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Abstract 

 

The problem of high-temperature volatilisation of material from alkali 

borosilicate glasses, commonly used for the long-term storage of high-level nuclear 

waste, has been investigated using four mixed-alkali borosilicate glass systems. Each 

system is based on the mixed alkali borosilicate base-glass (MW) used in the UK and 

USA, initially being doped with one of three simulated waste oxides in varying 

quantities; aluminium oxide (0.95 mol%), lanthanum oxide (1.68 mol%) or 

magnesium oxide (2.55 or 10.2 mol%), before increasing quantities of caesium oxide 

were added (0-9.66 mol%) [1].  

A number of experimental techniques have been employed in this study, 

including various thermal analysis measurements, nuclear magnetic resonance (MAS 

NMR) and Raman spectroscopy. From boron-11 and silicon-29  MAS NMR 

measurements, the fraction of tetrahedral boron (N4) and silicon Q
3
 and Q

4
 units (with 

respective three- and four-bridging oxygen) were resolved and compared against 

theory [2] and previous experimental measurements [3-6]. Silicon Q
3
 fractions 

resolved from NMR measurements [1] were compared against values obtained from 

quantitative Raman spectroscopy [7]. This approach is shown to be successful in 

resolving silicon Q
3
 units and therefore would be particularly useful in studies where 

the presence of large (> 1 mol%) quantities of paramagnetic species in glasses makes 

NMR difficult. Further detail resolved in the 
11

B MAS NMR spectra of these glasses 

also enabled the fraction of reedmergnerite and danburite medium-range order 

structures to be calculated [8]. The volatilisation of alkali borate and alkali silicate 

material, identified using EDX measurements, is shown not only to increase as a 

function of the fraction of Q
3
 units but is also affected by the presence of these 

medium-range order structures, where increasing quantities of danburite units leads to 

a greater degree of volatility [4,8]. 

 Finally, a number of 
17

O-enriched mixed-oxide alkali borosilicate systems 

have been manufactured, using an 
17

O-enriched silicon oxide precursor obtained 

through an established hydrolysis reaction of 20% oxygen-17 enriched water with 

silicon tetrachloride [9]. Subsequent thermal analysis and NMR measurements have 

shown the oxygen-17 environments of these borosilicate systems to vary significantly 
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Chapter 1 

 

1 Introduction 

 

1.1 Overview 

The use, over the last 50 years, of nuclear energy in both civil power stations and 

military installations has presented a major problem in the long-term storage of solid 

and liquid high level nuclear waste (HLW) [1,2]. Currently this waste is stored in 

government facilities awaiting a more permanent storage solution, with one such 

solution being for HLW to be stored within glass matrices capable of withstanding the 

various physical, chemical and radiological complexities that HLW presents [3,4]. 

A range of possible storage mechanisms have been investigated with glass, glass-

ceramics and cements being the main contenders to provide long-term containment 

solutions to a variety of HLW [5]. Currently, in the USA, France and the UK (BNFL 

Ltd), HLW is stored within a borosilicate glass network that is favoured over other 

alternatives because of its chemical and thermal properties, ease of processing and 

ability to hold large quantities of waste [6]. The process of HLW-glass containment 

involves calcined HLW being dissolved in molten glass and then being emptied into 

steel-lined canisters before long-term storage at a geologically safe site.  

Although this is a successful storage method, a number of problems remain in the 

processing technique. One of these, on which this study aims to improve our 

understanding, is the evaporation of a radioactive caesium-137-containing gas from 

the HLW-glass melt which then condenses on vents and surrounding outlets [7-15].  

 

1.2 Aim of the work 

Although complex in its task, this study will develop our understanding of the 

thermal and structural origins of caesium-133 volatility in the glass melt. Work 

carried out prior to this study by the author, on a mixed alkali caesium-sodium-lithium 

borosilicate glass composition, produced a number of interesting results on changes in 

structural and thermal character as a function of increasing caesium oxide content 

[9,16]. Although useful, the glass system used in the initial study was comparatively 
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simple, containing only five oxide components, comparable to other HLW-

borosilicate glass systems studied previously by the Warwick Glass-Ceramics group 

[17-19] with a variety of different nuclear waste simulant additives, to investigate 

changes in glass structure and corrosion resistance. None of the studies however used 

caesium oxide as an additive so this study will also expand on previous work by its 

inclusion into the composition.  

By consideration of the complex composition of HLW, three oxides, thought to 

be important to the volatility problem, were selected to improve the realistic nature of 

the study, through their significant molar percent contributions to the BNFL waste-

form. Those chosen were MgO (in two different starting quantities), Al2O3 and La2O3. 

This study therefore will be on four simulated BNFL base-glasses, doped with an 

initial quantity of MgO, Al2O3 or La2O3, before adding a range of caesium oxide 

contents (0-9.66 mol%) to observe the affect which this has on glass volatility. 

Multinuclear magic angle spinning nuclear magnetic resonance (MAS NMR), 

Raman spectroscopy, X-ray diffraction (XRD), and a range of thermal analysis 

techniques (including differential thermal and thermo-gravimetric analysis) will be 

used to look at the structural and thermal characteristics of the glass compositions, as 

a function of a range of caesium oxide content.  

Raman spectroscopy will be used to identify structural groups in the range of 

borosilicate glasses and also to obtain a quantitative measure of the fractions of 

silicon units, complementary to those obtained from silicon-29 MAS NMR. Although 

of limited use in previous studies on glasses [20], if successful, this Raman-based 

approach would be invaluable in the nuclear industry for quantitative structural 

measurements on borosilicate glasses, which contain large (> 1 mol%) quantities of 

paramagnetic oxides which significantly affect the ability to use NMR for structural 

measurements. 

Furthering the scope of study, a range of oxygen-17 enriched borosilicate glasses 

will be made, primarily to study how the combinations of aluminium oxide, 

lanthanum oxide and magnesium oxide affect glass structure and thermal 

characteristics and therefore may affect volatility. A body of oxygen-17 work on 

silicate and borosilicate glasses exists already in the literature [21-26] and this study 

aims both to refer to that work in order to understand the results obtained and to 

develop the knowledge base further.  
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Overall, the aim of this work is three-fold; 

 

• Primarily to identify changes in volatilisation and structure as a function 

of composition, as well as identifying the oxides present in the volatile 

phases formed.  

• Use of Raman spectroscopy quantitatively on borosilicate glasses to 

measure the fraction of silicon Q
n
 units. 

• Study of a range of oxygen-17 enriched borosilicate compositions to 

increase our understanding of the link between volatilisation and 

borosilicate glass structure, primarily using 
17

O MAS NMR.  

 

Thesis Structure 

This thesis consists of nine chapters, the contents of which are outlined in this 

section to give an indication of the direction of the work. 

 

Chapter 2 presents the current theory and operation of HLW vitrification 

highlighting the processes used and an outline of the different storage materials used 

in industry. The chapter concludes by introducing the problem of material 

volatilisation, which is central to this study. 

 

Chapter 3 is a review of the theory of glass structure, including models of 

borosilicate, borate and silicate glasses. This will include previous studies on the 

structural and physical properties of the glasses.  

 

Chapter 4 outlines the different theory and practice related to the preparation of 

glass samples and their characterisation using X-ray diffraction (XRD) and thermal 

analysis techniques.  

 

Chapter 5 introduces theory relating to the experimental techniques used for 

structural characterisation of the glasses in this study, such as nuclear magnetic 

resonance and Raman spectroscopy. 
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Chapter 6 presents results and discussion concerning the preparation of all the 

standard, non-
17

O enriched, borosilicate glasses, their characterisation through the use 

of XRD and thermal analysis techniques - including differential thermal analysis 

(DTA and STA) and volatilisation mass-loss measurements, to measure the relative 

volatility of all the glass compositions.  

 

Chapter 7 presents results and discussion related to structural information from 

the non-
17

O enriched borosilicate glasses, obtained from density measurements, 

nuclear magnetic resonance spectroscopy and Raman spectroscopy. 

 

Chapter 8 outlines and discusses all the results collected on the oxygen-17 

enriched borosilicate compositions. This will include both characterisation 

measurements and structural measurements in this single chapter. 

 

Chapter 9 presents overall discussion and conclusions from the experimental 

work and suggests possibilities for future work on borosilicates. 

  

Note: References will be provided at the end of each chapter. 
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Chapter 2 

 

2 Immobilisation of High Level Nuclear Waste 

 

2.1 Introduction 

This chapter will give a relatively brief outline of the practices used in the 

nuclear industry for dealing with high-level nuclear waste (HLW) for long-term 

storage. Currently one of the most common methods for the containment of HLW is 

dissolution in a glass waste form, contained within suitable canisters for long-term 

storage. It also introduces the problem central to this study; the unwanted 

volatilisation of material during the vitrification of HLW. 

 

2.2 High-Level Nuclear Waste 

In the current climate of cost-effective, environmentally-friendly energy 

production, the use of nuclear energy has for a long time been a suggested alternative 

to carbon based methods. Its use on a large scale in the UK and USA though has 

however been constrained by the problem of having to immobilise the large stockpiles 

of high-level nuclear waste (HLW) that have already been produced over the previous 

50 years, by commercial energy use and nuclear weapons development [1-6].  

HLW is actually a by-product of the chemical separation of reusable “un-

burnt” uranium and plutonium from spent nuclear fuel (SNF) which leaves waste 

fission products and minor actinides (e.g. Np and Am). Although minimal, the 

composition of HLW varies between different reactor types, fuel cells and operating 

conditions. The composition of calcined waste for a Magnox reactor is given in Table 

2.1 [7]. Much of the world’s HLW is currently stored in liquid form which, although 

an accepted short-term solution, is not favourable because of the liquid’s mobile 

nature, which requires a high degree of maintenance. An improved long-term 

solution, based on solidification, is to immobilise the radionuclides for further 

repository storage [8]. It is these two difficult requirements that have been responsible 

for the lack of any significant development, investment and use of commercial 

nuclear power over recent years [1-6]. 
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2.3 HLW Immobilisation 

2.3.1 Introduction 

The key requirement for the immobilisaton of radioactive materials, and HLW 

in particular, is that a solid, durable and stable material be formed to make storage and 

disposal easier than exposed liquid containment. HLW contains a number of highly 

active fission products such as 
137

Cs and 
92

Sr, and radionuclides with long half-lives 

such as 
99

Tc and 
129

I, with half-lives of 2×10
5
 and 1×10

7 
years respectively [9]. 

Because of this complex chemical makeup, the processing of the waste stream into a 

solid form must have three key properties; a low processing temperature – to prevent 

volatilisation of radionuclides, e.g. 
137

Cs2O (cf. Section 2.3.3), the ability to withstand 

water corrosion (cf. Section 2.4) and the ability to dissolve a range of different waste 

stream compositions of varying solubility [10-20]. 

Although an alkali borosilicate glass waste-form is the current choice for the 

storage of HLW, because of its adaptability towards different processing techniques 

and high chemical durability, it has by no means been the only glass investigated; 

phosphate and silicate glasses have also had significant testing [21-24]  as well as a 

Oxide Amount (Wt %) Oxide Amount (Wt %) 

MoO3 14.4 Sm2O3 2.6 

ZrO2 13.9 Rh2O3 2.2 

Nd2O3 13.1 Y2O3 1.7 

Cs2O 9.4 TeO2 1.6 

CeO2 8.5 Rb2O 1.1 

RuO2 7.8 Pm2O3 0.5 

BaO 4.6 Eu2O3 0.3 

La2O3 4.2 Sb2O3 0.2 

Pr6O11 4.0 Ag2O 0.1 

Te2O3 3.8 In2O3 0.1 

PdO 3.3 Gd2O3 0.1 

SrO 2.9  

Table 2.1  Composition by weight % of calcined Magnox fission products [7]. 
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wide variety of other solid materials including ceramics and glass-ceramics [9,18,25-

33]. Concretes and cements have been investigated and used mainly for the storage of 

low-level and intermediate-level wastes (LLW and ILW respectively). Originally 

chosen as the base-glass for HLW immobilisation, silicates were first used due to their 

high chemical durability but the high temperatures required (typically 1500
o
C) to 

produce these materials were too great. Hence boron oxide was added to lower the 

melting temperature, down to ~1000
o
C, without significantly affecting the glass 

network. Further additions of sodium oxide and lithium oxide were made to improve 

the solubility of the waste, up to ~30 wt%, into the glass network. It has also been 

found that borosilicate glasses with two, rather than one, alkali oxides, display greater 

chemical durability (the mixed alkali effect) [34]. A further benefit of using 

borosilicate glasses is that they are particularly resistant to the effects of radiation 

when in storage [35] and, importantly, remain thermally stable at the temperatures 

produced by radiogenic processes (~500
o
C). 

 

2.3.2 The Vitrification Process 

In the UK, British Nuclear Fuels Ltd (BNFL) currently uses a continuous 

vitrification process (Figure 2.1). The chemical process of vitrification is dissolution, 

in which the base glass is effectively a solvent into which the HLW dissolves and 

contributes to the structure of the glass. Many of the constituents of HLW are nitrates, 

which require conversion into oxides before being able to dissolve into the base glass. 

Because of this the vitrification process can be carried out in one of two ways. 

 The first is a one-stage process whereby liquid HLW is fed directly into the 

melter with the base glass frit whereon the HLW is then dried to evaporate any nitric 

acid and other aqueous components. The nitrate compounds decompose at 

approximately 400
o
C, with the resultant nitrogen oxide gases being released. The 

remaining residue is then in the form of oxides or salt-melts; this process is known as 

calcination [30,34,36]. After calcination the combination of residual materials is then 

fed through to the melter and then to eventual containment. 

The second route available takes the option of thermally pre-treating the liquid 

HLW before it is added to the melter with the base-glass, at a temperature of between 

900-1100
o
C. It is this two-stage route which has been adopted by BNFL. At the end 

of both routes (after melting) the molten contents of the furnace are poured into 
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canisters (Figure 2.2), typically stainless steel lined with a corrosion resistant 

overpack, and left to cool. The canisters are then sealed, decontaminated and taken for 

long-term repository storage in geologically safe sites [8,37].  

 For further details of the melter requirements and design and for the two 

process routes the following references are recommended [36,38,39]. 

 

 

Figure 2.1 The BNFL Ltd vitrification route [40]. 

 

 

Figure 2.2 Schematic of the stainless steel canister used for the storage of vitrified HLW [40]. 
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2.3.3 Volatilisation of Material at the Melt Stage 

The problem which is central to this study concerns the issue of unwanted 

volatilisation of material at the stage where calcined-HLW is added to the melt. 

Because of the relatively high quantities (> 20 mol%) of Group I oxides, and 

particularly caesium oxide, within the composition of HLW, a degree of work on the 

behaviour of caesium within various aspects of nuclear operation has already been 

carried out by various groups [41-48]. Information from BNFL Ltd indicates that a 

caesium-containing gas evaporates from the melter at approximately 1000
o
C, and 

condenses on vents and outlets around the plant.  

 Asano et al. [45-48] found that, for a variety of (relatively) simple binary and 

ternary Group I alkali borosilicate systems, with various R (where R is the molar ratio 

of total alkali oxide to boron oxide content) values (0.87-1.15) and K (where K is the 

molar ratio of silicon oxide to boron oxide content) value of 3.0, the vapour species 

which evolved at ~1000
o
C varied depending on the alkali groups present. CsBO2 and 

Cs2(BO2)2 evolved when only caesium oxide was present in the glass composition, 

but NaCs(BO2)2 formed in addition when both caesium and sodium oxides were 

present. This confirmed the prediction made by Archakov et al. [49] that the volatile 

species were in the form of alkali di-borates.  

The study by Bonnell et al. [50] on a more complicated glass system, 

containing a variety of different Group I, II alkali oxides, transition metals and 

trivalent oxides (Table 2.2) found that, throughout the temperature range 800-1150
o
C, 

a similar range of volatile species were formed, including both Li
+
, Cs

+
 and Na

+
, as 

well as sodium and lithium meta-borate ions. Contrary to prediction however, given 

the presence of RuO2 and Re2O7 in the initial glass composition, Ru
+
, RuO

+
, RuO3

+
, 

RuO4
+
, Re

+
, ReO

+
, ReO2

+
, ReO3

+
 and Re2O7

+
 were not found, even at high (~1500

o
C) 

temperature measurements.  

Further work by Stolyarova et al. [51], also looking at a simplified glass 

system, Cs2O-B2O3-SiO2 , with varying R values and fixed K (0.11 ≤ R ≤ 0.83, K ~ 

0.67) showed that melts of all the glasses lead to the formation of meta-borate CsBO2 

(Cs2O-B2O3) and meta-silicate Cs2SiO3 (Cs2O-SiO2) units. The vapour produced from 

the volatilisation of these glasses also contained caesium meta-borate (Cs2O-B2O3), 

whose formation remained constant over the range of glass compositions analysed. It 

was proposed that the reaction occurring was that of (2.1); 
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2 2 2 2CsBO (liquid) CsBO  (gas) + Cs O 2BO  (gas)                                   → •         (2.1) 

 

Oxide Amount (Wt%) Oxide Amount (Wt%) 

SiO2 52.00 NiO 1.05 

Fe2O3 12.96 CaO 1.59 

Al2O3 4.86 MgO 0.68 

B2O3 7.26 ZrO2 0.70 

Li2O 5.10 SrO 0.09 

Na2O 10.13 RuO2 0.09 

Cs2O 0.10 Re2O7 0.10 

MnO2 3.25  

Table 2.2 Composition of the SNG-1 glass used in the volatilisation study by Bonnell et al. [50]. 

 

A previous study by the author [52,53], took a different approach to those 

outlined above and focussed on the structural origins of the volatility problem, in a 

range of mixed-alkali, caesium-containing borosilicate glasses, with different caesium 

oxide contents (0 < mol% Cs2O < 10) using both thermal analysis techniques and 

structural measurements, such as NMR and Raman spectroscopy. This found a non-

linear correlation between the mass-loss from the glass and the fraction of silicon Q
3
 

units (resolved from both 
29

Si MAS NMR and Raman spectroscopy) as a function of 

caesium oxide concentration. None of the previous studies [41,45-47,49,50] had 

conducted any 
11

B and/or 
29

Si MAS NMR measurements, so the structural origin of 

the volatilisation of material at high temperature has not been fully explained. It must 

be noted that the previous study by the author [53] was not able to identify the exact 

composition of the volatile species, although EDX measurements indicated the 

presence of  caesium, sodium, boron and silicon.   

NMR carried out by Yun and Bray [54], showed that there was preferential 

association of Na
+
 ions with the borate network, due to the free energy of formation of 

NaBO2(s) units being larger than half that of Na2OSiO2(s) units. Therefore, 

volatilisation of Cs
+
 and Na

+
 ions was thought by Yun and Bray to arise from alkali 

borate species in the glass, rather than alkali silicate units, since the vapour pressures 

over the former would be much greater than over the sodium meta-silicate units. The 
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paper also stated that the dissociation of sodium meta-borate is preferred to caesium 

meta-borate. 

Another problem, not addressed in this thesis, with 
137

Cs-containing HLW is 

that, due to its high flux of radiation, a large amount of heat is produced in the glass, 

limiting the loading if the glass transition temperature is not to be exceeded.  

 

2.4 Chemical Durability of Glasses Containing HLW Oxides 

The effects of the long-term storage of nuclear waste, whether it be LLW, 

ILW or HLW, is one of the core concerns in the development and improvement of 

storage materials [29]. Many factors contribute to this issue, including radiation 

damage to canisters [35,55-57], pressure, temperature and waste corrosion induced 

changes to structure [10,42] and finally effects on storage materials of exposure to 

environmental chemicals, such as water [12,19,30,58-63].  

Water corrosion is a highly ranked concern in relation to long-term waste 

storage, specifically when vitrified waste is stored in geographic locations where it is 

predicted that exposure to aqueous liquids may occur over the course of 10
4
-10

6
 years 

[12,19,30,58-61]. Experimental measurements of aqueous corrosion are complicated, 

not just by the large timescales over which experiment is required to predict, but also 

by the wide range of oxide components in different waste streams. This has therefore 

required studies on simplified glass compositions. The publication by Calestani et al. 

[19] describes the effects that Cs2O, SrO, U3O8 and ZnO all have on leaching (i.e. 

selected Group I/II and actinide oxides), when vitrified in a common alkali 

borosilicate base-glass. Work carried out by the Warwick Glass-Ceramics Group, by 

Roderick, Duddridge and Islam [64-66] also reported leaching of various HLW-

simulated borosilicate glasses, including the base-glass MW (Table 2.3), with varying 

R (the molar ratio of total alkali oxide content to boron oxide content) and K (the 

molar ratio of silicon oxide to boron oxide) values, MW containing trivalent oxides 

(Al2O3, La2O3, Bi2O3 and Fe2O3) and divalent oxides (CaO, SrO, BaO, ZnO and PbO).  

 

 mol% 

Na2O 

mol%  

Li2O 

mol%  

B2O3 

mol% 

SiO2 

MW 10.53 10.29 18.57 60.61 

Table 2.3 Composition of the base-glass MW. 
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These studies all used the International Standard Leach Test Procedure 

(outlined in Chapter 4) which analyses sample weight, leaching of material from glass 

to water and pH changes over a period of 14 days of exposure to water at 100
o
C. 

Roderick [64] showed that chemical resistance of the MW glass was greatly increased 

by the addition of as little as 2.42 mol% La2O3. This result was also observed by 

Duddridge [65] with the further introduction of either Al2O3, Bi2O3, Fe2O3 and La2O3, 

to the MW system. Measurements of leached material (Na and Li) in the water 

revealed the amount of sodium and lithium decreased to approximately 5 mg/L, with 

trivalent oxide levels of > 2 mol%. Sample weight loss was also found to decrease 

exponentially to 2 %, at similar trivalent oxide contents (Figure 2.3 and Figure 2.4).  

Islam’s study found that chemical durability decreased upon the addition of 

BaO, SrO and CaO, with weight-loss increasing as a function of oxide content (Figure 

2.5) but decreasing with addition of ZnO and PbO. 

It is to be expected that, although the systems in the present study contain 

additions of Al2O3, La2O3 or MgO, overall leaching effects are going to be dominated 

by the presence of Group I alkali oxides, in particular caesium oxide, since the total 

molar contribution of the Group I oxides is much greater than any of the three 

additives (20-30 mol% alkali oxide content, compared to ~1-3 mol% additive oxide).  
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Figure 2.3 Leached sodium content (g/L) from the range of trivalent oxide MW glasses [65]. 
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Figure 2.4 Mass loss (fraction) as a function of trivalent oxide content (mol%) [65]. 

 

0 2 4 6 8 10 12 14 16
0

20

40

60

80

100

 

 

 

Alkaline Earth content (mol%)

W
ei

g
h

t-
lo

ss
 (

%
)

 BaO

 SrO

 CaO

 

Figure 2.5 Weight loss (%) of sample after 14 days of leach testing, as a function of alkaline earth 

content (mol%) [66]. 
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Chapter 3 

 

3 Glass Theory 

 

3.1 Introduction 

This chapter will outline the current theories of glass and glass formation as 

well as the structural theories developed from nuclear magnetic resonance (NMR), 

Raman spectroscopy (RS), thermal analysis studies and other selected diffraction 

studies of borate, silicate and borosilicate glasses.  

 

3.2 Glass definition and properties – glass-forming oxides 

For thousands of years the material known as glass has been used for 

numerous, ever more complex applications. Although silica has always been the most 

common ingredient of glasses, we now know of many different glass-forming oxides 

that can be cooled from a high temperature melt in such a way as to produce an 

amorphous material that cannot be described solely by its chemical composition.  

No single theory is suitable for understanding both the physical and chemical 

nature of a particular glass, although a series of experimental techniques, namely X-

ray and neutron diffraction, can be used to verify that a particular glass is amorphous 

with no long range atomic or molecular order (Figure 3.1). It is from this property that 

glasses can comfortably be compared to liquids which have been ‘locked’ into a solid 

state – a supercooled liquid. Obtaining this state and not one of a crystalline order can 

be explained through a thermodynamic diagram (Figure 3.2). 

From Figure 3.2 we can understand the formation of a supercooled liquid 

through the speed at which a liquid melt cools from B to either C or E. If cooled 

slowly enough then the melt will begin to crystallize rapidly at Tm and reduce in 

volume discontinuously, following the route BCD. Alternatively, if the liquid is 

rapidly cooled (BE) the melt reduces in volume continuously and significantly less 

and takes the form of a supercooled liquid, before further cooling below the glass 

transition temperature (Tg) produces a glass (BEF). 
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Figure 3.1 Schematic comparing the degree of long range order, existing between a gas, liquid, glass 

and crystal [1]. 
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Figure 3.2  Volume vs. Temperature thermodynamic diagram demonstrating the formation of a 

supercooled liquid and glass with respect to a crystal structure [1]. 

 

Silica (SiO2) was and is currently the most commonly used glass forming oxide 

and is the one which most people recognise as glass. As one of a series of partially 

covalent oxides (‘network formers’) silica (SiO2), along with boron oxide (B2O3) and 

phosphorus oxide (P2O5), are glass formers by themselves or with other oxides. 

Oxides other than glass formers exhibit different behaviour. 
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• Modifiers: Cations forming highly ionic bonds with oxygen. They modify the 

glass network by breaking bonds, e.g. Group I and II metal oxides 

• Intermediates: Cations with more than one ionic bond to oxygen, behaving 

somewhere in between a glass former and a modifier, e.g. Al2O3, La2O3, 

MoO3. They can form glass when combined with a second component. 

 

3.3 Simple Structural Theories and Observations of Glass 

Formation  

3.3.1 Borates and Borosilicates Structural Theories 

The theory which predicts the ability of a chemical composition to form a 

glass is imprecise, with only a set of rules and guidelines available to help predict 

glass formation from a liquid state. Much of the problem of finding a complete atomic 

theory rests in the fact that different compositions require different cooling rates to 

form a glass, and it is this which ultimately is the cause of the material’s physical 

properties [2]. One of the first to try and find a complete theory was Goldschmidt 

(1926) with his suggestion that the cation-oxygen radius, r(A-O), was the dominant 

factor, with glass formation being easiest in the range 0.2 ≤ r(A-O) Å ≤ 0.4 - with 

tetrahedral packing, favourable with this range of radii, being the key to glass 

formation. A variety of exceptions to this rule have shown this theory to be 

incomplete. 

Zachariasen (1932) [3] showed that glass-forming silicate compositions 

possessed network type structures, with no long-range order, instead of the tetrahedral 

close-packed ones suggested by Goldschmidt. This brought forward the concept of the 

continuous random network (CRN) which contains identical structural units to the 

related crystalline forms but with random orientations. Zachariasen then proposed a 

set of rules that set the boundaries for glass formation, these are: 

 

• No oxygen must be linked to more than two cations 

• The number of oxygen atoms surrounding the cation must be small (~3-4) 

• Oxygen polyhedra share only corners – not edges or faces 

• At least three corners per oxygen polyhedron must be shared to form a 

continuous 3D network. 
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These are the generally accepted rules for glass formers, though with every rule-based 

theory exceptions to these rules do exist: 

  

• Oxygen does not always have a coordination number of two 

• Although silicon, phosphorus and boron all have co-ordinations of 3 or 4, 

tellurium, on the other hand has been observed to exist in a coordination of 6 

• Certain glasses have networks describable by just 2 dimensions. 

 

The study of glasses has been conducted for several hundred years but still a 

variety of un-answered questions remain. One of these problems concerns the borate 

anomaly and involves the non-linear relationships of density, acoustic velocity, 

thermal expansion and the glass transition temperature with content of a second oxide 

[4-6]. Observed in all alkali-borate glasses (xR2O(1−x)B2O3, R: Li, Na, K, Rb, Cs) the 

borate anomaly has been investigated for a relatively short period, with papers dating 

back to only the 1960s [7]. This topic, including the structural origins for the 

anomaly, is discussed in detail in Section 3.4.1. 

Borosilicate glasses, a combination of the two-glass forming oxides silica and 

boron oxide, provide a range of uses in industry. Examples include laboratory 

equipment, telescope mirrors and, of importance in this study, for the use in long-term 

storage of high level nuclear waste, due to their easy incorporation of waste 

radionuclides into their glass structure. Because of this final application, the study into 

the physiochemical properties of borosilicate glasses has required a wide variety of 

different experimental approaches, including NMR, thermal analysis techniques, 

XRD and Raman spectroscopy [8-14]. 

Research carried out by Roderick et al. [15], Plodinec [8], Duddridge [16] and 

Islam [17], into mixed oxide borosilicate glasses used for nuclear waste storage, 

focussed on the changes in boron and silicon coordination (cf. Sections 3.4.1 and 

3.4.2), the glass transition temperature, density and chemical durability; all with 

respect to changes in alkali and waste simulant contents in the glass. The work by 

Duddridge [16] is useful in relation to the work in this study, since it focuses on the 

addition of aluminium oxide, and lanthanum oxide to the BNFL Ltd base glass, but in 

greater quantities to that found in high level nuclear waste (HLW). Boron and silicon 

coordination are important factors for caesium volatility (cf. Chapter 2), with possible 
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links to the formation of borosilicate superstructural units within the glass (cf. Section 

3.4.1).  

 

3.3.2 Phase Separation in Glasses 

Phase separation in glasses is a property which occurs when the 

thermodynamics of the glass permit the melt to exist as two separate viscous liquids. 

The nucleation of droplets of one phase within the matrix of another can be seen when 

the glass melt is cooled rapidly below its transition temperature (and the two liquids 

have a high viscosity). This effect can be observed in the solid state in one of two 

forms – nucleation-growth or spinodal (Figure 3.3), and it is this effect which is 

present in sodium borosilicate glasses at low alkali contents. The importance of phase 

separation in the solid state lies in the effect it has on the chemical degradation of the 

HLW mixed alkali borosilicate glasses, making them less chemically resistant over 

time. Hence, this is an important factor at the stage of selecting a glass composition 

for HLW vitrification. 

 

 

Figure 3.3 Example of phase separation occurring in a glass [18]. 

 
3.4 Multi-component Glass Theories 

Glass structure is non-periodic over long ranges in contrast to that of a crystal. 

Since reproducible material can be produced, there must be, on some kind of scale, 

structure existing which is the root of the glass properties. 

Physical and chemical reproducibility are vital to the function of borosilicate 

glasses as waste storage media, given the same starting chemical constituents and 

thermal history. In this study, the origin of the caesium volatility must be traced to 

some common structural origin. The identification of the various boron and silicon 
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co-ordinations within a borosilicate glass is one step towards identifying this 

structure. 

 

3.4.1 Borate Glass Theories – The N4 Fraction, Superstructures and 

Multiple Four-Coordinated Boron sites 

Boron can exist in five polyhedral units within a glass or crystal structure (Figure 

3.4). For this study only the first three units are of any importance, with units f1, f2 

and f3 describing the symmetrical three coordinated, four-coordinated and 

asymmetrical three-coordinated boron units respectively. Addition of a modifier oxide 

(such as caesium oxide) changes (B3-symmetrical) trigonal planar f1 units with three 

bridging oxygen (BO) to charged tetrahedral (B4) f2, Further additions of modifier 

push the f2 units back to three-coordinated f3, f4 and f5 units with one, two and three 

non-bridging oxygens (NBOs) respectively.   

 

• f1 – symmetrical trigonal planar boron unit with all BOs 

• f2 – symmetrical tetrahedral boron unit with all BOs and one alkali ion 

• f3 – non-symmetrical trigonal planar with one NBO and one alkali associated 

with it 

• f4 – trigonal planar boron unit with two NBOs and two alkali ions 

• f5 – trigonal planar boron unit with three NBOs and three alkali ions. 

 

Figure 3.4 The five possible borate units existing within an alkali borate or borosilicate glass. 

 

One important factor in the study of the structure of borosilicate glasses is the 

change in boron coordination with increasing alkali content in the glass. Boron can 
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form two co-ordinations - [BO3] and [BO4] - and, in alkali borate glasses, N4, the ratio 

of [BO4] tetrahedrally coordinated boron units to the total amount of borate units in 

the glass is observed to reach a maximum at a specific concentration of alkali. N4 was 

first determined by Silver and Bray [19] using NMR in 1963. They observed a 

maximum in N4 at ~30 mol% alkali oxide. The study of N4 fraction and its 

dependence on the alkali content is still under investigation and, 30 years later, 

Clarida et al. [4] in 2003, were still trying to determine whether N4 is dependent on 

the type of alkali modifier in the glass, with their results suggesting that N4 is 

independent of alkali type. The value and temperature dependence [20] of N4 is also 

an important consideration in the physics of the mixed-alkali borosilicate glasses 

since the physical properties - thermal expansion, transition temperature, density and 

thermal conductivity are dominated by it (the “borate anomaly”). Initially two 

models (Figure 3.5) for N4 were proposed, with Silver and Bray [19] in 1963 being 

the first to put forward a quantitative description and then later Beekenkamp [21]  in 

1966, proposing an alternative theory based on the x/(1−x) form. The origin of this 

arises from the following equation;  

 

xR2O + (1−x)B2O3 → 2xR+
[BO4]

− + 2[1−x][BO3]                                                (3.1) 

 

whereby the fraction of four-coordinated boron (N4) is the ratio 2x/2(1−x), i.e. 

x/(1−x). 

 

Figure 3.5  The two main theories predicting the N4 fraction as a function of alkali content [21]. The 

function x/(1−x) trend for N4 proposed by Beekenkamp [21]  providing an alternative theory to Silver 

and Bray [19].                
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Beekenkamp’s theory was built on several assumptions: 

 

• Various structural units are formed in the glass – [BO3] and [BO4] ions, 

BO and NBOs. 

 

With the conditions that, 

 

• BO4 units cannot be bound to each other 

• NBOs occur in BO3 triangles only and are absent in BO4 tetrahedra.  

 

The presence of superstructural units, which do not agree with these rules, in 

borate and borosilicate glasses meant that the CRN rule was not a requirement for a 

material to be considered glassy and amorphous. Although consistent to a degree with 

the observed N4 variation (Bray and O’Keefe), Beekenkamp’s theory is not confirmed 

by XRD results. Not predicted in the theory was the presence of boroxol rings (Figure 

3.6) in vitreous boron oxide (B2O3) and alkaline-earth borates [22-26].  

 

 

Figure 3.6 Boroxol ring observed in vitreous B2O3 with XRD, not predicted by Beekenkamp [21]. 

 

A study carried out by Zhong and Bray [27] brought into question not only the 

dependence of N4 on the type of alkali ion (Figure 3.7) but extended the theory to try 

and take into account the presence of multiple types of alkali and from this a 

mechanism for the formation of [BO3] and [BO4] co-ordinations.  

This data indicated strongly that N4 is influenced not only by the type of alkali 

ion but also by the pairings of alkali ions, with the fraction being smaller than the 

interpolated value for the individual alkali type. On the molecular level an attempt 

was made to explain this effect by Ingram [28], who suggested that the competition 

between single and mixed alkali ions e.g. Li2
2+ and (LiK)2+ was the origin of the 
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formation of [BO4] up to a certain alkali content and then a reduction in the fraction 

with increasing alkali past that point. The number of mixed alkali ion pairs was said to 

increase with the total alkali content and a greater coulombic interaction would favour 

the bonding of the mixed alkali ion pair with any non-bridging ions, hence reducing 

N4 with increasing alkali concentration (Figure 3.8). 

 

Figure 3.7 Relationship of N4 with respect to the binary alkali content in the borate glass [27] (LB – 

Li2O-B2O3, LNB = Li2O-Na2O-B2O3, LKB = Li2O-K2O-B2O3 etc) as measured by Zhong et al. [27] 

using MAS NMR.  

 

 

Figure 3.8 Mechanisms for the production of 3 and 4 coordinated boron [28]. The increase in alkali 

(A’ + A’’) content and therefore the increase in the number of non-bridging oxygen favouring alkali-

pair ions (A’A’’)
 2+ 

is predicted by Ingram [28] to lead to a decrease in the N4 fraction as observed. 

Dashed lines indicate weaker bonds compared to solid lines. 
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How N4 then changes with the introduction of a third alkali and a second glass 

former is an important consideration with respect to the physical changes of the glass 

such as Tg, thermal expansion and chemical durability. Finding a model to understand 

the results of N4 etc as a function of three alkali types is made all the more difficult 

through the presence of the silica glass network; in what way will this influence N4 - 

will the silicon network be more susceptible to forming alkali-silicate groups than the 

borate network? How will the silicate-borate networks interact? 

 

Measuring the N4 fraction is relatively simple and can be represented 

schematically (Figure 3.9) from the 11B NMR spectra as the fraction of spectrum area 

produced by four-coordinated boron compared to the total spectrum area, i.e. the total 

signal produced through three and four-coordinated boron ions (3.2). 

 

B
4N    

4 B B
3 4

=
+

,                                                                                               (3.2) 

 

where B3 and B4 are the fractions of three- and four-coordinated boron respectively. 

The fraction of three-coordinated units, B3, is described by Equation (3.3), and is 

comprised of the total number of symmetrical and asymmetrical B3 units present. 

  

B B B
3 3S 3AS

= +                                                     (3.3) 

30 20 10 0 -10

B
3
 

B
4
 

Chemical shift (ppm)
 

Figure 3.9 11
B MAS NMR spectra for a typical alkali borosilicate glass with [BO3] and [BO4] peaks 

labelled (B3 and B4 respectively). 
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Four-coordinated boron [BO4] exists as a spherically symmetric structure 

(giving a relatively narrow 11B NMR line at ~0 ppm in Figure 3.9) whereas the three-

coordinated boron exists in both axially symmetric and asymmetric forms, [BO3S] and 

[BO3AS] respectively (giving a relatively broad combined 11B NMR line – at ~15 ppm 

in Figure 3.9).  

Recent 11B MAS NMR studies on caesium borates by Kroeker et al. [29] and 

Anguiar [30] have suggested the existence of more than one form of four-coordinated 

boron, though its structural origin is still unclear. Three possible explanations have 

been presented; the first being a shift distinction from differences in the second 

coordination sphere of the observed B4 sites, the second possibility being differences 

in network connectivity between trigonal and tetrahedral boron sites. The final 

explanation and currently the most commonly accepted, is that multiple BO4 sites in 

the NMR lineshape arise from individual well defined borate superstructures (Figure 

3.10), found to be present in alkali borate glasses and crystals using neutron 

diffraction and Raman spectroscopy [31-35]. In these superstructures, more than one 

type of four-coordinated boron environment is thought to exist, providing different 

four-coordinated boron peaks in the NMR spectra. 

Work by Krogh-Moe [36], Bray et al. [7,37] and Sinclair and Wright 

[31,34,38-40] demonstrated the presence of intermediate-range order in borate 

glasses, in the form of these borate superstructures (Figure 3.10). Ring-like [BO3]- 

and [BO4]-containing structures have been shown to be present in these structures 

using neutron diffraction and XRD [41,42], as well as Raman spectroscopy 

[32,35,43,44].  

These experimental techniques were primarily used on crystal forms of binary 

borate glasses, such as alkali meta-, di- and ennea-borates (which contain different 

specific superstructural units) to obtain signature patterns, such as Raman peak 

positions, to then compare with borate glass analogues of these compositions,  which 

contain multiple superstructural units. This work continues to date, with Feller et al. 

[45] studying crystal and glass forms of lithium and caesium borate compositions, 

notably of the meta- and di-borate forms, containing both enriched 10B and 11B, to 

improve the understanding of both of these compositions using Raman spectroscopy 

and 10/11B NMR. 
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Figure 3.10 Borate superstructural units; (A) boroxol ring (B) triborate group (C) di-triborate group 

(D) metaborate group (E) diborate group (F) pentaborate group (G) di-pentaborate (H) tri-

pentaborate group [31]. 

 

Borosilicate glasses also have multiple BO4 units in their NMR spectra. 

Previously, the lack of any clear asymmetry in the BO4 region of the 11B MAS NMR 

lineshape from similar compositions [1,15,16,46], led to only one peak being fitted to 

the data. This caused no problem in measuring N4 but work by Stebbins et al. [47-50] 

using 11B MAS and MQMAS NMR techniques, has now shown that there exists more 

than one form of BO4 unit in the borosilicate glass network, across a range of samples 

with R and K values (Figure 3.11). Again, these multiple sites are believed to arise 

from medium-range (borosilicate, instead of borate) superstructural units in the 

borosilicate glass network [51-53].  

From Figure 3.11 the asymmetry in the BO4 region of the spectra (10 to −10 

ppm) is clearly visible and depends not only on the molar ratio of boron oxide to 

silicon oxide (K) but also on the molar ratio of alkali oxide to boron oxide (R), for 

which is it seen that asymmetry reduces as R is increased (for a fixed value of K). For 

the borosilicate glass compositions in this study, with constant K (=3.2), this 

asymmetry should therefore still clearly exist but is predicted to be reduced from that 

shown in Figure 3.11, as R > 1 across all the systems (cf. Chapter 4).  
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Figure 3.11 11
B 3QMAS NMR spectra for a range of sodium borosilicate glasses of different R and K 

values. These clearly show asymmetry in the BO4 peak of the spectra arising from four-coordinated 

boron sites with different connectivities [48,50]. 

 

Du and Stebbins [47-50] have proposed that up to three different BO4 sites 

could be fitted under the BO4 region of the 11B MAS NMR spectrum; (0B, 4Si), (1B, 

4Si) and (2B, 2Si), of increasing unfavourable energetic formation. Resolving of these 

B4 peaks [48] showed the sites to be separated by ~1.5 ppm, which is comparable to 

the observed value in alkali borates of ~1.3 ppm. The borosilicate superstructural 

units related to the (0B, 4Si), (1B, 4Si) boron sites, have been identified as resembling 

the units found in reedmergnerite (NaBSi3O8: Na2O-B2O3:6SiO2) and danburite 

(CaB2Si2O8: CaO-B2O3-2SiO2) (Figure 3.12). The reedmergnerite structure contains 

BO4 sites connected to four silicon sites (0B, 4Si) and danburite contains BO4 sites 

connected to a single boron, and three silicons (1B, 3Si).   

These superstructural units are also observable in the Raman spectra of 

borosilicate glasses at low (< 800 cm-1) wave-numbers. In the original study 

conducted by the author on a caesium-alkali borosilicate composition [46,54] Raman 

data showed the presence of reedmergnerite and danburite units, at the positions 489-

552 and 782-791 cm−1 respectively, based on assignments by Bunker [55].  
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Figure 3.12 Reedmergnerite (NaBSi3O8) and danburite (CaB2Si2O8) structures, each with different BO4 

environments. 

 

3.4.2 Silicate Glass Theory 

As well as N4, another structural measure accessible using NMR relates to the 

silicon-29 species and its coordination in the glass network. The Si environments are 

described by the term Qn, with n being the number of BO per silicon ion (0 ≤ n ≤ 4). 

Roderick [15,56] and Duddridge [16] (Figure 3.13) reported the changes in Qn in 

borosilicate glasses used for HLW storage with the addition of various waste 

simulants. In conjunction with N4 measurements, Qn can give a measure of the 

number of NBOs and hence the quantity of silicon-alkali and boron-alkali bonds.  

 

The three main Qn groups predicted to arise in the borosilicate glasses studied 

in this work are (Figure 3.14); 

 

• Q4: Si(OSi)4 

• Q4(B): Si(OSi)4−n(OB)n 

• Q3: Si(OSi)3O
−R+         (R – Li, Na, Cs) 

• Q2: Si(OSi)2(O
−)2 (?) 
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Figure 3.13 
29

Si MAS NMR spectrum of the various silicon Q
n
 groups formed in a borosilicate glass 

with La waste simulant. The total spectrum is a composite of peaks  from the Q
4
(La), Q

4
(B) and Q

3
 

groups [16]. 

 

 

Figure 3.14 The five possible silicate Q
n
 units, with n denoting the number of network bridging oxygen 

(BO). Non-bridging oxygen are labelled as NBO in the figure [57]. 

 

3.4.3 Borosilicate Glass Networks – The Dell Model 

Originally it was hypothesised that the networks formed by the two glass 

formers in borosilicate glasses were non-interacting, with the introduction of glass 

modifiers such as alkali and alkaline-earth oxides producing complicated structural 

changes, with the formation of [BO3], [BO3]
−, [BO4], Q

3 and Q4 units – all in non-

trivial proportions with respect to modifier content. More recent studies have 

demonstrated that the two networks are merged [15,16].  Structural and physical 

values, such as N4 and density are seen to vary in a “regional” way (unlike the smooth 

transitions observed in binary alkali borate and silicate glasses) with no singular 

function describing their values.  
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Dell et al. [58] developed a structural model based on the sodium borosilicate 

system which predicted N4 across regional values of the alkali oxide/boron oxide 

ratio, R (Figure 3.15). This model can be summarised by the following; 

 

• Region 1: (R < 0.5) System behaves like a binary borate system with any 

alkali added associates itself with the borate network alone, forming 

tetrahedral boron units, i.e. N4 ~ R. The silicate network is unaffected. At 

R=0.5 [BO3]=[BO4] and diborate units form 

 

• Region 2: (0.5 < R < Rmax) Additional alkali combines with diborate and 

[SiO4] to form reedmergnerite units (a boron tetrahedral unit bonded with 

four silica tetrahedra) Rmax is defined as ½ + K/16 

 

• Region 3: (Rmax ≤ R ≤ Rdl) The Dell model at this point predicts that the 

addition of alkali to the glass forms NBOs on the silica tetrahedra. This 

results in the overall N4 being unchanged 

 

• Region 4: (Rd1 ≤ R ≤ Rd2) Alkali oxide combines with the remaining 

diborate and reedmergnerite groups, dividing itself proportionately 

according to the number of boron and silicon atoms in each unit. 
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Figure 3.15 Change in the N4 fraction as a function of R for a K=1 glass, as predicted by Dell et al. 

[58]. 
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3.5 Structural and Physical Effects of Further Oxide Additions to 

Alkali Borosilicates 

The effect of the addition of an oxide to the structure of alkali borosilicate 

glasses is a major interest in the field of HLW immobilisation. In this study the oxides 

Cs2O, MgO, Al2O3 and La2O3 are added. The effect on glass structure depends on 

whether the oxide being added is a glass former, intermediate or modifier. Glass 

formers and intermediates tend to behave similarly, with their addition to a glass 

structure favouring bonds with alkali species, rather than to other network groups, 

such as boron. Hence in a borate-containing glass this results in the N4 fraction being 

lowered, with four-coordinated boron sites being converted to three-coordinated sites. 

Glass formers and intermediates therefore cause the conversion of tetrahedral boron 

sites to trigonal borate units, by effectively removing alkali species from the borate 

network in preference to joining to the intermediate and glass forming oxides present. 

 Work carried out on the Al2O3-Na2O-B2O3-SiO2 glass system by El-Damrawi 

et al. [59] using 11B, 29Si and 27Al MAS NMR produced a model for the sharing of the 

alkali oxide between the alumina, borate and silicate networks, with the model being 

extended to the general system X2O3-M2O-B2O3-SiO2, where X: Al or La. Assuming 

M2O associates itself with the X2O3 first and borate network second, the remainder 

then joins the silicate network (with the condition that mol% M2O > mol% X2O3). 

With this condition, the amount of M2O to be incorporated in the borate and silicate 

networks (Ma2
a
O), left over from being associated with the X2O3 can be found using 

(3.4). From 11B MAS NMR, the quantity of M2O associated with the borate network 

(M2
b
O) can be found using (3.5), hence the amount of M2O available to be used by the 

silicate network (M2
Si

O), can be found from (3.6). 

 

a
2 2 2 3[M O] = [M O] - [X O ]                                                                                    (3.4) 

b
2 4 2 3[M O] = N [B O ]                                                                                              (3.5) 

Si a b
2 2 2[M O] = [M O] - [M O]                                                                                (3.6) 

  

The maximum value of N4 was found by El-Damrawi et al. [59] to occur when 

the mol% ratio ([M2O] − [X2O3]) / ([B2O3]) = 1, with N4=0 when [B2O3] < [X2O3]. 

The number of NBOs per silicon can therefore be determined by (3.7). 27Al MAS 
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NMR studies also found that aluminium ions exist mainly in the form of tetrahedral 

[AlO4]
− units preferentially linked to the silicate network, forming Si-O-Al bonds. 

The amount of Si-O-Al bonds (AlSi) can therefore be calculated using (3.8).                     

 

Si
2 2NBO/Si = 2[M O]/[SiO ]                                                                                   (3.7) 

Si 2 3 2Al  = [X O ] / ([SiO ]/4)                                                                                     (3.8)            

 

3.5.1 The Glass Transition and Crystallisation Temperatures 

One unusual property of borate glasses is the non-linear variation of the glass 

transition temperature with increasing alkali content. For alkali borate glasses Tg 

increases to a maximum of 800K (527oC) at R~0.5, falling rapidly to ~500K (227oC). 

This is demonstrated by work conducted by Feller et al. [60] comparing both lithium 

and sodium borates glasses as well as lithium and sodium borosilicate glasses of fixed 

K(=1), silicon oxide/boron oxide ratio (Figure 3.16 and Figure 3.17). Further to this it 

was observed that a variation in the silicon content results a variation in the Tg, when 

R > 0.5. Instead of decreasing, as shown in Figure 3.17, the Tg begins to plateau with 

increasing silica content. This change with composition can be traced back to the 

formation of the three borate units – the symmetrical and asymmetrical [BO3] borate 

units and the tetrahedral [BO4] borate units, as well as the formation of the different 

Q4, Q3 and Q2 within the glass. 
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Figure 3.16 Variation in Tg with respect to alkali and glass type. R denotes the ratio of alkali oxide to 

B2O3 content.  Note the generally larger value in peak Tg in the borosilicate glasses compared to the 

borate glasses [60]. 
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Figure 3.17 Trends in the lithium borosilicate glass transition temperature with increasing amounts of 

silicon oxide [60]. 

 

3.5.2 Borate and Borosilicate Glass Density 

Density measurements on borate and borosilicate glasses although relatively 

simple in technique can often reveal properties and trends that on some scales are not 

identified through other techniques such as NMR or Raman Spectroscopy. Hence its 

application can be very much complementary and help to bring into light the effect of 

borate and silicate groups on a glass’ physical structure. Work by Shibata et al. [61] 

and Karki et al. [62] on lithium and sodium borate glasses as well as recent work by 

Clarida et al. [4] on caesium borates has revealed quite different changes in the glass 

density as a function of the alkali content.  

 

3.5.3 Glass Durability and Chemical Resistance for Waste Storage 

The chemical durability and long-term structural stability of nuclear waste-

containing borosilicate glasses is of prime concern in the effective design and 

management of glass composition. With HLW being a complex material, containing 

many different oxides, its effect on durability when added to an alkali borosilicate 

glass is of considerable importance for the safe, geographical long-term storage of 

HLW where different environmental factors may be present. Hence many durability 

studies have been carried out [63-70] with the experimental details of the topic 

discussed in detail in Chapter 2. 

The primary reactions occurring at the glass surface-solution interfaces during 

corrosion tests, are described as: 
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• Si–OR + H2O ↔ Si-OH + M+ + OH−                                          (3.9) 

• B-OH + H2O ↔ B-OH + M+ + OH−                       (3.10) 

• ≡Si-O-Si ≡ + OH− ↔ ≡ Si-OH + ≡ Si-O−  

≡ Si-O− + H2O ↔ Si-OH + OH−                                          (3.11) 

 

with M representing Li, Na or Cs.  

 

Of the three reactions, both (3.9) and (3.10) are the most common observed in 

previous work [1,16,17] with the leaching of alkali groups (typically Li and Na, since 

these studies have not included Cs in any of their compositions). This loss is therefore 

predominately due to reactions (3.9) and (3.10) due to the comparatively more durable 

nature of the silicate network being less likely to result in the leaching of silicon 

groups into solution.  

 

3.6 Summary 

The study of glass systems is obviously complex, whether one or more glass 

networks are present, with many theories existing for different glass compounds. 

Because of the wide range of theories it is then understandable why so many different 

experimental approaches and techniques are required to understand the 

physiochemical properties of glass; many of these techniques are complementary to 

one another with distinct differences between glasses being more easily observed with 

one technique over another.  

For example the use of NMR and thermal analysis studies in this work is very 

important to derive a quantitative understanding of the fraction, type and interaction 

between different glass units and networks and their influence on thermal properties 

such as volatilisation. Similarly, medium-range order in glasses, in terms of the 

presence of borate and borosilicate superstructural units, is observed using Raman and 

NMR spectroscopy and hence the two techniques assist one another in understanding 

the number and types of these units present.  
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Chapter 4 

 

4 Experimental Theory and Practice: -  

Glass Preparation and Characterisation 
 

4.1 Introduction 

In this chapter, theory and practice of the experimental techniques employed 

in the production and characterisation of the glass systems used in this study are 

introduced and discussed. The systems include: (a) glasses in which one of a number 

of oxides is added to the mixed-alkali borosilicate base-glass (MW) prior to  further 

addition of caesium oxide (0-9.66 mol%) to investigate volatilisation at high-

temperature; and (b) compositions used in the complementary study of oxygen-17 

enriched mixed-alkali borosilicates. A number of experimental techniques have been 

used on both sets of borosilicate compositions, including differential thermal analysis 

(DTA) simultaneous thermal/thermogravimetric analysis (TG-DTA) - the 

simultaneous acquisition of DTA and thermogravimetric (TG) data as a function of 

temperature, volatilisation mass-loss measurements and chemical durability tests.  

 

4.2 Glass Preparation 

4.2.1 Standard Borosilicate Compositions 

Four mixed-oxide borosilicate systems were prepared by a powder mix and 

melt-quench route, using a combination of reagent grade Wacomsil® quartz (SiO2), 

sodium tetraborate (Na2B4O7), sodium carbonate (Na2CO3), lithium carbonate 

(Li2CO3), caesium carbonate (Cs2CO3), magnesium carbonate (MgCO3), aluminium 

oxide (Al2O3) and lanthanum oxide (La2O3).  

The starting base-glass composition (MW) used by BNFL Ltd was modified 

according to (4.1), to include one of the following oxides (with mol%, y); aluminium 

oxide (0.95 mol%), lanthanum oxide (1.68 mol%) or magnesium oxide (2.55 and 

10.20 mol%), to form new base-glasses ZMW (Table 4.1). These new base-glasses 

were then modified by the addition of caesium oxide (4.2) to form a range of 

compositions for each system.  
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2 3 2 3ZMW = y[Al O ,La O ,MgO](100-y)MW  (4.1) 

2 xCs O(100-x)ZMW, (0 < x < 10)                                                                           (4.2) 

 

Each of these systems, unless shown otherwise, contains six compositions 

with increasing caesium oxide content. The ratio of free alkali oxide to boron oxide, 

R, has been modified from that given in (4.3) to that of (4.4). This modification is to 

take into account either the addition of further modifier in the form of MgO or the 

removal of one mole of alkali oxide from the glass network by one mole of Al2O3 or 

La2O3. 

 

mol% alkali oxide 

mol% boron oxide
R =                                                                                            (4.3) 

 

2 3 2 3mol% alkali oxide (I and II) - mol% Al O , La O

mol% boron oxide
R =                                            (4.4) 

 

Two extra samples were made to investigate further the caesium-MW system 

studied by the author in previous work [1]. The two new compositions have increased 

caesium oxide concentrations of 11.0 and 13.9 mol% and their manufacture is 

identical to that of the four main glass systems of this study.  

For each glass, 100 g batches were made with the appropriate combinations of 

reagent grade lithium carbonate (99.9 %), sodium carbonate (99.95 %), caesium 

carbonate (99.99 %), aluminium oxide (99.9 %), lanthanum oxide (99.99 %), 

magnesium carbonate (99.9 %), sodium tetraborate (99.5 %) and Wacomsil
©

 quartz 

(99.9 %) with 0.1 mol% iron (III) oxide (99.5 %) added to reduce NMR T1 relaxation 

times. The powders for each of the systems were weighed, mixed thoroughly on roller 

mills, placed into a 90 % platinum 10 % rhodium crucible and heated at 600
o
C per 

hour to between 1350-1370
o
C and maintained at temperature for 20 minutes. The 

melts were quenched in de-ionised water to produce a frit and allowed to dry. A small 

amount of the frit was taken for differential thermal analysis to obtain the glass 

transition temperature (Tg). The frit was then re-melted at the same temperature as the 

first melt and held at temperature for 20 minutes before being cast into hot moulds 

(~250
o
C).  
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Cylinders of the glass for leach testing (cf. Section 4.4) were annealed at 50
o
C 

below Tg for 6 hours. XRD studies revealed that all samples were completely 

amorphous. 

 

 

System 
mol% 

SiO2 

mol% 

B2O3 

mol% 

Na2O 

mol% 

Li2O 

mol% 

Al2O3, La2O3 

 MgO 

mol% 

Fe2O3 

 

R 

MW  60.61 18.57 10.53 10.29 - 0.1 1.12 

AlMW  60.03 18.39 10.43 10.19 0.95 0.1 1.07 

LaMW 59.59 18.26 10.35 10.12 1.68 0.1 1.03 

MgMW 59.06 18.10 10.26 10.03 2.55 0.1 1.26 

Mg’MW 54.43 16.68 9.46 9.24 10.20 0.1 1.73 

Table 4.1 Starting compositions (mol%) and R values of the initial five borosilicate base-glasses. 

(Note: K=3.2 for all compositions) 

 

For additional use in this study, sodium- and caesium-containing forms of 

reedmergnerite (NaBSi3O8) and danburite (NaBSiO4), and a caesium-containing form 

of the boropollucite borosilicate glass (CsBSi2O6) [2,3] were made to the 

compositions outlined in Table 4.2. Previous work [4] had identified the presence of 

superstructural units, based on the first two of these three compositions, in the glasses, 

through Raman spectra of the CsMW system [5,6]. Characterisation of these glasses 

was intended to provide further evidence for the peak assignments made in the Raman 

spectroscopy and would assist in 
11

B and 
29

Si MAS NMR studies. These have 

indicated that alkali borosilicate glasses are comprised of these superstructural units, 

and knowledge of their fundamental properties, e.g. density and thermal properties, 

would help to explain the thermal and structural behaviour of the mixed-oxide alkali 

borosilicate compositions outlined in Table 4.1. 

The boropollucite, reedmergnerite and danburite compositions outlined in 

Table 4.2  were made in 30 g batches, composed of sodium- or caesium-carbonate 

(99.95 and 99.99 % respectively), reagent grade Wacomsil® quartz (99.9 %), boron 

oxide (99.99%) and 0.1 mol% of iron (III) oxide (99.5 %) (to reduce NMR T1 

relaxation times). Powders were weighed, mixed thoroughly on roller mills, placed 

into a 90 % platinum 10 % rhodium crucible and heated at 600
o
C per hour to between 
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1250-1300
o
C [7] and maintained at temperature for between 1-2 hours. Due to their 

high viscosity, melts were not cast but were quenched by carefully dipping the base of 

the crucible in de-ionised water. 

 

System 

mol%  

Na2O, 

Cs2O 

mol% 

B2O3 
mol% SiO2 mol% Fe2O3 R K 

danburite 25.00 25.00 50.00 0.10 1.00 2.00 

caesium 

boropollucite 
16.67 16.67 66.67 0.10 1.00 4.00 

reedmergnerite 12.50 12.50 75.50 0.10 1.00 6.00 

Table 4.2 Molar compositions of the caesium boropollucite, reedmergnerite and danburite glasses, 

along with R and K values. 

 

4.2.2 Oxygen-17 Enriched Borosilicate Sample Preparation  

17
O NMR, to enable the identification of the various oxygen sites in the 

glasses, required 
17

O enriched samples due to the extremely low (~0.04 %) natural 

abundance of 
17

O. 

Previous 
17

O NMR studies on borosilicate glasses by Du and Stebbins [8-16] 

used a synthesis route outlined by Abys et al. [17] which mixed silicon tetrachloride 

with de-ionised water (in the presence of a diethyl ether solvent, under nitrogen 

atmosphere) to form a silicon oxide precipitate and hydrogen chloride gas (4.5). This 

route was preferred over others outlined in the literature [18,19] due to both the ease 

of processing the resultant powder and the relative success these groups had achieved 

[8-16]. 

 

17

4 2 2SiCl  (aq.) + 2H O (aq.)  SiO  (s) + 4HCl (g)→   (4.5) 

 

The silicon oxide powder precipitate was then dried under non-oxidising 

conditions, using nitrogen gas, and heat-treated to remove excess water and hydroxyl 

groups and then used in an identical glass preparation route as the non-enriched 

silicon oxide powder. For K = 3.22 glasses it is easier and to produce and use 
17

O-

enriched silicon oxide rather than enriched boron oxide. To produce the 
17

O-enriched 
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silicon oxide, the arrangement shown in Figure 4.1 was used. Nitrogen gas was fed 

into a round-bottomed flask filled with approximately 10 ml of diethyl ether solvent 

and 3.2 ml (0.028 mol%) of silicon tetrachloride. Into this flask, at a rate of ~2 

ml/min, 1 ml (0.056 mol%) of 20 % 
17

O-enriched H2O was syringed. The round-

bottomed flask was cooled throughout the whole procedure using an ice bath, to slow 

the violent exothermic reaction between silicon tetrachloride and water. 

 

 

Figure 4.1 Arrangement used to prepare sol-gel silicon oxide powders, based on that used by Abys et 

al. [17]. Orange rubber tubes indicate the nitrogen in- and out-flow. Round-bottomed flask is sat in an 

ice bath, cooling the ditheyl ether solvent, which is added to the flask prior to addition of water and 

silicon tetrachloride. 

 

A single batch of 
17

O-enriched silicon oxide powder was made using 20 % 
17

O 

enriched H2
17

O, by the method outlined in (4.5). This produced approximately 1.7 g 

silicon oxide powder for the 1 ml H2
17

O used – i.e. ~ 100 % yield. Both XRD and 
29

Si 

MAS NMR was then carried out to check the compositional quality of the SiO2. 

Removal of excess water from the SiO2 powder, after drying under nitrogen for 12 

hours, was carried out by heat-treating the powder at 200
o
C for 24 hours, in a 

horizontal tube furnace under Argon atmosphere, as outlined in [17]. Although the 

Si
17

O2 powder still contained some quantity of H
+
 species (cf. 

1
H NMR, Chapter 8), 

this was sufficiently small to be neglected when calculating the appropriate masses of 

oxides and carbonates required for each 
17

O-enriched sample.   

 Five modified alkali borosilicate samples were made to the compositions 

outlined in Table 4.3. Two of these compositions (Na(MW) and Na(MW)’) were 

based on modifying the base-glass MW (Table 4.1), which conventionally contains 
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both lithium- and sodium-oxides, to contain only sodium oxide in the quantity used in 

the established MW composition (i.e. 20.82 mol% Na2O rather than 10.29 mol% Li2O 

and 10.53 mol% Na2O). Similarly, the composition Cs(MW) consists of only caesium 

oxide, in the same quantity (20.82 mol%). The remaining two compositions, 

AlNa(MW) and LaNa(MW), were based on adding either Al2O3 or La2O3 (x = 0.95 

and 1.85 respectively), in the form given in (4.6), to an MW composition, also 

containing only Na2O. Modifying MW to contain just Na2O (rather than both Na2O 

and Li2O) was made to simplify the analysis of the 
17

O NMR data. 

 

2 3 2 3 2( , , ) (100 )x Al O La O Cs O x NaMW• −   (4.6) 

 

Each borosilicate sample was made using approximately 0.3 g of 
17

O-enriched 

SiO2 powder and the correspondingly stochiometric and compositionally correct 

masses of sodium carbonate (99.9 %), caesium carbonate (99.99 %), lanthanum oxide 

(99.99 %), aluminium oxide (99.9 %), boron oxide (99.9 %) and iron (III) oxide (99.5 

%). As with the conventional borosilicate compositions of previous studies [4,20,21], 

0.1 mol% of iron (III) oxide was added to all but one composition (Na(MW)’), to 

reduce NMR T1 relaxation times. The sample Na(MW)’ which lacked iron (III) oxide 

enrichment was identical both in composition and manufacture to that of Na(MW) 

and was produced to check that lineshape in the 
17

O NMR was not affected by the 

presence of iron (III) oxide.  

Before the five 
17

O-enriched borosilicate samples were made, a single test 

sodium borosilicate sample, identical to that of Na(MW) outlined in Table 4.1, was 

made using non-
17

O enriched chemically prepared SiO2 and the appropriate 

carbonates and oxides outlined above. This was to test the effectiveness of the 

manufacturing route eventually used to produce the 
17

O-enriched borosilicate 

samples.  

Powders were mixed for 1 hour then packed and sealed into platinum tubes 

and heated in a vertical tube furnace with a nitrogen atmosphere, to between 1300-

1400
o
C for 20 minutes, before being quenched in liquid nitrogen and retrieved from 

the tubing. Samples were then analysed by XRD to confirm whether the resultant 

structures were glassy or crystalline. Energy Dispersive Analysis with X-rays (EDX) 
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measurements were also carried out to obtain quantitative measurements of the cation 

and silicon species present.   

 

Name 
mol% 

SiO2 

mol% 

B2O3 

mol% 

Na2O 

mol% 

Li2O 

mol% 

Cs2O 

mol%  

La2O3 

mol% 

Al2O3 

mol% 

Fe2O3 
R 

MW 60.61 18.57 10.53 10.29 - - - 0.1 1.12 

Na(MW) 60.61 18.57 20.82 - - - - 0.1 1.12 

Na(MW)’  60.61 18.57 20.82 - - - - - 1.12 

Cs(MW) 60.61 18.57 - - 20.82 0.00 - 0.1 1.12 

AlNa(MW) 60.03 18.39 20.62 - - - 0.95 0.1 1.07 

LaNa(MW) 59.59 18.25 20.47 - - 1.68 - 0.1 1.03 

Table 4.3 Compositions of the six 
17

O enriched borosilicate compositions. Note: nominal K for all of 

these borosilicate compositions = 3.22. 

 

4.3 Characterisation Techniques 

4.3.1 Introduction to X-ray Diffraction 

X-ray diffraction is a technique that enables crystalline and non-crystalline 

structures to be characterized by the constructive interference of x-ray wave-fronts 

present at varying angles of incidence. The property of diffraction common to all 

waves is governed by the Bragg Law (4.7). 

 

 2 sinn dλ θ=  (4.7) 

 

with n being the order of reflection, λ the wavelength of the incident x-rays, d 

the inter-planar spacing, and θ the angle of incidence onto the sample. Signature XRD 

patterns are observed by the following procedures: 

 

• The angle of incidence (and reflection) θ is changed with the use of a 

monochromatic beam of x-rays with a relatively defined wavelength – 

rotating angle XRD. 

• The wavelength of incident x-rays is changed, hence an x-ray source 

with a range of x-ray energies is used along with a set angle of 

incidence- Laue XRD. 
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All the XRD patterns produced in this study used the method of rotating angle 

XRD. Production of x-rays in the Bruker D5005 was achieved through the 

bombardment of a Cu target with an electron beam to produce x-rays with 

wavelengths 0.15406 nm and 0.15444 nm. Approximately 1 % of the energy absorbed 

by the target goes into direct production of x-rays from excited electron states (Figure 

4.2). After emission from the copper target the x-rays are directed onto the sample at 

the desired angle with the constructive patterns produced through the Bragg condition 

being satisfied. Compared to crystal structures, the XRD patterns of glassy materials 

cannot provide a complete analysis of the whole structure due to a lack of any long 

range order in the glass. The XRD pattern of glass samples can reveal whether an 

individual sample is an amorphous glass or whether any crystal phases exist within it. 

 

 

Figure 4.2 Production of x-rays through the bombardment of a copper source with high energy 

electrons. (Figure modified from http://www.ikp.uni-

koeln.de/jolie/Forschung/Eng/pixe_eng.htmhttp://www.indyrad.iupui.edu/public/lectures/physics/2XRA

YPRO/sld008.htm) 

 

4.3.2 X-Ray Diffraction Method 

XRD measurements were undertaken using a Bruker D5005 diffractometer, at 

40kV-30 mA power. Scans were taken between 10-70
o
 with 0.02

o
 increments, 15-30 

seconds/increment and with a 12 mm constant footprint. For all scans aluminium 

holders were used and any aluminium diffraction peaks present in results have been 

labelled. 
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4.3.3 Thermal Techniques 

Thermal analysis techniques measure physical changes produced in a sample 

as a function of temperature; these include changes in mass (thermogravimetry - TG), 

enthalpy (DSC and DTA) and volume (dilatometry). The thermal studies undertaken 

in this work include identifying the glass transition, first crystallisation (where 

possible) and melting temperatures using differential thermal analysis (DTA) traces 

obtained from either a standard Stanton-Redcroft DTA set-up or from a simultaneous 

thermal/thermogravimetric analysis DTA-TG spectrometer, which also enabled 

thermogravimetric analysis measurements to be obtained  simultaneously with 

differential thermal analysis measurements.  

The change in mass of the glasses has also been measured using a 

volatilisation method developed in a previous study [4]. 

 

4.3.3.1 Differential Thermal Analysis (DTA) 

The most common technique used in thermal analysis, DTA, measures the 

difference in temperature (∆T = Ts – Tr) between a sample (Ts) and an inert reference 

material (Tr). Both materials are held in separate cavities within holders of low 

thermal conductivity sitting inside a single furnace (Figure 4.3 (a) and (b)). Typically, 

solid samples are powdered and loaded into a high temperature resistant crucible (i.e. 

90Pt/10Rh) with the mass of the reference used being equal to the measured mass of 

the analysed sample. For inorganic samples Al2O3 and SiO2 are common reference 

materials. Endothermic reactions are signified by ∆T < 0 and exothermic reactions by 

∆T > 0 (Figure 4.3(c)). The application of DTA to solid materials reveals important 

phase transitions specific to the material being analysed; these can include the 

crystallization temperature (Tx) and the glass transition temperature (Tg), the 

temperature at which the liquid passes from a glass to the supercooled state on 

heating.  

DTA measurements in this work were conducted using both a Stanton-

Redcroft DTA 673-4 and PerkinElmer Diamond DTA-TG (cf. Section 4.3.3.2). For 

both set-ups an air atmosphere was used with 90Pt/10Rh crucibles, with a ramp rate of 

10
o
C/minute up to 1000

o
C, with the system then cooled back to room temperature. 

Typically 0.2 g and 20-40 g of sample were used for the Stanton-Redcroft and 

PerkinElmer set-ups respectively, with samples being powdered and loaded into a 
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crucible with an equal (±0.001 g) quantity of quartz being used as a reference 

material. For the PerkinElmer DTA-TG measurements a 200 ml/min air purge gas 

was used.  

For the purpose of annealing the glass disks used in chemical durability 

studies, Tg values were obtained from data obtained from either set-up. 

 

 

Figure 4.3 In DTA, the sample (S) and reference (R) are sat in individual cavities within a single 

furnace (a),(b) with the temperature difference between them being measured as the differential (c) 

[22].  

 

4.3.3.2 Simultaneous Thermal/Thermogravimetric Analysis (DTA-TG) 

Simultaneous thermal/thermogravimetric analysis provides a method of 

obtaining both DTA and thermal gravimetric analysis (TG) measurements 

simultaneously from a sample. TG data from this experiment provides a useful means 

of identifying temperatures at which mass changes, such as volatilisation, occur in a 

sample and linking it to thermal events in the DTA data.  

 

4.3.3.3 Volatilisation Mass-Loss Measurements 

Thermogravimetric analysis (TG) was used to identify the temperature at 

which volatilisation and mass-loss occurs, as well as give a quantitative value of the 

size of the mass-loss as a function of both temperature and caesium concentration.  
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Volatilisation studies of borosilicate glasses by Asano et al. [23-26] and 

Stolyarova [27] have commonly used the Knudsen effusion technique, which is a 

combination of  a mass-spectrometer attached to a platinum Knudsen cell. The cell is 

heated across a range of temperatures, with the vapours evolved from the sample 

(typically 10 mg) being ionised with electrons and their mass determined. The ion 

species can then be identified with known mass spectra of ions. This technique allows 

the ion species to be identified, as well as their partial pressures and the 

energy/temperature of their formation. It does not typically allow the degree of mass-

loss to be calculated, which is of importance in this study. 

However, to obtain an accurate value of the quantity of mass-loss of each of 

the compositions at the temperature of volatilisation (understood to be ~1000
o
C) the 

use of a method other than STA (or the Knudsen effusion technique) was required due 

to difficulties in integrating the total mass-loss from the sample acquired over the 

temperature range of the TG measurement. The third method used for this purpose 

was devised and used in the previous study by the author [1] and consisted of heating 

~0.2 g of sample within a 90Pt/10Rh boat covered with an alumina lid, at 10
o
C/min to 

1000
o
C and holding at temperature for 4 hours. Weight measurements of the crucible 

mass, initial sample mass and lid were taken before and after each experiment to give 

values of mass-loss from the crucible and mass gain on the lid. Of additional 

importance was that any condensate of volatile species evolved from the melt could 

be analysed by Raman spectroscopy, XRD or EDX to determine the species present.  

Previous experience of this volatilisation technique [4] had shown that a 

limited quantity of volatilised sample had managed to condense on the alumina lid, 

since the temperature of lid was similar to that of the crucible. Although the amount 

of sample was insufficient (1-3 mg) to be removed for measurements such as NMR, it 

was sufficient for optical measurements such as Raman spectroscopy. 

 

4.4 Chemical Durability 

4.4.1 Leach Testing 

With borosilicate glasses being chosen for HLW vitrification because of their 

high stability and durability to aqueous corrosion, a method is required to test and 

simulate the conditions under which waste-loaded glasses may be stored [28,29]. Such 

a method exists in the form of the international standard soxhlet test procedure [30] 
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and it has been used in various other corrosion studies on nuclear borosilicate glasses 

[29-42]. 

Samples for the leach test are discs of 25 mm diameter and 1 mm thickness, 

cut from the cylinders described in Section 4.2.1 and with faces polished. For every 

set of experiments, each run for 14 days, four soxhlets are run in parallel (three 

containing one sample, and one empty soxhlet) with 300 ml of deionised water within 

the round-bottomed flask of each soxhlet. The deionised water is then heated to 

boiling so that the temperature around each sample is approximately 75
o
C (Figure 

4.4). Before and after each experiment the pH of the water is measured (using a 

Hanna Instruments HI-931410 pH/mV meter) along with the sample mass and a 

Raman spectroscopy scan (cf. Chapter 5) of the disc surface. After each experiment 

the mass-loss of the glass disc is calculated, along with the change in pH. The 

resultant leachate solutions from the experiments are adjusted to a pH of 2.7 using 2.5 

M nitric acid, for elemental analysis (Na, Li and Cs content) using XRF
(∗)

. Raman 

spectroscopy measurements on the disc surface are also repeated to observe any 

changes in glass structure. 

 

Figure 4.4 Diagram of the arrangement used to leach test the borosilicate glass samples [30] 

                                                

(∗) CERAM Research Ltd, Queens Road, Penkull, Stoke-on-Trent, ST4 7LQ, UK. 
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Chapter 5 

 

5 Experimental Theory and Practice: - 

Structural Determination 
 

5.1 Introduction 

This chapter describes the different structural experimental techniques used in 

this study, such as density measurements, NMR and Raman spectroscopy (RS) and 

where possible their relationship and use on the glass systems used in this study. 

 

5.2 Density Measurements 

5.2.1 Introduction 

Density studies have often been used in combination with more complex 

experiments such as NMR, RS and neutron diffraction as an indication of the 

structural changes in alkali borates and borosilicate glasses with respect to varying 

composition [1-3]. Often, when translated to changes of the molar volume, non-linear 

or regional effects based on the formation of different medium-range order units, are 

observed that are characteristic of borate, silicate and borosilicate glasses.  

 

5.2.2 Experimental Method – Archimedes Method and Pycnometer 

Measurements of glass densities in this study were typically undertaken using 

Archimedes’ method, which involves weighing a solid sample in both air (MAIR) and a 

chosen displacement fluid (MLIQ). Since the samples in this work are heavily doped 

with alkali oxides, which are sensitive to water, a suitable non-aqueous based 

displacement fluid was used in the form of glycerol (99 % pure). It is essential to 

know the density of the displacement fluid at room temperature (ρLIQ(T)) and so the 

weight of a known volume of glycerol was measured on each occasion to calculate 

this. The density of glycerol was found to be 1.25±0.06 g/cm
3
 when measuring the 

glass densities at the typical temperature of 24±2
o
C. The density of the fluid 

(glycerol), mass of sample in air and mass of sample in fluid give the density of the 

solid through (5.1). 
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( )

( )
LIQ AIR

SOLID

AIR LIQ

T M
T

M M

ρ
ρ =

−
 (5.1) 

  

For the oxygen-17 enriched glass powder compositions, the use of Archimedes’ 

method was not possible due to powders being destroyed in the displacement fluid. 

The alternative approach was to use a pycnometer, which, through changes of 

pressure of a known volume of gas in a reference cell, can be used to calculate 

material density of a bulk, powder or liquid composition. The pycnometer measures 

the change in pressure of a known volume of gas that is passed through a reference 

volume into a cell, where the sample is held. Initially, the gas pressure in the cell is 

given by 

 
gas gas

gas

c p

n RT
P

V V
=

−
 (5.2) 

 

Where Vc and Vp are the cell and sample volumes respectively, ngas the number of 

moles of gas, R the gas constant and Tgas the cell temperature. The reference volume 

Vref, when pressurised to P1 is defined as 

 

 
1

1

gas

reference

n RT
V

P
=  (5.3) 

 

When the valve between the reference and sample volumes is opened, allowing gas 

flow between the sample cell and the pressurised reference volume, the pressure 

lowers to P2. 

 
1 1

2

( ) ( )

( )

gas gas gas cell p reference

cell p reference cell p reference

RT n n P V V PV
P

V V V V V V

+ − +
= =

− + − +
 (5.4) 

 

Hence, with Pgas initially set to zero, the sample volume can be expressed by 

 

 1 2(( / ) 1)p cell refernceV V V P P= − −  (5.5) 

 

Vcell and Vreference are known from calibration, with both the cell volume and stainless 

steel sphere reference, of accurately known volume. The mass of the sample of study 
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is measured prior to experiment and therefore density can be calculated, when 

combined with Vp. Before measurements were carried out, the system was purged for 

10-15 minutes. 

 

5.3 Nuclear Magnetic Resonance Spectroscopy [4-8] 

5.3.1 Introduction 

The property of NMR arises from transitions between nuclear spin energy 

levels brought about through the quantization of spin angular momentum P that arises 

from the total spin quantum number I.  

 

 [ ]
1/ 2

( 1)P I I= −h  (5.6) 

 

The degeneracy of the spin energy levels for a nucleus is removed (Zeeman 

splitting) in a magnetic field that defines the z-direction, into the values I, I−1, I−2,…, 

−I.  For example, a spin-1/2 and spin-3/2 nuclei possess the nuclear energy levels 1/2 

and −1/2 and 3/2, 1/2, −1/2, −3/2 respectively, corresponding to the z-component of 

the angular momentum (Figure 5.1).  

 

Figure 5.1 Zeeman splitting for a spin-1/2 and spin-3/2 nucleus. Nuclei with I>1/2 possess additional 

contributions to the energy levels splitting due to the quadrupole effect (E4, E5, E6 and E7). Note: For 

the I=3/2 nuclei, E1 = E2 = E3, E4 = E5 = E6 = E7 and energy differences E1 and E3 do not equal the 

first Zeeman energy splitting band of E2 when the quadrupole interaction is non-zero. 

 

Nuclei with I > 1/2 are known to possess an electric quadrupole moment, with 

the resultant NMR lines in the spectrum often being broader. This effect is of special 

consideration in this work since 
23

Na, 
11

B and 
17

O are all quadrupole nuclei. The 
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quadrupole moment can introduce a second set of effects that determine the energy on 

top of the original Zeeman splitting, with the energy differences between levels (other 

than the central energy band) differing from the initial energy separation caused by 

the Zeeman interaction. 

 

Not all nuclei can be studied with NMR and the conditions required can be 

summarised in three rules:  

 

• Nuclei with odd mass number have half-integer spin (e.g. 
29

Si) 

• Nuclei with even mass number and an even charge number have zero spin 

and therefore cannot be studied by NMR (e.g. 
16

O). 

• Nuclei with even mass number but an odd charge number have integer 

spin and can be studied, but usually with some difficulty (e.g. 
10

B). 

 

NMR is achieved through promoting more spins into a higher nuclear energy 

state (saturation) than the original equilibrium energy states. For example, when a 

spin-1/2 nucleus is placed in an external magnetic field the nuclei align themselves 

either parallel or anti-parallel to the field, with lower and higher energies respectively. 

The fraction of spins in each of the levels is at this point approximately equal and so 

saturation is achieved through the absorption of energy from an RF pulse, promoting a 

fraction of the spins to a higher energy.  

 

5.3.2 The NMR signal – spin relaxation and RF pulses 

The nuclear spin energy of the nucleus in a magnetic field is described by (5.7)

with µµµµ being the magnetic moment of the nucleus (µZ the component of the magnetic 

moment in the z-direction) and B the applied magnetic field vector (B0 is the actual 

applied magnetic field strength). Substitution of µZ by the factors gN and mI in (5.8) 

arises from the quantization of angular momentum with mI = −I, −I+1,…..,+I and 

nuclear g-factor gN. This in turn can be converted to another form to give the 

magnetogyric ratio - γ (5.9).  

 

 0. ZU B Bµ µ= − = −  (5.7) 

 0Im Bγ= − h  (5.8) 
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 N Ng µ
γ =

h
 (5.9) 

Furthermore the Larmor frequency of a nucleus can be found using (5.9) and 

this gives a value of the resonant frequency for a particular nucleus in a magnetic 

field, B (5.10). 

 / 2 Bν γ π=  (5.10) 

 

5.3.3 Nuclear Spin Energy and the Larmor frequency 

Excitation of the nucleus to higher energies is generated by RF pulses applied 

at the sample’s Larmor frequency. The rotation of the spins either transversely (π/2) 

or longitudinally (π) to the external magnetic field, with sufficiently long pulse 

lengths, are two approaches to achieving saturation and population inversion 

respectively. Relaxation in the transverse plane (spin-spin relaxation) is measured as 

the time T2, with relaxation from the longitudinal state measured as T1. Naturally T1 ≥ 

T2, with T1 >> T2 being typical for solids due to the increased interaction in the solid 

state. Often though in solid state NMR, because nuclei have “long” (T1) relaxation 

times, the most efficient means of obtaining a given signal-to-noise is with a pulse 

length less than that required to rotate nuclei by 90
o
 [5,6]. 

 

For the application of NMR for chemical spectroscopy, the interaction of the 

nuclear magnetic field plus the magnetic field generated by the surrounding electrons 

is taken into account. The precession of the surrounding electrons produces an 

opposing diamagnetic field at the nucleus with various interactions through electronic 

bonding, such as spin-spin coupling or J-coupling, and the magnetic field observed by 

the nucleus differs by very specific values. Classically the magnetic field as ‘seen’ by 

the nucleus is not B0, but instead that described by (5.11) with σ representing the 

shielding constant, a value usually of the order of ppm. 

 

 0 (1 )B B σ= −  (5.11) 

 

From this shielding, or ‘magnetic screening’, the notion of the chemical shift 

is brought into play whereby the resonant frequency, of the particular nucleus being 

studied, changes from that of a bare nucleus with no electrons (5.10) to that of (5.12). 
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0

/ 2 (1 )Bν γ π σ= −  (5.12) 

 

At this stage it must be taken into account that chemical shifts are relative to 

the type of compound being studied because of the measured signal being a collective 

value brought about from the bulk of the sample. It must also be noted that the 

chemical shift is a useful quantity only when it is compared to a secondary sample or 

reference and it is from this that the value for the chemical shift (δ) is described by 

(5.13). The reference is a material of known concentration and molecular 

configuration, hence it is dependent on the element and material. For NMR 

experiments carried out in Section 5.3.6, the reference material is stated. Units may be 

stated in either Hz or ppm. 

 SAMPLE REFERENCE

REFERENCE

ν ν
δ

ν

−
=  (5.13) 

 

The NMR spectrum also reveals details of the inter-atomic bonds between the 

nucleus being studied and its neighbouring atoms through the dipole-dipole and the 

spin-spin interaction, an interaction brought about between each of the two nuclear 

sites and B0; the quadrupole coupling interaction, brought about through interaction 

between nuclei with I > 1/2 and the surrounding electrons; and J-coupling interactions 

(present through nuclei interacting with each other via their shared electrons). 

 

5.3.4 Heteronuclear spins, dipole-dipole coupling, magic angle 

spinning and quadrupolar line broadening  

With solid state NMR the atoms are linked within a rigid framework which 

results in any dipole-dipole interactions having a non-zero value (unlike the case of 

liquids). Therefore, considering a two spin system with nucleus A under examination 

through NMR at Larmor frequency νA influenced by neighbouring nuclear spin X 

with frequency νB, the (truncated) dipolar Hamiltonian for the heteronuclear spin 

system is described by (5.14). 

 

 
1 2ˆ ( ) (3cos 1)A A X X A Xh H m m Rm mν ν θ− = − + − −  (5.14) 
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With, h being Planck’s constant and mA and mX the spins for nuclei A and X 

respectively. R represents the splitting, or dipolar z, constant.  

From this equation the second term in the Hamiltonian represents a geometric 

factor of the form (3cos
2θ − 1) which is non-zero for solids and is zero for liquids 

because of the motional averaging brought about through the inherent dynamics of a 

liquid. Through the application of magic angle spinning (MAS) an identical kind of 

motional averaging can be achieved in solids by spinning the solid sample about its 

own axis which is inclined at an angle of cos
−1θ = (1/3)

1/2
 = 54.7

o
 to the primary B0 

magnetic field (Figure 5.2).  

 

 

Figure 5.2 Magic Angle Spinning (MAS) reduces signal broadening brought about through dipole – 

dipole interactions between the nucleus being studied and its neighbouring nuclei [4]. 

 

About this angle, the anisotropic term (5.15) expanded from the general spin 

Hamiltonian [5] reduces to zero for θ = 54.7
o
, leaving the isotropic solution-like part 

of the Hamiltonian described in (5.14) [5]. 

 

 
2

2 2(3cos 1)
[(3cos 1) sin cos 2 ]

2
A

θ
β η β γ

−
∆ − +  (5.15) 

 

where A is a constant [5], β and γ are angles in the principal axis of the sample (Figure 

5.3) and η is the asymmetry parameter (5.16) with Vii the electric potential in the i
th

 

direction. 

 
xx yy

zz

V V

V
η

−
=  (5.16) 
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Typically for MAS, solids are spun at a rate of several kHz (e.g. 
11

B samples 

in a 14.1 T field are spun between 12-15 kHz in this study) with the spacing of MAS 

sidebands being proportional to the MAS rate (Figure 5.4).  

 

 

Figure 5.3  Relative orientations of the principal axis system, rotor and laboratory frame [5]. 

 

 

Figure 5.4 The effect of increasing the MAS rate (indicated by arrow) is to increase the resolution of 

each peak with the appearance of spinning sidebands around the central peak [4]. MAS removes the 

dipole-dipole, chemical shift anisotropy and the first-order quadrupole interactions, narrowing the 

resonance lines [4,5] of the spectrum, with the spacing between MAS peaks related to the spinning 

speed used. 
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A convenient way of describing the electrical charge of the nucleus is to 

consider it as a composite of a series of charges or electric poles. In this respect we 

can describe the electric charge of the nucleus C(r) as:  

 

 (0) (1) (2)( ) ( ) ( ) ( )....C r C r C r C r= + +  (5.17) 

 

Here C
(0)

(r) represents a spherical charge distribution, C
(1)

(r) a dipolar electric 

charge distribution (i.e. the electric dipole moment) and C
(2)

(r) re-introduces the 

concept of a quadrupole electric charge distribution (electric quadrupole moment) 

which affects quadrupole nuclei with I > 1/2, leading to the formation of the 

quadrupole coupling constant CQ (5.18). 

   

 

2

4 (2 1)
Q

e qQ
C

I I h
=

−
 (5.18) 

 

where eQ is the quadrupole moment and eq = Vzz, the principal (i.e. largest) value of 

the electric field gradient. Unlike for an isotropic liquid where the quadrupole effect is 

zero due to motional averaging, solids with I > 1/2 exhibit the quadrupole effect with 

a frequency of (5.19). 

 

 
3

4 (2 1)

j

Q zz

j j

eQj
V

I I
ν =

−
 (5.19) 

 

with subscript j denoting the spin I, quadrupole moment Q and electric potential Vzz of 

the charge j.  

For quadrupole nuclei in the solid state however, the width of the central 

resonance can be reduced by increasing the strength of the applied magnetic field. 

This result arises from the fact that both the second-order quadrupole-induced shift 

and the line-width of the resonance are inversely proportional to the Zeeman 

frequency - which increases with field-strength [8]. 

Although partially removed by MAS at the angle of 54.7
o
, the unwanted effect 

of the quadrupole interaction is not totally removed, due to the angular variation of the 

second-order quadrupole effect. The second-order quadrupole interaction can 
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however be removed by spinning at a second angle of either 30.56
o
 or 70.15

o
, 

complementary to the initial magic-angle of 54.7
o
, using the technique of Double 

Angle Rotation (DOR) NMR [5,6]. This second angle through which the sample is 

spun simultaneously to the initial magic-angle, is found from the second-order 

quadrupole energy of interaction, described by (5.20) being a solution of P4(cosθ) = 0  

[5].    

 

2 0 0

(2)

2 2 1 2

0

4 4 2 4

( , ) ( )
31

, 1 ( , ) (cos ) ( , , )
2 (2 1)

( , ) (cos ) ( , , )

Q

Q

C I m F

E m m C I m P F
I I

C I m P F

η
χ

θ β γ η
ν

θ β γ η

+ 
   

− = +   −   + 

 (5.20) 

 

where crucially, the second-order angular-dependant term is 

 

                                        4 2

4 2 2 2

1
(cos ) (35cos 30cos 3)

8
P θ θ θ= − +                       (5.21) 

with 

2

0 ( ) 1
3

F
η

η = +                                                                          (5.22) 
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 (5.24) 

 

From which the important result is that neither P2(cosθ) or P4(cosθ) could 

equal zero for a single value of θ. Hence, the magic-angle of 54.7
o
 removes the first-

order effects (P2(cosθ)) and partially reduces the contribution from the second-order 

quadrupolar P4(cosθ) term. Complete removal of the second-order, P4(cosθ), term is 

carried out by spinning an inner rotor within the first at a second angle found from 

(5.21), to be either 30.56
o
 or 70.15

o
 (Figure 5.5).   
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The DOR NMR technique lends itself well to crystalline samples with 

dominant quadrupolar interactions, such as minerals [9-12] but in cases where 

medium-range order (MRO) exists, in traditionally-viewed disordered materials such 

as borate and borosilicate glasses, the technique provides the opportunity for resolving 

more detail of the structure. In much the same way as multiple quantum (MQ) MAS 

NMR, described later in this chapter, DOR NMR can separate the different sites of 

quadrupole nuclei, but by using a much simpler one-pulse experiment that, unlike 

MQMAS, is quantitative.  

For borosilicate glasses therefore this technique could be applied in the form 

of 
17

O DOR NMR to quantifiably resolve the different 
17

O sites in Si-O-Si, Si-O-Al, 

Si-O-B etc. groups. Where MRO units are concerned, 
11

B DOR NMR could also be 

used to more easily resolve and quantify 
11

B3 in network units and, more interestingly, 

11
B4 sites with different next nearest neighbours, i.e. reedmergnerite units with B4 

surrounded by 4Si, and danburite units containing B4 surrounded by 1B and 3Si (cf. 

Chapter 3). 

 

  

Figure 5.5 Example of the rotor set-up within a DOR probe, with rotors spinning at angles θ1 and θ2 

[5]. 

Similarly, the second-order quadrupole effect can also be reduced by the 

application of the somewhat technically simpler, but less-quantitative technique of 

MQMAS NMR, which by exciting multiple quantum transitions, outside of the 

central (1/2, −1/2) transition, in a two-dimensional experiment can reveal greater 

detail of quadrupolar nuclei.  
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5.3.5 Multiple Quantum Magic Angle Spinning NMR  

Multiple quantum MAS NMR (MQMAS NMR) provides a highly useful tool 

for studying non-integer quadrupole spins with I > 1/2 (i.e. 
11

B - 3/2 and 
17

O - 5/2) 

whereby removal of the second-order quadrupole interaction occurs [13]. The 

MQMAS technique enables the resolution of inequivalent chemical sites, 

distinguishing isotropic chemical from quadrupolar shifts as well as providing a single 

magnetic field route to locating individual parameters, such as the quadrupolar 

coupling constant (CQ)  and the asymmetry parameter η, which would otherwise 

require experiments and fits from multiple experiments at different fields [7].  

Differing from single quantum (i.e. single pulse) experiments MQMAS 

enables the magnetism from multiple transitions in quadrupolar nuclei to be excited 

through multiple pulses being applied to the analysed system. In the simplest form of 

an MQMAS NMR experiment, i.e. 2D MAS NMR, initially a single high powered rf 

pulse is applied to produce the transition MQ. After MQ coherence has evolved (in 

time t1) a second pulse is applied to convert the MQ coherence to p = −1 (observed in 

time t2). Immediately after this second pulse the signal is acquired, with an echo 

forming at the time given in Equation (5.25) [7,13]. 

 

 2 1= •t k t  (5.25) 

 

where k is the ratio of the (fourth-rank) coefficients of the I > 1/2 and I = 1/2 

transitions [7]. By varying t1, only the intensity of the lineshape is varied. 2D Fourier 

transformation will then show the resonances as ridges in the quadrupole anisotropy 

(QA) axis, with the isotropic spectrum observed by projection of the 2D spectrum on 

the line υ1 = υ2 = 0, perpendicular to the QA-axis. In a similar approach 3Q and 5Q 

MAS NMR have also been used on non-integer spin nuclei to obtain information on 

the interactions of heteronuclear spins.  

For example, for a quadrupolar nucleus, the observed shift in the MQMAS is 

given by (5.26). 

 

 MQMAS CS 2Q = ( 17/31)  + (30/31)δ δ δ−  (5.26) 

where 
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is the second-order quadrupolar shift and δCS
 is the isotropic chemical shift. CQ and η 

are the quadrupolar coupling constant and asymmetry parameter, respectively. Hence 

for sites with different CQ values, different 2D isotropic shifts are observed. This 

proves useful, especially with glasses, where oxygen sites can have dramatically 

different local environments (i.e. different δ and CQ).  

 

5.3.5.1 Application of 
17

O MQMAS NMR to Disordered Materials 

MQMAS NMR has been used in the study of various glass systems, most 

notably alkali borosilicates, where both 
11

B [14-17] and 
17

O [14,15,18,19] MQMAS 

NMR has been used to provide more information than initial single-pulse MAS NMR 

techniques. Of importance in this study however, is the use of 
17

O MQMAS NMR in 

conjunction with both single pulse 
17

O MAS NMR, for revealing information on 

network connectivity.  

Oxygen-17 NMR is an ideal technique for understanding physical 

characteristics of both organic and inorganic compounds, due to its sensitivity to local 

environment. This leads to a broad range of chemical shift values based on nearest-

neighbour combinations and therefore is a powerful tool in glass science for 

understanding network connectivity and its relation to physical and chemical glass 

properties. Unfortunately though, its widespread use is limited by several factors; the 

natural abundance of 
17

O is ~0.04 % and its nuclear spin of 5/2, often resulting in a 

large quadrupolar broadening effect. The first of these problems, the low natural 

abundance, can be reduced by the use of enrichment (cf. preparation of oxygen-17 

enriched glasses in Chapter 4) with the second being reduced by the use of both (MQ) 

MAS and/or DOR NMR [9,20].  In this study, 
17

O MQMAS NMR is used to identify 

heteronuclear bonds, such as Si-O-Si, Si-O-B, Si-O-alkali and B-O-alkali bonds 

[14,15] present.  

 

5.3.6 23
Na, 

27
Al, 

11
B, 

29
Si and 

17
O NMR Acquisition Conditions 

23
Na MAS NMR was carried out on a Varian/Chemagnetics Infinity 600 NMR 

spectrometer at 159.03 MHz with 4 mm rotors. For each sample, acquisitions were 
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taken at room temperature using a 15 kHz MAS frequency, a pulse delay of 1 s and 

pulse length of 0.7 µs (45
o
 tip angle). A sodium chloride (solid) reference was used at 

7.2 ppm. 

 

For measurements of the aluminium sites in the CsAlMW glasses, 
27

Al MAS 

NMR spectra were obtained on a Varian/Chemagnetics Infinity 600 NMR 

spectrometer operating at 156.03 MHz with a Chemagnetics MAS 4 mm probe 

spinning at 12 kHz.  For each sample 1000 acquisitions were taken with a pulse delay 

of 1 s and a 0.5 µs pulse length (45
o
 tip angle). Samples were referenced against YAG 

solid using the AlO6 resonance, taken at 0.7 ppm. Peak fractions were calculated 

using the Origin program. 

 

All 
11

B MAS NMR measurements were obtained on a Varian/Chemagnetics 

Infinity 600 NMR spectrometer at 192.04 MHz with 4 mm rotors. For each sample 

1000 acquisitions were taken at room temperature using a 12-15 kHz MAS frequency, 

a pulse delay of 1 s and pulse length of 0.7 µs (B1 ~  60 kHz). Previous studies [21] of 

11
B in borates and borosilicates have used Pyrex® as a reference, but all spectra in 

this study were referenced against boron phosphate (99.994 %) at −3.3 ppm 

(equivalent to referencing to Et2O:BF3 at 0 ppm), this change has been made because 

of the non-standard stoichiometric  composition of Pyrex®.  

Note: 
11

B MAS NMR spectra were obtained at 14.1T (rather than at lower fields) due 

to the optimal spectral width obtained at this field, allowing clear separation and 

resolution of the two peaks in the 
11

B MAS NMR spectra.  

 

29
Si MAS NMR was carried out using a 360 Varian NMR spectrometer 

operating at 71.25 MHz with 6 mm rotors, 5 s pulse delay, 2 µs pulse length (30
o
 tip 

angle) with 1000 acquisitions, and a line broadening of 50 Hz.  Spectra were obtained 

at 5-6 kHz MAS frequency. Tetramethylsilane (TMS) was used as a primary reference 

at 0 ppm. 
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17
O NMR 

(∗)
 spectra were recorded on a Bruker Avance II+ spectrometer at 

14.1 T operating at a frequency of 81.37 MHz for 
17

O. A 4 mm MAS probe was used 

for 
17

O MAS and 3QMAS experiments.  

17
O MAS NMR spectra were acquired with a whole Hahn echo experiment 

[22] with a  2.5 and 5.0 µs pulse-width used with an interpulse delay of ∼1 ms (10 x 

rotor-period).  
17

O 3QMAS NMR spectra were recorded with a whole-echo phase-

modulated split-t1 3QMAS experiment [23].  The optimized excitation and conversion 

pulse-widths were 5 and 2.25 µs, respectively, with a radiofrequency of 125 kHz.  27 

µs was set for the selective 180° pulse with a solid rf pulse of 18.5 kHz.  

All 
17

O NMR spectra were acquired with sample spinning at 10000 ± 2 Hz, 

and with a recycle delay of 1-10 s. No difference in the lineshape was observed 

between recycle delays of 1 s and 10 s. All spectra were referenced to H2O at 0 ppm. 

One dimensional 
17

O MAS NMR plots are represented in the conventional manner, 

with peak positions denoted by ppm. MQMAS NMR plots, with peaks requiring two 

coordinates to locate their positions, are represented by the horizontal scale being the 

MAS dimension (x) and the vertical representing the isotropic dimension (y). In this 

study, the position of peaks in the MQMAS NMR maps are abbreviated to the form 

(x, y), i.e. a peak at 60 MAS ppm and 40 isotropic ppm would be denoted by (60, 40).   

 

5.4 Raman Spectroscopy 

5.4.1 Introduction 

Raman spectroscopy (RS) is an approach based on the polarisability of a 

molecule induced through a laser source incident on the sample (Figure 5.6). Similar 

in its approach to IR spectroscopy RS often allows transitions which are forbidden by 

the IR selection rules and so the two techniques are complementary, with one 

technique often producing results unobtainable by the other. 

In the majority of cases the application of a photon source with frequency ν 

onto a sample produces scattered photons with the same frequency (Rayleigh scatter)  

but about 1 in 10
7
 photons produces scattered radiation of a different frequency, 

                                                

(∗) All 
17

O  NMR experiments in this study, including single pulse- and MQMAS- NMR, were carried 

out in direct collaboration with Dr Alan Wong of the Warwick Nuclear Magnetic Resonance Group. 
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mostly to a lower one (Stokes Shift) and to a smaller degree to higher frequencies 

(anti-Stokes shift) (Figure 5.7) [21].  

From the excitation and detection of photons, arising from vibrations of the 

molecule, identifiable peaks in the form of an intensity spectrum as a function of 

frequency difference (Raman shift, cm
−1

) can be obtained that can be used to deduce 

the type of molecule and its atomic grouping. Hence this technique is a useful way to 

construct a picture of the structure of borates and borosilicate glasses that contain 

strong structural groupings such as boroxol rings etc.  

 

 

Figure 5.6 The Raman spectroscopy set-up consists typically of a laser light source in conjunction with 

a probe focussed through a microscope onto the sample. The probe then relays the detected signal back 

to an imaging spectrograph and the relevant electronics [24]. 

 

 

Figure 5.7 Schematic of the three main scattering processes produced in Raman spectroscopy. An 

incident photon of frequency ν0 excites an electron which then either: relaxes back to its initial state 

releasing a photon of frequency ν0 (a); relaxes to an excited state releasing a photon with a lower 

frequency (b) or induces  photon emission with a higher frequency (i.e. higher energy) (c) [24]. 
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Classically the theory of Raman spectroscopy is very similar to the Compton 

scattering of X-rays with the change in frequency between the incident and emitted 

photon from a molecule being described by (5.28) with the two energies Em and En 

being initial and excited energy states (with h – Planck’s constant). Note; for the 

technique of IR spectroscopy, 0vv =∆ . From this it can be seen that: 

 

 

• Rayleigh scattering v∆ = 0 

• Stokes-Raman scattering v∆ > 0 

• Anti-Stokes-Raman scattering v∆ < 0. 

with the energy differences being zero, positive and negative respectively (5.28) . 

 

 
0

−
∆ = − = m nE E

v v v
h

 (5.28) 

 

5.4.2 Raman spectroscopy of glassy materials 

Important to the study of borate and borosilicate glasses using RS, is the fact 

that there is a spectrum of molecular groupings, such as from borate [25] and 

borosilicate [26] superstructures. Examples include the boroxol, pentaborate and 

metaborate superstructures present in alkali borates (Figure 5.8) [27] and, for 

borosilicate glasses, vibrational units present include the reedmergnerite and danburite 

superstructures and, throughout the range of the silicate and borosilicate 

compositions, the whole range of silicon Q
n
 units (cf. Chapter 3).  Hence the 

vibrational excitations detected across the range of compositions produce a spectrum 

of frequency shifts. The results from a crystal sample however differ, in that a crystal 

structure is built around a single molecular group and so the photon excitations 

stimulate different modes from the same group.  
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Figure 5.8 Structural molecular groups present in a borate glass with their Raman frequency in 

brackets; (a) boroxol group (808 cm
−1

), (b) pentaborate group (525-530, 603-655, 767 and 930-967 

cm
−1

), (c) dipentaborate group (757 cm
−1

) [27]. 

 

5.4.3 Quantitative Raman Spectroscopy of Glassy Materials 

Unlike for NMR, the use of Raman spectroscopy (RS) as a quantitative 

method for measuring structural quantities is both limited and in some cases 

contentious. As a quantitative technique RS would be ideal since it is non-destructive, 

rapid in its acquisition of data and the results show clear changes across samples that 

have distinctly different thermal and physical properties, as well as more subtle 

properties such as sample preparation techniques.  

 

The greatest drawback with using the technique in a quantitative measurement 

however arises from the problem that the Raman spectrum can contain a number of 

details greater than just features directly related to the structures and units present in 

the glass. These include peaks in the spectrum from polarisation effects and from 

multiple symmetries of the same unit. 

 Some work has however been carried out using RS quantitatively (Figure 5.9 

and Figure 5.10), most notably on silicate [28-30] and aluminosilicate [31] glasses. 

All of these papers utilise the Raman spectra to obtain fractions of the silicon Q
3
 and 

Q
4
(B) units, as functions of temperature and composition respectively. The paper by 

Mysen [31] brings to attention one further problem with using RS - that being the 

removal of any background signal collected during data acquisition. Mysen [31] 

found the background signal to be exponential in form up to high (> 1000 cm
−1

) 
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wavenumbers and that it was possible to subtract the background before performing 

peak fitting to the data with Gaussian peaks. Most notably though, for both papers, 

peak fitting was carried out only around regions of the Raman spectrum where it was 

confidently thought that any peaks present were due to vibrations directly from 

individual units, and not because of any other optical effects. 

If quantitative RS of a borosilicate glass spectrum could be repeatedly 

achieved in HLW-borosilicate glasses (with simulated and non-simulated loads), the 

calculation of the silicon Q
n
 fractions, especially in cases where glasses containing 

significant (~2 mol%) proportions of a NMR-unfriendly paramagnetic species (such 

as HLW containing glasses) then an alternative method of measuring Q
n
 units would 

be possible. The technique would also lend itself well in situations where destruction 

of the sample was not favourable, such as for measuring the Q
n
 fraction in chemically 

leached glass disks, and where the quantity of sample available is unrealistic to use in 

29
Si MAS NMR (i.e. the condensates of volatile species collected from mass-loss 

measurements). 

 

 

Figure 5.9 Examples of peak fitting the Raman spectra of lithium and sodium silicate glasses, carried 

out over the region of the spectra where labelling of the peaks could be confidently undertaken [28]. 
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Figure 5.10 Peak fitting of Raman spectra from sodium silicate glass that have been prepared at 

different quenching rates [29]. 

 

5.4.4 Raman Spectroscopy – Experimental Method 

Raman spectra on the silicate and borosilicate (including the leach disk 

samples) glass compositions were obtained at room temperature with a 10 mW laser 

source, x50 magnification with between 50-100 acquisitions across the range 100-

3200 cm
−1

 to obtain data for high wavenumbers to which any background signal 

could clearly be identified and removed.  The removal of the background signal from 

the Raman spectra was carried using a technique adapted from Mysen [31], by fitting 

an exponential curve up to the high wavenumber region of the spectrum and 

subtracting it from the data [32]. 

Quantitative analysis of borosilicate glass Raman spectra was carried out by 

the fitting of an appropriate number of Gaussian peaks (typically four) to the region of 

the Raman spectrum associated with the silicon Q
n
 unit breathing modes (~850-1260 

cm
−1

) [29,32-34]. The half-widths of all but the central peak (assigned to be from a Q
3
 

unit resonance [29,33]) were constrained to approximately 70 cm
−1

. Three iron-

borosilicate glasses from a previous study by Duddridge [35] were also analysed with 

this method in order to calculate Q
3
 [32] since 

29
Si MAS NMR is not possible because 

of the high (>1 mol%) iron content in these samples. 
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Chapter 6 

 

6 Results: - Glass Preparation and 

Characterisation 
 

6.1 Introduction 

In this chapter the experimental results from sample preparation, 

characterisation (including x-ray diffraction) and thermal analysis measurements, for 

both the four main borosilicate systems and the reedmergnerite, danburite and 

boropollucite glasses are presented. Chemical durability measurements, including 

mass-loss and leachate analysis results, are also presented at the end of this chapter 

for the mixed-oxide alkali borosilicate glasses. 

 

6.2 Glass Characteristics 

6.2.1 X-Ray Diffraction 

A selection of samples from each of the modified mixed-alkali borosilicate 

systems were checked to confirm their amorphous character and identify any 

crystalline phases formed during casting. Figure 6.1 is typical for all of the 

borosilicate systems in this study. None of the compositions showed crystallisation 

during quenching, with all compositions confirmed to be amorphous within the limits 

of XRD, with no optical phase separation [1,2]. This was expected, since R values for 

these compositions are outside the zone of immiscibility (0.2 ≤ R ≤ 0.3) where phase 

separation is found to occur.  

Similarly for the reedmergnerite, danburite and boropollucite compositions, all 

were confirmed to be amorphous and with no visible phase separation, despite the 

range of K (2-6) throughout the three compositions.  

Despite the high use of alkali carbonates in the production of these glasses 

CO2 retention is not thought to be a significant problem, based on work by Feller et al. 

[3-5]. These publications showed that, for alkali borate glasses with R < 2 (as studied 

here), the percentage of CO2 retained was approximately 0.  
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Figure 6.1 XRD diffractograms for a selection of samples in the CsAlMW system. These XRD 

diffractograms are typical for all the modified mixed-alkali borosilicate compositions of this study. 

 

6.3 Thermal Analysis Techniques 

6.3.1 Differential Thermal Analysis 

6.3.1.1 Borosilicate Glasses 

From the differential thermal analysis (DTA) traces obtained for all the 

compositions in the four-borosilicate glass systems, the glass-transition temperatures 

(Tg) were obtained (Figure 6.2). Measurements of the melting temperature (Tm) were 

less clear from these sets of data and so were obtained from further TG-DTA 

measurements (cf. Section 6.3.2). 

As predicted from previous work on the caesium containing borosilicate glass 

system, CsMW [6], Tg for all the borosilicate systems is dominated by the addition of 

Cs2O [1]. The increasing Cs2O content in all the glass systems has the effect of 

lowering Tg (Figure 6.2) which is explained by the weaker bonding of Cs2O within the 

glass network, relative to other oxides present. The heat of formation (∆Hf) for Cs2O 

is smaller at −346 kJ/mol compared to the Group I oxides; −414 kJ/mol and −598 

kJ/mol for Na2O and Li2O respectively [7] (Table 6.1). 

Comparing values of Tg from all the modified mixed-alkali borosilicate glass 

systems [1] shows measurements to be consistent within error (±10
o
C) with those for 

the CsMW system measured previously [6].  For identical Cs2O contents, the 

CsLaMW compositions have the largest Tg values of the four glass systems.  
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Oxide ∆Hf (kJ mol
-1

) 

La2O3 −1916.3 

Cs2O −317.8 

Al2O3 −1675.7 

MgO −602.2 

SiO2 −860.0 

Na2O −416.2 

Li2O −596.2 

B2O3 −1246.0 

Table 6.1 Heat of formation values for the oxides present across the range of borosilicate glass 

systems [8]. 
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Figure 6.2 Glass transition temperatures for the four borosilicate systems [1], compared against 

previous measurements for the CsMW system [6]. 

 

6.3.2 Simultaneous Thermal/Thermogravimetric Analysis 

From the TG-DTA measurements acquired from the four modified 

borosilicate glass systems, both Tg and Tm were identified from the DTA trace, and 

Tv, the temperature at which mass-loss begins, was identified from the TG trace. A 

typical plot from one of the borosilicate glasses is shown in Figure 6.3, showing all 

three temperatures of interest. Measurements of Tg, from the TG-DTA data, agree 

within error (±10
o
C) with those from the standard DTA measurements in Section 

6.3.1.1 and so measurements of Tv can be regarded as having a similar error.  
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Values of Tg are shown to decrease approximately linearly with Cs2O content 

(Figure 6.4), agreeing with the trend observed in Figure 6.2 from the initial standard 

DTA measurements in Section 6.3.1. Within error (±10
o
C) Tg values agree for 

samples of equal Cs2O content, although this is not observed for values of Tm, with 

there being clear separation in the resolved, non-linearly decreasing values of the four 

borosilicate systems (Figure 6.5).  

For all but one of the compositions (Cs2MgMW), the MgO-containing glasses 

have the lowest values of Tm, with Tm for the CsMg’MW system being lower than 

those for the CsMgMW, and CsLaMW and CsAlMW systems having increasing Tm 

respectively. The addition of the intermediates Al2O3 or La2O3 can therefore be seen 

to weaken the structure of the glass (on addition of Cs2O) from that of the original 

CsMW system, where the absence of these oxides leads to the more stable Si-O-Si, 

Si-O-B and B-O-B network units. The addition of MgO to CsMW is observed to have 

the largest detrimental effect to glass stability, not by the weakening of the network 

units by the formation of less favourable groups, but rather by the more significant 

formation of a larger number of NBO/Si. 
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Figure 6.3 TG-DTA  plot for one of the borosilicate glasses (Cs4AlMW) showing both the DTA (-) and 

TG (-) data. Tg is observed at ~450
o
C, with Tm and the temperature of volatilisation (Tv) observed at 

610
o
C and ~800

o
C respectively. Note: arrows indicate direction of heating and eventual cooling. 
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Figure 6.4 TG-DTA glass transition temperatures (Tg) for the borosilicate glasses, compared against 

previous measurements [6]. 
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Figure 6.5 TG-DTA Melting temperatures (Tm) for the borosilicate glasses, compared against (new) 

STA-DTA measurements taken on the CsMW system.  
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Figure 6.6 Glass-transition temperatures for the danburite (K = 2), caesium boropollucite (K = 4) and 

reedmergnerite (K = 6) glasses (sodium and caesium analogues). 
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For the reedmergnerite, danburite and boropollucite glasses, which all have 

R=1, Tg is observed to decrease slightly with increasing K and with replacement of 

sodium oxide by Cs2O (Figure 6.6). Within the limited number of measurements and 

the error (±10
o
C) it is not possible for this result to be accurately compared with 

Roderick’s study [9] which showed Tg to increase as a function of increasing K.   

From the TG data of the borosilicate glass systems, the point at which a mass-

loss occurs (Tv) appears to vary considerably as a function of composition (Figure 6.7 

and Figure 6.8). In the initial study on the CsMW glass system [6,10] the temperature 

at which this was thought to occur (since TG-DTA measurements were not available 

at that time) was ~1000
o
C. This however is not the case across the range of systems in 

this current study, with Tv observed to vary non-linearly as a function of caesium 

oxide content and across the range 700-950
o
C; lower than the initial presumed 

temperature of volatilisation.   

Although there appears to be little trend to the data in Figure 6.8, the 

observation of a range of temperatures at which mass-loss occurs, agrees with the 

work of Asano et al. [11] which revealed various alkali borate groups to evolve from 

the melt throughout a similar distribution of temperatures, depending on the initial 

glass composition (Table 6.2). These results of Asano et al. [11] interestingly also 

show that the temperatures at which Na/Cs-BO2 and NaCs(BO2)2 vapour species form 

decrease as the ratio of Cs/(Cs+Na) increases, highlighting the dominant effect of 

Cs2O on the thermal properties of a glass. 
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Figure 6.7 STA-TG plots for a selection of the CsMW glasses with different caesium oxide contents 

showing the different values of resolved Tv (A-D). 
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Figure 6.8 Temperatures of volatilisation (TV) for the borosilicate glasses. 

 

Glass 

Composition  

Glass  

R, K 

Ratio  

Cs/(Na+Cs) 

Temperature 

Range  

of Formation 

(
o
C) 

Vapour 

Species 

Evolved 

 

Vapour 

R  

(N.B. K=0) 

642-827 NaBO2 1.0 1Na2O-1B2O3-

3SiO2 
1.0, 3.0 0 

772-899 Na2(BO2)2 1.0 

732-877 NaBO2 1.0 

763-877 Na2(BO2)2 1.0 

732-847 CsBO2 1.0 

1Na2O-

0.15Cs2O-

1B2O3-3SiO2 

1.15, 3.0 0.13 

800-877 NaCs(BO2)2 1.0 

729-849 NaBO2 1.0 

729-849 Na2(BO2)2 1.0 

729-849 CsBO2 1.0 

0.85Na2O-

0.15Cs2O-

1B2O3-3SiO2 

1.0, 3.0 0.15 

755-849 NaCs(BO2)2 1.0 

1Cs2O-1B2O3-

3SiO2 
1.0, 3.0 1.0 572-763 CsBO2 1.0 

Table 6.2 Range of temperatures at which rapid mass-loss was observed to begin in the study carried 

out by Asano et al. [11]. The compositions of the vapour species formed, which are of further interest 

in Chapter 7, are also given. 
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6.3.3 Volatilisation Measurements 

Volatilisation measurements showed a large degree of scatter and non-linear 

behaviour throughout the range of systems, as a function of increasing Cs2O content 

(Figure 6.9). Typically mass-losses of up to 40 % were observed, with the CsAlMW 

and CsLaMW systems being the most volatile of the four modified borosilicate glass 

systems. Mass-losses were observed to increase from 3 % to 30 %, as the length of 

time for which the glasses were heated at 1000
o
C was increased from 30 minutes to 4 

hours. The decision to increase heating time was based on the requirement to obtain 

larger deposits of the volatile species than those obtained in the previous study [6]. 

These deposits would then be used for further analysis with Raman spectroscopy and 

EDX, to determine their composition and structure.  

The effects of glass surface area on the resultant mass-loss, as highlighted in 

Harbour’s volatilisation study on borosilicate glasses containing simulated quantities 

of American HLW [12], were minimised where possible by using an even distribution 

of glass powder over the base of the platinum boat. Values for the mass-gain on the 

alumina substrate, placed over the crucible of the volatilisation experiment, are not 

given due to the greater uncertainty associated with this measurement.  

Mass-losses were observed for all four systems, at all compositions (excluding 

MW), confirming the observation made by Asano et al. [13] that mass-loss occurs 

when R > 1, independent of alkali oxide present. Based on this result (Figure 6.9), and 

previous studies [6,11,13-15], it can be deduced that the presence of Cs2O is not 

crucial for mass-loss to occur (Figure 6.9). Additions of other oxides can produce 

significant increase in volatilisation loss. The compositions Cs0AlMW, Cs0LaMW, 

Cs0MgMW and Cs0Mg’MW all have non-zero mass-losses even though no Cs2O is 

present. The relationship between mass-loss and silicon Q
3
 content is made in the 

following chapter.  
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Figure 6.9 Mass-loss measurements on all of the borosilicate glass systems, including new 

measurements, with the longer 4 hour heating time, on the CsMW system. 

 

Volatilisation measurements on the four reedmergnerite and danburite glasses, 

containing either sodium or caesium (Table 6.3), show that the degree of mass-loss is 

inversely related to K; with the danburite glass showing a larger mass-loss than the 

reedmergnerite composition. This result transpires to be an important factor in 

explaining the mass-loss results for the four borosilicate systems (Figure 6.9) when 

related to the presence of two medium-range order (MRO) structures based on 

danburite and reedmergnerite as measured using 
11

B MAS NMR [16-18] (cf. Chapter 

5).  

One possible explanation for the difference in volatility between 

reedmergnerite and danburite, could be the presence in the danburite structure of the 

boron-oxygen-boron bond (B-O-B), which is energetically unfavourable compared to 

B-O-Si or Si/B-O-X (X: Li, Na, Cs, Mg).  

 

Structure K 
Na-containing 

mass-loss (±2 %) 

Cs-containing 

mass-loss (±2 %) 

reedmergnerite 6.0 1 4 

danburite 2.0 12 12 

Table 6.3 Mass-loss (%) results from the four reedmergnerite (K=6.0) and danburite (K=2.0) glasses 

(containing either sodium or caesium). 
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6.4 Chemical Durability - Leach Testing 

6.4.1 pH and elemental analysis of leachates 

The differences in the measured leachate pH after the 14 day tests, are shown 

in Figure 6.10. The most significant result is the increase in leachate pH as a function 

of Cs2O content for the CsAlMW glass system. This is in contrast to results for the 

CsMW, CsLaMW and CsMg’MW systems where the observed pH decreases to a 

more alkaline pH, as Cs2O content is increased. For the remaining CsMgMW system, 

the pH increases slightly upon the addition of caesium oxide to the glass, and then 

proceeds to plateau, a trend similar to that for the CsAlMW system. 
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Figure 6.10  Change in water pH as a function of caesium oxide content, for the four borosilicate 

glasses and CsMW system. 

 

A limited number of leachate solutions from the four glass systems, including 

the caesium-sodium-lithium borosilicate (CsMW) system of a previous study [6], 

were analysed
(∗)

 for Cs, Na and Li content. Table 6.4 shows the results of these 

measurements, with leached Cs, Na and Li contents (ppm) and the rate of increase of 

leached alkali content (ppm per mol% Cs2O) for the CsMW system and aluminium-, 

lanthanum- and magnesium-containing mixed alkali borosilicate glasses.  Where 

                                                

∗
 ICP alkali leachate analysis carried out by CERAM Reseach Ltd, Queens Road, Penkhull, Stoke-

on-Trent, Staffordshire ST4 7LQ, United Kingdom, Tel +44 (0)1782 764444 
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possible, errors have been quoted based on measurements carried out on a control 

solution (deionised water). 

For all four glass systems, the quantity of leached Cs and Na is greater than 

that of Li, which can be explained by the greater reactivity of Cs and Na. Of the four 

base-glasses (i.e. glasses with 0 mol% Cs2O content) the leachate solution from the 

Mg-containing base-glass (Cs0MgMW) contained the greatest quantity of Li and Na; 

13 and 30 ppm respectively, compared to < 1 and < 5 ppm for the remaining three 

glass systems. 

The addition of Al2O3 or L2O3 to the CsMW glass system increases the rate at 

which Cs and Na are leached in the presence of water, with the La-containing system 

showing the greatest rate of corrosion with Cs and Na leach rates of 4.6±0.8 and 6.6 

ppm/mol% Cs2O respectively, compared to 3.4±0.4 and 3.9 ppm/mol% Cs2O for the 

aluminium-containing system, which has a Na leach rate similar to that of the CsMW 

glass system (3.3 ppm/mol% Cs2O).  

 

 

Leached  

Alkali content  

 

 

Rate of increase of leached alkali 

content (ppm/mol% Cs2O) 
 

Sample 

 

mol%  

Cs2O 

Cs (± 2 ppm) Li Na Cs Li Na 

MW 0 0.24 0.2 2 

Cs4MW 4.83 47.5 12 18 
9.8 ± 0.4  2.4  3.3  

Cs0AlMW 0 19.5* 0.7 3 

Cs4AlMW 4.83 35.7 12 22 
3.4 ± 0.4 2.3  3.9  

Cs0LaMW 0 0.17 0.2 3 

Cs2LaMW 2.42 11.4 8 19 
4.6 ± 0.8 3.2  6.6  

Cs0MgMW 0 2.48 13 30 - 

Table 6.4 Leached caesium, lithium and sodium contents (ppm) and rate of increase of leached 

caesium, lithium and sodium content (ppm per mol% Cs2O) for a limited number glasses from the 

CsMW, CsAlMW, CsLaMW and CsMgMW glass systems. Base-glass compositions (i.e. glasses with 0 

mol% Cs2O) are highlighted (red). (* Dubious result). 
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6.4.2 Mass-Loss Measurements 

The mass-loss of the glasses is displayed as a function of Cs2O addition in 

Figure 6.11. For the CsAlMW and CsLaMW systems, the percentage mass-loss 

increases significantly more than for the CsMgMW, CsMg′MW and CsMW systems. 

The reduction in Al2O3 and La2O3 content leads in this study to greater mass-loss as a 

function of increasing Cs2O content. 
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Figure 6.11 Mass-loss (%) of leached glasses as a function of caesium oxide content, compared with 

measurements taken on the CsMW glass system. 

 

6.4.3 Leached Glass Structure 

Structural measurements of the leached glasses are reported in the following 

chapter, in the form of Raman spectroscopy measurements. 

 

6.5 Summary 

A range of thermal analysis measurements; DTA, TG-DTA and a custom 

designed mass-loss experiment have been used on the four modified mixed-alkali 

borosilicate glasses, to obtain glass transition- and melting-temperatures, as well as 

values for the degree of mass-loss from each of the compositions, all as a function of 

increasing Cs2O content. The temperature at which rapid mass-loss is observed, 

obtained from TG measurements, is also reported. 
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DTA measurements from both standard-DTA and TG-DTA experiments show 

that both the glass transition- and melting-temperatures decrease with increasing Cs2O 

content, a consequence of both the weaker bonding and the lower heat of formation of 

Cs2O compared to the remaining oxides present in the different compositions.  

For the two Cs- and Na-containing reedmergnerite glasses, with identical R 

and K, the glass transition temperatures are lower in compositions where Cs rather 

than Na is present - confirming the dominant effect the presence of caesium oxide has 

on the thermal properties of the different glass systems.  

Measurements of the melting temperature show a similar result, with values 

decreasing with increasing Cs2O content, with the melting temperatures for the MgO-

containing glasses being lower than those for both the Al- and La-containing glasses 

and the original caesium-sodium-lithium borosilicate system from the previous study 

[6]. This result suggests that the formation of non-bridging oxygens on the silicate 

network by modifier-MgO groups has a greater effect on thermal stability than the 

introduction of intermediate oxides, such as Al2O3 or La2O3. 

Values of TV vary unsystematically with Cs2O content. The range of 

temperatures over which volatilisation occurs is typically between 700-950
o
C, which 

is lower than the temperature of ~1000
o
C at which it was originally thought species 

were evolving from the melt. This result compares well with results from the study by 

Asano et al. [11] which, although on much simpler one or two alkali oxide 

borosilicate glasses, showed alkali borate vapour species to form across a similar 

range. The notion of this being a high temperature problem must therefore also be 

reviewed in light of this result, since many of the volatilisation temperatures are 

within 150
o
C of the melting temperatures of these glasses - typically 650

o
C. 

Non-zero values of mass-loss were observed for all four glass systems, even in 

the absence of Cs2O; confirming previous results [6,11,13-15] which showed that the 

presence of Cs2O is not essential for mass-loss to occur, and other factors, such as the 

addition of intermediate oxides (such as Al2O3, La2O3 or TeO2) or modifiers (e.g. 

MgO) to the base-glass composition MW are potentially more detrimental to glass 

thermal stability and the formation of volatile species at ‘high’ temperature. The 

observation by Asano et al. [13] that volatilisation occurs for R>1 is also confirmed in 

these results.  

Results from the two reedmergnerite glasses shows that the observed mass-

loss is four-times greater when the glass contains Cs2O rather than Na2O. For the two 
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danburite glasses however (one containing Na2O and one with Cs2O) the mass-loss 

values were identical at 12 %, highlighting a further factor; this being the presence of 

B-O-B links in the danburite glass, that are not present in the reedmergnerite 

composition, effecting volatility. Comparing the caesium-containing reedmergnerite 

and danburite glasses, with identical R but K=6 and 2 respectively, the mass-loss was 

three times greater for the danburite glass. These B-O-B links are energetically less 

favourable then other network links, and therefore an important factor affecting glass 

volatility. This is discussed further in Chapter 7, in conjunction with quantitative 

results of the fraction of B-O-B and non-B-O-B units in all four borosilicate glasses 

obtained from 
11

B MAS NMR measurements.  

Chemical durability measurements in the form of leach corrosion tests show 

pH values of the resultant leachate solutions to increase and then plateau as a function 

of caesium oxide content for the CsAlMW and CsMgMW glass systems but to 

decrease for the CsMW, CsLaMW and CsMg’MW systems. In terms of the alkali 

content of the leachate solutions, all show Cs, Na and Li to be present, with increasing 

Cs2O content in the glasses leading to a greater increase in the quantity of leached Cs. 

The introduction of Al2O3, La2O3 and MgO to the caesium-sodium-lithium 

borosilicate glass composition results in a greater quantity of alkali being leached 

from each of the glasses, with La2O3 having the greatest affect.  

Mass-loss from the leached glasses increases with Cs2O content, consistent 

with the hygroscopic nature of Cs. The introduction of Al2O3, La2O3 or MgO 

increases mass-loss, with the Al2O3 containing glass system showing the greatest 

increase, from ~5 % at 0 mol% Cs2O to ~50 % with 7.25 mol% Cs2O.  
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Chapter 7 

 

7 Results and Discussion: - Standard 

Borosilicate Glass Structural Determination 
 

7.1 Introduction 

Chapter 7 presents structural results for the four modified mixed-alkali 

borosilicate glass systems, obtained from density measurements, NMR and Raman 

spectroscopy. NMR results include the boron N4 and silicon Q3 fractions resolved 

from 11B and 29Si MAS NMR respectively, as well as resolved Q3 fractions from 

Raman spectroscopy. Structural details for all the systems are outlined and where 

possible compared against similar compositions, models and studies. Raman spectra 

and EDX measurements of the condensed species evolved during mass-loss 

measurements are also presented. 

 

7.2 Density Measurements 

For all the four systems, density and molar volume values increase linearly 

with caesium oxide content (Figure 7.1 and Figure 7.2). This result is consistent with 

previous work [1] with the dominant overall factor being the greater density of 

caesium oxide (4.25 g/cm3) compared to the other four ‘core’ oxides (Table 7.1); 

sodium-, lithium-, boron-, and silicon-oxide, and all but one of the three remaining 

additive oxides, lanthanum oxide. Although of significantly greater density than the 

remaining oxides present in glasses of the CsLaMW system, the addition of 

lanthanum oxide to the CsMW system makes a negligible difference to the overall 

density due to its relatively small molar quantity (1.68 mol%) in the initial 

composition of the glass. This is also true for the CsAlMW system, with the 

comparatively dense aluminium oxide (3.97 g/cm3) contributing only ~1 mol% to the 

starting composition, before the addition of the more significant caesium oxide.  
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Oxide Density (g/cm3) 

La2O3 6.51 

Cs2O 4.21 

Al2O3 3.97 

MgO 3.58 

SiO2 2.20 

Na2O 2.27 

Li2O 2.01 

B2O3 1.81 

Table 7.1 Densities [2] of all the oxides present throughout the borosilicate glass systems, listed in 

order of decreasing density. 

 

Dopant ion 
Bond length: 

4-coordination (Å) 

Bond length: 

6-coordination (Å) 

Bond length: 

8-coordination (Å) 

La3+ 2.28 2.43 2.54 

Al3+ 1.76 1.91 - 

Mg2+ 1.69 - - 

Table 7.2 X-O bond lengths for a number of co-ordination states of the additive ions from [3]. 

 

Molar volumes (Vm) for the four systems, calculated from density 

measurements, are shown to increase as a function of caesium oxide content. This is 

consistent in part with the larger ionic size of caesium compared to lithium, sodium 

and the remaining borosilicate oxide components [1]. The molar volume is equal 

within error for the CsAlMW and CsMgMW systems, reflecting the approximately 

equal M-O bond lengths in 4-coordination (Table 7.2). For the CsLaMW glasses Vm 

is approximately equal to the CsAlMW and CsMgMW systems up to the composition 

Cs3LaMW with 3.63 mol% Cs2O content, whereupon Vm increases from 30 to 32 

cm3/mol, before again being equal to both the CsAlMW and CsMgMW compositions 

for glasses containing 9.66 mol% Cs2O. For the CsMg′MW system, the molar volume 

is consistently greater than the remaining three glass systems, based on the much 

larger quantity (~10 mol%) of the relatively less dense magnesium oxide throughout 

the glass compositions. 
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Figure 7.1 Density values for all the borosilicate glasses, compared against values measured on the 

CsMW system [1]. Note: line is a guide to the eye.  
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Figure 7.2 Molar volumes for the borosilicate glasses compared against values for the CsMW system 

[1]. 

 
For the reedmergnerite, danburite and boropollucite glasses, glass density is 

observed to decrease as a function of increasing K for both caesium- and sodium-

containing glasses (Figure 7.3), consistent with the study by Roderick [4] and is 

explained by the longer bond to oxygen of silicon compared to boron, resulting in a 

less dense glass network for the same value of R. For identical values of R, the 

density and Vm are greater for caesium-containing glasses. Figure 7.4 shows that, for 

both alkali-analogues, Vm decreases as a function of K, but does so much more 
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rapidly for the larger Cs+ ion, raising interesting questions about the accommodation 

of large cations in the borate and silicate networks. 
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Figure 7.3 Densities for the danburite (K=2), caesium boropollucite (K=4) and reedmergnerite  (K=6) 

glasses, as a function on K and composition. Note: all compositions have R=1.0. 
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Figure 7.4 Molar-volume values for the danburite (K=2.0), caesium boropollucite (K=4.0) and 

reedmergnerite (K=6.0) glasses as a function on K and composition. Note: all compositions have R=1. 
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7.3 Nuclear Magnetic Resonance 

7.3.1 Borosilicate Glasses 

In this section, the results are presented for 23Na, 27Al, 11B and 29Si MAS 

NMR and the structural implications are discussed; including N4 and Qn values. The 

fractions of the medium-range order (MRO) structures and non-MRO silicon units, 

resolved from 11B and 29Si MAS NMR are also presented. 

 

7.3.2 23Na MAS NMR 
23Na MAS NMR spectra from the four borosilicate glass systems showed a 

broad resonance (Figure 7.5), similar to that previously observed in sodium 

borosilicate glasses [5]. The asymmetry in the lineshape is due to the residual second-

order quadrupolar broadening of a distribution of quadrupole interactions [6]. 

Although no attempt has been made to fit the 23Na MAS NMR lineshape, peak half-

width measurements (Table 7.3) show an increase of approximately 4 ppm across the 

range of caesium oxide contents for all four glass systems, implying an increase in the 

range of environments and/or an increase in the field gradient at the nucleus. 

-200 -150 -100 -50 0 50 100 150

Chemical Shift (ppm)

 Cs0AlMW
 Cs2AlMW
 Cs7AlMW

 

Figure 7.5 Example of 
23

Na MAS NMR data for the modified mixed-alkali borosilicate glasses. 

 

Figure 7.6 shows the peak maximum chemical shift of the peak resonance for 

each of the spectra (δpeak), with shifts ranging from −28 to −10 ppm. For all four 
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systems, δpeak increases linearly with caesium oxide content(∗) with the CsAlMW, 

CsLaMW and CsMgMW systems showing an increase from approximately −15 ppm 

at 0 mol% Cs2O, to −10 ppm at 7.25 mol% Cs2O. For the CsMg′MW system, the 

initial δpeak (−27 ppm) is significantly lower than for the first three systems and 

increases to −15 ppm as Cs2O is added. 

This linear increase agrees with measurements by Ratai et al. [7,8] who 

suggest that this increase in shift originates from increasing charge transfer to the 

borate and silicate networks, indicating that the overall charge density is more 

important than the nature of the glass network or alkali ions. 
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Figure 7.6 Peak maximum chemical shift values for the four borosilicate glass systems. Note: lines are 

a guide to the eye. 

 

mol% Cs2O 
CsAlMW 

∆ ±0.5 ppm 

CsLaMW 

∆ ±0.5 ppm 

CsMgMW  

∆ ±0.5 ppm 

CsMg’MW 

∆ ±0.5 ppm 

0 33.8 35.4 35.4 36.3 

2.42 36.3 36.3 37.0 36.3 

7.25 38.7 37.9 37.9 37.1 

Table 7.3 Half-widths (∆ ppm) of the 
23

Na MAS NMR spectra for the four borosilicate systems. 

                                                
∗ Note that the absolute content of Na2O will decrease with addition of Cs2O although its quantity 

relative to the other components remains constant. 
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7.3.3 27Al MAS NMR 

The 27Al MAS NMR spectra in Figure 7.7 show two or more peaks: one at 

approximately 55 ppm associated with 4-coordinated sites and one/two between 10 

and −3 ppm, which arise from 6-coordinated sites [9]. It is clear that the majority of 

Al are in 4-coordinated sites. In the 0 mol% and 9.66 mol% Cs2O samples, 6-

coordinated Al gives a single sharp peak at ~ −3 ppm, superimposed on a broader 

peak (complicated by the spinning sideband, denoted by *) whereas, in the 2.42 mol% 

and 4.83 mol% Cs2O samples, there is a second sharp peak at ~10 ppm which is of 

similar intensity. The total percentage of 6-coordinated Al is ~10 %, with slightly 

more in the 4.83 mol% Cs2O sample [9].                   

  El-Damrawi et al. [10] showed that Al3+ exists in [AlO4]
− units and imply 

that the tetrahedral aluminium is associated with the silicate network exclusively. 

Duddridge [11], studying an alkali-aluminoborosilicate glass system,  concluded that 

Al3+, in glasses with K=3.2, exist mainly as [AlO4]
−R+ units, indicating that alkali ions 

associate with Al2O3 in preference to B2O3. This would agree with the 11B MAS NMR 

N4 data presented later in this chapter, where N4 for the CsAlMW system is found to 

be lower than for the CsMW system [1,12], for compositions with identical R, 

confirming the network intermediate role of aluminium. 

In Figure 7.7 the position of the 4-coordinated Al peak of ~55 ppm is typical 

of [Al(OSi)4] rather than [Al(OB)4] (~40-45 ppm) units and means that the Al2O3 

addition is associating specifically with silicate polyhedra. It is possible that [AlO4] 

units substitute for [BO4] units in reedmergnerite or danburite. However, there is 

overwhelming evidence that [AlO4]
− units avoid each other in aluminosilicates. 

Therefore, we would not expect [AlO4]
− to substitute for [BO4]

− in the danburite units.   

Du and Stebbins [13] found that the mutual avoidance of [AlO4] and B4 in 

aluminoborate glasses is less pronounced than for B4-B4 or [AlO4]-[AlO4]. In a 

subsequent study on aluminoborosilicate glasses [14], Du et al. observed that [AlO4]-

B4 avoidance is a major factor where only monovalent cations are available for charge 

balancing.  The origin of the 6-coordinated Al units is not known. The sharper 

features may arise from a crystalline impurity phase(s) - possibly aluminosilicate in 

nature. Their overall abundance is too low for crystalline peaks to be detected by the 

X-ray diffraction measurements reported in Chapter 6. Alternatively, they may 

correspond to [Al(OM)]6 units with different next nearest neighbour M atoms. 
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Figure 7.7  
27

Al MAS NMR spectra for the CsAlMW system [9]. 

 

7.3.4 11B MAS NMR 

Boron-11 MAS NMR measurements from all four borosilicate glass systems 

(Figure 7.8, Figure 7.9 and Figure 7.10) were initially used to calculate the fraction of 

four-coordinated boron (N4) in each system for comparison against previous 

measurements in the literature [1,15] including the Dell model of N4 for K=3.0 

borosilicate glasses [16] (Figure 7.11 and Figure 7.12). In addition, fits to the 11B 

MAS NMR spectra were used a) to calculate the fraction of different resolved BO4 

peaks [17-19] and hence the fraction of different borosilicate superstructures present, 

and b) in conjunction with 29Si MAS NMR measurements to calculate the fraction of 

MRO and non-MRO silicon units. 

Du et al. [18] deduced the possibility of up to three [BO4] sites (each separated 

by ~1.6 ppm) with different next nearest neighbours (NNN); (0B, 4Si), (1B, 3Si) and 

(2B, 2Si) (Figure 7.10). The first two of these sites can be related to the presence of 

the reedmergnerite and danburite-like superstructural units respectively, which have 

[BO4] sites with these surrounding environments, i.e. [B(OSi)4] and [B(OB)(OSi)3]. In 

the Du studies, clearer evidence for the presence of all these three [BO4] sites in the 
11B lineshape can be found in compositions of varying R (0 < R < 1) and K (0.5 < K < 

4), with the symmetry of the [BO4] peak shifting through the centre line of −2 ppm as 

a function of K (Figure 7.10) [17,18].  Resolving the two [BO4] peaks in the 11B 

lineshape showed them to be separated by a chemical shift of ~1.6 ppm throughout 
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the range of compositions, and peak fitting of the data in this current study is 

consistent within error with that in the literature. 

The 11B MAS NMR spectra (Figure 7.8) show a large, relatively narrow peak 

from [BO4] at ~0 ppm and a smaller, broader peak from [BO3] at ~13 ppm, with 

Figure 7.9 being representative of the 11B MAS NMR spectra for all four systems. 

Peak fitting of the 11B MAS NMR spectra assumed the presence of two [BO3] sites 

(symmetric and asymmetric) as well as two [BO4] sites (Figure 7.9), though the range 

of possible NNN mean that more than two [BO3] sites are possible. Fitting of two 

[BO4] peaks to alkali borate [20,21] and borosilicate [18] (Figure 7.10) 11B MAS 

NMR data is a relatively new approach, since the 11B MAS NMR lineshapes observed 

in previous studies, of borosilicate glasses, in particular [1,4,11,15], had not suggested 

the existence of multiple [BO4] sites, and therefore only single peaks had been fitted. 

In this current study however, the [BO4] peak at ~0 ppm, was fitted using two 50% 

Gaussian-50% Lorentzian peaks (a good approximation, since the quadrupolar 

coupling constant is small for the B4 site). To obtain a physically sensible fit the η 

values for the [BO3] peaks were constrained to be 0.28.  

Only two peaks were fitted under the [BO4] peak for the four systems, 

corresponding to two superstructural units - reedmergnerite and danburite, since the 

value of R for this set of glasses does not produce significant quantities of the third 

(2Si, 2B) B4 site. Although this third peak was fitted in the study by Du et al. [19], its 

contribution to the total area of the [BO4] lineshape was found to be insignificant 

compared to the resolved area of the (0B, 4Si) and (1B, 3Si) B4 peaks and its fraction 

was found to decrease with increasing R, and K, where it decreased from ~40 % to 7 

% as K was increased from 0.5 to 2 [9]. Hence, although K (= 3.2) values for the 

compositions is this current study exist in the compositional range of glasses used by 

Du et al. [19] (2 < K < 4) the presence of a (2B, 2Si) site is diminished by the much 

greater values of R used here (1 <  R < 2, compared to 0.25 < R < 0.75).       

In fitting the two B4 peaks, the positions were initially fixed to mean values 

reported by Du and Stebbins [18] and the fitting procedure run to see if peaks of 

realistic half-widths were obtained. Fits were judged to be unrealistic if the resolved 

half-width for the smaller peak (at approximately −2 ppm) was greater than 2 ppm. 

After this check, the peak positions were allowed to vary. The danburite peak was 

found at ~ −0.2 ± 0.5 ppm and the reedmergnerite peak at ~ −1.7 ± 0.5 ppm, giving a 
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separation of ~1.5 ± 0.5 ppm, with peak-widths of ~2.7 ± 0.5 ppm and ~2.0 ± 0.5 ppm 

respectively. The fraction of danburite-like units was obtained by dividing the 

fractional intensity by 2 to allow for the presence of twice as many B atoms in the 

danburite unit as the reedmergnerite unit [9]. 

N4 fractions calculated from the DMfit2002 program [22] were corrected with 

the resolved [BO3] fraction being increased by 4 %. This increase is necessary due to 

the loss, under MAS, of the central (1/2, −1/2) transition intensity from the [BO3] 

centre-band into the spinning sidebands. This does not happen for the [BO4]
− sites 

with their much smaller quadrupole interaction, so that all the central (1/2, −1/2) 

transition intensity appears in the centre-band [6].   
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Figure 7.8 
11

B MAS NMR spectra for the four modified mixed-alkali borosilicate glass compositions. 
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Figure 7.9 Four peak fit of the Cs7LaMW 
11

B MAS NMR spectra, with two [BO4] peaks fitted to the 

[BO4] region of the spectrum at ~0 ppm [9].  

 

 
 

Figure 7.10 Clear asymmetry in the [BO4] region of the 
11

B MAS NMR spectra, for a range of sodium 

borosilicate glasses (left) with an example fit from Du et al. of multiple BO4 peaks fits under the BO4 

[18]. 

The changes in N4 fraction as a function of R for the CsAlMW and CsLaMW 

systems and for the CsMgMW and CsMg′MW systems are shown in Figure 7.11 and 

Figure 7.12 respectively. In the systems containing intermediate oxides, R is 

calculated on the basis that every mole of intermediate present (i.e. Al2O3 and La2O3) 

removes one mole of alkali oxide to form [ZOn]
−Y+ network units, where n is 4 for Al 

and 6 or 7 (including some BOs) for La. MgO is treated as a modifier for the purpose 

of calculating R, adding to the total molar contribution from the Group I oxides 
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present. N4 values [9] are compared in Figure 7.11 with those obtained by Roderick  

[4], the Dell model [16] and the previous study on Cs2O additions to MW [1]. For 

similar values of R, N4 values for the four systems containing intermediate oxides are 

lower than both the prediction of the Dell model [16] and the values observed from 

the borosilicate system composed of entirely Group I alkali oxides, CsMW [1]. 

Therefore, the simple argument of removal of alkali as a charge compensating cation 

for the intermediate species is insufficient to explain the reduction of the fraction of 

four-coordinated borate units. A major consequence of the addition of these oxides is 

the promotion of the transfer of modifier alkali to the silicate network [23].  

 

1.00 1.25 1.50 1.75
0.60

0.65

0.70

0.75
 Dell [16]
 Roderick [4]
 CsMW [1]
 CsAlMW
 CsLaMW

 

 

N
4

R (mol% X
2
O - mol% Y

2
O

3
 / mol% B2O3)

 

Figure 7.11  N4 as a function of R for the intermediate-containing borosilicate glasses [9], compared 

against previous measurements. 
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Figure 7.12 N4 as a function of R for the magnesium-containing borosilicate glasses [9]. Values are 

compared with previous work [1,15]  and theory [16]. 
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The danburite fraction obtained from the two resolved peaks under the [BO4] 

region of the 11B MAS NMR spectrum (Figure 7.13) decreases from approximately 

0.60 to 0.35, for the Al2O3 and La2O3 containing systems,  and increases from 0.50 to 

1.1, for the Group I alkali [1] and MgO-containing borosilicate systems (Figure 7.14) 

[9,24]. The presence of danburite-like units, with their B4-O-B4 connections, is 

surprising, given the usual tendency for charged units to avoid each other. Similar 

results have also been obtained by Du et al. [17] in sodium borosilicate glasses with a 

range of K values, with the fraction of danburite units increasing (0 to 0.4) with R (0 ≤ 

R ≤ 0.7).  

On adding Cs2O to the AlMW glass, N4 increases in parallel with the CsMW 

data (Figure 7.11), the displacement reflecting the modifier removed to charge 

compensate [AlO4]
−. A similar situation arises for the La2O3 addition. In both of these 

cases there is also an increase in the fraction of danburite units compared to 

reedmergnerite units. This is consistent with an increase in N4, since danburite units 

contain twice as many boron atoms compared to reedmergnerite units. Addition of 

MgO in small quantities produces a large reduction in N4 initially, but subsequent 

addition of Cs2O again produces an increase in N4 which parallels that of CsMW. 

However, in this case, the amount of danburite decreases relative to reedmergnerite. 
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Figure 7.13 Fraction of danburite units resolved in the 
11

B MAS NMR spectra for the trivalent oxide-

containing borosilicate glass systems [9].  
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Figure 7.14 Fraction of danburite units resolved from the 
11

B MAS NMR spectra for the alkaline- and 

earth alkaline-containing borosilicate glass systems [9].  

 

The 11B MAS NMR spectra of the  danburite, caesium boropollucite and 

reedmergnerite glasses (Figure 7.15) resemble the spectra shown in Figure 7.11, with 

a broad [BO3] peak at ~12 ppm and a sharper [BO4] peak at ~0 ppm. Peak fitting of 

the reedmergnerite and danburite spectra, was carried out using a three-peak fit; two 

[BO3] quadrupolar peaks and a single [BO4] peak (Figure 7.15) based on the 

justification that each superstructural-like group has just one single [BO4] site with 

unique surrounding NNN environment. The boropollucite glass spectrum was fitted 

with the four-peak fit, as used for the previous four borosilicate systems (Figure 7.15) 

with the chemical shift separation of the two [BO4] peaks found to be 1.3±0.5 ppm, 

consistent with the separation observed in the four-borosilicate glasses above and the 

literature [17,19].  

For the reedmergnerite and danburite glasses, fits revealed the two glass 

systems to have high (>0.60) N4 fractions (Table 7.4). N4 values are also shown to 

remain constant (within error) even with an increase in K, for the reedmergnerite and 

danburite glasses (since R=1 for both glasses). From the Dell model, N4 for the 

reedmergnerite and danburite glasses are calculated to be 0.85 and 0.57 respectively, 

greater than those found from 11B MAS NMR. Similarly, for the caesium 

boropollucite glass, N4 is 0.81±0.02, which is less than the value of 0.98 predicted 

from the Dell model for a R=1, K=4.0 borosilicate glass [16].  It should be pointed out 

that N4 is equal to 1 in the crystalline analogues. 
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Sample N4 (± 0.02) K 

danburite (Na) 0.71 2.0 

danburite (Cs) 0.66 2.0 

boropollucite 0.81 4.0 

reedmergnerite (Na) 0.69 6.0 

reedmergnerite (Cs) 0.66 6.0 

Table 7.4 Resolved N4 fractions for the danburite, caesium boropollucite and reedmergnerite glasses. 

The molar ratio of alkali oxide to boron oxide (R) is constant (=1) for both all four glasses. 
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Figure 7.15 
11

B MAS NMR spectra for the five borosilicate crystal based glasses (left) with the fit for 

the 
11

B MAS NMR spectrum of the caesium boropollucite glass (right). 

 

Mass-loss measurements obtained in Chapter 6 were plotted as a function of 

the fraction of danburite units resolved across the four modified alkali borosilicate 

glasses (Figure 7.16). This shows mass-loss to decrease for the Mg-containing 

glasses, where there is a decreasing danburite fraction and inversely for the Al- and 

La-containing glasses were mass-loss increases as a function of increasing danburite 

content.  
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Figure 7.16 Mass loss (%) as a function of resolved danburite fraction from 
11

B MAS NMR, for the 

four borosilicate glass systems. Note: dotted lines are a guide to the eye. 

 

7.3.5 29Si MAS NMR 

The fraction of Q3 silicon units for each of the borosilicate glass compositions 

was resolved from 29Si MAS NMR measurements (Figure 7.17, Figure 7.18 and 

Figure 7.19). Across the four borosilicate glass systems the 29Si MAS NMR lineshape 

changes continuously with caesium oxide content (Figure 7.18).  The 29Si MAS NMR 

spectra were fitted in most cases with two Gaussian lines: one Q3 peak and one Q4(B) 

peak, a silicon with one or more boron NNN (Figure 7.17).  Contributions from Q2 

units were negligible for all but typically the highest Cs2O content and the high-MgO 

series, CsMg′MW. Raman spectroscopy data and fits later in this chapter however (cf. 

Section 7.4.1) suggest the presence of Q2 for high caesium contents. Fits were carried 

out using a constraint, based where possible on the predicted fraction of NBO/Si (i.e. 

Q3 fraction) calculated using Equation 7.1. M2/zO refers to modifiers Na2O, Li2O, 

Cs2O and MgO whilst X2O3 refers to intermediates Al2O3, Fe2O3 and La2O3, with N4 

values obtained from 11B MAS NMR measurements. 

   

3 2/z 2 3 4 2 3

2

2 (Σ mol% M O-Σ mol% X O -N ×mol% B O )
NBO/Si = Q (predicted) =

mol%SiO

×
    (7.1) 
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 4 3( ) 1Q B Q= −  (7.2) 

 

Resolved Q3 values (Figure 7.19) agree within error (±10 %) with predicted 

NBO/Si values, with Q3 for all four systems increasing linearly with caesium oxide 

content [9,24,25]. Chemical shifts for the Q3 and Q4(B) units were found to be −88±1 

and −100±1 ppm  respectively, corresponding well with previous measurements 

carried out by Roderick [15]  and Duddridge [11]. 

The Q3 fractions for all four borosilicate systems are greater than those for the 

CsMW system [1], at equivalent values of R (Figure 7.19). This complements the 11B 

MAS NMR results, which suggest that the introduction of Al2O3 and La2O3 into the 

CsMW system not only reduces the amount of alkali modifier bonded to the borate 

network, which lowers N4, but also results in transfer of alkali species to the silicate 

network, increasing the fraction of Q3 units.  

For the MgO-containing CsMgMW system, the resolved Q3 fraction is 

initially 0.4 increasing to 0.6, before decreasing to 0.50 [9,24,25]. This decrease can 

most easily be explained by the formation of Q2 units at higher caesium-content. 

Similarly, the resolved Q3 fraction for the CsMg′MW system is larger than for the 

remaining three systems (0.80 < Q3 < 0.75) - a large discrepancy compared with the 

predicted NBO/Si fraction, suggesting the model of NBO/Si formation, outlined in 

Equation 7.1, to be inadequate for this system. 

 

-140 -120 -100 -80 -60 -40

-88ppm

 Experimental data
 Fit

 Q3 

 Q4(B)

Chemical Shift (ppm)

-100ppm

 

Figure 7.17 Typical 
29

Si MAS NMR fit for one of the borosilicate glasses, using a constrained two peak 

fit [24,25]. 
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Figure 7.18 29
Si MAS NMR spectra for the four borosilicate glass systems. 
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Figure 7.19 Resolved 
29

Si MAS NMR Q
3
 fractions for the (a) CsAlMW, (b) CsLaMW (c) CsMgMW and 

(d) CsMg’MW  borosilicate glass systems compared against predicted values of Q
3
 (NBO) [9,24,25]. 

 

Coupled with the 11B NMR data obtained in Section 7.3.4, 29Si MAS NMR 

has also been used to calculate the relative amounts of the reedmergnerite and 

danburite MRO units present, which have been identified in previous studies using 

Raman spectroscopy [5,23] and NMR [18]. This information can be used further, in 

conjunction with the fraction of Q4 units obtained from 29Si MAS NMR, to calculate 

the proportion of Q4 units which are not associated with these MRO units.  
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If there are b moles of B2O3 and s moles of SiO2 in glass, with N4 (four-coordinated 

boron), fD (fraction of danburite) and Q
3 (fraction of Q3 units) experimentally 

measured from both 11B and 29Si MAS NMR, then the number of boron atoms in 

danburite units (B4D) is given by 

 

 4 4 D DB D = 4*b*N *[f /(1 + f )]  (7.3) 

 

and the number of  boron atoms in reedmergnerite units is given by 

 

 4 4 4B R = B   B D−  (7.4) 

 

The boron NNNs are 4Si for reedmergnerite borons and 1B + 3Si for the danburite 

borons. Assuming there is B4/Q
3 avoidance, because of their charges, then the number 

of Si (= Q4) connected to the boron atoms in the MRO units is given by  

 

 4 40.75*B D + B R  (7.5) 

 

Some of these Q4 will be members of the MRO units. The number of Q4 not 

connected to MRO boron atoms (referred to as non-MRO Q4) is then given by  

 

 4 3
4 4Non-MRO Q = s*(1 Q )  (0.75*B D + B R) − −  (7.6) 

 

Note that this does not exclude Q4 connected to ring silicon atoms and presumes that 

Q2 silicon units are not formed across the range of R values used in the glass systems 

of this study. The model also makes the assumption that no third B4 site, with 2B, 2Si 

NNN are formed, based on the two B4 site peak fits obtained from the 11B MAS NMR 

spectra in Section 7.3.4. 

 

The percentages of Q4 units which are not connected to MRO boron atoms are 

compared with those in the MRO units as a function of R for the various systems in 

Figure 7.20. The following, Figure 7.21, compares the amounts of non-MRO Q4 for 

the various systems. The high-MgO system, CsMg′MW, has not been included in 

these calculations because of the large fraction of Q2 units which are present in these 
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samples. Figure 7.20 shows that the fractions of Q4 units which are associated with 

the MRO units remain remarkably constant as R changes and it is the non-MRO Q4 

units which decrease, indicating that it is these which are preferentially converted to 

Q3. Figure 7.21 shows that the rate of removal of the non-MRO Q4 units is largely 

independent of the minor additions of Al2O3 and La2O3 compared to the basic system 

CsMW, the main difference being an initial offset. The upturn at the end of three of 

the curves reflects the production of Q2 at these R values (i.e. the breakdown of the 

model described in Equation 7.6) and is not the formation of more Q4 units outside of 

MRO units.   

Figure 7.20 Resolved Q
4
 fractions (reedmergnerite, danburite and non-MRO Q

4
 units) for (a) CsMW,  

(b) CsAlMW, (c) CsLaMW and (d) CsMgMW glass systems [9].  
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Figure 7.21   Comparison of the percentage of non-MRO Q
4
 units for the CsMW, CsAlMW, CsLaMW 

and CsMgMW systems [9]. Note: lines are drawn to guide the eye. 

 

The similarity of these curves (Figure 7.20) is in contrast to the differences 

seen in the Q3 v R plots (Figure 7.19) which reflect the corrosion and volatilisation 

tendencies of these systems [17]. 

A result of importance to the heart of this investigation is shown in Figure 

7.22, which links the resolved Q3 fractions from 29Si MAS NMR and the volatilisation 

mass-loss measurements from the previous chapter. Here mass-loss is observed to 

increase with increasing Q3 (=NBO), but also the rate of increase of mass-loss with Q3 

varies significantly depending on the additive oxide (i.e. Al2O3, La2O3 or MgO) 

present in the composition [24]. The CsAlMW and CsLaMW systems have greater 

mass-loss and rate of increase of mass-loss, compared to the MgO-containing glass 

systems. These systems are also those with increasing quantities of danburite units, in 

contrast to the less volatile MgO-containing systems which have decreasing quantities 

of danburite groups, and increasing reedmergnerite contents (cf. Figure 7.13 and 

Figure 7.14) [24]. 
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Figure 7.22 Mass-loss measurements from Chapter 6 as a function of resolved Q
3
 fraction. Arrow 

indicates decreasing danburite population in glass resolved from 
11

B MAS NMR (cf. Section 7.3.4) 

[24]. Note: dashed lines are a guide to the eye. 
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Figure 7.23 29
Si MAS NMR spectra for the five borosilicate crystal based glasses. 

 

Q3 values from the caesium- and sodium-containing reedmergnerite (0.39), 

danburite (0.103) and caesium boropollucite glass (0.095) 29Si MAS NMR spectra 

(Figure 7.23) agree with NBO/Si predictions made using Equation 7.1 (NBO/Si = 

0.390, 0.103 and 0.095 respectively). The fraction of Q3 units increases with 
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increasing K on going from the danburite to the reedmergnerite glass and is 

independent of alkali type present.  

 

7.4 Raman Spectroscopy 

7.4.1 Borosilicate Glasses 

The Raman spectra (Figure 7.24 to Figure 7.25) for the borosilicate glass 

systems [9,25], including three high (> 1 mol%) iron-content borosilicate glasses(∗) 

[11] (Table 7.5), can be clearly divided into two regions. The first, from 400 to 850 

cm−1, includes the vibrational modes of the two MRO superstructures, reedmergnerite 

[BSi3O8]
− and danburite [B2Si2O8]

2−. The second region, from 850 to 1250 cm−1, 

includes peaks from silicon Qn vibrational modes and it is this region which is of 

primary interest in this study. Before peak fitting to this region was carried out, the 

background for each Raman spectrum was subtracted by fitting an exponential curve 

to the data in a technique adapted from Mysen [26]. The corrected spectrum was then 

fitted with Gaussian peaks which were assigned to individual vibrations according to 

the literature. Peaks originating from vibrations arising solely from SRO boron units 

are not resolvable. 

Peak fitting of the data for all the borosilicate glasses, in the Qn region used four 

Gaussian peaks at approximately 925 cm−1, 970 cm−1, 1065 cm−1 and 1150 cm−1 

(Figure 7.26).  Peak half-widths for all but the peak at ~1065 cm−1 (assigned as the 

central Q3 peak [27,28]) were accepted as being realistic when between 60-80 cm−1 

[25].    Previous work [27] suggested that the peak at 925 cm−1 is due to a vibrational 

mode of the Q2 unit. However it should be noted that the fraction of the Q2 units 

resolved in the 29Si MAS NMR data is generally negligible, except for the highest 

caesium oxide content in the borosilicate glasses and the high-MgO content system.  

The peak at approximately 1060 cm−1 has been assigned to the Q3 vibrational unit, with 

the remaining peaks at 970 cm−1 and 1150 cm−1 to Q4(B) groups. The Raman spectra 

from the iron oxide-containing borosilicate glasses are shown in Figure 7.25 and were 

fitted in an identical manner to that described above.  

                                                
∗ Manufactured in a previous study ([11] A. Duddridge, PhD Thesis, Warwick University (2004).) 

but used in this current study to test the effectiveness of Raman spectroscopy to resolve Q3 fractions in 

glasses, when NMR was not possible (due to the presence of a high (>1 mol%) quantity of 

paramagnetic species)  
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For all the Raman spectra, Q3 fractions were obtained by summing the areas of 

all the resolved Q3 peaks and dividing by the total peak area in the range 850 to 1250 

cm−1 [25]. These fractions are then compared with those obtained by 29Si MAS NMR in 

Figure 7.27. This approach uses the assumption that the oscillator strengths for the 

different Qn units are equal. 

For the four borosilicate glass systems, the trend is for the Q3 fraction to 

increase with caesium oxide concentration, when Q4(B) groups are converted to Q3 

units. Relatively small additions of aluminium-, lanthanum- or magnesium- oxides to 

the CsMW system alter the Q3 fraction significantly for compositions of identical 

caesium oxide content, with Al2O3 and La2O3 effectively behaving as network 

intermediates, whilst MgO behaves as a modifier. This behaviour is discussed in more 

detail in [9]. In Figure 7.27, the Q3 values resolved from Raman spectroscopy are 

compared with those obtained from 29Si MAS NMR and also with the NBO/Si values 

predicted by Equation 7.1. These agree within experimental error (±10 %) for all of the 

systems, except the high-MgO system, where the modifier content is sufficiently large 

that significant amounts of Q2 species are generated [25].  

Values of the Q3 fractions obtained by peak fitting of the Raman spectra from 

the three iron-containing mixed-alkali borosilicate glasses are plotted against R in 

Figure 7.28 [25]. When calculating R, assumptions are made about the structural role of 

the iron oxide added to these glasses. This requires knowledge of the oxidation state of 

the iron ions in the glass. It is well known that the Fe3+/Fe2+ ratio depends on glass 

composition, as well as the temperature and atmosphere during melting. Mössbauer 

measurements on these glasses give the Fe3+/Fe2+ ratios listed in  Table 7.5 [11]. It is 

generally accepted that Fe2+ behaves as a modifier in glass, whilst Fe3+ forms [FeO4]
− 

network polyhedra, which require charge balancing M+ ions, as is the case for Al3+ ions. 

In Figure 7.28, the data points plotted for the iron-containing glasses have R values 

calculated using the oxidation ratio from the Mössbauer measurements such that R = 

(M2O+FeO-Fe2O3)/B2O3. The line drawn in Figure 7.28 is the linear least squares fit to 

the AlMW system. The Raman data from the FeMW system are within experimental 

error of this line.  
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Figure 7.24 Raman spectra for the four alkali borosilicate glasses: (a) CsAlMW, (b) CsLaMW, (c) 

CsMgMW and (d) CsMg’MW, with caesium oxide contents; ¯  0 mol% Cs2O ¯  2.42 mol% Cs2O ¯  3.62 

mol% Cs2O ¯  4.83 mol% Cs2O ¯  7.25 mol% Cs2O ¯  9.66 mol% Cs2O [9,25]. 

 

Sample 
mol% 

SiO2 

mol% 

B2O3 

mol% 

Na2O 

mol% 

Li2O 

mol% 

Fe2O3 

R 

 

[Fe3+]/[Fe2+] 

[11] 

Fe2MW 59.10 18.1 10.31 10.07 2.42 1.08 3.5 

Fe9MW 54.70 16.77 9.55 9.32 9.66 0.79 6.1 

Fe12MW 53.34 16.34 9.28 9.06 11.98 0.65 7.3 

Table 7.5 Compositional details for the three iron-alkali borosilicate glasses used to calculate Q
3
 from 

Raman spectrometer, where conventional 
29

Si MAS NMR measurements are not available due to the 

high (>1 mol%) iron contents [25]. 
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Figure 7.25 Raman spectra for three iron alkali borosilicate glasses [25]. 
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Figure 7.26 Example of the fitted Q
n
 region of a borosilicate Raman spectrum [25]. 
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Figure 7.27 Resolved Q
3
 fractions of Raman spectroscopy data compared against 

29
Si MAS NMR Q

3
 

data for the (a) CsAlMW, (b) CsLaMW, (c) CsMgMW  and (d) CsMg’MW  glass systems [25]. Note: 

values labelled “NBO” have been calculated from stoichiometry using Equation 7.1 in Section 7.3.5. 
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Figure 7.28 Measured Q
3
 fractions from Raman spectroscopy for the FeMW glass system, compared 

with predicted NBO/Si for the AlMW system. The dotted line is a linear least squares fit to the AlMW 

data [25]. 

 
For the three superstructural glasses, the Raman spectrum obtained (Figure 

7.29 and Figure 7.30) are characteristic of the Raman spectra for the mixed-oxide-

borosilicate glasses shown above. Silicon Qn units are present in the 800-1300 cm−1 

region of the spectrum, with boron units in the form of tetrahedral and trigonal BO3 

units observed at 800 and 1500 cm−1 respectively [5,23,29]. The larger, 

reedmergnerite (500 cm−1) and danburite (600 cm−1) MRO structures present in the 

boropollucite glasses are also observed, confirming results from both 11B and 29Si 

MAS NMR earlier in this chapter. 

Based on a method that was originally planned for calculating the fraction of 

four-coordinated boron units (N4) in borate glasses; by using borate crystals known to 

be containing single borate superstructures (i.e. from which N4 can then be predicted), 

resolving the fraction of reedmergnerite and danburite units in the mixed alkali 

borosilicate glasses in this study was thought possible by using Raman spectra from 

crystal forms of these two units. This technique however was abandoned when it 

became clear the detail in the Raman spectra from both borate and borosilicate 

crystals (Figure 7.31 and Figure 7.32) was far too great to resolve in terms of the 

resonances from just superstructural groups.  
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Figure 7.29 Caesium boropollucite glass Raman spectrum with labelled peak units [5,23,29].  
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Figure 7.30 Raman spectra for the five different borosilicate superstructural glasses. 
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Figure 7.31 Raman spectra for a range of caesium borate crystals [30]. 
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Figure 7.32 Raman spectra for the danburite (CaB2(SiO4)2)  and reedmergnerite (NaBSi3O8)  

crystalline minerals [31]. 

 

7.4.2 Volatilisation Deposits and Residual Material 

Raman spectra of the deposits collected from the volatilisation measurements 

are shown in Figure 7.33. Only four spectra were obtainable (from the Cs3MgMW, 

Cs7MgMW, Cs3AlMW and Cs2LaMW samples) from the volatilisation 

measurements (cf. Chapter 4) because of the small masses of volatile material 

collected (~1-10 mg). Peak assignments suggest the volatile species contain 

metaborate (642 cm−1), dipentaborate (747 cm−1), boroxol (792 cm−1) and possibly Q2 

(946 cm−1) units based on comparison with borate [32] and borosilicate [29] glass 

Raman peak assignments from the literature. The presence of these units compares 

well with the borosilicate volatilisation work by Archakov et al. [33] who found 



Chapter 7 

 125 

vapours from borosilicate melts to also consist of silicate, borate and  alkali borate 

species. 

The Raman spectra of the deposits are approximately independent of the 

starting composition of glass. The only clear difference between the four spectra in 

Figure 7.33 is the additional peak at 792 cm−1 in the Cs3AlMW sample. The three 

additive oxides are not detected with Raman spectroscopy and so further analysis with 

EDX later in this chapter provides in more detail on the composition of the volatile 

species.  
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Figure 7.33 Raman spectra of the deposit on the volatilisation lid from three of the borosilicate glass 

volatilisation experiments. 

 

7.4.3 Leached Borosilicate Glasses 

Raman spectra were obtained from borosilicate glasses before and after the 14 

day leach tests (Figure 7.34). Q3 fractions from the Raman spectra (Figure 7.35) were 

resolved in an identical manner to those in Section 7.4.1. With the exception of the 

Cs7AlMW and Cs2MgMW disks (where the Q3 fraction is larger for the leached 

compositions) values are seen to remain approximately constant (within error) 

between leached and non-leached compositions. Although a previous study by Islam 

[34] suggested increasing Q3 fraction leads to increasing corrosion and therefore 

mass-loss, the mechanism by which this takes place is not confidently known. 

The lack of any significant change in the resolved Q3 fraction suggests that 

loss of alkali is from the borate network of the glass, resulting in tetrahedral borate 
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groups being converted back to trigonal units. This result has been observed in work 

by Roderick [4] where 11B MAS NMR measurements found a reduction in N4 after 

corrosion tests were conducted on variants of MW. Like the quantitative Raman 

measurements in this study, these effects were subtle, with N4 lowering by only 0.04 

after leaching. This is supported by the understanding that alkali silicate glasses are 

typically more resistant to chemical corrosion than alkali borates.  
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Figure 7.34 Examples of Raman spectra from leached and non-leached borosilicate glass disks:  

(a)  Cs0AlMW, (b) Cs0LaMW, (c) Cs7AlMW, (d) Cs7LaMW, (e) Cs7MgMW and (f) Cs7Mg’MW. Note: 

Spectra are background subtracted. 
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Figure 7.35 Resolved Q
3
 fractions from Raman Spectroscopy measurements of the (a) CsAlMW, (b) 

CsLaMW, (c) CsMgMW and (d) CsMg′MW leach disks (before and after leaching). Measurements 

from leached glass discs are compared with those from identical unleached discs (initial) and resolved 

fractions from the bulk glasses (cf. Section 7.4.1). 

 

7.5 Energy Dispersive Analysis with X-rays (EDX) 

7.5.1 Volatile Species from Volatilisation Measurements 

EDX measurements of deposits from the three most volatile samples, 

representative of all four borosilicate systems, showed the deposit contained caesium, 

sodium, boron and silicon (Figure 7.36) [24]. This is identical to previous EDX 

measurements on the CsMW system [1] (Figure 7.36). Both calcium, magnesium and 

aluminium are also present in the spectra due to the alumina substrate on which the 

volatile compound is collected, and the interaction between the substrate and the 
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lining of the furnace at high temperature during the volatilisation experiment, also 

observed in the previous study [1].  

The alkali borosilicate compositional form of the volatile species evolved from 

the melt, interestingly does not match the results by Asano et al. [35-38] or Stolyarova 

et al. [39]. These studies have all observed vapour species to be lacking any silicon 

component and therefore consisted of either alkali or alkali-borate species (cf. Table 

6.2 in Chapter 6) or in the cases where they are present, vapours of additional oxides 

added to the glasses, i.e. Te2, TeO or TeO2 in the study of Asano et al. [38]. A 

possible reason for this result is the higher temperature (1000oC) at which the samples 

in this study were held,  and it was this that promoted the release of silicon-containing 

groups from the melt, in addition to alkali and alkali borate species; a result supported 

by similar results in the study carried out by Archakov et al. [33]. The presence of 

silicon in the EDX results is supported by the Raman measurements on the same 

material (cf. Section 7.4.2), which also revealed the presence of silicon (Q2) groups. 
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Figure 7.36 EDX spectra of the volatile species formed from three borosilicate compositions, 

representing the four borosilicate systems [24], compared against the spectra obtained from the CsMW  

system [1]. 
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7.6 Summary 

Density measurements on all the borosilicate glasses have been shown to be 

dominated by the increasing caesium content, with the addition of either aluminium-, 

lanthanum- or magnesium-oxide having negligible effect on overall increasing glass 

density as a function of caesium oxide. Glass density is seen to increase from 

approximately 2.4 g/cm3 to 2.6 g/cm3 and within error is approximately equal for all 

four glass systems. Molar volume measurements show a clear separation between the 

different systems. All are shown to increase as a function of caesium oxide content, 

due to the relatively large size of Cs+ ions being added to the glass network.   
23Na MAS NMR measurements revealed a typically broad asymmetric peak 

due to quadrupole interactions of the 3/2 spin 23Na site. The peak maximum moved to 

less negative ppm values with caesium oxide addition; characteristic of an increasing 

charge transfer to the borate and silicate networks. 27Al MAS NMR spectra showed 

both Al3+ sites and Al6+ sites were seen to exist, with the four-coordinated alumina 

units found to associate themselves preferentially with the silicate network giving 

[Al(OSi)4] groups.  
11B MAS NMR measurements showed spectra with a broad quadrupolar 

lineshape due to trigonal planar B3 units, and a sharper Gaussian resonance due to 

tetrahedral four-coordinated boron units. Asymmetry in the B4 peak of the NMR 

spectra allowed, using two Gaussian peaks separated by ~1.5 ppm, two BO4 sites with 

different next-nearest neighbour (NNN) environments to be resolved; one B4 

surrounded by 4Si and one B4 surrounded by 1B(4) and 3Si. These two sites are 

present because of two different medium-range order (MRO) units – reedmergnerite 

and danburite, present across all four glass systems, which contain unique B4 

environments. The presence of danburite units, containing B4 sites with 1B, 3Si NNN, 

is interesting because of the double B4-B4 present which is energetically less stable.  

Both N4 (the fraction of four-coordinated boron units) and the fraction of the 

two MRO units were resolved for the four glass systems. As a function of R, N4 was 

found to increase from 0.6 to 0.75, for the CsAlMW, CsLaMW and CsMgMW 

systems, but to decrease from 0.5 to 0.45 for the CsMg’MW system. For the Al- and 

La-containing systems, the fraction of danburite units was found to increase as a 

function of R, and to decrease for the Mg-containing glasses. Comparing the resolved 

fractions of danburite units with mass-loss measurements from Chapter 5 suggests 
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that, along with the formation of greater numbers of silicon Q3 units, the increasing 

presence of danburite units, as a function of R, is also related to greater volatility.  
29Si MAS NMR measurements allowed the resolving of the fraction of silicon 

Q3 units, and were found within error to agree with theory. For all the systems, apart 

from the high-magnesium content system, where the theory of Q3 formation is found 

to be inaccurate, the resolved Q3 fraction was found to increase as a function of R. 

Using N4 and Q3 values obtained from 11B and 29Si MAS NMR respectively and 

known compositional details, the percentage of silicon Q4 units outside of MRO units 

was calculated as a function of R and was found to decrease from ~60 % to ~15 %.  

From Raman spectroscopy, the presence of the danburite and reedmergnerite 

MRO units was confirmed, supporting the observations made by 11B MAS NMR. 

Quantitative peak fitting of the region of the Raman spectra between 800-1100 cm−1, 

enabled the fraction of Q3 units to be resolved for all systems apart from CsMg’MW. 

These were found to agree with both theory and values obtained from 29Si MAS 

NMR. This technique was also applied to the selective number of glass disks used in 

the chemical durability corrosion measurements, where it was found that Q3 remained 

approximately constant before and after leaching. 

EDX measurements on the volatilised species, obtained from the mass-loss 

measurements described in Chapters 5 and 6, show the composition of the species to 

contain sodium, caesium, boron and silicon; supporting studies by other authors that 

at high temperature alkali borate and alkali silicate groups are volatilised from the 

melts of alkali borosilicate glasses of varying compositions. Interestingly the 

composition of the EDX spectra appears to be independent from the additional oxide 

(i.e. Al2O3, La2O3 or MgO) present in the initial borosilicate glass. 
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Chapter 8  

 

8 8 Results and Discussion: - 
17

O Enriched 

Borosilicate Systems 

 

8.1 Introduction 

This chapter presents the sample characterisation and structural results for the 

oxygen-17 enriched borosilicate compositions; including XRD, EDX and thermal 

analysis results together with density, 
11

B, 
29

Si and 
17

O NMR and Raman 

spectroscopy measurements.  

 

8.2 Characterisation of the 
17

O-Enriched Borosilicate System 

8.2.1 X-ray Diffraction measurements 

Both the 
17

O- and non-
17

O enriched SiO2 precipitates, dried at 200
o
C, were 

white and XRD analysis of the non-
17

O enriched SiO2 powder showed it to be non-

crystalline with a broad amorphous XRD signature (Figure 8.1).  

When removed from their platinum tubes, all of the resultant borosilicate 

samples were black or dark grey in colour; this is assumed to be due to retention of 

some carbon from the carbonate precursors (Figure 8.2). This colouration is not 

observed when melting in air when carbonate gases can escape before the melts are 

quenched [1,2]. Samples were stored in a desiccator to reduce attack by atmospheric 

moisture.  

XRD spectra for all but the Cs(MW) sample (Figure 8.3), show the samples to 

be amorphous within the limits of detection of XRD. The addition of relatively small 

amounts of intermediate oxides Al2O3 and La2O3 (0.95 and 1.68 mol% respectively) 

to Na(MW) to form AlNa(MW) and LaNa(MW), makes negligible difference to the 

glass-forming characteristics of their resultant compositions. 

 The XRD spectrum of Cs(MW) (Figure 8.4), shows sharp Bragg diffraction 

peaks, characteristic of a crystalline structure. Peak matching using the 

Crystallographica XRD database showed the sample to be crystalline 

Cs2O.B2O3.2SiO2 (PDF x-ray diffraction pattern code 37-1347). This crystal phase, 
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with composition R=1 and K=2, can be compared to the intended glassy composition 

with R=1.12 and K=3.2. The amorphous background visible in the XRD pattern is 

therefore likely due to the excess SiO2 in the glass composition compared to the 

crystal stoichiometry – probably as a silicon-rich caesium borosilicate.  

10 20 30 40 50 60 70

 Initial

 Heat-treated at 200
o
C

Angle (2 Theta)  

Figure 8.1 XRD spectrum of the 
17

O-enriched SiO2 powder. Note: Dashed lines indicated diffraction 

peaks from the aluminium sample holder.  

 

 

Figure 8.2 Example of the black colouring of the oxygen-17 enriched borosilicate samples. This being 

the Cs(MW) sample. 
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10 20 30 40 50 60 70

 Na(MW)'

 AlNa(MW)

 LaNa(MW)

Angle (2 Theta)
 

Figure 8.3 XRD spectra for the (a) Na(MW)’, (b) Cs(MW), (c) AlNa(MW) and (d) LaNa(MW) 
17

O 

enriched samples. Note: Diffraction peaks at 38
o
 and 45

o
 in all spectra are from the aluminium sample 

holder. Note: dashed lines indicate diffraction peaks from the aluminium sample holder. 

10 20 30 40 50 60 70

Angle (2 Theta)
 

Figure 8.4 XRD spectrum (black) and match (red) for the Cs(MW) 
17

O-enriched sample. 

 

8.2.2 Energy Dispersive Analysis with X-rays (EDX) 

EDX spectra obtained for the six borosilicate compositions (Figure 8.5) are 

similar to alkali borosilicate EDX measurements obtained in a previous study [1]. In 

each of the six spectra, peaks from O and Si are present at 0.53 and 1.75 kV 

respectively. For every spectrum, except the Cs(MW) crystal, a peak is present at 1.1 

kV due to Na. For the Cs(MW) crystal, a triplet of peaks at 4.3, 4.6 and 5.0 kV is 

present, confirming the presence of Cs. Similarly, for LaNa(MW), La peaks are 

observed at 4.7 and 5.1 kV. The presence of Al is confirmed in AlNa(MW) with a 
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relatively small peak at 1.5 kV. The existence of carbon, retained at the stage of 

sample manufacture, is confirmed by a large peak at 0.27 kV in all the EDX spectra, 

apart from those for AlNa(MW) and LaNa(MW) where the peak is still present but 

with reduced intensity. Although the EDX sample holders contain carbon, typically 

the carbon background signal is significantly smaller than that observed in Figure 8.5.  

0 1 2 3 4 5 6

Al

LaLa

C
O

Na

Si

Na(MW) (non-enriched)

Cs(MW)

AlNa(MW)

LaNa(MW) 

Na(MW)'

Na(MW)

kV

Cs

 

Figure 8.5 EDX spectra for the borosilicate compositions, including the non-
17

O enriched sodium 

borosilicate glass. 

 

Averaged
(∗)

 ZAF corrected total cation atomic % to silicon atomic % ratios, Π, 

obtained from EDX, for Na(MW), Na(MW)’, Cs(MW), AlNa(MW) and LaNa(MW) 

are given in (Table 8.1). Values deviate significantly from theory (8.1) apart from 

Na(MW)’ and AlNa(MW). For the Cs(MW) crystal, Π was found to be 1.05±0.10 

compared to the calculated value of 0.69. 

 

                                                

∗
 Averaging over two values; one correcting and one not correcting for the presence of the strong 

carbon signal in the EDX measurements. 
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 2 2 2 3 2 3

2

2 % 2 % 2 % ,

%

× + × + ×
∏ =

mol Cs O mol Na O mol Al O La O

mol SiO
 (8.1) 

 

 Total Cation / Silicon atomic% Ratio 

Sample 
Averaged ZAF Corrected 

EDX (± 0.10) 
Theory (Π) 

Na(MW) 0.82 0.69 

Na(MW)' 0.73 0.69 

Cs(MW) 1.05 0.69 

AlNa(MW) 0.75 0.73 

LaNa(MW) 0.69 0.77 

Table 8.1 Cation atom % to silicon atom % ratios for the six borosilicate compositions calculated from 

averaged ZAF corrected EDX, compared against values calculated from theory. 

 

8.2.3 Thermal Analysis Measurements 

The combined DTA and TG traces from the non-
17

O enriched, sol-gel 

prepared SiO2 precursor are shown in Figure 8.6. Negligible mass-loss was observed 

in the TG trace, indicating minimal residual hydroxyl groups in the powder, present 

from the sol-gel process. If hydroxyl groups were present the mass-loss TG curve 

would show a much larger response from 100
o
C. This indicated that the sol-gel 

manufacture process outlined in Chapter 4 (including heat-treating the powder at 

200
o
C) was successful for use in producing Si

17
O2. Note: DTA-TG measurements 

were not carried out on the 
17

O-enriched SiO2 powder due to the high cost and the 

limited quantity available. 

Combined DTA-TG plots for the Na(MW), AlNa(MW) and LaNa(MW) 
17

O-

enriched glasses are shown in Figure 8.7. All DTA traces are relatively featureless, 

which is characteristic for borosilicate glasses with these compositions [1], with only 

subtle changes in all but the Cs(MW) sample, indicating glass transition and melt-

temperatures (Tg and Tm respectively). Positive mass-loss is observed between 200-

1000
o
C in the TG traces for all the samples (Figure 8.7); this is thought to originate 

from both the removal of atmospheric water, obtained during powdering of the 

samples, starting at approximately 200
o
C and eventually through the volatilisation of 

alkali borate/silicate species at higher temperatures (> 800
o
C). 
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Figure 8.6 DTA-TG data for the sol-gel prepared non-enriched SiO2 powder, to check for any residual 

water in the sample. Note: arrows indicate the direction of heating and eventual cooling. 

 

Sample 
Tg  

(± 10
o
C) 

Tm 

(± 10
o
C) 

MW [1] 497 662 

Na(MW) 460 670 

Na(MW)’ 520 670 

Cs(MW) - - 

AlNa(MW) - 649 

LaNa(MW) - 682 

Table 8.2 Glass transition and melting temperatures for the 
17

O-enriched compositions and MW [1]. 

 

Glass transition- and melt-temperatures resolved from DTA-TG measurements 

are given in Table 8.2. For the Cs(MW) crystal, the DTA-TG trace (Figure 8.7) shows 

no clear Tm. A large mass-loss is observed between 800-1000
o
C, which is not 

observed for Na(MW) and AlNa(MW), where there is no Cs2O 
(∗)

. Neither 

AlNa(MW) or LaNa(MW) show any clear Tg in their DTA traces (Figure 8.7).  

Na(MW) and Na(MW)’, show surprisingly different TG results (Figure 8.7(a) and 

(b)). Na(MW) shows a larger loss of material (~5 % compared to < 1 % for the 

                                                

∗
 It was not possible to conduct mass spectrometry to help conclude the composition of the volatilised 

material from the Cs(MW) sample. 
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Na(MW)’ glass) observed from 200
o
C. This disparity could only to be due to different 

quantities of unwanted atmospheric moisture obtained during powdering of the 

samples since both samples are effectively identical in composition.  

The TG plots for Na(MW) and Cs(MW) (Figure 8.7(a) and (c)) initially show 

mass-losses of ~2 % and 5 % respectively (consistent with the greater moisture 

sensitivity of Cs(MW)), before the rate of mass-loss increases for both samples at 

1000
o
C and 800

o
C respectively. This is characteristic of the volatilisation of alkali 

borate/silicate material from these types of glasses at these temperatures [1,3]. By 

1300
o
C, the maximum mass-losses observed for these two samples are ~7 % and 45 

% respectively, which is consistent with Cs being more volatile than Na [1]. 

An increasing rate of mass-loss from ~1000
o
C is also observed for both 

AlNa(MW) and LaNa(MW) in  Figure 8.7(d) and (e). In the region 200-1000
o
C, both 

glasses show minimal mass-loss (~2 %), before volatilisation of material begins at 

~1000
o
C resulting in a more rapid rate of mass-loss. Presumably the volatilised 

material is also alkali borate/silicate in composition which supports the earlier finding 

that the presence of Cs2O is not essential for the volatilisation of species to occur 

[1,3].  
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Figure 8.7 TG-DTA plots for the (a) Na(MW), (b) Na(MW)’ (c) Cs(MW), (d) AlNa(MW) and (e) 

LaNa(MW) compositions, showing both DTA and TG data for all systems. Note: Arrows indicate the 

direction of heating and eventual cooling.  
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8.3 Structural Measurements  

8.3.1 Density Measurements 

Densities of the 
17

O-enriched borosilicate glasses are plotted in Figure 8.8. 

Where possible, values are compared with those from standard borosilicate glasses of 

similar composition (cf. Chapter 7). These comparisons are only approximate, since 

the 
17

O-enriched compositions are MW with only one alkali species (i.e. Na2O) 

combined with either Al2O3 or La2O3. Hence, if the structure remains the same, the 

replacement of Li2O by Na2O in the compositions should result in an increase in 

density [1,2].  

For approximately equivalent compositions, within error the densities of the 

17
O-enriched glasses are equal to non-enriched glasses of comparable composition (cf. 

Chapter 7). For the MW compositions, the density of the Na(MW)’ glass is larger 

than for the mixed-alkali MW [1]. This is consistent with the replacement of Li2O 

increasing the overall density of the glass (Table 8.3). Interestingly the sample 

Na(MW)’, which does not contain 0.1 mol% Fe2O3, has a greater density than both 

MW [1] and Na(MW), by 0.23 g/cm
3
 and 0.50 g/cm

3
 respectively. This may be due to 

a greater amount of Na being lost at the manufacturing stage of the Na(MW) glass, 

which supports the TG result (Figure 8.7) where less mass is lost compared to 

Na(MW)’ - because of mass being lost earlier during sample manufacture. The 

measured density (3.4 g/cm
3
) of the Cs(MW) crystal is greater than that for its Na2O-

analogue, Na(MW) (2.0 g/cm
3
), due to the much larger density of Cs2O compared to 

Na2O (Table 8.3). 

Resolved values of the molar volumes (Vm) for each of the samples (Figure 

8.9), show that within error (±1 cm
3
), Vm for the LaNa(MW) and AlNa(MW) glasses 

compare well with values calculated for the similar standard modified borosilicate 

glasses of this study (cf. Chapter 7). Interestingly Vm for the Na(MW) glass is much 

greater than that of both Na(MW)’ and MW [1] (32 cm
3
/mol compared to 24 and 26 

cm
3
/mol respectively). Calculated Vm values for the Na(MW)’, AlNa(MW) and 

LaNa(MW) glasses, are all lower than Vm values calculated for the mixed alkali 

compositions; a consequence of the replacement of Li2O in the 
17

O-enriched samples, 

which therefore must involve some structural changes. Interestingly, resolved Vm 

values from the LaNa(MW) glass and its equivalent (Cs0LaMW) from the main 
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section of this study, are (within error) equal – even though later structural 

measurements show little similarity between the two samples. 
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Figure 8.8 Density measurements for the 
17

O-enriched borosilicate glasses (black), compared against 

standard melt-quenched borosilicate glasses of similar composition from this study; Cs0LaMW, 

Cs0AlMW and MW [1]. 
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Figure 8.9 Molar volume measurements for the 
17

O-enriched borosilicate glasses (black), compared 

against standard melt-quenched borosilicate glasses of similar composition from this study; 

Cs0LaMW,  Cs0AlMW and MW [1]. 
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Oxide Density (g/cm
3
) 

La2O3 6.51 

Cs2O 4.21 

Al2O3 3.97 

SiO2 2.20 

Na2O 2.27 

Li2O 2.01 

B2O3 1.81 

Table 8.3 Densities [4] of all the oxides present throughout the borosilicate glass systems, listed in 

order of decreasing  density. 

 

8.3.2 
1
H NMR 

The static, unreferenced 
1
H NMR spectra (Figure 8.10) consist of a relatively 

broad resonance. Heat-treating the sol-gel prepared SiO2 powder is seen to reduce the 

hydrogen content by 50 % from 0.002 to 0.001 mol H per mol SiO2. 

The greater presence of hydrogen in the Cs(MW) crystal compared to the 

remaining samples is due to the greater hygroscopic nature of Cs compared to Na. 

This effect is also translated across the range of samples, where the different hydrogen 

contents for the different samples indicates different reactivities towards atmospheric 

moisture, depending on composition. Similarly the Na-containing samples will be 

more water sensitive than the mixed-alkali composition MW.  

Difficulties in obtaining more accurate measurements of the hydrogen content 

arose through the large 
1
H background of the NMR rotor and probe (Figure 8.10). 

Note: the quoted error in Table 8.4 is based on repeated 
1
H NMR measurements on 

the Na(MW)’ glass.  

The increased 
1
H contents (0.026-0.23 mol H per mol sample) of the samples, 

compared to that for the heat-treated SiO2 powder (0.001 mol H per mol SiO2) (Table 

8.4) indicates that 
1
H is obtained by the samples at the stage of the samples being 

powdered and not from the initial SiO2 source. 
1
H could also be present from 

1
H in 

the other initial oxide and carbonate powders – along with the carbonates formed (cf. 

Section 8.2.1) this would also not be lost at the melt stage since the melts are formed 

in closed crucibles.  
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Sample 
mol H per mol sample 

(± 0.001) 

N4 

(± 0.02) 

SiO2 (initial) 0.002 

SiO2 (heat-treated) 0.001 
- 

MW - 0.67 

Na(MW) 0.039 0.86 

Na(MW)’  0.016 - 

Cs(MW) 0.228 0.80 

AlNa(MW) 0.022 0.73 

LaNa(MW) 0.026 0.31 

Table 8.4 
1
H contents and N4 fractions for MW [1], the initial and heat-treated SiO2 powders, 

17
O-

enriched glasses and crystal. 

-100000 0 100000

Frequency (Hz)

 Empty rotor

 Adamantane 

 LaNa(MW)

 AlNa(MW)

 Na(MW)'

 Na(MW)

 Cs(MW)

 

Figure 8.10 1
H NMR of the 

17
O-enriched borosilicate glasses. Also included are the spectra from the 

NMR rotor and the Adamantane reference used for quantitative analysis. Note: the 
1
H NMR signal has 

been subtracted from the sample data and the Adamantane 
1
H spectrum has been scaled down in 

comparison to the remaining samples. 

 

8.3.3 
11

B MAS NMR  

The 
11

B MAS NMR for the Na(MW) and Na(MW)’ compositions are shown 

in Figure 8.11 with the spectra for the remaining compositions shown in Figure 8.12. 

11
B MAS NMR spectra for both the 

17
O-enriched and non-enriched Na(MW) glasses 
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show a Gaussian B4 peak at ~2 ppm and a broader quadrupolar lineshape from the 

trigonal planar B3 boron units, at 12 ppm. This is consistent with the spectra observed 

for alkali borosilicate glass systems of similar compositions in this and previous 

studies [1,5-7]. The 
11

B MAS NMR spectra for the remaining two glasses and crystal 

(Figure 8.12) show comparable features.  

The asymmetric B4 peak in the Cs(MW) 
11

B MAS NMR spectrum (Figure 

8.12), suggests that the crystalline structure contains three, rather than two, B4 sites 

with different next nearest neighbours (NNN) environments; (0B, 4Si), (1B, 3Si) and 

(2B, 2Si), marked on at −1.7, −0.2 and 1.5 ppm respectively. The presence of three B4 

sites is also observed in the four 
17

O-enriched borosilicate glasses – a result which 

although uncommon, is supported by 
11

B MAS NMR measurements by Du et al. [6,8] 

where three distinct B4 sites were also found across a range of borosilicate glass 

compositions. 

Resolved N4 fractions (Figure 8.13 and Table 8.4) were found to be 0.81±0.02 

and 0.86±0.02 for the enriched and non-
17

O-enriched Na(MW) samples respectively. 

For the same value of R, these two N4 values are approximately 0.1 greater than for 

the conventional MW glass [1,9], and is thought to be due to modifying H
+
 groups in 

the samples. The lower than predicted [10] N4 value for the LaNa(MW) composition 

(0.31±0.02) indicates the possible loss of material during the sample manufacture, due 

to the presence of La which previous volatilisation results in this study [3] have 

shown to result in greater mass-loss compared to solely alkali-containing glasses. 

Loss of mass would also account for the reduced 
17

O signal observed in later NMR 

measurements (cf. Section 8.3.5) due increased oxygen exchange. Alkali loss is 

consistent with the mass-loss measurement from the un-enriched alkali-lanthanum 

borosilicate glass (with 0 mol% Cs2O) of this study (cf. Chapter 6) [3], which gave an 

18 % mass-loss. Loss of material at the stage of sample manufacture would therefore 

result in the minimal further mass-loss in subsequent TG experiments, observed in 

Figure 8.7.  

For the Cs(MW) crystallised sample, N4 is found to be 0.80±0.02, greater than 

that predicted by the Dell model for an R=1, K=3 composition glass [10]. This may be 

due to water attack during sample powdering – reflected by its large hydrogen content 

(cf. Section 8.3.2). There is no crystal structure available from which to calculate the 

actual N4 value. 
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For the AlNa(MW) glass, N4 is 0.73±0.02 compared to the predicted value 

from the Dell model of 0.70. From a previous study [3], for a similar composition of 

alkali aluminoborosilicate glass (R=1.07) the N4 fraction was found to be 0.66±0.02 - 

lower than the Dell model value of 0.67.  

 

25 20 15 10 5 0 -5 -10

Chemical Shift (ppm)

 Non-enriched Na(MW)

 Na(MW)

 MW [1]

 

Figure 8.11 11
B MAS NMR spectra for the enriched and non-enriched Na(MW) glasses, compared 

against a spectrum,  for the same composition (MW) [1]. 
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Figure 8.12 
11

B MAS NMR spectra for the 
17

O-enriched borosilicate glasses with positions of the three 

different possible four-coordinated boron sites with different next-nearest neighbours marked by 

dashed lines [6]. 
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Figure 8.13 N4 values for the 
17

O-enriched borosilicate glasses and crystal, compared against previous 

measurements [2] and theory [10]. 

 

8.3.4 
29

Si MAS NMR 

29
Si MAS NMR spectra for the sol-gel prepared SiO2 powder, before and after 

heat-treating, are shown in Figure 8.14, with spectra for the three glasses shown in 

Figure 8.15. The 
29

Si MAS NMR spectrum for the Cs(MW) crystal is shown in Figure 

8.16.  

The 
29

Si MAS NMR spectrum for the initial pre-heat-treated non-
17

O enriched 

SiO2 powder (Figure 8.14) is shown to be complex, with peaks at −78, −86, −93 and 

−102 ppm due to Q
1
, Q

2
, Q

3
 and Q

4
 units respectively [5,11]. Heat-treating the SiO2 

powder at 200
o
C for 24 hours in an argon atmosphere [12] resulted in the 

29
Si MAS 

NMR lineshape changing to a peak  consisting predominantly of Q
3
 and Q

4
 groups. In 

relation to the 
1
H NMR data (cf. Section 8.3.2) and the low 

1
H content for the initial 

SiO2 powder (0.002 mol H per mol SiO2) few Q
3
, Q

2
 and Q

1
 species should be 

present. This indicates that the T1 used was perhaps too short, hence a larger signal 

was obtained from the H
+
-containing Q

3
 units present which have shorter T1 times 

than Q
4
 units. 

In Figure 8.15, a broad asymmetric resonance, with centre of gravity at 

approximately −103 ppm, is observed for the three glasses, comparable to the spectra 

observed in previous studies [2,3,11] of alkali borosilicate glasses of similar 

composition. Although the spectra obtained was of insufficient signal-to-noise to use 
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for quantitative measurements, it is clear through the asymmetry of the resonance that 

Q
4
(B) and Q

3
 silicon units are present in all of the three glasses, marked in Figure 

8.15 at −102 and −93 ppm respectively. This is consistent with previous 

measurements on similar glasses [1,2]. 

The presence of Q
3
 groups supports results in the preceding 

17
O MQ MAS 

NMR 2D spectra (cf. Figure 8.18 in Section 8.3.5.2), which show a strong signal from 

NBO groups, due to the large population of NBO-containing Q
3
 units. The 

29
Si MAS 

NMR spectrum in Figure 8.16, is largely crystalline showing clearly defined peaks at 

−87 and −105 ppm, with a third peak, a shoulder on the −87 ppm peak, at 

approximately −92 ppm. Within the error of measurement (±5 ppm) these would be 

equivalent to: Q
2
 (−87 ppm), Q

3
 (−92 ppm) and Q

4
(B) (−105 ppm) – probably with an 

underlying broad peak from residual glass. Note: the exact identification of these 

peaks is not possible due to the crystal structure being unknown. 
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Figure 8.14 
29

Si MAS NMR spectra of the sol-gel prepared non-enriched SiO2 powder, before and after 

heat-treating to remove remnant hydroxyl groups. 
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Figure 8.15 
29

Si MAS NMR spectra for the oxygen-17 enriched borosilicate compositions. 

0 -25 -50 -75 -100 -125 -150 -175

Chemical Shift (ppm)

Cs(MW)

 

Figure 8.16 
29

Si MAS NMR spectrum for the Cs(MW) crystal. 

 

8.3.5 
17

O NMR Measurements 

8.3.5.1 
17

O MAS NMR 

One-dimensional 
17

O MAS NMR data for the five 
17

O-enriched samples; 

Na(MW), Na(MW)’, AlNa(MW), Cs(MW) and LaNa(MW), are shown in Figure 

8.17. On each spectrum, magic angle spinning sidebands are clearly present and are 
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denoted by *. The 
17

O MAS NMR spectra for the Na(MW), Na(MW)’ and 

AlNa(MW) glasses consist of a relatively sharp asymmetric peak at ~40 ppm, with a 

shoulder at ~10 ppm. The main resonance, by comparison with previous studies 

[13,14], is assigned to NBO sites on Si or Al units, i.e. Si/Al-
17

O-Na
+
, with the 

shoulder at 10 ppm arising from BO sites within the three glasses. 

For Cs(MW) and LaNa(MW), the 
17

O MAS NMR spectra consist of much 

broader asymmetric resonances. The asymmetric peak of the Cs(MW) crystal contains 

both silicon NBO as well as boron NBO, at 25 ppm and 60 ppm respectively. The 

broad asymmetric resonance for the LaNa(MW) glass contains peaks at 20, 40 and 95 

ppm due to BO, Si-NBO, B-NBO and La-NBO (for the LaNa(MW) glass) 

respectively. The lower quality 
17

O NMR signal from the Cs(MW) crystal was 

initially thought to be due to a longer T11relaxation time, compared to the remaining 

glasses. Measurements however showed this not to be the case.  

A comparison between the 
17

O MAS NMR spectra for the Na(MW) and 

Na(MW)’ glasses indicates little change in the lineshape due to the presence of iron 

(III) oxide. The large, sharp resonance at ~40 ppm in Na(MW) and NaAl(MW)  due 

to 
17

O in NBO sites, is consistent with the 
29

Si MAS NMR measurements which 

shows predominantly Q
3 

at −93 ppm. This similarity is carried through to the 
17

O 

MQMAS NMR results (cf. Section 8.3.5.2) where peaks from NBO and BO sites are 

clear for both glasses. The addition of the relatively small quantity of Al2O3 (0.95 

mol%) results in the much broader BO resonance, through the formation of Si-O-Al 

units which distorts the original BO site centred around (25, 90). 
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Figure 8.17 One dimensional 
17

O MAS NMR plots for the five 
17

O-enriched borosilicate samples. Note: 

magic angle spinning sidebands are denoted by *  

 

8.3.5.2 
17

O MQMAS and DOR NMR 

17
O MQMAS NMR plots (Figure 8.18) complement and support the 1D 

17
O 

MAS NMR data in Figure 8.17. For the Na(MW) glass, the MQ map consists of a 

well defined elliptical region at (30 ,60), as well as a larger region at (22, 100). These 

two main regions, by comparison with previous work [14], have been identified as 

17
O in NBO and network Si-

17
O-Si and Si-

17
O-B sites respectively. For the 

AlNa(MW) glass, the MQ map is similar, with a less well defined region at (20, 100) 

due to the presence of 
17

O sites in both Si-
17

O-Si, Si-
17

O-B and Si-
17

O-Al groups. This 

region is even less well defined for the LaNa(MW) glass, where there exist network 

17
O sites Si-

17
O-Si and Si-

17
O-La units. The Cs(MW) crystal MQ plot is significantly 

different from the MQ plots for the three glasses, consisting of a large distorted region 

with two approximate centres at (53, 100) and (29, 80), present from 
17

O in B-
17

O-B 

Na(MW) 

Na(MW)’ 

AlNa(MW) 

* 

* * 

* * 

* * 

LaNa(MW) 

300 200 100 0 -100 -200 
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Cs(MW) 



Chapter 8 

 153 

and B-NBO sites. The broad spectrum for the LaNa(MW) glass suggests multiple 
17

O 

sites exist but are not resolvable.  

 

 

Figure 8.18 17
O MQMAS NMR 2D spectra for the Na(MW) glass (top left), Cs(MW) crystal (top right), 

AlNa(MW) glass (bottom left) and LaNa(MW) glass (bottom right). Note: the isotropic dimension, free 

of any quadrupole interactions, is displayed as the y-axis. 

 

The fraction of NBO and BO, resolved from the isotropic 
17

O spectra of the 

Na(MW) and AlNa(MW) glasses (top left and bottom left in Figure 8.18, 

respectively) are shown in Table 8.5. Further measurements on any of the remaining 

glasses and Cs(MW) crystal were not possible due to difficulty in resolving two 

distinct NBO and BO peaks.  

Preliminary 
17

O DOR NMR (DOuble angle Rotation NMR, cf. Chapter 5) on 

the simplest of the 
17

O-enriched compositions, the Na(MW) glass, gave the spectrum 

shown in Figure 8.19. Resolving the NBO and BO peaks in the spectrum gave values, 
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quoted in Table 8.5, that compare within error to those obtained from the isotropic 
17

O 

MQMAS NMR spectrum of the same glass. The BO site was found to have a longer 

T1. These results highlight the benefits of 
17

O DOR NMR (over the more complicated 

17
O MQMAS NMR experiments) which although is mechanically more difficult to 

conduct, is easier to both obtain spectra and resolve and quantify peaks within them. 

 

NBO (± 0.1) BO (± 0.1)  
Sample 

MQMAS DOR MQMAS DOR 

Na(MW) 0.65 0.73 0.35 0.27 

AlNa(MW) 0.48 - 0.53 - 

Table 8.5 NBO and BO fractions for the Na(MW) and AlNa(MW) glasses, resolved from the isotopic 

17
O MQMAS NMR spectra  and, for the Na(MW) glass, from 

17
O

 
DOR NMR. Measurements included 

data obtained from the MAS sidebands of the MQMAS- and DOR-NMR spectra. 

150 100 50 0 -50 -100

BO
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10 s pulse delay

Chemical Shift (ppm)
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Figure 8.19 
17

O DOR NMR spectra (at different pulse delays) for the Na(MW) glass obtained at 14.1T. 

Arrows indicate oxygen sites, with * indicating MAS sideband positions. 

 

8.3.6 Raman Spectroscopy  

Raman spectra for the Na(MW), Cs(MW), AlNa(MW) and LaNa(MW) 

samples are shown in Figure 8.20 and Figure 8.21. The Raman spectrum of the non-

17
O-enriched Na(MW) glass (Figure 8.20) shows features comparable with the 
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standard alkali borosilicate samples [1,3,15]. Akin to previous studies [1,11,15] the 

spectrum consists of two regions; region 1: 400-1000 cm
−1

 and  region 2: 1000-1800 

cm
−1

. Region 1 contains peaks from the two MRO reedmergnerite and danburite units, 

at approximately 500 cm
−1

 and 630 cm
−1

 respectively, with a smaller peak from boron 

tetrahedra at ~800 cm
−1

. Within region 2, a large asymmetric peak exists between 

1000 cm
−1

 and 1300 cm
−1

 due to resonances from the different silicon Q
n
 units. Based 

on previous Raman measurements of borosilicate glasses, the positions of the three Q
n
 

units are marked on Figure 8.20.  

Quantitative peak fitting of the non-enriched Na(MW) Raman spectrum, give 

Q
3
 and Q

4
 fractions of 0.62±0.1 and 0.38±0.1 respectively, which agree within error 

with the Q
3
 fraction obtained for MW using 

29
Si MAS NMR (0.57 ± 0.07) [1]. Both 

qualitative and quantitative details from the spectrum give confidence to the method 

of glass production of these sol-gel samples. 
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Figure 8.20 Raman spectrum of the non-enriched sodium-borosilicate glass. 

 

The Raman spectra for the Cs(MW), AlNa(MW) and LaNa(MW) samples 

(Figure 8.21) show limited similarity with the Raman spectra typically observed from 

both alkali borosilicate glasses and crystals of previous studies [1,3,15] and from the 

non-
17

O enriched Na(MW) glass (Figure 8.20). The most common similarity in the 

Raman spectra of these three samples and that observed in Figure 8.20, are the two 

peaks observed at ~1344 cm
−1

 and 1595 cm
−1

 (marked on Figure 8.21 by dashed 
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lines); the first of which is identified as being from BO4 units with the samples. It is 

also observable in all Raman spectra, bar that for the Na(MW) glass, that peaks exist 

in varying positions throughout the region 800-1200 cm
−1

, which is typically the 

region across which Raman peaks from silicon Q
n
 units occur [11,16]. It must also be 

noted however that the Raman spectra for the Na(MW) and Na(MW)’ glasses are not 

comparable and the reason for this cannot currently be explained. 
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Figure 8.21 Raman spectra for the four 
17

O enriched borosilicate compositions. Peaks from silicon Q
n 

units are observed across the region 800-1200 cm
−1

, with additional peaks common in the Raman 

spectra of borosilicates found at ~1344 and 1595 cm
−1

. 

 

8.4 Summary 

Four 
17

O-enriched modified sodium borosilicate glasses and one caesium-

borosilicate crystal were successfully manufactured using standard alkali carbonates 

and oxides combined with Si
17

O2 obtained from hydrolysing silicon tetrachloride with 

20 % enriched H2
17

O in a nitrogen atmosphere. Two modified sodium borosilicate 

glasses were produced, containing relatively small additions of Al2O3 (0.95 mol%) 

and La2O3 (1.68 mol%), in quantities comparable to those used in the standard mixed-

alkali borosilicate glasses of this study.  

Both XRD and thermal analysis measurements gave confidence in the 

manufacturing route used to produce the 
17

O-enriched compositions, based on 

comparable results to standard borosilicate glasses in this study. TG measurements 

also gave results comparable to those obtained from the standard modified alkali 
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borosilicates in the remainder of this study, with significant mass-losses observed at 

~1000
o
C and above. 

11
B MAS NMR measurements on the borosilicate compositions showed N4 to 

differ from that predicted by the Dell model [10], with N4 being greater than the Dell 

model [10] for the Cs(MW), Na(MW) and AlNa(MW) compositions; due to 

atmospheric moisture absorbed during sample preparation. For the LaNa(MW) glass 

however, the resolved N4 fraction is significantly lower than that predicted, due to the 

loss of alkali borate/silicate material from its melt at the stage of sample manufacture, 

which is supported by TG results in this study and other studies [3]. Confusingly, 

although the 
11

B MAS NMR N4 measurement on the LaNa(MW) glass clearly shows 

a strong deviation from that expected by initial composition, suggesting a severe 

change in R from that originally planned, density and EDX measurements are 

consistent with nominal composition. From EDX, the total cation to silicon (atomic 

%) ratios from experiment and theory were found to be 0.69 and 0.77 respectively – 

the difference being within acceptable limits for EDX measurements.  

29
Si MAS NMR measurements on the five compositions indicate that Q

4
, Q

3
 

and some Q
2
 units are present.  

Importantly, 
17

O MAS- MQMAS- and DOR-NMR measurements show the 

presence of various BO and NBO environments whose quantities depend on glass 

composition. This supports the previous findings, that the addition of relatively small 

(< 2 mol%) quantities of these oxides to the alkali borosilicate base-glass MW results 

in significant changes to the resultant glass structure and thermal character [3,7]. Both 

MQMAS- and DOR-NMR have been used quantitatively in resolving the fraction of 

NBO and BO units in the Na(MW) glass, with DOR, despite being experimentally 

challenging, giving better resolution and simpler quantification. 
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Chapter 9 

 

9 Conclusions and Further Work 

 

9.1 Introduction 

This chapter summarises the conclusions made from the results chapters, 6 to 

8. Finally, a number of suggestions are made for further work that would both 

complement and extend the work carried out in this study. 

 

9.2 Characterisation of the Modified Mixed-Alkali Borosilicate 

System 

9.2.1 Introduction 

A range of modified mixed-alkali modified borosilicate glasses were made 

based on the base-glass composition (MW) used by BNFL in the vitrification of high 

level nuclear waste (HLW). Four new initial base-glass systems were made by adding 

either aluminium oxide (0.95 mol% Al2O3), lanthanum oxide (1.68 mol% La2O3) and 

magnesium oxide (2.55 and 10.2 mol% MgO) in quantities realistic to their quantity 

in HLW. Caesium oxide was then added to each base-glass in increasing quantities (0 

to 9.66 mol% Cs2O) to investigate the problem of caesium-volatilisation at high 

temperature. In order to study this problem a variety of different thermal and 

structural techniques have been employed in for the form of density, differential 

thermal- and thermogravimetric-analysis, mass-loss, nuclear magnetic resonance and 

Raman spectroscopy measurements. 

 

9.2.2 Thermal and Structural properties and their relationship to 

Volatilisation 

The addition of Cs2O, coupled with the initial introduction of one of three 

oxides; Al2O3, La2O3 or MgO to the mixed-alkali borosilicate base-glass MW, is 

shown to affect dramatically both the thermal and structural properties of each 

resultant glass system.   
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All four systems are shown to form glasses readily, within the limits of 

detection, highlighting the important reliability of these compositions to form 

amorphous structures given a variety of oxide loads [1-3]. Both the glass transition- 

and melt-temperatures are shown to be dominated by the addition of Cs2O, where it is 

thought the smaller heat of formation of Cs2O, compared to the remaining oxides, 

leads to weaker bonds within the glass structure [1]. 

Similarly, density measurements are also dominated by the presence of Cs2O, 

with the linear increase in density due to the relative high-density of Cs2O compared 

to the other oxides. Although both Al2O3 and La2O3 possess relatively high densities, 

their quantities in the respective systems are small compared to the quantity of Cs2O 

added. Again, molar volume calculations also show a linear increase as a function of 

Cs2O, with the glass structure expanding to accommodate the large Cs
+
 ions added. 

11
B MAS NMR measurements show the fraction of four-coordinated boron 

(N4) to increase as a function of Cs2O or R, the ratio of alkali oxide to boron oxide 

[1,2]. Compared to the original caesium-sodium-lithium borosilicate glass system 

from a previous study [4], N4 fractions for the four new glass systems are lower, 

indicating the preferential association of alkali species with the additive or with the 

silicate- rather than the borate-network. 

The fitting of two peaks under the BO4 region of the 
11

B MAS NMR spectrum 

has enabled the fraction of two medium-range order (MRO) units present in all the 

glass systems to be calculated [2]. These two MRO structures, reedmergnerite and 

danburite, are borosilicate mineral-like units containing B4 sites with different next-

nearest neighbour (NNN) arrangements. Reedmergnerite contains B4 surrounded by 

four silicon sites, with danburite shown to contain B4 surrounded by three silicon sites 

and one further boron site. For Al2O3- and La2O3-containing systems the fraction of 

danburite was found to increase and for MgO-containing glasses decrease, as a 

function of Cs2O. The increasing presence of danburite units with B4-B4 bonds is 

particularly interesting and significant since this bond is energetically less stable. 

29
Si MAS NMR measurements have been used to resolve the fraction of 

silicon Q
3
 units, which increases as a function of Cs2O content in all four systems [1-

3]. The mass-loss % for all four systems increases linearly as a function of Q
3
 (Figure 

9.1) [1]. However, the rate of increase differs, depending on fraction of danburite 

present, being lower for the MgO-containing glasses compared to the Al2O3- and 

La2O3-containing systems [1]. This represents progress from the previous study by the 
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author [4] where it was concluded  that volatilisation depended solely on the silicate 

network, whereas now it becomes clear that the increasing presence of B4-B4 (in 

danburite units) also assists in the formation of volatilisation from the glass. 
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Figure 9.1 Mass-loss measurements from Chapter 6 as a function of resolved Q
3
 % [1]. Arrow 

indicates decreasing danburite population in glass resolved from 
11

B MAS NMR. Note: Dashed lines 

are a guide to the eye. 

 

 Based on N4 and Q
3
 measurements from 

29
Si and 

11
B MAS NMR, the fraction 

of Q
4
 units not in MRO units has been calculated and shown to decrease as a function 

of R [2]. This equates to the addition of Cs2O reducing the number of non-MRO Q
4
 

units, converting them into non-MRO Q
3
 units and leading to greater volatilisation of 

material at high temperature.  

Raman spectroscopy has been used to quantify silicate units, as well as 

supporting the presence of MRO units in all the glasses [2,3]. Resonances from borate 

groups are not typically observed in any of the Raman spectra. Quantitative 

measurements of the silicon Q
3
 units were made possible using the technique outlined 

by McMillan et al. [5] which peak fitted to the region between ~900-1100 cm
−1

. For 

all but the CsMg’MW glass system, within error, the Q
3
 fraction resolved from 

Raman spectroscopy compares well with values from 
29

Si MAS NMR [1-3], 

providing a alternative route for obtaining information on the silicate network when 
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NMR is not possible, i.e. when the presence of paramagnetic species common in 

HLW, renders NMR difficult or impossible. 

 

9.2.3 Composition and Structural details of Volatilised Material 

Compositional measurements of the volatile species, although limited to 

qualitative EDX measurements, (because boron and lithium cannot be measured 

quantitatively with EDX), show that the oxide composition of the volatile species is 

largely independent of the oxide addition [1]. Results (Figure 9.2) show the volatile 

species to contain caesium, sodium, boron and silicon suggesting the composition to 

be mixed-alkali borosilicate in form [1]. Studies by Asano et al. [6-8] and Bonnell et 

al. [9] found the vapour composition to be alkali (meta-)borate in form, devoid of any 

silicate groups, however these measurements were typically carried out at 

temperatures lower (< 1000
o
C) than that used in this study. Mass spectroscopy 

measurements carried out by Archakov et al. [10] at higher temperatures (1200-

1800
o
C) than those used in the Asano and Bonnell studies (< 1000

o
C) found silicon to 

be present in the evolved vapour. Hence, on comparison with the work by Archakov 

et al. [10], at the temperature (1000
o
C) used in this current study by the author, it is 

likely that the vapour species formed also contained both alkali borate and alkali 

silicate groups, rather than predominantly alkali borosilicate groups, which in the 

previous study [4] was originally thought to be the case. Raman measurements of the 

volatilised deposits support this result, showing the presence of a variety of alkali 

borate and alkali silicate groups, based on comparisons with other Raman borate and 

borosilicate studies [11,12].  
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Figure 9.2 EDX spectra of three selected deposits from volatilisation mass-loss experiments. (a) 

7.25mol% Cs2O, CsAlMW, (b) 4.83 mol% Cs2O CsLaMW, (c) 3.63 mol% Cs2O CsMgMW and (d) 

blank alumina substrate [1]. 

 

9.3 Characterisation of the Oxygen-17 Enriched Modified Alkali 

Borosilicate System 

9.3.1 Introduction 

Sodium- and caesium-borosilicate (Na(MW) and Cs(MW) respectively), 

sodium-aluminoborosilicate (AlNa(MW)) and sodium lanthanum-borosilicate 

(LaNa(MW)) samples, with comparable compositions to those glasses in the main of 

this study, were made with enriched quantities of 
17

O. This enabled the study, using 

17
O MAS and MQMAS NMR, of the varying oxygen environments within these 

glasses, which combined with 
11

B and 
29

Si MAS NMR and density measurements 

allowed further structural information to be obtained. This was then compared with 

thermal analysis measurements to assist in attaining a clearer relationship between 

structure and volatilisation of material from borosilicate glasses. 

 

9.3.2 General Physical and Thermal Characteristics 

A single batch of 
17

O-enriched SiO2 (~1.3 g) powder was successfully made 

using a hydrolysis route outlined by Abys et al. [13], using 20 % 
17

O-enriched H2O. 
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Manufacture of Si
17

O2 rather than B2
17

O3, was the more beneficial route to undertake 

due to the greater quantity of SiO2 compared to B2O3 (K=3.2) in these glasses. From 

this single batch of Si
17

O2 powder and the compositionally appropriate alkali 

carbonates and oxides, five 
17

O-enriched borosilicate samples were made under non-

oxidising melt conditions, to limit the amount of oxygen exchange. Resultant samples 

were found to be black/dark grey in appearance due to the retention of carbon, from 

the initial alkali carbonate powders, upon quenching.  

Using X-ray diffraction, all of the samples, apart from the Cs(MW) sample, 

were found to be glassy, displaying typical broad diffraction peaks. The caesium 

borosilicate crystal was identified as having the composition Cs2O-B2O3-2SiO2, with 

R=1 and K=2; indicating the loss of alkali silicate material during the melt stage 

which reduced both R and K from the initial values of R=1.12 and K=3.22. This result 

was predictable given the initial high (~20 mol%) content of volatile Cs2O in the 

sample. DTA revealed typically featureless traces, with a limited number of Tg and Tm 

resolved across the 
17

O samples. TG showed different responses across the 

compositions, with the Na(MW), AlNa(MW) and LaNa(MW) glasses displaying 

results similar to the standard non-enriched glasses of this study, with mass-loss 

occurring at high (~1000-1300
o
C) temperature. Since Cs is not present in all but one 

of the samples, this supports the result observed in other volatilisation studies [6-

10,14] that the presence of Cs in alkali borosilicate glasses is not essential for high-

temperature volatilisation to occur. 

 

9.3.3 Structural Characteristics from Density and NMR Spectroscopy 

Density measurements showed the Na(MW), AlNa(MW) and LaNa(MW) 

glasses to have comparable densities to the non-enriched borosilicate glasses in the 

main part of this study. 
11

B MAS NMR measurements gave results which differed 

from the main study, with the B4 peak being broader, suggesting the presence of three, 

rather than two, B4 sites. This was especially true for the Cs(MW) Cs2O-B2O3-2SiO2 

crystal which displayed a broad asymmetric B4 peak, strongly suggesting the presence 

of a B4 site with 2B, 2Si next nearest neighbour environment – typical for a 

borosilicate composition with this value of K (=2). N4 values for all but one sample 

(LaNa(MW)) were greater (> 0.70) than those predicted by the Dell model [15] 

suggesting the presence of further modifying species, in the form of H
+
. The lower 
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than predicted N4 fraction for the LaNa(MW) glass is thought to be due to the 

volatilisation of alkali material at the melt stage of the glass. The presence of 

modifying H
+
 species was supported by quantitative 

1
H NMR which showed all the 

samples to have hydrogen contents of between 0.02-0.2 mol H per mol sample. It is 

thought that these H
+
 species are collected at the melt stage of sample manufacture, 

rather than being residual hydrogen retained from the hydrolysis reaction used to 

make Si
17

O2. 
29

Si MAS NMR also confirmed the presence of these H
+
 modifying 

species with the presence of Q
2
 units observed in 

29
Si MAS NMR spectra - typically 

not observed in the previous 
29

Si MAS NMR measurements in this study. 

Crucially in this section of the study, one dimensional 
17

O MAS NMR showed 

the clear presence of NBO and BO sites. 3Q 
17

O MAS NMR gave further evidence of 

this with a strong presence of NBO sites, as well as BO in Si-O-Si and Si-O-B, and 

Si-O-Al and Si-O-La environments in the respective Al- and La-containing glasses. 

From the isotropic 
17

O MAS NMR and DOR NMR spectra for the Na(MW) glass, the 

fraction of BO and NBO units were found to agree within error.  

Together with the different trends in mass-loss observed in the DTA-TG 

measurements for these samples, and coupled with results from the main borosilicate 

glasses in the majority of this study, this 
17

O NMR work again shows the large effect 

that the relatively small addition (< 2 mol%) of Al2O3 and La2O3 has on glass 

structure and thermal character. Further 
17

O NMR work, in the form of DOR- rather 

than MQMAS-NMR, on these and other glasses in future studies, as a function of 

more systematic change in composition (i.e. as a function of Al2O3, La2O3, MgO or 

alkali oxide content), would be highly beneficial in obtaining a quantitative measure 

of the different NBO and BO sites, 

 

9.4 Future Work 

Although a considerable quantity of work has been carried out on a wide range of 

different borosilicate glasses, including those designed for applications in the nuclear 

industry, the amount of work focussed on the problem of volatilisation has been 

limited. Previous volatilisation studies used only relatively simple binary and ternary 

alkali borosilicate compositions. Expanding upon these compositions, as this study 

has initially aimed to do, using all available structural and thermal techniques, would 
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be an obvious area of development to gain further knowledge and ability in limiting 

the unwanted volatilisation of material. 

A useful measurement would be the effect of composition on viscosity as a 

function of temperature; and lowering the temperature at which adequate viscosity for 

pouring could be maintained would also potentially result in lowering the amount of 

volatilisation from the melt. 

Determining the effect of varying K on volatility would have potential 

technological benefit, though there could be detrimental effects on other properties of 

the glass such as waste-loading ability, thermal properties, radiation and chemical 

resistance. The addition of further simulate-waste oxides, such as molybdenum, 

technetium and thorium [16] to MW, followed by the standard and structural) 

measurements would also be a highly beneficial piece of work. 

As well as additions and expansions of the glass systems used in this and other 

studies, the application of more sophisticated complementary experimental techniques 

would also be of great assistance in this area of work for the nuclear industry. 

Although attempted during the course of this study, high temperature 
11

B MAS NMR 

(a relatively infrequently applied NMR technique [17,18] given its potential benefits 

in understanding glass behaviour) was not successful in providing information on how 

changes to the glass structure affected the resulting thermal properties due to 

problems with experimental equipment. Applying this technique with the equipment 

soon to be available at Warwick University, not only retrospectively to glasses used in 

this study but to more complicated systems would provide a unique and important 

insight into the link between structure and thermal behaviour. If possible, since 

thermal properties (e.g. volatility) are affected by both modifier and network species, 

this would be carried out through high-temperature 
11

B and 
29

Si NMR, enabling 

changes in N4 and Q
n
 fractions to be mapped as a function of temperature, with 

additional 
6,7

Li and/or 
23

Na NMR providing information on ion mobility as a function 

of temperature. Limited high temperature NMR work has already been carried out 

globally and so the successful development of this technique would be highly 

advantageous.  

Similarly, the use of high-temperature Raman spectroscopy would also be an 

exciting development, especially through the further use of the quantitative Raman 

spectroscopy technique used in this study in obtaining measurements of the silicon Q
n
 

units as a function of temperature, not only on ‘typical’ modified mixed-alkali 
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borosilicate compositions, such as those used in this study, but on compositions with 

high (>1 mol%) of paramagnetic species such as iron and cobalt, commonly found in 

HLW, where any NMR is not possible. 

It would be beneficial if future 
17

O NMR work was carried out on more 

complicated mixed-oxide borosilicates, to identify the role of oxides in an amorphous 

material, where their behaviour (i.e. as modifiers or intermediates) is not fully 

understood. Initially this would be an expensive exercise, due to the high financial 

cost of producing 
17

O-enriched borosilicate samples, but a great number of highly 

informative NMR experiments are possible, especially with the availability of DOR 

NMR at Warwick University.  
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Appendix A 

 

Abstracts of Publications 

 

Effect of minor additions on structure and volatilisation loss in simulated nuclear 

borosilicate glasses 

Journal of Non-Crystalline Solids 353 (2007) 4076–4083 

 

B. G. Parkinson, D. Holland, M. E. Smith and A. P. Howes 

 Department of Physics, University of Warwick, Coventry, CV4 7AL, UK. 

 C. R. Scales 

 Nexia Solutions, Sellafield, Seascale, Cumbria, U.K. 

 

Structural and thermal properties are reported for a range of caesium oxide-

containing alkali borosilicate glasses, of the form xCs2O(100-x)ZMW (0 < x < 10), 

where ZMW represents a variety of simulated base-glasses. Glass densities increase 

and glass transition temperatures decrease with increase in caesium oxide 

concentration. Mass-loss from the melt is found to depend on composition in the same 

manner as the fraction of silicon Q
3
 units, resolved from 

29
Si MAS NMR, and is 

related to the presence of danburite medium-range order units, resolved from 
11

B 

MAS NMR. Volatilisation is shown to occur even in the absence of caesium oxide 

and the mixed alkali borosilicate composition of the volatile species, evolved from the 

melt at high temperature, is independent of the starting composition of the glass. 
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The effect of oxide additions on medium range order structures in borosilicate 

glasses 

Journal of Physics: Condensed Matter 19 (2007) 

 

B. G. Parkinson, D. Holland, M. E. Smith and A. P. Howes 

 Department of Physics, University of Warwick, Coventry, CV4 7AL, UK. 

 C.R. Scales 

 Nexia Solutions, Sellafield, Seascale, Cumbria, U.K. 

 

Boron-11 MAS NMR and Raman spectroscopies have been used to study four 

families of glasses: xCs2O(100-x)ZMW, (0 < x < 10) where ZMW represents the 

borosilicate glass MW to which oxides Z (Al2O3, La2O3 and MgO) are added such 

that, overall, 1.0 ≤ R (= [modifier]/[B2O3]) ≤ 2.5; K (= [SiO2]/[B2O3]) = 3.2. These 

glasses are related to the system used for the vitrification of high-level nuclear waste. 

The spectra reveal the presence of reedmergnerite and danburite medium-range order 

structural units in the glasses. The fraction of danburite units increases with caesium 

oxide addition when Al2O3 or La2O3 are present, and decreases when MgO is present.    

 

Quantitative measurement of Q
3
 species in silicate and borosilicate glasses using 

Raman spectroscopy 

Journal of Non-Crystalline Solids (2007) (Awaiting Further publication details) 

 

B. G. Parkinson, D. Holland, M. E. Smith, A. P. Howes 

 Department of Physics, University of Warwick, Coventry, CV4 7AL, UK. 

C. Larson, J. Doerr,  M. Affatigato, S. A. Feller 

Physics Department, Coe College, Cedar Rapids, IA 52402, USA 

C. R. Scales 

Nexia Solutions, Sellafield, Seascale, Cumbria, CA20 8PG, UK 

 

Raman spectroscopy has been used to measure the fraction of tetrahedral silicate units 

connected at three corners into the network (Q
3
) in binary lithium silicate glasses and 

also in the more complex borosilicate glasses used for waste immobilisation. 

Agreement within experimental error was obtained with 
29

Si MAS NMR measurements 
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of the same samples. Raman provides an alternative method of structural determination 

for silicon-containing glasses with a high content of paramagnetic species where NMR 

loses resolution. Analysis was performed on borosilicate glasses containing up to 11.98 

mole % Fe2O3 and the Q
3
 values obtained by Raman spectroscopy agree within error 

with the published 
29

Si NMR results from borosilicate glasses containing the equivalent 

quantity of Al2O3.  
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Appendix B 

Data 

Summarised in these tables are the sample details and resolved data from thermal 

analysis, density, 
11

B and 
29

Si MAS NMR and Raman measurements. Note: The 

silicon oxide to boron oxide ratio (K) for all glass compositions is 3.22. 

 

1.1 CsMW System 

Sample  
mol% 

Cs2O 
R 

Molar 

Mass 

(g/mol) 

ρ  

(1)
 

 

N4  

(2)
 

 

 

Danburite 

Fraction  

(2) 

 

 

Reedmergnerite  

Fraction  

(2) 

 

 

NMR 

Q
3  

(3) 

 

 

Mass 

Loss 

(±5%) 

 

Tg 

(4) 

Cs0MW 0.00 1.12 64.0 2.32 0.69 0.63 0.37 0.27 0 494 

Cs2MW 2.42 1.26 73.6 2.40 0.70 0.60 0.40 0.33 4 478 

Cs3MW 3.62 1.32 76.8 2.52 0.69 0.59 0.41 0.39 13 467 

Cs4MW 4.83 1.39 83.3 2.47 0.70 0.59 0.41 0.43 22 463 

Cs7MW 7.25 1.54 89.7 2.62 0.72 0.65 0.35 0.50 16 454 

Cs9MW 9.66 1.70 64.0 2.65 0.75 0.58 0.42 0.58 13 453 

Table 1 

(1) ± 0.07 g/cm3 

(2) 
± 0.02 

(3) ± 0.1 

(4)
 ± 10

o
C 
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1.2 CsAlMW System 

Sample  
mol% 

Cs2O 
R 

Molar 

Mass 

(g/mol) 

ρ 

 
(1)

 

 

N4  

(2)
 

 

 

Danburite 

Fraction  

(2) 

 

 

Reedmergnerite  

Fraction  

 (2) 

 

NMR 

Q
3  

(3) 

 

 

Raman 

Q
3  

(3) 

 

 

Mass 

Loss 

(±5%) 

 

 

Tg 

(4) 

Cs0AlMW 0.00 1.07 64.5 2.38 0.66 0.66 0.34 0.25 0.30 5 499 

Cs2AlMW 2.42 1.20 70.9 2.43 0.67 0.68 0.32 0.29 0.37 12 491 

Cs3AlMW 3.62 1.27 74.0 2.47 0.68 0.68 0.32 0.3 0.32 20 489 

Cs4AlMW 4.83 1.35 77.2 2.53 0.68 0.71 0.29 0.31 0.37 19 487 

Cs7AlMW 7.25 1.49 83.5 2.66 0.68 0.74 0.26 0.47 0.38 34 477 

Cs9AlMW 9.66 1.65 89.8 2.61 0.70 0.63 0.37 0.43 0.49 27 472 

Table 2 

 (1) ± 0.07 g/cm3 

(2) ± 0.02 

(3) 
± 0.1 

(4) ± 10oC 

 

1.3 CsLaMW System 

Sample  
mol% 

Cs2O 
R 

Molar 

Mass 

(g/mol) 

ρ  

(1)
 

 

N4 

(2)
 

 

 

Danburite 

Fraction  

(2) 

 

 

Reedmergnerite  

Fraction  

 (2) 

 

NMR 

Q
3  

(3) 

 

 

Raman 

Q
3  

(3) 

 

 

Mass 

Loss 

(±5%) 

 

 

Tg 

(4) 

Cs0LaMW 0.00 1.03 68.6 2.43 0.64 0.67 0.33 0.24 0.20 12 512 

Cs2LaMW 2.42 1.17 74.8 2.40 0.66 0.67 0.33 0.37 0.29 19 503 

Cs3LaMW 3.62 1.24 77.9 2.35 0.66 0.68 0.32 0.41 0.37 21 499 

Cs4LaMW 4.83 1.31 81.0 2.45 0.67 0.66 0.34 0.45 0.34 21 496 

Cs7LaMW 7.25 1.46 87.2 2.57 0.65 0.74 0.26 0.55 0.49 26 484 

Cs9LaMW 9.66 1.62 93.4 2.68 0.65 0.74 0.26 0.51 0.57 33 476 

Table 3 
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1.4 CsMgMW System 

Sample  

Name 

mol% 

Cs2O 
R 

Molar 

Mass 

(g/mol) 

ρ 

(1)
 

 

N4 

(2)
 

 

 

Danburite 

Fraction 

(2) 

 

 

Reedmergnerite  

Fraction  

 (2) 

 

NMR 

Q
3 

(3) 

 

 

Raman 

Q
3 

(3) 

 

 

Mass 

Loss 

(±5%) 

 

 

Tg 

(4)
 

Cs0MgMW 0.00 1.26 64.7 2.46 0.61 0.64 0.36 0.40 0.32 5 499 

Cs2MgMW 2.42 1.40 71.0 2.49 0.62 0.63 0.37 0.50 0.43 9 486 

Cs3MgMW 3.62 1.47 74.2 2.53 0.65 0.57 0.43 0.53 0.43 7 489 

Cs4MgMW 4.83 1.54 77.3 2.57 0.65 0.59 0.41 0.59 0.52 12 487 

Cs7MgMW 7.25 1.69 83.6 2.75 0.63 0.58 0.42 0.63 0.47 18 475 

Cs9MgMW 9.66 1.85 89.9 2.66 0.68 0.56 0.44 0.54 0.58 11 474 

Table 4 

(1) ± 0.07 g/cm3 

(2) ± 0.02 

(3) 
± 0.1 

(4) ± 10oC 

 

1.5 CsMg’MW System 

Sample 

Name 

mol% 

Cs2O 
R 

Molar 

Mass 

(g/mol) 

ρ 

(1)
 

 

N4 

(2)
 

 

 

Danburite 

Fraction 

(2) 

 

 

 

Reedmergnerite  

Fraction  

 (2) 

 

 

NMR 

Q
3 

(3) 

 

 

 

Raman 

Q
3 

(3) 

 

 

Mass 

Loss 

(±5%) 

 

 

Tg 

(4)
 

Cs0Mg’MW 0.00 1.73 70.7 2.34 0.50 0.67 0.33 0.86 0.81 1 501 

Cs2Mg’MW 2.42 1.88 76.9 2.45 0.49 0.68 0.32 0.67 0.84 4 491 

Cs7Mg’MW 7.25 2.20 89.2 2.79 0.48 0.48 0.52 0.69 0.72 12 466 

Table 5 

(1) ± 0.07 g/cm
3 

(2) ± 0.02 

(3) 
± 0.1 

(4) ± 10oC 
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1.6 Reedmergnerite and Danburite Glasses 

Note: The ratio of alkali oxide to boron oxide (R) for all reedmergnerite and 

danburite glasses is 1.0. 

Sample Name 

mol% 

Cs2O 

Or 

Na2O 

K 

Molar 

Mass 

(g/mol) 

ρ 

(1) 

N4 

(2) 

 

 

NMR 

Q3 

(3) 

 

Mass 

Loss 

(±5%) 

Reedmergnerite 

(Sodium) 
12.5 6.0 71.75 2.09 0.69 0.39 1 

Reedmergnerite 

(Caesium) 
12.5 6.0 94.53 2.69 0.66 0.39 4 

Danburite  

(Sodium) 
25.0 2.0 69.38 2.24 0.61 0.10 12 

Danburite 

(Caesium) 
25.0 6.0 129.25 2.83 0.66 0.10 12 

Table 6 

(1) ± 0.07 g/cm
3 

(2) ± 0.02 

(3) 
± 0.1 

(4) 
± 10

o
C 
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Appendix C 

 

Borosilicate Glass Compositional Details 

 

Note: All glasses have a silicon oxide to boron oxide ratio (K) of 3.22. 

 

Name 
mol% 

SiO2 

mol% 

B2O3 

mol% 

Na2O 

mol% 

Li2O 

mol% 

Al2O3 

mol% 

Cs2O 

mol% 

Fe2O3 

R 

 

Cs0ALMW 60.03 18.39 10.43 10.19 0.95 0.00 0.1 1.07 

Cs2ALMW 58.58 17.95 10.18 9.95 0.93 2.42 0.1 1.20 

Cs3ALMW 57.86 17.73 10.05 9.82 0.92 3.62 0.1 1.27 

Cs4ALMW 57.13 17.59 9.93 9.70 0.90 4.83 0.1 1.35 

Cs7ALMW 55.68 17.06 9.67 9.45 0.88 7.25 0.1 1.49 

Cs9ALMW 54.24 16.62 9.42 9.21 0.86 9.66 0.1 1.65 

Table 1 

Name 
mol% 

SiO2 

mol% 

B2O3 

mol% 

Na2O 

mol% 

Li2O 

mol% 

La2O3 

mol% 

Cs2O 

mol% 

Fe2O3 

R 

 

Cs0LaMW 59.59 18.26 10.35 10.12 1.68 0.00 0.1 1.03 

Cs2LaMW 58.15 17.82 10.10 9.87 1.64 2.42 0.1 1.17 

Cs3LaMW 57.44 17.60 9.98 9.75 1.62 3.62 0.1 1.24 

Cs4LaMW 56.71 17.38 9.85 9.63 1.60 4.83 0.1 1.31 

Cs7LaMW 55.27 16.93 9.60 9.38 1.56 7.25 0.1 1.46 

Cs9LaMW 53.84 16.49 9.35 9.14 1.52 9.66 0.1 1.62 

Table 2 
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Name 
mol% 

SiO2 

mol% 

B2O3 

mol% 

Na2O 

mol% 

Li2O 

mol% 

MgO 

mol% 

Cs2O 

mol% 

Fe2O3 

R 

 

Cs0MgMW 59.06 18.10 10.26 10.03 2.55 0.00 0.1 1.26 

Cs2MgMW 57.64 17.66 10.01 9.79 2.49 2.42 0.1 1.40 

Cs3MgMW 56.93 17.44 9.89 9.67 2.46 3.62 0.1 1.47 

Cs4MgMW 56.21 17.22 9.77 9.54 2.43 4.83 0.1 1.54 

Cs7MgMW 54.78 16.78 9.52 9.30 2.37 7.25 0.1 1.69 

Cs9MgMW 53.36 16.35 9.27 9.06 2.30 9.66 0.1 1.85 

Table 3 

Name 
mol% 

SiO2 

mol% 

B2O3 

mol% 

Na2O 

mol% 

Li2O 

mol% 

MgO 

mol% 

Cs2O 

mol% 

Fe2O3 

R 

 

Cs0Mg’MW 54.43 16.68 9.46 9.24 10.20 0 0.1 1.73 

Cs2Mg’MW 53.11 16.27 9.23 9.02 9.95 2.42 0.1 1.88 

Cs7Mg’MW 50.48 15.47 8.77 8.57 9.46 7.25 0.1 2.20 

Table 4 

Name 
mol% 

SiO2 

mol% 

B2O3 

mol% 

Na2O 

mol% 

Li2O 

mol% 

Cs2O 

mol% 

Fe2O3 
R 

Cs11MW 53.94 16.53 9.37 9.15 11.00 0.1 1.79 

Cs13MW 52.73 16.16 9.16 8.95 13.00 0.1 1.93 

Table 5 
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Appendix D 

11B MAS NMR Fits 

 

 

 

25 20 15 10 5 0 -5 -10 -15
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 Experimental data

 Fit

 BO
4
 - 0B:4Si

 BO
4
 - 1B:3Si

 BO
3
 - asymmetrical

 BO
3
 - symmetrical

 

Figure 1 Cs0AlMW 
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Figure 2 Cs2AlMW 
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25 20 15 10 5 0 -5 -10 -15
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 Fit
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4
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 BO
3
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 BO
3
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Figure 3 Cs3AlMW 
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Figure 4 Cs4AlMW 
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Figure 5 Cs7AlMW 
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Figure 6 Cs9AlMW 
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Figure 7 Cs0LaMW  
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25 20 15 10 5 0 -5 -10 -15
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Figure 8 Cs2LaMW 
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Figure 12 Cs9LaMW 

 

25 20 15 10 5 0 -5 -10 -15

Chemical Shift (ppm)

 Experimental data

 Fit

 BO
4
 - 0B:4Si

 BO
4
 - 1B:3Si

 BO
3
 - asymmetrical

 BO
3
 - symmetrical

 

Figure 13 Cs0MgMW  



Appendix D 

 D-6 

25 20 15 10 5 0 -5 -10 -15

Chemical Shift (ppm)

 Experimental data

 Fit

 BO
4
 - 0B:4Si

 BO
4
 - 1B:3Si

 BO
3 
- asymmetrical

 BO
3
 - symmetrical

 

Figure 14 Cs2MgMW 

25 20 15 10 5 0 -5 -10 -15

Chemical Shift (ppm)

 Experimental data

 Fit

 BO
4
 - 0B:4Si

 BO
4
 - 1B:3Si

 BO
3
 - asymmetrical

 BO
3
 - symmetrical

 

Figure 15 Cs3MgMW 

 

25 20 15 10 5 0 -5 -10 -15

 Experimental data

 Fit

 BO
4
 - 0B:4Si

 BO
4
 - 1B:3Si

 BO
3
 - asymmetrical

 BO
3
 - symmetrical

Chemical Shift (ppm)
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