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Abstract

The silicon complexes in silicon doped calcium phosphate bioceramics have been studied us-

ing 29Si magic angle spinning nuclear magnetic resonance spectroscopy. The replacement of

phosphorus by silicon in these materials requires a charge compensation mechanism which is

difficult to study by many experimental techniques due to the small amount of silicon added.

Producing these materials using an isotopically enriched source of silicon made the use of

NMR spectroscopy feasible. Three different materials have been studied: a multiphase ma-

terial commercially available under the trade name SkeliteTM composed of predominantly a

silicon stabilized α-tricalcium phosphate (α-TCP) phase as well as a silicon doped hydrox-

yapatite (HA) phase, a single phase Si-HA material and a single phase silicon stabilized

α-TCP material. Slight changes to the material production method were first introduced to

accommodate the switch to an isotopically enriched silicon source. Characterization of the

enriched materials was carried out using Rietveld refinement of X-ray powder diffraction

spectra and X-ray fluorescence spectroscopy to confirm that these materials were similar to

the previously studied, non-enriched, materials in terms of the silicon contents, Ca/(P+Si)

molar ratios and lattice parameters. NMR Spectroscopy showed that in all three materials,

the silicon formed Q1 structures in which two silicate tetrahedra joined together by sharing

an oxygen, creating an oxygen vacancy which compensated the substitution of two silicon

for phosphorus. This is the first observation of this charge compensation mechanism in Si-

HA and may explain the interesting phase evolution previously found in the system studied
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in this work in which the Si-HA transforms to silicon stabilized α-TCP upon sintering.
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Chapter 1

Introduction

1.1 Introduction

Silicon doped calcium phosphate materials have drawn a great deal of interest recently

as potential bone substitute materials. Silicon doped hydroxyapatite (Si-HA) is the most

widely studied of the calcium phosphates due to the similarity between hydroxyapatite

(HA) and the inorganic component of bone. These materials show a marked improvement

in biological performance over their undoped counterparts. The role that silicon plays in

improving the performance is still not fully understood, nor is the effect of silicon incorpo-

ration on the structure of the calcium phosphate materials. The goal of this thesis is to

better understand the local structure around the silicon dopant.

Bone is a complex material with a composite structure. It consists of an inorganic

mineral component which accounts for approximately 65% of the mass, with the remainder

being mainly an organic phase made up predominantly of collagen as well as a small quantity

of water [1, 2]. Small, nanometer sized mineral platelets combine with collagen molecules

to form fibrils, which are then organized in a complex hierarchical structure giving bone its

high strength and toughness [1]. The mineral component is a heavily substituted, calcium

deficient hydroxyapatite phase (CDHA). This structure is illustrated in Figure 1.1 [3]. The

1



CHAPTER 1. INTRODUCTION 2

level of substitution ranges from ∼5 wt.% CO3 to smaller quantities of Na and Mg to the

ppm level for trace impurities such as Ba, Pb and Si [4, 5].

Figure 1.1: Schematic showing how mineral platelets of calcium deficient hydroxyapatite
(CDHA) combine with collagen molecules to form a fibril, the basic building
block of bone. After Dorozhkin and Epple [3].

Synthetically produced hydroxyapatite and other calcium phosphates have long been

considered as potential bioceramics due to the similarity to the inorganic component of

bone [6]. These materials are considered bioactive, meaning they react with the physiological

environment and form a bond with the surrounding bone tissue when implanted [7]. This

contrasts with other biomaterials such as titanium or alumina which are considered bioinert

because they do not react (or react very slowly) with living tissue. A bioactive implant is

desirable because this leads to stabilization of the implant and can enhance the healing

process. Although these materials are bioactive, the reactions that occur between calcium

phosphates and biological tissue, specifically between HA and bone, are fairly slow and

occur over a few days, compared to a few minutes in silica based bioglass [8, 9], another

promising bone replacement material.

The bioactivity of HA can be enhanced by the addition of a small amount of silicon

(around 1 wt.%) to the HA structure [7]. These Si-HA materials have been shown to have
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a greater rate of in vivo dissolution compared to pure HA [10] as well as a greater rate of

bone apposition to the surface [11]. A series of studies by Carlisle showed the importance of

silicon for skeletal development in baby chicks [12] and an increased concentration of silicon

in young, actively growing bones [13] which led to the conclusion that silicon should be

classified as an essential trace element for bone development. As well, the high bioactivity

observed in silica based glasses is proposed to be mediated by the formation of silanol groups

(Si-OH) on the surface [7].

Recently, a multiphase silicon substituted calcium phosphate material has been produced

through the collaborative work of Millenium Biologix Inc. and Queen’s University. This

material has been formed as both a thin film on a quartz substrate [14, 15] as well as a bulk

powder [16]. These materials are characterized by a phase composition of approximately

75 wt.% silicon stabilized α-tricalcium phosphate (TCP) with the rest being predominantly

Si-HA as well as a small quantity of β-TCP, and exhibit a microporous surface morphology

due to a network of interconnected particles. These materials exhibit a unique biological

response in that they fully participate in the bone remodeling process. In addition to bone

apposition these materials are resorbed over time by bone cells and replaced by natural bone

[14, 15, 17, 18]. Having a large proportion of α-TCP phase is interesting as this is the high

temperature TCP phase, with the β phase being typically found at room temperature. The

addition of silicon stabilizes α-TCP at lower temperatures and this phase plays a prominent

role in the unique biological properties of the material. The bulk form of this material was

produced by Millenium Biologix Inc. under the trade name SkeliteTM.

In all of the silicon doped calcium phosphate materials, Si4+ is thought to substitute at

P5+ sites, requiring an additional nearby charged defect in order to maintain overall and

local charge neutrality. The method by which this occurs is difficult to determine due to the

small amount of silicon added to these materials. The goal of this thesis is to investigate

various possible charge compensation mechanisms by performing 29Si magic-angle-spinning

nuclear magnetic resonance (MAS NMR) spectroscopy on various materials. The materials
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that are looked at include SkeliteTM as well as single phase Si-HA and single phase silicon

substituted α-tricalcium phosphate, all made using production techniques similar to that

developed for SkeliteTM.

Previous studies have utilized ab initio calculations to examine possible silicon complexes

in both Si-HA [19] and Si-TCP [20]. The structures predicted by these investigations form

the basis for interpreting the NMR results. Also, the success of these studies suggests that

ab initio calculations of the NMR chemical shifts may be an effective method to analyze

the data.

1.2 Thesis Outline

The thesis is organized into six chapters. Chapter 2 reviews the structures of the pertinent

calcium phosphate phases and gives an overview of the previous work that has been done

examining the structures of various silicon substituted calcium phosphate materials that

have been produced. Chapter 3 presents background information for the various experi-

mental techniques utilized in the investigations. Chapter 4 describes the trials performed

and methods developed to produce materials suitable for examination using NMR spec-

troscopy as well as the characterization of these materials using other analytical methods.

Chapter 5 presents the results of the NMR experiments and a discussion of the meaning of

the results. Finally, conclusions and some recommendations for further investigations are

given in Chapter 6.



Chapter 2

Overview of Silicon Doped

Calcium Phosphates

2.1 Introduction

This Chapter discusses the use of calcium phosphate (CaP) materials as bone replacement

materials and reviews the previous studies that have been performed looking at the effect

of silicon doping on the structures of these materials. The structures of the two materials of

interest in the present work, hydroxyapatite and α-tricalcium phosphate, are first reviewed.

This is followed by a review of the work by numerous research groups which is mainly

focused on Si-HA materials. Finally, the collaborative work of Millenium Biologix Inc.

and Queen’s University examining both experimentally and theoretically the multiphase

material of which silicon stabilized TCP is the predominant phase is summarized.

5



CHAPTER 2. OVERVIEW OF SILICON DOPED CALCIUM PHOSPHATES 6

2.2 Overview of Calcium Phosphate Bioceramics

2.2.1 Introduction

Calcium phosphates have long been considered as potential bone substitutes due to their

similarity in composition to the mineral component of natural bone [6, 7]. More recently,

doping of these materials has been examined, emulating bone which is a highly substituted

material [21]. In this section, the structures of the most important calcium phosphates used

as bioceramics are reviewed, followed by an overview of the work that has been done on the

structure of silicon doped calcium phosphates.

2.2.2 Calcium Phosphates

Of the numerous calcium phosphate phases that exist in nature, the two most commonly

studied for bioceramic purposes are HA and α-TCP. The structures of these two materials,

as well as the behaviour of hydroxyapatite under dehydration are discussed below.

The crystal structure of hydroxyapatite is hexagonal with space group P63/m [4, 22,

23]. The lattice parameters as determined by Sudarsanan and Young on hydroxyapatite

mineral obtained from Holly Springs are a = b = 9.424 Å and c = 6.879 Å [23], similar

to the values for NIST standard reference material 2910 of a = b = 9.225 Å and c =

6.885 Å [24]. HA contains two Ca5(PO4)3OH formula units per unit cell. A monoclinic

structure containing four formula units per cell has also been reported in which the b

lattice parameter is doubled [25, 26] however for the purposes of this work, focusing on the

hexagonal structure is sufficient. The structure of HA is shown in Figure 2.1. The hydroxyl

groups are located at the corners of the unit cell, in columns parallel to the c axis with the

OH bonds parallel to this direction. Four of the calcium atoms also form a column parallel

to c. The remaining six calcium atoms and the phosphate groups lie in two separate layers

parallel to the a–b plane and form equilateral triangles surrounding the hydroxyl column.

These layers are located on mirror planes at z = 1/4 and z = 3/4 with the hydroxyl groups



CHAPTER 2. OVERVIEW OF SILICON DOPED CALCIUM PHOSPHATES 7

shifted slightly off the planes. The triangles are rotated 60◦ with respect to each other,

giving rise to the hexagonal symmetry shown in Figure 2.2. The use of the P63/m space

group to describe the HA structure suggests the presence of four OH groups when in reality

there are only two. To overcome this discrepancy, a site occupancy of 0.5 is used to describe

the OH groups.

Ca HOP

a

b

c

Figure 2.1: Hydroxyapatite unit cell viewed along the [001] direction

The crystal structure of α-TCP is significantly more complicated then HA, but has some

similar features. The structure is shown in Figure 2.3. It crystallizes in the monoclinic space

group P21/a with experimentally determined lattice parameters a = 12.887 Å, b = 27.280 Å,

c = 15.219 Å and β = 126.20◦ [27]. The unit cell contains 24 formula units (Ca3(PO4)2)

giving a total of 312 atoms. The structure consists of two different types of columns, aligned

along the c direction [001]. The first type of column, of which there are three independent
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P O HCa

b

c
a

Figure 2.2: View along [001] of 4 hydroxyapatite unit cells, showing the hexagonal symmetry
around the OH channel
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but closely related structures, are cation columns containing calcium. The second type

of column, this time with six independent structures, are cation-anion columns containing

alternating calcium and phosphate groups. Of note is that this columnar structure is very

similar to glaserite (K3Na(SO4)2) [28] with one key difference - there is a vacancy in the

cation-anion column of α-TCP which is occupied by a cation in glaserite. This vacancy

may play a role in the silicon doping of α-TCP which will be discussed later. The calcium

environments in α-TCP are unusual in that they have a wide range of coordination numbers

and geometries, with the coordination ranging from 5 to 9. A prominent subcell exists in

α-TCP with b′′ = b/3. This was the unit cell initially reported by Mackay [29] and the

subcells have been shown through theoretical modeling to be very similar structurally and

electronically, thus making it a good approximation to the full cell (and much simpler with

104 atoms) [30]. A schematic of the projection of the full unit cell onto the (001) plane

which illustrates the subcell structure is shown in Figure 2.4. Also exhibited in this figure

is the relationship between the α-TCP structure and glaserite as well as the structure of

HA, which can be formed by replacing the cation columns at the corners of the cell with

OH columns.

2.2.3 Silicon Doped Calcium Phosphates

Much of the recent work on calcium phosphate materials for bone replacement has focused

on materials doped with silicon due to the enhanced biological performance exhibited by

these materials [10, 17, 21]. Silicon doped hydroxyapatite has drawn much of the focus

although the collaboration between Millenium Biologix Inc. and Queen’s University looked

at a system in which silicon substituted tricalcium phosphate is the predominant phase.

Much of this work is reviewed here, focusing on the structural changes that occur in these

materials upon silicon substitution.
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c

a

Ca P O

b

a sinβ

(a) (b)

Figure 2.3: The α-TCP unit cell viewed along (a) the [001] direction showing the cation-
cation and cation-anion columns and (b) the [010] direction again showing the
columns parallel to c and the monoclinic unit cell.
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2/31/3
b

a sinβ

Ca P

Figure 2.4: Projection of the α-TCP structure onto the (001) plane showing the three sub-
cells. The dashed line shows the outline of the hydroxyapatite unit cell while
the dashed-dotted line outlines the unit cell of glaserite. Oxygen atoms have
been omitted for clarity.

Si-HA

Ruys developed silicon doped HA using a sol-gel method in which calcium nitrate (Ca3(NO3)2),

di-ammonium hydrogen phosphate ((NH4)2HPO4) and ammonia hydroxide (NH4OH) were

reacted to form an HA precipitate [31]. Silicon was added in the form of tetraethyl orthosil-

icate or TEOS (Si(OC2H5)4). The material was sintered at 1100◦C for 1 hour. In addition

to HA, X-ray diffraction (XRD) results showed a silicocarnotite phase at all levels of silicon

doping and α and β TCP at higher doping levels. Changes in the HA lattice parameters

confirmed that silicon was entering the HA structure and it was proposed to be replacing

phosphorus. Ruys observed a small increase in both the a and c lattice parameters.

Gibson et al. produced a single phase Si-HA via the aqueous precipitation method

[32]. Calcium hydroxide (Ca(OH)2) and phosphoric acid (H3PO4) were reacted at room

temperature with the pH maintained at 10.5 using ammonium hydroxide. Silicon was
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introduced using silicon acetate (Si(CH3COO)4) at a doping level of 0.4 wt.%. The material

was made with the stoichiometry of HA under the assumption that silicon substituted for

phosphorus such that the molar ratio of Ca/(P+Si) was 1.67. The precipitate was fired

at 1200◦C for 2 hours in air. XRD results showed a decrease in the a lattice parameter

accompanied by an increase in c. Additionally, Rietveld refinement showed a decrease in

the OH site occupancy with the addition of silicon, suggesting a substitution mechanism in

which silicon did indeed replace phosphorus with a corresponding OH vacancy created to

maintain overall charge neutrality.

Marques et al. made a silicon doped HA following the same method as Gibson el al.

[33]. Again the ratio Ca/(P+Si) was kept constant at 1.67 and silicon was added up to 0.2

wt.%, although the measured Ca/(P+Si) values for the materials did not give this intended

value. This was explained by a more complicated charge compensation mechanism in which

both OH vacancies and carbonate substituting for phosphate provided overall neutrality.

Carbonate was observed in fourier transform infrared (FTIR) spectra of the as-prepared

powders but disappeared with sintering at 1300◦C. XRD showed α-TCP present in the

sample doped with 0.2 wt.% silicon and the a lattice parameter increased with greater

silicon content, opposite to the finding of Gibson et al. while there was no significant

change in the c lattice parameter.

Kim et al. also produced Si-HA using a precipitation method with Ca(OH)2 and H3PO4

[34, 35]. TEOS was used as the source of silicon and doping levels between 2 and 4 wt.%

were investigated. A Ca/(P+Si) ratio of 1.75 was used in these studies and sintering was

carried out between 1000◦C and 1500◦C in 100◦C intervals. At 2 wt.% doping a single

phase material was obtained up to 1200◦C after which small amounts of α-TCP and sil-

icocarnotite were present. At 4 wt.% doping, secondary phases were present starting at

1100◦C with silicocarnotite becoming the dominant phase at 1200◦C. In contrast to the

results of Gibson et al. [32], both the a and c lattice parameters were found to increase with

this doping level and silicon source. FTIR spectra showed a decrease in OH stretching band
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intensity upon addition of silicon, suggesting again that OH vacancies were providing the

charge compensation. 29Si MAS NMR was used to observe the silicon sites in the materials

sintered at 1200◦C. A singlet Q4 resonance was observed at -111 ppm which the authors

suggested was due to Si(OP)4 units, or a silicate tetrahedron in which all four oxygens are

shared with adjacent phosphate tetrahedra, and confirmed the presence of silicate groups

in the hydroxyapatite structure. There is a problem with this interpretation though as

hydroxyapatite is an orthophosphate, meaning the phosphate groups are isolated from one

another so the oxygens do not bridge adjacent phosphorus atoms [4]. This Q4 signal is

characteristic of a silica (SiO2) phase, likely an amorphous phase since no crystalline silica

phase was observed in the XRD, and is probably due to the high level of silicon doping in

these samples. This could have resulted in the HA becoming saturated with the remaining

silicon present forming an amorphous silica structure.

Leventouri et al. also used the method described by Gibson et al. to produce a 0.4

wt.% Si-HA to be studied with high resolution neutron powder diffraction [36]. This work

confirmed the previous results in that a decrease in the a lattice parameter was observed,

although a much smaller one than that found by Gibson et al., and an increase in the c lattice

parameter. As well, the OH occupancy decreased upon addition of silicon, suggesting that a

OH vacancy is the charge compensation mechanism, although the occupancy of the undoped

sample was only 0.3, already significantly below the expected value of 0.5. Additionally, no

significant changes in the P-O distances were observed but a slight distortion in the O-P-O

tetrahedral angle was seen when the slightly larger silicon atom replaced phosphorus.

Arcos et al. used a very different method to produce Si-HA [37]. They used a high

temperature solid state reaction of Ca2P2O7, CaCO3, and SiO2 with a doping level of 0.97

wt.% and a Ca/(P+Si) ratio of 1.67. The materials were mixed and prefired at 900◦C

for two hours followed by milling and firing at 1100◦ for 72 hours. The milling and firing

process was then repeated three times until only a single phase was present. The resulting

silicon doped hydroxyapatite was then studied using a combination of X-ray and neutron
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powder diffraction and FTIR spectroscopy. The lattice parameter changes in this case

showed small decreases in both a and c. Rietveld refinement of the diffraction data showed

an increase in the OH/O ratio with Si addition, suggesting that excess hydrogen provides

charge compensation for this synthesis method. FTIR provided further evidence for this

with the presence of bands associated with HPO2−
4 .

Tang et al. created a silicon substituted hydroxyapatite with a hydrothermal method

[38]. Ca(NO3)2·4H2O, (NH4)3PO4 and TEOS were combined at high pH (>10) with the

Ca/(P+Si) ratio kept constant at 1.67 for silicon doping levels of 0.8, 1.5 and 4.0 wt.%. The

materials were treated hydrothermally at 200◦C for eight hours and then dried. A portion

of the material was sintered at 800◦C for six hours with the remainder sintered at 1000◦C

for the same amount of time. All samples showed a single phase except the 4 wt.% material

sintered at 1000◦C which contained some β-TCP. Silicon substitution resulted in a decrease

in the a lattice parameter and an increase in the c lattice parameter, similar to results

obtained using the aqueous precipitation method. FTIR spectra showed a decrease in the

OH content with silicon doping. As well, the sintered samples exhibited bands associated

with SiO4−
4 groups and, in the case of the 1.5 wt.% and 4 wt.% samples, a band due to Si–

O–Si vibration which the authors suggested was due to the polymerization of SiO4−
4 groups.

Another possibility not discussed by the authors is that these bands could be due to an

amorphous silica phase. The high level of silicon doping in these materials may have caused

the crystalline phases to become saturated with the excess silicon forming an amorphous

phase.

Zou et al. looked more closely at the effect of silicon on the lattice parameters of hy-

droxyapatite by analyzing a series of materials doped with different amounts of silicon and

sintered at different temperatures [39]. The method described by Gibson et al. [32] was

used to produce Si-HA with 0, 0.8, 1.5 and 2.0 wt.% doping levels. Sintering temperatures

of 800◦C (0 and 0.8 wt.% samples) and 1200◦C (all samples) were utilized. Rietveld refine-

ments of X-ray powder diffraction spectra were used to determine the lattice parameters of
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the different materials. The c lattice parameter was found to increase linearly with increased

silicon doping for both sintering temperatures. The a lattice parameter results were less

clear. At 800◦C a increased but at 1200◦C a initially decreased up to 1.5 wt.% doping and

then recovered to the undoped value at 2.0 wt.% doping. In all cases the unit cell volume

increased with higher levels of doping.

Si-TCP

While significant work has been done to study silicon doped hydroxyapatite, much less

effort has been applied to silicon doped tricalcium phosphate. Wei and Akinc studied

tricalcium phosphate doped with both silicon and zinc [40]. These materials were made

under the assumption that silicon replaced phosphorus while zinc replaced calcium in the

TCP lattice. Doping was carried out at up to 10 mol% (Si/(Si+P)≤0.1, Zn/(Zn+Ca)≤0.1)

with sintering at 1300◦C for four hours. These authors found that zinc doping preferentially

led to the creation of β-TCP accompanied by a decrease in the lattice volume while silicon

doping preferentially nucleated α-TCP with an expansion of the lattice volume.

The collaborative work of Queen’s University and Millenium Biologix Inc. focused on

SkeliteTM based materials, in which silicon doped TCP is the predominant phase. This

material is formed by sintering colloidal HA in the presence of added silica at 1050◦C. The

HA is made using a precipitation reaction between ammoniated solutions of calcium nitrate

and ammonium phosphate with pH greater than 10. The silica is added in the form of a

finely dispersed fumed silica colloid. The initial HA precipitate is made with a Ca/P ratio

of 1.67 with a typical doping level of one mole of silica per mole of HA, corresponding to

approximately 5 wt.%, and a ratio of Ca/(P+Si) of 1.25. The composition of SkeliteTM after

sintering is typically about 75 wt.% silicon stabilized α-TCP (Si-TCP), with the remainder

being mostly Si-HA but also a small quantity of β-TCP.

Numerous studies have been undertaken to provide insight into both the structure and

phase evolution of this Si-TCP material. Langstaff et al. initially developed the method
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for producing these materials in bulk form [16]. X-ray diffraction spectra combined with

infrared spectroscopy suggested that silicon was replacing phosphorus in the α-TCP-like

structure resulting in a change in the lattice parameters from pure α-TCP. 29Si MAS NMR

was used to examine the silicon in the material with comparisons made to physical mixtures

of HA, α and β-TCP, CaSiO3 and SiO2 in proportions similar to the phases present in the

material. The signals of CaSiO3 and SiO2 were used to set the lowest level of sensitivity

for obtaining measurements of the structures. No signal could be observed in the Si-TCP

which was attributed to the silicon being highly dispersed throughout the host lattice and

having no characteristic structure.

Further study by Sayer et al. used XRD, attenuated total reflection infrared spectroscopy

(ATR-IR) and proton MAS NMR to study the effect of various levels of silicon doping

ranging from 0 to 2 mol SiO2:mol HA (∼0-10 wt.% Si) [41]. Rietveld refinement of the XRD

results showed that the Si-TCP phase had lattice parameters of a = 12.863 Å, b = 27.357 Å,

c = 15.232 Å and β = 126.3◦ compared to pure α-TCP in which they are a = 12.887 Å,

b = 27.280 Å, c = 15.219 Å and β = 126.2◦ [27]. Both ATR-IR and proton MAS NMR

showed a significant drop in the OH content of the HA phase with addition of silicon

suggesting silicon doping of HA was compensated by the formation of OH vacancies. This

dehydration of HA then induced the transformation to Si-TCP with two possible charge

compensation mechanisms suggested: the formation of an O2− vacancy for every two silicon

substitutions or an excess Ca2+ for every two silicons.

Reid et al. further examined the phase evolution of Si-TCP by sintering both 0.2 and

1.0 mol SiO2:mol HA (∼1 and 5 wt.% Si) at temperatures between 900◦C and 1100◦C for

times ranging from 0 to 12 hours [42]. In this study, the Si-TCP phase was assumed to be

composed of a mixture of pure α-TCP and a phase referred to as Si-TCPsat, indicating it

was saturated with silicon and characterized by having lattice parameters equal to those

determined by Sayer et al. [41]. This was assumed to occur at a doping level of 0.33 mol

SiO2:mol HA with charge compensation via an oxygen vacancy as discussed by Sayer et
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al. To determine quantitatively the amounts of these two similar phases, it was assumed

the measured lattice parameters would vary linearly between those for pure α-TCP and

Si-TCPsat in proportion to their relative contents. Based on this study and thermodynamic

calculations a model was created to describe the phase evolution during sintering. In the

model, the initial HA precipitate and silica transform to α-TCP and silicon substituted

dehydrated apatite (Si-Ap) upon heating above 800◦C. The α-TCP then transforms to

Si-TCPsat with charge compensation via an oxygen vacancy or β-TCP, depending on the

quantity of silicon present.

The chemical model was further tested by Pietak et al. using electron spin resonance

to examine defect centers associated with silicon in the Si-Ap, Si-TCP system [43]. In this

study, signals associated with silicon substitution for phosphorus and OH vacancies in HA

were identified. Normalizing these signals based on the amount of apatite phase determined

by XRD and comparing to the intensities predicted by the chemical model yielded good

agreement.

Further ATR-IR work was done using an improved technique that gave an increased

signal to noise ratio while also correcting for inconsistencies due to particle size effects [44].

In this study, the materials examined by Sayer et al. [41] with doping levels between 0 and

2 mol SiO2:mol HA were re-examined using the improved technique while also taking into

account the amount of apatite phase present which was neglected in the previous work but

which also depends on the amount of silicon. Using this correction, the changes in the

bands associated with OH were negligible, suggesting that most of the changes observed

previously were due to a decrease in the amount of apatite phase present. However, another

weak band associated with the dehydrated oxy-hydroxyapatite structure was observed to

increase with silicon doping even after the correction for phase content. Additionally, bands

associated with PO4 in α-TCP were examined as a function of the Si-TCP phase content

and were found to decrease linearly up to 60 wt.% (corresponding to a doping level of

approximately 0.33 mol SiO2:mol HA). At higher doping levels and higher Si-TCP phase
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content these bands continued to decrease but at an accelerated rate. This was explained as

possibly due to a change in charge compensation mechanism in which first PO4 groups were

replaced by SiO4 followed by the formation of additional species such as Si2O7. Finally,

bands associated with silicon including silicate groups in HA, quartz and Si2O7 structures

were observed but trends were difficult to discern due to the small sizes of the peaks.

Recently, Reid et al. were able to produce single phase silicon substituted α-TCP using a

slight modification of the synthesis process [45]. In this case, the ratio Ca/(P+Si) was kept

constant at 1.50, corresponding to the Ca/P value in TCP, with silicon contents ranging

between 0 and 2.16 wt.%. Sintering at 1250◦C for two hours resulted in a single phase

silicon substituted TCP (denoted Si-α-TCP to differentiate from the mixed phase material)

for doping levels between 0.59 and 1.14 wt.%. The lattice parameters obtained by Rietveld

refinement of powder diffraction data and unit cell volume are summarized in Table 2.1 along

with the values for α-TCP [27] and Si-TCPsat [41]. The different silicon doping levels,

stoichiometry of the initial calcium phosphate precipitate and sintering temperatures all

were suggested as possibilities for the difference in lattice parameters observed for Si-α-TCP

compared to Si-TCPsat with the possibility of a different charge compensation mechanism

in the two different phases or substitution at different phosphorus sites. ATR-IR spectra

showed little change with silicon doping compared to an α-TCP standard and no silicate

bands were observed until doping of at least 1.38 wt.% at which point HA was also formed

and bands associated with Si2O7 were observed. Attempts to produce Si-α-TCP at a

sintering temperature of 1050◦C, the temperature used for SkeliteTM, always yielded a

three phase mixture with Si-α-TCP becoming the dominant phase with silicon additions of

1.38 wt.% and greater. Finally, tetrapropyl orthosilicate (TPOS) was also used as a silicon

source but never led to a single phase material. The largest proportion of Si-α-TCP for this

source was just over 90% obtained with silicon doping between 1.14 and 1.67 wt.%, which

suggested that TPOS was not as effective at nucleating the Si-α-TCP phase as the fumed

silica colloid.
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Table 2.1: Lattice parameters for Si-α-TCP [45], pure α-TCP [27] and Si-TCPsat [41].
Material a (Å) b (Å) c (Å) β (◦) Volume (Å3)
Si-α-TCP 12.875 27.370 15.225 126.38 4319.46
α-TCP 12.887 27.280 15.219 126.20 4317.52
Si-TCPsat 12.863 27.357 15.232 126.30 4319.80

2.2.4 Theoretical Modelling of Silicon Doped Calcium Phosphates

In order to investigate the nature of Si dopants in calcium phosphate materials, calculations

using ab initio total energy methods were performed to determine the most stable structures

for both Si-HA and Si-TCP [19, 20]. These calculations were performed by the theoretical

condensed matter theory research group at Queen’s University, using density functional

theory (DFT) [46, 47]. Possible charge compensation mechanisms were investigated and

the structures found in these two theoretical studies form the basis for interpreting the

NMR results obtained in this thesis.

Astala et al. performed calculations on silicon doped hydroxyapatite [19]. Three pos-

sible charge compensation mechanisms were examined: a OH vacancy, an excess hydrogen

forming either an HSiO3−
4 or HPO2−

4 structure and an oxygen vacancy for every two sili-

con substitutions giving a Si2O6−
7 complex. Since the various structures all contain different

numbers and types of atoms, the formation energies could not be directly compared, however

it was noted that the different mechanisms were related by a sequence in which hydration

by a single water molecule between each step produced the next structure:

2SiO4 + 2VOH
H2O→ 2SiO4 + VO

H2O→ 2HSiO4

where Vx represents a vacancy in species x. This allowed the energies to be compared as

a function of the chemical potential of water. It was found that for large values of the

water chemical potential, i.e. hydrating conditions, the formation of an HSiO4 structure is

most stable while for smaller values of the chemical potential, charge compensation by the
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formation of a OH vacancy is most stable. The oxygen vacancy mechanism was found to

always have an additional energy cost associated with it; however, if the energy of formation

were lowered slightly then this structure would be most stable for an intermediate range of

the water chemical potential. The effect of each of these complexes on the lattice parameters

was also investigated although comparisons with the experimental results were difficult due

to the differences in measured values even for samples made with similar methods and

which were reported to have the same charge compensating defect. The major finding was

that the most stable structure and therefore the final lattice parameters depended on the

amount of water present, possibly explaining why such a wide range of results have been

found experimentally.

Yin and Stott performed similar calculations on silicon stabilized α-TCP [20]. Two

possible silicon complexes were studied for this material: the formation of a Si2O7 complex

due to an oxygen vacancy, and one in which an excess calcium compensated for every two

silicons replacing phosphorus. For the oxygen vacancy case, structures were investigated in

which phosphate groups in adjacent columns were substituted with silicate with an oxygen

vacancy on one silicate group. These structures were found to be much more stable when the

two silicate groups joined to form Si2O7 compared to when they remained isolated or when

the silicate with an oxygen vacancy joined with a nearby phosphate instead. It was also

noted that if every pair of phosphates were replaced with this structure the resulting formula,

Ca3Si2O7, which is the mineral rankinite, would be obtained. Rankinite has a monoclinic

structure with the same space group as α-TCP (P21/a) [48, 49], suggesting that the Si2O7

complex obtained in Si-TCP should be similar to that found in Rankinite. For charge

compensation with an excess calcium, the investigation focused on replacing phosphates in

which a vacant cation site existed between them, with the excess calcium filling this vacancy.

Replacing all pairs of phosphates with this structure yields dicalcium silicate, Ca2SiO4, of

which the β phase, the mineral larnite, has the same monoclinic structure as α-TCP [50, 51].

This again suggests that the larnite structure should be a good model of the structure to
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be expected for this charge compensation mechanism, although in larnite the cation-cation

columns and Posner’s clusters, features of the α-TCP structure, are not identifiable. The

energies of the most stable structures of each type were compared and it was found that

charge compensation by an excess calcium was more stable. Furthermore, to investigate the

effects of an increased doping level, a second substitution was made at an equivalent site in

the lattice for each of the structures. For the Si2O7 complex this increased the formation

energy, so it was less stable while for the excess calcium complex the additional doping was

found to increase the stability.



Chapter 3

Methods

3.1 Introduction

In the following chapter, the experimental methods utilized in the rest of the thesis are dis-

cussed. The background information required to have an understanding of X-ray diffraction

and Rietveld refinement of powder diffraction are first presented. This is followed by an

overview of nuclear magnetic resonance spectroscopy and finally X-ray fluorescence spec-

troscopy. For each of the experimental techniques, the procedures used in the investigations

in the rest of the thesis are also discussed.

3.2 X-ray Diffraction

3.2.1 Introduction

X-ray diffraction is one of the most common methods for studying the structure of crystalline

materials. The periodic nature of crystals results in an interference pattern consisting of a

series of sharp peaks when irradiated with X-rays, or any other particles with a wavelength

that is of the same order as the atomic spacing, including neutrons and electrons. The form

of this interference pattern provides insight into the atomic structure of materials.

22



CHAPTER 3. METHODS 23

θ

A C

B

d

θ

θ θ

Figure 3.1: Bragg geometry for diffraction from parallel planes of atoms. The path differ-
ence between the two rays is the sum of the line segments AB and BC with
combined length 2d sin(θ)

3.2.2 Bragg Formulation

The description of X-ray diffraction developed by W.L. Bragg is illustrated in Figure 3.1. In

this formulation, identical planes of atoms reflect the incident photons in a specular manner.

The path difference between waves reflected by adjacent planes is given by the sum of the

line segments AB and BC, which have a combined length of 2d sin(θ). Only when this path

difference is equal to an integer multiple of the wavelength, λ, will the two waves interfere

constructively, resulting in a diffraction or Bragg peak. This situation is described by the

well known Bragg equation:

2d sin(θ) = nλ (3.1)

For all situations where the Bragg condition is not satisfied, the reflected X-rays will

destructively interfere with X-rays reflected from planes deeper in the material. The plane

spacing, d, in the Bragg equation is controlled by the unit cell and the lattice parameters.

This is the only material-dependent parameter in equation 3.1 so these two properties of

the material completely describe the location of the Bragg peaks.
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3.2.3 Diffraction Intensities

While the location of the diffraction peaks is determined solely by Bragg’s Law, the relative

intensities of the various peaks depends on a number of different factors which will be

described briefly here.

The major factor determining the intensity of a diffracted peak is the structure factor,

FK . This is a geometrical term which sums the contribution to the scattering of X-rays for

each atom in the unit cell. For a unit cell containing N atoms, the structure factor for the

plane K with Miller indices (h, k, l) is given by:

FK =
N∑
j=1

fj exp [2πi(huj + kvj + lwj)] (3.2)

Here uj , vj and wj are the partial atomic coordinates of the jth atom. For an atom with

a position vector rj , the partial atomic coordinates are simply the fractions of each of the

three lattice vectors a, b and c. i.e. rj = uja+vjb+wjc. fj is the atomic scattering factor

which is determined by the atomic species and Bragg angle for the plane. At a scattering

angle of 0◦, the atomic scattering factor is given simply by the atomic number of the atom,

Z, corresponding to the number of electrons contributing to the scattering, and decreases

with increasing θ.

While the structure factor is the most significant in terms of determining the Bragg peak

intensities, other factors also play a role. These include the Lorentz polarization factor, L,

which accounts for the angular dependence of X-rays scattered from an electron as well as

other geometrical terms. Combined, these terms give:

L =
1 + cos2 2θ
sin2 θ cos θ

(3.3)

Additionally, the intensity is controlled by a multiplicity factor, ρ, which accounts for

the number of planes of each type contributing to the diffraction. All members of a family
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of planes will contribute equally to the diffraction. In a cubic system for instance, there are

6 planes in the {100} family, but 12 in the {110} family, so, with all other factors being

equal, the intensity of the 110 peak should be twice that of the 100 peak.

There is also a general decline in the intensity of the peaks with increasing θ due to

thermal vibrations of the atoms. This is taken into account in the structure factor by

including a term of the form exp (−Mj) with Mj = 8π2ū2
s sin2 θ/λ2. Here, ū2

s is the root-

mean-square thermal displacement of the jth atom perpendicular to the diffracting plane.

3.2.4 Diffraction Peak Widths

In an ideal case, the Bragg angle of equation 3.1, is only satisfied for a single value, resulting

in a sharp peak. In practice, the conditions assumed in deriving the Bragg Law are never

realized, resulting in broadening of the peaks. Both a perfect, infinite crystal as well as

a perfectly collimated, monochromatic beam are required to fully satisfy this derivation.

For angles of incidence, θ, differing slightly from the Bragg condition, the plane required to

scatter an X-ray destructively with the initial plane will lie deep within the crystal. With

finite sized crystals, this plane may not exist resulting in a broadening of the peak. The

width of the diffraction peak, B, at angle θ for a crystal of thickness t is given by the

Scherrer formula:

B =
0.9λ
tcosθ

(3.4)

Crystal imperfections which affect the long range order also contribute to broadening of

the diffraction peak. The X-ray beam itself also contributes to broadening due to the beam

not being parallel as well as due to small deviations in the X-ray wavelength.
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3.2.5 Powder Diffraction

The powder diffraction method is used to study the structure of polycrystalline materials or

powders. This method provides structural information on materials that cannot be studied

by traditional single crystal diffraction due to the lack of a quality crystal of significant size.

In the powder diffraction method, a monochromatic X-ray beam is directed onto the

material surface. The incident angle, θ, of the X-rays is then altered by either rotating the

sample or X-ray source. The detector must also be rotated to keep it in the proper position,

which is at an angle of 2θ relative to the incident beam. This is illustrated in Figure 3.2.

The microcrystalline powder sample contains a large quantity of randomly oriented grains

such that at each Bragg angle there are a sufficient number of grains appropriately oriented

to create a diffraction peak. A scan of θ between 0◦ and 90◦ will thus sample all of the

Bragg peaks for that particular material giving a data set like that shown in Figure 3.3.

X-ray Source

Sample

Detector

θ

2θθ

Figure 3.2: Schematic diagram illustrating the X-ray powder diffraction method. The X-
ray source or sample is rotated to change the incident angle, θ, while the detector
is also rotated to maintain an angle of 2θ relative to the incident beam in order
to sample all of the Bragg peaks.
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Figure 3.3: A sample X-ray powder diffraction spectrum (SkeliteTM).

3.2.6 Rietveld Refinement

Rietveld refinement is a whole-pattern-fitting structure refinement method for analyzing

powder diffraction data. It is a method which utilizes the entire range of data from a scan

to refine a structural model of the material under study, including those points devoid of

Bragg peaks. Even the complete absence of a Bragg peak as well as the combined intensity

of overlapping peaks provides insight into the structure of a material. This method is named

after Hugo Rietveld who was the first to develop a computational procedure to make use of

the full information available in a powder scan [52, 53]. In the Rietveld method, a calculated

profile based on the crystal structure and other material properties and instrumentation

parameters is compared to the measured profile and a least-squares refinement is carried

out to obtain the best fit. The quantity minimized is the residual, Sy, given by:

Sy =
∑
i

wi(yi − yci)2 (3.5)

In this equation yi is the observed intensity at the ith step, yci is the calculated intensity
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at the ith step and wi is a weighting factor given by 1/σ2
i , where σi is the variance of yi.

The calculated intensity must take into account all of the factors discussed previously,

both material and instrumental, which affect the peak positions, intensities and widths. The

calculated intensity takes these factors into account by summing the contributions from all

Bragg peaks, K, within a specified range to give:

yci = s
∑
K

LK |FK |2 φ(2θi − 2θK)PKA+ ybi (3.6)

In this equation s is a scale factor, LK contains the Lorentz polarization and multiplicity

factors, FK is the structure factor, φ is the reflection profile function, PK is the preferred

orientation function, A is an absorption factor, and ybi is the background intensity at the

ith step. In the case of multi-phase powders, the sum in equation 3.6 is performed for each

phase. Each of these factors contains parameters that can be adjusted when performing a

refinement.

The scale factor s is independent of angle and is varied to fit the calculated profile to the

observed profile to account for the scan time - a longer scan time gives a higher measured

intensity. In multiphase mixtures the scale factor also accounts for the relative amounts

of the various crystalline phases. The Lorentz polarization factor, shown in equation 3.3,

depends only on the diffraction angle and is not a refinable parameter. The multiplicity

factor is determined solely by the crystal structure. The structure factor depends on the

atomic structure of the crystal and is refined by adjusting the atomic structure, the lattice

parameters, as well as thermal parameters. The preferred orientation function accounts for

a non-random distribution of grains in the sample but is not considered for the ceramic

materials studied in this work. The absorption factor is considered to be a constant for

the Bragg-Brentano geometry used in this study. The reflection profile function and the

background intensity will each be discussed in detail.

The reflection profile function, φ(2θi − 2θK), models the shape of the diffraction peaks
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due to both instrumental and sample effects. One common profile function, and that used

in this work, is the pseudo-Voigt (pV) [54] which is a linear combination of a Gaussian (G)

and Lorentzian (L) function:

φ(2θi − 2θK) = pV (2θi − 2θK) = ηL(2θi − 2θK) + (1− η)G(2θi − 2θK) (3.7)

where η is the mixing parameter, 2θi is the diffraction angle for the ith data point and 2θK

is the Bragg angle for the diffracting plane K. The mixing parameter itself can be refined

as a linear function of 2θ:

η = A+B(2θ) (3.8)

where A and B are the refinable parameters. Usually, for X-ray diffraction the peak shape

is predominantly Gaussian in character at low angles with a smooth progression to more

Lorentzian character at higher angles [54]. The pseudo-Voigt function does a good job of de-

scribing the symmetrical portion of a typical X-ray peak but requires additional parameters

to more accurately predict asymmetry, especially at low values of 2θ due to axial divergence

of the diffracted beam [54].

The Gaussian and Lorentzian functions are given by:

G (2θi − 2θK) =
2

ΓK

√
ln 2
π

exp
[
−4 ln 2 (2θi − 2θK)2 /Γ2

K

]
(3.9)

L (2θi − 2θK) =
2

πΓK
1

/[
1 + 4

(2θi − 2θK)2

Γ2
K

]
(3.10)

where ΓK is the full-width at half-maximum (FWHM) and is the same for both functions,

giving a pV function also with the same FWHM. The instrumental contribution to the

width is modeled using the relation developed by Caglioti et al. [55]:
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Γ2 = U tan2 θ + V tan θ +W (3.11)

where U , V and W are refinable parameters. While initially developed for neutron powder

diffraction, this relation is also commonly used for X-ray powder data due to a lack of a

better model that is sufficiently simple [56]. Sample effects on the peak width due to crystal

size or microstrain are not included in this relation and are typically modeled separately.

U , V and W can be determined for a particular instrument set-up by scanning a material

with large crystal size and insignificant lattice strain such as lanthanum hexaboride (LaB6)

resulting in a spectrum with sharp, narrow peaks.

The background intensity ybi in equation 3.6 can be determined in a variety of ways. Two

different methods are employed in this work. The first method involves manually selecting

points which represent local minima and give an overall smooth background shape. The

background is then determined through linear interpolation of these selected points. The

background can then be refined using:

BACKnew(2θ) = b1BACKold[(1 + b3)2θ] (3.12)

In this relationship, BACKnew is the refined background curve while BACKold is the initial

background curve and b1 and b3 are parameters that shift the initial background.

The other background method used is Fourier filtering. This is useful when there is a

significant amorphous content to the material which produces broad maxima relative to the

sharp Bragg peaks [56]. Fourier filtering allows these broad peaks to be incorporated into

the background so that a better overall fit to the data can be achieved.

As discussed previously, the overall goal of the Rietveld refinement method is to mini-

mize the residual, shown in equation 3.5, by adjusting parameters relating to the material

properties as well as the instrument characteristics. This least squares minimization process
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yields a set of equations which involve derivatives of the calculated intensity, yci, with re-

spect to each of the adjustable parameters. This set of equations can be solved by inverting

the matrix containing elements Mjk which are given by:

Mjk = −
∑
i

2wi

[
(yi − yci)

∂2yci
∂xj∂xk

−
(
∂yci
∂xj

)(
∂yci
∂xk

)]
(3.13)

where xj and xk are refinable parameters and wi is the weighting factor from equation 3.5.

This requires the creation and inversion of an m x m matrix, where m is the number of

parameters being refined. The refinement is carried out in an iterative manner due to the

non-linear nature of the equations. The shift in parameter k for a step is:

∆xk =
∑

M−1
jk

∂Sy
∂xk

(3.14)

This shift is applied to the initial parameter value to give an improvement on the initial

model and the process is continued until no further improvement in the residual is observed.

The non-linear relationship between the adjustable parameters and the calculated in-

tensity makes the Rietveld technique a structural refinement procedure as opposed to a

structure solution method. It requires an accurate starting model to ensure convergence

to a solution that is the global minimum as opposed to either a lack of convergence or

convergence to a local minimum that is not the true solution.

Phase Quantification

In the case of multiphase mixtures, Rietveld refinement is one of the most reliable methods

for accurately quantifying the amount of each phase present. This is done using the scale

factor, s, for the phase. The relative weight fraction Wp for phase p in an n phase mixture

is calculated using:
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Wp = sp(ZMV )p/
n∑
i=1

si(ZMV )i (3.15)

where Z is the number of formula units per unit cell, M is the mass of the unit cell in

atomic mass units and V is the unit cell volume (in Å3).

The absolute weight fractions of each of the components can be determined by the

addition of an internal standard, such as silicon, prior to scanning. Adding a weight fraction

Ws of standard, the absolute weight fraction of the other phases present can be determined

from:

Wp = Wssp(ZMV )p/ss(ZMV )s (3.16)

For materials with a significant amount of amorphous phase present, summing up the

absolute Wp’s from equation 3.16 will give a total less than one. The remainder of the weight

fraction can be assumed to be from the amorphous phase, provided all of the crystalline

phases present have been considered [56].

Rigid Bodies

In Rietveld refinement of powder diffraction data, the use of rigid bodies is a tool which

can be used to reduce the number of variables in the refinement. In this technique, groups

of atoms that have a well defined structure and which are not fully independent can be

refined as a single entity. An example of this, and the situation to which this technique

is applied in the present study, is the tetrahedral phosphate structure. A rigid molecular

fragment’s position can be fully defined with six parameters: three translational parameters

which define its position in the structure and three angles specifying the orientation [57].

This reduces the number of parameters for a group of n atoms from 3n to 6, which, for the

phosphate tetrahedral structure mentioned previously, is a reduction from 15 to 6 positional

parameters.
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Refinement Evaluation

While the goal of Rietveld refinement is to minimize the residual, Sy from equation 3.5,

this does not necessarily ensure the refinement has progressed satisfactorily. Inadequacies

in the model used or convergence to a local as opposed to a global minimum can result in

problems with the refined model. In order to assess how the refinement is proceeding, a

number of factors, or R values, are calculated by the refinement program. Two of these

factors are the weighted-profile R value, Rwp, defined as:

Rwp =
[∑

iwi[yi(obs)− yi(calc)]2∑
iwi[yi(obs)]2

]1/2

(3.17)

and the statistically expected R value, Rexp, given by:

Rexp =

[
N − P∑N

i wi[yi(obs)]2

]1/2

(3.18)

where yi(obs) is the measured intensity at the ith step, yi(calc) is the calculated intensity at

the ith step, wi is the previously discussed weighting factor, N is the number of observations

and P is the number of refined parameters. The numerator of Rwp is the residual that is

being minimized and Rexp reflects the quality of the data (the counting statistics). The

ratio of these two R factors is called the goodness-of-fit, S:

S =
Rwp
Rexp

(3.19)

A goodness-of-fit value between 1.0 and 1.5 is generally considered reasonable [56]. Values

above 1.5 indicate either a problem with the model or that a false minimum has been

reached, while values below 1.0 suggest that the counting statistics are insufficient for the

model.

Additional R factors include the structure factor R value, RF and the Bragg factor R

value, RB. Discussions about the meaning of these values can be found in reviews by Young
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[56] and McCusker et al. [54].

While these R factors can be helpful in spotting problems with a refinement, they should

not be relied on too heavily. Perhaps more important is the inspection of the calculated

profile and how it compares to the measured data, as well as the practicality of the predicted

structure. Paying attention to the plots produced by the refinement program, specifically

the difference plot between the observed and calculated intensities, can help to detect when

potential problems occur. Furthermore, the interatomic distances and bond lengths of the

predicted structure should be checked to insure these make physical sense.

Estimated Standard Deviation

The estimated standard deviation (e.s.d.) is an indication of the precision of a parameter

that is being refined. The e.s.d. represents only the minimum possible uncertainty due to

random errors and does not represent the full experimental uncertainty. Systematic errors

due to problems with the model are not included, making e.s.d.’s an underestimation of the

actual uncertainty. A modification to the e.s.d. was proposed by Berar and Lelann, which

takes into account a correlation factor by which all the e.s.d.’s are multiplied to give a more

accurate indication of the uncertainty [58] (see [56], for a detailed mathematical description

of e.s.d.’s). In the present work, the uncertainties reported for all adjustable parameters

are the e.s.d.’s multiplied by the correlation factor.

3.2.7 Experimental Technique

X-ray diffraction spectra were obtained using a Rigaku Mini-flex diffractometer fitted with

a copper target (λCu,Kα1 = 1.54059 Å, λCu,Kα2 = 1.54443 Å). The θ − 2θ Bragg-Brentano

geometry was used. Powder samples were ground using an alumina mortar and pestle where

necessary and then approximately 1.5g of material was packed into an aluminum sample

holder. The powder was packed in by pressing down with a glass slide and then scraping

off any excess material in order to ensure a flat surface was being scanned. Two separate
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scan conditions were employed and will be discussed in the following sections.

Phase Quantification XRD

In order to make an initial evaluation of the phase composition, XRD spectra were obtained

between 20◦ and 40◦ (2θ) using a 0.02◦ stepsize and a counting time of 1.2 s per step (1◦ per

minute). Rietveld refinement was performed using the Fullprof Suite software package [59]

based on the method described by Reid and Hendry [60]. The refinements were performed on

the reduced 2θ range of 21◦ to 36◦ which includes the largest reflections for all three phases

being considered (α-TCP, HA and β-TCP). All three phases were initially assumed to be

present in all samples and 17 variables were refined. These were the zero offset, scale factors

for each phase, four lattice parameters for α-TCP (a, b, c and β), two lattice parameters

for HA (a = b and c), two lattice parameters for β-TCP (a = b and c), a peak width

parameter, W, for each phase and two background variables. The peak shape model used

was a pseudo-Voigt function. Between five and ten local minima in the diffraction pattern

were chosen as background points. These gave an overall smooth decrease in the background

with increasing 2θ. The software used these points to calculate an overall background curve

using linear interpolation. The background was then refined using equation 3.12.

A sample refined spectrum showing the measured spectrum, calculated profile, difference

plot and Bragg positions for the three phases (from top to bottom: α-TCP, HA and β-TCP)

is shown in Figure 3.4.

Reid and Hendry [60] report agreement within 3 wt% for the composition of a set of ten

three-phase mixtures of standards using this refinement method.

Structure Refinement XRD

Higher resolution XRD spectra were also obtained in order to examine the lattice parameters

of the various phases and more accurately determine the phase composition. In this case,

the same instrumental setup as for the phase quantification scans described in Section 3.2.7
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Figure 3.4: Sample Rietveld refinement of X-ray powder diffraction data (SkeliteTM). The
measured spectrum, calculated profile, difference plot and Bragg positions for
(from top to bottom) α-TCP, HA and β-TCP are shown.

was used. But, for these scans, spectra were obtained between 10◦ and 140◦ (2θ) using a

0.01◦ stepsize and 6 s counting time per step, giving an overall scan time of nearly 23 hours.

The refinement parameters and procedures for these scans depended on the composition

of the material. Again, the refinement process closely followed that of Reid and Hendry

[60], this time for the characterization of single-phase CaP standards. In general, the

zero offset, scale, background parameters and lattice paramaters were refined first. The

atomic coordinates of the predominant phase (as previously determined) were added next,

followed by the introduction of profile parameters controlling the mixing of the pseudo-

Voigt model, asymmetry and width of the peaks. In the case of a predominantly HA

phase, all of the atomic coordinates were refined due to the relative simplicity of the unit

cell. However, due to the complexity of the unit cell, as well as to maintain the general

structure, the α-TCP structure was highly constrained. All of the phosphate tetrahedra

were constrained to be rigid-bodies, as discussed previously, and the three pseudo sub-cells
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in the b-direction were constrained so that the shifts in atomic positions in the three sub-

cells were all equal. Finally, soft constraints were applied to the nearest Ca-O distances

which limited the variations in these distance from their values in pure α-TCP.

3.3 NMR Spectroscopy

3.3.1 Introduction

Nuclear magnetic resonance (NMR) spectroscopy probes the nuclear spin energy levels of

an atom in order to provide structural information on the atomic scale for the material

under study. NMR Spectroscopy measures the interaction between an externally applied

magnetic field and the magnetic dipole moment of a nucleus.

3.3.2 Background

Nuclei which possess either an odd number of neutrons or protons have a net nuclear spin,

described by the spin quantum number, I. This can have either a half-integer or integer

value, although the simplest case to consider, and the case for many nuclei including 29Si

of interest in this thesis, is I = 1/2. This spin-1/2 state is doubly degenerate with the

degeneracy arising from the magnetic quantum number, m, which takes values −I,−I +

1, ..., I − 1, I. The magnetic moment, µ, for a nucleus with a net spin is given by:

µ = γh̄I (3.20)

where γ is the gyromagnetic ratio, a constant for each particular nucleus. In the presence

of an externally applied magnetic field, B0, typically taken to define the z-direction, the

degeneracy of the states is removed through the well known Zeeman interaction to give

energy levels:
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EI,m = −γh̄B0m (3.21)

The separation between energy levels, ∆E, is thus γh̄B0. The splitting of the energy levels is

small, with the absorption or emission of a photon in the radiofrequency (rf) range required

to induce a transition.

In addition to splitting the nuclear energy levels, the applied magnetic field also exerts

a torque on the magnetic dipole, causing it to precess about the applied field direction.

This precession occurs at a particular frequency for each type of nuclei, known as the

Larmor frequency, ω = γB0. This frequency corresponds to the energy level splitting due

to the Zeeman interaction shown in equation 3.21. The spin traces out a cone shape with

a constant angle with respect to the applied field.

Additionally, in an NMR experiment, an ensemble of spins is acted on by the magnetic

field which gives a net magnetization in the direction of the field. When thermal equilib-

rium is reached with the surrounding lattice, there will be a small excess number of spins

aligned with the field (the lower energy state) compared to opposing the field, giving a net

magnetization in the z-direction. The phase of the precession of this ensemble of spins will

vary however, giving no net magnetization perpendicular to the applied field.

3.3.3 Shielding and the Chemical Shift

In addition to the interaction between the magnetic field and the nucleus there are in-

teractions between the magnetic field and the electrons surrounding the nucleus. These

interactions are what make NMR spectroscopy an invaluable tool. The applied magnetic

field induces changes in the electronic structure which in turn creates secondary magnetic

fields that affect the magnetic field strength seen by the nucleus. This is termed chemical

shielding and is represented by the second-rank tensor, σ. This chemical shielding depends

on the local structure around the nucleus so that the Larmor frequency for nuclei in different
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chemical environments will differ slightly. The chemical shielding that is typically deter-

mined is the isotropic chemical shielding constant, which is the trace of the second-rank

tensor and is given by:

σ =
ωnucleus − ωsample

ωnucleus
(×106) (3.22)

where ωnucleus is the Larmor frequency for a bare nucleus, ωsample is the Larmor frequency

for the sample being studied and the chemical shielding is in units of parts per million

(ppm).

The value typically determined from an NMR experiment is not the chemical shielding,

but rather the chemical shift, δ. Instead of comparing the frequency to the bare nucleus,

which is difficult to determine, the frequency is compared to a standard reference material,

ωref . The chemical shift is:

δ =
ωsample − ωref

ωref
(×106) (3.23)

This is related to the chemical shielding by:

δ =
σref − σsample

1− σref
(3.24)

Normalizing the shielding and shift values in this manner removes the dependence on the

magnetic field strength so that experiments performed with different fields are directly

comparable.

3.3.4 Signal Acquisition

In order to probe the energy level splitting, a second magnetic field is necessary to induce

transitions between the spin states. This is accomplished using a pulse of rf radiation po-

larised such that the magnetic field lies in the x − y plane, perpendicular to the applied
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static field. The magnetic moments interact with the magnetic field of the pulse, causing

the net magnetization to incline with respect to the z-direction. The length of the pulse

determines the angle through which the magnetization is rotated, with a commonly used

pulse being a 90◦ or π/2 pulse which gives a magnetization perpendicular to B0. After the

pulse, the system is back to the original condition of a single, constant magnetic field so

the magnetization will return to its thermal equilibrium value. The dephasing of the mag-

netization in the x− y plane occurs with a characteristic relaxation time, T2, while the net

magnetization along z returns with a characteristic relaxation time T1. The magnetization

in the x− y plane is measured through electromagnetic induction in a coil surrounding the

sample and is called a free induction decay. Fourier transforming this time dependent signal

gives the NMR spectrum. Once the system has returned to thermal equilibrium it can once

again be irradiated with a pulse and the decay recorded. Multiple signals are obtained

to give an enhanced signal to noise ratio with a typical experiment utilizing thousands of

pulses.

3.3.5 Magic Angle Spinning

Traditionally, NMR of solids suffered from severe peak broadening which made it difficult

to obtain useful information. This is due to anisotropy of the interactions of the dipole

moments as well as the chemical shielding. In traditional NMR work carried out on a

solution this was not a problem due to the rapid motion of the molecules which averaged

out these orientation effects. In solid-state powder NMR, a similar effect can be achieved

with the magic angle spinning (MAS) technique. Many of the interactions which contribute

orientation effects contain terms with the second order Legendre polynomial, P2(cos θ) =

3 cos2 θ−1 where θ is the angle between the applied field and the axis of the interaction [61].

At the magic angle, θ = 54.74◦, these terms go to zero. Orienting the sample at this angle

with respect to the applied magnetic field, combined with rapid sample spinning at rates

on the order of 10 kHz, removes these anisotropies and gives greatly enhanced resolution.
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3.3.6 Silicon NMR

In silicon, the isotope in which the nucleus has a magnetic moment and can thus be studied

by NMR is 29Si. The natural abundance of this isotope in silicon is only 4.7%. This,

combined with relatively long relaxation times can lead to some problems with the quality

of spectrum that can be reasonably obtained. This is exacerbated in this study by the

small amount of silicon present in the materials (between 1 and 5 wt.%). In order to obtain

well defined peaks in the spectra within a reasonable time, isotopically enriched silicon

from Cambridge Isotope Laboratories [62] has been used with a 29Si content of greater than

95 wt.%. The advantage of using the enriched silicon is clearly illustrated in Figure 3.5. This

shows 29Si MAS NMR spectra for both a silica sample containing the natural abundance of

29Si and an enriched sample with 98.76% 29Si. The enriched sample spectrum was obtained

in only four minutes and shows a significantly better signal to noise ratio compared to the

natural sample, with four times as much material and a scan time of five hours. The use of

enriched silicon does add significant cost and requires a modification to the manufacturing

process for the materials which will be discussed later.

3.3.7 Experimental Technique

All NMR experiments were carried out by Dr. Gang Wu in the Department of Chemistry

at Queen’s University. Solid-state 29Si NMR spectra were recorded on a Bruker Avance-500

NMR spectrometer operating at 99.297 MHz for 29Si nuclei (B0 = 11.75 T) under the magic

angle spinning condition. A 4 mm Bruker MAS probe was used. A single-pulse excitation

was used with a 90◦ pulse of 4.0 µs and a recycle delay of 30 s. Typically, a sample spinning

frequency of 10 kHz was used and 7000-8000 transients were acquired. The free induction

decay signal was Fourier transformed to give the spectrum. All 29Si chemical shifts are

referenced to tetramethyl silane (TMS) at δ = 0 ppm.
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200 100 0 -100 -200 PPM

29Si magic-angle-spinning NMR spectra 
for solid silica at 11.75 T

29Si enriched to 98.76%
Approx. 40 mg sample from CIL, experimental time = 4 min

29Si at  natural abundance, 4.70%
Approx. 160 mg sample, experimental time = 5 hrs

29Si chemical shift w.r.t. TMS

Figure 3.5: 29Si MAS NMR spectra for SiO2 samples containing the natural abundance
of 29Si (top) and isotopically enriched to 98.76% 29Si (bottom), illustrating the
advantage gained by using the enriched material.

3.4 X-ray Fluorescence Spectroscopy

X-ray fluorescence (XRF) spectroscopy can be used for elemental analysis of a material.

When energetic X-rays irradiate a material they can remove an inner shell electron. When

this occurs, the atom is left in an unstable state and an electron from a higher energy state

will drop into the vacated shell. This is accompanied by the emission of a characteristic X-

ray with energy equal to the difference in energy between the two electron levels. Each atom

will give off characteristic X-rays of energies determined by its electronic structure, allowing

for the determination of the elements present in a material with the quantity proportional

to the signal strength.

3.4.1 Experimental Technique

XRF spectroscopy was carried out commercially at SGS Minerals Services [63] using the

whole rock lithium borate fusion method. Data was obtained on an axial wavelength-

dispersive spectrometer to quantify the amount of calcium, phosphorous and silicon in the
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materials. Powder samples were prepared using the borate fusion method in which 0.2–0.5 g

of powder was fused into a glass disc with 7 g of lithium tetraborate/lithium metaborate in

a 50/50 mixture to provide a standard. The limit of quantification of all elements examined

was 0.01 wt.%. All materials were scanned in duplicate with the reproducibility estimated

to be ±5 %.

3.5 Electronic Structure Calculations

3.5.1 Introduction

The goal of ab initio electronic structure methods is to determine the energy and structural

properties of a system of ions and electrons while treating the electrons in a full quantum

mechanical fashion. The time-independent Schrödinger equation is ĤΨ = EΨ, and the

many-particle Hamiltonian, in atomic units, is given by:

Ĥ = −1
2

∑
i

∇2
i −

∑
A

1
2MA

∇2
A −

∑
A,i

ZA
rAi

+
∑
A>B

ZAZB
RAB

+
∑
i>j

1
rij

(3.25)

where i and j refer to electrons, A and B refer to nuclei, ZA is the atomic number of nucleus

A, MA is the mass of nucleus A and rAi = |RA − ri|, rAB = |RA −RB| and rij = |ri − rj |

where r and R are the position vectors for the electrons and nuclei, respectively. The first

two terms in 3.25 are the kinetic energy operators for the electrons and nuclei respectively,

the third term represents the coulomb attraction between electrons and nuclei and the fourth

and fifth terms represent the coulomb repulsion between nuclei and electrons, respectively.

Using the Born-Oppenheimer approximation of massive, fixed nuclei, the electronic and

nuclear motion can be decoupled such that the total wavefunction can be separated into

a product of nuclear and electronic contributions. One approach to solving the still com-

plicated electronic problem is the Hartree-Fock (HF) method. In this method, the many-

particle electronic wavefunction is approximated to be a product of single-particle states
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which, when antisymmetrized, can be expressed as a Slater determinant. The Schrödinger

equation reduces to a set of single-particle equations which, using the variational principle,

can be solved self-consistently to yield an approximation to the true electronic energy and

wavefunctions.

3.5.2 Density Functional Theory

Density Functional Theory (DFT) greatly simplifies the calculation of the electronic struc-

ture by replacing the many-particle wavefunction with the electronic ground state density,

ρ0(r), as the basic parameter that describes the system. The theorems of Hohenberg and

Kohn provided the foundation on which DFT is based [46]. The first theorem shows that the

external potential, Vext(r), acting on an electronic system is determined, within an additive

constant, by the ground state density. Since the Hamiltonian for the system is determined

by Vext(r), it follows that the ground state wavefunction can be determined from ρ0(r)

and indeed all properties of the system. The second theorem shows that the ground state

density can be determined variationally by minimizing the total energy of the system.

The Kohn-Sham equations [47] provide a method to determine the ground state density

based on the theorems of Hohenberg and Kohn. Similar to the Hartree-Fock method, the

Kohn-Sham equations reduce the complex many-particle Schrödinger equation to a much

simpler set of single particle Schrödinger equations with an effective potential. The single

particle equations for the i = 1..N electrons are:

(
−1

2
∇2 + VKS [ρ]

)
φi(r) = εiφi(r) (3.26)

where VKS is the Kohn-Sham effective potential and the solutions to the equations yield

the Kohn-Sham eigenvalues, εi, and eigenfunctions, φi(r). The density can be determined

by summing the single-particle densities for the N lowest states:
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ρ(r) =
N∑
i=1

|φi(r)|2 (3.27)

The Kohn-Sham effective potential is given by:

VKS [ρ] = Vext(r) +
∫
dr′

ρ(r′)
|r− r′|

+ Vxc[ρ] (3.28)

It consists of the external potential, the Hartree potential (the second term) and the

exchange-correlation potential, Vxc[ρ], which includes the many-particle interactions. The

Kohn-Sham potential depends on the electron density, which is determined by the orbitals,

which are calculated using the potential, so the solution requires an iterative, self-consistent

approach. Once self-consistency has been reached, the ground state density, ρ0(r), is known

and any observable for the system can be calculated.

The difficulty with these calculations arises from the exchange-correlation functional,

used to determine the exchange-correlation potential. This functional is known for the

homogeneous electron gas and this knowledge can be applied to inhomogeneous systems. In

the local density approximation (LDA) the exchange-correlation potential for a coordinate

is determine by the density at that point with the value being the same as that for the

homogeneous system having the same density. This approach works quite well, even for

systems that have densities that do not vary slowly. Improvements can be made for rapidly

varying systems by taking account of the gradient of the density at a particular point in

addition to the local density, in what is known as the generalized gradient approximation

(GGA).

3.5.3 Calculations

Both the Hartree-Fock method and DFT will be used to study the chemical shifts for the

proposed silicon complexes in the materials investigated in this work. The details of these

calculations will be discussed in section 5.3.2.



Chapter 4

Materials Production and

Characterization

4.1 Introduction

In order to study the silicon complexes in silicon doped calcium phosphate bioceramics using

29Si MAS NMR, materials first had to be produced with a higher proportion of the NMR

active silicon nuclei 29Si. Due to the low levels of doping in these materials and the low

natural abundance of 29Si, using standard silicon sources would require NMR scan times

that were not feasible (on the order of weeks) if meaningful results were to be obtained. This

chapter discusses the methods developed to produce materials suitable for NMR as well as

the characterization of those materials using Rietveld refinements of X-ray powder spectra

and X-ray fluorescence spectroscopy in order to assess the significance of the changes in

production techniques on the material structures.

46
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4.2 Materials Preparation

All materials studied in this thesis were made following the general procedures developed

by the Applied Solid State Research Group at Queen’s University and Millenium Biologix

Corp. as described by Langstaff et al. [16], Sayer et al. [41], Reid et al. [45] and McLean

[64]. A fine colloidal CaP precipitate was produced in ammoniated water with a pH greater

than 10 via the reaction:

5Ca(NO3)2 + 3NH4H2PO4 + 7NH4OH ⇀↽ Ca5(PO4)3OH + 10NH4NO3 + 6H2O

An ammoniated solution of ammonium phosphate was added drop-wise to an ammoniated

solution of calcium nitrate with constant mixing to form the CaP precipitate. Because of

the need to use isotopically enriched silicon for the 29Si MAS NMR, the finely dispersed

fumed silica colloid (Cab-o-SperseTM A105 [65]) used in the previous work could not be used

in the present study. Instead, enriched silicon in a more suitable form was needed. The

best candidate material found was silicon in oxide form enriched to > 96% 29Si (Cambridge

Isotope Laboratories product SILM-1076 [62]). In order to ensure that the production

method was reproducible with this change in silicon source, testing was performed using

non-enriched silica powder prior to purchasing the enriched material. This testing will be

discussed further below. The silica powder was added while rapidly mixing the precipitate

in order to ensure an even dispersion of silicon. The resulting sol was then aged for 22

hours. After aging, the doped precipitates were centrifuged and decanted twice and then

dried. The resulting powders were then sintered in open alumina crucibles. The heating

profile was as follows: the powders were first calcined at 200◦C for 3 hours, then held at

550◦C for 1 hour to remove water and NO2 associated with the initial ingredients and finally

sintered for 2 hours at 1050◦C for the SkeliteTM and Si-HA samples and at 1250◦C for the

Si-α-TCP samples. The ramp rate used throughout the sintering profile was 5◦C/min. The

final composition of the material is controlled by altering the sintering temperature as well

as the relative quantities of the initial constituents - ammonium phosphate, calcium nitrate,
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and silica - in order to obtain varying molar ratios of Ca/(P+Si) and doping levels. These

values for the three materials studied in this work are summarized in Table 4.1.

Table 4.1: Relevant values for producing Si-α-TCP, SkeliteTM and Si-HA
Material Ca/(P+Si) wt.% Si Ca/P Sintering Temp.

(◦C)
Si-α-TCP 1.50 0.87 1.58 1250
SkeliteTM 1.25 4.90 1.67 1050
Si-HA 1.90 0.87 2.01 1050

In addition to using silica powder as the source of silicon, one other change in the

manufacturing method was considered. Typically, drying of the CaP precipitates is done

using a spray dryer. Spray drying is used to give a consistent powder particle size and

morphology which is critical when the powder is going to be made into scaffolds and pressed

pellets for various applications. However, in this study the powders will be examined as

is, so the particle size and shape is of no concern. Furthermore, spray drying causes some

of the material to be lost in the process and, due to the high cost of the enriched silicon,

only a small quantity could be made to begin with. Therefore, in order to preserve as much

material as possible, drying was carried out in air in a furnace at approximately 130◦C.

After drying in the furnace, the powder was ground up using an alumina mortar and pestle

and then sintered.

Initial attempts to make materials focused on single phase silicon doped TCP (Si-α-

TCP) and SkeliteTM with mixed results. SkeliteTM was produced with the expected com-

position: approximately 80 wt.% α-TCP with the remainder HA and little to no β-TCP.

The preparation of Si-α-TCP, on the other hand, was not nearly as successful with only

approximately 60 wt.% α-TCP and the remainder HA. A possible reason for the low α-TCP

content is that silica powder is not as effective at nucleating this phase compared to the

fumed silica colloid. Previous results [16, 41, 45] have shown that metal-organic silicon
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sources (TPOS or TEOS) lead to less α-TCP than Cab-o-SperseTM so a similar effect may

occur with silica powder. For Si-α-TCP, Reid et al. found that using TPOS did not give

a single phase material and even a predominantly single phase product (> 90 wt.%) was

only possible with higher levels of doping (between 1.14 and 1.67 wt.% Si) [45]. A similar

result was found for SkeliteTM by Langstaff et al. [16] and by Sayer et al. [41]. In these

studies a higher level of doping was required to obtain conversion from a predominantly HA

multi-phase mixture to a predominantly α-TCP mixture for metal-organic silicon sources

compared to fumed silica (0.75 mol Si:mol HA compared to 0.33 mol SiO2:mol HA). How-

ever, the amount of Si-TCP phase also differed for the two different silicon sources, with

maximum quantities around 60-65 wt.% obtained using metal-organic sources but quantities

in excess of 80 wt.% possible with fumed silica, similar to the value obtained for SkeliteTM

in this work using silica powder.

In order to investigate further this possibility, attempts to produce single phase Si-

α-TCP were made with higher levels of silicon doping, 1.67 wt.% and 2.41 wt.% silicon,

approximately double and triple that in the initial material. This resulted in larger fractions

of α-TCP phase, with amounts of 88 and 87 wt.% respectively, with the remainder being

mostly HA and a small amount of β-TCP. However, in both cases a fourth phase was also

present. For the 2.41 wt.% Si sample, approximately 2% α-cristobolite, a crystalline silica

phase, was found. This is likely due to the large amount of silicon present and has been

observed before, although typically in SkeliteTM where higher doping levels are used [66].

For the 1.67 wt.% Si sample, the fourth phase was not one that has been observed before

but contributed significant sized peaks in the XRD phase quantification scan. This was

likely due either to another crystalline silica phase or an unidentified calcium silicate phase.

Additional trials were undertaken to see if the additional phases could be eliminated

while improving further the composition. If the silica was clumping when added to the

suspension this would result in areas with higher concentrations of silicon as well as areas
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of lower concentrations, possibly explaining the significant quantity of HA phase. Pre-

mixing the silica in ammoniated water was performed to see if this would give a more

uniform distribution of silicon throughout the suspension. This resulted in only a small

improvement in the composition, to about 73 wt.% Si-α-TCP. Re-sintering the materials

at 1350◦C was performed to see if this would help nucleate the high temperature α-TCP

phase. This led to improvements of around 10% but the maximum amount of Si-α-TCP

phase obtained was still only around 80 wt.%.

Finally, the original method was tried again with the silica powder added directly to the

suspension but this time the drying was carried out using a Yamato-Ohkawara DL-41 spray

dryer. This prodedure yielded a composition of 93 wt.% α-TCP with the remainder HA,

which, while still not a single phase material, was much improved, suggesting that spray-

drying is a critical step to producing single phase Si-α-TCP. The most likely reasoning for

this is that spray drying creates a finer powder particle size and also helps to give a more

consistent distribution of the silicon which must diffuse into the particles to stabilize the

Si-α-TCP phase [67]. This also explains why increasing the amount of silicon doping and

the sintering temperature helped increase the amount of Si-α-TCP phase when spray drying

was not used, since both of these factors would enhance the rate of diffusion. Re-sintering

the spray dried powder at 1350◦C was attempted to see if this would further improve the

composition but there was no change. This suggests that with the finer particle size all of the

silicon has diffused into the structure at the lower sintering temperature so no improvement

is obtained with a higher temperature. The concerns regarding loss of material with spray

drying were justified as the powder yield dropped from around 18 g to 10 g when spray

drying was used, but this was an unavoidable cost. Consideration was given to slightly

increasing the amount of silicon doping, to around 1 wt.% to see if this would further

improve the composition, however time constraints and equipment availability made this

impossible. The method used to produce greater than 90% purity was adopted as it was

felt that the small change in composition would have a negligible effect on the NMR results.
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The SkeliteTM material was still likely to have good composition even without spray

drying because of the much higher level of doping in this material. Previous studies have

shown a significant amount of amorphous phase in SkeliteTM materials, on the order of

20 wt.%, of which silica is likely the major component [41]. This has also been observed

in Si-HA materials when high levels of doping are used [31]. Consequently, significantly

more silicon is added to this material than can be incorporated into the lattice, so having

a smaller particle size to enhance the diffusion of silicon into it is not nearly as critical.

Upon successfully producing Si-α-TCP and SkeliteTM using silica powder, Si-HA was

also produced. Of note is the molar ratio of the constituent materials needed to produce

this, shown in Table 4.1. In pure hydroxyapatite, the calcium to phosphorus ratio is 1.67

so it would be expected that to produce Si-HA with silicon replacing phosphorus, a ratio of

Ca/(P+Si) of 1.67 would be required. However, for the precipitation reaction used in the

present study, a much higher ratio (1.90) is required to produce a single phase material [64].

When the stoichiometric ratio is used, a significant quantity of Si-α-TCP is also produced.

Trials using silica powder as the silicon source along with spray drying the powders gave

purities consistently in excess of 95 wt.%.

Based on the trials using non-enriched silica, each of the three materials was produced

using enriched silica powder with proportions of calcium, phosphorus and silicon as given

in Table 4.1 with one exception. For the SkeliteTM material the Ca/P ratio was increased

from 1.67 to 1.70. This was done due to the results of Reid et al. [68] who showed that

this increase in the Ca/P ratio greatly enhances the stability of the phase composition of

SkeliteTM in the presence of trace amounts of magnesium which is known to nucleate the

β-TCP phase. Also, due to the large amount of silicon added to SkeliteTM and the high cost

of the enriched silica, only one quarter of the silica was enriched while the remaining three

quarters were the standard silica powder used during testing. This still resulted in about

1.3 wt.% 29Si in this material, slightly more than in the Si-α-TCP and Si-HA samples.
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4.3 Materials Characterization

The three materials produced using the isotopically enriched silica source were analyzed

using the techniques described in detail in Chapter 3. The results of the two different X-ray

powder diffraction scans as well as the elemental composition results from X-ray fluorescence

spectroscopy are presented and discussed in the following sections.

4.3.1 Phase Composition

α-TCP
HA
β-TCP

Figure 4.1: Si-α-TCP phase composition X-ray powder diffraction spectrum with Rietveld
refinement.

The initial analysis carried out on the materials was a short XRD powder diffraction scan

to determine the phase composition. This provided an initial assessment of the material

preparation, especially for Si-α-TCP and SkeliteTM in which the quantity of the α-TCP-like

phase is dependent on silicon stabilizing this phase during sintering. The measured spectra,

along with the Rietveld refinement fit for Si-α-TCP, Si-HA and SkeliteTM are shown in

Figures 4.1, 4.2 and 4.3 respectively. The Bragg positions indicated in the figures are for,
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α-TCP
HA

β-TCP

Figure 4.2: Si-HA phase composition X-ray powder diffraction spectrum with Rietveld re-
finement.

α-TCP
HA

β-TCP

Figure 4.3: SkeliteTM phase composition X-ray powder diffraction spectrum with Rietveld
refinement.
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from top to bottom, α-TCP, HA and β-TCP. The phase compositions for each of the three

materials determined from these scans are summarized in Table 4.2.

Table 4.2: Phase compositions, in wt.%, as determined by Rietveld refinement of X-ray
powder diffraction data for Si-α-TCP, Si-HA and SkeliteTM made with isotopi-
cally enriched silica powder. The uncertainties are estimated to be ±3 wt.%
[60].

Material α-TCP HA β-TCP
Si-α-TCP 90 10 0
Si-HA 5 94 1
Skelite 78 21 1

In addition, the lattice parameters were refined for the major constituent phases of

all three materials. Due to the limited counting statistics and the small 2θ range, these

values were only considered to give an indication of the general trend with the addition of

silicon, with accurate results obtained from structure refinement scans performed later. The

general trends were in good agreement with the results previously reported for the different

materials [41, 45], suggesting that the use of enriched silica powder had a similar effect as

the fumed silica suspension on the structures.

4.3.2 Structure Refinement XRD

After the initial phase composition X-ray powder diffraction scans, longer scans over a

larger angular range and with increased counting time per step were carried out in order to

refine the atomic models for the predominant phases and accurately determine the lattice

parameters. The resulting spectra and Rietveld refinements are shown in Figure 4.4, Figure

4.5 and Figure 4.6 for Si-HA, Si-α-TCP and SkeliteTM respectively.

The refinements of the α-TCP phase in Si-α-TCP and SkeliteTM proved to be somewhat

problematic. The heavy constraints applied to this phase, specifically the rigid bodies for

the phosphate groups, soft constraints on the Ca-O distances and the constraints of the three
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α-TCP
HA

Figure 4.4: Si-HA phase high resolution X-ray powder diffraction spectrum with Rietveld
refinement.

α-TCP
HA

Figure 4.5: Si-α-TCP high resolution X-ray powder diffraction spectrum with Rietveld
refinement.
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α-TCP
HA

β-TCP

Figure 4.6: SkeliteTM high resolution X-ray powder diffraction spectrum with Rietveld
refinement.

pseudo sub-cells along b, made it difficult to obtain an overall minimum in the refinement. As

more of the atomic parameters were added to the refinement, the fit would initially improve

but then start to diverge rapidly. Due to this, the refinement was stopped whenever the fit

stopped improving. Although this is not ideal, the extremely large number of parameters

in the α-TCP phase requires these heavy constraints, listed above, to be applied in order

to make a refinement feasible. Furthermore, the crystal structure maintained the general

columnar structure and the lattice parameters obtained were reasonable and in agreement

with previous work suggesting that the overall refinement was acceptable.

For Si-HA, the refinement was performed on the full range of data obtained (10–140◦ 2θ)

whereas the Si-α-TCP and SkeliteTM refinements were cut off at 100◦. This was because the

large number of Bragg peaks associated with the α-TCP phase, especially at high angles,

caused excessive overlap of the various peaks which the Fullprof program could not handle.

For Si-HA and Si-α-TCP, the peak widths were refined by varying the U , V and W

parameters from Equation 3.11. However, the peak widths of SkeliteTM were much larger

due to the increased amount of silicon which is known to accumulate at and pin the grain
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boundaries, resulting in a reduced grain size [67, 69]. This made the U , V and W values

unreasonable and caused problems with the pseudo-Voigt peak shape parameters. Instead

of refining U , V and W these were set to reasonable values determined from a scan of a

standard material, and a crystal size parameter was refined.

The lattice parameters determined for the HA and α-TCP-like phases in the three

materials are summarized in Table 4.3 and Table 4.4. Table 4.3 shows the expected values

for α-TCP [27], Si-α-TCP [45] and the Si-TCPsat phase in SkeliteTM [41], as measured in

previous studies, along with the values found in the present work for both the Si-α-TCP

material and the Si-TCPsat phase in SkeliteTM. Si-α-TCP shows the same trends in lattice

parameters compared to pure α-TCP as observed previously by Reid et al. [45] although

the changes are somewhat different. The a-axis lattice parameter has decreased more than

was found by Reid et al. while the increases in b and β are slightly smaller; the increase

in c is very similar. As well, the overall unit cell volume is very slightly smaller than the

α-TCP cell volume whereas Reid et al. found a slight increase in the volume. The results

for the Si-TCP phase in SkeliteTM are similar. The a-axis lattice parameter has decreased

but not as much as expected while the b-axis and β parameters have increased but not as

much as previously observed and c is very close to the expected value. Table 4.4 shows

the reported values for HA for both the Holly Springs material examined by Sudarsanan

and Young [23], NIST standard reference material [24] and the Si-HA phase in SkeliteTM

[41], along with the values found in the present study for single phase Si-HA and the Si-HA

phase in SkeliteTM. For single phase Si-HA, no significant changes in the lattice parameters

were observed in comparison to pure HA. For the Si-HA phase within SkeliteTM the a-axis

lattice parameter increases slightly compared to the NIST HA and the single phase Si-HA

and there is a significant increase in the c-axis parameter giving an overall increase in the

unit cell volume. These trends are consistent with what was previously observed in this

material by Sayer et al. [41] but the change in a is not as large (an increase of 0.0064 Å with

respect to NIST HA compared to 0.0125 Å previously observed).
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Table 4.3: Expected lattice parameters for α-TCP [27], Si-α-TCP [45] and Si-TCPsat [41] as
well as the values determined from Rietveld analysis of X-ray powder diffraction
data for the α-TCP phase in the Si-α-TCP and SkeliteTM materials made with
enriched silica powder.

Material a (Å) b (Å) c (Å) β (◦) Volume (Å3)
Expected

α-TCP 12.887 27.280 15.219 126.20 4317.52
Si-α-TCP 12.875 27.370 15.225 126.38 4319.46
Si-TCPsat 12.863 27.357 15.232 126.30 4319.80

Measured
Si-α-TCP 12.8688 (3) 27.3585 (5) 15.2264 (3) 126.37 (1) 4316.5 (4)
SkeliteTM 12.8682 (8) 27.335 (1) 15.2329 (8) 126.34 (2) 4316.2 (9)

In refining the single phase Si-HA material, all of the atomic positions were allowed to

vary with no problems because of the much simpler structure compared to α-TCP. While

no significant changes in the atomic positions that may indicate the effect of silicon addition

to the material were observed, one interesting change was seen. The OH occupancy was

refined and found to increase slightly from the expected value of 0.50 to 0.56. This increase

has been observed previously by both Dunfield [70] and Reid [71] in undoped HA standard

materials. It has been attributed to the near transparency of hydrogen to X-rays as the

expected value was found with neutron diffraction. In this work the OH channel is assumed

to be fully occupied. This contrasts the work of Gibson et al. [32] who observed a significant

decrease in the OH occupancy with silicon doping which indicated that OH vacancies were

charge compensating for the replacement of phosphorus by silicon.

One final observation regarding the structure refinement XRD pertains to the phase

compositions, which were very similar to those determined with the phase composition

XRD with less than 1 wt.% differences observed. This demonstrates the accuracy obtained

for these values even using the smaller amount of data and simpler refinement method.
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Table 4.4: Expected lattice parameters for HA (Holly Springs and NIST) [23, 24] and Si-
HA in SkeliteTM [41] as well as the values determined from Rietveld analysis of
X-ray powder diffraction data for the HA phases in the Si-HA and SkeliteTM

materials made with enriched silica powder.
Material a (Å) c (Å) Volume (Å3)

Expected
Holly Springs HA 9.424 6.879 529.08
NIST HA 9.4225 6.885 529.39
Si-HA (SkeliteTM) 9.435 6.94 535.02

Measured
Si-HA 9.4198 (1) 6.8875 (1) 529.26 (1)
SkeliteTM 9.4289 (5) 6.9345 (6) 533.9 (1)

4.3.3 Elemental Composition

Table 4.5: As-prepared and XRF measured elemental compositions

wt.% Si Ca/(P + Si) Ca/P
Material As-prepared Measured As-prepared Measured As-prepared Measured

Si-α-TCP 0.87 0.70(5) 1.50 1.53(4) 1.58 1.59(4)
Si-HA 0.87 0.99(5) 1.90 1.65(4) 2.01 1.75(4)

SkeliteTM 4.90 4.58(5) 1.27 1.27(4) 1.70 1.65(4)

The elemental compositions of the three materials were determined using X-ray fluores-

cence spectroscopy, carried out by SGS Minerals Services. The results are summarized in

Table 4.5 along with the expected, as-prepared values. All samples were measured in dupli-

cate with the average values for the two measurements reported. The largest disagreement

for the two measurements was around 5% with the difference typically being much less than

1%. An uncertainty of 5% was therefore used for the initially measured elemental contents

and used to calculate the overall uncertainty in the values presented.

For Si-α-TCP, the molar ratios for both Ca/P and Ca/(P+Si) agree, within error,

with the expected values. There is a large discrepancy in the as-prepared and measured
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silicon contents though, with a significantly smaller amount of silicon in the material than

expected. The Si-HA material showed large discrepencies between the as-prepared and

measured values. The silicon content is significantly higher than expected while both the

Ca/P and Ca/(P+Si) ratios are smaller. Interestingly, the Ca/(P+Si) molar ratio is very

close to 1.67, which is the expected value for Si-HA. This is similar to the result reported

by McLean [64]. For SkeliteTM, the molar ratios are similar to the expected values with a

slightly lower Ca/P ratio compared to the as-prepared value. In the Si-α-TCP material,

the silicon content is also significantly lower than expected.

4.3.4 Discussion

The objective of this thesis is to determine the silicon complexes using 29Si NMR in three

materials: single phase Si-α-TCP, single phase Si-HA and multiphase SkeliteTM. For the

NMR experiments to be feasible, an isotopically enriched silicon source must be used. A

SiO2 powder enriched to greater than 95 wt.% 29Si was found with a similar particle size to

the finely dispersed fumed silica colloid typically used to produce the materials. Switching

from a colloidal silica to powdered silica required testing to ensure the materials produced

were similar to the established materials in e.g. silicon content, Ca/(P+Si) molar ratio and

lattice parameters. The purpose of this chapter is to present an overview of the materials

production method and perform the testing required to compare the materials made with

enriched silicon to the materials previously studied.

Combining the results of the Rietveld refinements of the X-ray powder diffraction spectra

and the X-ray fluorescence spectroscopy, a clearer picture of what has happened in the

materials is obtained. For Si-α-TCP, the XRF results help to explain the observed phase

composition and changes in the lattice parameters. The lower than expected silicon content

in this material (0.7 wt.% instead of 0.87 wt.%) may explain the significant amount of Si-

HA phase (10 wt.%). The lack of silicon increased the Ca/(P+Si) ratio slightly, bringing it

closer to the value expected for Si-HA, with the preferential formation of this phase. Also,
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the lack of silicon could mean there was simply not enough of it to stabilize a 100% pure

Si-α-TCP phase, although Reid et al. [45] produced a single-phase material with as little

as 0.59 wt.% Si. Another possibility is that the silica powder used as a silicon source was

not as effective at nucleating the Si-α-TCP phase. Without the ability to perform multiple

trials, due to cost and time limitations, at various levels of silicon doping it was not possible

to determine this. It was also not possible to determine if the lower levels of silicon can be

attributed to the silica source, with silicon being lost during production, or was simply a

one time occurrence in this particular sample.

The lower quantity of silicon in this material also explains the differences in observed

lattice parameters compared to those observed by Reid et al. The lower quantity of silicon

in the Si-α-TCP material corresponds closely to one of the samples made by Reid et al.

which was intended to have 0.59 wt.% Si but was found to contain 0.73 wt.%. The lattice

parameters found for the sample studied by Reid et al. are very similar to the values found

for the material in the present study. The a-axis lattice parameter decreasing more than

anticipated compared to α-TCP for the current material is expected based on the results

of Reid et al. who found this parameter to initially decrease significantly upon addition of

silicon, followed by a slight recovery towards the undoped value with a plateau at a doping

of 0.87 wt.% Si or higher. Furthermore, the b-axis and β lattice parameters were found

to increase steadily with doping until plateauing above 0.87 wt.% Si, explaining why the

increases observed for the present material are not as large as expected for a 0.87 wt.% Si

sample. Finally, Reid et al. observed no discernable trend in the c-axis lattice parameter,

with all values similar regardless of the doping. This may explain why the value obtained

for the material in this study was very close to the expected value.

For the single phase Si-HA material, the most interesting result was the Ca/(P+Si) ra-

tio which was much smaller than the as-prepared value but very close to the stoichiometric

value for Si-HA where silicon is replacing phosphorus. McLean found a similar result in

his work in which this method for producing single phase Si-HA was initially developed
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[64]. Interestingly, it was noted while producing this material that after centrifuging the

material did not clump together on the bottom of the container as well as expected and the

supernatant that was poured off was cloudy. For the other materials produced, this super-

natant was clear, indicating that some of the powder was being discarded in Si-HA. Based

on the XRF results, calcium must have been preferentially discarded thereby decreasing the

Ca/(P+Si) molar ratio. This would also explain the increase in silicon doping found if little

or no silicon was lost but other material was, thereby increasing the relative amount.

The lattice parameters obtained for the Si-HA material are difficult to interpret since no

study has been performed to date on the effect of silicon doping on the HA lattice param-

eters using this production method. More importantly, no study of the lattice parameters

for an undoped material made with this technique has been carried out. One of the inter-

esting findings of Astala et al. [19], who reviewed Si-HA materials made with a variety of

techniques, was that even the undoped HA materials made by the various research groups

exhibited a wide range of lattice parameters. This suggested that not only does the silicon

doping have an effect on the material structure, but also that the effects depend on the

production method. This makes comparing the values obtained for Si-HA to those of NIST

HA or Holly Springs HA of limited usefullness. However, the single phase Si-HA lattice

values are helpful for comparing to the Si-HA phase in SkeliteTM. The only differences in

these materials were the initial Ca/P molar ratio and amount of silicon added. With the

increase in silicon content in the SkeliteTM material, both the HA phase a-axis and c-axis

lattice parameters increased relative to those for the single phase Si-HA, indicating that

this is the likely effect of adding silicon to the HA phase.

In SkeliteTM, the silicon content was also slightly lower than expected while the Ca/P

molar ratio was slightly higher. These two effects counteracted to give a Ca/(P+Si) ratio

equal to the expected value. The lower than anticipated silicon content is similar to that

found for Si-α-TCP, although in this case to a smaller degree (6% lower compared to 20%

lower). This again suggests that some silicon is being lost during production, however two
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cases is still too small a sample set from which to draw strong conclusions. The lower

quantity of silicon may also explain why the changes in lattice parameters from α-TCP,

while following the same trends, were in general slightly smaller than anticipated for the

Si-TCPsat phase. The changes observed in the Si-HA phase in SkeliteTM were also smaller,

specifically for the a-axis parameter and to a much lesser extent for the c-axis parameter.

A further comment regarding the change in silicon source to accommodate the need

for isotopically enriched silicon is required. The enriched SiO2 powder was examined using

transmission electron microscopy to determine the particle size. The enriched silica had a

particle size of approximately 100 nm, similar to the reported values for the fumed silica

colloid typically used to produce the doped calcium phosphate materials which is between

10 and 100 nm [65]. A few larger particles, up to around 500 nm were also observed in

the enriched silica. The fumed silica is designed to form linked aggregates between 0.2 and

0.3 µm in size when in solution. The particle sizes are therefore similar, but this alone does

not ensure the two materials behave similarly during the production process. It was noted

that the enriched silica did not mix nearly as well into the aqueous precipitate, instead

remaining on the surface of the liquid until vigorously stirred. Also, the enriched silica was

much more difficult to work with as it was very difficult to remove from the plastic container

used for weighing. The silica coated the container and was electrostatically attracted to it,

making removal difficult. This was not observed with the non-enriched silica powder used to

verify the production process. These observations suggest that the surface properties of the

enriched silica may differ from those of the non-enriched powder and the Cab-o-SperseTM

and may have an effect on the behaviour of the enriched silica during production. The

similarities in the compositions and lattice parameters between the materials made with

the enriched silicon and previous materials made with Cab-o-SperseTM suggest this was not

a big problem, but it is worth noting nonetheless.
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4.4 Summary

The goal of this work was to produce three materials using an enriched source of silicon:

Si-α-TCP, Si-HA and SkeliteTM, that were structurally similar to previously studied mate-

rials, and to study the silicon sites in the materials using 29Si MAS NMR. This has been

accomplished mostly successfully, with the only shortcomings being that the Si-α-TCP

material was not single phase, instead containing 10 wt.% HA, and the Si-HA contained

about 5 wt.% α-TCP-like phase. These unwanted phases were deemed insignificant as far

as the NMR work was concerned as the vast majority of the material was of the desired

phase. Furthermore, the Rietveld refinements of the powder XRD spectra which were used

to determine the lattice parameters of the various phases showed the expected changes in

these values. This showed that the change in production technique to allow for the use of

isotopically enriched silicon did not noticeably alter the way silicon was incorporated into

these materials.



Chapter 5

NMR Investigation

5.1 Introduction

Having successfully produced three silicon doped calcium phosphate materials using an

isotopically enriched silicon source enabled an investigation of the silicon structures in these

materials using 29Si MAS NMR. The results of these NMR experiments are presented in

this chapter along with a discussion of the results.

5.2 Results

5.2.1 Si-α-TCP

The 29Si MAS NMR spectrum for Si-α-TCP is shown in Figure 5.1. Two close but distinct

peaks were found in this spectrum. One sharp peak was located at a chemical shift of

approximately -75 ppm with respect to TMS and a second much broader peak that slightly

overlapped the first peak was located at a chemical shift of around -78 ppm. To investigate

the positions, widths and relative intensities of the two peaks, Gaussian shaped line profiles

were fit to the spectrum using the NUTS NMR data processing software from Acorn NMR

65
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Figure 5.1: 29Si MAS NMR spectrum for Si-α-TCP.

Inc. [72]. These are shown in Figure 5.2 with the resulting peak centroids, breadths, nor-

malized intensities and relative integrated intensities summarized in Table 5.1, along with

the values for the Si-HA and SkeliteTM spectra.

5.2.2 Si-HA

The 29Si MAS NMR spectrum for Si-HA is shown in Figure 5.3. In this case, only a single

peak was observed and once again, in order to determine the peak position and breadth, a

Gaussian function was fit to the data. This fit, shown in Figure 5.4, gave a peak centred at

-78.2 ppm with a full-width at half-maximum of 2.3 ppm.

5.2.3 SkeliteTM

Figure 5.5 shows the 29Si MAS NMR spectrum for SkeliteTM. This material showed a fairly

complicated spectrum with two distinct single peaks at approximately -80 ppm and -90

ppm as well as a large signal between -100 and -130 ppm which consisted of multiple broad
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Figure 5.2: Peaks fitted to 29Si MAS NMR spectrum for Si-α-TCP.

Table 5.1: Properties of the Gaussian peaks fit to the NMR spectra for Si-α-TCP, Si-HA
and SkeliteTM. The peak centroids, breadths, normalized amplitudes and relative
integrated intensities are given for each spectrum.

Centroid Breadth Normalized Relative Integrated
(ppm) (ppm) Amplitude Intensity (%)

Si-α-TCP

-75.2 1.5 100 28.5
-78.0 5.2 74.7 71.5

Si-HA

-78.2 2.3 100 100

SkeliteTM

-78.9 2.1 45.4 6.7
-90.9 1.6 36.7 4.1
-106.7 5.0 21.3 7.2
-112.8 1.7 32.7 3.8
-118.4 11.4 100 78.2
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Figure 5.3: 29Si MAS NMR spectrum for Si-HA.

Figure 5.4: Peak fitted to 29Si MAS NMR spectrum for Si-HA.
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Figure 5.5: 29Si MAS NMR spectrum for SkeliteTM.

Figure 5.6: Peaks fitted to 29Si MAS NMR spectrum for SkeliteTM.
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peaks. In all, a total of five Gaussian peaks were fit to this spectrum as shown in Figure

5.6 with the peak properties summarized in Table 5.1.

5.3 Interpretation of 29Si NMR Results

Silicon is the second most abundant element in the Earth’s crust, behind only oxygen [73].

Due to this prevalence of silicon in naturally occurring minerals, a significant body of work

exists relating solid-state silicon NMR signals to the local environment of the silicon nucleus

(see, for example [74, 75, 76, 77]). There are a number of structural characteristics which

influence the chemical shift to varying degrees. These factors will be briefly reviewed here.

The two biggest factors affecting the chemical shift of silicon are the coordination number

and nearest neighbour elemental species. For silicon oxides, shifts on the order of 50 ppm are

found as the oxygen coordination increases from 4 to 5 and then 6 with values around -100

ppm for SiO4, the chemical species of interest in this work. Similar changes are observed for

different nearest neighbours, for instance SiO4 and SiC4, but the materials studied in this

investigation all involve the replacement of phosphate groups with silicates so other nearest

neighbour species are not considered.

Figure 5.7: Ranges of chemical shifts in silicates with varying degrees of condensation of
tetrahedra. After Mägi et al. [74]

For tetrahedral silicates, the most important parameter influencing the chemical shift
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Figure 5.8: Ranges of chemical shifts in calcium silicates with varying degrees of condensa-
tion of tetrahedra. Chemical shift values obtained from [74, 75, 76, 77].

is the connectivity or degree of condensation of the tetrahedra. This is denoted using the

notation Qn where Q denotes a SiO4 tetrahedron and n represents the number of adjacent

tetrahedral units that are bonded to the structure of interest through common oxygens. n

can range from 0 for isolated tetradedra to 4 for a fully connected silicate network giving a

silica (SiO2) structure. Q0 silicates have chemical shifts around -70 ppm with changes on

the order of 10 ppm to higher shielding for every increase in n of 1. Mägi et al. studied

the effect of the degree of connectivity of the tetrahedron on the chemical shift in solid

silicates, producing the result shown in Figure 5.7 [74]. While there is significant overlap in

the ranges for the different degrees of condensation, a much clearer picture is obtained when

the cation atoms that surround the silicon structure are considered, as these also influence

the chemical shift. The ranges of chemical shifts for silicate structures with calcium cations

with different connectivities, which are the structures of interest in the present study, are

shown in Figure 5.8. The chemical shift values for this figure were taken from a number of

solid-state 29Si NMR reviews [74, 75, 76, 77]. Based on these results, in calcium silicates

a Q0 structure gives a chemical shift between about -70 ppm and -75 ppm, a Q1 structure

between about -75 ppm and -83 ppm, a Q2 structure between -84 ppm and -92 ppm, a

Q3 structure around -100 ppm and a Q4 or silica structure between approximately -105
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ppm and -120 ppm. This information alone makes differentiation between the signals of

some of the possible charge compensation mechanisms possible. The mechanism in which

two SiO4 groups are compensated by an oxygen vacancy forms a Si2O7 Q1 complex while

compensation by either excess calcium, excess hydrogen or a OH vacancy all result in a Q0

type complex.

The smaller changes observed within silicate groups with the same degree of condensa-

tion are due to distortions in the local structure. For instance, Si-O bond lengths, O-Si-O

bond angle distortions from the ideal tetrahedral value, the length and number of bonds

between the oxygens of the tetrahedra and the calcium cations and the Si-O-Si bond angle

in condensed structures all have an effect on the chemical shift. The typical magnitude of

the changes in chemical shift due to these factors is on the order of a few ppm. An example

of this is in the dicalcium silicate minerals (Ca2SiO4) in which the chemical shift for the Q0

silicon site is -70.3 ppm, -71.4 ppm and -73.5 ppm for the α, β and γ phases respectively.

Furthermore, in the mineral rankinite (Ca3Si2O7) chemical shifts of -74.5 ppm and -76.0

ppm are found for the Q1 Si2O7 structure in which the two silicon sites are not geometrically

equivalent.

5.3.1 Empirical Relationships Relating Local Silicon Structure to Chem-

ical Shift

Numerous studies have been performed attempting to correlate various silicate structural

parameters to the chemical shift. MacKenzie and Smith [77] and Engelhardt et al. [75]

review many of these studies which were found to have limited applicability outside of the

group of silicates used to develop the empirical relationship. In general, a decrease in the

shielding (less negative chemical shift) is found for an increase in the mean Si-O bond length

and a decrease in the mean Si-O-Si bond angle.

A more detailed empirical relationship was developed by Sherriff et al. [78, 79] which
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takes into account the second nearest neighbour cations to the silicon atom. This relation-

ship is based on the magnetic susceptibility anisotropy of the bonds surrounding the silicate

group and is modified to account for the valence of the bond and the Si-O-X bond angle,

where X represents the next nearest neighbour element. This calculated magnetic dipole

term was then related to the chemical shift by performing a least-squares refinement on 72

silicate structures containing 124 unique silicon sites in which both the NMR chemical shift

along with accurate structural models based on X-ray and Neutron diffraction were known.

This relationship is based on five structural parameters for the Si-O-X structure which

are illustrated in Figure 5.9. These parameters are: (i) the distance between the silicon and

the midpoint of the oxygen-cation bond, R, (ii) the length of the cation-oxygen bond, r,

(iii) the distance between the silicon and the cation, D, (iv) the angle, θ, between R and r

and (v) the Si-O-X bond angle, α. The oxygen-cation bond creates a magnetic dipole which

interacts with the silicon nucleus via the term (1−3 cos2 θ)/3R3 [80]. This dipole interaction

term is then weighted by a term accounting for the valence of the bond, exp[(r0− ri)/0.37],

where r0 is the length of a bond of unit valence and is characteristic of each cation element.

A final weighting term, logD, is then applied which was found empirically to improve the

correlation for structures in which the angle α was either very small or very large, resulting

in either a smaller or larger than typical silicon-cation separation. This quantity is then

summed over all of the oxygen-cation bonds to give Ω as shown in Equation 5.1. The least

squares refinement then gave the relationship between the chemical shift, δ (in ppm) and Ω,

the result of which is shown in Equation 5.2. For the 124 silicon sites used to determine this

empirical relationship, a root mean square deviation of 0.66 ppm was obtained between the

predicted and measured chemical shift values with a maximum disagreement of less than 4

ppm for Q0 and Q1 structures. Figure 5.10 [79] compares the calculated chemical shifts to

the experimental values for the 124 sites used to create the model.
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Figure 5.9: Geometrical parameters used in the calculation of the silicon chemical shift
using the empirical model developed by Sherriff et al. [79].

Ω =
∑
i

(
1− 3 cos2 θi

3R3
i

)
exp

(
r0 − ri
0.37

)
log(Di) (5.1)

δ = 701.6Ω− 45.7 (5.2)

Table 5.2: 29Si NMR chemical shifts predicted by the empirical model of Sherriff et al. [79]
for the possible silicon structures in Si-HA found by Astala et al. [19].

Charge Compensation Structure Chemical
Mechanism Type (Qn) Shift (ppm)

Excess Hydrogen Q0 -65.9
OH Vacancy Q0 -69.6

-66.2
Oxygen Vacancy Q1 -74.9

-68.3

The empirical relationship developed by Sherriff et al. [79] was used to calculate expected

chemical shifts for the various possible silicon structures determined by Astala et al. [19] for

silicon doped hydroxyapatite and by Yin and Stott [20] for silicon stabilized α-tricalcium

phosphate. Table 5.2 shows these results for the three suggested possible structures in
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Figure 5.10: Chemical shifts calculated using Equations 5.1 and 5.2 plotted against the
experimental values for the 124 silicon sites used to develop the empirical
model. After Sherriff et al. [79].

Si-HA: charge compensation of silicon replacing phosphorus via an excess hydrogen, a OH

vacancy or an oxygen vacancy for every two silicons. Both the excess hydrogen and OH

vacancy mechanisms result in a Q0 type silicate structure while the oxygen vacancy mech-

anism gives a Q1 type structure. For the OH vacancy structure, two values are reported,

which correspond to the two different OH groups in the structure being removed, one of

which is in the same x − y plane as the silicon and the other which is not. Removing the

OH group that is in the same plane as the silicon was found to be the more stable structure

and this is the first value reported (-69.6 ppm). The two values reported for the oxygen

vacancy mechanism correspond to the two different silicon sites in the Si2O7 structure. The

three Q0 structures that were calculated (one for an excess hydrogen and two different OH

vacancy structures) all fall slightly below (less shielded) but close to the range expected

for this type of structure in calcium silicates which was shown in Figure 5.8. For the Q1

Si2O7 structure, one silicon site is predicted to have a chemical shift at the lower end of the

expected range whereas the second silicon site is significantly less shielded than expected
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for this type of structure. One unusual feature of this predicted structure was that one

of the oxygen atoms of the silicate group had only two nearest neighbour calcium cations,

while in almost all of the other structures examined there were at least three oxygen-cation

bonds. Each of these bonds increased the predicted chemical shielding of the silicon nucleus

so having one less bond helps to explain the predicted value falling outside of the expected

range for a Q1 structure.

Table 5.3: 29Si NMR chemical shifts predicted by the empirical model of Sherriff et al.
[79] for the most energetically favourable silicon structures in silicon stabilized
α-TCP found by Yin and Stott [20].

Charge Compensation Structure Chemical
Mechanism Type (Qn) Shift (ppm)

Excess Calcium Q0 -69.9
-73.3

Oxygen Vacancy Q1 -81.1
-71.1

The predicted chemical shift values for the most stable structure for each of the two

possible charge compensation mechanisms in silicon doped α-TCP are shown in Table 5.3.

The two mechanisms suggested by Yin and Stott [20] were charge compensation for every

two silicons replacing phosphorus by either an excess calcium or an oxygen vacancy. In both

of these cases two distinct silicon sites are present so two chemical shift values are shown.

The two values for the excess calcium mechanism, which is a Q0 type structure, both fall

within the expected Q0 range while one of the values for the Q1 oxygen vacancy structure

is within the expected range but the other is at a less shielded value. Due to the complexity

of the α-TCP structure there were many ways to create both of the possible structures by

substituting silicon at different phosphorus sites. The three most energetically favourable

locations for each of the complexes were examined. For the excess calcium complex, these

six silicon sites had a predicted chemical shift range of -69.3 ppm to -75.0 ppm and an
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average value of -72.1 ppm. For the Si2O7 complexes, the six silicon sites had a range of

predicted chemical shifts between -70.4 ppm and -81.1 ppm and an average value of -75.7

ppm.

In addition to the possible structures for silicon doped α-TCP, the empirical model of

Sherriff et al. [79] was used to calculate the chemical shifts in the calcium silicate minerals

larnite and rankinite. As discussed previously, the structures of these two minerals should

be similar to the silicon structures in silicon doped α-TCP for the excess calcium and oxygen

vacancy charge compensation mechanisms respectively. The results of these calculations,

along with the experimentally determined chemical shifts for these two materials [74] are

summarized in Table 5.4. The differences between the predicted chemical shifts and observed

values for these two materials range between 1 and 3 ppm.

Table 5.4: 29Si NMR chemical shifts predicted by the empirical model of Sherriff et al. [79]
for the calcium silicate minerals larnite and rankinite, along with the experimen-
tally measured values [74].

Mineral Structure Predicted Chemical Measured Chemical
Type (Qn) Shift (ppm) Shift (ppm)

Larnite Q0 -70.4 -71.4

Rankinite Q1 -76.3 -74.5
-78.7 -76.0

5.3.2 Ab Initio Calculations of Silicon Chemical Shifts

In addition to the interpretation of the 29Si MAS NMR experimental results using previous

experimental studies of similarly structured materials and the use of an empirical model

to predict chemical shifts, it was thought that ab initio calculations of the chemical shifts

would be an effective tool. Ab initio calculations in the studies of these materials performed

by Yin and Stott [20] and Astala et al. [19] proved to be very valuable, so it was believed
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they could also be of use in the current study.

As discussed in section 3.3.3, the chemical shielding, σ, is a second-rank tensor that

relates the externally applied magnetic field, Bext, to the local field experienced at the

nucleus, Bloc:

Bloc
α = (1− σ)αβ B

ext
β (5.3)

The components σαβ relate an externally applied field in the β-direction to the field experi-

enced at the nucleus along the α-direction. Following the formulation developed by Ramsey

[81] and discussed by de Dios [82], the shielding can be broken down into two components,

a diamagnetic term, σdαβ, obtained from the electronic ground state of the molecule or clus-

ter of interest, and a paramagnetic term, σpαβ, due to the excited electronic states of the

molecule:

σαβ = σdαβ + σpαβ (5.4)

For the x− x component of the tensor, for instance, these two terms are given by:

σdxx =
e2

2mec2
〈0|
∑
i

[(
y2
i + z2

i

)
/r3i
]
|0〉 (5.5)

σpxx = − e2

2m2
ec

2

∑
q>0

(Eq − E0)−1 〈0|
∑
i

Lxi/r
3
i |q〉〈q|

∑
i

Lxi|0〉 (5.6)

where e and me are the electron charge and mass respectively, c is the speed of light and

y, z and r are the electron position operators with the nucleus of interest at the origin.

In equation 5.5, The sum is over all the electrons and evaluated using the ground state

wavefunction, |0〉. In the paramagnetic term, equation 5.6, the perturbed wavefunction is

expanded in terms of the unperturbed virtual states, |q〉, and the sum over q covers all
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of the excited electronic states, Eq is the unperturbed energy of the state q and L is the

angular momentum operator with the origin again at the nucleus.

For a full derivation and discussion of these terms, the reader is referred to Ramsey’s

original formulation [81] or the review article of de Dios [82]. Briefly, the shielding field

due to the electrons is very small compared to the electronic orbital energies and thus the

shielding terms are obtained from perturbation theory. The diamagnetic shielding term

comes from a first-order perturbation treatment while the paramagnetic term arises in

second-order.

In order to carry out these calculations of the shielding components, the electronic

ground and excited states in the absence of an applied magnetic field must first be deter-

mined for the molecule or cluster of interest. These can be obtained, for example, from a

self-consistent field calculation in which the molecular orbitals are calculated from a linear

combination of atomic orbitals. A variety of basis sets can be used to describe the atomic

orbitals, with Gaussian type orbitals being common but Slater type orbitals are another

possibility. Regardless of the type of basis set employed, large basis sets are required to

accurately predict the chemical shielding which greatly increases the computation time and

therefore limits the size of the molecule for which a calculation can be performed.

The large basis set requirement arises for a number of reasons. Calculation of the

paramagnetic shielding term requires a sum over all the excited electronic states. This

can only be described accurately with a large number of basis functions that provide a

sufficient description of the unoccupied or virtual orbitals. Additionally, in the derivation

of the shielding terms, the externally applied magnetic field, B, is described by a vector

potential, A, with B = ∇×A. The use of a vector potential leads to a gauge origin problem

with the diamagnetic and paramagnetic shielding terms dependent on the choice of gauge.

The total shielding must be independent of the gauge so the gauge dependent terms in

the diamagnetic and paramagnetic contributions should cancel. Computational difficulties

prevent this from occurring but the gauge dependent effect is minimized by the use of larger
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basis sets (and the shielding is gauge invariant if the set of states, |i〉, is complete).

These inherent difficulties in the calculations of chemical shifts made this tool of limited

value for the present study for a variety of reasons. Firstly, the complicated structures of

the HA and TCP phases made calculations on the entire unit cells prohibitive. Instead, a

cluster approach was attempted in which only the silicon complex and its local environment

was considered. This in itself is not a problem since the chemical shift is dominated by

the immediate structure around the nucleus of interest through the 1/r3 dependence in

Equations 5.5 and 5.6. The problem lies in finding an effective way to cap off the cluster so

as to simulate the crystalline environment in the bulk material. This has been successfully

applied to silica (SiO2) structures [83] where the bonding is clearly defined and the cluster

can be capped by replacing an O-Si bond with an O-H bond to terminate the structure.

However, in the silicon doped calcium phosphates of interest in the present study this is

much more difficult. In these materials, the silicate group is surrounded by calcium cations.

The coordination number of the calcium cations with nearby oxygens varies greatly with

values ranging from 5 to 12 [22, 27]. This makes it extremely difficult to devise a method to

terminate the cluster as each calcium cation has a different number of neighbour oxygens

that could be replaced with OH groups as one means of capping the cluster. Furthermore,

instead of each oxygen from the silicate group of interest having one additional silicon as

the second nearest neighbour to the central silicon, as is the case in silica, the oxygens in the

calcium phosphates are surrounded by between 2–4 calcium cations, each of which are then

surrounded by between 5–12 additional oxygen atoms, meaning the cluster size increases

much more rapidly as additional bonding levels are included. These problems made even

creating a reasonable cluster, of small enough size to perform an accurate calculation in a

feasible amount of time, extremely challenging.

Even if an accurate cluster to model the structure in these materials were created, the

calculated chemical shielding would still only be moderately useful due to the nature of 29Si
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NMR chemical shifts. As shown in Figure 5.8, the chemical shift in calcium silicate struc-

tures depends mainly on the degree of coordination of the silicate tetrahedra. Only small

variations are observed within the various Qn groups due to changes in the local structure.

Differentiating between the chemical shifts of different structures within the same Qn group

would require an extremely accurate chemical shielding calculation. Previous ab initio stud-

ies on silica phases [83] and a variety of Qn structures in silicates [84] examined the effect of

different cluster sizes and a variety of basis sets on the calculated chemical shift for materials

with known experimental chemical shifts. Even the methods that were determined to work

the best in these studies had errors between the calculated and experimental chemical shifts

that averaged around 3 ppm, with maximum differences around 6 ppm. These uncertainties

span almost the entire range of possible chemical shifts for calcium silicates in different Qn

groupings. Additionally, the various possible structures considered in the current study are

based on previous ab initio studies. This means that the structures considered presently

could differ from the actual structures, especially considering that the calculated lattice

parameters differed from the experimentally determined values. The predicted structures

are likely very similar to the actual structures, but even small changes in, for instance, bond

lengths and bond angles would alter the chemical shielding.

The problems associated with the ab initio calculations of the chemical shielding in

the current study are best illustrated with a couple of examples. The calcium silicate

minerals larnite and rankinite, discussed previously, were used as test calculations since their

structures and experimental chemical shifts are known. Clusters were produced for each

material that included the silicon atoms of interest, the nearest neighbour oxygens and the

next nearest neighbour calciums. No atoms to terminate the cluster were added due to the

issues of coordination number and cluster size discussed above. The model clusters for the

two materials are shown in Figure 5.11. Calculations were performed using the commercially

available software packages Gaussian 03 and ADF. For the calculations performed using

Gaussian 03, Hartree Fock theory was utilized with a number of different Gaussian type
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Figure 5.11: Clusters used to calculate the chemical shielding in the minerals larnite (a),
with a Q0 silicate structure and rankinite (b), with a Q1 silicate structure. The
clusters include the silicon atom(s) of interest, the nearest neighbour oxygen
atoms and the next nearest neighbour calcium atoms.

basis sets. The chemical shielding of TMS was also calculated so that the chemical shift

could be determined using equation 3.24. Chemical shifts of -75.9 ppm and -77.9 ppm were

calculated for larnite using the 6-31G∗∗ and 6-311+G∗∗ basis sets respectively. The study

performed by Azizi et al. [84] showed both of these basis sets gave 29Si chemical shifts

with relatively good agreement with experiment. The experimentally determined value for

larnite is -71.4 ppm [74]. While these values are reasonable, the differences of 4.5 ppm

and 6.5 ppm between the calculated and experimental values span almost the entire range

of possible chemical shifts for each silicate structure type in calcium silicates, as shown in

Figure 5.8. Thus, extending this method to the predicted silicon structures in the materials

studied in the current work would not be expected to provide any additional insight into the

silicon complex formed. Additionally, when the same calculations were carried out on the

rankinite structure, difficulties were encountered in obtaining convergence in the electronic

structure calculation. This was likely a result of inadequate capping of the cluster. The

results obtained using ADF, which utilizes Slater type orbitals and density functional theory,

were no better, and in some cases much worse, with differences between the calculated and
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experimental chemical shifts in the tens of ppm. Based on the difficulties encountered

and the likelihood that, even with a significant investment of time, the calculations would

not provide any additional information, it was decided not to pursue the calculations any

further.

While ab initio calculations are not overly helpful in interpreting the experimental re-

sults in the present study, future advances may change that. Improvements in both the

calculation procedures as well as advances in computer speeds will make the calculation of

larger clusters easier and more accurate.

5.4 Discussion

Based on the survey of silicon chemical shifts in calcium silicate structures, summarized in

Figure 5.8, and the calculations performed using the empirical model of Sherriff et al. it is

possible to draw some conclusions as to the likely charge compensation mechanisms in the

three silicon doped calcium phosphate materials studied in this thesis.

5.4.1 Si-HA

For Si-HA a single peak was observed in the NMR spectrum, depicted in Figure 5.3, at a

chemical shift of -78.2 ppm. Based on the chemical shifts of other calcium silicate structures

this chemical shift is indicative of a Q1 structure. Of the three possible charge compensation

mechanisms treated by Astala et al. [19] for this material, namely an excess hydrogen, OH

vacancy and O vacancy, the only one with a Q1 structure is the oxygen vacancy complex.

The OH vacancy complex is a Q0 structure, as is the excess hydrogen complex, although in

that case one of the oxygens is replaced by a hydroxyl group. A similar structure in which

an oxygen is replaced by a hydroxyl in a Q0 type silicate is found in the mineral afwillite

(Ca3(HSiO4)·2H2O) [85]. The two different silicon sites in this material have experimentally

determined chemical shifts of -71.3 ppm and -73.3 ppm [75], within the range expected for
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Q0 calcium silicates without hydroxyl groups. The results using the model of Sherriff et al.

[79] for the three structures, summarized in Table 5.2, did not give any chemical shifts that

agreed closely with the observed value of -78.2 ppm. The closest value was for the oxygen

vacancy, with predicted chemical shifts of -68.3 and -74.9 ppm for the two different silicon

sites. None of the other possible structures had predicted chemical shifts within 8 ppm

of the observed value. Based on these observations of chemical shifts in other calcium

silicates and the values predicted by the model of Sherriff et al. it seems that the silicon

structure in the Si-HA material is almost certainly a Q1 structure in which the substitution

of two adjacent phosphate groups by silicates is charge compensated by an oxygen vacancy,

yielding a Si2O7 structure.

The result is interesting for a number of reasons. First, this is the only experimental

evidence for this type of structure in silicon doped hydroxyapatite. Previous studies of Si-

HA produced using a variety of methods, as reviewed in Chapter 2, found evidence for both a

OH vacancy [32, 36, 38] and for excess hydrogen [37] as the charge compensating mechanism.

Also, the theoretical study performed by Astala et al. [19], which examined all three of these

possible mechanisms, found the oxygen vacancy structure to be less energetically favourable

than the other two. This work did find that the most stable structure was dependent on the

water chemical potential and there was a small intermediate range of the water chemical

potential over which this structure would be stable if the formation energy were slightly

lower. This dependence on the water chemical potential dependence could also explain

the different structures reported in the various studies that have been performed due to

differences in the production method.

Charge compensation via an oxygen vacancy also does not agree with the model pro-

posed by Reid et al. [42] describing the phase evolution in the silicon substituted tricalcium

phosphate/apatite system. That study and additional work that followed [43, 44] found a

decrease in OH content with the addition of silicon, although much of this decrease was

due to a decrease in the amount of apatite phase. The OH vacancy was suggested as the
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charge compensation mechanism in the Si-HA phase and a necessary step in the formation

of Si-TCP. It should be noted that the single phase Si-HA studied here required a different

initial Ca/(P+Si) molar ratio and silicon content to produce a single phase material com-

pared to the multi-phase mixture examined in the previous studies, which could possibly

affect the structure of the hydroxyapatite phase.

5.4.2 Si-α-TCP

The 29Si MAS NMR results for the Si-α-TCP material are slightly more complicated in

that two peaks are present, as shown in Figures 5.1 and 5.2 and summarized in Table 5.1.

At first, the peak at -78.0 ppm, which is very close to the peak in Si-HA, was considered

to be from the small amount (10 wt.%) of Si-HA phase in this sample as it appeared as

a small shoulder on the sharper peak at -75.2 ppm. Closer inspection revealed that the

large breadth of this peak gave a large integrated intensity relative to the sharper peak,

indicating that the majority of the silicon in the material was associated with this broad

peak. If the peak at -78.0 ppm were due to the small amount of Si-HA phase, this would

require the Si-HA phase to contain over 7 wt.% silicon while the Si-α-TCP phase would

contain less than 0.5 wt.% silicon. This is not likely as most studies estimate that Si-HA

reaches saturation at around 1 wt.% silicon. Also, the significant difference in the peak

broadness compared to the peak observed in Si-HA indicates they are not from the same

phase.

As in Si-HA, the peak centred at -78.0 ppm is indicative of a Q1 silicate structure

based on Figure 5.8. The peak at -75.2 ppm is more difficult to interpret as this occurs

at a value that could be associated with either a Q0 or a Q1 structure. The two charge

compensation mechanisms considered by Yin and Stott [20] for silicon doped tricalcium

phosphate were compensation for every two silicon impurities by either an excess calcium,

forming Q0 structures, or an oxygen vacancy, forming a Q1 structure. The broad peak

at -78.0 ppm, like the peak in the Si-HA material, suggests the oxygen vacancy complex.
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Looking at the results from the calculations using the model developed by Sherriff et al.

which are summarized in Table 5.3, the second peak at -75.2 ppm also seems to agree more

with the values calculated for the oxygen vacancy mechanism. When the three most stable

structures for each complex are considered, the average calculated chemical shift for the

six silicon sites are -72.1 ppm and -75.7 ppm for the excess calcium and oxygen vacancy

mechanisms respectively. This also suggests the oxygen vacancy mechanism is more likely

to be responsible for the peak at -75.2 ppm. Finally, the chemical shifts of the two calcium

silicate minerals which were proposed as similar structures to these two mechanisms are -

71.4 ppm for larnite (indicative of the excess calcium complex) and -74.5 ppm and -76.0 ppm

for rankinite (oxygen vacancy complex). Based on these results, it is very likely that both

peaks in the Si-α-TCP spectrum are due to Q1 complexes meaning the charge compensation

in this material is provided by the creation of oxygen vacancies and the formation of Si2O7

structures.

The fact that there are multiple peaks present in the Si-α-TCP spectrum and one is

very broad means there are multiple sites present where the Si2O7 complex forms that

are structurally different. The site responsible for the peak at -75.2 ppm seems to be a

preferred site as this peak is quite sharp while the broad peak centred at -78.0 ppm is likely

due to a series of sites with slight variations in the structures resulting in small changes

in the chemical shift. In contrast, only a single sharp peak was observed for Si-HA. This

is not surprising however considering the structures of the two phases. In hydroxyapatite

there is only a single distinct phosphorus site as the six phosphorus atoms in the unit cell

are all related through symmetry. In α-TCP on the other hand, there are twelve distinct

phosphorus sites. This means there are many possibilities for the substitution of silicon and

the formation of different Si2O7 complexes.

The presence of multiple peaks for the Si-α-TCP sample may also explain the behaviour

of the a lattice parameter in this material observed by Reid et al. [45]. This lattice parameter

was found to decrease significantly at first from the value in pure α-TCP upon addition
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of silicon, followed by a partial recovery and then a plateau at a doping level of around 1

wt.%. In contrast, both the b and β lattice parameters changed linearly with additional

silicon until approximately 1 wt.% silicon doping at which point they also plateaued. This

indicates that there may be different silicon structures forming at different levels of doping

which have different effects on the a lattice parameter.

5.4.3 SkeliteTM

The 29Si MAS NMR results for SkeliteTM, shown in Figures 5.5 and 5.6, are even more

complicated with five distinct peaks fit to the data. The three peaks fit between -105 ppm

and -120 ppm are very difficult to distinguish and were only fit separately to get a more

accurate integrated intensity. These are characteristic of a Q4 or SiO2 structure. Since

no such crystalline phases were observed in the X-ray powder diffraction results these are

likely due to an amorphous or glassy phase. The width of these peaks, specifically the large

peak centred around -118 ppm, are also indicative of an amorphous material in which there

are small variations in the local environment around the silicon atoms. This amorphous

silicon phase is due to the amount of silicon added to this material (4.9 wt.%) which is

significantly more than can be incorporated into the HA and TCP phases. An amorphous

phase has been observed previously in this material in electron microscope images [69] and

the amount estimated to be around 20 wt.% [41] by performing X-ray powder diffraction

with a known amount of a standard material, as discussed in Section 3.2.5. The total

amount of amorphous phase in this material was measured by performing a second X-ray

powder diffraction scan with 12 wt.% silicon standard [24] added. The amount of each of

the phases was determined using Equation 3.16, with the amorphous phase fraction being

the difference between the sum of the phase fractions and unity. A phase composition of 14

wt.% HA, 66 wt.% α-TCP, 4 wt.% β-TCP and 16 wt.% amorphous phase was found. This

is similar to the compositions found by Sayer et al. [41] for the same material made using

a fumed silica colloid.
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The combined integrated intensities of the Q4 type structure peaks suggests that almost

90% of the silicon added to this material forms an amorphous phase and does not diffuse

into the crystalline phases. This may not be entirely true though since two different silicon

sources were used due to the high cost of the isotopically enriched silica and the large

quantity of silicon in this material. It is possible that the non-enriched silica preferentially

diffused into the crystalline phases excluding the enriched silica, which is predominantly

what is measured in the NMR experiment. This may be due to the differences between the

enriched and non-enriched silica powders, discussed in Section 4.3.4, specifically how well

they mixed into the CaP precipitate when they were added. Thus, the relative amounts of

silicon in the different sites for this sample must be considered as more qualitative in nature

instead of quantitative. A significant amount remains as an amorphous SiO2 phase but a

conclusion as to the exact proportion can not be made.

The large proportion of silicon not incorporated into the crystalline phases also makes

the interpretation of the other peaks difficult. The amount of silicon in these phases, while

slightly more than in the single phase materials based on the observed lattice parameter

changes, is not sufficiently increased to overcome the fact that only one quarter of the

silicon in this material was isotopically enriched. This resulted in a fairly small signal to

noise ratio for the peaks at -78.9 ppm and -90.9 ppm, making the determination of the

centres and widths of these peaks less precise. This is exemplified by examining the peak

at -78.9 ppm, which coincides with the position of a peak observed in both the single

phase Si-HA and Si-α-TCP samples. The breadth of this peak is consistent with the Si-HA

peak. If the Si-TCP phase in SkeliteTM contained a similar structure to the Si-α-TCP

phase, the broad peak which has a smaller amplitude may not be distinguished from the

background. Furthermore, the peak at -90.9 ppm is characteristic of a Q2 structure from

either a chain or ring silicate. Neither of these structures are likely to occur in Si-HA or

Si-TCP because this would result in a severe distortion of the crystal structure in order

to polymerize many isolated tetrahedra and should be apparent in the X-ray diffraction
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spectrum. Changes in the lattice parameters for both of these phases indicate both contain

silicon. This means that the entire signal from silicon that has diffused into the HA and

TCP phases is contained in the peak at -78.9 ppm or possibly another small, likely broad

peak that is not distinguishable from the background. This is once again indicative of a

Q1 structure suggesting that oxygen vacancies are compensating for the replacement of

phosphorus by silicon.

The origin of the peak at -90.9 ppm is not clear. There are two possibilities: this peak

may be due to silicon in an amorphous phase or it may be due to a separate crystalline

calcium silicate phase. The narrowness of the peak (1.6 ppm FWHM) suggests a crystalline

and not amorphous phase is responsible. A search of the literature of various calcium

silicate structures that have been examined using 29Si MAS NMR did not reveal any peaks

matching this position. The closest signal was from the mineral wollastonite (Ca3Si3O9).

This mineral contains chains made up of three connected SiO4 tetrahedra [86]. This results

in two separate peaks in the NMR spectrum: a peak at -91.7 ppm and a peak of half the

intensity at -87.6 ppm. No other crystalline phases were observed in the X-ray powder

diffraction spectrum although this may simply be due to the small quantity of this phase

present. Based on the relative integrated intensity of this peak, approximately 4 wt.% of the

silicon would be in this phase. With only 4.6 wt.% silicon in this material to begin with this

would mean only approximately 0.8 wt.% of the total material would be the wollastonite

phase so it may not be visible in the already complicated powder diffraction spectrum.

5.4.4 General Discussion

Finding the same silicon complex in all three materials studied is interesting. The fact

that this complex is a Si2O7 structure which has not been previously observed in Si-HA

materials is also notable. In previous studies of Si-HA materials, single phase materials

were produced using the expected molar ratio of elements for HA with silicon replacing
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phosphorus, specifically a Ca/(P+Si) ratio of 1.67, as long as the silicon content was lim-

ited to around 1 wt.%. Further, no sign of an α-TCP like phase was observed in these

materials. For the production method examined in the present study, significant amounts

of an α-TCP like phase are found when a Ca/(P+Si) ratio of 1.67 is maintained with a

small of amount of silicon doping. This raises the possibility that this particular charge

compensation mechanism may result in the conversion from HA to TCP, as this is also the

charge compensation mechanism observed in the Si-TCP phase. The dehydration of the

apatite phase, which is a necessary step for the conversion to occur, may simply be a result

of the sintering at high temperature, or could possibly be a secondary effect of the oxygen

vacancy charge compensating defect. The ATR-IR studies performed by Dunfield et al.

[44] showed a weak band associated with a dehydrated oxy-hydroxyapatite structure which

increased linearly with silicon doping. It is possible that the extra oxygens that result from

the creation of the oxygen vacancies may play a role in replacing the two OH− groups in

HA with a single O2− as occurs in the oxy-hydroxyapatite structure [87, 88].

5.5 Summary

29Si MAS NMR investigations of Si-HA, Si-α-TCP and SkeliteTM have shown that in all

three materials the replacement of phosphorus by silicon is charge compensated by the

formation of an oxygen vacancy for every two silicon atoms, resulting in a Si2O7 structure.

For Si-HA, a single, sharp peak indicative of this type of structure was present. For the

single phase Si-α-TCP material, two distinct peaks were present, but both were likely due

to a Si2O7 structure. The first was a large, sharp peak that indicated a well-defined,

preferred silicon location within the complicated α-TCP structure. The second peak was

much broader and indicated a range of similar silicon sites with slight differences in the local

environment giving differences in the chemical shift. In the SkeliteTM material, numerous

peaks were present. A number of large, broad peaks indicative of an amorphous SiO2 phase
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suggested that the majority of the silicon added to this material is not incorporated into

the crystalline phases. A peak characteristic of a Q2 silicate was also present and could be

due to the formation of a small quantity of a calcium silicate phase, with wollastonite being

the most likely candidate. Finally, a single peak for a Si2O7 structure was also observed in

SkeliteTM. This peak may be due to the silicon in both the HA and α-TCP phases, since in

the single phase materials a peak at the same location was observed. Alternatively, it may

be that the small signal to noise ratio due to the majority of the silicon being contained in

an amorphous phase and only one quarter of the silica added to this sample being enriched

due to the high cost resulted in a smaller, broad peak being indistinguishable from the

background. This is the first observation of a Si2O7 structure in Si-HA. The possibility

that this charge compensation mechanism influences the conversion to a silicon stabilized

tricalcium phosphate phase has been raised.



Chapter 6

Conclusions

6.1 Conclusions

The goal of this thesis was to utilize 29Si MAS NMR to directly examine the silicon sites

in a variety of silicon doped calcium phosphate bioceramics. Previous studies have relied

on indirect information, for instance changes in OH content based on infrared spectroscopy

experiments or changes in lattice parameters, in order to determine the effects of silicon

addition on the structures of these materials. This is partly due to the small amount of

silicon in these materials which makes it difficult to obtain experimental results that are not

obscured by the more prevalent atoms. The use of an isotopically enriched silicon source

allowed the use of 29Si MAS NMR which probes only the silicon sites within these materials.

In order to accomplish this, materials first had to be produced using this enriched silicon

which required using a slightly different silicon source.

Chapter 4 discussed the production of the materials and presented the characterization

data that showed they were nominally the same as the materials made previously without

the enriched silicon. The only issue encountered was that producing a single phase silicon

doped α-tricalcium phosphate material was not possible as a small quantity of hydroxya-

patite was always present. This suggested that the silica powder may not have been as
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effective at nucleating the Si-TCP phase, as has been found previously for metal-organic

silicon sources compared to Cab-o-Sperse. This was not to be an issue for the SkeliteTM

material where a greater quantity of silicon was used. It also proved not to be an issue

for the NMR investigations since the vast amounts of the samples were the phases of in-

terest. It was also discovered through the material production trials that spray drying the

powder is a necessary step to produce single phase Si-α-TCP (and possibly Si-HA). This

step has always been carried out in previous work to give a consistent particle size so that

the powder could be made into pellets or scaffolds. In the current work, the powder was

studied as-is so spray drying was not initially performed in order to minimize material loss

during production. Without spray drying, the maximum amount of α-TCP phase found in

single phase Si-α-TCP was only around 80 wt.%. This is probably a diffusion issue, with

the smaller particle size obtained with spray drying allowing silicon to more easily diffuse

into the material to stabilize the α-TCP phase.

Chapter 5 presented the results of the 29Si MAS NMR experiments performed on the

materials produced using enriched silicon. These results showed that in all of the materials

a Q1 silicate structure was formed, namely the replacement of two phosphate tetrahedra

by silicate tetrahedra charge compensated by an oxygen vacancy to give a Si2O7 complex.

While a similar structure was found in all three materials, each had a very distinct spectrum.

In the single phase Si-HA, a single sharp peak characteristic of a Q1 structure was

observed. Finding this type of structure in Si-HA was interesting because no evidence for

it had ever been observed in previous studies of this material produced using a variety

of different methods. Those studies relied on Rietveld refinements of powder diffraction

data and infrared spectroscopy experiments to conclude that OH vacancies were charge

compensating for the addition of silicon or, in one study, that excess hydrogen was the

charge compensating defect.

For the single phase Si-α-TCP material, two distinct peaks were observed but both were

indicative of the oxygen vacancy charge compensation mechanism. One peak was quite
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sharp while the other was a very broad peak. This suggested a preferred silicon site in the

material accounting for the sharp peak and a range of additional sites with slight structural

variations, giving small changes in the chemical shift and resulting in a broad peak. The

observation of multiple silicon sites was not surprising due to the complex α-TCP crystal

structure which has many distinct phosphorus locations at which silicon can substitute.

This result, which was not observed in the SkeliteTM sample of which silicon doped TCP is

the major phase, may account for the differences seen in the lattice parameters for single

phase Si-α-TCP compared to the Si-TCP phase in SkeliteTM.

In the mixed phase SkeliteTM material, a very complex NMR spectrum was observed.

It consisted of many broad peaks characteristic of an amorphous silica phase, a sharp peak

presumed to be due to a small amount of a calcium silicate phase with a Q2 silicate structure

and a single sharp peak indicative of a Q1 structure due to the silicon incorporated into the

α-TCP and/or HA like phases. The large quantity of silicon added to this material meant

only a portion of it could be isotopically enriched due to the high cost. The majority of the

NMR signal was contained in the amorphous peak which made identification of the signals

due to the silicon in the crystalline phases difficult. These peaks had a very small signal

to noise ratio so it was possible that additional signals were not distinguishable from the

background and may account for the observation of only one peak for the silicon in the

two different phases of interest: Si-HA and Si-TCP. The mixed use of silicon also made

quantifying the relative amount of silicon in each peak difficult as it was possible that the

non-enriched silicon preferentially diffused into the materials, leaving the enriched silicon

predominantly in the amorphous phase and accounting for the large intensity of those

peaks. Since the only peak observed that could be attributed to the crystalline phases was

consistent with the peaks observed in the single phase samples, this suggested that a similar

structure was being formed in these materials.

Observing a consistent silicon structure in all the different materials studied in this work,

and that structure being a different structure than previously seen in Si-HA materials
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made with different methods, raised the possibility that this particular silicon structure

influences the interesting phase evolution observed in this system. This silicon complex

may help induce the transformation from an apatite phase to TCP upon sintering as this

phenomenon is observed even when attempting to produce a stoichiometric Si-HA phase but

is not observed in the studies performed on other Si-HA materials for which other charge

compensation mechanisms were proposed.

6.2 Recommended Future Work

The results obtained in this work have raised some questions that warrant further study

to gain a more complete understanding of the silicon charge compensation mechanisms in

these materials. While it is clear from the NMR results that a Si2O7 structure formed in all

of the materials, this was examined for only a single silicon doping level and under a single

production condition. Now that a method to produce materials with isotopically enriched

silicon has been developed, the only obstacle to performing further studies with different

levels of silicon doping is the high cost of the enriched silicon. Both the single phase Si-HA

and Si-α-TCP materials use a small quantity of silicon so these could easily be studied

further. This would determine if the charge compensation mechanism is independent of the

amount of silicon present or if it changes as more silicon is added. The Si2O7 structure found

in the present work requires two adjacent silicate groups to form which may not occur at

lower levels of doping when there are fewer phosphorus atoms replaced by silicon. It would

also be interesting to see if the two distinct peaks in the Si-α-TCP material have a constant

relative intensity or if this also depends on the amount of silicon present. Finally, going

to higher levels of doping would show when the phases become saturated with silicon, as

presumably beyond this point any additional silicon added would show up as an amorphous

Q4 structure as seen in the SkeliteTM material.

Another investigation which would be interesting would be to sinter the Si-HA material
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in different environments with controlled humidities to see if this affects the silicon complex

formed. The theoretical modeling performed by Astala et al. [19] suggested that the most

stable silicon structure is dependent on the water chemical potential and this could explain

the different lattice parameter trends seen in the various studies. Furthermore, if a different

silicon complex were formed it would be interesting to see if the conversion from Si-HA

to Si-TCP could be initiated in such a material. This may show if the silicon complex is

influencing the conversion or if it is controlled by another factor related to the production

method.

As far as the SkeliteTM material is concerned, further study may be of limited usefulness

and not worth the cost associated with the enriched silica. Such a large amount of silicon

is added to this material that the cost to produce a sample using only isotopically enriched

silica would be prohibitive. Mixing enriched and standard silica is not ideal as there is

no way of knowing if the two different silicon sources are behaving the same or if one

preferentially diffuses into the crystalline phases, which could be the case suggested by the

present results. A useful investigation could be to attempt to produce this material with

the same physical properties (specifically phase composition and lattice parameters) but

with a lower level of silicon doping such that an amorphous phase is not present. This may

be possible but would take some trial and error to determine the correct initial Ca/(P+Si)

molar ratio required. If this were accomplished the cost of creating a sample using only

enriched silica would be greatly reduced, and the NMR signals from the silicon sites in the

crystalline phases would be much clearer.

Additional studies that could be performed with enriched silicon include investigating

the “charging” observed with the enriched silica powder (electrostatically attracted to the

plastic container and not mixing as readily with water) to determine if this has any effect on

the final material produced. Related to this would be developing a 29Si source that is more

similar to the Cab-o-SperseTM fumed silica colloid typically used to produce the materials

studied in this work. As well, obtaining an enriched source of silicon similar to the materials
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used to produce Si-HA in studies performed by other research groups (e.g. silicon acetate,

TPOS, TEOS) would allow 29Si MAS NMR to be used to examine these materials. This

would show if the silicon complexes formed in Si-HA produced using different methods are

indeed different from the structures observed in this work.

One final investigation that should be performed concerns the single phase Si-HA mate-

rial. Being a recently developed method, a thorough study of the structure of this material

has not yet been performed. It would be beneficial to examine how different levels of sili-

con doping influence this material, specifically the lattice parameters and the OH content,

similar to the study performed by Reid et al. on the single phase Si-α-TCP material [45].

Additionally, producing an undoped, pure hydroxyapatite using this method would give

a better idea of the lattice parameter changes instead of having to compare to standard

materials since a wide range of lattice parameter values were found in various studies on

undoped hydroxyapatite made using different methods.
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[7] M. Vallet-Reǵı and J. M. González-Calbet. Calcium phosphates as substitution of bone
tissues. Progress in Solid State Chemistry, 32:1–31, 2004.

[8] L. Hench. Bioceramics: From concept to clinic. Journal of the American Ceramic
Society, 74:1487–1510, 1991.

[9] P. Ducheyne, S. Radin, and L. King. The effect of calcium-phosphate ceramic compo-
sition and structure on in vitro behaviour. Journal of Biomedical Materials Research,
27:25–34, 1993.

[10] A. E. Porter, N. Patel, J. N. Skepper, S. M. Best, and W. Bonfield. Comparison
of in vivo dissolution processes in hydroxyapatite and si-substituted hydroxyapatite
bioceramics. Biomaterials, 24:4609–4620, 2003.

[11] N. Patel, I. R. Gibson, K. A. Hing, S. M. Best, P. A. Revell, and W. Bonfield. A com-
parative study on the in vivo behaviour of hydroxyapatite and Si-substituted hydrox-
yapatite granules. Journal of Materials Science: Materials in Medicine, 13:1199–1206,
2002.

98



BIBLIOGRAPHY 99

[12] E. M. Carlisle. Silicon: An essential element for the chick. Science, 178:619–621, 1972.

[13] E. M. Carlisle. Silicon: A possible factor in bone calcification. Science, 167:279–280,
1970.

[14] Q. Qiu, P. Vincent, B. Lowenberg, M. Sayer, and J. E. Davies. Bone growth on sol-gel
calcium phosphate thin films in vitro. Cells Mater., 3:351–360, 1993.

[15] J. E. Davies, G. Shapiro, and B. Lowenberg. Osteoclastic resorption of calcium phos-
phate ceramic thin films. Cells Mater., 3:245–256, 1993.

[16] S. Langstaff, M. Sayer, T. J. N. Smith, S. M. Pugh, S. A. M. Hesp, and W. T. Thomp-
son. Resorbable bioceramics based on stabilized calcium phosphates. Part I: Rational
design, sample preparation and material characterization. Biomaterials, 20:1727–1741,
1999.

[17] S. Langstaff, M. Sayer, T. J. N. Smith, and S. M. Pugh. Resorbable bioceramics
based on stabilized calcium phosphates. Part II: Evaluation of biological response.
Biomaterials, 22:135–150, 2001.

[18] Alexis Marie Pietak. The role of silicon in the bioactivity of SkeliteTM bioceramic. A
material and biological characterization of silicon α-tricalcium phosphate based ceram-
ics. Master’s thesis, Queen’s University, 2007.

[19] R. Astala, L. Calderin, X. Yin, and M. J. Stott. Ab initio simulation of Si-doped
hydroxyapatite. Chemistry of Materials, 18:413–422, 2006.

[20] X. Yin and M. J. Stott. Theoretical insights into bone grafting silicon-stabilized α-
tricalcium phosphate. Journal of Chemical Physics, 122(024709-1), 2005.
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