8.3 and 9.3 ppm for HPO/- ions in dicalcium phosphate dihydrate 

[158]. However, it is importantto remember that all the above studies are recording 

chemical shifts of bulk material and not stand-alone surfaces as we have created here. 

Therefore these surface chemical shifts, while considerably different from 

experimental bulk values, are not incorrect but applicable to a very different system. 

It is also interesting to look at the changes in the chemical shifts of the other 

phosphate ions in the surface slab on protonation. Figure 6.19 presents this data . 
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Figure 6.19 The 3 1P ~hemical shifts of the 10 Po/· ions in the protonated surface slab. Each 
phosphorus is represented by a separate colour, the dotted line representing the original shift in the 
clean surface slab, and the solid line the shift from the protonated surface slab . 

Figure 6.19 shows that many of the shifts are quite similar in both surface slabs, as 

would be expected, but with slight variations. Seven of the shifts are smaller and five 

are larger than the unprotonated slab. However, these changes in chemical shift only 

change the range by a small amount. For the clean surface slab the range of chemical 

shifts is 10.65 ppm and for the protonated surface slab the range for the Poi- ions 
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alone is 10. 77 ppm. If the two HPO/- shifts are included then the range becomes 

20.07 ppm. It is interesting that the range of values for the P04
3
- groups alone is so 

similar for both surface slabs. 

In addition to the fundamental difference between our model ( an interacting two

surface slab) and the experimental samples (bulk material) it should also be noted that 

the protonation density in our model is at its maximum. That is, all the top surface 

phosphate ions of our model are protonated. To date, there has been no experimental 

work that indicates the protonation density of a surface and thus we are unable to say 

if the density on our model surface is in any way representative of the true situation. 

The isotropic chemical shifts have been discussed in detail but the anisotropic 

chemical shifts and asymmetry parameters were also recorded for this surface slab. 

These parameters are presented in Table 6.6. 

Phosphorus L1cs (ppm) 'Y/cs 
Pl -103.58 0.44 
P2 -94.96 0.46 
P3 78.19 0.42 
P4 -85.26 0.64 
P5 -102.21 0.77 
P6 -95.15 0.36 
P7 68.76 0.26 
PS -140.16 0.28 
P9 104.57 0.50 
PIO 73.89 0.72 
Pll 195.81 0.11 
Pl2 120.20 0.11 

Table 6.6 31P Chemical shift anisotropy, L1cs' and asymmetry, 'Ylcs' parameters for the protonated (100) 
HA surface slab. The parameters in red are those of the two HPo/· ions. 

Experimental asy~etry parameters have been published for bulk octacalcium 

phosphate [78] and dicalcium phosphate dihydrate [159]. These asymmetries are 

presented in Table 6. 7 along with the P4 and P8 asymmetries from our protonated 

surface slab for comparison. 
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Source HPO/-'l'Jcs 
Octacalcium Phosphate [78] 0.71 

Dicalcium Phosphate Dihydrate 0.90 
[78, 159] 0.60 

P4 0.64 
P8 0.28 

Table 6.7 Experimental asymmetry parameters, 'Iles, for HPO/- ions in various calcium phosphates and 
the calculated asymmetry parameters for the protonated P4 and P8 ions. 

The experimental parameters of Table 6.7 show a large range, from 0.60 to 0.90. The 

P4 ion in our model matches well with that of the dicalcium phosphate dihydride 

parameter and lies within the experimental range. However, the P8 group has a much 

lower asymmetry parameter than those of the experimental studies. Again, this will 

largely be due to the differences between measuring bulk and isolated surfaces. 

To compare the anisotropies from our calculations and experiment, it is necessary to 

convert our calculated values as discussed in section 6.2, as the definition of the 

anisotropy is different in CASTEP and the various papers. Table 6.8 lists the 

calculated anisotropies calculated by both Equation 6.1 and Equation 6.2. 

Phosphorus Anisotropy (oom) 1 Anisotropy (oom) ~ 
Pl -103 .5779 118.7543 
P2 -94.9629 109.3738 
P3 78.1859 89.0545 
P4 -85.2612 103.4926 
PS -102 .2054 128.4292 
P6 -95.1460 106.6938 
P7 68.7573 74 .7757 
P8 -140.1630 153.3496 
P9 104.5734 122.0052 
PIO 73.8926 91.7236 
Pl 1 195.8111 203.0656 
P12 120.1981 124.4313 

Table 6.8 Anisotropies for the protonated (100) HA surface slab. 1 Calculated from Equation 6.1. 2 

Calculated from Equation 6.2. The values marked in red are those of the two HPO/- ions. 

Experimentally the anisotropies for HPO/- containing calcium phosphates are given 

as 65 ppm for octacalcium phosphate [78], 121 ppm for brushite [78], 123 ppm for 

dicalcium phosphate dihydrate [159] and 130 ppm for HA containing 12% HP0/

[157]. Our P4 parameter is once again in the same range as the experimental results 

but the P8 parameter is somewhat larger than the selection given above. 
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6.6 Summary 

Chapter 6 discusses the 170, 1H and 31P NMR calculations for the bulk unit cell model 

and the phase-pure surface slab, in addition to the protonated phase-pure surface slab. 

The 31 P and 1 H spectra of our surface slab from Chapter 5 were calculated and the 

results compared with experimental results from bone samples and nanocrystalline 

HA. The surface slab gives a good approximation to the experimental 31 P results and 

it is concluded that the slab created here contains surface structures that are likely to 

be present in experimental samples. Bulk spectra were also produced and compared 

with the surface spectra, highlighting the large changes in chemical shift between bulk 

and the surface slab. 170 spectra, for both the hydroxyl ions and the phosphate ions of 

the surface structure and the bulk material were calculated, although there is currently 

no experimental data available to compare with. Asymmetry and anisotropy 

parameters for all three NMR species calculations were presented. The final part of 

the chapter presented and discussed the calculation of phosphorus NMR spectra for 

the protonated phase-pure HA surface structure. 
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Chapter 7 

Discussion, Conclusions 
and Future Work 

Ab initio methods have been used to explore the structure and stability of various 

substituted forms of bulk and surface hydroxyapatite. The aim of this work was to 

provide a deeper understanding of the electronic and atomic structures of HA when 

substituted by various ions considered important in the field of biomaterials. This 

included the study of bulk material and analysis of the atomic level surface structure 

and the changes that surface substitutions induced. 

The study of formation energies, to assess structural stability, has relied on the 

generation of accurate chemical potentials. All the chemical potentials calculated in 

this work represented upp·er limits; either a maximum upper bound calculated from 

elemental bulk or a more stringent upper bound calculated from an elemental oxide. 

All oxide-derived potentials are obtained for an oxygen rich atmosphere. These 

boundaries therefore place conditions on the formation energies since they represent 

only one set of experimental parameters. Additionally, some of the potentials, such as 

that for yttrium, were calculated from just one source. If time had allowed more 

stringent boundaries to the chemical potentials could have been calculated, sampling 

alternative sources. Indeed, it is possible that with greater sampling, more stringent 
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( and thus more accurate) chemical potentials could be found for all the potentials 

employed here. However, the results from all chapters are consistent with the same 

chemical potentials being used throughout and comparison between results, for 

example in determining relative stabilities of substituted compounds, is performed 

reliably. 

A major focus of this work has been the introduction of silicon into the HA unit cell. 

Several different techniques were used to explore the stability of silicon in HA but all 

methods agreed that charge compensation by removal of a hydroxyl ion was 

favourable over substitution into a stoichiometric HA cell. This is an important result 

as experimental data have shown this to be the most likely mechanism for charge 

compensation [5] Additionally, isolation of the silicon within the cell was also always 

favoured. Initial work suggested that all single atom substitutions were favourable and 

that four Si-(OH-vacancy) combinations in particular were slightly more stable than 

the other configurations. The substitution of two silicon atoms, 

5.6 wt%, into the cell was also shown to be favourable . This result highlights an 

important limitation of the ab initio method especially when employing small 

systems; in performing these calculations it is always important to remember what is 

physically possible. A concentration of 5.6 wt% silicon cannot be achieved 

experimentally without substitution of other ions or the formation of additional 

phases. Here we see a lack of correspondence between experiment and theory, largely 

due to the absence of larger and more sophisticated computational models that would 

allow phase changes to occur. 

In the laboratory, silicon has a large effect on the bioactivity of HA [20] and it is 

therefore significant_ to find that silicon changes the electronic structure of HA, 

lowering the band-gap and changing the electronic surface structure. While electronic 

structure has not been linked definitively to bioactivity, it is certainly plausible and 

would allow for quantitative characterisation of bioactivity. This would be helpful as 

bioactivity is largely a qualitative concept at present. 

The VCA calculations have allowed for small concentrations of silicon to be modelled 

in a single unit cell, instead of using the more traditional supercell method, which is 

computationally very costly. The results clearly showed that the gradual incorporation 
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of silicon into HA is an unfavourable process, with linearly increasing formation 

energies. · This linearity suggests that strong interactions between silicon and the ions 

in the HA cell is very small using VCA. This result is perhaps not surprising as the 

substituent concentrations are very low. However, it should be noted that in 

distributing the silicon across six sites the concentrations are much lower on any one 

site than could be found experimentally (the closest being 1/61
h of a silicon atom 

theoretically compared to 1 silicon atom experimentally). This raises the issue of the 

physical meaning of the VCA method. As a tool for reducing calculation times the 

technique is ideally suited but close attention clearly needs to be paid to the results 

and how they differ from expectation. Previous studies have always been confined to 

the substitution of isoelectric atoms and the partial electron code has never been 

employed before [115]. Additionally, previous work using VCA (without partial 

electrons) has produced inaccurate results in some other systems [ 119]. Indeed, recent 

work in Cambridge has shown that for certain systems such as barium-strontium 

titanate, VCA using ultrasoft pseudopotentials gives extremely poor results. However 

this has been corrected by employing alternative norm-conserving potentialst. It 

should also be noted that the VCA method using partial electrons, by its very nature, 

makes the HA systems metallic and the calculations have to be run as metals. This 

effect is assumed to be small but nevertheless there is a fundamental change in the 

electronic definition of the structure. Indeed, for the OH-deficient cells the difference 

between running the calculations as metals and insulators was marked. For example, 

for the 0.4 wt% cell, the total energy differed by more than 6 eV at convergence. 

Future work using VCA and silicon would include making the substitution more 

accurate by also removing partial amounts of the hydroxyl ion in order to more 

accurately charge compensate all cells for concentrations less than 

2.8 wt%. These reslJ.ltS should also be validated with the use of supercell models. 

Given the good results that have been produced here using the VCA, there are many 

other substitutions that could be investigated to compliment experimental 

investigations into the bioactivity of these materials. 

t private communication, Shafqat Shah. 

Titanium hip and knee prostheses have been coated with HA for many years and now 

there is experimental interest in producing titanium-substituted HA, which makes 

titanium an obvious substitution to study. In this work we showed that titanium will 
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preferentially be found in the phosphorus site in the form of a (Ti04)
4

- ion together 

with charge compensation by the loss of one hydroxyl ion. However, this is only one 

way in which charge compensation could be achieved and we did not study the 

titanium +3 charge state at all. Unfortunately, as yet, there are no experimental data to 

compare with. Indeed, current experimental interest in TiHA is at the much more 

fundamental stage of bioactivity assessment. For the compositions studied here the 

results are unambiguous and perhaps suggest that HA at an interface with titanium 

will be readily substituted. A natural progression of this study would be to examine 

just such an interface, between phase-pure HA and metallic titanium. A study of this 

kind would be very helpful in determining the interaction between the two materials 

and could give insights into their chemical bonding and diffusion kinetics. However, 

it should be noted that the transition metals are notoriously difficult to model and it 

would be a challenging study at the ab initio level. Additionally the electronic 

structure results presented here are also worth noting as the titanium ions clearly 

affect the electronic structure significantly. This would in itself be an interesting 

effect to study in a surface model, as the results for silicon obtained in this 

investigation show that there is a difference between the bulk and surface SiHA 

electronic structures. 

The magnesium substitution however is quite different from the titanium substitution 

in that it has already attracted much attention [7,82,107]. The results presented here 

show that magnesium has a negligible effect on the electronic structure of HA and it 

would thus be interesting to see if the same is true in a surface substitution. One effect 

of the magnesium substitution was the change in the hydroxyl ion positions and the 

hydrogen bonding that was generated between these and other ions in the cell. 

However, whether _ this bonding has any biological significance can only be 

determined in the laboratory with the testing of real materials. Indeed, whether the 

double substitution of magnesiwn and silicon has any interesting biological activity is 

worth future experimental investigation. As a predicative method these calculations 

offer little to the biologist short of providing possible interesting substitutions without 

any knowledge of the biological effects. Clearly an increased understanding of 

biological interfaces and the chemistry and processes that occur there is needed 

before these calculations to be of real predictive use. 
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Britholite represents a way of increasing the silicon content of HA far beyond the 

concentrations that are currently achievable. The results here provide good evidence 

of the structure of such a material and match well with current published data. This 

study also highlighted the sensitivity of the theoretical NMR spectra to atomic 

arrangement. Clearly to be used for structural determination very pure experimental 

samples would be required. The results presented here suggest that it is favourable to 

substitute all six phosphate ions by silicate ions. However, again it is important to 

question what this means. The samples that were produced experimentally [75] were 

not pure and contained additional phases. Additionally, the complete solid state series 

has never been found in nature. It is possible that the results from this investigation 

imply that in the presence of silicon and yttrium the Britholite-(Y) end member will 

always be formed and no intermediate is possible. However, it is unlikely that this is 

the case and therefore our results present very much an idealised simulation. 

However, this study certainly does imply that from an energetic point of view the 

britholite structures represent a feasible way of increasing the silicon concentration in 

HA, but the biological effects could only be observed in the laboratory. For future 

work this solid state HA-britholite-(Y) series would act as a very good test case for 

the VCA, as it would allow for a large range of silicon and yttrium compositions to be 

sampled with both theoretical and experimental results with which to compare. 

The second half of this thesis has dealt with the hydroxyapatite surface. The aim of 

this work was to characterise the (100) surface structure of the mineral and to explore 

the effects of surface substitution and adsorption on the geometric and electronic 

structure. The slab model that was used consisted of two different (100) surfaces. 

While these two surfaces were explored in detail it should be noted that there are 

several other low-index _crystallographic surfaces that could have been chosen. 

Therefore, the results are quite specific. However, the (100) surface is important since 

it has been identified as the main growth surface in HA crystallites. Additionally, 

when comparing with experimental results, for example with NMR spectra, there is 

clearly a limit to the applicability of just two (100) surfaces. However, these 

calculations have highlighted some very important aspects of the HA structure. The 

electronic structure of the surfaces is quite different from the bulk with the lowering 

of the band gap in all cases and even closing it completely in the case of the phase

pure surface slab. Additionally, the geometric optimisation has shown that the 
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hydroxyl ion mobility will inevitably play a central role in the HA structure. This 

confirmed previous experimental work [50] using IR studies on crystalline HA, which 

assigned a librational mode to the hydroxyl ion. However, the pure and substituted 

surfaces all have the problem of surface-surface interaction through the slab (as 

opposed to through the vacuum). This interaction is due to the size of the slab. 

Increasing the thickness, which will essentially add bulk material between the two 

"surface layers", would easily solve this problem. However in terms of computational 

time this significant increase in the number of atoms would be very costly. Our own 

results and previous work [ e.g. 51,62] suggest that at least one more unit cell of 

material would be required, increasing the number of atoms to 132. A model this size 

with a 20 A vacuum layer is large and would require a great deal of high performance 

computing time. Additionally for the adsorption of the glutamic acid fragment a much 

larger surface area would ideally be required to observe the backbone interactions of a 

larger peptide fragment. In order to achieve these model size increases, which seem 

inevitable as more detail is required, linear scaling or semi-empirical methods would 

be better employed. 

The silicon substitution in the top HA (100) surface was much more favourable than 

the same substitution in the lower surface in terms of formation energy. Even more 

significantly, the formation energy of the surface substitution was dramatically lower 

than the equivalent bulk formation energy. This corroborates experimental work, 

which suggests silicon is found near defects such as grain boundary triple junctions 

[20]. A surface is essentially a crystal defect and it is therefore not surprising that 

substitution into it should be more favourable than into the bulk material. Previous 

molecular dynamics simulations on fluoride substitutions also show that substitution 

in HA (albeit with different ions) is clearly a surface process [160]. Additionally, the 

silicon-substituted surface showed more hydrogen-bonding than the phase-pure 

surface. It must be recognised, however, that as both the theoretical bulk results and 

experimental work [5] show, the silicon substitution is accompanied by hydroxyl ion 

depletion. Care must therefore be exercised in assessing the importance of these 

hydrogen-bonding networks in the theoretical models. 

The protonated surfaces show that the ions that seem to be most strongly affected 

once again, are the hydroxyl ions, which for the silicon-substituted surface rotate by a 
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full 90 degrees. This work also confirmed that the relaxations induced by surface 

protonatiori in our model were felt throughout the slab. Building on this work the next 

step would be not to simply protonate the surface but to engage a layer of water with 

it. This is an important step in making the model more realistic in terms of biology. 

To increase the accuracy of this work, a future study could be undertaken varying the 

starting positions of the hydrogen ions so that the ground state configuration could be 

found rather than a local minimum, which cannot be ruled out when using only one 

starting configuration. 

The final chapter of this thesis considered the generation of theoretical NMR spectra 

of bulk and surface HA. This work showed that the use of DFT methods to create 

representative structures that can be compared to experimental spectra is perfectly 

possible. Indeed, future work in this area would constitute the creation of a library of 

possible structures for the HA surface (i.e. different crystallographies) based on the 

theoretical and experimental NMR spectra. Currently experimental NMR is unable to 

distinguish between different crystallographic surfaces but as techniques improve the 

use of DFT models and spectra for different surfaces will provide the experimentalist 

with a set of easily identifiable structures. This work concentrated on the phase-pure 

(100) HA surface but equally it would be interesting to predict 31P spectra for the 

substituted ( 100) surfaces to see how easy it is to "recognise" substituted atoms in the 

crystal or surface structures. Indeed, these results have shown that the NMR spectra 

are very sensitive to atomic structure and it is suggested that substituted material 

would create easily recognisable shifts to the current data. 

In conclusion this thesis has achieved its aim of elucidating the structures, both atomic 

and electronic, of vari9us substituted forms of HA. Various methodologies, including 

some recently developed and evolving methods (partial electron VCA) have been 

employed and have provided interesting and useful results that can be employed 

further in future applications. DFT methods are well placed to analyse bulk 

substitutions although in the future it is likely that surface studies and extended 

defects will require linear scaling or semi-empirical approaches to make the studies 

truly viable. 
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Appendix A 

A 

Equation 2.53 defines the transformation operator, T. 

T =I+ 2[l</>R, n)- l'PR,n ) ](PR,n I (2.53) 
R,n 

where, J <l>il,n) is a set of target all-electron partial waves obtained from a set of 

pseudo-partial-waves, I 'PR,n ). ( PR,n I are a set of projectors that are atomic-like 

functions centred on atomic site R, with angular momentum quantum number n. The 

defining of an augmentation region, .QR, and the use of various assumptions, allows 

the construction of the all-~lectron Hamiltonian, H. The pseudo-wavefunctions that 

correspond to the eigenstates of H are eigenstates of the pseudo-Hamiltonian iI with 

the same eigenvalues. In the absence of an applied magnetic field, iI is given by, 

fI = T+HT (2.54) 

= _!_ p2 + vloc (r) + 2 v;l 
2 R 
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where p is the momentum operator, and V 10c(r) and vn\r) are the local and non-local 

parts of the pseudopotential respectively. y+ is the Hermitian conjugate of T. The 

non-local part, at atomic position R, can be further defined as, 

(2.55) 
n,m 

where a:m are the strengths of the non-local potential. The advantage of this PAW 

method over other pseudopotential formulations is the possibility to calculate 

expectation values of all-electron operators in terms of pseudo-wavefunctions, using 

pseudo-operators. 

In a uniform magnetic field with just one region of augmentation, centred at the gauge 

origin, it can be shown that the pseudo- and all-electron Hamiltonians have the same 

form, here the pseudopotential Hamiltonian as shown in Equation 5.56. 

(2.56) 

where c is the speed of light and L is the angular-momentum operator, which is equal 

to r x p and Bis the uniform external magnetic field. However, where there is more 

than one augmentation region, the PAW method does not perform well because of the 

translational vanance of the pseudo-wavefunctions constructed with the 

transformation operator, T. 

The GIP AW method solves the problems of PAW by introducing a field dependent 

transformation operator, T8 , which imposes the hitherto absent translational 

invariance. It can be shown that the GIP AW Hamiltonian, H, is given by Equation 

2.57. 

(2.57) 
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In this scheme it is possible to define a GIP AW current operator, which is composed 

of a diamagnetic and paramagnetic current operators. The GIP AW method can be 

assembled for extended and infinitely periodic systems and has been implemented in 

the CASTEP plane-wave, pseudopotential electronic structure code to allow for the 

calculation ofNMR chemical shifts [95]. 
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