
A Thesis Submitted for the Degree of PhD at the University of Warwick

Permanent WRAP URL: 
http://wrap.warwick.ac.uk/152556 

Copyright and reuse:
This thesis is made available online and is protected by original copyright.
Please scroll down to view the document itself.
Please refer to the repository record for this item for information to help you to cite it. 
Our policy information is available from the repository home page.

For more information, please contact the WRAP Team at: wrap@warwick.ac.uk

warwick.ac.uk/lib-publications



 

 

i 

 

 
Long-Term Fuel Solutions: a Solid State NMR 

Investigation of Borosilicate Glasses and the 

Development of ZSM-22 Coatings 
 

By 
 

Kristian Edward Barnsley 
 

 

Thesis 
 

Submitted to the University of Warwick 

for the degree of 
 

Doctor of Philosophy 

 

Department of Physics 
 

September 2020 

 



 

 

ii 

 

Contents 

List of Tables ........................................................................................................................... vii 

List of Figures......................................................................................................................... viii 

Abbreviations ......................................................................................................................... xiv 

Acknowledgements ................................................................................................................ xvi 

Declarations .......................................................................................................................... xviii 

Abstract................................................................................................................................... xix 

Chapter 1: Introduction.............................................................................................................. 1 

1.1 Introduction ................................................................................................................. 1 

1.2 Introduction to Solid State NMR ................................................................................ 6 

1.2.1 Brief History of Nuclear Magnetic Resonance ................................................... 6 

1.2.2 Spin and Angular Momentum ............................................................................. 8 

1.2.3 The Zeeman Interaction ....................................................................................... 9 

1.2.4 Rotation and selection of coordination frames .................................................. 10 

1.2.5 Perturbations to the Zeeman Interaction............................................................ 12 

1.2.6 The Chemical Shielding Interaction .................................................................. 13 

1.2.7 The Dipolar Interaction ..................................................................................... 15 

1.2.8 The Quadrupolar Interaction ............................................................................. 17 

1.2.9 The Paramagnetic Interaction ............................................................................ 21 

1.2.10 Magic Angle Spinning ....................................................................................... 21 

1.2.11 Effects of MAS on the Quadrupolar Interaction ............................................... 23 

1.3 Introduction to Zeolites as MTH Catalysts ............................................................... 25 

1.3.1 Zeolites .............................................................................................................. 25 



 

 

iii 

 

1.3.2 The Methanol to Hydrocarbon (MTH) Reaction............................................... 28 

1.3.3 MTH Reaction Mechanisms .............................................................................. 32 

1.3.4 ZSM-5 and ZSM-22 as MTH Catalysts ............................................................ 36 

Chapter 2: Experimental Methods ........................................................................................... 38 

2.1 From Theory to Measurements ................................................................................. 38 

2.2 Net Magnetisation ..................................................................................................... 38 

2.3 Radio Frequency Pulse Excitation ............................................................................ 40 

2.4 Relaxation ................................................................................................................. 43 

2.5 Acquisition of the Free Induction Decay in a Single Pulse Experiment .................. 44 

2.6 The Hahn Echo Experiment ...................................................................................... 45 

2.7 The Multiple Quantum MAS (MQMAS) Experiment ............................................. 46 

2.8 The Double Orientation Rotation (DOR) Experiment .............................................. 48 

2.9 Powder X-ray Diffraction ......................................................................................... 50 

Chapter 3:Solid State 11B MAS and DOR NMR investigation of Binary Borosilicate and SiO2 

– B2O3 – Na2O glass structures. .............................................................................................. 53 

3.1 Introduction ............................................................................................................... 53 

3.2 Samples and Experimental Details ........................................................................... 58 

3.3 Results ....................................................................................................................... 61 

3.3.1 1D MAS NMR .................................................................................................. 61 

3.3.2 MQMAS NMR .................................................................................................. 67 

3.3.3 DOR NMR......................................................................................................... 69 

3.4 Conclusions ............................................................................................................... 75 



 

 

iv 

 

Chapter 4:Solid State NMR Investigation of the Effects of Insertion of Rare Earth Elements 

into Borosilicate Glasses for use in Immobilisation of High Level Nuclear Waste ................ 76 

4.1 Borosilicate Glasses as a High Level Nuclear Waste Form ..................................... 76 

4.2 Outlook of Study ....................................................................................................... 79 

4.3 Samples and Experimental Techniques .................................................................... 80 

4.3.1 Glass Compositions ........................................................................................... 80 

4.3.2 NMR Experimental Techniques ........................................................................ 80 

4.4 Results ....................................................................................................................... 82 

4.4.1 Nd Series 11B and 29Si MAS NMR.................................................................... 82 

4.4.2 11B NMR of La Series ....................................................................................... 83 

4.4.3 29Si NMR of La Series ....................................................................................... 89 

4.4.4 23Na NMR of La Series ..................................................................................... 92 

4.4.5 11B NMR of Lu Series ....................................................................................... 93 

4.4.6 23Na and 29Si NMR of Lu Series ....................................................................... 95 

4.4.7 11B and 95Mo NMR of Molybdenum Containing Glasses ................................. 96 

4.4.8 A Further Look at Ionic Radius ......................................................................... 99 

4.4.9 Short-Term Chemical Stability Testing........................................................... 100 

4.5 Conclusions ............................................................................................................. 104 

Chapter 5: Hydrothermal Synthesis of ZSM-22 Coatings onto a Titanium Substrate

 ............................................................................................................................................... 106 

5.1 Introduction and Motivation ................................................................................... 106 

5.1.1 Introduction ..................................................................................................... 106 

5.1.2 Why Synthesise ZSM-22 Coatings? ................................................................ 106 



 

 

v 

 

5.1.3 Related Zeolites as Coatings ........................................................................... 107 

5.1.4 Challenges Related to ZSM-22 ....................................................................... 108 

5.1.5 Synthesis Objectives ........................................................................................ 109 

5.2 Experimental Techniques ....................................................................................... 110 

5.2.1 X-ray Diffraction ............................................................................................. 110 

5.2.2 Viscosity Measurements .................................................................................. 110 

5.2.3 Autoclave Rotation .......................................................................................... 110 

5.3 Hydrothermal Synthesis of ZSM-22 ....................................................................... 111 

5.3.1 Synthesis Mixture ............................................................................................ 111 

5.3.2 Mixing Methodology during Synthesis ........................................................... 114 

5.3.3 ZSM-22 Synthesis ........................................................................................... 114 

5.4 Synthesis of ZSM-22 Coatings ............................................................................... 118 

5.4.1 Additional Coating Synthesis Considerations ................................................. 118 

5.4.2 Coating Synthesis on a Titanium Substrate ..................................................... 119 

5.4.3 Supported Substrate Synthesis ........................................................................ 122 

5.4.4 Optimal Rotational Rate .................................................................................. 123 

5.5 Conclusions ............................................................................................................. 128 

Chapter 6: Study of the Rotational Regimes of a Near-Cylindrical Solid within a Rotating 

Cylindrical Vessel Containing Liquid and Gaseous Phases .................................................. 129 

6.1 Scope ....................................................................................................................... 129 

6.2 Introduction ............................................................................................................. 129 

6.3 Experimental ........................................................................................................... 131 



 

 

vi 

 

6.3.1 Apparatus for observing solid motion ............................................................. 131 

6.3.2 Physical domain and coordinate system .......................................................... 133 

6.3.3 Data processing ............................................................................................... 134 

6.4 Results ..................................................................................................................... 135 

6.4.1 Gas-solid system .............................................................................................. 135 

6.4.2 Gas-liquid-solid system ................................................................................... 140 

6.4.3 Rotational Regime as a Function of Viscosity and Rotational Rate ............... 144 

6.5 Conclusions ............................................................................................................. 148 

Chapter 7: Conclusions and FurtherWork ............................................................................. 149 

7.1 Conclusions ............................................................................................................. 149 

7.2 Further Work........................................................................................................... 150 

Appendix ............................................................................................................................... 153 

Bibliography .......................................................................................................................... 155 

 

 

  



 

 

vii 

 

List of Tables 
Table 3-1: Molar compositions of the two sets of samples studied. Values from ICP of batch 

production accurate to 10%. .................................................................................................... 59 

Table 3-2 : Fitting parameters used in QUADFIT simulations of the multi-field MAS NMR 

study. δiso is given in ppm with an approximate error of ± 0.2 ppm. CQ is given in MHz with 

an approximate error of ±0.05 MHz. I % is the relative integrated intensity of each line. A best 

estimate is also given for each site that combines the data from all three fields, highlighted in 

bold. ......................................................................................................................................... 64 

Table 3-3: Extracted δiso and CQ values from the multi-field DOR study. δiso is given in ppm 

with an approximate error of ± 0.2 ppm. CQ is given in MHz with an approximate error of ±0.05 

MHz. CQ of 0 is assigned to lines with positive gradient. The δiso and CQ values from the multi-

field MAS study, taken from Table 3-2, are also included for comparison. ........................... 72 

Table 4-1: Batch and ICP breakdown of La, Lu and Nd sample series. For the Nd series, Ln 

represents La. All values are in mol%. .................................................................................... 81 

Table 4-2: Average values of NMR parameters used in simulations of the 11B MAS NMR of 

the La and Lu series. ................................................................................................................ 86 

Table 5-1: Composition of sol-gel used in ZSM-22 synthesis .............................................. 113 

Table 6-1: Viscosities and densities of the glycerol dilutions used in this study. Diluted using 

deionised water. Values for a temperature of 25 °C. ............................................................. 133 

 

  



 

 

viii 

 

List of Figures 

Figure 1-1: Zeeman splitting of energy levels with the introduction a B0 field for an I = 3/2 

nucleus ..................................................................................................................................... 10 

Figure 1-2: Euler angles defined for the 3 rotations required for a change in coordination frame

 ................................................................................................................................................. 11 

Figure 1-3: Two magnetic moments interacting through space via the dipole interaction. .... 16 

Figure 1-4: Changes in the powder pattern produced by the second order quadrupolar 

interaction of a I = 3/2 nuclei for (a) varying CQ with η=0 and (b) varying η with CQ=2 MHz. 

Simulated using QUADFIT [27]. ............................................................................................ 20 

Figure 1-5: Rotor undergoing MAS at a 54.74° angle from the external field ....................... 22 

Figure 1-6: Changes in the powder pattern produced by the second order quadrupolar 

interaction under MAS of a I = 3/2 nuclei for (a) varying CQ with η=0 and (b) varying η with 

CQ=4 MHz. Simulated using QUADFIT [27]. ........................................................................ 24 

Figure 1-7: 3D rendering of zeolite frameworks (a) TON and (b) CHA. ............................... 26 

Figure 1-8: SEM of ZSM-22 crystals carried out with an EHT of 10 kV and a magnification 

factor of 17000. ....................................................................................................................... 27 

Figure 1-9: Two step fixed bed reactor schematic for the MTG process, taken from a textbook 

published by Bibby, Chang, Yurchak and Howe [60]............................................................. 30 

Figure 1-10: Deactivation of a catalyst during MTH reactions, showing the effects of coke 

formation, coke oxidisation and structural damage on the methanol conversion rate over time.

 ................................................................................................................................................. 34 

Figure 2-1: Magnetic moment μ precessing around an external field Bz ................................ 38 

Figure 2-2: The formation of net magnetisation under an external Bz field ............................ 39 

Figure 2-3: Diagrams showing (a) net magnetisation of M initially aligned with the B0 field, 

(b) the B1 field arising from a RF pulse of duration τRF along the x axis cause the net 

magnetisation to rotate around the x axis and (c) the net magnetisation then precessing around 

the external B0 field through the x-y plane for time t. ............................................................. 41 

Figure 2-4: The Fourier transform of a rectangular RF pulse of length τRF and frequency ωrf 

from time to frequency space. ................................................................................................. 42 

Figure 2-5: Single pulse NMR experiment with a recycle delay of d0, a π/2 pulse length of τRF 

and an acquisition time of tRF. ................................................................................................. 44 

Figure 2-6: Hahn Echo π/2 - π pulse sequence with pulse delay of τ and a recycle delay of d0. 

Relative phase of pulses represented with x and y. ................................................................. 45 



 

 

ix 

 

Figure 2-7: Pulse sequence and coherence pathway for a MQMAS experiment exciting the 

triple quantum coherence in an I=3/2 nuclei. .......................................................................... 47 

Figure 2-8: Schematic of the inner and outer rotors used to provide two angles of rotation during 

DOR NMR experiments. ......................................................................................................... 50 

Figure 1-5: Bragg scattering of an x-ray beam off atoms in two adjacent lattice planes leading 

to constructive interference. .................................................................................................... 52 

Figure 3-1: Structures of the BO3(ring), BO3(non-ring), BO4(1B,3Si) and BO4(0B,4Si) sites 

respectively .............................................................................................................................. 58 

Figure 3-2: Multi-field 11B MAS NMR of BS5 and B6S4 carried out at 14.1, 7.0 and 2.3 T. A 

selective π/6 pulse of 1.125 μs was used for the 14.1 and 7.0 T data, the 2.3 T used 3 and 6 μs 

π/2 and π pulses in a Hahn-echo. All experiments used a 5 s recycled delay and the 14.1, 7.0 

and 2.3 T experiments used 32, 64 and 100000 co-added transients respectively. Simulations 

done using QUADFIT, plotted both as a deconvolution and total line shape. ........................ 62 

Figure 3-3: Multi-field 11B MAS NMR of SBN12, SBN35 and SBN55 carried out at 14.1, 7.0 

and 2.3 T. A selective π/6 pulse of 1.125 μs was used for the 14.1 and 7.0 T data, the 2.3 T 

used 3 and 6 μs π/2 and π pulses in a Hahn-echo. All experiments used a 5 s recycled delay and 

the 14.1, 7.0 and 2.3 T experiments used 32, 64 and 170000 co-added transients respectively. 

Simulations done using QUADFIT, plotted both as a deconvolution and total line shape. .... 65 

Figure 3-4: 11B MQMAS spectra of samples BS5 and B6S4 acquired at 14.1, 7.0 and 2.3 T. All 

collected at 12 kHz MAS, used 150 time delay increments and a recycle delay of 5 s. 14.1 T 

experiments used a 4.5 μs excitation pulse, a 1.5 μs conversion pulse and a 6 μs selective pulse 

at for 192 co-added transients. 7.0 T experiments used a 4.9 μs excitation pulse, a 1.1 μs 

conversion pulse and a 15 μs selective pulse at for 288 co-added transients. 2.3 T experiments 

used a 2.5 μs excitation pulse, a 0.8 μs conversion pulse and a 12 μs selective pulse at for 480 

co-added transients. ................................................................................................................. 68 

Figure 3-5: 11B MQMAS spectra of samples SBN12, SBN35 and SBN55 acquired at 14.1 and 

7.0 T. All collected at 12 kHz MAS, used 150 time delay increments and a recycle delay of 5 

s. 14.1 T experiments used a 4.5 μs excitation pulse, a 1.5 μs conversion pulse and a 6 μs 

selective pulse at for 192 co-added transients. 7.0 T experiments used a 4.9 μs excitation pulse, 

a 1.1 μs conversion pulse and a 15 μs selective pulse at for 288 co-added transients. Acquired 

by Dr Samuel Page. ................................................................................................................. 69 

Figure 3-6: Multi-field 11B DOR NMR of B6S4 carried out at 14.1, 11.7 and 9.4 T with an 

outer-rotor speed of 1.4 kHz and maintaining a 5:1 inner to outer rotor speed ratio. A rotor 



 

 

x 

 

synchronised two pulse DOR sequence was used with two 1.25 μs π/6 excitation pulses for 64 

co-added transients at a recycle delay of 5 s. .......................................................................... 71 

Figure 3-7: Multi-field 11B DOR NMR of the SBN glasses carried out at 14.1, 11.7 and 9.4 T 

with an outer-rotor speed range of 1.4-1.9 kHz, maintaining a 5:1 inner to outer rotor speed 

ratio. A rotor synchronised two pulse DOR sequence was used with two 1.25 μs π/6 excitation 

pulses for 64 co-added transients at a recycle delay of 5 s. ..................................................... 73 

Figure 4-1 : (a) 11B MAS NMR of the Nd series of samples acquired at 11.7 T with a Larmor 

frequency of 160.45 MHz within a 4 mm Varian rotor spun at 12 kHz MAS. A selective π/6 

pulse of 1 μs was used at a recycle delay of 5 s for 64 co-added transients. (b) 29Si MAS NMR 

of Nd series of samples acquired at 7.1 T with a Larmor frequency of 59.63 MHz within a 7 

mm Bruker rotor spun at 5 kHz MAS. A π/2 pulse of 1 μs was used at a recycle delay of 240 s 

for 800 co-added transients. ‘*’ denotes spinning side bands. ................................................ 83 

Figure 4-2 : 11B MQMAS of sample La4.6 acquired at 14.1 T with a Larmor frequency of 

192.30 MHz. Collected using a 4 mm Varian rotor spun at 12 kHz MAS. Using a 6 μs excitation 

pulse, a 2 μs conversion pulse and a 15 μs selective pulse at a recycle delay of 4.5 s for 384 co-

added transients and 100 time delay increments. BO4 and BO3 regions highlighted in blue and 

red respectively. ....................................................................................................................... 85 

Figure 4-3 : 11B MAS NMR of the La series of samples acquired at 14.1 T and 11.7 T with 

Larmor frequencies of 192.30 MHz and 160.45 MHz respectively. Collected using a 4 mm 

Varian rotor spun at 12 kHz MAS. A selective π/6 pulse of 1 μs was used at a recycle delay of 

5 s for 64 co-added transients. Simulations done using QUADFIT. Also presented are the trends 

in Integrated Intensity, CQ and chemical shift of the peaks as La content varies. .................. 87 

Figure 4-4 : 29Si MAS NMR of the (a) La and (b) Lu series of samples acquired at 7.1 T 

corresponding to a Larmor frequency of 59.63 MHz. A 7 mm Bruker probe was used spinning 

at 5 kHz MAS. A π/2 pulse of 1 μs was used at a recycle delay of 240 s for 600 co-added 

transients. Shown below are the trends of the (c) chemical shifts and (d) full width at half 

maximums for each series. ...................................................................................................... 90 

Figure 4-5 : Trends in 29Si Chemical shift for the Nd and La series plotted against (a) the main 

rare-earth element (Nd and La respectively) content, and (b) against the lanthanum content of 

both series. ............................................................................................................................... 91 

Figure 4-6 : 23Na MAS NMR of Ln0, La4.6 and Lu4.6 samples acquired at 11.7 T with a 

Larmor frequency of 132.29 MHz in a 3.2 mm Bruker rotor spinning at 20 kHz MAS. A 

selective π/6 pulse of 2.8 μs was used at a recycle delay of 15 s for 400 (La0 and La4.6) and 

1000 (Lu4.6) co-added transients. ........................................................................................... 92 



 

 

xi 

 

Figure 4-7 : 11B MAS NMR of the Lu series of samples acquired at 14.1 T and 11.7 T with 

Larmor frequencies of 192.30 MHz and 160.45 MHz respectively. Collected using a 4 mm 

Varian rotor spun at 12 kHz MAS. A selective π/6 pulse of 1 μs was used at a recycle delay of 

5 s for 64 co-added transients. Simulations done using QUADFIT. Also presented are the trends 

in Integrated Intensity, CQ and chemical shift of the peaks as La content varies. .................. 94 

Figure 4-8 : 11B MAS NMR of the La series with (black) and without (red) 1.6Mo inserted 

acquired at 11.7 T with a Larmor frequency of 160.45 MHz. Collected using a 4 mm Varian 

rotor spun at 12 kHz MAS. A selective π/6 pulse of 1 μs was used at a recycle delay of 5 s for 

64 co-added transients. ............................................................................................................ 97 

Figure 4-9 : 95Mo MAS NMR of the molybdenum enriched La samples acquired at 14.1 T with 

a Larmor frequency of 39.07 MHz inside a 3.2 mm Bruker rotor undergoing 15 kHz MAS. A 

spin echo sequence was used with a 3.5 μs π/2 pulse along with a DFS signal enhancement 

sequence. 33000 co-added transients were used with a recycle delay of 2 s. ......................... 98 

Figure 4-10  11B MAS NMR (a) of the La, Y, Lu and Sc glass samples from Washington State 

University carried out at 11.7 T corresponding to a Larmor frequency of 160.45 MHz. 

Collected using a 4 mm Varian rotor spun at 12 kHz MAS. A selective π/6 pulse of 1 μs was 

used at a recycle delay of 5 s for 64 co-added transients. Plot (b) shows the relative % of BO4 

speciation compared with the ionic radius of the lanthanide present, with the results of the 

Washington samples in black labelled WSU and the values obtained for the La4.6 and Lu4.6 

glasses in there earlier study shown in red ............................................................................ 100 

Figure 4-11: La and Lu series of glasses dissolution results showing the normalized mass loss 

of elements. The La series results are shown in plots: (a) B, (b) Na and (c) Si. The Lu series 

results are shown in plots: (d) B, (e) Na and (f) Si. Collected by Dr Prashant Rajbhandari . 101 

Figure 4-12: pH level of the dissolution solution over the 35 day period for the La (a) and Lu 

(b) glass series. Each plot also shows the messured pH of a blank dissolution chamber. 

Collected by Dr Prashant Rajbhandari .................................................................................. 103 

Figure 5-1: Schematic of autoclave rotation apparatus containing two autoclaves situated 

within an oven. ...................................................................................................................... 111 

Figure 5-2: Photograph of autoclave rotation apparatus containing two autoclaves situated 

within oven. Fan was used to prevent motor overheating. .................................................... 111 

Figure 5-3 Structure directing agent 1,8-Diaminooctane ...................................................... 112 

Figure 5-4: XRD of a zeolite sample produced by magnetic stirring of sol-gel at 200 RPM 

during synthesis. Also included are the simulated locations of diffraction peaks for ZSM-22, 

ZSM-5 and cristoballite. Acquired over 1 hour..................................................................... 115 



 

 

xii 

 

Figure 5-5: XRD of ZSM-22 samples produced with an autoclave rotational speed of 100 RPM. 

In (a) the autoclave received no prior treatment, in (b) the autoclave was preheated to 160 °C 

before the sol-gel was added. Simulated diffraction patterns for ZSM-22 are shown in red for 

both plots. In plot (a) peaks are labelled with their corresponding [h,l,k] planes where possible 

to do so. ZSM-5 impurities are marked with *. Acquired over 1 hour. ................................ 116 

Figure 5-6: XRD of ZSM-22 coatings on a titanium substrate obtained in an autoclave rotating 

at 100 RPM. (a) Full spectrum of coating formed on a 10 mm×10 mm plate, (b) zoomed in 

version of the previous spectrum (c) zoomed in spectrum of the coating formed on the 15 

mm×15 mm plate and (d) zoomed in spectrum of the coating formed on the supported 50 

mm×10 mm plate. Large peaks between 35° and 40° are from the substrate. Each spectra was 

acquired over 18 hours. The powders produced in all synthesises were also analysed and found 

to be >95% pure ZSM-22. ..................................................................................................... 121 

Figure 5-7: PEEK housings designed for titanium plates. Housing holds (a) the 55 mm x 10 

mm substrate plates parallel or (b) or orthogonal to the centre axis of the housing.............. 122 

Figure 5-8: Schematic of the rolling housing located within the liquid at the bottom of the 

autoclave during clockwise rotation. ..................................................................................... 122 

Figure 5-9: Viscosity of the ZSM-22 solution measured as a function of shear rate and 

temperature using a Rheometer. ............................................................................................ 125 

Figure 5-10: XRD spectra of ZSM-22 coatings on titanium substrate plates attached to an 

orthogonal housing in an autoclave rotating at (a) 60, (b) 80, and (c) 100 RPM. Reference ZSM-

22 pattern is shown in red. ZSM-5 and cristobalite impurities marked with * and † respectively. 

Each spectra was acquired over 3 hours. The powders produced in all synthesises were also 

analysed and found to be above 95 wt.% ZSM-22. ............................................................... 127 

Figure 6-1: Vectors of the gravitational and centrifugal forces acting during motion .......... 129 

Figure 6-2: Schematic of the apparatus used for observing the rotational regimes. ............. 132 

Figure 6-3: Relevant measured distances of the system and the observed ring of pixels. .... 132 

Figure 6-4: Coordinate systems for the (a) gravitational and (b) centrifugal regimes along with 

a breakdown of the relevant forces and their components along the tangential axis ............ 134 

Figure 6-5: Experimentally observed solid position within the gravitation regime at 33, 60 and 

80 RPM. ................................................................................................................................. 139 

Figure 6-6: Experimentally observed support position within the centrifugal regime at 120, 175 

and 250 RPM. ........................................................................................................................ 139 

Figure 6-7: Experimentally observed support position within the gravitation regime for the 

‘dry’ and ‘wet’ systems at a rotational rate of 80 RPM. The liquid phase in the ‘wet’ system 



 

 

xiii 

 

had viscosity of 0.24 Nsm-2. Data acquired at 90 FPS and averaged over 5 complete rotations. 

Frames at ϕa  = ± π/2 included for comparison between the wet and dry systems, red circle 

shows dry solid location imposed onto the wet system. ........................................................ 141 

Figure 6-8: Experimentally observed support position within the centrifugal regime for the 

‘dry’ and ‘wet’ systems at a rotational rate of 120 RPM. The liquid phase in the ‘wet’ system 

had viscosity of 0.24 Nsm-2. Data acquired at 90 FPS and averaged over 5 complete rotations. 

Frames at ϕa  = ± π/2 included for comparison between the wet and dry systems, red circle 

shows dry solid location imposed onto the wet system. ........................................................ 141 

Figure 6-9: Both liquid and the solid are in the centrifugal regime. ..................................... 144 

Figure 6-10: Liquid in the gravitational regime while solid in the centrifugal regime ......... 144 

Figure 6-11: Experimentally observed rotational regime spin rate boundaries for a range of 

viscosities .............................................................................................................................. 145 

Figure 6-12: The different manners in which regime change was observed to occur, showing 

the unstable case and the presence of hysteresis as a function of rotation rate. .................... 146 

Figure 6-13: Re-Ga regime boundaries ................................................................................. 147 

Figure 6-14: Fr-Re regime boundaries .................................................................................. 147 

 

  



 

 

xiv 

 

Abbreviations  

DOR    Double Orientation Rotation 

EFG   Electric Field Gradient 

EHT   Electron High Tension 

EXAFS  Extended X-ray Absorption Fine Structure 

FID   Free Induction Decay 

FWHM  Full-Width at Half-Maximum 

HLW   High Level Waste 

ICP   Inductively Coupled Plasma  

ICP-ES  Inductively Coupled Plasma Emission Spectrometer 

ILW   Intermediate Level Waste 

iso    isotropic 

LLW   Low Level Waste 

MAS    Magic Angle Spinning 

MQ   Multiple Quantum 

MQMAS   Multiple Quantum Magic Angle Spinning 

MTG   Methanol to Gasoline 

MTH   Methanol to Hydrocarbons 

MTO   Methanol to Olefins 

NMR    Nuclear Magnetic Resonance 

PAS    Principal Axis System 

PEEK    polyether ether ketone 

ppm    Parts per million 

PTFE   Polytetrafluoroethylene 

REE   Rare Earth Element 



 

 

xv 

 

RF    Radio Frequency 

RPM   Revolutions per minute 

SDA   Structure Directing Agent  

SEM    Scanning Electron Microscopy 

SQ   Single Quantum 

WHSV  Weight Hourly Space Velocity 

XRD    X-Ray Diffraction 

YBN   Yun, Bray and Dell 

  



 

 

xvi 

 

 

 

 

 

for Pete and Sue, 

 

 

 

Acknowledgements 

First of all I would like to thank my supervisors Prof John Hanna and Prof Evgeny Rebrov, 

without their knowledge and guidance this work would not have been possible. 

I would like to also thank all members of the Warwick Solid State NMR group for their support, 

company and input over the years. In particular, Dr Gregory Rees, Dr Samuel Page and Dr 

Andrew Howes deserve recognition. Dr Gregory Rees for his patience and knowledge in 

dealing with the daily struggle of getting new PhD students into shape, Dr Samuel Page for his 

early contributions to the borosilicate project and his later proofreading assistance and Dr 

Andrew Howes for keeping the NMR lab up and running whilst always being the friendliest 

face in Milburn house. My gratitude also goes out to Dr Thomas Hooper and Benjamin Griffith 

for their times served at the adjacent desk, their non-academic conversations played as large a 

role in maintaining my sanity as any. 

Much of the work done on zeolite synthesis would not have been possible without the guidance 

of Dr Nikolay Cherkasov, whose ability to getting things working is unparalleled. John Pillier 

also has my sincerest gratitude for his help in apparatus design and prototyping, not to mention 



 

 

xvii 

 

his work in maintaining the chemical synthesis lab. Thanks also go out to Dr Petr Denissenko 

for his insight and advice when I suddenly had to dive into a fluid mechanics problem. The 

Warwick engineering workshop team also deserved much recognition for their precision 

manufacturing abilities, enabling the production of much of the apparatus used in the final two 

chapters of this thesis. I am also very grateful for the efforts of Dr Steven Huband and Joe 

Gregory for their help accessing equipment during the COVID lockdown restrictions. 

I would also like to thank all the collaborators from other universities that I have worked with 

during my PhD, particularly Dr Prashant Rajbhandari for his production of the glasses studied 

in Chapter 4 and for the positive aura he brings wherever he goes. I am also thankful to the 

PNNL group headed by Prof John McCloy, whose financial support alongside that of the 

University has enable this PhD to happen. 

Outside of academia I would like to thank all of my friends and family for providing the 

laughter, smiles and energy that has formed the backing track to my time as a PhD student. As 

such, I must also thank Chiltern Railways for their excellent and reasonably priced London to 

Leamington train service, without which my heart would not have been able to receive the 

many top-ups it required. My gratitude can also not be overstated to Daphne, whose presence 

in my life during this time has been an unending source of happiness to me, irrespective of our 

geographical proximity.  

Finally, the largest contribution of all has come from my parents, Pete and Sue, whose support 

over the last four years has been the same unwavering and unfailing support that propped up 

my life for the twenty-three years prior. I am truly as lucky as they come. 

 

Kristian Barnsley 

  



 

 

xviii 

 

Declarations 

I hereby declare that this thesis entitled Long-Term Fuel Solutions: a Solid State NMR 

Investigation of Borosilicate Glasses and the Development of ZSM-22 Coatings is an 

original work and has not been submitted for a degree, or any other qualification, at any other 

university.  

Collaborative results are indicated in the text and a list of these contributions is given here: 

 In Chapter 3, The MQMAS data for the SBN series of samples was collected by Dr 

Samuel Page (University of Warwick) prior to the start of the author’s period of study. 

Dr Page also assisted with the acquisition of the DOR data of the SBN series whilst 

helping the author learn to use the DOR probe. 

 The glass samples studied in Chapter 4 were produced by Dr Prashant Rajbhandari 

(University of Sheffield). Dr Rajbhandari also performed the dissolution tests on the La 

and Lu series of glasses. 

 The XRD data of the variable spin rate samples presented in the final figure of Chapter 

5 was collected by Dr Steven Huband (University of Warwick). This was due to 

restricted equipment access during COVID-19 lockdown measures. 

 

  



 

 

xix 

 

Abstract 

With the global fossil fuel supply running on borrowed time, it is clear that the development of 

alternative energy solutions is of vital importance.  Clean renewable energy sources are often 

the preference when selecting alternatives, however limitations on the implementation of 

technologies such as wind and solar energy means that nuclear energy and more classical fuel-

based methods remain a key component of any solution. The work presented in this thesis 

concerns the development of two materials central to such solutions.  

The first group of materials of interest are borosilicate glasses, which can serve as a waste form 

for high-level nuclear waste. Given how long nuclear waste can remain hazardous for, effective 

and efficient waste storage is vital for nuclear power to remain a long-term solution. These 

materials were studied in two stages using solid state NMR. Firstly, a set of more 

compositionally simple glasses were studied, containing only boron, silicon and sodium oxides. 

This was done since the amorphous nature of the glasses can mean that structural insights 

gained though NMR can be limited by chemical disorder. By simplifying the glass 

composition, the disorder can be reduced, and more accurate measurement of the fundamental 

structural blocks can be achieved. This study utilised fields ranging between 2.3 and 14.1 T as 

well as MQMAS and DOR NMR to identify and characterise four key structural boron units 

present in the glasses. The DOR NMR data also indicated the presence of a fifth, previously 

unobserved unit in one of these glasses. The second stage of this study looked at a more 

complex set of glasses, closer to the composition of a waste form glass, containing eight oxides. 

Here the effects of inserting rare-earth elements (REE) into the glass was investigated using 

11B, 23Na 29Si and 95Mo NMR. A pronounced shift in the boron speciation was observed moving 

from tetrahedral to trigonal planar structures with the insertion of REE. This was explained via 

the movement of charge balancing Na+ ions away from the boron units and into the silicon 

network, grouping around the REE. The effects on boron speciation were observed to be more 
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pronounced for smaller ionic radius REE. An improvement in the glasses chemical stability 

was also observed in correlation with these changes, something that is of great importance to 

safe nuclear waste storage. 

The second group of materials of interest are zeolite catalysts for the conversion of methanol 

to hydrocarbons (MTH). This catalytic process allows the creation of gasoline and other 

valuable hydrocarbons to be produced from methanol, which in turn can easily be made from 

any biomass. This study focuses on the formation of ZSM22 coatings, a zeolite that has been 

receiving recent academic attention, to provide superior heat transfer during the MTH reaction. 

The novel synthesis of ZSM22 as a coating onto a titanium substrate was successfully achieved 

by use of a substrate housing and optimisation of autoclave rotation to provide maximum 

nutrient flow over nucleation sites. For this to be possible a separate fluid dynamics study was 

undertaken to understand the complex motion of the substrate housing within the rotating 

autoclave. This was done using an acrylic simulation apparatus and video data processing to 

establish and characterise the rotational regimes of the system. The rotational rate boundaries 

between these regimes were then established for a range of viscosities to allow these results to 

be translated to synthesis systems. This system also proved to be independently interesting 

from a fluid dynamics perspective, exhibiting the rare property of fluid hysteresis. Whilst this 

project had initially intended to then study these coatings using NMR, the full complexity of 

their production had not been foreseen and as such considerably more time would be required 

for a further structural investigation. 
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Chapter 1: Introduction 

1.1 Introduction 

The work in this thesis presents developments in the study of two material groups that play a 

central role in modern fuel solutions, borosilicate glasses and zeolite catalysts.  

Borosilicate glasses have a wide range of applications, though it is their application as a high-

level nuclear waste form that is the focus of their study in this thesis. Through a process known 

as vitrification, dangerous waste stream products from the spent fuel of nuclear power plants 

can be immobilised into the network of borosilicate glasses and glass-ceramics [1]. Due to its 

ability to provide reliable, clean, greenhouse gas free energy, nuclear power remains a key 

component of global energy solutions. Whilst this clean energy is generally welcomed, there 

is often concern over the waste produced by these plants [2]. High-level nuclear waste accounts 

for 95% of the radioactivity produced at nuclear power plants [3] and given the long half-life 

of this waste, the quantity of it that must be managed becomes vast over any sustained period 

of production. It is therefore of vital importance that this waste is handled in both a safe and 

volume efficient manner [4]. The design of these borosilicate waste forms can therefore 

contribute to effective waste management in two ways: improved chemical stability, bolstering 

the safety of the storage, and the improved concentration of key waste stream products, 

increasing the amount of waste that can be stored within a fixed volume. Although it is not 

possible to test the glasses’ stabilities over the thousands of years that would be required, 

shorter term tests can be used to predict this behaviour, allowing the comparative testing of 

new glass compositions. However, it is on the side of improving the concentration of waste 

products that the most prominent progress has been made in modern borosilicate waste forms. 

Although the process of vitrifying nuclear waste is not new, having been widely implemented 

in France, Japan, Russia, UK, and USA [1], recent developments have shown that by targeting 
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certain phases that are rich in key waste products, the waste loading rates could be doubled (up 

to ~45 %mass) [5], offering a huge improvement in volume efficiency. The improved 

efficiency and stability that this waste form offers plays a key role in allowing nuclear power 

to remain a viable long-term energy solution.  

Zeolite catalysts contribute to long-term fuel solutions at the opposite end of the process, at the 

stage of production. This is achieved by their use as a catalyst in the methanol to hydrocarbons 

(MTH) reaction, where they enable the conversion of methanol into longer chain hydrocarbons, 

such as gasoline. Since methanol can easily be produced from biomass, this allows gasoline to 

be effectively grown in fields. With the massive global demand for gasoline, at 403,000 barrels 

per day in 2018 [6], and the limited fossil fuel reserves, the value of such technology barely 

requires explanation. The industrial value of this process will of course always be linked to the 

alternative cost of acquiring these products from crude oil. So shortly after the process’ 

discovery at Mobil in the late 1970s [7], as crude oil prices soared throughout the 1980s, it 

received a great deal of  academic and industrial attention, culminating in the New Zealand 

government partnering with Mobil to build a MTG production plant capable of producing 

570,000 tonnes of gasoline a year [8]. Crude oil prices however dropped a few years later and 

the research and investment quietened down for a period. Now, with the world turning its 

attention to a post-fossil fuel future, this methodology is again returning to the spotlight. Since 

the viability of this industrial process is decided upon by its cost efficiency, designing a catalyst 

to produce an optimal product stream under easy to produce conditions is a key stage in 

development.  

In addition to their joint application to world fuel solutions, the study of these two materials in 

conjuncture also makes compositional sense. Both are inorganic silicon-based structures that 

often contain aluminium and sodium. This would allow their study using similar 

methodologies. Where the two materials differ greatly however is in their structures. Like any 
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glass, borosilicate glasses are highly amorphous in structure lacking any long-range order, even 

if some short-range order is present. Zeolites however, are highly crystalline and have ordered 

pore systems running throughout their structures.  

The investigation into borosilicate glasses was carried out using solid state NMR. Solid state 

NMR remains the most powerful tool in probing the structure of such samples, since its ability 

to distinguish short-range structural units despite the lack of long-range order sets it apart from 

many other analytical techniques. For this reason there have been a great number of NMR 

investigations into borosilicate glasses for the work presented in this thesis to build upon, many 

of which will be discussed further as the work is presented. To ensure this investigation adds 

further value to the current literature and to strengthen the confidence in any findings, the 

investigation is built from two separate studies.  

Firstly, a study was conducted on a set of more compositionally simple glasses, featuring only 

silicon and boron or silicon, boron and sodium oxides in the glass melt. By studying these 

simpler glasses, a greater degree of insight can be gained into the key structural building blocks 

of this glass type, since the degree of disorder present in the more complex glasses can often 

obscure results. The simplification of the glass systems also allowed for effective use of more 

advanced NMR experimentation than is normally feasible for the more complex systems, such 

as multiple quantum magic angle spinning (MQMAS) and double orientation rotation (DOR) 

experiments. DOR in particular is currently an underutilised tool in the literature and this study 

demonstrates its potential effectiveness. This study also provides insight into how the disorder 

of the glasses will affect the study of the more complex glasses, since the trends seen as the 

simple glasses increase in complexity will be amplified for the complex systems. An example 

of this can be seen in the reduced resolution observed in the MQMAS data as the glasses 

become more disordered. 
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The second borosilicate study was done on a more complex set of glasses, containing eight 

separate oxides within the melt, much closer to the composition used in the industrial waste 

form glasses. This study focused on the effects of key waste stream products being inserted 

into the glass, namely the lanthanides and molybdenum. Since the MQMAS and DOR 

experiments used in the prior study are unlikely to provide as clear results in these more 

disordered systems, this study instead utilises NMR experiments across a range of nuclei, 

including 11B, 23Na, 29Si and 95Mo. This multi-nuclei approach was used to draw structural 

conclusions from a variety of systematic changes observed. These structural conclusions were 

then correlated with improved performance in the chemical stability of the glasses. 

The study concerning zeolite catalysts is focused on the synthesis of a zeolite called ZSM-22 

as a coating onto a titanium substrate. This synthesis methodology presented in this work is 

novel and the synthesis of ZSM-22 as a coating has not previously be published. The desire to 

produce these coatings is driven by the thermal characteristics of the MTH reaction that the 

zeolite acts as a catalyst for. The MTH reaction is highly exothermal with a temperature 

dependant product stream, meaning that the improved temperature control offered by strong 

thermal contact with the metal substrate is highly desirable and could save costs by eliminating 

the need for other temperature control methods. Although NMR is a useful tool in the study of 

these zeolites, for the monitoring of the synthesis results to identify which zeolites have been 

formed XRD is a more powerful analytical tool in identifying the highly crystalline 

frameworks. As such XRD was used extensively to characterise the products of this synthesis 

methodology throughout development. It was the initial plan of this investigation to then 

examine these coatings further using NMR once the synthesis was well understood. However, 

the complexity of achieving this synthesis was initially underestimated, such that the study did 

not have time to reach this stage.  
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The complexity of developing this methodology arises from the high level of mixing required 

during ZSM-22 synthesis, achieved by the rotation of the autoclaves it occurs within. 

Additionally, the autoclaves are not able to be filled completely with synthesis solution for 

safety reasons. This presents a challenge of keeping the substrate within the synthesis solution 

during mixing. To achieve this, substrate housings were designed and a separate fluid dynamics 

study was undertaken to find the optimal rotational rate for synthesis. During this study the 

interesting property of fluid hysteresis was also observed. 

It is acknowledged, that since the zeolite study did not reach the stage of NMR investigation, 

the two sections of work require quite different background information to be appreciated. 

Since the borosilicate glass study is primarily focused on their study using NMR, it is the 

underlying NMR theory that is of most importance. For the zeolite study, the focus is on 

synthesising the material in a manner which benefits its performance as a catalyst in the MTH 

reaction, therefore an understanding of zeolite catalysts and the MTH reaction pathway are the 

primary background of interest. Thus, for the reader’s benefit, this introduction chapter will 

first address the fundamental theory behind NMR before moving on to discuss the details of 

zeolite catalysts and their application to the MTH reaction pathway.  

A more thorough description of the motivations and challenges of each investigation will be 

discussed at the beginning of each of the relevant chapters. 
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1.2 Introduction to Solid State NMR 

1.2.1 Brief History of Nuclear Magnetic Resonance 

Magnetic resonance effects in nuclear matter were first observed by Isidor Isaac Rabi in 1938 

[9], this was done using a molecular beam of LiCl being deflected by an inhomogeneous 

magnetic field then subsequently refocused by another field, with the strength of this field being 

varied. This work earned him the Nobel for Physics in 1944, awarded for ‘his resonance 

method for recording the magnetic properties of atomic nuclei’. 

It was not until the mid-1940s that any form of NMR experimentation was carried out on 

condensed matter, when both solid state and solution state NMR experiments were performed 

for the first time. Edward Purcell at MIT conducted the first solid state NMR experiments [10] 

and Felix Bloch at Stanford University conducted the first solution state NMR experiments 

[11], with both studies being published in 1946. Purcell and Bloch, also received a Nobel Prize 

for Physics, in 1952 they were jointly awarded the prize for ‘the development of new methods 

for nuclear magnetic precession measurements and discoveries in connection’. At this stage, 

NMR was predominantly seen as a tool for comparison between nuclei, rather than as a tool 

for the examination of same-nuclei species within a material. 

This began to change when in 1950, it was discovered that nuclei would resonate at different 

frequencies depending on the molecular compound it was part of. The initial discovery was 

made accidentally by Proctor and Yu [12], but it was Ramsey’s theory of chemical shift 

explaining these results, published shortly after [13], that really drove forward the development 

of the field. This dependence on the local molecular environment opened the door for NMR to 

be used as tool for analysis of chemical structures and the impact of this discovery cannot be 

overstated.  

Later in the 1950s, a vital development was made for the field of solid-state NMR. This came 

in the form of ‘Magic Angle Spinning’ (MAS). Prior to this, solution state NMR had always 
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had the distinct advantage of random molecular tumbling averaging out the anisotropic sources 

of broadening, resulting in much narrower resonances. The use of MAS enabled the spatial 

averaging of anisotropic effects to be introduced to solid state experiments too. This was 

achieved by the rapid rotation of the sample around an angle chosen to ensure that many 

anisotropic interactions are averaged to zero. This technique was developed independently by 

two groups within the same time period, with one headed by E. R. Andrew and one by I. J. 

Lowe [14, 15]. 

In 1971, Jean Jeener proposed the concept of a 2D NMR experiment, which was eventually 

successfully carried out by Ernst’s group in 1976 [16]. This implementation of 2D NMR 

enabled the development of many further 2D NMR experimental techniques that are widely 

used today, such as the INEPT [17], INADEQUATE [18] and MQMAS [19] pulse sequences. 

In addition to these major milestones in the development of NMR spectroscopy, equally 

important has been the incremental improvements made to the equipment used over the years. 

The higher strength, more homogeneous magnetic fields provided by superconducting cryogen 

magnets, coupled with considerably higher MAS spin rates [20] has greatly improved the 

quality of spectra obtainable for modern NMR spectroscopists.  

The core theoretical concepts required to build an understanding of NMR spectroscopy will 

now be discussed. Most of the theory presented has been collated from the many excellent 

NMR textbooks available [21-26], though other relevant works will also be cited where 

appropriate.  
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1.2.2 Spin and Angular Momentum  

The core mechanism within NMR is driven by the ‘spin’ present in elementary particles [27]. 

Spin is an intrinsic property of elementary particles, in the same manner as mass and charge. 

However, there is no simple macroscopic parallel to compare with spin to assist in its 

understanding, since spin is a pure quantum mechanical phenomenon. Simply put, elementary 

particles, such as quarks and electrons, have an intrinsic angular momentum despite the fact 

they are not undergoing rotation. 

This spin angular momentum is quantised into units of ћ and for a particle of spin I, the spin 

angular momentum I is defined by: 

 𝑰 = √𝐼(𝐼 + 1) ћ. 1-1 

Electrons and quarks have a spin quantum number of ½, and due to their respective 

combinations of quarks so do protons and neutrons. A particle of spin I will have 2I + 1 

degenerate levels, this means that each energy level of the protons and neutrons in a nucleus 

will have 2 sublevels, + ½ and - ½, known as ‘spin up’ and ‘spin down’ respectively. These 

sublevels are denoted with the quantum number m. The spin states of proton and neutrons 

within a nucleus can either be aligned or anti-aligned, meaning depending on the ground state 

orientation of is nucleons, a nucleus can have a net spin equal to any integer or half-integer 

value (i.e. I = 0, ½, 1,…). 

Given their charge, non-zero spin nuclei will give rise to a magnetic moment, leading it to 

interact with any magnetic field it experiences. The magnetic moment, μ, is defined by: 

 𝝁 = 𝛾𝑰, 1-2 

 

where γ is the gyromagnetic ratio, a characteristic property for each nucleus [23]. 

As mentioned, this magnetic moment causes the nuclei to interact with any external magnetic 

fields. Because of this, the presence of an external magnetic field will cause the spin states of 

the nucleus to no longer be energetically degenerate. 
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1.2.3 The Zeeman Interaction 

The interaction between the magnetic moment of a nucleus and an external field is known as 

the Zeeman interaction, the Hamiltonian of which, HZ, is defined by: 

 𝑯𝑍 = −𝝁.𝑩, 1-3 

where B is the external field. Since there is freedom in how to orientate the coordinate systems, 

in NMR it is standard to define the z axis as being along the direction of the external field. 

Doing so simplifies equation 1-3 to: 

 𝑯𝑍 = −𝝁𝑧𝐵0 = −𝑰𝑧𝛾ћ𝐵0, 1-4 

 

As previously discussed, this interaction causes spin states to no longer be energetically 

degenerate. This separation of energy levels is known as Zeeman splitting. The energy 

differences caused by the minimum change of 1 to the spin number will be ‒γB0. This energy 

level separation is defined as the Larmor frequency, ω0: 

 𝜔0 = −𝛾𝐵0. 1-5 

 

The Zeeman splitting of spin state energy levels is visualised in Figure 1-1 for an I = 3/2 

nucleus. 

Whilst other additional interactions will be discussed shortly, the Zeeman interaction is almost 

always the largest in magnitude. At its core, it is this splitting that enables NMR experiments 

to be conducted, since as will be discussed later, it is these energy levels that are excited using 

radio frequency radiation to produce the NMR signal. The smaller interactions then alter these 

energy levels further and the measurement of these changes can be used to gain insight into the 

local molecular environment of a nucleus. 
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Figure 1-1: Zeeman splitting of energy levels with the introduction a B0 field for an I = 3/2 

nucleus 

 

1.2.4 Rotation and selection of coordination frames 

It has already been mentioned that there are additional interactions that affect the energy levels 

of the nuclear spin states. However, these interactions arise from the interaction of the nuclei 

with its local environment, rather than with an external field. Because of this, the description 

and quantification of these interactions can be considerably more complex than that of the 

Zeeman interaction. As such, it can be beneficial to be able to discuss these interactions within 

a range of coordination frame. Therefore, before exploring these interactions, some new 

coordination frames and how to transform between them will be discussed. 

Rotational transformations between coordination frames are described using Euler angles. 

Euler angles are a set of three angles α, β and γ that define the sequential rotations around the 

three axes of a coordination system for it to be transformed into the desired coordination 

system. The order and definitions for these angles of rotation are shown in Figure 1-2. The 

operator, R, for the transformation from one coordination system to another can then be 

expressed as the product of these three rotations: 

 𝑹(𝛼, 𝛽, 𝛾) = 𝑹𝑧(𝛼)𝑹𝑦(𝛽)𝑹𝑥(𝛾) 1-6 
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Figure 1-2: Euler angles defined for the 3 rotations required for a change in coordination 

frame 

 

There are four coordination frames that are of interest: the lab frame, the principal axis frame, 

the rotor frame and the radio frequency frame. The lab frame is simply the natural reference 

frame of the lab, with the z axis aligned with the B0 field. The principal axis frame, known also 

as the principal axis system (PAS), is the frame in which the interaction tensor of a given 

interaction is diagonalised. For a given interaction A, in its PAS it will take the form of: 

 

𝑨𝑃𝐴𝑆 = (

𝐴𝑥𝑥 0 0
0 𝐴𝑦𝑦 0

0 0 𝐴𝑧𝑧

), 1-7 

 

The rotor frame is the frame of reference of the rotor as it undergoes magic angle spinning, 

with the z axis aligned with the axis of rotation. The radio frequency (RF) frame is a version 

of the lab frame that is rotating around the B0 field aligned z-axis at a frequency equal to that 

of any RF pulse applied to the system. The reason for this frame is that from this rotating point 

of reference the RF field applied will appear as a constant magnetic field. 
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1.2.5 Perturbations to the Zeeman Interaction 

There are a wide range of interactions that will further influence the energy levels of a nucleus’ 

spin states in addition to the Zeeman interaction. These interactions arise from the 

electromagnetic environment present within the molecular structure. As such they can be 

considered ‘internal’ interactions and the total Hamiltonian of the nucleus’s interactions can be 

defined as the sum of these internal interaction Hamiltonians with that of the Zeeman 

interaction: 

 𝑯𝑡𝑜𝑡𝑎𝑙 = 𝑯𝑍 + 𝑯𝑖𝑛𝑡 = 𝑯𝑍 + 𝑯𝐶𝑆 + 𝑯𝐷 + 𝑯𝐽 + 𝑯𝑄 + 𝑯𝑃 + 𝑯𝐾 + ⋯ 1-8 

 

The main interactions contributing to this internal Hamiltonian are: chemical shielding (HCS), 

dipolar (HD), j-couplings (HJ), quadrupolar (HQ), paramagnetic (HP) and Knight shift (HK). 

Due to the high external field strengths used in NMR experiments the Zeeman interaction will 

be considerably larger than any of the internal interactions, meaning that these smaller 

interactions can be considered as perturbations to the Zeeman interaction, this is known as the 

secular approximation. Generally speaking, the internal interactions have the following relative 

strengths: 

 𝑯𝑄 > 𝑯𝐾 > 𝑯𝑃 > 𝑯𝐶𝑆 > 𝑯𝐷 > 𝑯𝐽. 1-9 

 

However this is heavily dependent on the nuclei and material being investigated, particularly 

for the HQ, HK and HP interactions. The quadrupolar interaction only affects nuclei with I > ½, 

the Knight shift only affects systems with conducting electrons and the paramagnetic 

interaction only affects paramagnetic materials. For the samples examined in this thesis, Knight 

shift and j-coupling interactions are not of relevance, so will not be discussed further. 

Paramagnetic effects are of slight relevance, so will be briefly discussed. However this 

interaction has a great deal more complexity than will be addressed in this thesis and the 

interested reader is encouraged towards Pintacuda’s more thorough discussion of this topic if 

they would like to know more [28]. 
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1.2.6 The Chemical Shielding Interaction 

Chemical shielding arises from the orbiting electron around a nucleus interacting with the 

external field and altering the net field experienced by the nucleus. This happens because as 

the electrons move within the magnetic field, a current will be produced, this current in-turn 

will produce a new magnetic field, altering the total field. This is stated in Lenz’s law [29], 

which dictates that when a current is induced by a field, the field produced by this current will 

be formed in opposition to the initial field. Since this new field will be in opposition to the 

external field, the total field experienced by the nucleus will be reduced. This is where the term 

‘shielding’ comes from, the electrons can be thought to be shielding the nucleus from the 

external field. 

The distribution of electrons around a nucleus will have a three-dimensional density and as 

such the chemical shielding caused is described by a second-rank tensor, σ, and the 

Hamiltonian of the interaction is given by: 

 𝑯𝐶𝑆 = 𝛾ћ𝑰. 𝝈. 𝑩, 1-10 

 

where in the lab frame σ is defined as: 

 
𝝈 = (

𝜎𝑥𝑥 𝜎𝑥𝑦 𝜎𝑥𝑧

𝜎𝑦𝑥 𝜎𝑦𝑦 𝜎𝑦𝑧

𝜎𝑧𝑥 𝜎𝑧𝑦 𝜎𝑧𝑧

). 1-11 

 

As mentioned in section 1.2.4, considering interactions in their principal axis system can allow 

for an easier description. In its PAS σ takes the form: 

 

𝝈𝑃𝐴𝑆 = (
𝜎𝑋𝑋 0 0
0 𝜎𝑌𝑌 0
0 0 𝜎𝑍𝑍

). 1-12 

 

Note that between the two coordination systems x, y and z values are being distinguished using 

upper and lower case, and as such are not equivalent. It is within the PAS that chemical 

shielding is quantified into the following terms: 
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𝜎𝑖𝑠𝑜 =

𝜎𝑋𝑋 + 𝜎𝑌𝑌 + 𝜎𝑍𝑍

3
, 1-13 

 

 ∆𝜎 = 𝜎𝑋𝑋 − 𝜎𝑖𝑠𝑜, 1-14 

 

 𝜂𝐶𝑆 =
𝜎𝑌𝑌 − 𝜎𝑋𝑋

∆𝜎
, 1-15 

 

where σiso is known as the isotropic chemical shielding, Δσ is known as the shielding 

anisotropy, and ηCS is the asymmetry parameter for the chemical shielding. The X, Y and Z 

directions of the PAS are assigned to agree with the following convention: 

 |𝜎𝑍𝑍 − 𝜎𝑖𝑠𝑜| ≥ |𝜎𝑋𝑋 − 𝜎𝑖𝑠𝑜| ≥ |𝜎𝑌𝑌 − 𝜎𝑖𝑠𝑜|. 1-16 

 

Since NMR experiments are conducted with the external field along the z axis of the lab frame, 

it is only the σzz term that is relevant in the first order and as such the Hamiltonian can be 

simplified to: 

 𝑯𝐶𝑆 = 𝛾ћ𝐵0𝑰𝑧. 𝜎𝑧𝑧. 1-17 

 

The σzz term can be found in terms of σiso, Δσ and ηCS by transforming σPAS though the Euler 

angles defining the transition from the PAS to the lab frame, giving: 

 
𝜎𝑥𝑥 = 𝜎𝑖𝑠𝑜 +

∆𝜎

2
[(3𝑐𝑜𝑠2𝜃 − 1) + 𝜂𝐶𝑆(𝑠𝑖𝑛

2𝜃 𝑐𝑜𝑠2𝜙)], 1-18 

 

where the angles θ and ϕ are the polar angles of the lab frame in the PAS. This now means that 

the chemical shielding Hamiltonian can now be written as: 

 
𝑯𝐶𝑆 = 𝛾ћ𝐵0𝑰𝑧 (𝜎𝑖𝑠𝑜 +

∆𝜎

2
[(3𝑐𝑜𝑠2𝜃 − 1) + 𝜂𝐶𝑆(𝑠𝑖𝑛

2𝜃 𝑐𝑜𝑠2𝜙)]). 1-19 

 

From this, the change in the resonant frequency of a transition between adjacent spin states due 

to chemical shielding can be found by: 

 ∆𝜔(𝑚−1)→(𝑚) = ⟨𝑚 − 1|𝑯𝐶𝑆|𝑚 − 1⟩ − ⟨𝑚|𝑯𝐶𝑆|𝑚⟩. 1-20 

 

 
∆𝜔(𝑚−1)→(𝑚) = 𝛾𝐵0 (𝜎𝑖𝑠𝑜 +

∆𝜎

2
[(3𝑐𝑜𝑠2𝜃 − 1) + 𝜂𝐶𝑆(𝑠𝑖𝑛

2𝜃 𝑐𝑜𝑠2𝜙)]). 
1-21 

 

This change in resonant frequency clearly contains an isotropic component that is independent 

of the relative positions of the lab and PAS frame (i.e. independent of the position of the 
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molecule) and an anisotropic component that will vary with molecular position. In most solid 

state NMR spectroscopy experiments the sample is in a powder form and not a single crystal, 

therefore the anisotropic component of chemical shielding will be averaged over all values of 

θ and ϕ forming what is known as a powder pattern. None of the samples covered in this thesis 

have a large amount of chemical shielding anisotropy (CSA) present after magic angle 

spinning, so the topic will not be discussed any further. 

The resonant frequency of a transition between spin states after the consideration of the Zeeman 

interaction and the isotropic portion of the chemical shielding interaction will be: 

 𝜔 = −𝛾𝐵0(1 − 𝜎𝑖𝑠𝑜). 1-22 

 

In order for the easier comparison of results at different B0 strengths, the frequency is 

normalised against the field strength and given as a relative distance from an agreed reference 

resonance frequency. This gives a value known as chemical shift, δ, given in units of parts per 

million (ppm), defined by: 

 𝛿 − 𝛿𝑟𝑒𝑓 = −
𝜔 − 𝜔𝑟𝑒𝑓

𝜔𝑟𝑒𝑓
 × 106, 1-23 

 

where δref is typically set to zero. 

It is the effects of the chemical shielding interaction described above that first enabled NMR 

to become a spectroscopy for use in the analysis of molecular environments, rather than just a 

novelty frequency attached to each nucleus. 

1.2.7 The Dipolar Interaction   

The dipolar interaction arises from the fact that each nucleus with spin will produce its own 

magnetic field, causing the magnetic moments of nearby nuclei to interact with one another 

through space via their fields.  
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Figure 1-3: Two magnetic moments interacting through space via the dipole interaction. 

 

The Hamiltonian of the dipolar interaction between two nuclei i and j is given by [23]: 

 𝐻𝐷
𝑖𝑗 = 𝑑𝑖𝑗(3(𝑰𝑖 . 𝒆𝑖𝑗)(𝑰𝑗 . 𝒆𝑖𝑗) − 𝑰𝑖 . 𝑰𝑗), 1-24 

 

where eij is a unit vector parallel to the inter-nuclear vector between i and j, and dij is the dipolar 

coupling constant defined by: 

 
𝑑𝑖𝑗 = −

𝜇0ћ

4𝜋

𝛾𝑖𝛾𝑗

𝑟𝑖𝑗
3 , 1-25 

 

where rij is the inter-nuclear distance. As can be seen the dipolar interaction has a strong 

dependence on the inter-nuclear distance, being proportional to rij
‒3, meaning that it is only 

nuclei in the immediate local vicinity of each that will interact strongly in this manner. This 

interaction can be utilised in certain NMR experiments to enable the extraction of inter-nuclear 

distances, though it is mostly limited to 1H studies [30]. 

In terms of the impact on the observed resonances, the dipolar interaction is dependent on the 

number of nuclei within close enough range to interact. In instances where only a low number 

of spins share dipolar couplings, then characteristic line shapes can be observed such as the 

Pake doublet [31]. However, more often the dipolar interaction is the composite of a large 

ensemble of nuclei all interacting though dipolar couplings, in this case the line shape of the 

resonance is broadened in a Gaussian/Lorentzian manner [26]. This is the case for all of the 

samples studied in this thesis. 
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1.2.8 The Quadrupolar Interaction 

The quadrupolar interaction is observed in nuclei with I > ½, this is because a nucleus with 

I > ½ will have non-spherical charge distributions, bringing with it a quadrupolar moment. It 

is the interaction of this quadrupolar moment with the local electric field gradient (EFG) that 

causes the quadrupolar interaction. 

The magnitude of the EFG will be dependent on the local electromagnetic environment and 

can vary greatly. In highly symmetrical tetrahedral structures for example, the EFG can be 

almost zero. Since the magnitude of the quadrupolar interaction is dependent on the magnitude 

of the EFG, this can mean that even if a nucleus has a spin larger than ½, quadrupolar effects 

may not be seen. Equally though, the quadrupolar interaction can often be the largest internal 

interaction, affecting resonant frequencies on the order of MHz. The EFG is defined by a 

second rank tensor, V, which in its PAS takes the form: 

 

𝑽𝑃𝐴𝑆 = (
𝑉𝑋𝑋 0 0
0 𝑉𝑌𝑌 0
0 0 𝑉𝑍𝑍

), 1-26 

 

where 𝑉𝑋𝑋 + 𝑉𝑌𝑌 + 𝑉𝑍𝑍 = 0 due to there being no isotropic component. By convention, the PAS 

is defined such that: 

 |𝑉𝑋𝑋| ≥ |𝑉𝑌𝑌| ≥ |𝑉𝑍𝑍|. 1-27 

 

Because of this, the following two terms can be used to fully describe the EFG in its PAS: 

 𝑒𝑞 = 𝑉𝑍𝑍, 1-28 

 

 
𝜂 =

𝑉𝑋𝑋 − 𝑉𝑌𝑌

𝑉𝑍𝑍
, 

1-29 

 

where eq is the principal field gradient and η is the quadrupolar asymmetry parameter. 

The Hamiltonian of the quadrupolar interaction is given by: 

 
𝑯𝑄 =

𝑒𝑄

2𝐼(2𝐼 − 1)ћ
𝑰. 𝑽. 𝑰, 1-30 
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𝑯𝑄 =

𝑒2𝑞𝑄

4𝐼(2𝐼 − 1)ћ
(3𝑰𝑧

2 − 𝐼(𝐼 + 1) + 𝜂(𝑰𝑥
2 − 𝑰𝑦

2)), 1-31 

 

where e is the electric charge and Q is the nuclear quadrupole moment. The scalar variables in 

this Hamiltonian are often grouped into one variable to describe the strength of the quadrupolar 

interaction, known as the quadrupolar coupling constant, CQ, which has units of Hz: 

 
𝐶𝑄 =

𝑒2𝑞𝑄

ћ
. 1-32 

 

The quadrupolar frequency, ωr, is also sometimes used to simplify presentation: 

 
𝜔𝑄 =

3𝐶𝑄

4𝐼(2𝐼 − 1)
. 1-33 

 

Due its size and complexity, the quadrupolar interaction is generally divided into first and 

second order perturbations to the Zeeman interaction HQ
[1] and HQ

[2]
 respectively: 

 𝑯𝑄 = 𝑯𝑄
[1]

+ 𝑯𝑄
[2]

 1-34 

 

The derivations of the first and second order quadrupolar Hamiltonians can be achieved via the 

transformation of equation 1-31 from the PAS to the lab frame via the spherical components 

of the EFG tensor. The explicit details of this derivation will not be covered in this thesis, since 

it is the line shapes that arise from this interaction that are of interest, rather than the full 

derivation of their origins. A more complete discussion of this derivation can be found in 

available literature, such as Man’s chapter in reference [32]. The Hamiltonians of the first and 

second order portions of the quadrupolar interaction are found to be: 

 
𝑯𝑄

[1]
=

𝐶𝑄

4𝐼(2𝐼 − 1)
[3𝑰𝑧

2 − 𝐼(𝐼 + 1)] [
(3𝑐𝑜𝑠2𝜃 − 1) + 𝜂(𝑠𝑖𝑛2𝜃 𝑐𝑜𝑠2𝜙)

2
], 1-35 

 

 
𝑯𝑄

[2]
= −

1

𝜔0
[

𝑒𝑄

4𝐼(2𝐼 − 1)ћ
]
𝟐

[
𝑓(𝜃, 𝜙, 𝜂)𝑰𝑧(4𝐼(𝐼 + 1) − 8𝑰𝑧

2 − 1) +

2𝑓′(𝜃, 𝜙, 𝜂)𝑰𝑧(2𝐼(𝐼 + 1) − 2𝑰𝑧
2 − 1)

], 1-36 

 

where f(θ,ϕ,η) and f’(θ,ϕ,η) are functions of the polar coordinates relating the PAS to lab frame 

transition and the quadrupolar asymmetry parameter, that have been condensed for clarity. 

These functions arise from the rotation of tensor elements and are given by: 
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𝑓(𝜃, 𝜙, 𝜂) = −
3

2
𝑒2𝑞2

[
 
 
 
 
 (−

1

3
𝜂2𝑐𝑜𝑠22𝜃 + 2𝜂 𝑐𝑜𝑠2𝜃 − 3) 𝑐𝑜𝑠4𝜙 +

(
2

3
𝜂2𝑐𝑜𝑠22𝜃 − 2𝜂 𝑐𝑜𝑠2𝜃 −

1

3
𝜂2 + 3) 𝑐𝑜𝑠2𝜙

+
1

3
𝜂2(1 − 𝑐𝑜𝑠22𝜃)

]
 
 
 
 
 

, 1-37 

 

 

𝑓′(𝜃, 𝜙, 𝜂) =
3

2
𝑒2𝑞2

[
 
 
 
 
 (

1

24
𝜂2𝑐𝑜𝑠22𝜃 −

1

4
𝜂 𝑐𝑜𝑠2𝜃 −

3

8
) 𝑐𝑜𝑠4𝜙 +

(−
1

12
𝜂2𝑐𝑜𝑠22𝜃 −

1

6
𝜂2 −

3

4
) 𝑐𝑜𝑠2𝜙

+
1

3
𝜂2𝑐𝑜𝑠22𝜃 +

1

4
𝜂𝑐𝑜𝑠22𝜃 +

3

8 ]
 
 
 
 
 

. 1-38 

 

With the first and second order Hamiltonians formulated it is possible to find the perturbations 

to the resonant frequencies of spin state transitions. For the first order portion of the interaction 

this gives: 

 ∆𝜔(𝑚−1)→(𝑚)
[1]

= ⟨𝑚 − 1|𝑯𝑄
[1]

|𝑚 − 1⟩ − ⟨𝑚|𝑯𝑄
[1]

|𝑚⟩, 1-39 

 

 
∆𝜔(𝑚−1)→(𝑚)

[1]
=

3𝐶𝑄

4𝐼(2𝐼 − 1)
[
(3𝑐𝑜𝑠2𝜃 − 1) + 𝜂(𝑠𝑖𝑛2𝜃 𝑐𝑜𝑠2𝜙)

2
] (1 − 2𝑚). 1-40 

 

The (1 – 2m) term here is of great importance, since in quadrupolar NMR experiments it is the 

central (–½→½) transition that is excited, meaning m = ½. Therefore the Δω[1] will be zero for 

the central transition. Evaluating the effects of the second order portion of the interaction gives: 

 ∆𝜔(𝑚−1)→(𝑚)
[2]

= ⟨𝑚 − 1|𝑯𝑄
[2]

|𝑚 − 1⟩ − ⟨𝑚|𝑯𝑄
[2]

|𝑚⟩, 1-41 

 

= −
1

𝜔0
[

𝑒𝑄

4𝐼(2𝐼 − 1)ћ
]
𝟐

[
𝑓(𝜃, 𝜙, 𝜂)(24𝑚(𝑚 − 1) − 4𝐼(𝐼 + 1) + 9) +

𝑓′(𝜃, 𝜙, 𝜂)(12𝑚(𝑚 − 1) − 4𝐼(𝐼 + 1) − 6)
]. 1-42 

 

As just mentioned, it is the central (–½→½) transition that is of interest, so putting m = ½ into 

equation 1-42 gives: 

 

∆𝜔
−

1
2 → 

1
2

[2]
= −

1

6𝜔0
[

3𝐶𝑄

2𝐼(2𝐼 − 1)
]
𝟐

[𝐼(𝐼 + 1) −
3

4
] [

𝐴(𝜃, 𝜂)𝑐𝑜𝑠4𝜙

+𝐵(𝜃, 𝜂)𝑐𝑜𝑠2𝜙

+𝐶(𝜃, 𝜂)

 ], 1-43 

 

where: 
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Zero rank 𝐴(𝜃, 𝜂) = −
27

8
+

9

4
𝜂𝑐𝑜𝑠2𝜃 −

3

8
𝜂2𝑐𝑜𝑠22𝜃, 1-44 

 

Second rank 𝐵(𝜃, 𝜂) =
30

8
−

1

2
𝜂2 − 2𝜂𝑐𝑜𝑠2𝜃 +

3

4
𝜂2𝑐𝑜𝑠22𝜃, 1-45 

 

Fourth rank 𝐶(𝜃, 𝜂) = −
3

8
+

1

3
𝜂2 −

1

4
𝜂𝑐𝑜𝑠2𝜃 −

3

8
𝜂2𝑐𝑜𝑠22𝜃. 1-46 

 

Here A(θ,η), B(θ,η) and C(θ,η) constitute the zero, second and fourth rank tensor components 

of the interaction. Analysing equation 1-43 gives a number of insights into the effects of the 

second order quadrupolar interaction on the central (–½→½) transition.  Firstly is that, unlike 

the first order interaction, it has a non-zero magnitude meaning that it will produce a 

measurable change in resonant frequency. Secondly, it is inversely proportional to the resonant 

frequency, meaning its effects will be larger in proportion at lower magnetic fields. Thirdly, it 

will scale with the quadrupolar coupling constant CQ. Finally, it has a positional dependence 

on θ and ϕ, however since as already mentioned the samples will generally be in powder form, 

meaning an average will be taken across all θ and ϕ values. This creates a powder pattern, the 

details of which will be dictated by the CQ and η values, with CQ effecting the width and η 

effecting the shape, as shown in Figure 1-4. 

 

Figure 1-4: Changes in the powder pattern produced by the second order quadrupolar 

interaction of a I = 3/2 nuclei with a Lamor frequency of 192 MHz for (a) varying CQ with η=0 

and (b) varying η with CQ=2 MHz. Simulated using QUADFIT [33]. 
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1.2.9 The Paramagnetic Interaction 

The paramagnetic interaction actually shares roots with the chemical shielding interaction, in 

that it is caused by the nearby electrons interacting with the external field to perturb the field 

experienced at the nucleus. However, paramagnetic materials contain one or more localised 

unpaired electrons, these electrons interact with the external field quite differently and induce 

an additional magnetic field that is parallel to the external one. Depending on the degree of 

paramagnetism present, these effects can produce extremely large broadening and shifting 

effects in an NMR spectrum. 

Because of how dominant this interaction can be, it can often be prohibitive in terms of 

extracting information from the spectra. For this reason, work presented in this thesis has 

intentionally avoided the use of paramagnetic materials where possible, so as not to hinder the 

level of insight achieved. Hence, the interaction will not be discussed in any further detail. 

1.2.10 Magic Angle Spinning 

Although magic angle spinning (MAS) is an experimental technique, it is so intimately linked 

with many of the internal interactions, that it makes more sense for it to be discussed here rather 

than in the experiment methodology chapter. 

After the concept of chemical shielding and shift, MAS is likely the second most impactful 

development on the field of solid-state NMR. It allows solid state NMR to partially emulate 

the improved resolution gained in solution state NMR from molecular tumbling via the rapid 

rotation of the sample within the magnet. This rapid rotation is performed in a rotor along a 

fixed angle relative to the external field (54.74°), known as the ‘magic angle’, shown in Figure 

1-5. 
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Figure 1-5: Rotor undergoing MAS at a 54.74° angle from the external field 

 

The reason this technique works can be seen when considering the form the interaction 

Hamiltonians take if they are transformed from the PAS to the frame of this rotating rotor 

before finally being transformed into the lab frame. Mackenzie and Smith [21] demonstrated 

that the Hamiltonians can be separated into time dependant and independent parts. The time-

independent part will be a modified version of the static Hamiltonian, and the time dependant 

part will be averaged out due to the rapid rotation. If an interaction can be represented as a 

second rank tensor (such as equation 1-45), then the anisotropic part of the interaction will be 

modified to contain a factor of P2(cos θr). θ is the angle between the axis of rotation and the 

external field and P2(cos θr) is the second order Legendre polynomial: 

 
𝑃2(𝑐𝑜𝑠 𝜃𝑟) =

1

2
(3𝑐𝑜𝑠2𝜃𝑟 − 1). 1-47 

 

It is therefore trivial to see that if θr is set to 54.74° then this P2(cos θr) term will evaluate to 

zero, meaning that the anisotropic parts of the interaction Hamiltonians will also go to zero, 

removing their broadening effects. Most notably this removes the broadening due to the dipolar 

interaction and CSA. Though in order for the broadening to be completely removed, the 

frequency of the rotor’s rotation, ωr, must be greater than the frequency width of the line shape. 
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If the spin rate does not meet this criterion then the averaging of the time dependant portion of 

the Hamiltonian that was mentioned previously will not fully occur. The consequence of the 

incomplete averaging of the time dependant Hamiltonian is the creation of satellite resonances, 

positioned at integer multiples of ωr from the main resonance. These satellites are known as 

spinning side bands. For a more detailed analysis of the creation of these side bands, Duer’s 

textbook is recommended [22]. 

1.2.11 Effects of MAS on the Quadrupolar Interaction 

As was previously discussed, many interactions can be suppressed using MAS, including the 

first order quadrupolar interaction, provided a high enough rotation rate is used. The second 

order quadrupolar interaction however cannot be. When the second order quadrupolar 

interaction is transformed through the rotating frame of the rotor it has terms with dependencies 

on both P2(cos θr) and P4(cos θr): 

 
∆𝜔(𝑚−1)→(𝑚)

[2]𝑟𝑜𝑡𝑜𝑟
= −

4𝜔𝑄
2

𝜔0
[
𝑎(𝐼, 𝑚, 𝜂) + 𝑏(𝐼,𝑚, 𝜃, 𝜙, 𝜂)𝑃2(𝑐𝑜𝑠 𝜃𝑟) 

+𝑐(𝐼,𝑚, 𝜃, 𝜙, 𝜂)𝑃4(𝑐𝑜𝑠 𝜃𝑟) 
], 1-48 

 

where a, b and c are functions of various interaction parameters, P2(cos θr) is defined by 

equation 1-47 and P4(cos θr) is the fourth order Legendre polynomial: 

 
𝑃4(𝑐𝑜𝑠 𝜃𝑟) =

1

8
(35𝑐𝑜𝑠4𝜃𝑟 − 30𝑐𝑜𝑠2𝜃𝑟 + 3). 1-49 

 

There is no value of θr that both the second and fourth order Legendre polynomials go to zero 

for. This means that it is not possible to remove the anisotropic component of the second order 

quadrupolar interaction using a single axis of rotation. It is possible to rotate at two angles 

(54.74° and 30.56°) simultaneously using a technique known as Double Orientation Rotation 

(DOR), to set both Legendre polynomials to zero, this technique will be discussed in more 

detail in section 2.8. 

Although the second order quadrupolar interaction is not removed by MAS, it will be altered, 

it is therefore necessary to re-examine how the central transition will be affected by the 
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interaction under MAS. The expression for this energy level shift will take the same form as 

the non-MAS equation given in equation 1-43, but with alterations to the A(θ,η), B(θ,η) and 

C(θ,η) functions: 

 

∆𝜔
−

1
2 → 

1
2

[2]
= −

1

6𝜔0
[

3𝐶𝑄

2𝐼(2𝐼 − 1)
]
𝟐

[𝐼(𝐼 + 1) −
3

4
] [

𝐴′(𝜃, 𝜂)𝑐𝑜𝑠4𝜙

+𝐵′(𝜃, 𝜂)𝑐𝑜𝑠2𝜙

+𝐶′(𝜃, 𝜂)

 ], 1-50 

 

where 

 
𝐴′(𝜃, 𝜂) =

21

16
−

7

8
𝜂𝑐𝑜𝑠2𝜃 +

7

48
𝜂2𝑐𝑜𝑠22𝜃, 1-51 

 

 
𝐵′(𝜃, 𝜂) = −

9

8
−

1

12
𝜂2 + 𝜂𝑐𝑜𝑠2𝜃 −

7

24
𝜂2𝑐𝑜𝑠22𝜃, 1-52 

 

 
𝐶′(𝜃, 𝜂) =

5

16
−

1

8
𝜂𝑐𝑜𝑠2𝜃 +

7

48
𝜂2𝑐𝑜𝑠22𝜃. 1-53 

 

Given the similarities between equations 1-43 and 1-50, most of the analysis given in section 

1.2.8 remains true under MAS. The real change is seen in the powder patterns produced by the 

interaction under MAS, due to the change in the interaction’s dependencies on θ and ϕ. The 

powder patterns will still be dependent on the CQ and η values, but the line shapes will be 

different, as shown in Figure 1-6. It is these line shapes arising from the second order 

quadrupolar interaction under MAS that are observed in the samples studied in this thesis. 

 

Figure 1-6: Changes in the powder pattern produced by the second order quadrupolar 

interaction under MAS of a I = 3/2 nuclei with a Lamor frequency of 192 MHz for (a) varying 

CQ with η=0 and (b) varying η with CQ=4 MHz. Simulated using QUADFIT [33]. 
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1.3 Introduction to Zeolites as MTH Catalysts  

1.3.1 Zeolites 

1.3.1.1 What are Zeolites? 

Zeolites are a family of crystalline solids composed of aluminium, silicon and oxygen that are 

characterised by the presence of pore structures and cavities within their frameworks. They are 

widely used as catalysts for a broad range of reactions [34-37], as well as for gas purification 

[38] and drying processes [39]. Zeolites are identified by the structure of their framework, and 

each framework is given an identifying three letter code. There are 241 identified unique zeolite 

frameworks so far [40] with a wide range of pore structures, varying in shape and size. Zeolites 

can be naturally occurring or artificially fabricated, of the 241 frameworks mentioned, more 

than 40 occur naturally [41]. These frameworks are built from SiO4 and AlO4 tetrahedra 

connected thought bonding oxygens, with each site in the framework being capable of being 

an aluminium or silicon tetrahedron. 

These framework codes should however not be confused with the actual names of distinct 

materials. The framework code just represents the structure the zeolite takes, not its constituent 

atoms. For example, ZSM-22 has a frame work code of TON [42], but so does the zeolite 

Theta-1 [43] which is chemically distinct from ZSM-22. It is common practice to give the 

framework code in brackets when introducing a new zeolite, i.e. ZSM-22 (TON). A database 

of all known zeolite frameworks is maintained by the International Zeolite Association and can 

be found in reference [40]. 

In addition to being classified by their framework code, zeolites are also often described in 

terms of their silica content, being grouped into ‘low’, ‘intermediate’ and ‘high’ silica. Low 

silica zeolites have a Si/Al ratio close to 1, intermediate ones generally have a Si/Al ratio of 

around 2 to 5 and high silicate zeolites have Si/Al ratios of 10 and above [44]. The reason why 

this ratio is important to zeolites is that, since a SiO4 unit has a net charge of −4 and an AlO4 



 

 

26 

 

unit has a net charge of −5, each aluminium site in the framework requires a cation to charge 

balance it, meaning that changing the Si/Al value can have large effects of the nature of the 

zeolite. As more cations are introduced into the framework, the zeolite generally becomes more 

heterogeneous and has a larger pore surface area, whilst also having an increased number of 

active sites for any processes occurring via these cations [44]. Conversely, low silica zeolites 

are generally more homogeneous and have organophilic-hydrophobic selectivity [45]. 

1.3.1.2 Pores in Zeolites 

As previously mentioned, the presence of pores and cavities within the structure is one of the 

identifying properties of zeolites. These structural features vary in size and shape across the 

wide range of zeolite frameworks. The diameters of these pore structures range roughly from 

2 to 8 Å [41], and there can be a variety of different shapes. Some pores are of constant 

diameter, like those seen in the TON framework, whereas others are more akin to a series of 

cavities connected by windows, as seen in the CHA framework. Diagrams of these two 

frameworks can be seen in Figure 1-7. Additionally, not all pores are linear in direction, with 

some pore structures taking a sinusoidal path through the framework [46]. A complete review 

of all the different structural units that can be found within zeolites is both impractical and 

unnecessary for the purpose of this study, which will focus on ZSM-22, as well as some 

discussion of the closely related ZSM-5 (MFI) zeolite. 

 
Figure 1-7: 3D rendering of zeolite frameworks (a) TON and (b) CHA. 
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Pores are at the centre of almost all functionality zeolites have in their various applications. In 

catalysis, they allow reagents to flow through the zeolite and access the active acid sites that 

facilitate catalytic activity, which will be discussed in greater detail later. Thus a zeolites’ pore 

structure will have a great effect on what reactions can be facilitated [47], since certain reagents 

or products may not be able to pass through these pores depending on their size. 

In addition to the classical pore structures already discussed, further pore networks are 

sometimes artificially introduced to the zeolite framework. These normally consist of larger 

diameter pores (> 20 Å) designed to increase the flow of reagents throughout the zeolite. This 

is often done via the desilication of the zeolite post-synthesis, which can be achieved in a 

number of ways [48-50]. The presence of these larger pores of >20 Å diameter is known as 

mesoporosity, with the previously discussed smaller pores being known as microporosity. 

1.3.1.3 ZSM-22 and ZSM-5 

Applying these concepts to ZSM-22 (TON), it is a high silica zeolite (typically Si/Al ≈ 50) 

[51], with a single linear pore structure made up of ten member rings. The pore structure has 

an elliptical cross-section with diameters of 4.7 and 5.5 Å [52]. Its structure can be seen in 

Figure 1-7(a). It forms narrow, needle-like crystals aligned with the axis of the pore channels, 

an SEM image of these crystals can be seen in Figure 1-8.  

 
Figure 1-8: SEM image of ZSM-22 crystals carried out with an electron high tension (EHT) 

voltage of 10 kV and a magnification factor of 17000. 
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As previously mentioned, this section will also discuss ZSM-5 (MFI), since from an application 

point of view it could be considered the ‘parent’ zeolite to ZSM-22. ZSM-5 is also a high silica 

zeolite (Si/Al ranging between 10 and 50), and has two pore channel structures, one linear and 

one sinusoidal. These pore structures are orthogonal and each is made up of ten member rings 

[53]. Both pore structures are near circular in cross-section, with the linear pores having 

elliptical diameters of 5.3 and 5.6 Å, and the sinusoidal pore structure having elliptical 

diameters of 5.1 and 5.5 Å [40]. ZSM-5 forms less distinctively shaped crystals than ZSM-22. 

1.3.2 The Methanol to Hydrocarbon (MTH) Reaction 

1.3.2.1 MTH, MTG and MTO Reactions 

The methanol to hydrocarbons reaction pathway allows the production of longer chain 

hydrocarbons from methanol, generally using a zeolite catalyst. Depending on the conditions 

and catalyst used in the process, the hydrocarbons that are produced can vary. The product 

streams that are of most commercial interest are olefins and synthetic gasoline. The reactions 

that produce these two product streams are referred to as the methanol to olefin (MTO) [54] 

and methanol to gasoline (MTG) [37] reactions respectively. The olefins are commercially 

desirable due to the high demand in polymer production. For example: the production of 

polyethylene uses the olefin ethylene, and polyethylene is the most commonly used plastic in 

the world [55]. The commercial interest in gasoline is so universal that it barely needs 

explanation, with the global gasoline demand being 403,000 barrels per day in 2018  [6]. With 

the limited supply of crude oil, alternative methods of producing these hydrocarbons are vital 

for ensuring the long-term availability of these resources. Since methanol can be easily 

produced from biomass [56], the MTH reaction offer a sustainable method of production, 

making it possible to effectively grow gasoline and olefins in fields. 

The process was discovered by researchers at Mobil, reportedly the discovery was coincidental 

and was made by two separate teams of researchers as part of unrelated experiments [7], when 



 

 

29 

 

they noticed large amounts of hydrocarbon being formed as methanol was reacted over ZSM-

5 [57, 58]. One group had been attempting to convert methanol to ethylene oxide and the other 

had been trying to methylate isobutene with methanol, both using ZSM-5 as a catalyst. This 

fortuitous discovery came at an opportune time, since with global oil shortages and therefore 

rising prices, this new method of gasoline production was received with great interest. There 

were already methods for the alternative production of gasoline at this time, such as the Fischer-

Tropsch process [59], however this MTG reaction offered a superior quality in the gasoline 

produced [7], as well as using alternative reagents. With all this interest came a great many 

studies into all aspects of this process, some of which will be discussed further in this section, 

though a more though review written by Stöcker can be found in reference [60]. 

1.3.2.2 Reaction Procedure 

The reaction chain is carried out sequentially over two distinct reaction beds, an example 

schematic of a standard fixed-bed set up can be seen in Figure 1-9. Two steps are required 

since although the reaction pathways is known as methanol to hydrocarbons, it is not actually 

just methanol that is reacted to form the hydrocarbons. Firstly, some of the methanol is 

dehydrated into dimethyl ether (DME): 

 2𝐶𝐻3𝑂𝐻 ↔  𝐶𝐻3𝑂𝐶𝐻3 + 𝐻2𝑂. (1-54) 

This is done at moderate temperatures (250 – 350 °C) and high pressure (~14 Bar). This is 

generally done in a fixed bed reactor and a variety of catalysts can be used for this stage [61, 

62]. The methanol and DME levels are then allowed to reach equilibrium before being piped 

into a second reactor where the MTH reaction takes place. However, the dehydration reaction 

is highly exothermal and as such the temperature of the produced gas can end up being 

considerably higher than the reaction temperature, thus before it is piped into the second reactor 

it is mixed with some recycled gases from the end of the cycle that has been cooled. This allows 

the entry temperature of the gas to be controlled. 
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The MTH reaction is then carried out over the chosen catalyst (most commonly ZSM-5), at 

slightly higher temperature (350 – 380 °C) and a similar pressure (~10 Bar) compared to those 

used at the dehydration stage. This is done with a weight hourly space velocity1 (WHSV) of 

around 1.5 h−1. A fixed bed reactor is also often used here, though fluid bed reactors have also 

been successfully implemented [8]. As with the dehydration stage, this reaction is also highly 

exothermal (1.74 MJ kg−1), making temperature control a challenge. This is made all the more 

important by the fact that the composition of the MTH product stream has been shown to be 

temperature sensitive, meaning that if the reaction is allowed to rise above the target 

temperature, undesirable products may be produced. This temperature control issue will be 

discussed more later on. 

After the second reactor bed, the product stream is separated into liquid and gas products, with 

some gas being cooled and recycled back into the methanol and DME stream. 

 

Figure 1-9: Two step fixed bed reactor schematic for the MTG process, taken from a textbook 

published by Bibby, Chang, Yurchak and Howe [63]. 

                                                 
1 WHSV is a measure of catalytic contact time 
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1.3.2.3 Industrial Implementation  

This process has been implemented on pilot plant and industrial scales. One of the earliest and 

most prominent adoptions of the MTG reaction as an industrial means to produce gasoline was 

in New Zealand, where the government collaborated with Mobil to build a fixed-bed MTG 

plant to convert natural gas to gasoline (natural gas can be converted to methanol before the 

MTG reaction [64]). This project was notable both for its size and for the fact that the New 

Zealand government could have chosen to use the Fischer-Tropsch process which was more 

common at the time. Once the plant reach completion in 1986, it was able to produce 570,000 

tonnes of automobile-ready gasoline a year [8]. The plant operated for several years, but the 

MTG portion of the plant is now no longer in operation, the natural gas to methanol process is 

however still utilised. 

Another notable plant implemented by Mobil, this time in collaboration with Union Rheinische 

Braunkohlen fuel AG, was a hydrogenation plant in Wesseling, Germany funded by the US 

and German governments. This plant was on a smaller scale than the New Zealand one, 

producing 4,000 tonnes per year, operating more as a proof of concept [60]. In addition to its 

size, the largest difference in the German plant was that it was based on a fluid-bed reactor [8]. 

This plant was also able to operate as an MTG and MTO facility by varying the reaction 

conditions.  

Generally, the continued operation of MTG plants will always be heavily influenced by the 

price of crude oil. Therefore, the oil price crashing in the late 1980s and throughout the 1990s 

greatly reduced the amount of industrial activity around the MTG reaction. The MTO reaction 

has shown more recent industrial investment as demand for olefins increases, with the 2010 

construction of a new MTO plant in Baotou, China, capable of producing 2,000,000 tonnes of 

olefins per year from methanol produced by coal and natural gas [65]. 
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1.3.3 MTH Reaction Mechanisms  

1.3.3.1 Stages of the MTH Reaction 

So far, the basics of the MTH reaction pathway have been discussed, however the actual details 

of how the catalysts enable this reaction to take place and the stages involved have yet to be 

discussed. For the MTH reaction, the understanding of how to carry out the reaction is far ahead 

of the understanding of the actual mechanisms causing the reaction in the first place. That is 

not to say nothing is known about these mechanisms, as great progress has been made in 

understanding them, just that certain stages of the reaction have remained unclear and multiple 

theories have been proposed. 

There is broad agreement however, that the reaction can be broken down into five stages [66], 

which are as follows: 

1. Equilibrium is reached between methanol, dimethyl ether and water. 

2. A kinetic induction period in the freshly activated catalyst. 

3. Formation of the first hydrocarbon product containing a carbon-carbon bond. 

4. Conversion of primary alkene products into other secondary hydrocarbons. 

5. Catalyst deactivation. 

 The first step has already been discussed and does not really need further examination. The 

second step however is very opaque, very little is understood about the induction period. 

Studies into this stage have found it hard to gain any useful information on it, with Haw stating 

in 2002 that: “We set out to study this presumptive reaction, but the closer we looked, the less 

we saw” [66]. The key facts known about this period can basically be summarised as: There is 

an initial stage where the product yield is low, but that it is a necessary step for a high eventual 

yield. 

The third stage is the part that has arguably received the most attention in other studies. The 

manner in which the first carbon-carbon bond is formed has been examined by numerous 
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studies, with great progress having been made, even if understanding is not yet complete. As 

knowledge has progressed on this topic, over twenty distinct mechanisms have been proposed 

[60]. Initially, ‘direct’ mechanisms were proposed, where the strong Brønsted acids sites in the 

zeolite (which will be discussed more later on) interact with the reagents in some way to form 

an intermediate stage for this C-C bond. Examples of this have included: carbine being formed 

and then polymerised [67, 68], alkoxy chain growth mechanisms [69, 70] and oxonium–ylide 

mechanisms [71, 72]. However, due to the fact that none of these direct mechanisms can 

explain the observed induction period in the reaction, recent studies now favour a mechanism 

known as the ‘hydrocarbon pool’.  

The hydrocarbon pool mechanism proposes that the reaction is facilitated by entrapped 

hydrocarbons present in the catalyst [63]. These reactions pathways generally involve an 

entrapped aromatic hydrocarbon reacting with the methanol and catalyst acid site in a co-

catalytic fashion. The earliest evidence of this was published by Mole et al in 1983 when they 

observed a co-catalytic effect when co-feeding toluene with methanol over ZSM-5 [73]. 

Additionally, another paper published around the same time by Langner et al showed an 18 

fold reduction in the length of the induction period when small amounts of cyclohexanol were 

included in the methanol stream [74]. These two findings formed the basis of the hydrocarbon 

pool theory and with further study and development the hydrocarbon pool theory is now the 

widely accepted mechanism for carbon-carbon bond formation [66]. A more detailed 

breakdown of these mechanisms and the studies that have influenced current thought can be 

found in Haw’s 2003 paper [66]. 

The fourth step in this process, where the smaller initial hydrocarbons are converted into longer 

chain hydrocarbons, is the most well understood stage. Since it is well known that within an 

acidic media that carbenium ion and concurrent hydrogen transfer will enable chain growth in 

hydrocarbons [75]. 
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The fifth and final step is a very important concept in catalysis that has not been mentioned 

yet, deactivation. Deactivation is the gradual processes of catalytic activity reducing over time, 

until the catalyst needs to be refreshed or replaced. There are two types of deactivation that can 

occur in catalysts, temporary and permanent. In the MTH reaction, a temporary form of 

deactivation occurs with the build-up of ‘coke’. Coke refers to large polyaromatic 

hydrocarbons that can build up in the catalyst’s pores, blocking them and reducing catalytic 

activity. Catalytic activity can however be restored by oxidising the coke and clearing the 

pores. However, the process of oxidising the coke does cause a small amount of structural 

damage to the catalyst, which in turn causes some slight permanent deactivation to occur. 

Another source of gradual deactivation occurs during the MTH reaction, as steam is released 

into the catalyst via the reactions occurring within it, the high-pressure steam causes a structural 

damage, further deactivating it. The result of these three forms of deactivation is a decaying 

conversion rate due to reduced catalytic activity, that can originally be replenished but never 

quite to the same maximum each time. This is visualised in Figure 1-10 below. 

 

 

Figure 1-10: Deactivation of a catalyst during MTH reactions, showing the effects of coke 

formation, coke oxidisation and structural damage on the methanol conversion rate over time. 
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The deactivation characteristics of the catalyst is obviously of great interest for industrial 

processes, since rapid decay and regular coke oxidisation will reduce production efficiency, 

while large amounts of permanent deactivation will increase the amount of catalyst needed and 

subsequently increase costs. 

1.3.3.2 Acid Sites 

As previously mentioned, but not discussed in detail, the acid sites in the zeolites are what 

enables the MTH reactions and where the catalysis occurs. There are both Brønsted and Lewis 

type acid sites present in zeolites, with a Brønsted acid site meaning a proton donating site and 

a Lewis acid site meaning an electron pair accepting site. Whilst both types are present in the 

zeolites discussed, the Lewis sites are only present due to defects, and are not of great 

importance to catalysis [76]. It is the Brønsted acid sites that are of interest in MTH reactions. 

The Brønsted acid sites occur at each point in the framework where there is an aluminium 

present. This is because, as mentioned before, aluminium tetrahedra have a lower net charge 

than the silicon tetrahedra, thus requiring a cation to counterbalance it. For the zeolites used in 

the MTH processes, this cation will almost always be an H+ forming a hydroxyl with the 

bridging oxygen. The cation present in the zeolite is often given as a prefix to its name, i.e. H-

ZSM-22 (TON). The zeolites will normally be synthesised with a different cation present, but 

these can be switched back and forth to hydrogen relatively easily using gaseous ion exchange 

methods [77]. 

The number of acid sites will clearly then be related to the Si/Al ratio, with a lower ratio giving 

a larger number of acid sites. Whilst more acid sites may be seen as a good thing, increasing 

the number catalytically active points in the framework, this could also result in more coking, 

potentially decreasing efficiently, so this relationship is not quite so simple. The strength of 

these acid sites is quite hard to quantify, as with any solid acid. Previously, zeolite catalysts 
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had been presumed to be super-acidic, however more recent work using solid state NMR has 

shown their acid strength to be more modest [76]. 

1.3.4 ZSM-5 and ZSM-22 as MTH Catalysts  

1.3.4.1 ZSM-5 – The Industry Standard 

H-ZSM-5 remains the go to catalyst for the MTG pathway [78], ever since it was first used in 

the discovery of the reaction pathway, no other catalyst has been able to replace it as the premier 

choice in performing MTG reactions.  

This is partly due to its product stream having a great selectivity towards the desirable larger 

gasoline hydrocarbons [66]. This selectivity can be credited to it having two intercepting pore 

channels, since where the channels cross an even wider cavity area is available. This space 

allows for cyclization reactions and intermolecular hydride transfer reactions to take place, 

leading to smaller olefins being converted into longer alkanes and aromatics [66]. In addition 

to this, ZSM-5 is able to maintain a high conversion rate for a considerable amount of time 

before deactivation brings about the need to refresh the catalyst, being able to handle 4 or more 

days of constant activity before requiring coke oxidisation [79]. 

1.3.4.2 ZSM-22 – The Subject of Recent Interest 

To cut straight to the chase, ZSM-22 is in no place to take over from ZSM-5 as the go-to 

catalyst for the MTG reactions. The main reason for this is that its single pore channel does not 

appear to provide a wide enough area for the hydrocarbon pool mechanism to fully operate 

[80], meaning that the product stream is far less rich in the larger gasoline hydrocarbons and 

olefin production is lowered [81]. However due to the simplicity offered by its pore-structure, 

it is a useful tool in the investigation of catalytic mechanisms, as a smaller range of products 

can be formed. Because this simplicity allows for closer insight into reaction processes, ZSM-

22’s application to the MTH reaction has been the subject of a great many studies in the last 

10-15 years [80-89]. With some of the more recent studies showing ZSM-22 to be a more 
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attractive catalyst for hydrocarbon production than previously thought, and not just using ZSM-

22 as a way to study reaction processes [88, 89].  

Another major factor that inhibits ZSM-22 being productively implemented as a MTH catalyst 

is its rapid deactivation rate. Whilst ZSM-5 can stay active for many days at a time, as was 

previously mentioned, ZSM-22 has a deactivation time that is better measured in hours or even 

minutes. This quicker deactivation rate is not all that surprising when considering ZSM-22’s 

pore structure. The single channels running along its long needle-like crystals are highly 

susceptible to being blocked by coking, and since there is not a second pore channel to provide 

flows of reagents and products, once a channel has a single coke blockage catalytic activity 

will be greatly hampered in that channel across the length of the crystal. This is less of an issue 

in ZSM-5, where if a blockage occurs in one channel, reagents can still flow around it via the 

connected second channel and reach the active acid sites. This is a major roadblock to any 

industrial application of ZSM-22 as a catalyst. However a recent study has shown that by 

reducing the length and size of the ZSM-22 crystals whilst preserving the Si/Al ratio brought 

about a great improvement in deactivation rate [88], with the time taken for deactivation being 

increased from around 1 hour to 11 hours. This result really helps open the door for the potential 

application of ZSM-22 to an industrial MTH process. 

With all the academic interest in ZSM-22, the development of its synthesis becomes of even 

greater importance, since researchers interested in the MTG reaction pathway will want access 

to the zeolite in varying forms and compositions. As will be discussed in the Chapter 5, the 

synthesis of ZSM-22 is more challenging and requires far stricter conditions than many of its 

zeolite cousins.  
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Chapter 2: Experimental Methods 

2.1 From Theory to Measurements 

In the previous chapter, the underlying theory of the magnetic resonances present in NMR 

sensitive nuclei was discussed. However, there is still much explanation required for how these 

resonances can be observed experimentally. This chapter will talk through the theory and 

methodology of the modern NMR experiment, as well as further information on the techniques 

used in the experimental portion of this thesis. 

2.2 Net Magnetisation 

The NMR experiment is not conducted on individual spins, but on the innumerable spins 

present within a macroscopic volume of a sample. So the first step in understanding the NMR 

experiment is considering the behaviour of this ensemble of spins when subjected to a strong 

external field. 

As shown in Figure 2-1, a magnetic moment in an external field will precess around the 

direction of the field at the Larmor frequency, ω0, defined by the Zeeman interaction discussed 

in section 1.2.3. In addition to this, there will be a slight energetic preference toward the 

moment being aligned with the external field. Applying this to an ensemble of magnetic  

 

 

Figure 2-1: Magnetic moment μ precessing around an external field Bz 
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Figure 2-2: The formation of net magnetisation under an external Bz field 

 

moments, there will be slightly more that are aligned with the field than there will be anti-

aligned, producing a net magnetisation, shown in Figure 2-2. 

The size of this effect is however relatively small. The relative population difference will be 

dependent on the energy difference between alignment states and the available thermal energy: 

 𝑛𝑎𝑙𝑖𝑔𝑛𝑒𝑑

𝑛𝑎𝑛𝑡𝑖−𝑎𝑙𝑖𝑔𝑛𝑒𝑑
= 𝑒

∆𝐸𝑚𝑎𝑔

𝐸𝑡ℎ𝑒𝑟𝑚𝑎𝑙 = 𝑒
𝛾ћ𝐵𝑧
𝑘𝐵𝑇 , 2-1 

 

where kB is the Boltzmann constant. Even when evaluating these values for favourable 

conditions, such as protons at room temperature in a 11.7 T field, a population ratio of only 

1.0001 is observed. This means that there are only 10001 aligned spins for every 10000 anti-

aligned. The population difference will also get considerably smaller for nuclei of lower γ or 

when using a lower field strength.  

It is this net magnetisation that is manipulated to produce the signal measured in NMR 

experiments, so it is desirable for there to be as strong a net magnetisation as possible for the 

clearest results. This is partly why 1H NMR can produce a much stronger signal in less time 

when compared to other nuclei such at 29Si, its higher gyromagnetic ratio provides it with a 

stronger net magnetisation. 
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2.3 Radio Frequency Pulse Excitation 

Radio frequency (RF) pulses are used in NMR experiments to excite the transitions between 

spin states such that they can be observed. It is not hard to look at the energy levels in Figure 

1-1 and imagine applying radiation at a frequency of ω0 to excite one of these transitions. 

However, it can be far more illuminating to consider the effects of this radiation as a magnetic 

field interacting with the net magnetisation discussed in the previous section. 

The size of the magnetic field B1 produced by RF radiation of frequency ωrf will be described 

by: 

 𝐵1 = 𝐵1
𝑚𝑎𝑥cos (𝜔𝑟𝑓𝑡 + 𝜑) 2-2 

 

where B1
max

 is the magnitude of the field and φ is its phase. Consider this being applied along 

the x axis of the lab frame at the Larmor frequency. The nuclei it interacts with will be rotating 

around the external field, also at the Larmor frequency, so the RF field should be considered 

from this rotating frame. In the rotating frame, the RF field appears constant along its axis. The 

magnetic moment of the nuclei will therefore cause it to precess around this constant RF field. 

Since this will happen to all nuclei simultaneously, the net magnetisation will also precess 

around the RF field. The rate at which this precession occurs is defined by the expression 

derived for the Zeeman interaction: 

 𝜔1 = −𝛾𝐵1 2-3 

 

where ω1 is the rate of precession, known as the nutation frequency.  

If the RF field is pulsed for a duration τRF, such that the net magnetisation has rotated around 

the x axis by π/2, then the net magnetisation will then be situated along the – y direction. With 

the RF pulse then turned off, the net magnetisation with then precess around the external field 

once more, now in the x-y plane, see Figure 2-3.  
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Figure 2-3: Diagrams showing (a) net magnetisation of M initially aligned with the B0 field, 

(b) the B1 field arising from a RF pulse of duration τRF along the x axis causes the net 

magnetisation to rotate around the x axis and (c) the net magnetisation then precessing around 

the external B0 field through the x-y plane for time t. 

 

By flipping the net magnetisation into the x-y plane and allowing it to then precess around the 

external field, the rate at which it precesses can be measured, which will be defined by the 

interactions discussed in Chapter 1:. 

The previous explanation has assumed that the frequency of the RF pulse will exactly match 

the resonant frequency of the magnetic moments. However, as discussed in Chapter 1: the 

resonant frequencies of the various magnetic moments will vary depending on internal 

interaction. This means it is important to understand the range of frequencies a RF pulse will 

effectively excite, since otherwise only a subsection of the resonances present may be excited, 

not telling the full story.  

When considered the B field strength of the pulse in against time (in the rotating frame), it can 

be considered as a block, or rectangle. But by Fourier transforming this shape from time to 

frequency space, it can be shown that the frequency response of this block pulse takes a sinc 

function shape, as seen in Figure 2-4. 
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Figure 2-4: The Fourier transform of a rectangular RF pulse of length τRF and frequency ωrf 

from time to frequency space.  

 

By finding the range of frequencies for which the field strength remains above 90% of the peak 

magnitude, a frequency range of uniform excitation can be established. This frequency range 

is found to be: 

 
∆𝜔 =

1

4𝜏𝑅𝐹
 2-4 

 

This inverse relationship with τRF means that shorter, higher intensity pulses will therefore 

excite a wider range of frequencies and longer, lower intensity pulses will more selectively 

excite a narrower range of frequencies. The shorter, higher intensity pulses are often referred 

to as ‘hard’ pulses and the longer, lower intensity pulses are known as ‘soft’ pulses. 

Additional complications in RF pulse excitation can occur for quadrupolar nuclei. The previous 

description of the effects of the RF field assumes that the strength of the Zeeman interaction 

with the B1 field is much larger than any of the internal interactions. This assumption can often 

breakdown given the size of the quadrupolar interaction in many cases. 

In the case where HQ is of comparable size to HRF, the interactions must be considered as 

simultaneous perturbations to the Zeeman interaction with the external field. Freude and Haase 

[90] demonstrate that this more complex system provides the following change to the rate of 

nutation observed for the central transition: 

 
𝜔1

𝑄−𝐶𝑇
= −𝛾𝐵1 (𝐼 +

1

2
) 2-5 
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Meaning that for quadrupolar nuclei with large enough CQ, nutation will occur at a rate (I + 

1/2) higher than in the B1 dominated case. 

A distinction is often therefore made in quadrupolar NMR between pulses exciting the whole 

quadrupolar line shape and those that only excited the central transition. If the B1 field of the 

pulse dominates the quadrupolar interaction, the whole quadrupolar line shape can be equally 

excited with a hard pulse, this is known as a non-selective pulse. For when the B1 field is not 

dominant, a softer pulse is used to selectively excite the central transition, known as a selective 

pulse. 

2.4 Relaxation 

In the previous section it was described how the net magnetisation can be transferred into the 

x-y plane where it will then precess around the external field. This precession in the x-y plane 

will not continue indefinitely due to relaxation. Relaxation occurs via two independent 

mechanisms. The first is the net magnetisation returning to equilibrium along the z axis, known 

as longitudinal or spin-lattice relaxation (T1). This process is enabled by the interaction of spins 

with the lattice, allowing some spins to change their Iz values, returning the net magnetisation 

to equilibrium. The second mechanism is driven by slight differences in the field experienced 

by spins due to their interactions with other spins, this causes slight variation in precession 

frequency and thus the net magnetisation will de-phase in the x-y plane. This second 

mechanism is known as transverse or spin-spin relaxation (T2). The rate at which these effects 

change the net magnetization, M, is described by the Bloch equations [11]: 

 𝑑𝑀𝑧

𝑑𝑡
=

𝑀0 − 𝑀𝑧

𝑇1
 2-6 

 

 𝑑𝑀𝑥

𝑑𝑡
=

−𝑀𝑥

𝑇2
 ,     

𝑑𝑀𝑦

𝑑𝑡
=

−𝑀𝑦

𝑇2
 2-7 

 

These effects cause the NMR signal to be observed as a decaying oscillation as opposed to a 

constant one, as will be discussed in the next section. 
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2.5 Acquisition of the Free Induction Decay in a Single Pulse Experiment 

It has been outlined in this chapter how using an RF pulse, net magnetisation can be pushed 

into the x-y plane, where it will undergo a decaying precession around the external field. The 

precession of the magnetisation can now be detected by measuring the induced current in a 

metal coil surrounding the material. Conveniently, this coil can also be used to produce the RF 

pulses used in excitation. The signal induced in the coil after excitation is known as the free 

induction decay (FID), which can then be Fourier transformed from time to frequency space to 

produce a spectrum of the resonances present in the FID. 

The basic single pulse NMR experiment can now be outlined. This is done using a single pulse 

to provide π/2 nutation and then the resulting FID is measured immediately afterwards. The 

experiment is then repeated, and FIDs are combined for improved signal. Each FID is known 

as a co-added transient and the relative signal improvement gained from n transients will be 

√𝑛. Before the experiment is repeated a delay is used to ensure the net magnetisation has 

returned to equilibrium, this delay is known as the recycle delay and should be > 5T1. For the 

work in this thesis the length of this delay was calibrated by running a series of single pulse 

experiments with varying delay length and observing at which delay length the intensity first 

reaches its maximum. The single pulse experiment is shown in Figure 2-5. 

A π/2 pulse is often not the recommended excitation pulse in quadrupolar nuclei. Because of 

different CQ resonances potentially nutating at different rates, a lower excitation angle should  

 

Figure 2-5: Single pulse NMR experiment with a recycle delay of d0, a π/2 pulse length of τRF 

and an acquisition time of taq. 
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be used to provide a quantitative representation across all sites [91]. For this reason, in this 

thesis a π/6 pulse is used when appropriate. 

2.6 The Hahn Echo Experiment 

 

A modified version of the single pulse experiment that is widely used is the Hahn Echo, also 

known as the solid echo or spin echo. This experiment was originally developed by Hahn in 

1950 [92], it has been slightly modified since but the core concept remains.  

The experiment uses two pulses, a π/2 followed by a delay followed by a π pulse, the FID will 

then begin after an equal delay to the one separating the pulses, as shown in Figure 2-6. There 

are two key benefits of this pulse sequence. The first is that by flipping the magnetisation over 

π after a period of precession means that any variation in evolution that has occurred due to 

differences in the Larmor precession frequency, e.g., arising from chemical disorder in a glass, 

will then be refocused such that the magnetisation is restored at the peak of the FID. The second 

is that the start of the FID is not immediately following the excitation pulse. Since the same 

coil is used for both excitation and detection, the acquisition cannot start immediately as the 

beginning of the FID. This can lead to a loss of key data points, especially for shorter FIDs. 

 

Figure 2-6: Hahn Echo π/2 - π pulse sequence with pulse delay of τ and a recycle delay of d0. 

Relative phase of pulses represented with x and y.  
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2.7 The Multiple Quantum MAS (MQMAS) Experiment 

In the study of quadrupolar nuclei, the line shapes of multiple resonances can often end up 

overlaid on top of each other, making distinguishing between them challenging. The multiple 

quantum MAS (MQMAS) experiment [19] can be a strong tool to assist in this. The experiment 

uses the indirect detection of the Δm > 1 transitions to form a second dimension of the NMR 

spectrum.  

Only transitions with a change in spin number (Δm) equal to 1 are directly observable, known 

as single quantum (SQ) states. For transitions larger than this no direct transition can be 

observed but a ‘coherence’ relating the spin states is still present, known as a multiple quantum 

(MQ) coherence. These coherences can be indirectly observed by exciting them with a phase-

cycled RF pulse and allowing the coherence to evolve over time, before converting the 

coherences back into the observable SQ state to be observed via the acquisition of an FID. By 

repeating the experiment and varying the amount of time that the MQ coherence is left to evolve 

for, the evolution of the NMR signal over two separate time dimensions can be observed, the 

MQ evolution time (t1) and the signal detection time (t2). This two-dimensional data set can 

then be Fourier transformed into a two-dimensional NMR spectrum showing the resonances 

present in the evolution of t1 and t2. A schematic of an MQMAS pulse sequence can be seen in 

Figure 2-7, where p is used to represent coherence between m= ½ p and m= −½p. 

For the MQ excitation and conversion pulses a hard pulse should be used to provide maximum 

excitation and conversion of the MQ coherence. For the third detection pulse, known as the Z-

filter, a softer selective pulse should be used to transfer the signal into the observable SQ state. 
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Figure 2-7: Pulse sequence and coherence pathway for a MQMAS experiment [93] exciting 

the triple quantum coherence in I=3/2 nuclei, as was used in this thesis. 

 

In addition to now observing the resonances in a 2D space, allowing for the deconvolution of 

stated line shapes, there is an additional benefit to the MQMAS pulse sequence. This is that, at 

certain combinations of t1 and t2 the fourth rank anisotropic component of the second order 

quadrupolar interaction is averaged out [19]. This occurs when t1 and t2 fulfil the following 

criteria: 

 
𝑡2 = 𝑝

36𝐼(𝐼 + 1) − 17𝑝2 − 10

36𝐼(𝐼 + 1) − 27
𝑡1 = 𝑅(𝐼, 𝑝)𝑡1. 2-8 

 

This means that within the 2D spectra produced by the MQMAS, there will be an axis running 

through the spectra for which the anisotropic quadrupolar broadening is removed. To make use 

of this the spectrum can then be sheared such that the vertical axis originally arising from the 

t1 evolution can be aligned with this axis with removed anisotropic broadening. This new axis, 

δiso will be defined by: 

 𝛿𝑖𝑠𝑜 = 𝛿1 + 𝑅 × 𝛿2, 2-9 
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where δ1 and δ2 are the axis arising from t1 and t2 evolution respectively and R is defined in 

equation 2-8. δiso then replaces δ1 and the projection along δiso will give just the isotopically 

broadened line shapes.  

2.8 The Double Orientation Rotation (DOR) Experiment  

As was mentioned in section 1.2.11, MAS is unable to average out all of the anisotropic 

broadening effects of the second order quadrupolar interaction due to its additional dependence 

on P4(cos θr) as well as P2(cos θr), where: 

 
𝑃2(𝑐𝑜𝑠 𝜃𝑟) =

1

2
(3𝑐𝑜𝑠2𝜃𝑟 − 1), 2-10 

 

 
𝑃4(𝑐𝑜𝑠 𝜃𝑟) =

1

8
(35𝑐𝑜𝑠4𝜃𝑟 − 30𝑐𝑜𝑠2𝜃𝑟 + 3). 

2-11 

 

Since the second and fourth order Legendre polynomials do not share a common root, there is 

no signal angle for which both can be set to zero. Double Orientation Rotation (DOR) solves 

that issue by rotating the sample around two axis simultaneously, one angle to set P2(cos θr) to 

zero and another to set P4(cos θr) to zero, 54.74° and 30.56° respectively.  

This is achieved by using a small inner rotor rotating at one angle within a larger outer rotor 

rotating at the second angle. The outer rotor is positioned at the magic angle (54.74°) and spun 

at relatively slow frequencies (νouter = 1 – 2 kHz), whilst the inner rotor is positioned at 30.56° 

and spun at slightly higher frequencies (νinner = 5 – 10 kHz). For rotational stability, the work 

in this thesis maintained a constant ratio of 5 between νinner and νouter, both rotor frequencies 

can then be defined by providing νouter.  

In DOR NMR, extra care needs to be taken due to the spinning side bands. The relatively low 

spin rate of the outer rotor will mean that its side bands will often interfere with the spectrum 

if multiple peaks are present. To counteract this, two acquisitions are made for each FID in a 

rotor synchronised manner, making sure one acquisition occurs when the inner rotor is at a 

relative angle of 0° and one is at 180°. This will cause the odd numbered sidebands to be 
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cancelled out, improving spectral resolution [94]. In order for this rotor synchronised 

acquisition to be achieved, the DOR probe produces a trigger that tells the spectrometer when 

to pulse. However, an additional rotor frequency dependant delay is needed to be calibrated to 

ensure the acquisition is triggered correctly, this should be done on a reference sample first.  

The chemical shift of peaks observed via DOR NMR will be dependent on the isotropic shift 

and the isotropic second order quadrupolar shift, δQ*: 

 
𝛿𝐷𝑂𝑅 = 𝛿𝑖𝑠𝑜 − 𝛿𝑄∗ = 𝛿𝑖𝑠𝑜 −

3

40
𝑓(𝐼)

𝑃𝑄
2

𝜔0
2, 2-12 

 

where 

 

 

𝑓(𝐼) =
[𝐼(𝐼 + 1) −

3
4
]

𝐼2(2𝐼 − 1)2
, 2-13 

 

and  

 

𝑃𝑄 = 𝐶𝑄√(1 +
𝜂2

3
) . 2-14 

 

For I=3/2, as is the case in the experiments in this thesis, f(I)= 1/3 [95]. Plugging this into 

equation 2-12 gives: 

 
𝛿𝐷𝑂𝑅 = 𝛿𝑖𝑠𝑜 −

1

40

𝑃𝑄
2

𝜔0
2, 2-15 

 

By acquiring DOR NMR spectra of samples across multiple fields, this relationship can then 

be used to calculated estimates of δiso and PQ. δDOR can be plotted against 1
𝜔0

2⁄  to provide a 

linear fit and the y-intercept of this fit will then be δiso and the gradient will be equal to 
−𝑃𝑄

2

40
.  
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Figure 2-8: Schematic of the inner and outer rotors used to provide two angles of rotation 

during DOR NMR experiments. 

 

2.9 Powder X-ray Diffraction  

Due to zeolites’ distinctive crystalline structures, x-ray diffraction is one of the most powerful 

techniques for their identification and characterisation. As such it is the method of choice for 

the monitoring of synthesis results in the work presented in this thesis.  

XRD experiments irradiate the sample with a monochromatic x-ray beam. The crystalline 

lattice then behaves as an ensemble of diffraction gratings, with the spacing between each 

lattice plane acting like its own diffraction grating. As shown in Figure 2-9, these lattice planes 

will then produce constructive interference at an observational angle, θ, dependant on the 

separation between the planes, as defined by Bragg’s law: 

 𝑛λ = 2𝑑 𝑠𝑖𝑛𝜃, 2-16 

where 𝜆 is the x-ray wavelength, d is the distance between planes and n is an integer. Therefore, 

by detecting the x-ray intensity over a range of angles from the source, the observed peaks can 

then be correlated to the separations of each of the lattice planes of the structure. Note that 

since the lattice plane will be positioned at an angle of θ from both the x-ray source and the 
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detector, the angle between the source and the detector will be 2θ, which is the variable XRD 

patterns are recorded against. If a sample is in powder form, then all orientations of the crystal 

will be examined equally in this way. For some coatings the same may also be true, though for 

others there may be some preferential crystal stacking arrangements that affect which crystal 

orientation are observed. 

By analysing the XRD pattern of a crystalline sample it can then be possible to find the unit 

cell, the smallest repeating unit containing the full symmetry of the structure, from the θ 

positions of the pattern. The size and shape of the unit cell is defined by the lengths of its three 

axes and the three angles that define their relative orientation. The XRD pattern can also be 

used to determine symmetries present, since they will produce systematic absences in the peaks 

visible in the pattern. Finally the relative intensity of the peaks can then be used to calculate 

which positions within unit cell are populated with atoms, since planes containing a larger 

number of atom will cause more diffraction. 

Since zeolites have such distinctive structures, each will have a characteristic XRD diffraction 

pattern that can then be used to identify it, like a fingerprint. A database of all the XRD 

diffraction patterns for each zeolite is kept as part by the International Zeolite Association [40]. 

This database also contains assignments of each diffraction peak to the Miller indices of the 

plane producing it, given as [h,k,l]. 
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Figure 2-9: Bragg scattering of an x-ray beam off atoms in two adjacent lattice planes leading 

to constructive interference. 
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Chapter 3: Solid State 11B MAS and DOR NMR 

investigation of Binary Borosilicate and SiO2 – B2O3 

– Na2O glass structures. 

3.1 Introduction 

Borosilicate glasses are a very widely used subset of materials, their high chemical and electric 

resistances complement their low thermal expansion coefficient to make them of great use to 

many applications. Most common in the eyes of the consumer would be Pyrex™, used the 

world over in kitchens and labs, but there are many other forms and applications, ranging from 

laser optics [96] to aquarium heaters [97]. A growing area of use for borosilicate glasses is their 

application as a waste form in the storage of high-level nuclear waste [98, 99], this will be 

discussed in more detail in Chapter 4. Applications such as this bring a greater drive to better 

understand the nature of these materials, since the margin for error and desire for long term 

behavioural predictability are of far greater concern for nuclear power plants than for exotic 

fish. It is therefore of interest to better understand the structure of these glasses, since that will 

form the fundamental building block for further predictions and work on their chemical 

behaviour. 

These glasses are produced using a melt-quench process, in which a range of oxides are 

combined in a melt at high temperatures (often exceeding 1000 °C) before then being rapidly 

cooled via quenching, most commonly done in cold water. This process allows the glasses to 

become distinct structures from other compounds of the same composition, with the rapid 

quenching allowing the structure to remain in a metastable amorphous state. Note though, that 

this metastable state often has an expected lifetime many orders of magnitude longer than the 

age of the universe, with one reference calculating this to be 1098 years [100]. Unusually for 
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solids, glasses are also characterised by having a non-zero viscosity, allowing them to flow, 

albeit very slowly. This viscosity undergoes an abrupt decrease if the glass is heated past a 

certain temperature. The temperature that this change occurs at is known as the glass transition 

temperature, Tg, and shouldn’t be confused with the melting temperature which will be 

considerably higher. In addition to composition, the Tg of a glass will also be dependent on the 

cooling rate of its quench, with faster cooling rates generally producing a higher Tg [101]. 

Given that the structure of glass is characterised by a lack of long-range order, even if some 

short and mid-range order is present, the degree of understanding that can be gained using 

common analytical techniques is limited. That is not to say information cannot be extracted, 

borosilicate glasses have been successfully studied using a number of techniques that can make 

use of the short-range order without being completely disrupted by the amorphous long-range 

nature. The most notable of these techniques have been solid state NMR [102-104], raman 

spectroscopy [105] and neutron diffraction [106]. This study will focus on the use of solid state 

NMR. 

Although its application to high level nuclear waste management brings greater need for 

structural information, it also unfortunately brings a greater degree of complexity. As will be 

discussed further in Chapter 4, these borosilicate-based waste forms are made up of many 

different elements, containing upwards of 8 different oxides in the glass melt. Whilst solid state 

NMR is still able to extract information from these amorphous samples, the additional 

complexity and disorder arising from such a diverse composition still inhibits much of the 

possible insights. Evidence of this can be seen simply by comparing the spectra and viable 

techniques from this chapter with those in Chapter 4.  

It is for this reason that it is beneficial to take a step back and examine the simpler borosilicate 

glass systems, to better understand the compositional units that go into building the more 

complex glass waste forms. This study will therefore focus in on some simplified ‘model’ glass 
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compositions, consisting of just boron and silicon or boron, silicon and sodium (plus of course 

the bridging oxygens). Then by using some of the more advanced techniques in the solid-state 

NMR tool kit, that are not viable or productive to use on the more complex waste form samples, 

a deeper level of insight should be achievable.  

Studying the pure boron and silicon systems is an obvious choice when wanting to develop a 

fundamental understanding of borosilicate glasses, the choice to also look at samples 

containing sodium is partly informed by the more complex waste glasses. Sodium is a simple 

addition that introduces a charge balancing element that opens up different speciation options 

in the boron structures that are otherwise unavailable. These boron speciations are prevalent in 

borosilicate waste forms and their omission would greatly reduce how transferable the 

information gained here would be to the real-world applications. 

The solid state NMR techniques that will be applied in the study will centre around multiple 

quantum MAS (MQMAS) NMR and double rotation (DOR) NMR, as well as multiple field 

MAS NMR coupled with QUADFIT [33] simulations. This study aims to showcase the 

usefulness of these techniques when examining samples of this nature. All NMR in this chapter 

will be focused on the 11B nucleus. Whilst work featuring 11B DOR NMR has been done on 

Pyrex™ [107], it remains a relatively underutilised tool in the published work on borosilicates. 

This is likely due to the considerably high barrier to entry to DOR NMR, arising from the 

complexity and rarity of the required equipment. 

Another more subtle tool that is used in this study that is not currently widely applied is the 

utilisation of much lower field NMR in addition to the more traditional high field work. For 

the 1D MAS NMR and MQMAS NMR portions of this study, experiments were complete on 

a 2.35 T system to complement the work done at 7.05 T and 14.1 T. Using such a low field is 

normally avoided since it greatly increases the needed experimental time and produces a much 

broader line shape.  However, by allowing the line shapes to be broadened in this way can help 
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increase the amount of detail seen in the quadrupolar features, allowing for more accurate 

simulation using QUADFIT. This happens because at low fields the quadrupolar interaction 

becomes comparatively stronger relative to CSA. As such, in some cases this causes the 

distinctive features of overlaid quadrupolar line shapes to become partially resolved, enabling 

assignments to be made regarding the number of individual sites contributing to a line shape. 

First, it is worth breaking down the nature of the disorder that is present in borosilicate glasses 

(and more generally, all glasses). This is because there are different sources of potential 

disorder, namely chemical and geometrical disorder [108]. Chemical disorder is the name given 

to disorder arising from a variation in the constituent atoms involved with each chemical bond 

sub structure, i.e. some silicon atoms may share a bridging oxygen with two silicon atoms and 

two boron atoms, whereas others may only share them with four other silicon atoms. Geometric 

disorder on the other hand is the disorder arising from variation in the geometric properties of 

the bonds, such as bond lengths and angles. Relating this to the comparison between the waste 

glasses and the model glasses, it is clear that such a large reduction in the number of oxides 

using in the glass will lead to a great reduction in the chemical disorder present, as there are 

only two or three atoms to choose from, instead of eight or nine. This reduction in disorder 

allows for a much closer look to be taken at the remaining chemical disorder and the effects of 

this on the geometric disorder. Because of this, these model glasses have proved a great 

resource for structural research, particularly the binary boron-silicon glasses [108-110]. 

Since glasses are so fundamentally disordered, the term ‘disorder’ can almost become 

interchangeable with ‘structure’. To understand the disorder in a glass is to understand its 

structure. So, to think about the forms of disorder previously mentioned, chemical and 

geometric, we can consider which of these forms of structure can be best analysed using solid 

state NMR. Whilst it is possible to extract geometric bond information using NMR [111, 112], 

it is more commonly done in non-quadrupolar nuclei and is an application of the technique still 
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in development. Where solid state NMR is stronger in this case is in its ability to probe chemical 

structure. It is a powerful tool in the identification of differences in the local short-range order 

due to is high sensitivity to changes in the local electromagnetic field. As will be shown, the 

MQMAS and DOR NMR techniques excel in distinguishing one set of bond combinations 

from another. With that said, both experiments have their flaws, and as such they are strongest 

when used together. 

The structural units that would be expected to be present in such samples can be broken down 

into BO3 and BO4 subsets, with BOn representing a boron site bonded to n bridging oxygens. 

The 3-coordinated boron can largely be divided into two trigonal planar subsections, ring and 

non-ring. A BO3(ring) unit consists of three boron atoms forming a boroxol ring with three 

bonding oxygens. A BO3(non-ring) unit consists of the more general non-boroxol trigonal 

planar boron nuclei that can be connected to a variety of other units in the glass network. It is 

important to note that the BO3(ring) sites are not limited to three boron member ring sizes, 

larger rings can occur, although three member ring are the most common [107]. The 4-

coordinated boron sites are all tetrahedral in structure and are distinguished by the combination 

of elements that each of its bridging oxygens is shared with. These are described as 

BO4(1B,3Si), a boron sharing a bridging oxygen with one boron and three silicons and 

BO4(0B,4Si), a boron that shares its bonding oxygens with four silicons. BO4(2B,2Si) is also 

possible but since B4-O-Si4 bonding is energetically favourable compared to B4-O-B4
 bonding, 

it is not widely observed. The BO4 units have a negative net-charge and thus are not present in 

the glass network unless there is a charge balancing element, such as Na+. In terms of NMR, 

BO4 sites generally appear as Gaussian line shapes with near zero CQ, whilst the BO3 units 

appear as more traditional quadrupolar line shapes. These structural units can be seen below in 

Figure 3-1. Another way of describing these units is using a Qn or Tn notation, where Q and T 

correspond to trigonal planar and tetrahedral structures, respectively and n denotes the number  
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Figure 3-1: Structures of the BO3(ring), BO3(non-ring), BO4(1B,3Si) and BO4(0B,4Si) sites 

respectively 

 

of bridging oxygens it is bonded with. This notation is commonly used in 29Si NMR, as seen 

in Chapter 4. 

The relative population between the BO3 and BO4 sites within SiO2 – B2O3 – Na2O glasses has 

been well studied in terms of its dependence on the glass composition. Through this study a 

model has been formed relating the ratios between silicon, boron and sodium oxides in the 

glass melt to the relative BO4 content. This model is known in the literature as the YBD model, 

named after Yun, Bray and Dell, the authors of the original studies [102, 113, 114]. The original 

model is still widely applicable, though some small changes have been proposed for certain 

composition ratios. One of the additions to the YBN model that is relevant to some of the 

samples in this study is that made by Manara [115], which addresses glasses with a high sodium 

to boron ratio. 

3.2 Samples and Experimental Details 

The samples used in this study come from two sets of samples already analysed in published 

literature. The first is two samples made only from SiO2 and B2O3 (known as a binary glass) 

referred to as BS5 and B6S4, with the names corresponding to their relative compositions 
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[108]. The second consists of three samples made up of SiO2, B2O3 and Na2O, referred to as 

SBN12, SBN35 and SBN55 [116]. The compositions of each of these samples can be seen in 

Table 3-1. 

Table 3-1: Molar compositions of the two sets of samples studied. Values from ICP of batch 

production accurate to 10%. 

 Relative composition (mol%) 

Sample SiO2 B2O3 Na2O 

BS5 83.3 16.7 0.0 

B6S4 60.0 40.0 0.0 

SBN12 59.6 23.9 16.5 

SBN35 46.9 18.6 34.5 

SBN55 58.0 12.9 29.1 

 

It is worth highlighting that for the SBN series, due to the fact that these samples were originally 

part of a wider set of samples, the naming system is not internal consistent. SBN12 and SBN35 

take their name from the targeted sodium content whereas SBN55 takes its name from the 

targeted silicon content. In the interest of remaining consistent with reference [116], this has 

not been changed. 

The 1D 11B MAS NMR and 2D MQMAS data was acquired on Bruker Avance 600, 300 and 

100 MHz spectrometers, operating at magnetic fields of 14.1, 7.05 and 2.35 T respectively, this 

corresponds to 11B Larmor frequencies of 192.30, 96.29 and 32.10 MHz. A 4 mm Varian probe 

was used on the 600 MHz system and a 3.2 mm Varian probe on the 300 and 100 MHz systems, 

each using 15 kHz MAS. The 11B DOR NMR measurements were taken on Bruker Avance 

600, 500 and 400 MHz spectrometers, operating at magnetic fields of 14.1, 11.7 and 9.40 T 

respectively, this corresponds to 11B Larmor frequencies of 192.30, 160.46 and 128.38 MHz. 

A prototype Samoson DOR probe constructed in Tallinn was used for these experiments, with 

outer rotor speeds ranging between 1.3 and 1.9 kHz.  

For all data sets NaBH4(s) (δiso = -42.06 ppm) was used as a reference for chemical shift and 

pulse time calibrations. For the excitation pulses used in the 1D MAS NMR and the DOR NMR 

a π/6 selective (solid) pulse to quantitatively excite the central (½, -½) transition was calibrated 
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by first calibrating a non-selective (solution) π/2 pulse on the crystalline reference, specific 

values for each experiment are given in figure captions. 1D MAS NMR data used a single pulse 

excitation at all fields aside from 2.35 T, where a Hahn-echo was used to prevent ringing 

effects. For the MQMAS experiments the selective π/2 pulse was calibrated using a single pulse 

experiment and then the excitation and conversion pulses were optimised using a 1D MQMAS 

sequence consisting of the first slice of the 2D experiment. NaCl(s) was used while observing 

23Na to fine tune the DOR rotor angle, The B6S4 sample was used to check and recalibrate the 

tach delay to ensure thorough odd-order sideband suppression [117]. 
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3.3 Results 

The study starts with an examination of the simplest samples, studied with the simplest 

techniques, before adding depth to the complexity via both the samples and the experimental 

methods used. To this end, the 11B MAS NMR of the binary glasses will be examined first, 

followed by the 11B MAS NMR of the SBN glasses, later followed by the MQMAS and DOR 

NMR of both sample sets. 

3.3.1 1D MAS NMR 

The multi-field 11B MAS NMR spectra of the binary glasses can be seen in Figure 3-2 along 

with the simulated decompositions below each line shape. These simulations were done by 

ensuring the NMR parameters such as δiso, CQ and η were kept constant across each field, thus 

constraining them and greatly improving accuracy. The MQMAS data discussed later were 

also used to inform this process, however due to the simpler line shapes seen for the binary 

glasses this was largely unnecessary. It is worth also noting that after a few months the BS5 

sample appeared to degrade, the effects of this can begin to be seen in its 14.1 T spectrum on 

the positively shifted side of the line shape. Due to this degradation, it was not possible to 

obtain the DOR NMR spectra for this sample. The B6S4 sample also appeared to degrade in a 

similar way, however when an effort was made to acquire fresh copies of each sample, it was 

possible to get more of B6S4 but not of BS5, and this is why there is a complete set of spectra 

for this sample. To ensure consistency, all B6S4 experiments shown in this study are from the 

replacement sample and not the original. The replacement B6S4 sample was then handled 

solely in a dry nitrogen-gas glovebox, which seemed to prevent or slow any degrading process, 

but this was not studied in detail. 
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Figure 3-2: Multi-field 11B MAS NMR of BS5 and B6S4 carried out at 14.1, 7.0 and 2.3 T. A 

selective π/6 pulse of 1.125 μs was used for the 14.1 and 7.0 T data, the 2.3 T experiments used 

3 and 6 μs π/2 and π pulses in a Hahn-echo. All experiments used a 5 s recycle delay and the 

14.1, 7.0 and 2.3 T experiments used 32, 64 and 100000 co-added transients respectively. 

Simulations were done using QUADFIT, plotted both as a deconvolution and total line shape. 

 

The 1D MAS NMR of the binary glasses is relatively simple as might be expected, the BS5 

glass can easily be fitted with one quadrupolar line shape (aside from the aforementioned 

degradation effects in the 14.1 T spectrum) and the B6S4 can be fitted with two. The parameters 

used in these simulations are given in Table 3-2, along with a best estimate for each parameter 

from the combined data. The shoulder on the positively shifted side of the line shape in the 

B6S4 14.1 T spectrum is clear evidence that two sites are required to fit this data, the relative 

heights of the two peaks in the 7.0 T spectrum also cannot be explained with one line shape. 

Therefore these assignments can be made with reasonable confidence before having to look at 
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the 2D data. The two line shapes used to fit the B6S4 are in agreement with other work 

published on borosilicate glasses [118-120] and can be assigned as the BO3(ring) and BO3(non-

ring) units, as shown in Figure 3-1, with the ring site having an δiso of around 17 ppm and the 

non-ring of around 13 ppm. The chemical shift of the BS5 data suggests that it is BO3(non-

ring). This seems reasonable, given the comparatively lower concentration of boron present, 

rings may be less likely to form. Although, there is a small chance that they are BO3(ring) sites 

with a greater than three member ring size, since calculations have shown this to reduce 

chemical shift [108]. It does however seem unlikely that the BO3(ring) sites would form solely 

in these higher ring sizes, as no precedent is seen for this in the literature, but it is still worth 

noting. As expected, there are no BO4 units observed, due to the lack of Na+ to charge balance 

these units. 

 

The 11B MAS NMR spectra of the SBN glasses then shows the large difference sodium 

insertion can make on the boron speciation. The multi-field spectra and simulations for each 

sample can be seen in Figure 3-3, arranged in order of sodium content. As with the binary 

glasses, the parameters used in these simulations are given in Table 3-2, along with a best 

estimate for each parameter from the combined data. This best estimate is generally comprised 

of an average of the three values. However, given that the 2.3 T data are spread across a 

considerably wider range of chemical shifts, it is far more susceptible to errors in δiso, so in 

cases where it differed greatly from the other two fields the 2.3 T δiso was not included in the 

average. Additionally, the 7.0 T SBN12 data appeared to have a small referencing error, 

causing all of the δiso values to be shifted roughly 5 ppm, therefore these values were also not 

included in the best estimate average. 

The sudden presence of the BO4 units that are made possible by Na+ charge balancing is very 

apparent. The presence of the BO4 units now accentuates the effects that changing field has on 
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the quadrupolar line shapes, as the field is lowered the quadrupolar broadening becomes 

proportionally larger compared to other effects and shifts the apparent position of the line  

Table 3-2 : Fitting parameters used in QUADFIT simulations of the multi-field MAS NMR 

study.  

 

 SBN12 SBN35 SBN55 B6S4 BS5 

 BO4 BO3 BO4 BO3 BO4 BO3 BO3 BO3 

 (0B,4Si) (1B,3Si) Non-ring Ring (0B,4Si) (1B,3Si) Non-ring Ring (0B,4Si) (1B,3Si) Ring Non-ring Ring Non-ring 

2.3 T  

δiso -5.1 -3.6 2.2 10.4 -7.3 -3.6 -72.0 -26.0 -10.8 -5.6 20.6 12.8 16.0 7.2 

CQ 0.00 0.00 2.47 2.60 0.00 0.00 2.14 2.55 0.00 0.00 2.58 2.60 2.64 2.61 

η 0.00 0.00 0.11 0.20 0.00 0.00 0.11 0.20 0.00 0.00 0.14 0.13 0.13 0.02 

I % 12.4 22.5 16.2 48.9 38.7 22.2 2.7 36.4 21.4 51.4 27.2 31.1 68.9 100 

7.0 T 

δiso 6.3 7.6 21.4 25.7 0.2 1.4 8.1 19.2 0.2 1.1 18.4 14.3 17.5 7.6 

CQ 0.00 0.00 2.47 2.61 0.00 0.00 2.14 2.55 0.00 0.00 2.57 2.60 2.64 2.61 

η 0.00 0.00 0.11 0.20 0.00 0.00 0.11 0.20 0.00 0.00 0.14 0.14 0.14 0.02 

I % 13.5 32.9 12.9 40.8 40.3 23.2 12.4 24.1 20.0 49.6 30.5 32.2 67.8 100 

14.1 T 

δiso -2.2 -0.4 13.2 17.0 -0.1 0.9 15.1 18.5 -1.1 -0.1 17.6 13.2 16.8 12.0 

CQ 0.00 0.00 2.47 2.59 0.00 0.00 2.14 2.55 0.00 0.00 2.58 2.60 2.64 2.61 

η 0.00 0.00 0.11 0.20 0.00 0.00 0.11 0.20 0.00 0.00 0.14 0.13 0.13 0.02 

I % 17.8 33.0 12.5 36.7 44.7 23.9 7.6 23.8 23.0 50.0 27.0 31.1 68.9 100 

Best Estimate 

δiso -2.2 0.4 13.2 17.0 0.1 1.1 11.6 18.8 -0.5 0.5 18.0 13.4 16.8 9.8 

CQ 0.00 0.00 2.47 2.60 0.00 0.00 2.14 2.55 0.00 0.00 2.58 2.60 2.64 2.61 

η 0.00 0.00 0.11 0.20 0.00 0.00 0.11 0.20 0.00 0.00 0.14 0.13 0.13 0.02 

I % 14.6 29.5 13.9 42.1 41.2 23.1 7.6 28.1 21.5 50.0 28.2 31.5 68.5 100 

δiso is given in ppm with an approximate error of ± 0.2 ppm. CQ is given in MHz with an approximate error of 

±0.05 MHz. I % is the relative integrated intensity of each line, with an approximate error of ±2. A best estimate 

is also given for each site that combines the data from all three fields, highlighted in bold. 

 

shapes in the negative direction. This can be clearly seen as the BO3 units can be seen on the 

left-hand side of the BO4 at 14.1 T, but are all the way across on the right-hand side when the 

field gets down to 2.3 T. 

When assigning BO4 units to the SBN spectra, the SBN12 sample is the clearest, due the well-

defined shoulder in the 14.1 T spectrum, implying that there are two Gaussian line shapes 

present at the site. A Gaussian line shape is unsurprising here, since the CQ of these sites is 

expected to be low due to their highly symmetrical tetrahedral structure. This two unit 

assignment is in agreement with other studies [119-121] and the two peaks can be assigned to 

BO4(0B,4Si) and BO4(1B,3Si). At lower fields when the relative width of the line shapes is 

higher, the two sites are less obviously distinguishable, though an asymmetry in the peak 

remains. The BO4 sites in the other two samples are less distinctive, though they are still 

assigned the same two sites since an asymmetry is still present. Additionally, it seems unlikely 

that as more sodium is added and the relative number of BO4 sites increases that the sites would 

become more uniform in their bonding pairs. What seems more likely is that as more boron  
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Figure 3-3: Multi-field 11B MAS NMR of SBN12, SBN35 and SBN55 carried out at 14.1, 7.0 

and 2.3 T. A selective π/6 pulse of 1.125 μs was used for the 14.1 and 7.0 T data, the 2.3 T 

experiments used 3 and 6 μs π/2 and π pulses in a Hahn-echo. All experiments used a 5 s recycle 

delay and the 14.1, 7.0 and 2.3 T experiments used 32, 64 and 170000 co-added transients 

respectively. Simulations were done using QUADFIT, plotted both as a deconvolution and total 

line shape. 

 

moves into the BO4 coordination, the variation in bond angles and length increases causing 

increased disorder and broadening, leading to the two line shapes becoming less 

distinguishable. 

For the BO3 assignments, both the SBN12 and SBN35 samples clearly needed two quadrupolar 

line shapes for an adequate fit, for the SBN55 sample a single line shape was able to provide a 

sufficient fit although there are indications of a second, low intensity site. The two line shapes 

for SBN12 and SBN35 are again fairly trivial to assign to BO3(ring) and BO3(non-ring) units 
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given their similarity to the previous results. The single site in the SBN55 glass is characteristic 

of the BO3(ring) unit. This single ring site seems initially slightly surprising when compared 

with the results of BS5 where the single BO3 was non-ring. However, the key separating factor 

is the faint presence of the second non-ring site in the SBN55, meaning it is not actually a single 

site just heavily ring favoured. Whilst the BO3 sections of the SBN12 and SBN35 spectra 

appear relatively similar, there is a noticeable difference in the size of the CQ in the non-ring 

site. This can most clearly be seen in the 2.3 T spectra, as the relative position of the non-ring 

line shapes are noticeably different as the quadrupolar broadening becomes more prominent at 

lower fields, causing the sites of different CQ to shift different amounts. In the 2.3 T SBN35 

spectrum the peak of the non-ring site can be seen poking out of the centre of the ring line 

shape. This is also what indicates the possible presence of a second BO3 site in the SBN55 

sample, since a small amount of the same feature can be seen around −140 ppm. This shows 

how powerful a tool simple low-field MAS NMR can be when applied to the right samples. 

The relative proportions of BO4 to BO3 units observed in the 11B MAS NMR of the SBN glasses 

can now be compared with the value predicted by the YBN model. The composition of the 

SBN12 glass makes it appropriate to be modelled by the original YBN model [114], which 

predicts it to have a 55% BO4 population compared to the observed 44%. The SBN35 and 

SBN55 glasses are more appropriately modelled by the previously mentioned adjustment to 

the YBN model made by Manara [115], due to their high sodium to boron ratio. This model 

predicts the SBN35 and SBN55 glasses to have 61% and 60%  BO4 populations, respectively, 

compared to the observed values of 64% and 71%. Whilst all of these observed values are not 

far from agreement to those predicted by the YBN model, the SBN12 and SBN55 values are 

further than would be expected. For SBN55 this could be explained by the approximation in 

the model made for the number of SiO2 units in the borosilicate groups, something that would 

otherwise need to be independently measured. 
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3.3.2 MQMAS NMR 

The MQMAS NMR data was also recorded at multiple fields for each of the glass samples. 

The binary glass samples were again studied at 14.1, 7.0 and 2.3 T, whereas the SBN glasses 

were only studied at 14.1 and 7.0 T. The MQMAS data for the binary and SBN glasses can be 

seen in Figure 3-4 and Figure 3-5 respectively. 

For the binary samples, the MQMAS data reinforces the findings of the 1D MAS NMR 

experiments. Both the single site in the BS5 sample and the two sites in the B6S4 sample can 

clearly be seen and match closely with the line shapes produced in the 1D deconvolutions. The 

only dataset for which this is not apparent is the 2.3 T B6S4 spectrum, where two line shapes 

cannot be distinguished. This is likely due to the difficulty of achieving full multiple quantum 

excitation at such low fields because of how hard it is to correctly tune the selective pulse. The 

14.1 T B6S4 spectra again shows how the sample had begun to degrade, although a decent 

MQMAS was still achieved. The strong agreement of these MQMAS spectra with the previous 

multi-field MAS NMR deconvolutions shows the strength of the multi-field method for 

constraining NMR fitting parameters.  

The MQMAS data of the SBN glasses, shown in Figure 3-5, are generally less resolved than 

that seen in the binary glasses. Comparing the signal in the BO3 region the SBN glasses suffer 

greatly compared to the binary glasses due to the much lower intensity, making it hard to detect 

individual sites within the region. It is also important to note that in the 14.1 T spectra the lower 

peak seen in each spectrum at 0 ppm on the δMAS axis is not a BO3 unit but just a sideband of 

the BO4 peak. 

In terms of helping with the deconvolution the BO4 units, the MQMAS data mirrors the MAS 

NMR data in that only the SBN12 sample shows clear separation of the two BO4 sites. The two 

distinct sites can be clearly seen in the δiso dimension of the 7.0 T data set, though not in the 

14.1 T data. It is possible that with a greater number of slices in the second dimension these  
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Figure 3-4: 11B MQMAS spectra of samples BS5 and B6S4 acquired at 14.1, 7.0 and 2.3 T. All 

were collected at 12 kHz MAS, used 150 t1 increments and a recycle delay of 5 s. 14.1 T 

experiments used a 4.5 μs excitation pulse, a 1.5 μs conversion pulse and a 6 μs selective pulse 

for 192 co-added transients. 7.0 T experiments used a 4.9 μs excitation pulse, a 1.1 μs 

conversion pulse and a 15 μs selective pulse for 288 co-added transients. 2.3 T experiments 

used a 2.5 μs excitation pulse, a 0.8 μs conversion pulse and a 12 μs selective pulse for 480 co-

added transients. 
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Figure 3-5: 11B MQMAS spectra of samples SBN12, SBN35 and SBN55 acquired at 14.1 and 

7.0 T. All were collected at 12 kHz MAS, used 150 time delay increments and a recycle delay 

of 5 s. 14.1 T experiments used a 4.5 μs excitation pulse, a 1.5 μs conversion pulse and a 6 μs 

selective pulse for 192 co-added transients. 7.0 T experiments used a 4.9 μs excitation pulse, a 

1.1 μs conversion pulse and a 15 μs selective pulse for 288 co-added transients. Acquired by 

Dr Samuel Page. 

 

sites could become more visible. There are experimental limitations to this though, since as 

more slices are acquired the relative signal to noise goes down and thus a greater total number 

of co-added transients are required to maintain resolution, increasing the needed experimental 

time two-fold. These spectra indicate that as the samples become more complex and a greater 

degree of disorder is introduced, the MQMAS experiment cannot always be relied on for 

distinguishing the individual sites, so if applied to the even more complex waste glass samples, 

its uses may be limited. 

3.3.3 DOR NMR 

As previously mentioned 11B DOR NMR was also used to further the investigation. This was 

again done at multiple fields, however not the same three fields as the previous studies, instead 

using 14.1, 11.7 and 9.4 T. This was done due to limitations in the frequency range of the DOR 
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probe. The motivation behind using multiple fields in a DOR study is however subtly different 

to when using them in a MAS study. Whilst for MAS experiments it is mostly done to constrain 

NMR parameters and reinforce results, for DOR experiments it is done such that the relative 

position can be plotted against a function of field, which in turn allows the isotropic shifts and 

PQs of each peak to be determined, as discussed in section 2.8. PQ corresponds to the 

quadrupolar product parameter and for low η values can be approximated to CQ, given the η 

values from the MAS study, this approximation should be valid (it would be accurate to around 

10% for the largest η in the MAS study). This means that δiso and CQ values can be calculated 

via this method, which is independent from the previous MAS simulations, and compared. 

The DOR experiment utilises two angles of rotation (54.74° and 30.56°) such that not only is 

the dipolar broadening removed by the normal magic angle rotation, but the second order 

quadrupolar broadening is also removed or greatly reduced. A further discussion of the 

mechanics involved in this experiment can be found in section 2.8 of this thesis. Since the BO4 

sites have a near-zero CQ they experience little to no quadrupolar broadening, and it is expected 

that the most pronounced difference between the MAS and DOR data will be in the BO3 region 

where the second order quadrupolar effects are prominent. 

For the DOR NMR investigation of the binary glasses, only the B6S4 sample was examined 

due to the BS5 sample degrading. Whilst it is unfortunate that the DOR NMR of this sample 

could not be obtained, it is the sample that would have been of least interest due to the high 

confidence in it containing only a single BO3 site. However it still would have been of benefit 

to obtain δiso and CQ values for comparison. 
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Figure 3-6: Multi-field 11B DOR NMR of B6S4 carried out at 14.1, 11.7 and 9.4 T with an 

outer-rotor speed of 1.4 kHz and maintaining a 5:1 inner to outer rotor speed ratio. A rotor 

synchronised two pulse DOR sequence was used with two 1.25 μs π/6 excitation pulses for 64 

co-added transients at a recycle delay of 5 s. 

 

The multi-field DOR NMR of B6S4 is shown in Figure 3-6, along with a plot of the chemical 

shifts against 1
ν0
2⁄ , where ν0 is the 11B Larmor frequency. The extracted δiso and CQ values can 

be found in Table 3-3, along with the values found via the MAS study for comparison. The 

removal of the quadrupolar broadening from the line shapes makes a large difference to the 

B6S4 spectrum, as would be expected. The two BO3 units can be easily distinguished in 

comparison with the MAS data. The extracted δiso and CQ values are remarkably close to those 

from the MAS study, especially for the non-ring site. One small difference between the two 

results is that the MAS data gives the non-ring site to have a slightly higher CQ than the ring 

site, whereas the DOR data show the ring site as having the larger CQ. However, since this 

difference is only ± 2%, this is well within the accuracy the experiment. 

The multi-field DOR NMR data were collected for each of the SBN glasses and can be seen in 

Figure 3-7, each with an accompanying plot of the chemical shifts against 1
𝜈0

2⁄  for all 

simulated line shapes. The extracted δiso and CQ values can be found alongside the B6S4 results 

in Table 3-3. 
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Table 3-3: Extracted δiso and CQ values from the multi-field DOR and MAS studies.  

 
  BO4(0B,4Si) BO4(1B,3Si) BO4(2B,2Si) BO3(non-ring) BO3(ring) 

  δiso CQ δiso CQ δiso CQ δiso CQ δiso CQ 

DOR 

B6S4 - - - - - - 13.3 2.55 17.5 2.59 

SBN12 -3.5 0.00 -1.9 0.00 2.1 0.62 12.1 2.11 17.2 2.59 

SBN35 -2.3 0.00 -1.0 0.00 - - 11.7 2.06 17.6 2.66 

SBN55 -1.0 0.00 0.1 0.00 - - - - 17.9 2.63 

MAS 

B6S4 - - - - - - 13.4 2.61 16.8 2.64 

SBN12 -2.2 0.00 0.4 0.00 - - 13.2 2.47 17.0 2.60 

SBN35 0.1 0.00 1.1 0.00 - - 11.6 2.14 18.8 2.55 

SBN55 -0.5 0.00 0.5 0.00 - - - - 18.0 2.58 

δiso is given in ppm with an approximate error of ± 0.2 ppm. CQ is given in MHz with an approximate error of 

±0.05 MHz. CQ of 0 is assigned to lines with positive gradient. The δiso and CQ values from the multi-field MAS 

study, taken from Table 3-2, are also included for comparison. 

 

In general, the peaks seen in the SBN glass DOR experiments are roughly what would be 

expected after the MAS study. The most surprising difference however is the indication of a 

third BO4 unit in the SBN12 sample, on the positively shifted side of the peak, which was not 

detected in the 1D MAS or the MQMAS. Interestingly, this is also the only BO4 unit that had 

a measurable CQ using the DOR methodology. This may have contributed to the why it was 

not seen in the previous methods, where the quadrupolar effects may have caused it to be 

broader than the other BO4 units, hiding it beneath them. The other unexpected feature in these 

data is the greatly reduced size of the BO3(non-ring) site in the SBN35 glass, which whilst still 

present is barely within detection. The resolution achieved between BO3 sites in the SBN 

glasses is greatly reduced compared to that achieved in the B6S4 sample. This indicates further 

that the sodium introduction increases the disorder and broadening within the glass network, 

increasing the challenge of obtaining structural information. 

Comparing the extracted δiso and CQ values with the MAS study show an excellent level of 

agreement amongst the BO3 units in all samples. The only one which shows a variation that is 

outside of the accuracy of the experiment is the SBN12 non-ring site, where the CQ is notably 

smaller in the DOR results, much closer to the value seen in the SBN35 glass. The δiso values 

found for the BO4 units via the DOR investigation show much less agreement with the MAS 
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Figure 3-7: Multi-field 11B DOR NMR of the SBN glasses carried out at 14.1, 11.7 and 9.4 T 

with an outer-rotor speed range of 1.4-1.9 kHz, maintaining a 5:1 inner to outer rotor speed 

ratio. A rotor synchronised two pulse DOR sequence was used with two 1.25 μs π/6 excitation 

pulses for 64 co-added transients at a recycle delay of 5 s. 

 

values. This however is expected, since these sites have a near zero CQ and a positive gradient 

in their 1
𝜈0

2⁄  plots, this technique is not expected to work as accurately and the MAS study’s 

values should be prioritised. 

Although the purpose of the DOR NMR investigation is centred on its ability to extract 

quadrupolar parameters of the sites, it is worth also briefly comparing the intensities with the 
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MAS data, since a small flip angle was used in the experiments allowing a quantitative study. 

A full comparison of every sample is unnecessary, but comparing one of the high field spectra 

is an interesting test of how quantitative the DOR data is. The SBN12 spectra at 14.1 T make 

the most sense for this comparison since they show the clearest resolution between sites. In the 

MAS data the BO4(ring), BO4(non-ring), BO3(1B,3Si) and BO3(0B,4Si) peaks had relative 

intensities of 36.7%, 12.5%, 33.0% and 17.8%, respectively. In the DOR data these values 

were 30.0%, 18.5%, 32.5% and 15.1%, with an additional 3.9% relative intensity in the 

BO3(2B,2Si) site. These value are in moderate agreement, with half of the values being within 

the error bounds given in Table 3-2, indicating that the DOR data is approximately quantitative. 

A slight difference in the DOR intensities from the true values may be caused by the sideband 

suppression not being perfectly optimised.  
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3.4 Conclusions 

This study has applied a range of solid-state NMR techniques to successfully provide insight 

into the difficult to probe structure of borosilicate glasses. In doing so it has also exhibited the 

relative strengths and weakness of these techniques when applied to disordered samples. 

Four structural units were identified and characterised across the range of samples, with a fifth 

one being indicated towards. Experimental and simulation techniques allowed calculation of 

the NMR parameters of these units, which in turn are indicators of structural details. By using 

two independent methods to calculate the δiso and CQ values, the strength of these results is 

fortified. The techniques used were at their most effective when analysing the BO3 units of the 

glass, since although the quadrupolar effects add another layer of broadening to an already 

disordered system, within this broadening information is encoded and its field dependence can 

be manipulated in the experimentalist’s favour. 

This work also represents the first application of DOR NMR to SiO2 – B2O3 – Na2O glasses 

and the potential observation of the BO4(2B,2Si) unit in SBN12 is a notable result, since its 

presence has not previously been observed. This demonstrates the usefulness and potential of 

DOR NMR, a technique that is currently not widely performed. 

In addition to the specific values calculated, the study also has shown how as complexity in the 

glass is increased through diversified chemical composition, the disorder caused can quickly 

have marked effects on the resolution of NMR Data. This is useful when considering the study 

of potential glass waste forms, as it will inform which experimental techniques are 

implemented. 
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Chapter 4: Solid State NMR Investigation of the 

Effects of Insertion of Rare Earth Elements into 

Borosilicate Glasses for use in Immobilisation of 

High Level Nuclear Waste 

4.1 Borosilicate Glasses as a High Level Nuclear Waste Form 

Borosilicate glasses have a very broad range of applications, ranging from consumer glassware 

products  such a Pyrex™ to high level nuclear waste (HLW) storage [122] and laser 

amplification [96]. The relatively low thermal expansion rate is the quality that initially brought 

the compound to prominence. This study focusses solely on these glasses for high level nuclear 

waste storage. 

HLW refers to the waste containing the highest amount of radioactive activity, mostly arising 

from spent fuels and fuel reprocessing, it accounts for 95% of the radioactivity produced in 

nuclear power generation[3]. Other less radioactive waste produced at nuclear power plants are 

then divided into low level and intermediate level waste (LLW and ILW respectively). LLW 

is generally comprised of disposable items such as wipes, cloths and filters that may have been 

contaminated. ILW is mostly comprised of reactor parts, chemical sludges and other 

contaminated materials from decommissioned reactors. Whilst this waste is not as radioactive 

as HLW, it still requires shielding during storage [3]. 

When considering a waste storage solution for HLW, there are two primary concerns: safety 

and volume-efficiency (i.e. cost) [4]. The multitude of safety considerations involved in the 

management of HLW is not the focus here as it is too large a subject, and most of them are 

logistical and not relevant to the chemical design of the waste form. So when investigating the 
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chemical structure of these waste-forms, the main goal concerning safety is ensuring stability. 

Because of the very long half-life of the ionising radiation source material, the radioactive 

components must remain stably contained within the waste form for many thousands of years, 

hence why things cannot simply be buried in containers or concrete. A large concern is that 

groundwater may leach some of the more dangerous nuclei out of the waste form and into the 

ground, thus polluting the soil and eventually the local ecosystems, even if the waste is buried 

far underground2. A second key concern is volume efficiency, due to the high cost of the 

process [4] . The infrastructure needed to bury the waste form in a safe setting is incredibly 

expensive, and so reducing the volume of the waste form is highly desirable so as to store as 

much as possible in each facility. Since the waste will persist for so long, any small reduction 

in volume will result in a much larger reduction in total waste volume as time goes on. So the 

ideal waste form would be both highly thermochemically stable and highly condensed (i.e. 

have a high concentration of key waste stream products). 

Immobilisation of HLW within borosilicate glasses has emerged as an appropriate waste form 

in many countries, with facilities now operating in France, Japan, Russia, UK, and USA [1]. 

Plants in Western Europe are able to process 1000 tonnes of HLW a year through this method. 

This process, known as vitrification, involves drying the liquid waste forms into granular 

powder and incorporating it into a glass melt around 1300 ℃, then allowing it to cool inside 

large stainless-steel canisters. This waste form functions well but as always there is space for 

improvement. Specifically, much higher waste loading can be achieved by moving the waste 

form from a glass to a glass-ceramic [5]. Crystallinity is generally avoided in the production of 

waste glasses, since a loss of amorphousness generally leads to a drop in stability as crystalline 

phases separate out from the glass network. But if small regions of crystallinity are introduced 

                                                 
2 It is also worth pointing out at this point while discussing radiation safety that none of the samples used in this 

study contained radioactive nuclei. 
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to the glass network in a controlled manner, moving the waste form from a glass to a glass 

ceramic and if those targeted crystalline phases contain high concentrations of key waste stream 

nuclei then the total waste loading can be greatly increased (doubling it, to 45 mass%) [5]. If 

done correctly this should be achievable without a reduction in long term stability. Though it 

is obviously challenging to test stability of the glass ceramics over millennia, the more classic 

glass structures have the advantage of there being ancient glasses thousands of years old to 

anecdotally reassure us of their stability. Therefore, an understanding of structure and 

crystallisation mechanics, such as contained in this study, is vital for the successful 

implementation of these glass-ceramic waste forms. 

As mentioned this higher waste loading is achievable via the targeting of certain crystalline 

phases, and since not all discoveries about a certain phase formation will necessarily apply to 

other phases, it is vitally important that the most beneficial phases are studied first. The waste 

stream from the TRUEXPLUS process [123], that has been proposed in the US as they upgrade 

their fuel cycle, produces a large amount of MoO3 and of LnO3 (where the  “Ln” denotes an 

element in the lanthanide series). Together these two chemical composites represent over 60% 

of the total waste stream, with around 48% being LnO3 and 14% MoO3 [123]. With the 

lanthanides dominating this waste stream, their incorporation into the waste form needs to be 

understood. For the lanthanides a Ln-borosilicate (Ln5BSi2O13) phase is the suggested goal. As 

well as it featuring heavily in the waste stream, one of the limiting factors of current waste 

forms is the relatively low solubility of MoO3 into the glass, therefore targeting molybdenum 

(Mo) rich phases such as Powellite (CaMoO4) would be beneficial and greatly increase loading 

rates.  

This is where the nature of the glasses begins to cause issues. Glasses are inherently amorphous, 

making an investigation of structure hard using many common analytical techniques due to the 

lack of long-range order. The degree to which this is true also increases as the glass composition 
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increases in complexity, with previous studies mostly having been into glasses too complex to 

extract solid structural information from, or into greatly simplified glasses to build an 

understanding of the core elements of borosilicate glasses. The challenge is therefore to find a 

middle ground between the two.  Solid State NMR is well situated to tackle this issue as despite 

disorder having strong broadening effects on line shapes, it is still able to investigate short 

range order, even if long range order is lacking. Additionally, multiple fields can be used to 

constrain parameters and extract key information that would have otherwise been obscured by 

broadening. 

4.2  Outlook of Study 

This study will look at the structural effects of introducing varying amounts of different rare 

earth elements (REEs) into waste-glasses. This is motivated by studies showing that REE 

inclusion has led to a higher MoO3 solubility, thus addressing both previously mentioned waste 

streams. Thus, structural information is needed to understand and further optimise these 

changes. However in those previous studies, investigating the structure of these glasses has 

remained too challenging due to the complex nature of the glass composition used. Thus, in 

order to gain further insights into how the inclusion of REEs into the waste glasses affects 

structure, the composition must be simplified. This however must be done carefully, since the 

oversimplification of the samples would reduce the relevance of the findings to the real-world 

waste forms used, decreasing the value of the study.  

Which REEs are included into the glass may also affect the quality of data produced. This is 

particularly relevant since the REE that was shown to increase MoO3 solubility was 

neodymium (Nd). Nd is highly paramagnetic, which can lead to very strong broadening effects 

in solid state NMR, potentially obscuring any structural insights. Therefore, other lanthanides 

with lower degrees of paramagnetism were used to replace it, namely lanthanum and lutetium 
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(La and Lu). All three have the same ionic charge (+3), so should have similar effects on charge 

balancing within the glass network, although they have differing ionic radii.  

4.3 Samples and Experimental Techniques 

4.3.1 Glass Compositions 

For this study, sample glasses were produced in three sets (La, Lu and Nd) with the rare earth 

content varying from 0 to 4.6% (molar mass), see Table 4-1. These samples form the basis of 

the study. For the La and Lu samples, these glasses had a composition of xLn2O3-(100-x) 

(52SiO2-17CaO-13Na2O-11.5B2O3-3.2Al2O3-3.3ZrO2) where Ln= La or Lu. For the Nd 

samples the composition was xNd2O3-(4.5-x)La2O3-95.5(52SiO2-17CaO-13Na2O-11.5B2O3-

3.2Al2O3-3.3ZrO2). This seven (eight for the Nd series) oxide composition was deemed to be 

close enough to a real-world waste glass for structural behaviour to be representative without 

too much complexity obscuring the results. 

The batch compositions of the three sample series can be seen in Table 4-1, along with 

inductively coupled plasma (ICP) analysis for the La and Lu sample series. The ICP was 

conducted at the University of Sheffield by Dr P Rajbhandari using a Spectro Circus Vision 

Inductively Coupled Plasma Emission Spectrometer (ICP-ES). 

4.3.2 NMR Experimental Techniques 

Spectrometers operating at multiple fields were used for the NMR in this study to a) solidify 

any findings and b) to constrain the NMR parameters of any simulated line shapes. This second 

reason is of high importance when studying disordered samples like glass, since the line shapes 

will be broadened and the number of features visible to aid simulation will be greatly reduced. 

Multiple nuclei were also investigated, including 11B, 23Na, 29Si and 95Mo. 27Al was the only 

NMR sensitive nucleus not investigated due to low compositional content. 
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Table 4-1: Batch and ICP breakdown of La, Lu and Nd sample series. For the Nd series, Ln 

represents La. All values are in mol%. 
Oxides  SiO2  CaO  Na2O  B2O3  Al2O3  Ln2O3  ZrO2  Nd2O3  

 

Sample  Batch  ICP  Batch  ICP  Batch  ICP  Batch  ICP  Batch  ICP  Batch  ICP  Batch  ICP  Batch Total  

La0/Lu0  52.05 52.80 17.13 16.80 12.92 12.45 11.52 11.86 3.15 3.18 0.00 0.00 3.25 2.92 0.00 100.00 

La1.6  51.16 50.99 16.92 16.98 12.71 12.35 11.33 11.80 3.09 3.26 1.68 1.72 3.19 2.89 0.00 99.99 

La2.6  50.62 51.40 16.70 16.06 12.58 12.10 11.20 11.79 3.05 3.02 2.68 2.69 3.16 2.92 0.00 99.99 

La3.6  50.12 51.20 16.51 15.80 12.45 11.86 11.08 11.60 3.02 2.90 3.68 3.72 3.13 2.90 0.00 99.98 

La4.6  49.59 50.92 16.34 15.54 12.32 11.64 10.97 11.46 3.00 3.03 4.68 4.65 3.10 2.75 0.00 99.99 

                                 

Lu1.6  51.16 50.70 16.92 17.00 12.71 12.83 11.32 11.71 3.09 3.15 1.68 1.70 3.19 2.95 0.00 99.99 

Lu2.6  50.62 49.60 16.70 17.10 12.58 12.60 11.20 11.60 3.05 3.21 2.68 2.75 3.16 3.13 0.00 99.99 

Lu3.6  50.12 49.79 16.51 16.80 12.45 12.30 11.08 11.50 3.02 2.95 3.68 3.72 3.13 2.94 0.00 99.99 

Lu4.6  49.59 49.61 16.34 16.80 12.32 11.73 10.97 11.15 3.00 3.10 4.68 4.72 3.10 2.88 0.00 99.99 

                 

Nd0 49.57 - 16.34 - 12.32 - 10.97 - 2.99 - 4.58 - 3.09 - 0.10 99.96 

Nd1 49.59 - 16.34 - 12.32 - 10.97 - 3.00 - 3.64 - 3.10 - 1.01 99.97 

Nd2 49.60 - 16.35 - 12.33 - 10.97 - 3.00 - 2.62 - 3.10 - 2.00 99.97 

Nd3 49.62 - 16.36 - 12.33 - 10.98 - 3.00 - 1.59 - 3.10 - 3.00 99.98 

Nd4.5 49.65 - 16.36 - 12.34 - 10.98 - 3.00 - 0.00 - 3.10 - 4.54 99.97 

 

The 11B MAS NMR spectra were collected on Bruker Avance 600 and 500 MHz spectrometers, 

operating at magnetic fields of 14.1 T and 11.7 T respectively, in a 4 mm Varian rotor at 

rotation frequency of 12 kHz. NaBH4(s) (δiso = −42.06 ppm) was used as a reference for 

chemical shift and pulse time calibration. A non-selective (solution) π/2 pulse of 6 μs was 

measured on solid NaBH4 which translated to a selective (solid) π/2 pulse of 3 μs. A selective 

π/6 pulse of 1 μs was then used to excite the central (½, −½) transition within the quantitative 

regime. 512 co-added transients were used with a recycle delay of 5 seconds. QuadFit [33] was 

then used to fit the 11B MAS NMR, using the multiple fields to constrain the NMR parameters. 

The 29Si MAS NMR spectra were collected on a Varian InfinityPlus 300 MHz spectrometer, 

operating at a magnetic field of 7.1 T, in a 7 mm Bruker rotor at a rotation frequency of 5 kHz. 

Kaolinite(s) (δiso = −92 ppm) was used for the 29Si chemical shift and pulse time calibration. A 

π/2 pulse of 2 μs was measured and then the spectra were acquired with 600 co-added transients 

and a 240 second recycle delay. 
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The 23Na MAS NMR was done using a Bruker Avance 500 MHz spectrometer with a field 

strength of 11.7 T, in a 3.2 mm Bruker rotor at a rotation frequency of 20 kHz. NaCl(s) (δiso = 

7 ppm) was used as a reference for chemical shift and pulse time calibrations, using the same 

methodology outlined for the 11B MAS NMR to provide quantitative excitation of the central 

(½, −½) transition using a selective π/6 2.8 μs pulse. A recycle delay of 15 s was used for 400 

co-added transients. 

The 95Mo MAS NMR was collected using a Bruker Avance 600 MHz spectrometer with a field 

strength of 14.1 T, inside a 3.2 mm Bruker rotor undergoing 15 kHz MAS. NaMO4(aq) (0.2M, 

δiso = 0 ppm) was used as a reference for chemical shift and pulse time calibrations. For the 

95Mo pulse calibrations, the same procedure as for 11B and 23Na MAS NMR was used to 

calculate selective pulse lengths, however a 3.5 μs π/2 pulse was used in place of a π/6 pulse, 

favouring maximum signal strength over quantitative excitation. A spin echo pulse sequence 

with DFS signal enhancement was used for the 95Mo MAS NMR to maximize signal strength 

and to prevent ringing issues at lower frequencies. 33000 co-added transients were used with a 

recycle delay of 2 s. 

4.4 Results 

4.4.1 Nd Series 11B and 29Si MAS NMR 

Firstly, the Nd sample series was examined, to check whether the concerns about potential 

paramagnetic broadening were warranted. If the paramagnetic effects were too strong, the Nd 

series of glasses could not be studied further without new approaches or technology. The 11B 

and 29Si MAS NMR spectra for the Nd series are presented in Figure 4-1. For both sets of 

spectra the paramagnetic broadening effects can clearly be seen even for relatively low Nd 

content. In the 11B MAS NMR even 1 mass% of Nd greatly reduces how resolved the broad 

and narrow sites are. In the 29Si MAS NMR spectra prominent broadening is also seen even if 

it is less intrusive due to the already broad nature of the line shape. A trend in chemical shift,  
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Figure 4-1 : (a) 11B MAS NMR of the Nd series of samples acquired at 11.7 T with a Larmor 

frequency of 160.45 MHz within a 4 mm Varian rotor spun at 12 kHz MAS. A selective π/6 

pulse of 1 μs was used at a recycle delay of 5 s for 64 co-added transients. (b) 29Si MAS NMR 

of the Nd series of samples acquired at 7.1 T with a Larmor frequency of 59.63 MHz within a 

7 mm Bruker rotor spun at 5 kHz MAS. A π/2 pulse of 1 μs was used at a recycle delay of 240 

s for 800 co-added transients. ‘*’ denotes spinning side bands. 

 

at a rate of ~-1ppm per mol%, is seen as Nd content increases. Whether this represents a change 

in chemical environment for the 29Si site cannot however be said for sure, since paramagnetism 

can affect a line shape’s shift as well as its width. This will be discussed further (see Figure 

4-5) when it is compared with the 29Si MAS NMR of the La sample series. These paramagnetic 

broadening effects are strong enough that further NMR investigation into them would yield 

limited insight and not be an efficient use of valuable instrumental time. So, going forward, 

this investigation focussed on the La and Lu series, where these effects are not expected to be 

an issue. 

4.4.2 11B NMR of La Series 

The 11B MAS NMR of the La and Lu series of samples was carried out at two fields, 11.7 T 

and 14.1 T. This was because whilst even with a single field it is possible to distinguish the 

broader BO3 peak around 10 ppm from the narrower BO4 peak around 0 ppm, it is well known 

[124, 125] that these line shapes are often the sum of multiple sites. However, the line shapes 
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are too broadened by the disorder of the glass to be able to see the distinguishing features of 

each site. This means attempting to fit multiple sites to these line shapes could not be done with 

any confidence, since any number of configurations could be made to work. However by using 

spectra from multiple fields, the NMR parameters can be constrained and the fitting of multiple 

line shapes can be done with more confidence. Each line shape was fitted with two BO3 and 

two BO4 sites each. This is not a trivial assignment to make.  

Normally a 2D MQMAS experiment can be used in NMR spectroscopy to differentiate 

between two sites that are superimposed on top of each other. But here the broadened nature 

of the line causes resolution issues in the MQMAS, along with issues achieving enough 

excitation in the BO3 region. The 11B MQMAS data for sample La4.6 can be seen in Figure 

4-2. Only one site appears to be present in the BO4 region of the MQMAS data, however the 

peak is asymmetric and does not fit well to a single line shape, additionally feint signs of a 

second environment can be seen below the main peak. Two lines were therefore used in the 

BO4 fitting. Previous studies [118, 126]  as well as the previous chapter of this thesis have 

shown this to be the case, but this is done with the acknowledgement that these line shapes are 

not likely to be a completely accurate description of what is going on in the glass network, but 

that to exclude them would be to miss out on potential information encoded in the asymmetry 

of the BO4 peak. As mentioned earlier in this paragraph, the excitation seen in the BO3 region 

is inadequate for any site assignments to be made and better resolution cannot be achieved 

within a reasonable amount of spectrometer time. Therefore, the investigation again leans on 

the work done in the previous chapter, prior studies [127, 128],  and the constraints provided 

by conducting the experiments at multiple fields to make this assignment. Since two sites was 

the lowest number for which the line shapes could be fitted to and be consistent across the 

fields, it is considered the best estimate. Whilst there remains the possibility of a third BO3 

environment, it would likely be  
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Figure 4-2 : 11B MQMAS spectra of sample La4.6 acquired at 14.1 T with a Larmor frequency 

of 192.30 MHz, using the pulse sequence shown in Figure 2-7. Data was collected using a 4 

mm Varian rotor spun at 12 kHz MAS, using a 6 μs excitation pulse, a 2 μs conversion pulse 

and a 15 μs selective pulse at a recycle delay of 4.5 s for 384 co-added transients and 100 time 

delay increments. The BO4 and BO3 regions are highlighted in blue and red, respectively. 

 

very small and any trends observed in the two line shape simulation would also most likely be 

present in a three line shape one. 

From literature [118-120], the two BO3 sites are assigned to BO3(ring) and BO3(non-ring) 

corresponding to their bond arrangement, and the two BO4 sites are assigned to BO4(1B,3Si) 

and BO4(0B,Si4) corresponding to the nuclei each shares a bridging oxygen with. Both BO3 

units have trigonal planar structure and both BO4 units are tetrahedral. These structures have 

been discussed in the previous chapter of this thesis and are shown in the Figure 3-1. In high 

field NMR BO3 units present as quadrupolar line shapes around 10-20 ppm with CQs of around 

2.6 MHz and BO4 units appear as near-zero CQ homogeneously broadened line shapes around 

0 ppm. 
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These structures have so far been referred to as ‘sites’, though it is worth noting that ‘average 

environment’ would be more accurate since the variance between each actual site in the glass 

will be large due to its amorphous nature. So individual shifts, bond lengths and bond angles 

will vary within one of these assigned ‘sites’, but these differences are much less notable than 

the difference between one structure and another3. To account for this variance within sites, 

specific software called QUADFIT [33] was used for the simulation of these spectra that allows 

the NMR parameters to be defined by a distribution, rather than a fixed value.  

The multi-field 11B MAS NMR spectra of the La series is presented in Figure 4-3 along with 

simulations of the line shapes and plots of the trends in the NMR parameters used in these 

simulations. The average values used across both fields for these simulations are shown in 

Table 4-2, the specific values for each simulation can be found in Appendix A. Even without 

simulations there is a clear trend visible as lanthanum content is increased, with intensity and 

therefore population shifting from BO4 to BO3 coordination.  

Table 4-2: Average values of NMR parameters used in simulations of the 11B MAS NMR of the 

La and Lu series. 
 La Series La0 La1.6 La2.6 La3.6 La4.6 

BO3 

Parameters Ring Non-Ring Ring Non-Ring Ring Non-Ring Ring Non-Ring Ring Non-Ring 

δiso (ppm) 18.6 15.0 18.4 16.2 18.4 15.9 18.6 15.6 18.7 15.7 

CQ (MHz) 2.7 2.5 2.7 2.5 2.7 2.5 2.7 2.5 2.7 2.5 

η 0.40 0.50 0.42 0.47 0.42 0.47 0.42 0.47 0.43 0.47 

Intensity (%) 40.0 14.1 42.2 18.5 42.3 20.9 44.2 22.2 43.6 22.0 

BO4 

Parameters (1B, 3Si) (0B, 4Si) (1B,3Si) (0B,4Si) (1B,3Si) (0B,4Si) (1B,3Si) (0B,4Si) (1B,3Si) (0B,4Si) 

δiso (ppm) 0.6 -0.5 0.3 -0.8 0.3 -0.9 0.2 -0.9 0.1 -1.0 

CQ (MHz) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

η 0.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Intensity (%) 25.8 20.1 22.9 16.4 21.9 15.1 19.3 14.5 19.6 13.9 

 Lu Series Lu0 Lu1.6 Lu2.6 Lu3.6 Lu4.6 

BO3 

Parameters Ring Non-Ring Ring Non-Ring Ring Ring Non-Ring Ring Non-Ring Ring 

δiso (ppm) 18.6 15.0 18.4 15.3 18.5 15.3 18.9 15.7 19.0 16.0 

CQ (MHz) 2.7 2.5 2.7 2.5 2.7 2.5 2.7 2.5 2.7 2.5 

η 0.40 0.50 0.40 0.45 0.40 0.45 0.40 0.45 0.40 0.45 

Intensity (%) 40.0 14.1 38.1 26.6 38.8 27.0 42.2 29.2 45.8 29.5 

BO4 

Parameters (1B, 3Si) (0B, 4Si) (1B,3Si) (0B,4Si) (1B,3Si) (1B, 3Si) (0B, 4Si) (1B,3Si) (0B,4Si) (1B,3Si) 

δiso (ppm) 0.6 -0.5 -0.4 -1.8 -0.4 -1.8 0.0 -1.4 0.0 -1.4 

CQ (MHz) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

η 0.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Intensity (%) 25.8 20.1 23.6 11.8 24.1 10.2 20.4 8.4 19.0 5.8 

                                                 
3 For simplicity the term ‘sites’ will continued to be used regardless of the variance within them.  
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Figure 4-3 : 11B MAS NMR spectra of the La series of samples acquired at 14.1 T and 11.7 T 

with Larmor frequencies of 192.30 MHz and 160.45 MHz, respectively. Data was collected 

using a 4 mm Varian rotor spun at 12 kHz MAS. A selective π/6 pulse of 1 μs was used at a 

recycle delay of 5 s for 64 co-added transients. Simulations were done using QUADFIT. Also 

presented are the trends in Integrated Intensity, CQ and chemical shift of the peaks as La 

content varies. 
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Charge is a key factor when considering this change. Whilst BO3 units are neutral and have no 

net charge, BO4 units have a net charge of −1, so the net charge across boron species increases 

with lanthanum content. Given that lanthanum has an ionic charge of +3, it may seem surprising 

that the net charge contribution across boron species increases with lanthanum insertion. Since 

it may have been expected that boron speciation would shift from tricoordinated to 

tetracoordinated coordination to charge balance the inserted lanthanum. Despite this, this trend 

is in agreement with that seen in a study on a slightly simpler set of glass samples with a 5 

oxide composition by Angeli et al [124]. In this study Angeli shows that this is likely caused 

by Na+ grouping nearby the La3+ as a second neighbour (i.e. not directly bonded). Since it has 

been previously shown that the BO4 units in these types of samples are normally charge 

balanced by Na+ [125, 128], it would then make sense for the number of BO4 units to be 

decreased as the Na+ is moved elsewhere in the glass.  

Looking at the more detailed breakdowns of the trends in NMR parameters used in the 

simulation of these spectra, a trend can also be seen in the individual boron species. The most 

noticeable being that whilst both BO3 species see an increase in intensity, the non-ring sees a 

much larger gain, almost doubling its relative integrated intensity. Both BO4 species seem to 

be affected equally in intensity, though there is some indication that this may not be the case, 

stemming from the gradual changes seen in chemical shift. Since the BO4 peaks are much less 

distinctive in shape and are dominated by homogeneous broadening rather than quadrupolar 

broadening, the multi-field approach is not as effective at constraining the fitting parameters. 

This means that whilst information can still be gained, the results need to be interpreted 

holistically. The gradual decrease in the chemical shift of the BO4 units could also be caused 

by a slight population shift from (1B,3Si) to (0B,4Si), something that would seem logical as 

the amount of tetracoordinated boron is reduced and thus so is the likely-hood of two BO4 units 

sharing a bridging oxygen. However, the uncertainty in interpretation is only present due to the 
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relatively small size of this change (had the effect been larger, the asymmetry of the peak would 

have further constrained the fits)4. Additionally, the CQ of both the BO3 units shows a 

noticeable increase with the inclusion of lanthanum, whilst their chemical shifts remain 

relatively unchanged. 

4.4.3 29Si NMR of La Series 

The 29Si MAS NMR spectra, presented in Figure 4-4(a) provide further insight into how the 

lanthanum insertion affects the glass structure. A systematic change in both the chemical shift 

and spectral FWHM is seen as lanthanum in introduced, with the shift becoming less negative 

and the FWHM decreasing as lanthanum content is increased. The trend towards a less negative 

chemical shift as the lanthanum content increases is indicative of a decrease in silicate 

polymerization within the glass network [21]. This is because it shows a movement from Q3 

and Q2 towards Q1, where Qn represents a 4-coordinated silicon site sharing n bridging oxygens 

with another silicon: Q4 being fully polymerised and Q0 containing no polymerisation. Each Q 

site still contains four bonding oxygens [21]. 

This positive shift trend when considered alongside the trends in the boron data, shown in 

Figure 4-3 fortifies the idea that Na is moving away from charge balancing BO4 units. This 

would enable the Na+ to move into a network modifying role within the silicon structures as it 

groups around the La3+ sites. An alternative would be that just the presence of La in the network 

is causing the change in chemical shift rather than a movement of Na. However, in a study on 

silicate glasses not containing boron, a negative shift trend with lanthanum insertion was 

observed in the 29Si NMR [129], suggesting that the simple addition of lanthanum would not 

cause the changes seen in Figure 4-4. This makes the suggestion of Na+ moving out of charge 

balancing BO4 units and into modifying the silicate 

                                                 
4 Justifying acknowledgement, but not justifiable cause to adjust the fitting parameters just to make them agree 

with the previously mentioned hypothesis. 
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Figure 4-4 : 29Si MAS NMR of the (a) La and (b) Lu series of samples acquired at 7.1 T 

corresponding to a Larmor frequency of 59.63 MHz. A 7 mm Bruker probe was used spinning 

at 5 kHz MAS. A π/2 pulse of 1 μs was used at a recycle delay of 240 s for 600 co-added 

transients. Shown below are the trends of the (c) chemical shifts and (d) full width at half 

maximums for each series. 

 

network seem like the most likely explanation. The 23Na MAS NMR should show a change if 

this is the case. 

Before moving on to the 23Na MAS NMR, a comparison can be drawn with the 29Si MAS NMR 

of the Nd series. The change in shift for the La series shows an opposite trend to that seen in 

the Nd series, in Figure 4-1(b). When considering this difference in behaviour it is vital to 

remember the compositional differences between the two sample series: the Nd series has a 

fixed amount of REE with lanthanum making up for the missing neodymium at lower mole%,  
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Figure 4-5 : Trends in 29Si chemical shift for the Nd and La series plotted against (a) the main 

rare-earth element (Nd and La respectively) content, and (b) against the lanthanum content of 

both series. 

 

whereas for the La series, the lanthanum content represents the only REE within the glass. The 

opposing shift trends can be explained in two ways5: the shift seen in the Nd series is due to 

the domination of paramagnetic effects, or it is due to the difference in lanthanum content.  

There are two ways to visualise this difference in behaviour, summarised in Figure 4-5. The 

data can either be plotted (a) against the content of the REE in question (La or Nd) or (b) it can 

be plotted against their lanthanum content.  The form of Figure 4-5(b) indicates that it is the 

lanthanum content that is dominating the silicon structure, since both sample series show the 

same trend and similar gradient. It is the size of the difference between the La and Nd series 

on the second plot that should be considered when investigating the effects of neodymium since 

the La series acts as a baseline that should be subtracted. Any effects from neodymium would 

be expected to be greater at lower lanthanum content, since there is more neodymium present, 

however there does not seem to be a clear trend with the same difference being seen at ~1 

mol% neodymium as at 4.5 mol% (i.e. at 0 % and 3.6 % La). Ultimately the lack of clarity in 

these results is likely due to paramagnetic effects, which not only introduces an unwanted 

degree of freedom in the analysis, but also greatly increases the error bars on the data. These 

                                                 
5 Or as a combination of the two. 
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results suggest both glass silicon environments have a similar dependence on lanthanum 

content but that there are additional non-trivial paramagnetic effects due to neodymium. 

4.4.4 23Na NMR of La Series 

 

Figure 4-6 : 23Na MAS NMR of Ln0, La4.6 and Lu4.6 samples acquired at 11.7 T with a Larmor 

frequency of 132.29 MHz in a 3.2 mm Bruker rotor spinning at 20 kHz MAS. A selective π/6 

pulse of 2.8 μs was used at a recycle delay of 15 s for 400 (La0 and La4.6) and 1000 (Lu4.6) 

co-added transients. 

 

The observed 23Na MAS NMR spectra of La0 and La4.6 are presented in Figure 4-66. Despite 

the broad, amorphous nature of the 23Na MAS NMR spectra, a clear change in chemical shift 

of around 2 ppm is observed, with La0 centred on −15.5 ppm and La4.6 glass on −13.8 ppm. 

This is indicative of a change in the sodium environment, supporting the hypothesis above that 

the Na+ ions are moving from charge balancing BO4 units to de-polymerising the silicate 

network.  

Now that this structural behaviour has been identified, the effect of ionic radius can be 

examined.  The Lu series of glasses provides the ability to explore whether the behaviour seen 

in the La series is mirrored when the REE has a smaller ionic radius. As mentioned, it is 

                                                 
6 It was deemed only necessary to look at the maximum and minimum lanthanum content samples to see the 

largest possible change. 
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expected that lutetium and lanthanum would have similar effects on structure due to their 

chemical similarities. 

4.4.5 11B NMR of Lu Series 

Following the same experimental and analytical techniques used for the La series, the observed 

multi-field 11B MAS NMR of the Lu series is shown in Figure 4-7, along with the trends in 

simulation parameters. The average values used across both fields for these simulations are 

shown in Table 4-2, the specific values for each simulation can be found in Appendix B. 

In general, the same trends are seen in the Lu series as in the La series, the most notable 

difference is the scale of the population movement from BO4 to BO3 units, with this effect 

being much larger in the Lu series. Most of this larger change comes from the initial insertion 

of lutetium into the glass, from 0 to 1.6 mass%, after this the amount of BO3 increases as more 

lutetium is added at a similar rate to that seen in the La series. This initial jump in BO3 

population appears to go into the non-ring coordination, like in the La series, however after this 

both BO3 sites see similar increase as more lutetium is added. The trends in CQ and chemical 

shift are approximately the same as those seen in the La series.  

The increased effect of lutetium on the boron speciation when compared to lanthanum could 

likely be explained by its higher field strength owing to its lower ionic radius. This would then 

cause stronger electronegative areas around it within the glass network to pull Na+ ions away 

from charge balancing BO4 units.  
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Figure 4-7 : 11B MAS NMR of the Lu series of samples acquired at 14.1 T and 11.7 T with 

Larmor frequencies of 192.30 MHz and 160.45 MHz respectively. Data was collected using a 

4 mm Varian rotor spun at 12 kHz MAS. A selective π/6 pulse of 1 μs was used at a recycle 

delay of 5 s for 64 co-added transients. Simulations were done using QUADFIT. Also presented 

are the trends in integrated intensity, CQ and chemical shift of the peaks as the La content 

varies. 
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4.4.6 23Na and 29Si NMR of Lu Series 

It now remains to be seen if the mechanisms driving the larger jump in BO3 population will 

also result in a larger change seen in the 29Si and 23Na MAS NMR. The 29Si MAS NMR of the 

Lu series is presented in Figure 4-4(b)7 and the 23Na MAS NMR of the Lu4.6 sample is 

presented in Figure 4-6 along with the La4.6 and Ln0 glasses. 

Unlike in the 11B MAS NMR, the 29Si MAS NMR of the Lu series shows very similar spectra 

to the La series. Comparing their chemical shift and FWHM trends it can be seen that the Lu 

series actually shows less of a change in chemical shift than the La series. This is surprising 

given the large change seen in the boron work. However, an increased effect on the FWHM of 

the spectra is observed. This suggests that as Lu (and possibly Na) is added to the silicon 

network it is causing more disorder when compared to La. 

The 23Na MAS NMR is also very similar, giving an almost identical spectra to the La glass, 

with both the La4.6 and Lu4.6 glasses centring on −13.7 ppm and the base Ln0 glass centring 

on −15.5 ppm. 

The similarity of the 29Si MAS NMR and 23Na MAS NMR spectra suggests that, although they 

agree with the hypothesis of Na moving from charge balancing BO4 towards grouping with the 

REE, the amount of depolymerisation that occurs in the silicon network is more dependent on 

the amount of REE that is added, not on its ionic radius. The depolymerisation may then be 

considered to be caused by each Ln-Na cluster, rather than by the individual Na+ ions, since 

the number of these clusters will remain approximately equal across the two sample series. The 

higher field strength of Lu may cause these clusters to become more tightly packed, reducing 

slightly the amount of depolymerisation they cause and potentially increasing broadening seen 

in the 29Si data due to the stronger fields produced. 

                                                 
7 The reduction in signal to noise going from the La to Lu series is a result of an issue with one of the signal 

amplifiers in the spectrometer setup that arose after the La spectra were collected, and is not indicative of 

anything to do with the samples 
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4.4.7 11B and 95Mo NMR of Molybdenum Containing Glasses 

There is another nucleus of interest in this study that can be examined using NMR, however, it 

is not actually present in the previously mentioned samples. This nucleus is molybdenum (for 

which 95Mo is the NMR sensitive isotope of choice) and it is of interest for two main reasons. 

The first reason is that since molybdenum is a key waste stream that needs to be managed, it is 

therefore important that we check that the introduction of it into the glass does not affect the 

observed result. The second reason is that in previous work [130] , it has been shown that 95Mo 

MAS NMR can show if the tetrahedral coordinated molybdenum (MoO4
2−) is being charge 

balanced by Na+ or Ca2+ cations. This second point means that if 95Mo was added to the 

previously mentioned sample composition, then it may help confirm or deny the theory that 

sodium is being moved from charge balancing BO4
− into the silicate network. Since if the 

molybdenum is seen to be moving towards being balanced by sodium, it would suggest that 

the proposed hypothesis of sodium moving to group around the lanthanide is perhaps incorrect. 

Equally, if it is seen to be being charge balanced by calcium then this would support the 

hypothesis.  

Two additional sets of glass samples were produced, see Appendix C for their compositions. 

One set of glasses mirrored the composition of the La series, but with a fixed amount of 

molybdenum added (1.6 mol%), this was to check that the molybdenum does not change the 

effects of lanthanum insertion. The second set also added a fixed 1.6 mass% of molybdenum 

to the La series composition, but used 95Mo labelled molybdenum oxide (98% enriched) in the 

melt. This was done since 95Mo has a very low of a natural abundance (<0.2%), too low to 

allow for an NMR study. For this series only the 0, 2.6 and 4.6 La compositions were replicated 

due to the extremely high cost of enriched molybdenum8. 

                                                 
8 The other intermediate compositions were deemed unnecessary. 
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To check that the molybdenum containing glasses react in the same manner to lanthanum 

insertion as the previous glasses, 11B MAS NMR was used due to its higher sensitivity and due 

to the fact it has shown the greatest changes with the most pronounced trends.  

The observed 11B MAS NMR of the molybdenum containing La series can be seen in Figure 

4-8 alongside the original La series. The results resemble the initial La series very closely, with 

no clear differences that might indicate a structural change in how the lanthanum insertion 

impacts the glass once molybdenum is included. This serves as reassurance that the information 

gleaned from this study about REE insertion will remain valid with the inclusion of 

molybdenum and therefore the 95Mo MAS NMR of the enriched samples can be used with 

confidence. 

 

Figure 4-8 : 11B MAS NMR spectra of the La series with (black) and without (red) 1.6Mo 

inserted acquired at 11.7 T with a Larmor frequency of 160.45 MHz. Collected using a 4 mm 

Varian rotor spun at 12 kHz MAS. A selective π/6 pulse of 1 μs was used at a recycle delay of 

5 s for 64 co-added transients.  



 

 

98 

 

 

The 95Mo MAS NMR (DFS) spectra of the enriched La samples are presented in Figure 4-9. 

Even after using DFS signal enhancement techniques [131] and 95Mo isotope enrichment, there 

is still relatively poor signal to noise in these spectra.  However, it remains clear that there is 

no distinguishable change in height nor shift in iso within the series of spectra. In all spectra 

the peak is centred on −72 ppm. Thus, we can conclude that lanthanum insertion has no direct 

effect on the molybdenum environment.  A previous study [130] has shown that this chemical 

shift is indicative of the molybdenum being charge balanced by calcium cations. Had the 

molybdenum been charge balanced by the sodium cations, the peak would be expected to 

appear around −6 ppm. Despite the simplicity of this result, it is still in good agreement with 

the previously mentioned theory that sodium is moving into the silicate network with the REE, 

since it is not observed to move to balance the molybdenum. 

 

Figure 4-9 : 95Mo MAS NMR spectra of the molybdenum enriched La samples acquired at 14.1 

T with a Larmor frequency of 39.07 MHz inside a 3.2 mm Bruker rotor undergoing 15 kHz 

MAS. A spin echo sequence was used with a 3.5 μs π/2 pulse along with a DFS signal 

enhancement sequence. 33000 co-added transients were used with a recycle delay of 2 s. 
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4.4.8 A Further Look at Ionic Radius 

With the NMR experiments on this series of glasses concluded, it is a good time to briefly look 

at a similar set of glasses that were also studied within the same wider project but as part of a 

separate investigation [5]. These glasses were very similar in composition to the La and Lu 

series studied here, having a molar composition of: 4.9Ln2O3-48.0SiO2-11.4B2O3-4.9Al2O3-

3.4MoO3-3.0ZrO2-11.5Na2O-12.9CaO. However, with these glasses Ln can represent a much 

wider range of lanthanides, the ones of interest to this study are La, Lu, Y (yttrium) and Sc 

(Scandium)9. These samples were made by Prof John McCloy’s Group at Washington State 

University (WSU) and are the subject of other studies [5, 132] where they are referred to as 

NaCaMo glasses. The 11B MAS NMR work done on these samples offers a wider look at the 

effects of lanthanide ionic radii on boron speciation. 

11B MAS NMR was done on the La, Lu, Y and Sc samples from this series at 11.7 T using the 

same experimental procedure discussed for the La and Lu series of samples. This work is shown 

in Figure 4-10 along with a breakdown of the relative proportion of BO4 seen compared with 

the ionic radius of the lanthanide present in the glass. The values obtained for the La4.6 and 

Lu4.6 glasses earlier are also shown in red.  

The results show a strong, roughly linear correlation between the amount of BO4 present in the 

glass and the ionic radius of the lanthanide. This is in good agreement with the value from the 

previous La and Lu series study, with those values being just slightly higher than those seen in 

the WSU samples. This difference is like due to the slight differences in composition between 

the two sets of samples. These results show that the radius of the lanthanide and the boron 

speciation are closely linked and the effects of this interaction are not limited to just the La and 

Lu series. A smaller ionic radius with the same ionic charge will produce a higher field strength.  

                                                 
9 The other lanthanides in the series were too paramagnetic for their NMR spectra to be useful here. 
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Figure 4-10  11B MAS NMR spectra (a) of the La, Y, Lu and Sc glass samples from Washington 

State University carried out at 11.7 T corresponding to a Larmor frequency of 160.45 MHz. 

Data were collected using a 4 mm Varian rotor spun at 12 kHz MAS. A selective π/6 pulse of 

1 μs was used at a recycle delay of 5 s for 64 co-added transients. Plot (b) shows the relative 

% of BO4 speciation compared with the ionic radius of the lanthanide present, with the results 

of the Washington samples in black labelled WSU and the values obtained for the La4.6 and 

Lu4.6 glasses in there earlier study shown in red 

 

This increased field strength may be the cause of the increased effect the lanthanide has on the 

boron speciation. 

4.4.9 Short-Term Chemical Stability Testing 

In order to understand how the structural changes shown in this investigation relate to the 

stability of the glasses chemical dissolution tests were done on each of the La and Lu glasses. 

Since it is not feasibly possible to test the glasses over a time period comparable to the needed 

lifetime of a nuclear waste form, shorter tests must suffice as some indicator of chemical 

stability whilst acknowledging that they cannot be a complete description of long term 

behaviour. This work was conducted by Dr Prashant Rajbhandari at the University of Sheffield. 
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Figure 4-11: La and Lu series of glasses dissolution results showing the normalized mass loss 

of elements. The La series results are shown in plots: (a) B, (b) Na and (c) Si. The Lu series 

results are shown in plots: (d) B, (e) Na and (f) Si. Collected by Dr Prashant Rajbhandari 

 

For the dissolution test, powered forms of each glass were left in 90 °C water for 1, 3, 7, 14, 

28 and 35 days and then the amount of B, Na and Si that had leached out into the water was 

measured for each time period using ICP-AES. The pH of the solution was also measured at 

each stage. The results of these experiments can be seen in Figure 4-11 for both the La and Lu 

series of glasses. 
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The dissolution test results show excellent improvement in the amount of B, Na and Si retained 

within the glass as the amount of REE is increased for both the La and Lu series. For all three 

nuclei studied the mass loss is at least halved at 35 days when 4.6 mol% lanthanum or lutetium 

was added. Previous studies on similar glasses with a five oxide composition have also shown 

a similar trend between REE content and improved dissolution rates [133]. The lutetium glasses 

also performed slightly better than the lanthanum glasses, with the largest difference being seen 

in the Si retention. 

This result suggests that as Na is pulled away from charge balancing BO4 units and starts 

depolymerising the silicon network, that the glass becomes more resistant to hydrolysis.  In 

addition, the strong bonding between the REE and its bridging oxygens due to the REE’s high 

field strength will also likely help provide this improved chemical stability. It is also interesting 

to note that although the 29Si MAS NMR of the La and Lu glasses showed very similar results, 

the improved Si retention of the Lu glasses shows that the Si environments are still affected by 

the change from La to Lu. 

As previously mentioned, the pH of the solution was also measured at each stage of dissolution. 

These results can be seen in Figure 4-12. Unsurprisingly, given the composition of the glasses, 

each glass produced an alkaline pH in the dissolution water. Noticeably however the pH is 

reduced for both sets of glasses as more REE is added. Similar to the mass retention results this 

effect was slightly stronger in the Lu samples, particularly for lower REE amount (a similar 

sudden jump is seen going from Lu0 to Lu1.6 as in the 11B MAS NMR, shown in Figure 4-7). 

This is another strong indication that the REE are pulling the Na nuclei into grouping with 

them, since Na+ ions undergoing hydrolysis and becoming NaOH would be a likely source of 

high pH in the solution. Thus a lower pH suggests that these Na+ ions are being held more 

tightly to the glass network. 
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Figure 4-12: pH level of the dissolution solution over the 35 day period for the La (a) and Lu 

(b) glass series. Each plot also shows the messured pH of a blank dissolution chamber. 

Collected by Dr Prashant Rajbhandari 
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4.5 Conclusions 

The study has used solid state NMR to identify systematic changes in the environments of 

boron, sodium and silicon within nuclear waste form based borosilicate glasses as rare-earth 

elements are inserted. For boron, these trends were able to be examined in further detail by 

using multi-field simulations to obtain deconvolutions of the sites contributing to the line 

shape. These changes were explained in the context of the charge balancing chemistry of the 

glass and physical improvements were observed in the stability of the glass in correlation with 

this. 

The main structural changes seen with REE insertion were a shift in boron speciation from BO4 

to BO3 and the depolymerisation of the silicon network. The explanation offered for these 

changes centres around the movement of sodium ions from charge balancing BO4 units into 

the silicon network, grouping around the REEs due to the electro-negative regions made in 

their vicinity. This explains the trends seen in each nucleus investigated with NMR, as well as 

being in agreement with the pH testing done while performing the dissolution study. 

Additionally, a further shift from BO4 to BO3 was observed in a linear relation with the 

reduction of the REE ionic radius. This trend was reinforced with the study of a separate set of 

similar glasses showing that this trend is not limited to changing lanthanum to lutetium but is 

consistent across a wider range of lanthanides. This is mostly likely caused by the higher field 

strength of lower ionic radius nuclei having a stronger effect and pulling more sodium away 

from the boron sites. The lack of change seen in the 23Na and 29Si NMR does suggest that the 

behaviour is somewhat more complex and that just the total amount of REE present plays a 

greater role on NMR spectra of the non-boron nuclei: For boron, 1.6 mol% of lutetium had 

approximately the same effect on speciation as 4.6 mol% of lanthanum, both giving roughly 

34% BO4; Whereas for sodium and silicon 4.6 mol% of either lanthanide produced roughly 

equivalent effects. 
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Also, as REEs were added to the network, an excellent improvement in chemical stability was 

also observed via their resistance to hydrolysis during dissolution. This is a property of great 

importance in these types of samples. This improvement in performance is most likely caused 

by the observed depolymerisation of the silicon network, since it may reduce the rate of its re-

condensation during leaching, though this remains only a speculation. 
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Chapter 5: Hydrothermal Synthesis of ZSM-22 

Coatings onto a Titanium Substrate. 

5.1 Introduction and Motivation 

5.1.1 Introduction 

As discussed in section 1.3, the zeolite ZSM-22 has being receiving a lot of academic attention 

over the last few years for its application as a catalyst in the methanol to hydrocarbon (MTH) 

reaction. With this, comes an additional interest in understanding and controlling the synthesis 

of the zeolite so as to match the desired specifications of research. Whilst some studies have 

been published demonstrating methods to control characteristics of the ZSM-22 crystals [89, 

134, 135], all of this work has been on the zeolite in powdered form. Something that has not 

been published yet is the successful synthesis of ZSM-22 as a coating onto a metal substrate. 

This is what will be presented in this work. 

5.1.2 Why Synthesise ZSM-22 Coatings? 

In general, it is beneficial for almost any catalyst to have the option to be synthesised onto an 

appropriate substrate, since it opens the door to producing customised reaction vessels coated 

in the catalyst. Being able to design a reaction surface and then synthesise the catalyst directly 

onto this surface is a powerful tool in reaction system design. One of the more notable 

implementations of this is in miniature reactors, on a micrometre to centimetre scale. The 

narrow channels and thin walls of these miniature reactors make them desirable catalytic 

chambers, offering high mass and heat transfer rates [136, 137] and a number of 

implementations of such reactors has been proposed [138, 139]. 

In addition to this, there is further desire to synthesise ZSM-22 as a coating onto a metal 

substrate stemming from two characteristics of the MTH reaction: 
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1. The MTH reaction is highly exothermal. 

2. The MTH reaction’s product stream is affected by the temperature of the reaction. 

These two characteristics make temperature control of vital importance in the MTH reaction 

from an industrial perspective, since if the reaction is allowed to overheat due to the large 

energy release, then the product stream may shift from what was originally intended, reducing 

the yield of the desirable products. A conventional fixed bed reactor where pellets of the 

powder-form zeolites are packed into the reactor bed, offers a limited amount of heat removal 

from the catalysts to an external wall, and hot spots have been known to form in the central 

section of the reactor [140]. Because of this, the steps added to the reaction to try and prevent 

overheating, such as gas recycling and the division of the reaction across two beds, are extra 

unwanted costs to the process. However, if the catalyst is present as a coating on a metal 

substrate, the thermal coupling with the metal is strong, and temperature control is improved. 

Zeolite coatings have also been shown to improve the overall heat transfer coefficient 

compared with uncoated metal [141], further supporting expected improvements in 

temperature control. This therefore brings a two-fold industrial interest in coating formation, 

since it may improve both the consistency of the product stream and the cost-efficiency of 

production. 

It is important to note that in the interest of maximising heat transfer potential between the 

zeolite and the substrate, these coatings will not use a binding agent and will be produced by 

direct nucleation onto the substrate surface.  

5.1.3 Related Zeolites as Coatings 

As previously mentioned, the synthesis of ZSM-22 coatings has not yet been published. 

However, coatings of the related ZSM-5 catalyst have been achieved and have been 

implemented into catalytic processes. 
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These coatings have been formed using two main methodologies: direct hydrothermal 

synthesis and secondary growth from seeded nanocrystals. The direct hydrothermal method 

involves the substrate first being treated in a number of ways to increase how hydrophilic it is, 

then being placed in a synthesis sol-gel and uniformly heated [136]. The secondary growth 

method also uses an uniformly heated sol-gel but first the substrate is treated with premade 

nanocrystals of the zeolite to promote crystal growth, this can be done by using centrifugation 

[142, 143] or dipping [144, 145].  

ZSM-5 coatings have successfully been implemented as catalysts in scaled down MTG reactors 

[140]. This was done by pre-shaping a metal substrate to form a micro-reactor structure with a 

number of cylindrical reaction chambers and then coating the internal reaction chambers with 

ZSM-5. Omojola et al. observed an improved conversion rate (81%) using these coated micro-

reactors when compared to the equivalent fixed bed process. It is also worth noting that this 

coating was not in-situ synthesised, but rather pre-prepared ZSM-5 was dried onto the substrate 

forming a coating. Had the coating been directly synthesised performance could have been 

further improved by better catalyst-substrate heat transfer. 

It is worth noting here, that due to the industrial interest in these processes, much of the research 

into these implementations is never published publicly to protect the funding bodies financial 

interests [137]. As such, the industry interest that is expressed behind closed doors is much 

greater than that that might be assumed from the volume of literature published. 

5.1.4 Challenges Related to ZSM-22 

Although the synthesis of ZSM-5 coatings is now well understood, the methodology cannot 

simply be cloned to work for ZSM-22 coatings. This is because of the increased relative 

difficulty of ZSM-22’s synthesis compared to ZSM-5. Although ZSM-22 may have a slightly 

simpler structure than ZSM-5, having only a single linear pore channel, this does not translate 

to simpler synthesis. 
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One of the main causes for this additional level of difficulty is the level of homogeneity in 

species distribution throughout the sol-gel required in order to achieve a pure ZSM-22 

synthesis. This means that sol-gel mixing during synthesis is of vital importance, since as 

nucleation occurs and nutrients are used, their local deficit will be created and crystal growth 

will be halted. This issue was demonstrated clearly by de Sousa et al. when they compared 

static and mixed synthesises and found the static product to be completely amorphous [135]. 

In addition to this, ZSM-22 is a metastable zeolite with a relatively narrow stability range. This 

means that it can be hard to avoid ZSM-5 and cristobalite impurities being formed if the 

conditions are not exact [134, 146, 147]. 

These synthesis challenges make coating production non-trivial, since a methodology must be 

found to keep the substrate within the sol-gel whilst ensuring the sol-gel still receives a suitable 

amount of mixing so as to provide adequate nutrient distribution. 

5.1.5 Synthesis Objectives 

The aim of this study was to achieve the novel formation of ZSM-22 coatings onto a metal 

substrate via in-situ hydrothermal synthesis. The preference was to do so via the direct growth 

of crystals onto the substrate without the use of seeding or binding agents. 

Initially, a reliable synthesis of ZSM-22 powders will be developed. Although this has been 

widely published for many years, reproducing the synthesis procedure solely from literature is 

non-trivial. This is due to limitations on the level of details that can be included in an academic 

journal, as well as a potential motivation for authors not to ‘give away’ all the details of their 

synthesis due to the industrial interest in these catalysts. For this reason, the study will first 

outline the techniques implemented to achieve a successful powder synthesis, before moving 

on to creating coatings. 
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5.2 Experimental Techniques  

5.2.1 X-ray Diffraction  

X-ray diffraction is a powerful tool in the identification of zeolites due to their distinctive 

crystalline structures, as such it was used throughout this study to test the samples created and 

identify the presence of any zeolite coatings on the substrate. This was done using a Panalytical 

X-Pert Pro MPD Kα1 diffractometer using Cu Kα1 radiation. Diffraction patterns were collected 

across a 2θ range of 5 to 50° at a rate of 0.750 2θ/min for the powdered samples and 

0.042 2θ/min for the coatings. This was different for the final set of coatings which were 

collected across a 2θ range of 5 to 35° at a rate of 0.167 2θ/min. 

5.2.2 Viscosity Measurements  

The viscosity of the synthesis solution was measured using a Netzsch Kinexus pro+ Rheometer 

with a coaxial cylinder fitting. This was done at a range of temperatures between 25 and 60 °C 

in increments of 5 °C at atmospheric pressure. For each temperature viscosity was measured 

for a set range of shear rates between 0 and 16 s−1. These sheer rates were induced across a 

9.15 mm thick layer of the solution.  

5.2.3 Autoclave Rotation 

As mentioned, ZSM22 synthesis requires mixing of the synthesis solution, this was achieved 

via autoclave rotation. To provide this rotation, an apparatus was constructed to support up to 

six autoclaves around a rotating axis, driven by an external motor. Each autoclave is positioned 

horizontally, with the axis of the autoclave in line with the axis of rotation. The autoclaves 

were secured to the axle via a stainless-steel mounting disc. This apparatus was then positioned 

within an oven with the axel reaching the motor via a small hole in the side. A schematic and 

photograph of the apparatus used are shown in Figure 5-1 and Figure 5-2 respectively. 



 

 

111 

 

 

Figure 5-1: Schematic of autoclave rotation apparatus containing two autoclaves situated 

within an oven. 

 

 

Figure 5-2: Photograph of autoclave rotation apparatus containing two autoclaves situated 

within oven. Fan was used to prevent motor overheating. 

 

5.3 Hydrothermal Synthesis of ZSM-22  

5.3.1 Synthesis Mixture 

Hydrothermal synthesis refers to the synthesis from an aqueous solution in a closed vessel (an 

autoclave) under high temperature and the autogenic vapour pressure. The autoclave consists 

of a thick metal outer section capable of maintaining pressure under heating and a chemically 

resistant internal section to contain the solution, normally made from Teflon. Doing this allows 

the formation of crystalline phases that are otherwise unstable at the melting point. 

In zeolite synthesis, the aqueous solution used is referred to as a sol. Zeolite sols have four key 

ingredients: a silicon source, an aluminium source, a solvent, and a structure directing agent 

(SDA) [137]. The SDA acts as a scaffolding that the zeolite is synthesised around, giving rise 

to the pore channels. The sol will gradually form into the gel if left undisturbed. The framework 



 

 

112 

 

agent will then need to be removed by calcination to clear the pore channel once the sol-gel 

synthesis is complete. 

 
 Figure 5-3 Structure directing agent 1,8-Diaminooctane. 

 

For all the work done in this thesis, Parr Instruments Model 4744 acid digestion autoclaves 

were used. These autoclaves have a 45 ml volume Teflon internal chamber, but can only be 

filled 66% during synthesis to maintain a safe working pressure. 

Using the composition given in work published by Ernst et al [148], a sol composition was 

adapted for the concentrations of reagents available so as to maintain molar ratios and to ensure 

the correct volume needed for the autoclaves used. This sol composition used throughout the 

experiments is listed in  

Table 5-1. Some other compositions were tried initially, using aluminium chloride as opposed 

to aluminium sulphate as an aluminium source, but these syntheses were not successful and are 

not worth discussing in detail. 1,8-Diaminooctane was used as the SDA, though in this respect 

ZSM-22 synthesis is actually quite flexible, with many SDAs able to form the simple linear 

pore channels [148]. Looking at the structure of 1,8-Diaminooctane in  

 Figure 5-3, it easy to see how a linear pore channel could form around it. 

For any chemical synthesis, proper cleaning of equipment before use is important to ensure 

against contamination. The importance of this step increases with ZSM-22 synthesis, 

particularly in a lab where ZSM-5 is also being synthesised. Since any trace amounts of ZSM-

5 or cristobalite left in the autoclave could act as a seeding agent for the production of those 

impurities. To this end, as well as the standard lab cleaning procedures, between each synthesis 
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the autoclave inner sections10 are cleaned by submersion in a 4 M NaOH solution at the onset 

of boiling for one hour. This is a strong enough solution to dissolve any left-over impurities. 

 

Table 5-1: Composition of sol-gel used in ZSM-22 synthesis 

Solution Name Formula Mass (g) Water (ml) 

1 Potassium Hydroxide  KOH 0.60 2.73 

2 Aluminium Sulphate  Al2(SO4)3 0.26 2.73 

3 1,8-Diaminooctane  H2NCH2(CH2)6CH2NH2 1.56 10.92 

4 Ludox 30 wt.% SiO2 · 8H2O 7.14 4.05 

 

To form the synthesis sol, each ingredient is first dissolved or diluted into a set volume of 

deionised water, given in  

Table 5-1. These solutions are then combined in the following manner in accordance with the 

methodology given by Masih et al. [149]: First solution 1 & 2 are combined under constant 

mixing to give solution A. Then solution 3 is added to solution A under intensive stirring and 

left for 30 minutes to give solution B (also under stirring). Finally, solution 4 is added to 

solution B under stirring and left for 24 hours. During the aging step the sol is converted into 

a gel with an opaque white/grey colour. Once the gel is obtained, it is heated to 160 °C under 

continuous stirring in an autoclave for 48 hrs. This temperature will also induce a high vapour 

pressure within the airtight autoclave. The autoclave is then quenched in cold water and the 

powder is extracted from the remaining solution via paper filters and washed with deionised 

water. After drying the powder is then calcined at 550 °C for 12 hours, making sure to ramp 

the temperature slowly (1 K/min) so as not to cause structural damage as the water is evaporated 

and the SDA is oxidised in this process. 

                                                 
10 The substrate supports used in the later coating synthesises were also clean in this manner. 
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5.3.2 Mixing Methodology during Synthesis 

As previously mentioned, continuous stirring of the gel is required for ZSM-22 to be 

successfully synthesised. Given that the synthesis is occurring in a hot autoclave, ways of 

providing this stirring are limited to magnetic stirring [135, 149] and autoclave rotation [89, 

134]. After testing magnetic stirring, large impurities of other zeolites were obtained, and some 

amorphous layer was formed in the autoclave above the liquid-gas phase boundary after 

synthesis. In these experiments, a magnetic stirrer with two thin vertical blades was used, and 

heating was done using heating wires wrapped around the autoclave with a thermocouple. The 

formation of the amorphous layer indicates a reduced homogeneity in reactant distribution 

within the gel. Therefore, it was deemed more beneficial to pursue autoclave rotation, since 

more energy can be transferred to the solution from the rotating wall of the autoclave. This was 

done using the apparatus detailed in Figure 5-1 and Figure 5-2. 

5.3.3 ZSM-22 Synthesis 

The first attempt of ZSM-22 synthesis was made using magnetic stirring. This was done using 

a sol prepared using the previously described methodology with the omission of the final aging 

period. An extensive investigation was not carried out into using magnetic stirring to produce 

ZSM-22, since the decision to switch to autoclave rotation was made very early on in 

experimental progress. However, a brief examination of one of the samples produced in this 

manner will serve as an example of how easily ZSM-22 synthesis can become heavily affected 

by sub-optimal conditions. 

Shown in Figure 5-4 is the XRD pattern of a sample produced via magnetic stirring at 200 

RPM. Also shown in the figure are the reference patterns of ZSM-22, ZSM-5 and cristoballite. 

As can be seen, whilst ZSM-22 is clearly present in the sample, there is a sizeable amount of 

both ZSM-5 and cristoballite also present. Cristoballite in particular is present in large amounts 

as can be seen from the large peaks at 22.02° and 36.11° 2θ. In hindsight, there are a number 
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of reasons that this synthesis was largely unsuccessful. The first of which is the already noted 

lack of an aging period for the sol, something that was implemented later to great success. 

Secondly, the heating of the autoclave was relatively inefficient, it took over 2 hours to reach 

the set-point temperature. The effects of slow heating will be discussed more later on. Finally, 

the rotation rate of the magnetic stirrer was likely too high for the size of its fins, causing 

excessive splashing and leading to the dried reactant layer seen on the inside of the autoclave 

that was discussed previously. However as mentioned, since the use of magnetic stirrers was 

not extensively examined, this third theory was not investigated, so it is purely based on 

conjecture. 

 

Figure 5-4: XRD pattern of a zeolite sample produced by magnetic stirring of sol-gel at 200 

RPM during synthesis. Also included are the simulated locations of diffraction peaks for ZSM-

22, ZSM-5 and cristoballite. Acquired over 1 hour. 

 

However once apparatus for the rotation of the autoclaves within the oven was successfully 

constructed and implemented, a large improvement in synthesis results was seen. It was also at 

this stage that the aging period was implemented for the sol. Using the apparatus previously 

described, the gel was rotated at 100 revolutions per minute (RPM) within the oven. This 
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revolution rate is slightly higher than that used elsewhere [89, 134]. This was done for two 

reasons. The first is that with the eventual aim of forming coatings, it is expected that the 

required degree of reactant mixing should be higher for coatings, given the more limited 

nucleation sites. Secondly, in published literature the rotational radius of the apparatus is not 

given, which could affect the degree of mixing a certain speed is able to achieve, thus to provide 

margin for error a higher speed is beneficial.  

The XRD patterns of the crystals formed using this method can be seen in Figure 5-5(a) along 

with the reference ZSM-22 pattern [40]. The hkl plane assignments for each peak are also given 

for these data, though in the interest of clarity this will only be done where needed in following 

XRD patterns. As can be seen, the improvement in synthesis purity is already substantial when 

compared to the previous synthesis. There is no longer any detectable level of cristoballite 

phase and only small traces of ZSM-5 present as can be seen from the peaks at 8.89 and 23.08° 

2θ marked with an *. 

 

Figure 5-5: XRD patterns of ZSM-22 samples produced with an autoclave rotational speed of 

100 RPM. In (a) the autoclave received no prior treatment, in (b) the autoclave was preheated 

to 160 °C before the sol-gel was added. Simulated diffraction patterns for ZSM-22 are shown 

in red for both plots. In plot (a) peaks are labelled with their corresponding [h,k,l] planes 

where possible to do so. ZSM-5 impurities are marked with *. Acquired over 1 hour. 
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This a considerable improvement in the purity of ZSM-22 samples, but further synthesis 

development is needed to be able to produce a pure ZSM-22 sample to warrant moving on to 

the formation of coatings. 

The improvement needed came from a subtle change, informed by considering the synthesis 

conditions ZSM-5 can be produced in. In most respects, aside from stirring conditions and the 

sol composition, the synthesis of ZSM-5 is similar to that of ZSM-22. One key difference 

however is that ZSM-5 was successfully produced at comparatively lower temperatures [150, 

151], getting as low as 70 °C and under atmospheric pressure. It is therefore logical to try and 

minimise the amount of time the gel spends below 160 °C during synthesis to prevent ZSM-5 

production. This can be done by preheating the autoclaves to 160 °C before inserting the gel 

for synthesis. Otherwise, given their thick metal construction, the autoclaves will have a 

relatively high heat capacity and may take some time to reach the target temperature within the 

oven. This is also the reasoning behind the conclusion that ineffective heating may have also 

been partly to blame for the unsuccessful ZSM-22 synthesis using magnetic stirring. 

The same synthesis procedure used for the sample in Figure 5-5(a) was therefore carried out 

again, this time using an autoclave outer shell preheated to 160 °C. The XRD pattern obtained 

from this experiment can be seen in Figure 5-5(b). The fast heating has further improved sample 

purity, showing almost no ZSM-5 impurity aside from the barely visible peak at 23.08° 2θ. 

To calibrate the amount of impurities, several mixtures of commercial ZSM-22 and ZSM-5 

zeolites were made with a ZSM-22 amount of 85, 90 and 95 wt.%. These samples were then 

analysed with XRD and the following relationship between the integral of the strongest ZSM-

5 peak at 23.08° 2θ (I23°), the total integral of the spectrum (IT) and the percentage of ZSM-5 

present by weight (ZSM-5) was found: 

 
𝑍𝑆𝑀5 × 0.0027 =

𝐼23°

𝐼𝑇
 5-1 
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Using equation 5-1 the ZSM-22 purities of the samples in Figure 5-5 (a) and (b) are estimated 

to be 94 and 99 wt.% respectively. With the powder synthesis understood well enough to 

produce a 99% pure ZSM-22 sample, the synthesis of coatings can now be explored. 

5.4 Synthesis of ZSM-22 Coatings 

5.4.1 Additional Coating Synthesis Considerations 

The synthesis of a pure powder sample does not guarantee a simple synthesis of the respective 

coating. In this instance, there are two key conditions to convert a successful powder synthesis 

into a coating synthesis: 

1. Ensure the substrate remains within the gel throughout synthesis. 

2. Encourage nucleation to occur on the substrate surface rather than in the bulk volume. 

For many other zeolite syntheses, the first of these conditions is easy to fulfil. However, in the 

case of ZSM-22, the autoclaves are positioned horizontally and can only be filled to 66 % of 

their capacity. This means that the autoclave will contain recirculating liquid, with the metal 

substrate needing to remain within the liquid phase for nucleation to occur. Different 

techniques were used to achieve this whilst maintaining the required amount of mixing. 

The second challenge is more of a general coating synthesis challenge, unrelated to ZSM-22. 

It does not matter how pure the synthesis is, if the crystals will not grow on or bond to the 

substrate, then no coating will be formed. Fortunately, this could be overcome by using a good 

choice of substrate and substrate treatment methods to improve its nucleation characteristics. 

For every coating synthesis XRD patterns were also recorded for the powders produced to 

check ZSM-22 purity. All coating synthesises presented maintained a 95% ZSM-22 powder 

purity.  
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5.4.2 Coating Synthesis on a Titanium Substrate 

Titanium is a common substrate in sol-gel synthesises [152-154], and is highly hydrophilic 

after treatment. 0.25 mm thick sheets of titanium were chosen as a substrate in this study. 

Before synthesis, the substrate was pre-treated by first being heated to 500 °C for 1 hour to 

ensure a freshly oxidised layer to bond with the zeolite framework, before then being irradiated 

with UV radiation for 1 hour. This UV treatment is known to promote the presence of hydroxyl 

groups on the surface increasing its hydrophilicity, improving nucleation rates on the substrate 

[155]. This substrate preparation process was used for all coating synthesises presented. 

The first and most simple method of positioning the substrate within the gel during synthesis 

is to simply insert small plates directly into the autoclave without any holder. This was first 

done using a 10 mm × 10 mm square sheet. 

After this sheet was inserted into the gel for the duration of the synthesis it was rinsed with 

deionised water and dried in the same manner as the powders. It was then examined using XRD 

to detect the presence of any coating, using a considerably longer experimental time compared 

to the powders, up from 1 to 18 hours. The resulting pattern can be seen in Figure 5-6(a), which 

is dominated by three sharp peaks between 35° and 45°. These peaks are from the titanium 

substrate, which for thin coatings such as the ones likely to be produced in this synthesis will 

be many times larger than the peaks from the zeolites. It is necessary therefore to zoom in, as 

is done in Figure 5-6(b), where the same pattern is presented but amplified to approximately 

50 times larger and vertically truncated. Even when zoomed in in this manner, there are no 

peaks visible that would suggest the presence of ZSM-22 on the substrate. The small peaks that 

can be seen cannot confidently be assigned to anything with such little resolution. 

From this first attempt it is obvious that improvements need to be made to the methodology. It 

was noted that for the small plate, it would easily get stuck to the curved wall of the inside of 

the autoclave where a thin gel layer was present. This could plausibly be very detrimental to 
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the growth of crystals since if it remained stuck to the wall during synthesis it may be pulled 

out of the liquid at points, as well as receiving a low flux of reagents. Ultimately it is very hard 

to tell what exactly is happening within the autoclave whilst the synthesis is happening, since 

its thick metal walls prevent almost all forms of detection and simulation of such systems 

containing a suspended free-body are prohibitively complex.  

An easy way to test if sticking to the walls is causing issues is to increase the size of the plate 

such that it does not stick to the sides with a layer of gel. To this end, the same methodology 

was repeated but instead using a 15 mm × 15 mm plate. This is not a perfect solution, since the 

plate could still end up bound to the flat top and bottom ends of the autoclave, but should 

prevent sticking to the curved cylindrical wall.  

The XRD pattern of the 15 mm × 15 mm plate can be seen in Figure 5-6(c), again zoomed in 

to see any potential zeolite peaks rather than the substrate. This pattern now offers some 

promise, with faint traces of ZSM-22 being seen. Four of the largest ZSM-22 diffraction peaks 

can be 
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Figure 5-6: XRD patterns of ZSM-22 coatings on a titanium substrate obtained in an autoclave 

rotating at 100 RPM. (a) Full pattern of coating formed on a 10 mm×10 mm plate, (b) zoomed 

in version of the previous pattern (c) zoomed in pattern of the coating formed on the 15 mm×15 

mm plate and (d) zoomed in pattern of the coating formed on the supported 50 mm×10 mm 

plate. Large peaks between 35° and 40° are from the substrate. Each pattern was acquired 

over 18 hours. The powders produced in all synthesises were also analysed and found to be 

>95% pure ZSM-22. 

 

seen above the noise of the pattern, at 8.25° [1,1,0], 20.41° [0,2,1], 24.66° [3,3,0] and 25.71° 

[4,0,0] 2θ. Whilst this cannot quite yet be claimed as a successful ZSM-22 coating synthesis, 

it is certainly a reasonable indication that some ZSM-22 is nucleating on or bonding to the 

substrate.  
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5.4.3 Supported Substrate Synthesis 

Progressing from this stage of synthesis requires new methodology. Placing loose substrate 

into the gel provides very little control or understanding of the position of the substrate during 

synthesis. It also does nothing active to ensure a good flux of reactants to the substrates surface. 

Therefore, to develop the synthesis further, a housing to accommodate the substrate inside the 

liquid was created. This housing remains within the liquid at all time and provides adequate 

flux of reactants to the substrates surface. 

The first substrate housing can be seen in Figure 5-7(a). This housing was made from polyether 

ether ketone (PEEK) rod that has been flattened off on either side in the middle to allow a flat 

metal plate with a size of 55 mm × 10 mm to be attached. The PEEK rod has a radius of 12 

mm. This housing was designed to roll along the bottom of the autoclave as it undergoes 

rotation, keeping the substrate within the liquid throughout, as shown in Figure 5-8. 

 

Figure 5-7: PEEK housings designed for titanium plates. Housing holds (a) the 55 mm x 10 

mm substrate plates parallel or (b) or orthogonal to the centre axis of the housing. 

 

Figure 5-8: Schematic of the rolling housing located within the liquid at the bottom of the 

autoclave during clockwise rotation. 
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Plates with a size of 50 mm × 9 mm were attached to the housing using polytetrafluoroethylene 

(PTFE) cord tied in rings every 10 mm. These plates received the same pre-treatment as those 

in the unsupported synthesises before being secured. With the plates attached to the housing, 

the same synthesis procedure was conducted and again the plates were examined using XRD. 

The XRD pattern of the plates from this synthesis can be seen in Figure 5-6(b). This pattern 

shows a larger amount of ZSM-22 on the titanium substrate, as can be concluded from  

diffraction peaks at 8.24° [1,1,0], 20.43° [0,2,1], 24.30° [1,3,1], 24.66° [3,3,0] and 25.73° 

[4,0,0] 2θ, showing the benefit of using the housing. However, there is also a large amount of 

ZSM-5 impurity formed on the substrate. Thus while the amount of ZSM-22 increased, its 

purity decreased which may be due to a low flux of reagents towards the metal surface. 

Therefore, a new housing design was made, as shown in Figure 5-7(b). This housing was 

designed to hold the metal plates perpendicular to its centre axis. This was done by taking a 

matching 88 mm PEEK rod, cutting it in half through the middle lengthwise and hollowing out 

a rectangular indent into the middle of the rod. Then, within this hollowed out section, small 

grooves were cut on both sides for plate to slot into. The two halves can then be screwed back 

together once the plates have been inserted into the grooves. The hollowed-out space within 

the support has dimensions 64 mm × 11 mm × 6 mm and contains room for 8 plates to be held. 

This housing has the advantage of not only holding both sides of the plate open to the liquid, 

which improves the flow of reagents, but also does not require additional holding elements that 

could disturb the movement of the housing. 

5.4.4 Optimal Rotational Rate 

Simultaneously with the design of the new housing, an in-depth study was undertaken to work-

out how the rotational rate of the autoclave affected the position of the support within it. This 

was necessary since although the housing was designed to roll along the bottom of the 

autoclave as shown in Figure 5-8, the centrifugal force caused by the off-axis rotation this 
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means that this behaviour cannot be guaranteed. For example, at high enough rotational speeds 

both the liquid and the housing will remain stuck to the outside edge of the autoclave 

throughout rotation. The thick autoclave walls prevent any direct detection of the substrate 

support’s movement. For this reason, an acrylic replica of the synthesis equipment was made 

to allow a simulation of the system that could be observed. This work is presented in the 

following chapter as a separate investigation, since many of its details are not of relevance to 

the synthesis of coatings, only its results. 

Using the work presented in the following chapter, it is possible to approximate the expected 

optimal rotational rate for the autoclaves to be spun at for the housing to remain within the 

liquid whilst receiving the maximum amount of mixing. To do this though, it is first necessary 

to know the viscosity of the liquid, since that will affect the behaviour of the system. To enable 

this, the viscosity of the liquid was measured as a function of temperature and sheer rate using 

a rheometer, the results of this can be seen in Figure 5-9. In terms of temperature, it is the 

viscosity of the gel at the synthesis temperature of 160 °C that is of interest. However, since 

the rheometer operates at atmospheric pressure, temperature must be kept much lower than this 

to prevent the evaporation of gel components. Therefore, a series of lower temperatures ranging 

from 25 to 60 °C were examined so that the behaviour at 160 °C could be extrapolated. For 

sheer rate, it will depend on the final spin rate chosen, but the range of operating conditions 

would fall roughly between 6 and 12 s−1. 

Interpreting these results is not so simple, since the synthesis mixture is a non-Newtonian 

liquid. There is not necessarily a clear trend with temperature past 35 °C for the shear rate range 

of interest, with viscosities flattening off and higher temperatures not necessarily bringing a 

higher viscosity. Ultimately the best way to interpret these results is to come up with a broad, 

common sense range that the viscosity will most likely lie within. For any higher temperature 



 

 

125 

 

than 35 °C, the viscosity never drops below 0.2 Pa s, so this can be considered the lower limit 

of the  

range. There is less to indicate what the upper limit might be, but with the exception of the 60 

°C peak at around 3 s−1 shear rate, not a great deal of increase in viscosity is seen with 

temperature increase, therefore it seems unlikely that the viscosity would exceed 0.5 Pa s. 

 

 

Figure 5-9: Viscosity of the ZSM-22 solution measured as a function of shear rate and 

temperature using a Rheometer. 

 

Comparing this range of viscosities with the results of the study done in the following chapter, 

it is expected that the upper speed limit for which the housing would remain rolling along the 

bottom of the autoclave with the liquid is in the 90-95 RPM range. It is however not wise to 

spin exactly on this limit, and a small margin for error should be allowed to account for small 

differences in the dimensions of the synthesis and simulation apparatus. Therefore 80 RPM 

was decided to be the optimal operational speed to ensure the substrate would remain with the 

liquid whilst still receiving a high level of mixing. 



 

 

126 

 

With this speed established, the synthesis could once again be attempted using the same 

operating procedure but for four 9 mm × 4 mm plates supported in the housing shown in Figure 

5-7(b). As well as conducting this synthesis at the optimal speed of 80 RPM, syntheses were 

also conducted above and below this speed to observe its effects on coating synthesis, this was 

done at 100 and 60 RPM. As before, after synthesis XRD patterns were recorded for these 

samples. 

The XRD patterns for the plates prepared with the new housing are shown in Figure 5-10. The 

XRD shows a very pronounced effect of rotational speed on the coatings formed. The plates 

spun at the optimal speed show excellent coating quality, with even the smaller ZSM-22 

diffraction peaks (such as 10.27° [0,2,0] and 12.86° [2,0,0] 2θ) beginning to be visible and only 

a very small amount of ZSM-5 impurity. With the speed reduced to 60 RPM, the amount of 

ZSM-22 decreases, and an increased level of impurity is observed, implying that at this slower 

speed the mixing provided by rotation was not adequate. By increasing the speed to 100 RPM, 

a very pronounced change is observed, with practically no ZSM-22 being seen and a very large 

amount of cristobalite being observed, this clearly suggests that the housing is leaving the liquid 

during synthesis and this disturbs the nucleation process. This is in very strong agreement with 

the work presented in the following chapter. 

Not only has the newly optimised synthesis conditions implemented in Figure 5-10(b) provided 

improved coating purity, it has also improved the amount of coating formed on the titanium 

substrate. An increased level of background noise present in these patterns compared to those 

presented in Figure 5-6 is related to a higher recording rate of 0.167 2θ/min acquired over a 3 

hour period, rather than 0.042 2θ/min over 18 hours for the previous ones. When normalised 

to the largest substrate diffraction peak at 38°, the ZSM-22 peak at 8.15° is more than 50% 

larger in Figure 5-10(b) than in Figure 5-6(d), representing a large increase in the amount of 

ZSM-22 present on the substrate. 
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It may seem surprising that practically no ZSM-22 was formed on the substrate at 100 RPM, 

when previously this had been successfully done in the experiment described in Figure 5-6. 

But since the housing was different, the speed at which it leaves the liquid was also different 

and the study presented in the following chapter only considers the orthogonal support shown 

in Figure 5-7(b). So it is possible that the initial housing remains within the liquid at 100 RPM. 

 

Figure 5-10: XRD patterns of ZSM-22 coatings on titanium substrate plates attached to an 

orthogonal housing in an autoclave rotating at (a) 60, (b) 80, and (c) 100 RPM. The reference 

ZSM-22 pattern is shown in red. ZSM-5 and cristobalite impurities are marked with * and † 

respectively. Each pattern was acquired over 3 hours. The powders produced in all syntheses 

were also analysed and found to be above 95 wt.% ZSM-22. 
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5.5 Conclusions 

A novel method for hydrothermal synthesis of ZSM-22 coatings onto a titanium substrate has 

successfully been developed. The coatings were characterised with XRD. 

A methodology for the pure hydrothermal synthesis of ZSM-22 powder was first outlined, 

highlighting the narrow and challenging conditions needed to prevent impurities. Effective 

mixing and heating were shown to be of vital importance for purity in ZSM-22 synthesis. 

Maintaining a high level of mixing whilst keeping the substrate within the sol-gel is a non-

trivial issue that was successfully addressed through the use of substrate supports and an in-

depth study into the effects of rotation rate on the position of these supports within the sol-gel. 

XRD analysis was used to great effect throughout the study, since it is a powerful tool in the 

identification of the distinctive crystalline structures seen in zeolites. 
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Chapter 6: Study of the Rotational Regimes of a 

Near-Cylindrical Solid within a Rotating Cylindrical 

Vessel Containing Liquid and Gaseous Phases 

6.1 Scope  

The rotational regimes of a near-cylindrical solid with a diameter of 12 mm placed inside a 

cylindrical vessel with a diameter of 30 mm filled with a liquid by 66% of its volume and 

undergoing steady off-axis rotation around a horizontal axis have been investigated. The 

trajectory and the speed of the solid inside the vessel were recorded to identify conditions when 

the solid remains entirely inside the liquid phase. At the same time, the liquid recirculation 

inside the rotation vessel was indirectly observed.  

6.2 Introduction 

When considering a solid placed in a cylindrical vessel filled with a liquid by 66% of its volume 

and undergoing steady off-axis rotation around a horizontal axis, there are two key forces that 

influence the position of the solid, gravitational and centrifugal, depending on the rotational 

speed at which the system is spun. The directions of the two forces are shown in Figure 6-1. 

 

Figure 6-1: Vectors of the gravitational and centrifugal forces acting during motion. 

 

The centrifugal force dominates at higher speeds, and the gravitational force at slower ones. If 

the gravitational force is dominant, it is expected that the liquid and the solid will remain at the 
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bottom of the vessel during rotation, also meaning that the solid will always be immersed into 

liquid. On the other hand, when the centrifugal force is dominant both the liquid and the solid 

will be positioned at the most distant location from the rotational axis, on the outer edge of the 

vessel. These two extreme cases will be referred to as the gravitational regime and centrifugal 

regime.  

In addition to these two dominant forces, viscous forces will also affect the motion of the 

system. This viscous contribution will vary depending on the characteristics of the liquid, as 

well as varying with the rotational speeds. Direct quantification of the viscous effects via 

simulation is prohibitively challenging due to the complex nature of the system. But their 

contributions can be indirectly observed by comparing the motion of the solid body with and 

without the liquid phase present. 

There is also an interest in this result from a chemical synthesis point of view since greater 

viscous effects would suggest a greater flow of solution across the solid, something that is 

highly desirable for enhanced convective mass transfer of reagents to nucleation sites during 

synthesis. Since they will have an effect on how much product is synthesised onto the substrate, 

it is desirable to be able to target the preferred regime. 

It is therefore desirable to build an understanding of the motion of the solid body within this 

system and subsequently the effects the liquid phase has on this motion. In addition to this it 

also then desirable to determine the conditions under which the different spinning behaviors 

are observed such that the desired regime can be targeted. This is the goal of this study. 

Given the novel nature of the system, the volume of literature addressing the concept is limited 

and much of the work must be done from the ground up. There have been a number of fluid 

mechanics studies into fluids within rotating cylinders [156-160]. Particularly into the coating 

of liquid left on the outer edges of the cylinder, due to the relevance of such coatings to the 

industrial production of goods like adhesive tape and photographic films [161]. These studies 
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are somewhat limited in their application to the system in this study due to the much smaller 

volume of liquid present within the cylinder, though do highlight the fact that some thin film 

of liquid will likely remain around the outer edge of the cylinder throughout rotation. 

A powerful and widely used technique in modern fluid dynamics problems is computer 

simulations, often termed CFD simulations, standing for computational fluid dynamics. Many 

of these simulations revolve around using supercomputer clusters to solve various forms of the 

well known Navier–Stokes equations [162] and have been applied to a wide range of systems 

[163-167]. However, whilst this methodology already requires many teraflops of 

computational power [168], the degree of complexity is massively increased by the inclusion 

of a free solid body into the liquid [169]. This put the computational cost of such simulations 

out of the reach of this study, instead being reserved for large scale issues such as insuring 

cargo and passenger ships do not capsize [169, 170].  

A more lighthearted parallel to this work that is present in the literature could be the 

investigations into motion within washing machines [171-174]. Since these rotating bodies 

contain both solid and liquid phases, with a likeminded goal of keeping the solid phase within 

the liquid phase. This work is of some assistance, particularly regarding its treatment of the 

centrifugal and gravitational forces acting on the solid body. However, it is the off-axis rotation 

in the system of this study which sets it apart from much of this work, since it greatly alters the 

manner in which the centrifugal force behaves.  

6.3 Experimental  

6.3.1 Apparatus for observing solid motion 

A schematic of the experimental set-up is shown in Figure 6-2. A transparent cell was 

constructed to study the hydrodynamics of liquid motion. The liquid density and viscosity was 

matched to those observed in the actual industrial process with a mixture of water and glycerol. 

The hydrodynamics of fluid motion and the position of the solid were recorded with a camera, 
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allowing the identification of the position of the solid and the position of the gas-liquid interface 

during rotational movement of the vessel.  The camera being attached to the rotational axis 

allows it to monitor the motion while the vessel remains static in the frame of the camera, 

eliminating potential motion blur issues at high spinning speeds. The setup utilised a 

counterweight on the opposite side of the axis to balance the weight of the camera and support 

to ensure that the rotational motion remains smooth. Figure 6-3 shows the dimensions of the 

individual components.  

 

Figure 6-2: Schematic of the apparatus used for observing the rotational regimes. 

 

 

Figure 6-3: Relevant measured distances of the system and the observed ring of pixels. 

 

The near-cylindrical solid contained within the vessel is the parallel substrate support described 

in the previous chapter. It is made from Polyether ether ketone (density: 1.32 g/cm³), has a 

diameter of 12 mm and a length of 88 mm. The cylinder it is contained within is made from 
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acrylic tubing with an internal diameter of 30 mm and a length of 92 mm. The centre of the 

containing cylinder was offset from the axis of rotation by 65 mm. For the liquid phase, a range 

of glycerol dilutions with water at room temperature were used, the viscosities and densities of 

which can be seen in Table 6-1. 

The rotation was provided and measured by using a Heidolph RZR Mechanical Overhead 

Stirrer as a motor. This provided clockwise rotation at speeds between 33 and 250 RPM. The 

position of the components within the cylindrical vessel was recorded using a GoPro HERO5 

Session camera operating at a resolution of 1920x1080 with a framerate of 90 FPS. 

Table 6-1: Viscosities and densities of the glycerol dilutions used in this study. Diluted using 

deionised water. Values for a temperature of 25 °C. 

Glycerol 

(%vol) 

Viscosity  

(Nsm-2) (±0.01) 

Density 

(kgm-3) (±1) 

0 0.0009 997 

85 0.11 1226 

89 0.18 1235 

90 0.21 1237 

91 0.24 1239 

91.5 0.25 1240 

92 0.27 1241 

93 0.31 1243 

94 0.36 1246 

95 0.41 1248 

100 0.91 1258 

 

6.3.2 Physical domain and coordinate system  

During the motion, the solid always remains on the outer edge of the vessel, meaning the radius 

of rotation ‘r’ is constant. Therefore, only the forces acting on the solid tangentially to the 

vessel need to be considered. For each regime a different coordinate system used, aligning the 

axis with the direction of the dominant force such that it acts along ϕS=0, for both systems all 

angles are measured such that movement in a clockwise direction produces a positive angle. 

These coordinate systems are shown in Figure 6-4, as well as showing the forces acting upon 

the solid and their breakdown along the tangent of the vessel. 
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Figure 6-4: Coordinate systems for the (a) gravitational and (b) centrifugal regimes along with 

a breakdown of the relevant forces and their components along the tangential axis. 

 

6.3.3 Data processing 

In the gas-solid (dry) system, the conversion of the video files into the solid angular position 

was done by selecting a ring of pixels co-centric with the cylinder to observe (as shown in 

Figure 6-3), assigning them to their angular coordinates and then putting them through a binary 

threshold filter. This produces a data set for each frame within which there is a ‘1’ wherever 

the solid is present and a ‘0’ wherever the gas phase is, the positions of the ‘1’s can then be 

averaged to find the angular coordinate of the centre of the support.  
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In the gas-liquid-solid system, the camera facing side of the support was coloured red and the 

liquid phase was dyed light blue to allow for easy distinction between the solid, liquid and gas 

phases. An additional external light panel was used to ensure clear distinctions. This allowed 

just the red channel in the RGB video files to be used so that the solid could still be easily 

located using the process described for the dry data. 

When the solid was close to an angle of –π, the average angle produced an incorrect centre 

location. This was resolved by using an adaptable coordinate system that shifted for each frame 

and then transformed back to the shared coordinate system once the average was calculated. 

For the gravitational regime an additional step was required to convert the coordinate system 

shown in Figure 6-4(a), since the camera is naturally in the centrifugal coordinate system. The 

angular position of the solid in each frame was plotted against the angular position of the 

cylinder to show the trajectory over a full rotation. An average across five separate rotations is 

taken for each rotational speed to increase the reliability and reproducibility of the data. This 

process was repeated at several spinning speeds in the range 33 - 250 RPM.  

6.4 Results 

6.4.1 Gas-solid system 

The force experience by the solid due to gravity is constant, whereas the centrifugal force 

increases with rotational speed, being defined for a solid of mass m as:  

 

 𝐹𝑐 = 𝑚𝜔2𝑟, 6-1 

where ω and r are the angular velocity and radius of motion respectively. It is therefore 

important to estimate the rotational speed when these forces are equal, since this would give 

an indication for a transition between the gravitational and centrifugal regimes occurs. For the 

dimensions shown in Figure 6-3, the two forces become equal at a speed of 105 RPM. Note 

that the motion is not expected to always fall into one of these regimes, since if the forces are 



 

 

136 

 

close in magnitude, neither will dominate. The solid will also experience a drag force from the 

liquid phase that is dependent on both the direction and the magnitude of liquid velocity. This 

third force complicates analysis greatly. In order to better understand the transition between 

the spinning regimes it is beneficial to consider the system without the presence of the liquid 

phase first.  

When the forces concerned are of similar magnitudes, this regime is unstable. Therefore only 

situations where one force is dominant was examined, and then the changes that occur as the 

non-dominant force is increased in magnitude were considered. In that situation, the solid 

remained in contact with the cylinder. 

Analysis of the force vectors in Figure 1.2(a) gives the components of the gravitational and 

centrifugal forces acting in the tangential direction within the gravitational regime to be: 

 𝐹𝑔
𝑔𝑟𝑎𝑣 = −𝑚𝑔 sin (𝜙𝑆) 6-2 

 𝐹𝑐
𝑔𝑟𝑎𝑣 = 𝑚𝜔2𝑅(𝜙𝑆, 𝜙𝐴) sin(𝜙𝐴 + 𝜙𝑆), 6-3 

where m is the mass of the support, ω is the angular velocity of rotation, R(ϕS ,ϕA) is the distance 

from support to the axis of rotation, g is the acceleration due to gravity and ϕs and ϕA are the 

angle of the solid and the angle around the axis, defined in Figure 6-4(a). This results in a net 

tangential force of: 

 𝐹𝑔𝑟𝑎𝑣 = 𝑚𝜔2𝑅(𝜙𝑆, 𝜙𝐴) sin (𝜙𝐴 + 𝜙𝑆)  − 𝑚𝑔 sin(𝜙𝑆). 6-4 

As the radius of rotation of the solid (65 mm) is much larger than its geometrical radius (15 

mm), R(ϕS ,ϕA) can be approximated as a constant R. Additionally, if the gravitational force is 

dominant such that mω2R << mg, deviation from ϕS = 0 is small and the small angle 

approximation can be made for ϕS to give: 

 𝐹𝑔𝑟𝑎𝑣 ≈ 𝑚𝜔2𝑅 sin (𝜙𝐴 + 𝜙𝑆)  − 𝑚𝑔𝜙𝑆 . 6-5 

Given that mω2R << mg, the motion is dominated by the second term, acting as a restoring 

force to a displacement from ϕS = 0. However, when ϕS is small and ϕA is close to π/2, the first 
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term moves the solid away from the ϕS = 0 position. This creates some sort of periodic 

oscillatory motion. Since ϕA = ωt, the exact motion will be defined by: 

 𝑑2𝜙𝑆

𝑑𝑡2
=

1

𝑟
(𝜔2𝑅(𝜙𝑆, 𝜔𝑡) 𝑠𝑖𝑛(𝜔𝑡 + 𝜙𝑆) − 𝑔 𝑠𝑖𝑛(𝜙𝑆)). 6-6 

Repeating the same process for the centrifugal regime shown in Figure 6-4(b) yields a net 

tangential force of: 

 𝐹𝑐𝑒𝑛𝑡 = −𝑚𝜔2𝑅 sin(𝜙𝑆) + 𝑚𝑔 sin(𝜙𝐴 + 𝜙𝑆). 6-7 

This is very similar in form to equation 6-4, but with the simpler case that in the centrifugal 

regime R(ϕS) can be approximated as a constant R much more reliably since it is independent 

of ϕA and variations in ϕS should remain small. The equation of motion for the centrifugal 

regime is given by: 

 𝑑2𝜙𝑆

𝑑𝑡2
=

1

𝑟
(−𝜔2𝑅 𝑠𝑖𝑛(𝜙𝑆) + 𝑔 𝑠𝑖𝑛(𝜙𝑆 + 𝜔𝑡)). 6-8 

Unfortunately, solving equations 6-6 and 6-8 to define ϕS in terms of t is not possible due to a 

lack of boundary conditions or additional independent equations, since it is a second order 

differential equation.  

Instead, the form of equations 6-4 and 6-7 can be used to predict the motion patterns to guide 

experimental study. Due to the similarities of equations 6-4 and 6-7 the motion for the two 

regimes is expected to follow a similar periodic pattern around ϕS = 0 within their respective 

coordinate systems that were introduced in section 6.3.2. On first glance it may seem logical 

to expect the maxima of the oscillations to occur at ϕA = ±π/2 since this is where the two forces 

are anti-aligned. However, this is not true for two reasons: firstly the point at which the forces 

are anti-aligned is not always the point at which the largest net tangential force occurs (although 

it is true for ϕS = 0). This point varies with ϕS and its position is different for different spin rates 

as the amplitude of oscillations varies. Secondly, a maximum net force at this point translates 
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to a maximum change in momentum in that direction. The momentum carries the solid further 

from ϕS = 0 after the force-maxima point has been reached.  

For both regimes, the oscillations are expected to reduce in amplitude as the dominant force 

increases. This occurs at faster spinning speeds for the centrifugal regime and slower ones for 

the gravitational regime. The restoring force is proportionally stronger compared to the 

perturbing one, such that in the fast and slow spinning limits ϕS would remain fixed at 0 for the 

centrifugal and gravitational regimes, respectively. Figure 6-5 and Figure 6-6 show the 

trajectories for the gravitational and centrifugal regimes respectively, along with their 

corresponding coordinate systems. 

It can be seen that a good agreement with the theoretical predictions was obtained. The motion 

oscillates roughly around ϕS = 0 and the maximum is somewhat shifted away from ϕA = ±π/2. 

For the spinning speeds closest to the regime boundary (80 and 120 RPM) the prediction that 

the motion would follow a similar pattern for the two regimes has proved to be strikingly true, 

aside from being the inverse sign of each other, the line shapes are close to identical.  

The two regimes being the inverse sign of each other is to be expected. Consider each system 

in the ϕA = π/2 position, in the centrifugal regime the gravitational force will push the solid 

clockwise, whereas in the gravitational regime the centrifugal force will push it anti-clockwise. 

The asymmetry of the line shape is also very noticeable in both regimes and does not have a 

trivial explanation aside from the complexity of the equations of motion. The same rough line 

shape is seen at the other speeds too, though less so at 60 RPM and at 33 RPM where the 

behaviour seems to give way to a different pattern. 

The solid motion at 33 RPM seems to shift away from the asymmetric oscillations seen at other 

speeds and towards an oscillation with a time period shorter than a single period of cylinder 

rotation. It is possible that these oscillations occur due to a resonance with the natural frequency  
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Figure 6-5: Experimentally observed solid position within the gravitation regime at 33, 60 and 

80 RPM. 

 

Figure 6-6: Experimentally observed support position within the centrifugal regime at 120, 

175 and 250 RPM. 
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of the system (i.e. the frequency of the oscillation that would occur if the cylinder was 

stationary and the support was left to roll up and down the sides of the cylinder). However, the 

oscillations seen at 33 RPM can be measured to have a time period of 0.36 s and the theoretical 

natural frequency of the rolling support will be given by [175]: 

 

𝑇𝑛 = 2𝜋√
3(𝑟1 − 𝑟2)

2𝑔
, 6-9 

where r1 and r2 are the radii of the support and the cylinder respectively. Inputting the relevant 

values gives a natural time period of 0.23 s. This does not match the measured value and is not 

a harmonic of it, suggesting that it cannot be simply explained as the natural oscillations. 

Despite this it still seems likely that that these oscillations are in some way correlated with the 

natural frequency, given the similar magnitudes. It is reasonable to expect the numbers to not 

exactly match, since the cylinder is still in motion. 

Similar effects will not be seen in very fast motion, as the restoring force increases with rotation 

rate, thus increasing the natural frequency of such oscillations, never matching the frequency 

of the cylinder. It is still expected that at the true slow spinning limit of the gravitational regime 

ϕS would remain zero throughout, since it would pass the relevant scale of these effects, but the 

used equipment would not allow for testing below 33 RPM. 

6.4.2 Gas-liquid-solid system 

6.4.2.1 Solid motion  

After experiments in the ‘dry’ system, the three-phase system was studied. The additional 

complexity brought by the liquid phase is due to a drag force acting upon the solid, the 

magnitude of which depends on the liquid velocity, and needs to be evaluated. The flow 

patterns for the two regimes are considerably different. In the gravitational regime, the cylinder 

wall moves relative to the liquid, producing a sheer velocity, whereas in the centrifugal regime 

the solid-liquid interface remains static. While CFD simulations are commonplace in the 
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analysis of flow patterns, the solid body within the liquid phase complicates these calculations, 

to the point that it is not a viable option for this investigation.  

 

Figure 6-7: Experimentally observed support position within the gravitation regime for the 

‘dry’ and ‘wet’ systems at a rotational rate of 80 RPM. The liquid phase in the ‘wet’ system 

had a viscosity of 0.24 Nsm−2. Data were acquired at 90 FPS and averaged over 5 complete 

rotations. Frames at ϕa  = ± π/2 are included for comparison between the wet and dry systems; 

the red circle shows the dry solid location imposed onto the wet system. 

 

Figure 6-8: Experimentally observed support position within the centrifugal regime for the 

‘dry’ and ‘wet’ systems at a rotational rate of 120 RPM. The liquid phase in the ‘wet’ system 

had a viscosity of 0.24 Nsm−2. Data were acquired at 90 FPS and averaged over 5 complete 

rotations. Frames at ϕa  = ± π/2 are included for comparison between the wet and dry systems; 

the red circle shows the dry solid location imposed onto the wet system. 
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However, the magnitude of the drag force can be estimated by comparing the solid motion data 

in the ‘dry’ and ‘wet’ experiments. If an experiment shows a greater change in solid motion 

with the addition of the liquid phase, then it is reasonable to assume that the drag force involved 

is greater. The comparison of these results allows for an analysis of flow patterns in place of 

the unfeasible computer simulations. 

The data for the ‘wet’ system can be seen in Figure 6-7 and Figure 6-8 for the gravitational 

and centrifugal regimes respectively, along with a comparison to the ‘dry’ data for analysis. 

Comparing these data sets shows some interesting differences, both between the gravitational 

and centrifugal regimes and between the wet and dry systems. For the gravitation regime, the 

new data for the wet system follows closely the behaviour of the dry system, except it is shifted 

by an angle of π/4 for the entire rotation. Whereas for the centrifugal regime the wet system 

data follows that of the dry system relatively closely and then has a very noticeable difference 

as the motion around ϕA = π/2 is greatly dampened. 

It is therefore not trivial to assign which regime appears to have been most affected by the 

addition of the viscous forces. One interpretation of this may be that since in the gravitational 

regime the behaviour is so similar in terms of gradient, that the viscous forces have had less of 

an effect, since the rate of change does not seem to have been affected. However, reconsidering 

equation 6-4, because of the +π/4 change in ϕS, the net force due to the gravitational and 

centrifugal components are actually different, therefore requiring an additional viscous force 

to produce the same pattern of motion. In contrast, in the centrifugal regime, for the first half 

of the cycle (and particularly from −π/2 to 0), the ϕS values and the rate of change remain 

mostly similar to the dry systems data, implying a much lower magnitude of any viscous force 

involved, though a sizable viscous effect can obviously still be seen in the second half of the 

cycle. 
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This data therefore suggests that there is a noticeable viscous force acting on the support for 

the whole cycle of the gravitational regime and a fluctuating one acting in the centrifugal 

regime. This seems reasonable given the earlier comments about how the cylinder produces a 

shear velocity in the gravitational regime but not in the centrifugal one. This could in turn 

suggest that the gravitational regime may provide superior ingredient replenishment at 

nucleation sites during any potential synthesises.  

6.4.2.2 Position of the gas-liquid interface  

The position and curvature of the gas-liquid interface in both regimes also needs to be 

considered. The shape of the gas-liquid interface remains constant at most spinning speeds, 

with a typical example shown in Figure 6-9. Although there will be some slight variance in 

this boundary with spinning speed, the details of this are not the primary interest of this study. 

The interest is in knowing if the solid remains within the liquid phase throughout rotation. The 

answer to this question is relatively trivial at most speeds, except in the case of the borderline 

centrifugal regime. The solid was observed to remain in the liquid phase for almost all spinning 

speeds. But in the slower spinning case of the centrifugal regime, the liquid does not transition 

to the centrifugal regime at the same speed as the solid, meaning that the support leaves the 

liquid phase as it sticks to the outer edge while the liquid phase sinks to the bottom. This only 

happens for a relatively small range of speeds, since the liquid is stable in the centrifugal regime 

at 110 RPM. The support leaving the liquid phase is highly undesirable during synthesis and 

such should be avoided. A comparison between the standard liquid phase and the support 

leaving the liquid phase can be seen in the examples below. 
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Figure 6-9: Both the liquid and the solid are 

in the centrifugal regime. 

 

Figure 6-10: The liquid is in the 

gravitational regime while the solid is in the 

centrifugal regime. 

. 

6.4.3 Rotational Regime as a Function of Viscosity and Rotational Rate 

More of interest than understanding the spatial profile of these regimes is understanding the 

conditions under which they occur. The main variables that will affect which regime the solid 

obeys will be the rotation rate of the cylinder and the viscosity of the liquid phase. Therefore, 

a study was conducted finding the rotational rates at which the regime changes. This was 

repeated for a range of viscosities. To allow for a variable viscosity and to prevent chemical 

damage to the acrylic, glycerol was mixed with water. The details of these mixtures are listed 

in Table 6-1 on page 133. 

For each viscosity, the spinning speed was varied whilst the rotational regime of the support 

was monitored. This was done twice for each solution, once starting at a slower speed and 

increasing it and once starting at a higher speed and reducing it. The speed at which the support 

changed regime or lost stability in each run was then recorded (with stability being defined as 

remaining within that regime for 100 rotations without fail). The results of this are presented 

in Figure 6-11. 

The transition between the two regimes occurs near 105 RPM, where the gravitational and 

centrifuge forces are balanced. However, a non-trivial dependency on viscosity is seen. In 

general, the rotation speed at which change is seen reduces as the viscosity increases. However, 
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the opposite trend is seen for viscosities between 0.1 and 0.4 Nsm−2 when observing the 

transition point for an increasing RPM. 

The manner in which the rotational regime changes also varied with viscosity. At lower 

viscosities, an unstable intermediate phase is present, with the support alternating between 

regimes frequently. Then at higher viscosities, a hysteresis was observed between the regimes. 

That is to say that the solid would tend to stay in its initial regime for noticeably higher/lower 

speeds, requiring a greater speed change before switching. This can be clearly seen by the 

increasing and decreasing values crossing over each other past a viscosity of ~0.25 N s m−2. 

This also meant the phase was never unstable, once it changed regime, it would remain in the 

new regime stably. The presence of hysteresis in flow states has been observed before and is 

an area of interest in literature [176-178], though has not been recorded in any 

 

Figure 6-11: Experimentally observed rotational regime spin rate boundaries for a range of 

viscosities. 
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Figure 6-12: The different manners in which regime change was observed to occur, showing 

the unstable case and the presence of hysteresis as a function of rotation rate. 

 

similar systems to the one presented here. A schematic showing the difference between the 

cases of hysteresis and an unstable regime can be seen in Figure 6-12 for further explanation. 

The solid remained within the liquid phase whenever it was in a stable phase, but while unstable 

it would sometimes leave the liquid since the phase transitions would occur at different times 

for the liquid and solid. The liquid phase would also become considerably more turbulent 

during the unstable phase and a single liquid-gas boundary was not always clear.  

In order to understand when each regime occurs more generally, such that it may be applicable 

to other systems with different parameters, it is beneficial to consider this data in terms of 

dimensionless numbers. Some relevant numbers would be: Reynolds number (Re), Galilei 

number (Ga) and Froude number (Fr). The Reynolds number describes the flow state of the 

liquid phase, effected by its flow speed and viscosity [179], the Galilei number compares the 

sizes of gravitation forces with viscous forces [180] and the Froude number compares inertia 

with gravitation forces [181]. Plots of the stability boundaries of each phase in terms of these 

dimensionless numbers can be seen below in Figure 6-13 and Figure 6-14, plotted on a log-

log scale. 



 

 

147 

 

 

Figure 6-13: Re-Ga regime boundaries. 

 

Figure 6-14: Fr-Re regime boundaries. 

 

Figure 6-13 in particular suggests a clear relation between the rotational phase and the Re and 

Ga numbers. This implies that the relative size of these two numbers should be an important 

consideration when applying the findings of this study to similar systems of different 

dimension.  
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6.5 Conclusions 

The behaviour of a novel system consisting of a near–cylindrical solid within a rotating 

cylinder has been studied with and without the presence of a liquid phase. Spinning regimes 

defined by the dominant forces present where established and characterised using video data 

processing. The study has also used varying viscosity and rotational rate measurements to lay 

out the conditions at which these rotation regimes arises, allowing their selective 

implementation into parallel systems. 

 By comparing the wet and dry systems this study was able to gain valuable insight into the 

viscous forces present in the system, circumventing the prohibitively complex CFD simulations 

this would normally require. The pronounced difference between the gravitation and 

centrifugal regimes in the wet-dry comparative study showed that more consistent viscous 

forces were present in the gravitational regime and a more varied one observed in the 

centrifugal regime.  

The variable viscosity portion of this study then plays a key role in allowing these insights to 

be implemented into use-case systems such as syntheses, since it allows the selection of 

rotational regime for a given viscosity via the choice of spin rate. In the process of establishing 

these spin rate boundaries, the rare and interesting effect of fluid hysteresis was observed 

between rotation regimes. This means that not only does this research provide valuable insight 

for synthesis development, but may also be of great interest from a more general fluid 

mechanics point of view. 

For the use-case of chemical synthesis, the findings of this study suggest that for optimal 

ingredient replenishment at any nucleation sites present on the solid, the gravitational regime 

should be targeted.  
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Chapter 7: Conclusions and Further Work 

7.1 Conclusions 

This thesis has presented progress in the development of two materials important to long-term 

energy solutions, borosilicate glasses and ZSM-22 zeolites, using a diverse range of 

experimental techniques.  

The structure of the borosilicate glasses was probed using solid state NMR in a two stage 

investigation. The first section of the study utilised a range of NMR experimental techniques, 

including MQMAS and DOR, to establish the fundamental 11B building blocks present in 

simplified binary and SiO2 – B2O3 – Na2O glasses. These findings could then be used to enable 

insight in the second part of the study looking at more complex glasses, more similar in 

composition to the actual waste glasses. This second investigation then utilised a multinuclear 

NMR approach to examine the effects of introducing rare earth elements into the glass network. 

The insight from this study is of particular importance due to these rare earth elements being 

key waste stream products, and thus understanding their incorporation is a vital part of 

increasing mass loading rates in the waste forms. 

The successful synthesis of ZSM-22 coatings onto a titanium substrate was also successfully 

achieved using novel techniques. This work required first developing an understanding of the 

powder synthesis, before moving on to develop the additional apparatus needed to form a 

successful coating. This represents the first published synthesis of ZSM-22 coatings. Forming 

coating of this zeolite is important progress for its application as a catalyst in the methanol to 

hydrocarbon reaction chain, since it will offer superior temperature control, which may then 

improve product stream consistency and selectivity. In order to achieve this it was also 

necessary to undertake a fluid-mechanics investigation into the rotational regimes within the 
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novel synthesis apparatus. This investigation enabled the rotational rate to be optimised during 

synthesis. The interesting property of fluid hysteresis was observed during this study. 

In addition to these findings, this thesis also emphasised the value of working in a multi-

disciplinary manner, particularly showing the value of using physics and engineering 

techniques to tackle chemistry problems. This has been done across a wide range of the 

scientific spectrum in this thesis, from applying quantum mechanics and electromagnetism in 

NMR to probing chemical structure, to using Newtonian mechanics in the development of 

synthesis apparatus.  

7.2 Further Work 

Although the work in this thesis offers interesting developments to the respective fields, there 

are still plenty of elements involved that could be progressed further, a selection of which will 

be given here. 

For the study of borosilicate nuclear waste glasses, there are a number of further experiments 

that could be conducted to provided further insight, both NMR and non-NMR based. On the 

NMR side, the study could be enriched by the use of higher field strengths, since although 14.1 

T could still be considered high field NMR, it is dwarfed by the 20+ T systems that are being 

made more and more widely available to NMR spectroscopists. In particular, the improved 

resolution offered by these higher field systems might enable the productive study of the more 

complex waste glasses using MQMAS experiments, something that is not feasible at lower 

field. The application of DOR to these glasses would also then become an interesting 

possibility. Outside of NMR, the use of extended x-ray absorption fine structure (EXAFS) 

experiments and neutron diffraction experiments could be helpful in confirming if any 

clustering of sodium is observed around the rare earth elements, as was predicted in the 

discussion of the NMR experiment. Doing this would also help confirm any of the other 

findings using an independent technique.  
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In the development of ZSM-22 coatings there are also a number of experiments that would be 

beneficial, some of which were initially scheduled by the author, but had to be cancelled due 

to COVID-19 restrictions to lab operations. Since the coatings have currently only been 

characterised using XRD patterns, it would be beneficial to examine them using a range of 

other techniques, such as SEM imaging and surface area measurements. SEM imaging in 

particular would be beneficial since it would not only offer information on crystal sizes and 

shapes, but also potentially into coating thickness and any crystal stacking arrangements that 

might be present. On the subject of coating thickness, it would also be worthwhile to explore 

methods for further increasing this thickness. One interesting option for this is building up the 

coating layer over multiple syntheses, using the same substrate plates in multiple synthesis 

solutions. Thicker coatings would open the samples up to other interesting studies, such as the 

introduction of mesoporosity into the catalyst. Another important further study that could be 

undertaken is a comparison of the catalytic performance of the coating verses the powder form 

of the zeolite, to examine if the improved temperature control has a noticeable effect on the 

product stream. 
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Appendix  

Appendix A: NMR parameters used for spectrum simulation of the La glass series. 
 11.7 T La0 La1.6 La2.6 La3.6 La4.6 

BO3 

Parameters Ring Non-Ring Ring Non-Ring Ring Non-Ring Ring Non-Ring Ring Non-Ring 

δiso (ppm) 18.5 14.6 18.5 15.7 18.4 15.7 18.5 15.3 18.8 15.5 

CQ (MHz) 2.7 2.5 2.7 2.5 2.7 2.5 2.7 2.5 2.7 2.5 

η 0.40 0.50 0.42 0.47 0.42 0.47 0.42 0.47 0.43 0.47 

Intensity (%) 40.5 14.2 44.6 16.3 44.2 18.7 45.5 20.7 43.8 22.0 

BO4 

Parameters (1B, 3Si) (0B, 4Si) (1B,3Si) (0B,4Si) (1B,3Si) (0B,4Si) (1B,3Si) (0B,4Si) (1B,3Si) (0B,4Si) 

δiso (ppm) 0.4 -0.6 0.1 -0.9 0.1 -0.9 0.1 -0.8 0.1 -0.8 

CQ (MHz) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

η 0.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Intensity (%) 25.8 19.6 22.6 16.4 21.5 15.6 19.4 14.5 19.9 14.4 

 14.1 T La0 La1.6 La2.6 La3.6 La4.6 

BO3 

Parameters Ring Non-Ring Ring Non-Ring Ring Non-Ring Ring Non-Ring Ring Non-Ring 

δiso (ppm) 18.7 15.4 18.2 16.7 18.3 16.0 18.6 15.9 18.5 15.8 

CQ (MHz) 2.6 2.5 2.7 2.5 2.6 2.5 2.7 2.5 2.7 2.5 

η 0.40 0.50 0.42 0.47 0.42 0.47 0.42 0.47 0.43 0.47 

Intensity (%) 39.5 14.1 39.7 20.7 40.3 23.0 42.9 23.6 43.4 24.0 

BO4 

Parameters (1B, 3Si) (0B, 4Si) (1B,3Si) (0B,4Si) (1B,3Si) (0B,4Si) (1B,3Si) (0B,4Si) (1B,3Si) (0B,4Si) 

δiso (ppm) 0.8 -0.4 0.5 -0.7 0.4 -0.8 0.3 -0.9 0.1 -1.2 

CQ (MHz) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

η 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Intensity (%) 25.7 20.7 23.2 16.4 22.2 14.5 19.1 14.5 19.3 13.3 

 

Appendix B: NMR parameters used for spectrum simulation of the Lu glass series. 
 11.7 T Lu0 Lu1.6 Lu2.6 Lu3.6 Lu4.6 

BO3 

Parameters Ring Non-Ring Ring Non-Ring Ring Non-Ring Ring Non-Ring Ring Non-Ring 

δiso (ppm) 18.5 14.6 18.4 15.3 18.5 15.3 18.9 15.7 19.0 16.0 

CQ (MHz) 2.7 2.5 2.7 2.5 2.7 2.5 2.7 2.5 2.7 2.5 

η 0.40 0.45 0.40 0.45 0.40 0.45 0.40 0.45 0.40 0.45 

Intensity (%) 40.5 14.2 41.0 27.4 42.1 27.7 45.0 29.7 48.0 29.9 

BO4 

Parameters (1B, 3Si) (0B, 4Si) (1B,3Si) (0B,4Si) (1B,3Si) (0B,4Si) (1B,3Si) (0B,4Si) (1B,3Si) (0B,4Si) 

δiso (ppm) 0.4 -0.6 -0.3 -1.7 -0.3 -1.7 0 -1.4 0 -1.4 

CQ (MHz) 0.0 0.0 0 0 0 0 0 0 0 0 

η 0.0 0.0 0 0 0 0 0 0 0 0 

Intensity (%) 25.8 19.6 20.7 10.9 22.1 8.1 18.4 7.0 17.0 5.1 

 14.1 T Lu0 Lu1.6 Lu2.6 Lu3.6 Lu4.6 

BO3 

Parameters Ring Non-Ring Ring Non-Ring Ring Non-Ring Ring Non-Ring Ring Non-Ring 

δiso (ppm) 18.7 15.4 18.4 15.3 18.5 15.3 18.9 15.6 19.0 16.0 

CQ (MHz) 2.6 2.5 2.7 2.50 2.7 2.5 2.7 2.5 2.7 2.5 

η 0.40 0.50 0.40 0.45 0.40 0.45 0.40 0.45 0.40 0.45 

Intensity (%) 39.5 14.1 35.1 25.8 35.5 26.2 39.3 28.6 43.6 29.1 

BO4 

Parameters (1B, 3Si) (0B, 4Si) (1B,3Si) (0B,4Si) (1B,3Si) (0B,4Si) (1B,3Si) (0B,4Si) (1B,3Si) (0B,4Si) 

δiso (ppm) 0.8 -0.4 -0.4 -1.9 -0.4 -1.9 0 -1.4 0 -1.4 

CQ (MHz) 0.0 0.0 0 0 0 0 0 0 0 0 

η 0.0 0.0 0 0 0 0 0 0 0 0 

Intensity (%) 25.7 20.7 26.5 12.6 26.1 12.3 22.3 9.7 20.9 6.4 
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Appendix C: Composition of the Mo containing La glasses. L column indicates if the sample 

was included in the 95Mo labelled series and the U column indicates if the sample was included 

in the unlabelled series. All values given in mol%. 
Sample L U SiO2 CaO Na2O B2O3 Al2O3 La2O3 ZrO2 MoO3 

La0 ✔ ✘  51.22 16.85 12.71 11.34 3.10 0.00 3.20 1.60 

La1.6 ✘ ✔ 50.34 16.65 12.51 11.14 3.04 1.65 3.14 1.60 

La2.6 ✔ ✔ 49.81 16.43 12.38 11.02 3.00 2.63 3.11 1.60 

La3.6 ✘ ✔ 49.31 16.25 12.25 10.90 2.97 3.63 3.08 1.60 

La4.6 ✔ ✔ 48.79 16.08 12.12 10.79 2.95 4.63 3.05 1.60 
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