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Abstract 

This thesis uses solid-state nuclear magnetic resonance (NMR) 

spectroscopy and density functional theory (DFT) calculations to study 

local structure and disorder in inorganic materials. Initial work concerns 

microporous aluminophosphate frameworks, where the importance of 

semi-empirical dispersion correction (SEDC) schemes in structural 

optimisation using DFT is evaluated. These schemes provide structures in 

better agreement with experimental diffraction measurements, but very 

similar NMR parameters are obtained for any structures where the atomic 

coordinates are optimised, owing to the similarity of the local geometry. 

The 31P anisotropic shielding parameters (Ω and κ) are then measured 

using amplified PASS experiments, but there appears to be no strong 

correlation of these with any single geometrical parameter.  

 

 In subsequent work, a range of zeolitic imidazolate frameworks 

(ZIFs) are investigated. Assignment of 13C and 15N NMR spectra, and 

measurement of the anisotropic NMR parameters, enabled the number 

and type of linkers present to be determined. For 15N, differences in Ω may 

provide information on the framework topology. While 67Zn 

measurements are experimentally challenging and periodic DFT 

calculations are currently unreliable, calculations on small model clusters 

provide good agreement with experiment and indicate that 67Zn NMR 

spectra are sensitive to the local structure.  

 

 Finally, a series of pyrochlore-based ceramics (Y2Hf2–xSnxO7) is 

investigated. A phase transformation from pyrochlore to a disordered 

defect fluorite phase is predicted, but 89Y and 119Sn NMR reveal that rather 

than a solid solution, a significant two-phase region is present, with a 



 viii 

maximum of ~12% Hf incorporated into the pyrochlore phase. The use of 
17O NMR to provide insight into the local structure and disorder in these 

materials is also investigated. Once the different T1 relaxation and nutation 

behaviour is considered it is shown that quantitative 17O enrichment of 

Y2Sn2O7 is possible, and that 17O does offer a promising future tool for 

study.  
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Chapter One 
Characterisation of Inorganic 
Materials by Solid-State NMR 
Spectroscopy 

 
1.1  Introduction 

Since its discovery, some 70 years ago, independently by both Bloch1 and 

Purcell,2 Nuclear Magnetic Resonance (NMR) has revolutionised the way 

molecules and complexes are analysed, characterised and understood. 

Today, NMR spectroscopy is one of the most widely-used analytical 

techniques in chemistry as it is an excellent probe of local structure for 

chemical systems ranging from the very small (e.g., organic and inorganic 

drug molecules3,4) to the very large (e.g., transmembrane proteins5). NMR 

spectroscopy has also transformed the way clinical imaging is performed 

in hospitals and has become the diagnostic method of choice over X-ray 

CT scanners owing to the non-invasive nature of the technique.6 The 

wealth of information present in an NMR spectrum can provide insight 

not only into how the molecule is constructed, by identifying characteristic 

chemical shifts and splittings in spectral resonances, but also chemical 

information about the molecule (e.g., identifying functional groups and 

tautomerism).7-10 Furthermore, a range of pulsed NMR experiments can be 

tailored by the NMR spectroscopist in order to answer more specific 

questions about the structure of a molecule. 

 



 2 

 In the liquid state, NMR spectral lineshapes are inherently narrow 

owing to the rapid tumbling motion of molecules, which averages out 

anisotropic (orientationally-dependent) interactions, such as the chemical 

shift anisotropy (CSA) and nuclear dipole-dipole coupling interactions, 

yielding high-resolution NMR spectra. Therefore, detailed chemical 

information can be easily obtained from one- or two-dimensional NMR 

spectra on a reasonable timescale. In the solid state, this molecular motion 

does not usually occur (at least not on such timescales), therefore, atoms 

and molecules can be thought of as being in typically fixed positions and, 

as a result, any anisotropic interactions are not averaged. The result of this 

is the broadening of all spectral resonances in the NMR spectrum, making 

it very difficult to obtain detailed chemical information.11 Figure 1.1 shows 

the differences between solution- and solid-state 13C NMR spectra of 13C-

enriched glycine, where the carboxylic acid carbon is enriched with 13C, 

giving the chemical formula NH2CH2
13COOH. In the solution-state NMR 

spectrum, shown in Figure 1.1 (a), a single sharp spectral resonance, 

a

170175180185190 165 160

170175180185190 165 160

c

H2N
C
H2

13C
OH

O

b

100150200250300 50

d
5 kHz

*
*

* *

*
*

13C į (ppm)

13C į (ppm) 13C į (ppm)

400 200 0 í���
13C į (ppm)

Figure 1.1: 13C NMR spectrum of 13C-enriched glycine. In (a), 13C (11.7 T, D2O) solution-state NMR 
spectrum. In (b-d) 13C (14.1 T) solid-state NMR spectra of 13C-enriched glycine, where the MAS rate 
is 0, 14 and 5 kHz, respectively. Spectra are the result of averaging (a) 800, (b) 1024, (c) 16 and (d) 16 
transients using a recycle interval of (a) 1.5 s and (b-d) 3 s. In (d), the asterisks (*) indicate spinning 
sidebands. 
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corresponding to the labelled carboxylic acid functional group, is 

observed at an isotropic chemical shift of 173.3 ppm, whereas for the solid 

sample this resonance is now broadened by the orientation-dependent 

interactions, as shown in Figure 1.1 (b). As a consequence, it is very 

difficult to extract any chemical information from this solid-state NMR 

spectrum other than the approximate peak position, of 180 ppm. 

 

 One of the major driving forces in solid-state NMR research is the 

need to design and implement experimental and instrumental approaches 

to obtain high-resolution, solution-like NMR spectra. One of the first steps 

towards obtaining high-resolution NMR spectra was the independent 

work of Andrew12 and Lowe13 in the late 1950s. Both Andrew and Lowe 

were able to show that by physically rotating a solid sample at a fixed 

angle of 54.736° with respect to a static external magnetic field, many 

anisotropic interactions could be averaged to zero, hence, producing 

narrower spectral lineshapes in the solid-state NMR spectrum. This angle 

was termed the ‘magic angle’. Since then, magic-angle spinning (MAS) 

experiments are now performed on a routine basis and have 

revolutionised the way solid-state NMR spectra are acquired. Figure 1.1 

(c) shows that by rotating a solid sample of 13C-enriched glycine at the 

magic angle, the broad spectral lineshape, shown in Figure 1.1 (b), is now 

considerably narrowed (from 16.7 kHz to 52 Hz). As a result of the 

reduced spectral linewidth, the isotropic chemical shift of 176.3 ppm can 

be easily be extracted. Note the difference in isotropic chemical shift 

between Figures 1.1 (a) and 1.1 (c) is due to the difference in crystal 

packing of the glycine molecules in the liquid and solid state. However, 

the linewidth in the spectrum shown Figure 1.1 (c) is much broader than 

for the same species in solution (Figure 1.1 (a)), where a peak width of 1.2 

Hz is achieved. This is due to the incomplete averaging of the dipolar 

coupling interaction observed in the solid-state MAS NMR spectrum.  
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 Additional resonances, termed ‘spinning sidebands’, may appear 

in MAS NMR spectra as a result of the incomplete averaging of the CSA. 

The spinning sidebands are separated from the expected isotropic peak by 

integer multiples of the MAS frequency. Figure 1.1 (d) shows the same 13C 

MAS NMR spectrum as in Figure 1.1 (c), but, with a much larger spectral 

width. In this spectrum, spinning sidebands are observed on either side of 

the isotropic peak, each separated by 5 kHz; the MAS frequency used in 

this experiment. The intensity of the spinning sidebands maps out the 

static powder pattern lineshape and can be extremely useful in 

determining the extent of the CSA,11 which may provide additional 

structural information about the material, as described in more detail in 

Chapter Four.  

 

 One of the most common causes of broadening of the spectral 

resonances in solid-state NMR is the direct dipolar-dipole coupling 

interaction. This is a through-space interaction where the magnetic field 

generated on one nucleus due to the nuclear magnetic moment, perturbs 

that of another.14 The interaction may be homonuclear (i.e., between two of 

the same nuclear species, e.g., 1H-1H) or heteronuclear (i.e., between 

different nuclear species, e.g., 1H-13C). Both can be removed by utilising 

MAS experiments, providing that the magnitude of the dipolar coupling 

interaction is smaller than the spinning frequency.11 If the magnitude is 

large (compared to the spinning frequency of the rotor) broadening of 

spectral resonances can be observed. For example, for strong homonuclear 

and heteronuclear dipolar couplings, such as 1H-1H and 1H-13C, 

respectively, it is not always possible to achieve fast enough fast enough 

spinning to remove this interaction.  
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 One possible method to obtain high-resolution solid-state NMR 

spectra is to ‘decouple’ the dipolar interactions by radiofrequency 

irradiation to one of the coupled spins during acquisition of the signal of 

the other, or by applying the sequence over the entire experiment (e.g., if 

two-dimensional experiments are utilised). Heteronuclear decoupling 

pulse sequences, such as continuous wave (CW), have been used in 

solution-state NMR experiments15 since 1955 and have since been 

developed further for solids by using more sophisticated pulse schemes, 

such as two-pulse phase-modulation (TPPM) decoupling,16 or Small Phase 

Incremental Alternation decoupling (SPINAL-64) decoupling.17 Figure 1.2 

(a) shows the static 13C NMR spectra of 13C-enriched glycine, where 1H 

decoupling has not been used, and Figure 1.2 (b) shows the same 

spectrum but with CW 1H decoupling applied during acquisition. As 

noted above, a broad Gaussian-like resonance is observed and was 

attributed to the 13C resonance corresponding to the carboxylic acid 

carbon. Figure 1.2 (b) shows that if CW 1H decoupling is applied during 

acquisition, the decoupling removes the Gaussian broadening from 1H-13C 

dipolar coupling interactions but as it was not able to remove the CSA a 

powder pattern can now be observed. The lineshape obtained in Figure 1.2 

a

400 200 0 í���
13C į (ppm)

b

400 200 0 í���
13C į (ppm)

Figure 1.2: Static 13C (14.1 T) solid-state NMR spectra of 13C-enriched glycine. In (a), the spectrum 
was the result of averaging 1392 transients, using a recycle interval of 3 s and acquired without 1H 
decoupling. In (b), the spectrum was the result of averaging 1024 transients, using a recycle interval 
of 3 s and acquired with continuous wave 1H decoupling, using a radiofrequency field strength 

(γB1/2π) of ~100 kHz. 
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(b) can be used in analytical fitting programs to reveal information about 

the local chemical environment for that particular nuclear site. AS 

homonuclear dipolar coupling interactions (e.g., 1H-1H) are much more 

difficult to remove by MAS experiments, and therefore, more complex, 

multiple-pulse decoupling sequences are usually employed during signal 

acquisition to remove this interaction.18  

 

 MAS techniques can also be used to reduce the ‘quadrupolar 

coupling’ interactions which affects those nuclei with a nuclear spin 

quantum number I > 1/2.11 However, such quadrupolar nuclei have an 

interaction with the electric field gradient (EFG). This leads to more 

complex orientation-dependent interaction, described in more detail in 

Chapter Two. Owing to the more complex orientation-dependence, the 

quadrupolar broadening cannot be fully removed by spinning at one 

angle alone. Therefore, in order to obtain high-resolution NMR spectra, 

more complex experiments are required, e.g., two-dimensional multiple-

quantum (MQ) MAS experiments, where the anisotropically broadened 

spectrum is correlated with the corresponding isotropic spectrum.19-22 

Improvement in probe hardware have allowed double-rotation (DOR)23 

and dynamic angle spinning (DAS)24 experiments to be performed. The 

former is conceptually easier to understand, where two rotors, one inside 

the other, are rotated at two different angles (54.74° and 30.56°) to average 

the two different anisotropic components of the quadrupolar broadening 

interaction. In the latter, a sample is rotated about one angle and then 

rotated to a different angle for a set period of time in a two-dimensional 

NMR experiment. The angles and times are chosen such that the 

quadrupolar broadening is refocused. The quadrupolar coupling 

interaction can provide information about the coordination number of the 

quadrupolar nucleus, along with the symmetry of the site, and bond 

distances and angles.25  
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 The ability to measure both the isotropic and anisotropic shielding 

parameters could potentially reduce the challenges of assigning and 

interpreting solid-state NMR spectra. Initially, solid-state NMR spectra 

were interpreted by comparing observed results with known reference 

systems (compiled in databases consisting of many nuclei over a wide 

range of chemical shifts) in order to attribute each resonance to a 

corresponding chemical environment.26 Recently there has been some 

progression in assigning NMR spectra, where empirical relationships, 

such as bond angles and lengths, are also considered.27 However, with the 

continued development and advancement of high-resolution solid-state 

NMR experiments, the observed parameters revealed that these simple 

relationships could not provide the required level of accuracy for the 

various systems under investigation. To date, the isotropic chemical 

shift,27 dipolar28 and scalar couplings29 have been exploited in deriving the 

structure of a crystal. The latter two methods largely rely on the 

interactions being present and are strong enough to measure 

experimentally. 

 

 Measuring the isotopic shift is relatively straightforward for nuclei 

with nuclear spin quantum number I = 1/2, whereas, measuring the CSA 

can be significantly more challenging. Measurements of the CSA can be 

made using single-crystals32 or wideline static NMR spectra of powdered 

solids.33 The former is hindered by the requirement of a sufficiently large 

single crystal and the need for a specialist probehead on which the single 

crystal is mounted. Conversely, wideline NMR experiments suffer from 

poor sensitivity and, potentially, additional broadening interactions, as 

seen in Figure 1.2 (a). Heteronuclear dipolar decoupling can help in 

resolving the powder pattern lineshape, shown in Figure 1.2 (b). Where 

there is more than one resonance present in the NMR spectrum, there is 
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then the possibility that the powder pattern lineshapes will be overlapped, 

resulting in a spectrum that is far too complex for analysis. 

 

 It is often easier to measure the sideband intensities from MAS 

experiments,32,33 and a number of fitting procedures have been proposed 

over the years in order to extract the CSA parameters in this way. One 

such fitting procedure, developed by Herzfeld and Berger in the 1980s,34 

utilises the magnitude of the anisotropy (span (Ω)) and the shape of the 

tensor (skew (κ)). This allowed plots of sideband intensities with respect to 

κ and Ω/ωr, where ωr is the MAS rate, to be made and then compared with 

experimental data. Hodgkinson and Emsley reported that for accurate 

analysis of the CSA, only five spinning sidebands, of good intensity, are 

needed for the determination of Ω, but as κ approaches ±1, more spinning 

sidebands are needed for accurate determination.35 Measuring the CSA 

from MAS experiments can also be challenging due to the need to choose 

a MAS rate that is neither too fast, resulting in an insufficient number of 

spinning sidebands, nor too slow, which can result in broadening of the 

resonances in the NMR spectrum owing to the incomplete averaging of 

the dipolar coupling. An additional complication is that, if there is more 

than one isotropic resonance the MAS NMR spectrum, there is then the 

potential for the spinning sidebands to overlap, complicating or 

preventing analysis. Furthermore, if the nuclear site is in a highly 

symmetrical environment, the CSA will be very small and the need to spin 

very slowly becomes technically challenging due to the instability of the 

rotor whilst spinning at such low MAS rates.  

 

 Recently, there has been much interest in measuring the CSA 

using two-dimensional MAS NMR experiments.33 There are a number of 

approaches that have been reported in the literature to try and separate 
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the spinning sideband manifolds from the different isotropic resonances. 

The first two methods were developed by Dixon in 1982. The first 

experiment was called ‘total suppression of spinning sidebands’ (TOSS),36 

and can remove the spinning sideband manifold, resulting in high-

resolution, liquid state-like NMR spectra with only the isotropic 

resonances present. The second experiment is called ‘phase-adjusted 

spinning sidebands’ (PASS),36,37 where the spinning sideband manifold can 

be separated from the isotropic resonances. Both TOSS and PASS pulse 

sequences are similar, shown in Figure 1.3 (a), and consist of four π pulses. 

However, it is the specific timings of the pulses with respect to the rotor 

period that make TOSS and PASS. One of the drawbacks of PASS is that, 

in order to achieve the complete separation of the sideband manifold, all 

peaks must have identical spin-lattice relaxation constants otherwise 

distortion of the sideband intensities can be observed. Furthermore, each 

PASS NMR spectrum will have to be reconstructed into a two-

a

b

c

0 A B C D

t2

t2

t1

0 A B C D A B C D

0 A B C E

t1 t2

D

Figure 1.3: Schematic pulse sequences of (a) the phase adjusted spinning sideband (PASS) and total 
suppression of spinning sidebands (TOSS) experiment,36,37 (b) the modified PASS experiment 
developed by Lacroxi,38 and (c) two-dimensional PASS experiment developed by Antzutkin.39 The 
specific timings of the 180° pulses (A, B, C, D and E) are detailed in the literature. The black and 
clear rectangles represent 90° and 180° pulses, respectively.  
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dimensional NMR spectrum so that the spinning sideband manifold can 

be extracted. 

 

 In 1992, de Lacroix and co-workers made a modification to the 

PASS pulse sequence to include two consecutive TOSS pulse blocks, 

separated by an incremented t1 section, which is either 1/16 or 1/32 of the 

rotor frequency, as shown in Figure 1.3 (b).38 The first part of the pulse 

sequence evolves the magnetisation, which is then stored along the z axis 

during t1. The magnetisation is then returned to the transverse plane 

where it is further evolved before the signal is detected during t2. The 

storage of magnetisation along the z axis can result in a loss of signal by 

2 . Furthermore, owing to the sequence containing many pulses, 

imperfections can cause a further loss of signal and perturbations to the 

spinning sideband manifold.  

 

 In 1995, Antzutkin et al. developed a pulse sequence that enabled 

the spinning sideband manifolds to be separated without experiencing the 

problems in Dixon’s original PASS experiment and the signal loss in de 

Lacroix’s pulse sequence.39 Antzutkin’s 2D-PASS pulse sequence, shown 

in Figure 1.3 (c), is the same as Dixon’s PASS experiment, but with an 

additional π pulse. Another modification the authors made to the original 

PASS pulse sequence was to fix the duration of the PASS block. Although 

the developed pulse sequence is ideal for separation of sideband 

manifolds, it does have one shortcoming. If the magnitude of the CSA is 

very small owing to the symmetrical nature of the nuclear site, to ensure 

that there are enough spinning sidebands in each manifold, then very 

slow MAS rates may be needed. The complications involved in using very 

slow MAS rates to ensure that there are sufficient spinning sidebands has 

lead to the recent development of two-dimensional ‘CSA amplification’ 
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experiments. In these experiments, the standard MAS spectrum in the 

direct dimension is correlated with the corresponding slow MAS 

spectrum, which has been scaled in the indirect dimension.33 Crockford et 

al. developed the first two-dimensional CSA-amplified PASS experiment 

in 2001.40 The pulse sequence, shown in Figure 1.4 (a), is based on that of 

de Lacroix et al., shown in Figure 1.3 (c), whereafter transverse 

magnetisation is created, the magnetisation is manipulated by the five π 

pulses, which are applied at specific timings over a number of rotor 

periods (typically between one and five) before a storage period is 

a

c
t1 t2

A B C D FE G H I0 J K L M N O

t1

t2

A B C D E0

t1 t2

A B C D E
n

0

b

Figure 1.4: Three approaches to the two-dimensional CSA-amplified PASS methodology. In all 
three examples, transverse magnetisation is created through the application of a 90° pulse (filled 

rectangles) and the positioning of the π pulses (open rectangles), A, B, C…etc. defines the scaling 
factor in which the MAS rate is scaled in the second dimension. In (a), the pulse sequence 

developed by Crockford et al.,40 where the first of the five π pulses are implemented before storing 
the evolved magnetisation along the z axis during t1. The magnetisation is then allowed to evolve 

through another set of five π pulses before the resulting signal is recorded as a function of t2. In (b), 

the pulse sequence developed by Orr et al.,41,42 used throughout this work, where the five π pulses 
allow the magnetisation to evolve over a fixed t1 time period before the resulting signal is recorded 

as a function of t2. Concatenation of the first block of five π pulses, separated by a sixth π pulse, 
allows for higher scaling factors to be achieved. In (c), the pulse sequence developed by Shao et al.,43 

where the magnetisation is allowed to evolve over a set of 15 π pulses before the resulting signal is 
recorded as a function of t2. 
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implemented during t1. This storage period is incremented at 1/16 or 1/32 

of the rotor period. After the end of the t1 period, the same set of five π 

pulses is applied to manipulate the magnetisation further before the 

resulting signal is acquired in t2. One of the main disadvantages of this 

pulse sequence is the 2  signal loss during the t1 storage period, as in the 

pulse sequence of de Lacroix.38  

 

 In 2005, Orr et al.41 developed a different two-dimensional CSA-

amplified PASS experiment that utilises the same pulse sequence of 

Antzutkin et al. but with the amplification techniques developed by 

Crockford.41 The pulse sequence of Orr et al. is shown in Figure 1.4 (b). 

Again, transverse magnetisation is created and allowed to evolve over a 

fixed time period, typically four rotor periods, through the applications of 

the five π pulses before the resulting signal is recorded. Concatenation of 

blocks of five π pulses allows higher scaling factors to be achieved, 

providing a sixth π pulse is applied before the next block of pulses in order 

to refocus the desired modulation. One of the main advantages of using 

this pulse sequence is that there is no signal loss during the storage period. 

However, if higher scaling factors are to be achieved, concatenation of the 

five π pulse block could lead to a very long pulse sequence. Orr et al. 

discovered that, since there is no storage period and the use of quadrature 

detection is not required for the indirect dimension, twice the signal 

intensity could be gained compared with methods utilising these 

techniques.41 The authors later noted that total scaling factors of up to 27 

could be implemented, resulting in a loss of signal intensity of ~1/2, 

which is not a disadvantage with respect to other CSA-amplified 

methods.42 Finally, in 2006, Shao et al. improved the original pulse 

sequence of Crockford et al., which is shown in Figure 1.4 (c). This pulse 

sequence highlighted how large scaling factors could be gained without 
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the need for very long pulse sequences, and made possible with the pulse 

sequence developed previously by Orr et al.43  

 

 In the solid state, atoms are typically found in fixed positions. For 

a crystalline material the structure can be described by a periodic 

arrangement of atoms or ions in three-dimensional space. This can be 

constructed from a unit cell, which can be translated according to a lattice 

in three-dimensions to produce an infinite array. First proposed by 

William Lawrence Bragg and William Henry Bragg in 1913,44 the study of 

solids has, for the last century, primarily been based on Bragg diffraction 

experiments. These rely on the long-range order and periodicity that is 

typically characteristic of crystalline solids. Whilst Bragg diffraction is an 

extremely powerful tool for determining the structures of crystalline 

materials, many interesting properties of solids arise from a non-periodic 

variation in the periodic features (e.g., atomic coordinates or 

substitutions/vacancies), which diffraction-based experiments often find 

difficult to analyse. When a new solid is made, it is usually subjected to 

single-crystal X-ray diffraction, which still seen as the ‘gold standard’ for 

structure determination by crystallographers. However, if suitably large 

single crystals cannot be grown, then laboratory or synchrotron X-ray 

diffraction experiments are undoubtedly the next preferred method. These 

experiments can reveal information such as the lattice type and symmetry, 

and NMR is a highly complementary technique alongside such 

experiments. The crystal structures derived from all diffraction-based 

experiments are averaged over time and distance and, generally, unable to 

identify positional or compositional disorder that could be present in solid 

materials. Conversely, solid-state NMR is extremely sensitive to the local 

structure and can provide detailed element-specific information about any 

disorder or motion.11  
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 There has been a long tradition in the solid-state chemistry 

community for using computation, such as density functional theory 

(DFT), to help assign, interpret and understand NMR spectra of molecular 

systems.45,46 Typically, a crystal structure of the solid compound of interest 

would be obtained from either diffraction-based techniques or from a 

crystal structure library (e.g., from the Inorganic Crystal Structure 

Database – ICSD).47 For an extended periodic solid, a molecular cluster of 

this crystal structure would be made where any bonds that are broken or 

are left ‘dangling’ are terminated, typically by hydrogen atoms, in order 

for the cluster to remain neutral. These terminations could potentially give 

rise to structural perturbations, which in turn could result in inaccuracies 

in the calculated NMR parameters. The accuracy of the calculated NMR 

parameters upon the cluster largely depends on its size with larger 

clusters being more accurate. However, these take much longer to 

calculate and result in very high computational costs and so a compromise 

between accuracy and computational cost needs to be made.  

 

 The 50th anniversary of the Hohenberg-Kohn theorem (regarded as 

the first inception of modern DFT) was marked in a series of review 

articles between 2012 and 2014.48-50 DFT has become the most popular 

electronic structure calculation in computational chemistry. Figure 1.5 

shows the number of journal papers published between January 1990 until 

August 2014, where the keywords ‘density functional theory’ or ‘DFT’ 

appear as the topic of the paper.51 DFT codes that utilise periodic 

boundary conditions have enabled the computation of accurate and 

efficient calculations of NMR parameters by exploiting the inherent 

periodic nature of many crystalline solids and, therefore, avoiding the 

need to approximate the solid compound of interest as a cluster. In 

particular, codes that employ the gauge including projector augmented 
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wave (or GIPAW)52 approach, such as CASTEP,54 have seen widespread 

application for a large range of crystalline systems.45,55,56 

 

 Calculations have helped not only to understand high-resolution 

spectra of nuclei with spin quantum number I = 1/2, but also for 

quadrupolar (I > 1/2) nuclei. Calculation of NMR parameters have been 

used to help guide experimental data acquisition, particularly for very 

challenging nuclei, such as those with low natural abundance, low 

sensitivity, or very large anisotropic interactions.56 Furthermore, 

calculation of NMR parameters can be used to test structural models from 

materials that are less well characterised using diffraction-based 

techniques. The calculated results can then be compared with 

experimental observations to verify the structural model. As an example, 

both first-principle DFT calculations and solid-state NMR spectroscopy 

were employed to determine the detailed structure of the as-prepared 

form of STA-2, a microporous aluminophosphate (AlPO) material, in 

which the template is charge balanced by disordered hydroxyl groups 

coordinated to framework aluminium species.57 X-ray diffraction was 

utilised initially to determine the crystal structure of as-made STA-2 but 

the position of the charge-balancing hydroxyls had not been fully located. 

Figure 1.5: Number of journal papers published between January 1990, and August 2014, that 
contained the keywords “density function theory” or “DFT” as the topic of the paper.51 
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By analysing 27Al MAS NMR spectra, it was then found that the hydroxyls 

were bridging (e.g., Al-OH-Al) and not terminal (e.g., Al-OH) in the AlPO 

framework. In addition, a series of structural models where the positions 

of the charge-balancing hydroxyl was varied were generated in order to 

probe the calculated NMR parameters and compare them with 

experiment.57  

 

 One challenge in the use of DFT calculations to compute NMR 

parameters is the requirement for a well-characterised initial structural 

model. If the structure has any inaccuracies, it may then be necessary to 

optimise the geometry prior to the calculation of the NMR parameters. In 

addition, if modifications are made to the initial structural model (e.g., the 

replacement of one atom for another) then the lattice parameters and 

atomic positions (determined from pervious experiments) will need to be 

optimised, as they will no longer be valid. DFT calculations have been 

shown to play a very clear and important role in assigning, interpreting 

and understanding solid-state NMR spectra and with the continual 

advancement in computational hardware, even more complex systems can 

be investigated. Furthermore, increasing developments in computational 

codes are continually providing the solid-state NMR community with 

more accurate calculations and new possibilities to calculate a range of 

NMR parameters, including, e.g., the J coupling interaction. 
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1.2  Thesis overview 

This thesis describes the application of NMR and DFT to the 

characterisation and understanding of a variety of inorganic materials. 

Chapter Two details the theoretical background to NMR spectroscopy, 

with a particular focus on solids, and describes the experiments used in 

this work. Chapter Three introduces the theoretical background of 

computation, focusing on using first-principles DFT codes, such as 

CASTEP and Gaussian,53 to help interpret, assign and understand solid-

state NMR spectra. 

 

 The first section of Chapter Four describes the evaluation of the 

use of two semi-empirical dispersion correction schemes on the 

optimisation of the geometry of as-prepared and calcined AlPOs using the 

CASTEP DFT code. Several optimisation strategies are employed, 

including the optimisation of some or all atomic coordinates and 

optimisation of the unit cell with and without the inclusion of the semi-

empirical dispersion correction schemes. The different optimised 

structures are then compared with the initial structural model (and with 

each other) by investigating the changes in the unit cell lengths, angles 

and total cell volume. The calculated NMR parameters are then compared 

with experimental measurements to determine the most suitable protocol 

for the structural/geometry optimisation of as-prepared and calcined 

AlPOs.  

 

 The second part of Chapter Four investigates the feasibility of 

measuring the 31P CSAs of as-prepared and calcined AlPOs. Owing to the 

relatively high symmetry of the P sites in AlPOs, the use of CSA-amplified 

PASS experiments were investigated and implemented to allow accurate 
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measurement of CSAs. The results from the calculated NMR parameters 

utilised in the first half of Chapter Four are then used to investigate the 

ability of CASTEP to calculate the CSA of a series of AlPOs accurately. 

Attempts are then made to correlate the CSA with local geometrical 

features, such as bond distances and angles. 

 

 Chapter Five details the characterisation of a range of as-prepared 

and treated single- and dual-linker zeolitic imidazolate frameworks (ZIFs) 

by 1H, 13C and 15N NMR spectroscopy. DFT NMR calculations (using the 

Gaussian code) are performed on a series of isolated linker molecules in 

order to assist with the assignment of the 13C and 15N NMR spectra. The 

results from measuring the 13C and, for the first time, 15N CSA parameters 

using the CSA-amplified PASS experiment are presented and correlations 

between measured CSA parameters and structural features, such as 

topology, are considered. Chapter Five also presents some preliminary 
67Zn solid-state NMR experiments on a small number of organic and 

inorganic Zn-containing compounds and two as-prepared ZIFs. In 

addition, DFT calculations (using CASTEP) are performed on a series of 

Zn-containing compounds. Correlations between calculated and 

experimental 67Zn NMR parameters offer an insight to the local geometry 

(e.g., Zn-N bond distances and N-Zn-N bond angles) of the Zn metal 

centre. As a result, cluster calculations on the first coordination sphere of 

Zn using the atomic coordinates of a series of ZIFs are then performed and 

offer some explanation as to why it is challenging to acquire the 67Zn NMR 

spectra of ZIFs. 

 

 The first part of Chapter Six investigates the phase composition, 

distribution and disorder of the pyrochlore ceramic Y2(Hf,Sn)2O7 using the 

isotropic and anisotropic 89Y and 119Sn chemical shift parameters. The use 
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of DFT calculations (using CASTEP) on a series of model pyrochlore 

structures containing various levels of substitution of Hf and Sn enables 

the NMR spectra to be understood and fully assigned. The second part of 

Chapter Six focuses on the cation disorder in a similar pyrochlore ceramic 

material, Y2(Zr,Sn)2O7, by enriching each composition through 17O2 gas 

exchange methods. The investigation of the uniformity of the 17O 

enrichment of Y2Sn2O7 and the necessary steps (both in terms of ideal 

acquisition parameters and enrichment conditions) to consider in order to 

ensure that quantitative 17O NMR spectra are acquired, is presented first. 

This is then followed by 17O MAS NMR experiments on the whole series, 

and again using first-principles DFT calculations (using CASTEP) to 

interpret the NMR spectra.  

 

 Finally, Chapter Seven summaries the main conclusions of the 

work contained in this thesis and offers suggestions as to the future 

direction of investigations into the three types of materials studied.  
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Chapter Two 
Solid-State Nuclear Magnetic 
Resonance 

 
2.1  Introduction 

In this chapter the basic principles of NMR are described in Section 2.2 

with Section 2.3 describing the density operator formalism. Section 2.4 

describes the internal interactions present in solid-state NMR. The 

description of the many ways in which high-resolution solid-state NMR 

spectra are acquired are given in Section 2.5. Finally, Section 2.6 details the 

general solid-state NMR methodology used to acquire the NMR spectra 

contained within this work. In addition to the specific references made 

throughout this chapter, References 1-7 were used as general NMR texts.  

 

 
2.2  Basic principles 
2.2.1  Nuclear magnetism 

All magnetic nuclei possess an intrinsic angular momentum called spin, 

denoted by I, and with the bold typeface representing a vector that has 

both direction and magnitude.1 The magnitude of the angular momentum 

for a given nucleus is 

 | I | = ħ [ I (I + 1)]1/2  , (2.1) 
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where I is the spin quantum number, which can be zero, any integer or 

half-integer value, and ħ is the reduced Plank constant. For NMR 

spectroscopy, the spin of the nucleus must be greater than zero. When I = 

0 the nucleus possesses no magnetic moment and, hence, exhibits no 

angular momentum. Projection of I onto a specified axis, arbitrarily the z 

axis, is given by Iz = mI ħ, where Iz is the z component of I, mI is the 

magnetic quantum number and has (2 I + 1) values between +I and −I in 

integer steps. A nucleus with a non-zero spin quantum number possesses 

a magnetic moment, µ, which is directly proportional to I and is given by 

   µ  =  γ  I   , (2.2) 

where γ is the gyromagnetic ratio of the nucleus. The magnetic moment 

can be projected on the z axis giving µz. In the absence of a magnetic field, 

the (2 I + 1) orientations are degenerate. When place in an external 

magnetic field of magnitude, B0, with direction B0, this degeneracy is 

removed and each of the (2 I + 1) levels has a different energy called the 

Zeeman interaction. The B0 field is defined to lie along the z axis in the 

laboratory frame with the energy of each of the states becoming, 
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Figure 2.1: The lifting of the degeneracy of (a) I = 1/2 and (b) I = 5/2 nuclear energy levels by the 
Zeeman interaction with the application of an external magnetic field. The frequency difference 
between the energy levels is defined as the Larmor frequency, ν0, and is quoted in Hertz (Hz). In 
(b), the central transition is denoted as CT and the satellite transitions are denoted as ST1 and ST2. 
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E mI

 = µz  B0   
, (2.3) 

 
 
E mI

 =  − γ  mI  ħ B0  . (2.4) 

The lifting of the degeneracy of the energy levels for a spin I = 1/2 and a 

spin I = 5/2 by the Zeeman interaction is shown in Figures 2.1 (a) and (b), 

respectively, where the energy levels are separated by (ΔE = γ ħ B0). The 

selection rule for observable transitions in NMR spectroscopy is ΔmI = ± 1, 

which allows transitions to occur between adjacent energy levels. The 

resonance condition to move between adjacent energy levels is given by 

 ω0 = ΔE / ħ = − γ B0  , (2.5) 

where ω0 is the Larmor frequency in rad s−1 or in Hz 

 
 
ν0  =  − γ  B0

2 π
  . (2.6) 

 

 
2.2.2  The vector model 

First proposed by Bloch in 1946,8 the vector model provides a simple 

geometric interpretation to understand the basics of NMR experiments. 

Despite the limitations in this approach, it is undoubtedly a useful starting 

place to describe how magnetisation is manipulated in a simple NMR 

experiment and enables a macroscopic ensemble of quantum mechanical 

spins to be treated classically. One of the limitations of this vector model is 

that it is a much too simplistic approach to describe the more complicated 
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NMR experiments that are used within this work, and which will be 

described later on in this chapter. In addition, the vector model is also not 

able to adequately describe the processes that take place for quadrupolar 

nuclei, i.e, I > 1/2. 

 

 When a sample of interest is placed inside a magnetic field, the 

nuclear spins will start to populate the energy levels according to the 

Boltzmann distribution.1 This is given by 

 
 

nupper

nlower

 =  e
−ΔE

kT   , (2.7) 

where nupper and nlower describe the number of populations in the lower and 

upper energy levels, k is the Boltzmann constant and T is the temperature. 

Once the nuclear spins reach thermal equilibrium, there is a tendency for 

them to align with the field direction, leading to a net bulk magnetisation, 

M0, which is aligned along the field direction and precesses about B0 at the 

Larmor frequency. This phenomenon is illustrated in Figure 2.2 (a), where 

in the absence of a magnetic field, the nuclear spins have no preferred 

orientation. However, upon the application of a strong magnetic field, the 

nuclear spins will tend to align with the field direction, as shown in Figure 

2.2 (b).  

B0

a b

M0

Figure 2.2: (a) In the absence of a magnetic field, all nuclei have no preferred orientation. (b) When 
a strong magnetic field is applied, B0, all nuclear spins will tend to align long the field direction. 
This results in a bulk magnetisation (M0) aligned along the field direction. 
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 In order to perturb the system and manipulate M0, a pulse of 

linearly monochromatic radiofrequency (rf) is applied at a frequency (ωrf), 

which is at, or close, to the Larmor frequency. This rf pulse will interact 

with the nuclear spins in the sample and change the orientation of M0, but 

is much too difficult to visualise this interaction in the laboratory frame, as 

shown in Figure 2.3. In the laboratory frame of reference, the rf pulse can 

be considered as two counter-rotating magnetic fields; one component 

that rotates at +ωrf and the other component that rotates at −ωrf. It is often 

convenient to consider the effects of an rf pulse (B1) (which is static in the 

rotating frame) on M0 in which the z axis is coincident with the laboratory 

z axis and the x and y axes rotate in the transverse plane (xy plane) at +ωrf. 

In order to simplify the counter-rotating magnetic fields, the first 

component of the rf pulse (+ωrf) is static in the rotating frame, where the 

frame itself is rotating at +ωrf. If visualised in this way the other 

component will now be rotating twice as fast (at −2 ωrf), therefore, it 

cannot interact with M0, and will now experience a magnetic field 

strength, which is much smaller than B0. This smaller field is called the 

effective field (Beff) and shown in Figures 2.3 (b) and (c).  

 

a

x

y

zB0

M0

b

B1

ȕ

c

ȍ

Ĳp

Beff Beff

Laboratory frame Rotating frame

Figure 2.3: (a) A schematic representation of the vector model, where the bulk magnetisation (M0) 
along the z axis of the laboratory frame of reference. In (b) and (c), the rotating frame of reference is 
used to describe the effect of applying a radiofrequency pulse (of field strength B1) along the x axis. 

This causes M0 to nutate through angle β. In (c), after a period of time (τp) the radiofrequency pulse 
is turned off and the magnetisation vector undergoes free precession in the xy plane at a frequency 

of Ω. 
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 In a simple NMR experiment the rf pulse, of strength B1, is applied 

orthogonal to B0, e.g., along the x axis in the rotating frame. This causes the 

bulk magnetisation vector to precess in the yz plane until such a point that 

the rf pulse is turned off. The ‘flip angle’ (β) through which M0 nutates 

under the application of the rf pulse is defined as 

  β =  ω1  τp   , (2.8) 

where  ω1  =  − γ  B1  and τp is the duration of the pulse. The phase of the rf 

pulse (ϕ) defines the direction of the B1 field in the rotating frame and the 

pulses are often described in the βϕ notation, e.g., 90°x. The nutation of M0 

through angle β is shown in Figure 2.3 (b). After the rf pulse has ended the 

magnetisation will then start to precess in the xy plane, as shown in Figure 

2.3 (c). This will be at a frequency of  

  Ω =  ω0  −  ω rf   , (2.9) 

where Ω is termed the offset.  

 

 The precession in the xy plane is recorded by the spectrometer to 

give the ‘free induction decay’ (FID) and cannot last forever owing to 

relaxation processes, as a consequence returning the magnetisation to a 

state of equilibrium.3 The loss in the xy plane can be characterised by an 

exponential time constant (T2) and is given as 

 
 

d Mxy t( )
d t

 =  − 1
T2

 Mx t( )   , (2.10) 
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where Mx is the amount of x magnetisation in the x axis at time, t. For 

simplicity, it has been assumed that the offset, Ω, is zero. The return of 

magnetisation to thermal equilibrium is governed by the time constant 

(T1) and is given by 

 
 

d Mz t( )
d t

 =  − 1
T1

 Mz t( )  −  Mz
0( )   , (2.11) 

where Mz is the amount of z magnetisation and is proportional to the ratio 

of the nuclear spins in the upper and lower energy levels, as described in 

Equation 2.7.  Mz
0  is the amount of equilibrated magnetisation before the 

start of the pulse.  

 

 
2.2.3  Fourier transform NMR 

As mentioned in the previous section, once a pulse of monochromatic rf is 

turned off, the magnetisation begins to precesses in the xy plane. In order 

to detect this and the eventual decay of the magnetisation, a coil is placed 

inside the NMR probe, where the precession of the magnetisation then 

induces an electrical current. This induced electrical current is recorded by 

the spectrometer as the FID and is the sum of the total signal acquired. If 

there is only one receiver detecting the FID then it is impossible to 

discriminate the sign of the offset, Ω, as positive or negative. 

Subsequently, to overcome this problem, quadrature detection is 

implemented, whereby the use of two detectors orthogonal to each other 

are employed to acquire the FID.9 This leads to the acquisition of two 

FIDs; one that can be referred to as the real component and another 

known as the imaginary component that is 90° out of phase. The 

oscillation and decay of magnetisation along the x and y axes are 

respectively given by3 
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  Sx  =  S0  cos Ω t( )  exp − t
T2   

, (2.12) 

 
 
Sy  =  S0  sin Ω t( )  exp − t

T2   
. (2.13) 

Sx and Sy are the amount of signal along the x and y axes, respectively, and 

S0 is the initial amount of signal. The x and y components can be brought 

together into one complex signal with the x component (Sx) taking the real 

part of the signal and the y component taking the imaginary part (i Sy). As 

a result, the complex signal as a function of time (t) can be written as 

 
 
S t( )  =  Sx  + i Sy   , (2.14) 

  S t( )  =  S0  exp i Ω t( )  exp t
T2

  . (2.15) 

In order to convert from the time-domain signal, given in Equation 2.15, to 

a frequency-domain spectrum, it is necessary to perform a Fourier 

transformation on this equation to give5 

a b

Figure 2.4: (a) Real (A (Δ ω)) and (b) imaginary (D (Δ ω)) Lorentzian lineshapes displayed with a 
spectral width of 10 kHz. 
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  S ω( )  =  A Δ ω( )  −  i D Δ ω( )   , (2.16) 

where 

 
 
A Δ ω( )  =  

S0
t

T2( )
t

T2( )2
 +  ω  −  Ω( )2   ,  (2.17) 

and 

 
 
D Δ ω( )  =  S0 ω  −  Ω( )

t
T2( )2

 +  ω  −  Ω( )2

  

. (2.18) 

S(ω) is the signal at some function of the frequency (ω (in rad s−1)) and (ω – 

Ω) represents the offset frequency variable. The first term of Equation 2.16 

is the real component of the signal and with an absorptive mode 

Lorentzian lineshape. The second term is the imaginary component of the 

signal and had a dispersive Lorentzian lineshape. These lineshapes are 

shown in Figure 2.4. 

 

 
2.3  The density operator formalism 

The density operator formalism provides a more comprehensive quantum 

mechanical approach than the vector model discussed in Section 2.2.2.3 In 

NMR spectroscopy, a macroscopic sample contains a large number of 

nuclear spin states, each of which can be described quantum mechanically 

by a wavefunction (Ψ) and can be described by an orthogonal basis set,    

|i�, 

 
 
Ψ t( )  =  ci t( ) i

i
∑

  
, (2.19) 
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where ci(t) are time-dependent coefficients. The description of all nuclear 

spins requires the solution of many Schrödinger equations. Thus, the 

density operator ( σ̂ t( ) ) is a much more compact approach for describing 

the nuclear spins and in a matrix has the following elements (σ i, j (t)) 

  σ̂ t( )  =  i σ̂ t( ) j  =  ci t( )  cj t( ) *   , (2.20) 

where the overbar denotes an ensemble average and the asterisks denote a 

complex conjugate. The evolution of the density operator ( σ̂ t( ) ) over time 

is given by the Liouville-von-Neumann equation,5 

 
 

d σ̂ t( )
d t

 =  − i Ĥ t( ) ,  σ̂ t( )⎡⎣ ⎤⎦   
, (2.21) 

where Ĥ is the time-dependent Hamiltonian for the system. Equation 2.21 

can be solved if the Hamiltonian is time-independent, or can be made to 

be so, by transforming to a different frame of reference, giving 

 
 
σ̂ t( )  =  exp −i Ĥ t{ }  σ̂ 0( )  exp i Ĥ t( )    (2.22)

 

where  σ̂ 0( ) is the density operator (σ) at time (t = 0). NMR simulation 

programs, such as SIMPSON,10,11 which are detailed in later chapters, use 

this formalism to consider the effect of rf pulses and free precession 

intervals in an NMR experiment. 
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2.3.1  Coherences 

Each spin with wavefunction (Ψ(t)) in an ensemble of non-interacting 

spins can be described as a superposition of the states | α �and| β �

which correspond to the two Zeeman energy levels for a nucleus with a 

spin quantum number I = 1/2.3,12 The complex superposition coefficients 

cα (t) and cβ (t) describe the contribution to these states and possess time 

and phase dependence. At time zero, the complex superposition 

coefficients (cα (t)) and (cβ (t)) have phase ϕα and ϕβ, respectively, and Ψ(t) 

is given as 

  Ψ t( )  =  cα  exp i φα( ) α  +  cβ  exp i φα( ) β   . (2.23) 

The density matrix will then take the form 

 

 

ρ t( )  =  
cα

2 cα  cβ  exp i φα − φβ( )
cα  cβ  exp i φα − φβ( ) cβ

2

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟

  

 (2.24) 

where the diagonal elements,  cα
2  and  cβ

2 , are equal to   cα
2   and   cβ

2  , and 

refer to the populations of the | α �and | β �states, respectively. If the 

off-diagonal elements have the same relative phases for each spin then 

they have non-zero magnetisation and are said to have phase coherence. 

Such coherences are generated by individual spins in the sample 

experiencing the same interaction with the applied rf field. 

 

 When an rf pulse is applied to a sample, this results in the rotation 

of the axis with which polarisation is aligned. If an operator acquires a 

phase of –ρϕ from along z axis rotation through an angle ϕ, then it will 

have a coherence order of ρ. As a result, the coherence order can only be 

changed through the application of an rf pulse. Zero quantum, or z 
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magnetisation, will have a coherence order of ρ = 0, single quantum will 

have a coherence order of ρ = ± 1 and for multiple quanta the coherence 

order is given as ρ > |1|. By convention it is only single quantum (ρ = −1) 

coherences that are recorded by the spectrometer when quadrature 

detection is utilised and although multiple-quantum coherences are not 

directly observable they can still be of use in many NMR experiments.2  

 

 
2.3.2  Product operator formalism 

The density matrix representation discussed in Section 2.2, although very 

useful for a spin I nucleus, becomes far too complex and large for higher 

nuclear spin quantum numbers. A much more convenient approach is to 

expand the density operator as a linear combination of the operators Ix, Iy 

and Iz, which represent the x-, y-, and z-components of the spin angular 

momentum.12 This is given as 

 
 
σ t( )  =  ax t( )  Ix  +  by t( )  Iy  +  cz t( )  Iz   , (2.25) 

where ax, by, and cz are the coefficients that relate to the proportion of 

magnetisation for each of the operators. The evolution of σ(t) can be 

expressed as 

 
 
σ t( )  =  A cos B τp( )  −  C sin B τp( )   , (2.26) 

where A is the original operator, C is the new operator and B describes the 

transformation during time, τp. As an example, the effect of applying a 

pulse (with a nutation frequency of ω1) along the x axis for a period of 

time, here defined as τp, is given as 
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σ t( )  =  Iz  cos ω1  τp( )  −  Iy  sin ω1  τp( )   , (2.27) 

where Iz = A, Iy = C and ω1 τp = B. The transformation of the operators 

given in Equation 2.27 is usually represented as arrow notation giving 

 
 
Iz

ω1  τP  Ix⎯ →⎯⎯⎯ Iz  cos ω1  τp( )  −  Iy  sin ω1  τp( )   . (2.28) 

For a simple ‘pulse and acquire’ experiment, magnetisation is created by 

the application of a 90° rf pulse along the x axis. Equation 2.28 can be 

simplified so that the transformation, ω1 τp, now equals the flip angle, β, to 

give 

 
 
Iz  π/2⎯ →⎯  Iz cos π/2( )  −  Iy sin π/2( )   , (2.29) 

which can then be further simplified to 

  Iz  π/2⎯ →⎯  − Iy   . (2.30) 

After the desired flip angle has been achieved, the rf pulse is removed and 

now free precession and evolution of the spins can take place. This can be 

described by 

 
 
σ t( )  =  Iz  cos Ω t( )  −  Iy  sin Ω t( )   , (2.31) 

and in the arrow notation 

 
 
−Iy  Ω  t  Ix⎯ →⎯⎯  − Iy  cos Ω t( )  −  Ix  sin Ω t( )   , (2.32) 
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where –Iy = A, Ω t = B, and Ix = C. Subsequent identities, such as the 

chemical shift evolution for a specific spin (B = ΩI t) and J coupling (C = π 

JIS t,) can be used to describe more complex NMR experiments.3  

 

 
2.4  Interactions in solid-state NMR 
2.4.1  Internal interactions 

A range of interactions, classified into two types (external and internal) 

can affect the spin of a nucleus. The external interactions include the 

Zeeman interaction and the application of an rf pulse, as described above. 

The internal interactions include chemical shielding, dipolar couplings, J 

couplings and, for nuclei with spin I > 1/2, quadrupolar couplings. The 

total Hamiltonian for any given nucleus can be expressed as the sum of 

the Hamiltonian for the external and internal interactions,  

  Ĥtotal  =  Ĥexternal  +  Ĥinternal   , (2.32) 

with the individual components expressed as 

 
 
Ĥtotal  =  ĤZ  +  Ĥrf( )  +  ĤCS  +  ĤD  +  ĤJ  +  ĤQ( )   , (2.34) 

where ĤZ, Ĥrf, ĤCS, ĤD, ĤJ and ĤQ are the Hamiltonians representing the 

Zeeman interaction, the application of an rf pulse, chemical shielding, 

dipolar couplings, J couplings and, for nuclei with spin I > 1/2, 

quadrupolar coupling interactions, respectively.  
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 The Hamiltonian can describe the individual contributions to the 

external and internal interactions, given as 

   , (2.35) 

where I is the spin angular momentum, R is a second-rank Cartesian 

tensor, which defines the interaction, and X can represent a second spin 

operator or a magnetic field. The general form of Equation 2.35 can be 

expanded to give 

   . (2.36) 

 

 The individual Hamiltonians that describes the internal 

interactions, shown in Equation 2.34, are important in NMR spectroscopy 

as they provide information about the local chemical environment around 

the nucleus. Each of these internal interactions will be discussed in detail 

in the subsequent sections. 

 

 
2.4.2  Chemical shielding 

Chemical shielding arises as a result of the strength of the external 

magnetic field, B, at the nucleus being slightly different from the strength 

of the applied external magnetic field, B0.1 This is due to an atom, 

containing protons, neutrons and electrons, being placed inside a 

magnetic field and the electrons surrounding the nucleus beginning to 

circulate in their orbitals. These circulating electrons generate a small 

  Ĥ =  I ⋅  R ⋅  X

 

Ĥ =  Ix Iy Iz( )
Rxx Rxy Rxz

Ryx Ryy Ryz

Rzx Rzy Rzz

⎛

⎝

⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟

Xx

Xy

Xz

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
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magnetic field, Bʹ, around the nucleus, which opposes the external 

magnetic field B0. The nucleus can then be described as being shielded 

from the full strength of the external magnetic field, with the field at the 

nucleus given as 

  B =  B0  −  ′B  =  B0  1 −  σ( )   , (2.37) 

where σ is the field-independent shielding constant. As a result of this 

shielding the resonance condition becomes 

  ω  =  −  γ  B0  1 −  σ( )   , (2.38) 

in rad s−1, or in Hz, 

 
 
ν =  −γ  B0  1−σ( )

2 π   
, (2.39) 

 

 In an atom, σ is always greater than zero. For a nucleus in a 

molecule, the motion of the electrons in molecular orbitals can cause the 

nucleus to experience a magnetic field that either augments or opposes B0. 

Subsequently, the sign of σ is determined by the electronic configuration 

of the molecule and so the resonance frequency can provide information 

about the local chemical environment of the nucleus. Measuring the 

absolute value of σ for a given nucleus can be quite challenging and it is 

more convenient to measure the chemical shift (δ) via, 

 
 
δ =  106  

νsample − νreference( )
νreference   

, (2.40) 
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where νsample and νreference correspond to the frequency of the nucleus in the 

sample and the reference compound, respectively. 

 

 The magnetic shielding constant depends upon the orientation of 

it with respect to the magnetic field and the Hamiltonian that describes 

the magnetic shielding interaction is given as 

   ĤCS  =  −  γ  I ⋅  σ  ⋅  B0   , (2.41) 

where σ is the shielding tensor and couples the nuclear spin vector to the 

external magnetic field, B0. Equation 2.41 can then be further expanded to 

give 

 

 

ĤCS  =  Ix Iy Iz( )
σxx σxy σxz

σyx σyy σyz

σzx σzy σzz

⎛

⎝

⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟

− γ  B0x

− γ  B0y

− γ  B0z

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟

  . (2.42) 

Owing to the strong external magnetic field, which can be defined as lying 

along the z axis, the Hamiltonian that describes the magnetic shielding, 

given in Equation 2.42, can be simplified to retain only the components 

that are parallel to the z axis, 

 

 

ĤCS  =  Ix Iy Iz( )
σxx σxy σxz

σyx σyy σyz

σzx σzy σzz

⎛

⎝

⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟

0
0

− γ  B0z

⎛

⎝

⎜
⎜⎜

⎞

⎠

⎟
⎟⎟

  , (2.43) 

giving 

 
 
ĤCS  =  − γ  B0  σxz  Ix( )  +  − γ  B0  σyz  Iy( )  +  − γ  B0  σzz  Iz( )   

. (2.44) 
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In the secular approximation, it is only the Iz component that is retained, 

  ĤCS  =  −  γ  B0  σzz  Iz   . (2.45) 

The shielding component (σzz) is dependent upon the orientation with 

respect to the direction of B0. In the principal axis system (PAS), σPAS is 

diagonal and takes the form 

 

 

σPAS  =  
σ11 0 0
0 σ22 0
0 0 σ33

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟

    

, (2.46) 

where σ11, σ22, and σ33 are the principal components of the magnetic 

shielding tensor.  

 

 In the solution state, the rapid isotropic tumbling of molecules 

averages out any interactions that are orientationally dependent, 

therefore, reducing σ to its isotropic value (σiso). However, in the solid 

state, the atoms and molecules are typically fixed and not moving on such 

fast timescales. As a result, the shielding is now dependent upon the 

orientation with respect to B0, giving rise to the term chemical shielding 

anisotropy (CSA). The magnetic shielding tensor in the PAS can be 

represented by an ellipsoid,4 as shown in Figure 2.5, and is typically 

described by three parameters (σ11, σ22 and σ33). The average of the 

B0 ı11

ı22 ı33

ızz

Figure 2.5: The chemical shielding tensor in the principal axis system can be represented by an 

ellipsoid and is described by three parameters; σ11, σ22 and σ33.4 
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individual principal components of the magnetic shielding tensor leads to 

the isotropic shielding (σiso),  

   . (2.47) 

The shielding anisotropy (δCS) (as stated in the Haeberlen convention)13 is a 

measurement of the extent of the deviation away from a symmetrical 

tensor, where  σ33  −  σ iso ≥ σ11  −  σ iso ≥ σ22  −  σ iso , and is given as 

    . (2.48) 

The shielding asymmetry parameter (ηCS), is a measurement of the extent 

of axial symmetry, thus 

 
 
ηCS   = 

σ22  −  σ11

σ33  −  σ iso

  . (2.49) 

 

 In order to transform from the PAS to the laboratory frame, a 

rotation is needed revealing the angular dependence of the σzz component 

of the shielding tensor,  

 
 
σzz  =  σ iso  +  

δcs

2
⎛
⎝⎜

⎞
⎠⎟

3 cos2 θ−1( )  +  ηcs sin2 θ cos2ϕ( )⎡⎣ ⎤⎦
  
, (2.50) 

where the first term is the isotropic contribution to the magnetic shielding 

tensor, and the latter terms describe the anisotropic contribution. (In the 

solution state, σzz = σiso.) 

 
σ iso  =  

σ11  +  σ22  +  σ33( )
3

 δCS  =  σ33  −  σ iso( )
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 As mentioned above, the absolute chemical shielding is often 

difficult to measure experimentally and the resonance position of a peak, 

or a set of peaks, in an NMR spectrum is usually measured relative to a 

reference compound. The way in which the principal components of the 

magnetic shielding tensor (σii) are related to the principal components of 

the chemical shift tensor (δii) is given by  

  δ ii  ≈  106  σ reference  −  σ ii( )   . (2.51) 

The ordering of the principal components of the chemical shift tensor can 

be carried out using a number of different conventions. The IUPAC14 gives 

the ordering of the components as 

  δ11  ≥  δ22  ≥  δ33   , (2.52) 

which is defined as the ‘standard’ convention, and the isotropic chemical 

shift (δiso) is  

 
 
δ iso  =  

δ11  +  δ22  +  δ33( )
3

  . (2.53) 

Figure 2.6 (a) shows the location of the principal components of the 

chemical shift tensor and the isotropic chemical shift according to the 

standard convention on a simulated powder-pattern lineshape.14 Two 

common conventions used in the literature to further describe the shift 

anisotropy and shift asymmetry of a particular nucleus are the Haeberlen 

convention13 and the Hertzfeld-Berger convention,15 with their notations 

shown in Figures 2.6 (b) and (c), respectively.  
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 The Haeberlen convention13 orders the principal components of 

the chemical shift tensor such that the largest deviation away from the 

isotropic chemical shift (shown in Equation 2.53) is defined as δzz, 

 
 
δzz  −  δ iso  ≥  δxx  −  δ iso  ≥  δyy  −  δ iso   . (2.54) 

In this convention the anisotropy is defined in two ways. The first is 

termed the ‘reduced anisotropy’ 

  δCS  =  δzz  −  δ iso   , (2.55) 

and the second the ‘anisotropy’ 

 
 
ΔδCS  =  

δzz  −  δxx  −  δyy( )
2

  . (2.56) 

Both Equations 2.55 and 2.56 describe the largest separation away from 

the centre of gravity (or isotropic chemical shift) and the sign of the 

anisotropy goes on to indicate which side of the centre of gravity has the 

largest separation. The asymmetry parameter, given as 

ȍ

įiso

į11

į22

į33

cb
įiso

įxx

įyy

įzz

ǻįCS

įiso

į11

į22

į33

a

įCS

Figure 2.6: Simulated powder-pattern lineshapes, where the principal components of the chemical 
shift tensor are annotated on each spectrum using (a) the ‘standard’,14 (b) the Haeberlen13 and (c) 
the Hertzfeld-Berger convention.15 All three conventions aim to describe the chemical shift 
anisotropy and the shift asymmetry. 



 46 

 
 
ηCS  =  

δyy  −  δxx

δzz  −  δ iso

  , (2.57) 

describes the deviation away from an axially symmetric tensor, where δxx 

= δyy, and takes values from 0 to +1. Figure 2.5 (b) shows a simulated 

powder-pattern lineshape that has been annotated using the Haeberlen 

convention.  

 

 Another convention commonly used in the literature is the 

Hertzfeld-Berger convention.15 In this the order of the principal 

components of the chemical shift tensor are the same as in the standard 

convention14 given in Equation 2.52. The magnitude of the anisotropy is 

described by the span 

  ΩCS  =  δ11  −  δ33   , (2.58) 

whilst the shape of the tensor is represented by the parameter, skew,  

 
 
κ  =  

3 δ22  −  δ iso( )
δ11  −  δ33

  , (2.59) 

where the values range from −1 to +1. Figure 2.6 (c) shows a simulated 

powder-pattern lineshape that has been annotated with the Hertzfeld-

Berger convention.  

 

 Throughout this work, the Hertzfeld-Berger convention is 

primarily used to describe the CSA. In the Haeberlen convention, as ηCS 

approaches 1, there will be some ambiguity in the sign of the anisotropy, 

which can have either positive or negative values, unlike in the Hertzfeld-
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Berger convention where this sign problem is placed in the calculation of 

κ. However, in addition, the use of the Haeberlen convention will also be 

utilised via the use of simulation programs and computational codes. As a 

consequence, converting between the Haeberlen convention and the 

standard convention can be performed through the following of set of 

equations.16 When δCS > 0 (i.e., δzz = δ11) 

  δ11  =  δ iso  +  δCS   ,  

 
 
δ22  =  

δ iso  −  δ 1 −  ηCS( )
2

  , 

and,  

 
 
δ33  =  

δ iso  −  δ 1 +  ηCS( )
2

  . (2.60) 

When δCS < 0 (i.e., δzz = δ33),  

  δ33  =  δ iso  +  δCS   ,  

 
 
δ22  =  

δ iso  −  δ 1 −  ηCS( )
2

   

and,  

 
 
δ11  =  

δ iso  −  δ 1 +  ηCS( )
2

  . (2.61) 
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Once the principal components of the chemical shift tensor have been 

determined, the values of span and skew can then be calculated.16  

 

 
2.4.3  Dipolar coupling 

The dipole-dipole coupling interaction is a through-space interaction 

between the localised magnetic fields of two or more nuclei.1 These 

localised magnetic fields are generated by the magnetic dipole moments in 

the nucleus, as shown in Figure 2.7. The Hamiltonian that describes the 

dipolar coupling interaction is given as 

   ĤD  =  − 2 I ⋅  D ⋅  S   , (2.62) 

where D is the dipolar coupling tensor and describes the strength and 

orientation dependence of the dipolar coupling interaction between two 

spin vectors, I and S.4 In its expanded form, Equation 2.62 can be written 

as 

 

 

 

ĤD  =  − 2 Ix Iy Iz( )
Dxx Dxy Dzz

Dyx Dyy Dyz

Dzx Dzy Dzz

⎛

⎝

⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟

Sx

Sy

Sz

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟

  . (2.63) 

In the PAS, the principal components of the dipolar coupling tensor (d) 

are –d/2, −d/2 and d, where dipolar constant (d) is given by 

   , (2.64) 
  
d = − ! µ0

4 π
⎛
⎝⎜

⎞
⎠⎟

 1
r3  γ I  γ S
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in rad s−1. The negative sign in Equation 2.64 indicates that the dipolar 

coupling energy is minimised when both spins, I and S, are aligned in the 

same direction along the internuclear vector. The dipolar coupling tensor 

is traceless, where 

 
 
Diso  =  

1
3

−d
2

⎛
⎝⎜

⎞
⎠⎟
+ −d

2
⎛
⎝⎜

⎞
⎠⎟
+d

⎛
⎝⎜

⎞
⎠⎟

 =  0   , (2.65) 

and is always axially symmetric (i.e., ηD = 0).  

 

 In solution state, the rapid isotropic tumbling motion of the 

molecules result in the dipolar coupling interaction being averaged to its 

isotropic value (i.e., d = 0). Conversely, in the solid state, the dipolar 

coupling interaction is observed and this typically results in a significant 

broadening of the spectral resonances for complex systems. Equation 2.64 

shows the through-space dependence of the dipolar coupling interaction 

1/r3. This means that the dipolar coupling interaction can provide 

information about the spatial arrangement of the spins without the need 

for a chemical bond between them. In a heteronuclear spin pair (i.e. when I 

≠ S) the first-order averaged Hamiltonian is instead truncated to give,4 

B0

S

rIS

șIS

I

Figure 2.7: Schematic diagram of the dipole-dipole coupling interaction between two different 
spins, I and S.4 The internuclear distance (rIS) is shown along the internuclear vector, which is 

orientated at angle θIS with respect to the applied magnetic field (B0). 
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ĤD

hetero  =  −d 3 cos2  θ −  1( )  Iz  Sz   . (2.66) 

In the case of a homonuclear spin pair (i.e., when I = S), the first-order 

averaged Hamiltonian is truncated to give4 

 
  
ĤD

homo  =  −d 1
2

 3 cos2 θ−1( )  3 IzSz − I ⋅S⎡⎣ ⎤⎦
  
. (2.67) 

In the solid state (for an isolated spin pair) the NMR spectrum of a single 

crystal reveals four degenerate transitions, two for each spin, that are split 

by 3 ωD when I = S, and 2 ωD when I ≠ S, where ωD is the dipolar coupling 

splitting parameter 

   . (2.68) 
 
ωD  =  

d
2

 3 cos2  θ −  1( )

Ȧ0Ȧ0
I Ȧ0

S

a
2 ȦD2 ȦD

Ȧ0
I

b
3 ȦD

ȦȦ

Ȧ

ȦD

2 ȦD

c
ș = 90°

ș = 0°

Figure 2.8: Simulated NMR spectra for a single crystal of an isolated two-spin (a) homonuclear (I ≠ 
S) and (b) heteronuclear (I = S) dipolar coupled system. In (c), a ‘Pake-doublet’ observed is typical 
of the spectrum obtained of a powder solid for a heteronuclear dipolar coupled system. For a 
homonuclear dipolar coupled system, the powder pattern is similar in shape as (c), but has a 
scaling factor of 3/2.4,6 
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This splitting for I ≠ S and I = S is shown in Figures 2.8 (a) and (b), 

respectively. However, for a powdered solid, the NMR spectrum reveals a 

Pake doublet for an isolated two-spin heteronuclear coupled system, as 

shown in Figure 2.8 (c). The separation of the horns and the outer limits of 

the lineshape have frequencies of ωD and 2ωD. The horns correspond to 

crystallites with θ = 90° and the extremities correspond to when θ = 0°. The 

NMR spectrum of an isolated two-spin homonuclear coupled system is 

similar in shape but has instead a scaling factor of 3/2.  

 

 In general, solid-state NMR spectra of dipolar coupled systems are 

much more complex than the Pake-doublet spectra observed for an 

isolated spin pair. This is due to the large number of possible interactions 

between many different spin pairs in the powdered sample, with each 

internuclear spin vector for a specific spin pair at a different orientation 

with respect to B0. As a result, the spectral resonances in solid-state NMR 

spectra are broadened quite significantly, often resembling Gaussian 

lineshapes. 

 

 
2.4.4  J coupling 

The J coupling, or scalar coupling interaction, is an internal interaction 

between nuclei that is mediated by the electrons in chemical bonds.1 

Measurement of the J-coupling interaction is, in principle, a valuable piece 

of information that can be used to establish the bonding connectivity in 

molecules. The Hamiltonian that describes the J-coupling interaction 

between two spins, I and S, is given by6 

   ĤJ  =  2 π ⋅  I ⋅  J ⋅  S   , (2.69) 
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when expanding out the terms, 

 

 

ĤJ  =  2 π Ix Iy Iz( )  
Jxx Jxy Jxz

Jyx Jyy Jyz

Jzx Jyz Jzz

⎛

⎝

⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟

 
Sx

Sy

Sz

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟

  , (2.70) 

where the constant (2 π) is historically used to ensure that the value of the 

J-coupling interaction quoted is in units of Hz and not in units of rad s−1, 

where the latter is used for all other equations unless otherwise stated.  

 

 Using the secular approximation, as outlined above, the 

Hamiltonian that describes the J coupling interaction can be written as 

  ĤJ  =  2 π Jzz  Iz  Sz   . (2.71) 

The J coupling component, Jzz, is dependent upon the orientations of spins 

I and S. In the principal axis system, J has three principal components, 

giving 

 

  

J =  
J11 0 0
0 J22 0
0 0 J33

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟

  

. (2.72) 

The isotropic J coupling is given as 

 
 
Jiso  =  

J11  +  J22  +  J33( )
3

  , (2.73) 

and the J coupling anisotropy and asymmetry parameters are defined as 

  Janiso  =  J33  −  Jiso   , (2.74) 
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and 

 
 
ηJ  =  

J11  −  J22

J33  −  Jiso

  , (2.75) 

respectively.6 In solution-state NMR spectroscopy, J coupling interactions 

are very useful in identifying chemical bonding networks. Owing to the 

rapid tumbling of the molecules that typically occurs in the solution state, 

the J coupling anisotropy is averaged to zero, leaving only the isotropic 

component. However, in the solid state, J couplings are rarely observed 

owing to the presence of the other anisotropic interactions as outlined 

above. These anisotropic interactions are also often much greater in 

magnitude, causing significant broadening of spectral resonances, 

therefore, obscuring the J coupling. The J coupling anisotropy is, in 

principle, present in solid-state NMR spectra. However, the magnitude of 

the anisotropic interaction is much smaller in comparison with the other 

internal interactions, e.g., the chemical shift anisotropy, and is often 

obscured by the broadening of spectral resonances.6  

 

 
2.4.5  Quadrupolar coupling 

Quadrupolar nuclei, i.e., those with spin quantum number of I > 1/2, 

account for nearly 75% of all NMR-active nuclei in the Periodic Table and 

just over 63% of all the elements have no spin I = 1/2 counterparts 

available to study by NMR spectroscopy.17 For a quadrupolar nucleus, the 

electric quadrupole moment (eQ), which arises from the anisotropic 

distribution of electric charge produced by the surrounding electrons at 

the nucleus, interacts very strongly with the electric field gradient (EFG). 

This interaction causes inhomogeneous broadening of spectral resonances, 

often over many MHz. In some cases, the quadrupolar coupling 
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interaction can be very large. However, it is often much smaller than the 

more dominant Zeeman interaction. The Hamiltonian that describes the 

quadrupolar coupling interaction is given as 

 
  
ĤQ  =  eQ

2 I 2 I −  1( )  ⋅  I ⋅  V ⋅  I   , (2.76) 

where V is the EFG tensor, which describes the strength and direction of 

the EFG and is traceless, i.e., (Viso = 1/3(Vxx + Vyy + Vzz) = 0), and Q is the 

nuclear quadrupole moment.6 In its expanded form, Equation 2.76 can also 

be written as 

      

 

ĤQ  =  eQ
2 I 2 I −  1( )  Ix Iy Iz( )  

Vxx Vxx Vxx

Vxx Vxx Vxx

Vxx Vxx Vxx

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟

 
Ix

Iy

Iz

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟

  . (2.77) 

In the principal axis system, V is diagonal and can be described by three 

principal components, given as 

 

  

V =  
VXX 0 0
0 VYY 0
0 0 VZZ

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟

  , (2.78) 

where | VZZ | ≥ | VYY | ≥ | VXX |. The quadrupolar coupling interaction is 

most commonly characterised by the quadrupolar coupling constant, CQ,  

 
 
CQ  = eQ VZZ

h
 =  e2  q Q

h
  . (2.79) 

and the quadrupolar asymmetry parameter, ηQ,  

 
 
ηQ  =  VYY  −  VXX

VZZ
  . (2.80) 
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In the PAS the Hamiltonian that describes the quadrupolar coupling 

interaction is given as 

      
  
HQ  =  3 e2  q Q

4 I 2 I − 1( )  !  Iz
2  −  1

3
 +  I +  1( )  +  

ηQ

3
 Ix

2  −  Iy
2( )  ⎡

⎣
⎢

⎤

⎦
⎥   . (2.81) 

The coordinating atoms usually provide the most significant contribution 

to the EFG, although remote atoms can also contribute. If the local 

environment surrounding the quadrupolar nuclear is highly symmetrical, 

e.g., octahedral or tetrahedral, then the EFG is zero and so CQ = 0. For 

axially symmetrical environments the CQ will be a non-zero value, but ηQ 

will be equal to zero.18 For all local environments where there is less 

symmetry, both the CQ and ηQ will take non-zero values. By measuring 

these parameters detailed information about the local environment of the 

quadrupolar nucleus can be gained.  

 

 The quadrupolar coupling interaction can be described as a 

perturbation of the Zeeman energy levels. Figure 2.9 demonstrates the 

changes in the energy levels to a first- and second-order approximation for 

a nucleus with a spin quantum number (a) I = 1 and (b) I = 5/2. In Figure 

2.9 (a) the quadrupolar interaction lifts the degeneracy of the two single-

quantum transitions (ΔmI = ± 1), which were initially observed at the 

Larmor frequency (ω0). The frequencies of each of the two transitions now 

depend upon the quadrupolar interaction and specifically upon the 

quadrupolar splitting parameter given by 

 
 
ωQ  =  

ωQ
PAS

2
 3 cos2  θ −  1( )   , (2.82) 

assuming ηQ = 0 for simplicity, where PAS is the abbreviation of the 

principal axis system and 
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ωQ

PAS  =  
3 π CQ

2 I 2 I −  1( )   , (2.83) 

in rad s−1, or, in Hz, 

 
 
νQ

PAS  =  
3 CQ

4 I 2 I −1( )   
. (2.84) 

I = 1

a

c

I = 5/2

Ȧ0 + ȦQ

Ȧ0�í�ȦQ

mI� �í�

mI = 0

mI = +1

Ȧ0

Ȧ0

Zeeman first-order
quadrupole

second-order
quadrupole

mI� �í���

mI = +1/2

mI� �í���

mI� �í���

mI� �����

mI = +5/2

Ȧ0

Ȧ0

Ȧ0

Ȧ0

Ȧ0 ST

ST

ST

ST

CT

Ȧ0�í��ȦQ

Ȧ0�í��ȦQ

Ȧ0����ȦQ

Ȧ0 + 2ȦQ

Ȧ0

Zeeman first-order
quadrupole

second-order
quadrupole

ST

ST

ST

ST

CT

ST

ST

ST

ST

CT

2 ȦQ

Ȧ

single crystal

powdered sample
× 10

ST1

ST2

ST1

ST2

CT

Ȧ

ST1

ST2

ST1

ST2

CT

2 ȦQ

��ȦQ

b

d

2 ȦPAS2 ȦQ

ȦPASȦQ

e f

Figure 2.9: Nuclear spin energy levels for spin quantum numbers (a) I = 1 and (b) I = 5/2 showing 
the perturbation of the Zeeman energy levels according to first- and second-order perturbation 
theory.17 In (c) and (d), simulated NMR spectra of a single crystal and in (e) and (f) simulated NMR 
spectra of a powdered solid for (c, e) I = 1 and (d, f) I = 5/2. Note that for the simulated NMR 

spectra shown in (e) and (f) the quadrupolar asymmetry parameter, ηQ, is set to zero for simplicity. 
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 For a single crystal, the NMR spectrum of a nucleus with spin 

quantum number I = 1 contains a doublet with two components separated 

by 2 ωQ, as shown in Figure 2.9 (c). For a powdered solid, the dependence 

of ωQ on θ, when ηQ = 0, results in the anisotropic broadening of the 

spectrum and a Pake-doublet lineshape is observed, as shown in Figure 

2.9 (e). In this example, the width of the lineshape is proportional to the 

magnitude of CQ and the shape of the line is determined by ηQ. For a 

nucleus with a half-integer spin, e.g., I = 5/2, the effect of the quadrupolar 

coupling interaction is slightly different, as shown in Figure 2.9 (b). This 

time the central transition (CT) (mI = +1/2 ⟷ mI = −1/2) is unaffected by 

the interaction to a first-order approximation. However, the satellite 

transitions ST1 (with mI = ±3/2 ⟷ mI = ±1/2) and ST2 (with mI = ±5/2 ⟷ 

mI = ±3/2) are affected and now have frequencies of (ω0 ± 2 ωQ) and (ω0 ± 4 

ωQ). For a single crystal, the NMR spectrum will exhibit five resonances, as 

shown in Figure 2.9 (d). As a powder sample, the NMR spectrum will 

consist of a broadened CT and much broader STs, as shown in Figure 2.9 

(f). 

 

 In many cases, the magnitude of the quadrupolar coupling 

interactions is such that the first-order perturbation theory describing the 

effect on the energy levels is no longer sufficient and so higher-order 

perturbation theory is needed. All transitions are now affected by the 

second-order perturbation, with a correction to the frequency of a given 

transition, q, for a spin I nucleus. This is given by 

 
 
ω  =  

ωQ
PAS( )2

ω0

 
A0  I,  q( )  +  A2  I,  q( )
P2  cos  θ( )  +  A4  I,  q( )  P4  cos  θ( )

⎛

⎝
⎜

⎞

⎠
⎟   , (2.85) 

again assuming ηQ = 0 for simplicity, where Pn (cos θ) are the nth-order 

Legendre polynomials 
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P2  cos  θ( )  =  

1
2

 3 cos2  θ −  1( )   , (2.86) 

 
 
P4  cos  θ( )  =  

1
8

 35 cos4  θ −  30 cos2  θ +  3( )   , (2.87) 

and An (I, q) are spin- and transition-dependent coefficients, which can be 

found in the literature.19 The resulting spectrum will now be both shifted 

from its isotropic chemical shift value, by an isotropic second-order 

quadrupolar shift (proportional to A0 (I, q)), but also anisotropically 

broadened. The broadening will then increase with increasing CQ, but will 

lessen with increasing magnetic field strength.  

 

 
2.5  Experimental methods 
2.5.1  Obtaining high-resolution NMR spectra 
2.5.1.1 Magic angle spinning 

Discovered in the late 1950’s, independently by Andrew20 and Lowe,21 

magic angle spinning (MAS) is now the most common technique used in 

order to achieve high-resolution solid-state NMR spectra. Previously, 

Section 2.4 discussed the various internal interactions that can be of great 

importance when determining the structure of a material. However, the 

combination of all of these interactions can make it much more difficult to 

interpret solid-state NMR spectra. In solid-state NMR experiments 

powdered samples containing all possible crystallite orientations are 

typically used. Many of the internal interactions discussed in Section 2.4 

exhibit a similar orientation dependence, at least to first order, being 

proportional to P2 (cos θ). When a powdered sample is rotated around a 

fixed axis, then θ will vary with time. The experimental set up for the MAS 

technique is shown schematically in Figure 2.10. If θR is set to 54.736°, the 
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magic angle, then P2 (cos θ) = 0 and the average ⟨ 3 cos2 θ – 1 〉 is also equal 

to zero, assuming very fast MAS rates. Using this technique, the 

anisotropic interactions can be averaged to zero providing that the 

spinning rate is sufficiently rapid (typically three or four times greater in 

magnitude of the anisotropic interaction) so that θ is averaged compared 

with the size of the anisotropic interaction.4  

 

 For quadrupolar nuclei, MAS is only able to average out the first-

order quadrupolar coupling interaction. Owing to the interaction 

exhibiting a more complicated angular dependence, MAS alone cannot 

remove the second-order quadrupolar interaction. Subsequently, the 

broadening of the spectral resonances is still observed. Figure 2.11 shows 

șR

ı11

ơ

Ƨ

B0

ı22

ı33

Figure 2.10: A schematic diagram representing the magic angle spinning (MAS) technique utilised 
in solid-state NMR experiments. The rotor is packed with a solid powdered sample and rotated 

rapidly at the magic angle, θR = 54.753° with respect to the applied magnetic field (B0). The ellipsoid 

in the rotor defines a chemical shielding tensor with principal components; σ11, σ22 and σ33.4 
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Figure 2.11: Angular dependence of the Legendre polynomials P2(cos θ) and P4(cos θ), as shown by 
the red and blue lines, respectively.22 
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the dependence of the second- and fourth-rank Legendre polynomials on 

θ. Note that there is no single value of θ that can ensure each is zero 

simultaneously, but the fourth-rank Legendre polynomial is zero when θR 

= 30.56 or 70.12°.22 Under MAS, the fourth-rank Legendre polynomial is 

scaled by −0.389, and so the anisotropic interaction, although reduced in 

size, still remains in the spectrum.  

 

 
2.5.1.2  Spinning sidebands 

As mentioned in the previous section, the MAS rate must be of a sufficient 

rate in comparison with the magnitude of the anisotropy in order to 

reduce a powder pattern to an isotropic resonance. Figure 2.12 shows a 

series of simulated NMR spectra at different MAS rates. The static 

spectrum, shown at the top of the figure, resembles a typical powder 

pattern lineshape. If the spinning rate is insufficiently fast enough to 

average out the anisotropy, spinning sidebands will appear in the NMR 

spectrum in addition to the isotropic resonance(s). These spinning 

sidebands are then separated from such isotropic resonance by multiples 

of the spinning frequency. Note that the isotropic resonance will not 

change its position in the NMR spectrum with increasing or decreasing 

spinning rate and allows isotropic peaks to be identified.  

 

 For a rotating powdered solid, the anisotropic contribution to the 

chemical shift interaction is time dependent. This is due to the orientation 

of the principal axis of the CSA tensor, which varies with time (with 

respect to the static laboratory frame). However, since the CSA tensor is 

fixed relative to the rotor frame, the contribution of the CSA to the 

observed frequency is given as4 
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   ω Ω;  t( )  =  −ω0  b0
R  σR  b0

R
  , (2.88) 

where Ω is defined as the molecular orientation at time (t) and   b0
R is the 

unit vector, which has a direction parallel to B0 in the rotor axis frame R 

and takes the form 

 
  b0

R  =  sinθR  cos ωR  t( ) ,  sinθR  sin ωR  t( ) ,  cosθR( )   . (2.89) 

In the principal axis system (PAS) of the CSA tensor, σR can be expressed 

in terms of σPAS 

13C į (ppm)
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Figure 2.12: Simulated and normalised 13C (14.1 T) static and MAS NMR spectra when δiso = 100 

ppm, Ω = 100 ppm and κ = 0.5 at the MAS rate shown. 
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σR  =  R−1 α, β,  γ( )  
σ11 0 0
0 σ22 0
0 0 σ33

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
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⎟

 R α, β,  γ( )   , (2.90) 

where R(α, β, γ) is the rotation matrix, which rotates the PAS into the rotor 

frame using three Euler angles α, β and γ. When θR is equal to 54.736° then 

    
 

ω  α, β, γ ;  t( )  =  −ω0

σ iso + A1 cos ωRt + γ( ) + B1 sin ωRt + γ( )⎡⎣ ⎤⎦
A2 cos 2ωRt + 2γ( ) + B2 sin 2ωRt + 2γ( )⎡⎣ ⎤⎦

⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪
  , (2.91) 

where A1, B1, A2 and B2 are defined in Appendix A.1.4 The first term in 

Equation 2.91 describes the isotropic shielding component and the 

remaining terms then showing an oscillation of the frequency at ωR and 

2ωR, respectively. If the MAS rate is smaller than the magnitude of the 

anisotropy, these terms (A1, B1, A2 and B2) give rise to spinning sidebands 

in the NMR spectrum. Conversely, if the MAS rate is much greater than 

the magnitude of the anisotropy, these terms will have little or no effect on 

the NMR spectrum. The spinning sideband pattern described by Equation 

2.91 can also be used to produce a corresponding pattern arising from 

heteronuclear dipolar coupling and first-order quadrupolar coupling 

interactions by substituting the appropriate tensor into the equation.4  

 

 
2.5.1.3 Decoupling 

MAS can often give high-resolution solid-state NMR spectra. However, 

this technique may not be able to completely remove spin-spin 

interactions such as the dipolar or the J-coupling interactions. In such 

cases it is possible to remove this interaction not by averaging it in real 

space, but in ‘spin space’ through the manipulation of rf pulses. This is 
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known as decoupling.2,4,6 In solids the largest contribution to spectral 

linewidth is due to dipolar coupling interactions and so removal of this 

interaction is advantageous in order to achieve high-resolution solid-state 

NMR spectra.  

 

 Heteronuclear decoupling is the removal of the dipolar coupling 

interaction between two nuclear spins, I and S. The simplest decoupling 

sequence is continuous wave (CW), where a continuous rf irradiation (that 

has no specific phase or amplitude) is applied on spin S, often during the 

signal acquisition of spin I. More efficient decoupling sequences have been 

developed, such as Two Pulse Phase Modulation (TPPM)23 and Small 

Phase Incremental Alternation (SPINAL)24,25 decoupling &. In TPPM, the 

pulse sequence consists of a repeating unit of two pulses of the same flip 

angle (~170°) with the phase alternating between +ϕ and –ϕ, where ϕ is 

typically found in the notation of the sequence, e.g., TPPM-15 for ϕ = 15°. 

For the SPINAL decoupling sequence the basic element, Q, is 

 
  Q =  P 10!( )P 10!( ) P 15!( )P 15!( ) P 20!( )P 20!( ) P 15!( )P 15!( )   , (2.92) 

where P(m°) denotes a pulse with a flip angle of 165° and a phase of m, 

the overbar in the above equation defines a pulse or element that is out of 

phase, e.g., P(−10°). Q is then super cycled, e.g., for SPINAL-64 

  SPINAL-64 =  Q Q Q Q Q Q Q Q   . (2.93) 

 

 Fast MAS can average out dipolar coupling interactions for 

inorganic materials with no 1H. However, MAS is not able to remove the 
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isotropic component of the J coupling interaction. As a result, spectral 

lines may still be broadened. As the magnitude of the J coupling 

interaction tends to be smaller than the stronger dipolar coupling 

interaction, the power of the rf irradiation can be much smaller. For 

quadrupolar nuclei, the interaction between the rf irradiation, sample 

spinning and the quadrupolar coupling interaction can be complex. 

Typically, under MAS, low power CW decoupling is used to remove the J 

coupling interaction arising from the quadrupolar nuclei in order to obtain 

high-resolution NMR spectra of spin I = 1/2 nuclei.26 In 2007, Delevoye et 

al. developed a heteronuclear decoupling sequence for quadrupolar nuclei 

which offered an improvement to low power CW decoupling and is called 

rotor-asynchronised multi-pulse (RA-MP) decoupling.27 The RA-MP pulse 

sequence consists of a pulse with length τp and a delay between the pulses 

τd. During the optimisation process, τp and τd are allowed to vary and ideal 

values are found when permitted to deviate away from rotor 

synchronisation. It was also noted that utilising this type of decoupling 

pulse sequence was less demanding on the probe circuitry when 

compared with CW decoupling. 

 

 
2.5.2  Basic NMR experiments 
2.5.2.1 The pulse and acquire experiment 

The pulse sequence for the simplest NMR experiment is sometimes 

referred to as ‘pulse-and-acquire’ experiment, shown schematically in 

Figure 2.13 (a). Transverse magnetisation is created by the application of 

an rf pulse. To prevent interference from ‘probe ringing’, a small delay, τD, 

known as the ‘dead time’, is required before the start of the acquisition of 

the FID.2,18 Before the next pulse then is applied, it is necessary to allow the 

magnetisation to return to thermal equilibrium. The time taken to do this 
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is termed as the ‘recycle interval’ and is typically chosen to be 5 × T1 to 

ensure that at least 99% of the magnetisation is recovered.2,3  

 

 One of the problems with the conventional NMR experiment as 

described above is that if a sample exhibits fast transverse relaxation (T2) 

there is the possibility that much of the useful signal will be contained 

within the dead time (τD) and can result in a distorted NMR spectral 

lineshape. To overcome this problem it is possible to use a spin echo pulse 

sequence,28 as shown schematically in Figure 2.13 (b), where the start of 

signal acquisition is delayed by time (τ), and thus enabling the entire FID 

to be acquired. This is achieved practically by introducing a delay (τ) after 

the creation of the magnetisation, where a second pulse (with a flip angle 

of 180°y) is then applied. This action refocuses the dephased magnetisation 

Figure 2.13: Schematic pulse sequences for (a) a conventional direct excitation NMR experiment, 
i.e., pulse and acquire, (b) the spin echo28 and, (c) the CPMG experiment.29,30 The purple boxes 

indicate the dead time, τD, before the start of the acquisition of the FID, which is needed to take into 
account probe ring down. In (d) and (e) the Fourier transformation of a spin echo and a CPMG 
experiment, respectively, of 119Sn in SnO2. The spacing between the spikelets in (d) is 975 Hz. 
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and after a second delay (τ) the FID can then be recorded. The spin echo 

experiment has gone on to form the basis of many more complex NMR 

experiments. 

 

 
2.5.2.2 The CPMG experiment 

The Carr-Purcell-Meiboom-Gill (CPMG) experiment was first developed 

by Carr and Purcell in 195429 initially as a method of measuring T2 

relaxation constants but was further developed by Meiboom and Gill in 

1958 who then modified the phases of the pulses.30 Figure 2.13 (c) shows a 

schematic pulse sequence for a CPMG experiment, where n is the number 

of echoes to be acquired. The pulse sequence initially resembles that for a 

spin echo experiment, but after the third τ delay the magnetisation is 

refocused through the application of another 180°y pulse, and this is then 

repeated n times to produce a train of echoes. Fourier transformation 

results in an NMR spectrum containing ‘spikelets’, which traces out the 

spectral lineshape. Figures 2.13 (d) and (e) show the 119Sn NMR spectra of 

SnO2 acquired with the spin echo and CPMG experiments, respectively. 

As the entire signal is contained within these spikelets, there is a 

significant gain in peak height-to-noise ratio (at the expense of resolution), 

which is determined by the spacing of the spikelets, 1/2τ Hz. A 

consequence of using the CPMG experiment is that all isotropic chemical 

shift information is subsequently lost due to the refocusing properties of 

the spin echo, i.e., each spikelet does not correspond to an individual 

chemical shift and a spikelet is observed at the transmitter frequency at 

the centre of the NMR spectrum.  
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2.5.2.3 The cross-polarisation experiment 

In 1962, Hartmann and Hahn discovered a double resonance condition 

whereby a system of dilute spins, such as 13C or 15N, could be detected by 

observing the cumulative effects on a more abundant spin system, such as 
1H.31 Later, in 1973, Pines et al. utilised this double resonance condition for 

the transfer of magnetisation, or ‘cross polarisation’, from an abundant 

spin to that of a dilute spin in order to achieve higher sensitivity.32 Figure 

2.14 (a) shows a schematic pulse sequence for a cross-polarisation 

a

I

S

90°x

decoupling

b

150 100 50 0200
13C į (ppm)

Figure 2.14: (a) A schematic pulse sequence for a cross-polarisation experiment.32 Transverse 
magnetisation is created on spin I, after which it is transferred to spin S through the application of a 
spin-lock pulse during a ‘contact time’. The FID is then recorded on spin S usually under the 
application of decoupling on spin I. In (b), 13C (14.1 T, 12.5 kHz) MAS NMR spectra of l-alanine 
acquired using direct excitation (red line) and cross polarisation (black line) NMR experiments, 
respectively, and the spectra are the result of averaging 32 transients using recycle intervals of 30 
and 3 s, respectively, and 1H TPPM-1523 decoupling was used throughout signal acquisition. 
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experiment. Transverse magnetisation is created on spin I through the 

application of a 90°x pulse, where I is typically a nucleus that has a high 

gyromagnetic ratio and high natural abundance. This is then followed by 

a spin-locking pulse, applied simultaneously to both spin S and I, where 

the magnetisation of spin S is brought into equilibrium with spin I in the 

rotating frame. The phenomenon of transferring magnetisation from one 

spin to that of another will only occur when the nutation frequency of spin 

I matches that of spin S in the rotating frame. This is called the Hartmann-

Hahn match condition,31 and is given by 

  ω1 I  =  ω1 S   . (2.94) 

If MAS is used, the sample rotation will introduce time dependence and 

the Hartmann-Hahn match condition is then altered to give 

  ω1 I  =  ω1 S  +  n ωR   , (2.95) 

where n is typically one or two, and ωR is the spinning frequency.  

 

 In 1994, Metz et al. modified the spin-locking pulse to ensure that 

the Hartmann-Hahn match condition was met for more crystallites in a 

solid sample by utilising a ‘ramped’ pulse on spin I, as shown in Figure 

2.14 (a).33 The rate of polarisation build up during a spin-lock pulse is 

governed by the strength of the heteronuclear dipolar coupling interaction 

between I and S, and the rate of spin diffusion for spin I. The rate of decay 

for spins I and S during the spin-lock pulse is in turn governed by the 

rotating frame relaxation time constants T1ρ
I and T1ρ

S.  
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 One of the benefits of using the cross-polarisation experiment is 

that it offers a signal enhancement of spin S by a factor, N, on the order of 

the ratio of γ for spins S and I, given as 

 
 
N =  γ I

γ S
 1 −  NS

NI

⎛
⎝⎜

⎞
⎠⎟

  , (2.96) 

which is γI/γS when NI >> NS.2,18 An additional benefit in using a cross-

polarisation NMR pulse sequence is that the recycle interval between 

experiments, typically required to be 5 × T1, is now dependent upon the 

spin from which cross-polarisation originates, which is often a nucleus 

that exhibits a high natural abundance and high γ. As a result, each 

experiment can usually proceed with a much shorter recycle interval, 

allowing more transients to be acquired and so increasing the signal-to-

noise ratio obtained per unit of time.4 Figures 2.14 (b) and (c) show the 

difference in the spectral resonances between a 13C MAS NMR experiment 

on l-alanine acquired using direct polarisation and cross polarisation, 

respectively. The gain in signal-to-noise is ~2.6. 

 

 
2.5.2.4 Longitudinal relaxation experiments 

Longitudinal relaxation is the return of the z component of the 

magnetisation to its thermal equilibrium value and is described by a time 

constant (T1). It is important that the correct recycle interval is chosen if 

quantitative NMR spectra are to be acquired as otherwise full relaxation of 

magnetisation may not be achieved and the relative intensities of the 

spectral resonances in an NMR spectrum will not be accurate. 

Measurements of T1 can be made through the use of two approaches. The 

first is the inversion recovery experiment, with the pulse sequence shown 

schematically in Figure 2.15 (a).18 This experiment starts with a recycle 
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interval of at least 5 × T1, which is then followed by a 180° pulse, resulting 

in the inversion of the longitudinal magnetisation. A period of time (τrec), 

which is incremented, allows the magnetisation to recover before a 90°x 

pulse is applied and the resulting of signal is then recorded. A plot of the 

intensity of the spectral resonance against τrec can provide the value of T1 

by fitting the data to the following equation 

a b
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Figure 2.15: Schematic pulse sequences and plots of the resulting signal intensity at values of τrec or 

τ for (a) the inversion recovery, (b) the saturation recovery and (c) the T1CP experiment developed 
by Torchia.34 
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I =  I0  1 −  2 exp  −τrec

T1

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

  , (2.97) 

where I0 is the initial amount of signal. The lower part of Figure 2.15 (a) 

shows a plot of the analytical function presented in Equation 2.97. For 

accurate determination of the T1 value(s), the inversion recovery 

experiment requires that before the initial pulse the magnetisation has 

fully returned to equilibrium. As a result, this experiment is not practically 

suited to nuclei that exhibit exceptionally long T1 values.  

 

 The saturation recovery experiment, therefore, offers an 

alternative approach to measuring T1 and the pulse sequence is shown 

schematically in Figure 2.15 (b).18 In this experiment, magnetisation is 

initially destroyed through the application of a saturation train, consisting 

of a series of 90° pulses each separated by a short delay (τsat). 

Subsequently, a period of time (τrec), which is again incremented, allows 

the magnetisation to begin to recover before a 90°x pulse is then applied 

and the resulting signal is then recorded. A plot of the signal intensity 

against τrec enables T1 to be extracted using 

 
 
I =  I0  1 −  exp  −τrec

T1

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

  , (2.98) 

where I0 is the initial amount of signal. The lower part of Figure 2.15 (b) 

shows a plot of the analytical function presented in Equation 2.98. One 

advantage of using the saturation recovery experiment is the shorter 

experimental time, removing the need for a recycle interval of 5 × T1 to be 

employed.  
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 T1 measurements are typically performed using the two NMR 

experiments mentioned above. However, for isotopically-dilute spins, 

such as 13C, it is much more difficult to acquire natural-abundance NMR 

spectra and directly measure the T1 values. Accordingly, in 1978, Torchia 

developed a pulse sequence (T1CP), which uses the advantage of the 

signal enhancement that the cross polarisation experiment offers, in order 

to measure T1 values on these isotopically dilute spins.34 Another 

advantage to T1CP is that the recycle interval between experiments needs 

only to be the value required for the spins from which cross polarisation 

begins, e.g., the 1H recycle interval is typically between 1 and 5 s as 

opposed to 30 s for 13C or 120 s for 29Si.  

 

 The pulse sequence for the T1CP experiment is shown 

schematically in Figure 2.15 (c).34,35 The experiment consists of two similar, 

but not identical, pulse sequences and starts with transverse 

magnetisation being created on the I spin through the application of a 90°y 

pulse. A spin-lock pulse is then applied on spin I and spin S 

simultaneously in order to transfer magnetisation. After CP, the 

magnetisation on spin S is then subjected to a 90°−y pulse, such that the 

spins will now be aligned along the z axis, and the magnetisation is stored 

for a period of time, τ. The amount of spin S magnetisation decays 

exponentially from its initial state (MCP (0)) equilibrium (M0) and with a 

time constant T1. The state of the magnetisation at this point is given by 

       
 
Mz 1  τ( )  =  Mcp  0( )  −  M0

⎡⎣ ⎤⎦  exp  −τ
T1

⎛
⎝⎜

⎞
⎠⎟  + M0  MA  τ( )⎡⎣ ⎤⎦z

  , (2.99) 

where MA (τ) is the unwanted, non-CP signal arising from the first 90°−y 

pulse. Finally, the resulting S-spin magnetisation is then recorded, 

typically under decoupling of spin I. The second pulse sequence is 
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identical to the first, but with the initial 90°−y pulse on spin S phase shifted 

by 180°, with the phase of the receiver also being shifted by the same 

amount. The state of the magnetisation on spin S at the beginning of τ is 

then given by 

       
 
Mz 2  τ( )  =  −Mcp  0( )  −  M0

⎡⎣ ⎤⎦  exp  −τ
T1

⎛
⎝⎜

⎞
⎠⎟  + M0  MA  τ( )⎡⎣ ⎤⎦z

  . (2.100) 

The unwanted magnetisation (MA (τ)) in the second experiment is the 

same as in the first. Therefore, if the signal derived from the first 

experiment is subtracted from the second the net signal gain N is 

proportional to  N MCP  0( )  exp  −τ/T1( ) , where N is an even number. For 

each value of τ, the spectra can be Fourier transformed and the intensity of 

the resonances can be used to plot a graph of τ against the total amount of 

signal. The T1 value for each resonance can subsequently be found by 

using the following equation 

  MCP  τ( )  =  M0  exp  −τ/T1( ) . (2.101) 

 

 
2.5.3  Two-dimensional NMR experiments 
2.5.3.1 The CSA-amplified PASS experiment 

In principle, the ability to measure both the isotropic and anisotropic 

shielding parameters could reduce the many challenges of assigning and 

interpreting solid-state NMR spectra. Measurements of the chemical shift 

anisotropy (CSA) can be made by single-crystal NMR or through the 

analysis of the powder-pattern lineshape.36 The former is hindered by the 

need to synthesise a single crystal that is large enough for analysis and the 
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need for a specialist probehead. The latter then suffers from poor 

sensitivity (particularly if the powder pattern is broad) and if there is more 

than one resonance in the spectrum the overlap of the powder patterns 

can make spectral analysis very difficult. Thus, the CSA is often instead 

analysed by measuring the spinning sideband intensities present in a MAS 

NMR spectrum.  

 

 Conversely, if the nucleus experiences a near cubic symmetry the 

CSA will be very small and very slow MAS rates will need to be utilised. 

However, one of the common problems with using these MAS rates is the 

inability to spin sufficiently slow to introduce enough spinning sidebands 

for analysis. Another problem that could be encountered is the instability 

of the MAS rotor at slow MAS rates. In a bid to counteract this, a range of 

CSA amplification methods have been developed over the last few years 

in order to reintroduce the CSA in the indirect dimension of a two-

dimensional MAS NMR experiment, where the MAS rate is scaled by 

some fraction of the MAS rate used in the direct dimension.37  

 

 The general principle of a CSA-amplified NMR experiment is to 

give a spectrum in which the relative intensities of the spinning sideband 

manifolds are identical to those which would be observed if the samples 

were spinning at some fraction of the actual MAS rate (ωr = 2π/τr). One 

approach to this is the two-dimensional CSA-amplified PASS experiment 

developed by Orr et al. in 2005,38 which uses the pulse sequence shown 

schematically in Figure 2.16. Transverse magnetisation is created either 

directly, as shown in Figure 2.16, or through the use of cross polarisation. 

The magnetisation is then allowed to evolve through the application of a 

series of specifically timed π pulses during a fixed t1 time period which has 

a duration of four rotor periods in order to achieve a scaling factor (χa); 
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determined by the specific timings of the π pulses. Subsequent 

concatenation of the five π pulse block can be performed in order to 

achieve higher scaling factors and an additional π pulse is applied 

between each pulse block, in order to ensure that the isotropic component 

is refocused. The total scaling factor (χT) is given as 

  χT  =  nPASS  +  1( )  χa   . (2.102) 

After the evolution of the magnetisation the accumulated signal is 

acquired as a function of t2. A complex double-Fourier transformation is 

then performed. 
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Figure 2.16: (a) Schematic pulse sequence for the two-dimensional CSA-amplified PASS 
experiment developed by Orr et al.38,42 Upon creation of transverse magnetisation through the 

application of a 90°x pulse, the magnetisation then evolves under a series of five-π pulses during a 
fixed t1 time period consisting of four rotor periods. In (b) concatenation of the initial five-π pulse 

block (nPASS) separated by a sixth π pulse, allows for higher scaling factors to be achieved. The total 

scaling factor is, therefore, given as χT = (nPASS + 1) × χa. In both (a) and (b), the resulting FID is then 
recorded as a function of t2. 
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 The basic principle of the PASS pulse sequence is the generation of 

delayed rotational echoes by a series of carefully timed π pulses, which 

results in the spinning sidebands oscillating with different frequencies 

(exp(i k ωr t))37,39-41 where k is the spinning sideband order. The overall 

delay in the rotational echoes develops phase shifts (ϕk) that are 

characteristic for each sideband,  

  φk  =  − k ω r  t0  =  − k Θ   , (2.103) 

where Θ is the exact phase of the pitch parameter. At the same time, the 

PASS pulse sequence refocuses the isotropic chemical shift contribution. A 

brief theoretical description of the two-dimensional CSA-amplified PASS 

pulse sequence can be found in Appendix A.2. 

 

 The amplification of the CSA in a two-dimensional experiment 

arises due to the phase accumulation under the anisotropic part evolving 

χa times more rapidly in the indirect dimension than in the direct 

dimension.37 The ideal two-dimensional CSA amplification FID, negating 

any relaxation, is given as 

 
 

Sc  t1  ;  t2  ;  γ( )  =  exp  i 
χi  ωc

0( )  t1  +  χa  

ξc  t1  ;  γ( )( )  −  ξc  0 ;  γ( )
⎡
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⎤
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                                ×  exp  i 
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⎪
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  ,  (2.104) 

where χi is the undesired scaling of the isotropic part of the chemical shift, 

χa is the scaling of the anisotropic part and does not necessarily have to 

take an integer value and the phase accumulation of the isotropic part 

being contained within t2 when χi = 0. The component, ξc (t ; γ) – ξc (0 ; γ), 
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describes the phase accumulation of the magnetisation during acquisition 

time owing to the anisotropic part, where 

 
 
ξc  t2  ;  γ( )  =  

ωc
m( )  γ( )

m ≠ 2
∑  exp  i m ω r  t( )

i m ω r

  . (2.105) 

In order to determine the specific timings of the π pulses, a PASS sequence 

can be considered as having a total duration (T) with q number of π pulses 

of infinite amplitude, which are applied at timings (t(p)).38 The phase 

accumulated during the pulse sequence is then given as 

 

 

 

φc  t ;  γ( )  =  ωc
0( )  τseq  +  ξc  t ;  γ( )  −  −1( )q

                      2   −1( )p  ξc  t p( )  ;  γ( )  +  ξc  0 ;  γ( )
p = 1

q

∑
⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪
  ,

 (2.106) 

with 

 
 
τseq  =  T −  2  −1( )p − q  t p( )

p = 1

q

∑   . (2.107) 

If τseq = 0, then  ωc
0( )  is removed from Equation 2.106, the undesired scaling 

(χi) of the isotropic chemical shift component in Equation 2.104 will also be 

removed. Solving the equations given in Equation 2.107, for when m = ± 1 

and m = ± 2, and in the case that ϕc = (T ; γ) = ξc (T ; γ) and τseq = 0, gives the 

timings of the π pulses. When q = 5 the follow equation is equal to zero, 

  
 
0 =  χa − 2− χa  exp  −i m Θ{ }  −  2  −1( )p

 exp  i m ω r  t p( )( )
p = 1

5

∑
⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪
  . (2.108) 

The pitch (Θ) is then incremented from 0 to 2π in steps of 16 or 32 and the 

total length, T, of the five-π pulse block is set to 4 τr. T is set to 4 τr is to 
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avoid pulse collisions. Orr et al. have also found solutions of the pulse 

timings for when the scaling factor (χa) falls between  2 ≤  χa  3.4 .38,42   

 

 
2.5.3.1.1 Extraction of the CSA NMR parameters 

Analysis of the CSA parameters is performed through extraction of the 

sideband manifolds from the indirect dimension of the two-dimensional 

CSA-amplified PASS spectrum. If there are any spinning sidebands in the 

direct dimension, they are added to the intensity of the corresponding 

isotropic peak to ensure accurate results. The extracted sideband manifold 

is fitted using SIMPSON,10,11 a general-purpose software package for the 

simulation of solid-state NMR experiments. Fitting of the spinning 

sideband manifolds in the indirect dimension is carried out either by 

comparison to a one-dimensional MAS spectrum (assuming ideal pulses) 

or by complete simulation of the two-dimensional experiment (and an 

estimated rf field strength) and these programs are further detailed in 

Appendix A.3.38,42  

 

 The root-mean-square (rms) error deviation away from a perfect 

fit is then calculated for every iteration and when a minimum is reached 

the simulated spectrum is saved. Contour plots of the rms error deviation 

can give information on the goodness of the fit, where different values of 

Ω and κ for a given MAS rate are analysed against the extracted sideband 

manifold(s). (See Appendix A.3 for details of the SIMPSON programs 

used for fitting the extracted spinning sideband manifold and analysis of 

the goodness of the fit.) As an example, Figures 2.17 (a) and (b) shows the 
31P MAS NMR spectra acquired using fast (14 kHz) and slow (5 kHz) MAS 

rates, respectively. Figure 2.17 (c) shows a stacked plot of a 16-row 31P  
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Figure 2.17: (a, b) 31P (14.1 T) MAS NMR spectra of monosodium alendronate dihydrate, acquired 
using MAS rates of 14 and 5 kHz. Spectra are the result of averaging 24 transients using a recycle 
interval of 30 s. In (c), stack plot of the individual rows, ordered by the spinning sideband order, k, 
from the 31P (14.1 T, 14 kHz) two-dimensional CSA-amplified PASS experiment. Each PASS 
spectrum is the result of averaging 56 transients using a recycle interval of 30 s. In (d), extracted 
sideband manifolds (black line) for the two 31P sites and overlaid are the analytical fits (red lines). 
In (e), the contour error plots of the rms deviation for the two 31P sideband manifolds. In (b, c), 1H 

continuous wave (CW) decoupling was applied. Other experimental parameters: nPASS = 1, χT = 
3.3333. 
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Table 2.1: Literature43 and experimental results from analytical fits of the 31P CSA parameters for 
the two P sites in monosodium alendronate dihydrate. The 31P CSA parameters from the fast, slow 
and two-dimensional CSA-amplified PASS were made from the spectra shown in Figure 2.16. 

δiso (ppm) Ω (ppm) κ  

Literature43 

17.1 (1) 150.2 0.10 

22.1 (1) 130.0 −0.23 

   

Fast MAS 

17.8 (1) 153.9 0.15 

22.4 (1) 134.4 −0.13 

   

Slow MAS 

17.8 (1) 148.1 0.11 

22.4 (1) 126.6 −0.24 

   

CSA-amplified PASS 

17.5 (1) 149.9 ± 7 0.13 ± 0.1 

22.2 (1) 127.1 ± 7 −0.23 ± 0.1 

two-dimensional CSA-amplified PASS spectrum of monosodium 

alendronate dihydrate and Table 2.1 gives the extracted CSA parameters 

from the fitting of the spinning sideband manifolds of the spectra 

contained in Figures 2.17 (a) and (b), along with corresponding literature 

values.43 To extract the 31P CSA parameters from the two-dimensional 

CSA-amplified PASS spectrum, the spinning sideband manifolds are 

extracted and are fitted using SIMPSON, as shown in Figure 2.17 (d), 

assuming ideal pulses, with the results given in Table 2.1. There is good 

agreement between the extracted and the literature values. Contour plots 

of the rms error deviation for each fit are shown in in Figure 2.17 (e). 
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2.5.3.2  The MQMAS experiment 

First proposed by Frydman and Harwood in 1995,44 the multiple-quantum 

magic angle spinning (MQMAS) experiment is a two-dimensional 

experiment that correlates multiple- and single-quantum coherences. The 

MQMAS experiment results in high-resolution NMR spectra for nuclei 

with half-integer spin quantum numbers, e.g., I = 3/2, 5/2, 7/2 and 9/2, 

through the complete removal of the second-order quadrupolar 

broadening and without the need for a specialist probe.17 Under MAS, the 

frequency of a symmetric multiple-quantum transition is given by  

 
 
ω+m↔−mI

 =  
ωQ

PAS( )2

ω0

AI,mI

0 +  AI,mi

2  d00
2 θ( )  d00

2 θR( )
+ AI,mi

4  d00
4 θ( )  d00

4 θR( )
⎛

⎝
⎜

⎞

⎠
⎟   , (2.109) 

assuming ηQ = 0 for simplicity, where the values of  AI, mI

0  are given in 

Appendix A.4 for half-integer spins and are the spin- and transition-

dependent coefficients for the isotropic and anisotropic terms. The Wigner 

reduced rotation matrix elements45 are given by 

 d00
2  θ( ) ,  d00

2  θR( ) ,  d00
4  θ( )  and d00

4  θR( ) , where 

 
 
d00

2 θd( )  =  
1
2

3 cos2 θ−1( )   , (2.110) 

 
 
d00

4 θd( )  =  
1
8

35 cos2 θd − 30 cos2 θd + 3( )   , (2.111) 

and 

  θd  =  θ,  θR   . (2.112) 
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Table 2.2: MQMAS ratios for nuclei with half-integer nuclear spin quantum numbers.19 

spin, I mI = ± 3/2 mI = ± 5/2 mI = ± 7/2 mI = ± 9/2 

3/2 −7/9     

5/2 19/12 −25/12   

7/2 101/45 11/9 −161/45  

9/2 91/36 95/36 7/18 −31/6 

Under MAS conditions, the second-rank terms ( d00
2  θ( ) ) will be averaged 

out whereas the fourth-rank term ( d00
4  θ( ) ) is only partially averaged. 

Negating any relaxation, the resulting time-domain signal of a MQMAS 

experiment will be 

  
S t1 ,  t2( )  =  exp −i ω+mI  ↔ −mI

 t1( )exp −i ω+1/2 ↔ −1/2  t2( )   . (2.113) 

 

 The fourth-rank anisotropic component of the quadrupolar 

broadening is refocused when t2 = R t1, where 

  
R =  

AI, mI

4

AI, 1/2
4

  , (2.114) 

and is different for each spin system and coherence order. This value is 

termed as the MQMAS ratio and can be found in Table 2.2. After a Fourier 

transformation, a two-dimensional spectrum with a series of ridges lying 

along a gradient (R) is observed, as shown in Figure 2.18 (a). A shearing 

transformation is then needed to obtain a spectrum that contains ridges 

that lie parallel to δ2. It maybe noted that the isotropic component of the 

quadrupolar interaction is not refocused in this condition. 

 



 83 

 The simplest MQMAS pulse sequence is shown in Figure 2.18 (a) 

and was adapted from the original pulse sequence by Frydman and 

Harwood.44 Triple-quantum coherences are allowed to evolve during t1 

through the application of an excitation pulse where, after a period of 

time, they are converted to single-quantum coherences through the 

application of another pulse and the signal is recorded as a function of t2. 

Also shown in Figure 2.18 (a) are the coherence transfer pathways, shown 

by the solid and dashed lines, and are chosen depending upon the sign of 

the MQMAS ratio as described above. If the MQMAS ratio is negative 

(e.g., for a spin quantum number I = 3/2), the triple-quantum coherence 

transfer pathway will follow the solid line, where if the MQMAS ratio is 

positive (e.g., for spin quantum number I = 5/2), it will follow the dashed 

line.  

b
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Figure 2.18: (a) Schematic pulse sequence and coherence pathway for the original MQMAS 

experiment. In (b), a shearing transformation is needed to obtain ridges that lie parallel to δ2. In (c) 
and (d), schematic pulse sequence and coherence transfer pathways for the z-filtered amplitude-
modulated47 and phase-modulated shifted-echo MQMAS experiments, respectively. 50,19 The dotted 
and solid lines shown in each of the coherence transfer pathways corresponds to the selected 
pathway, e.g., +3 or −3, depending upon the sign of the MQMAS ratio, shown in Table 2.2. 
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 There are a number of problems with this MQMAS experiment. 

Firstly, the Fourier transformation of the acquired signal results in a 

‘phase-twisted’ lineshape due to the real part of the signal containing both 

absorptive and dispersive parts as a consequence of the modulation of the 

phase of the signal during t1. Secondly, the filtration through multiple-

quantum coherences is very inefficient, and results in poor sensitivity. 

Furthermore, sensitivity of the experiment decreases as the CQ increases, 

which results in a non-quantitative experiment.46 

 

 Accordingly, there are a number of approaches to try and obtain a 

two-dimensional MQMAS spectrum that does not contain any phase-

twisted lineshapes. This can be achieved by performing an experiment 

that either modulates the amplitude of the signal during t1, or by acquiring 

the signal as a whole echo during t2. The z-filtered amplitude-modulated 

MQMAS experiment,47 with the pulse sequence shown in Figure 2.18 (c), is 

one such approach. In the z-filtered experiment, symmetric coherence 

transfer pathways are chosen to ensure that equal combinations of the two 

signals for all spins are acquired. However, selecting both +3 and −3 

coherence transfer pathway during the evolution of the triple-quantum 

coherences results in the loss of sign-discrimination during t1. The use of 

time-proportional phase incrimination (TPPI)48 or States-Haberkorn-

Ruben (STATES) methods,49 both involve a phase manipulation of the 

time-domain data in order to retrieve the sign discrimination.  
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 Another approach is the phase-modulated shifted-echo MQMAS 

experiment.50 This pulse sequence, shown schematically in Figure 2.18 (d), 

is where a single coherence transfer pathway is chosen during t1. The 

selected pathway, e.g., +3 or −3, ultimately depends upon the sign of the 

MQMAS ratio (as described above). Fourier transformation of a 

symmetrical whole echo produces a purely absorptive lineshape in the 

real part of the signal and zero in the imaginary part enabling two-

dimensional pure-phase lineshapes to be obtained. However, one issue 

with this experiment is that if the homogeneous broadening becomes 

significant, the echo will lose its symmetry and a dispersive contribution 

to the lineshape will become present in the imaginary part of the signal, 

resulting in some distortion.  

 

 The two approaches detailed above to obtain a pure-phase, two-

dimensional MQMAS NMR spectrum result in ridge lineshapes that lie 

along a diagonal, with gradients equal to the MQMAS ratio. As previously 

mentioned, a shearing transformation can also be applied to obtain a 

spectrum where the ridges are parallel to δ2. One way to avoid the need to 

utilise post-processing methods, such as shearing, was introduced by 

Brown et al.51,52 and the technique is called ‘split-t1’. Split-t1 experiments 

1
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í�

í�
í�

�
�

ĳ1 ĳ�

ĳ�tqd Ĳ sqd

Figure 2.19: Schematic pulse sequence of the ‘split-t1’ phase-modulated MQMAS experiment, 

where tqd = triple-quantum dimension, τ is an incremented delay and sqd is the single-quantum 
dimension.51,52 The dotted and solid lines correspond to the coherence transfer pathways, e.g., +3 or 
−3, and the pathway is selected depending upon the sign of the MQMAS ratio, shown in Table 2.2. 
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can be applied to any MQMAS NMR experiment with the correlation of 

multiple-quantum and single-quantum coherences. These coherences are 

split during the evolution time (t1) and thereby allowing the anisotropic 

broadening to be refocused before the acquisition of the signal starts 

(during t2). As an example, Figure 2.19 shows the pulse sequence of the 

phase-modulated MQMAS experiment, but with the split-t1 technique 

applied during t1, where kʹ or kʹʹ are equal to zero depending upon the 

sign of the MQMAS ratio. One of the benefits of applying the split-t1 

technique to the phase-modulated MQMAS pulse sequence is that there is 

no need to apply additional pulses (which is a requirement for the z-

filtered amplitude-modulated MQMAS pulse sequence), with no 

additional loss of signal.  

 

 As stated above, the MQMAS NMR experiment suffers from poor 

sensitivity owing to filtering through multiple-quantum coherences, 

which is a particular problem if significant quadrupolar broadening 

present. There have been some recent developments in trying to improve 

the sensitivity of the MQMAS experiment and specific focus has been 

subsequently made on the pulse that converts coherences from triple- to 

single-quantum. These conversion pulses have been shown to improve 

efficiency over the use of a single pulse and include double frequency 

sweep (DFS),53 fast amplitude modulation (FAM),53,55 soft pulse added 

mixing (SPAM),56,57 hyperbolic secant (HS)58 and FAM-N,59 where N 

denotes the number of oppositely-phased pulses in the composite pulse.  

 

 The Fourier-transformed, two-dimensional MQMAS NMR 

spectrum contains a wealth of information and extracting it can reveal the 

values of CQ, ηQ, and most importantly δiso.19 The isotropic spectrum, which 

is free from all quadrupolar broadening, can be obtained by projecting the 
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two-dimensional MQMAS spectrum onto an axis orthogonal to the axis 

containing the ridges. An example of this is shown in the 23Na triple-

quantum MAS spectrum of sodium pyrophosphate (Na4P2O7), as shown in 

Figure 2.20. This projection, shown along δ1 in Figure 2.20 (b), can provide 

details of the number of crystallographically unique sites in the material. 

Extraction of the four ridges parallel to δ2 and fitting the lineshapes, 

shown in Figure 2.19 (c), reveal the 23Na NMR parameters. If the ridges are 

not well defined then the quadrupolar product (PQ) can be used, and is 

defined as 

 
 
PQ  =  CQ  1 +  

ηQ
2

3
⎛

⎝⎜
⎞

⎠⎟

1/2

  . (2.115) 

PQ can be calculated by taking the values of δ1 and δ2 from the centre of 

gravity of the lineshape.  
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Figure 2.20: 23Na (14.1 T, 14 kHz) (a) MAS and (b) triple-quantum MAS NMR spectra of Na4P2O7. 
Spectra are the result of averaging 256 and 192 transients using a recycle interval of 5 s. In (c), cross 

sections (black), which have been extracted parallel to δ2, for each of the four Na species. The 
corresponding analytical fits (red) are overlaid with the experimental extractions, and the 23Na 
NMR parameters given to the right of each of the cross sections. 
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2.6  General solid-state NMR experimental 
details 

Solid-state NMR experiments were carried out at the solid-state NMR 

Facility at the University of St Andrews using Bruker Avance III 400 and 

600 MHz NMR spectrometers, equipped with wide-bore superconducting 

9.4 and 14.1 T magnets. Samples were packed into conventional 4.0, 3.2, 

2.5, 1.9 and 1.3 mm ZrO2 rotors and rotated at rates between 1 and 60 kHz. 
89Y-containing powdered samples were packed into 4.0 mm Si3N4 rotors to 

prevent the background signal appearing in the NMR spectrum. Solid-

state NMR experiments were carried out using commercially available 

double- or triple-resonance probes. For low-γ nuclei, such as 67Zn or 89Y, a 

commercial low-γ double-resonance 4.0 mm HX probe was used. Higher-

field solid-state NMR experiments were carried out at the UK 850 MHz 

Solid-State NMR Facility, held at the University of Warwick, using a 

Bruker Avance III 850 MHz NMR spectrometer equipped with a wide-

bore superconducting 20.0 T magnet. This facility was funded by the 

EPSRC and BBSRC, as well as the University of Warwick including via 

part funding through Birmingham Science City Advanced Materials 

Projects 1 and 2, supported by Advantage West Midlands (AWM) and the 

European Regional Development Fund (ERDF). For specific details 

relating to each experiment, see the relevant figure captions. 
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Chapter Three 
Computational Chemistry 

 
3.1  Calculating the electronic structure 

The ultimate goal of computational chemistry is to find the wavefunction 

of a system, from which all observables can then be calculated. The 

wavefunction can be calculated using a quantum-mechanical approach 

that solves (or approximates) the time-independent, non-relativistic 

Schrödinger equation. The Schrödinger equation takes the form 

   Ĥ R( )  Ψ r;  R( )  =  E R( )  Ψ r;  R( )   , (3.1) 

where   Ĥ R( )  is the Hamiltonian operator that is dependent upon the 

atomic coordinates (R) in the system and the kinetic energy of the 

electrons, together with their electrostatic interactions.1 The wavefunction, 

  Ψ r;  R( ) , contains information on the coordinates of the electrons (r) and 

nuclei (R). The total energy (E) of the system is given by 

  E = −Ek
e  −  Ek

n  −  EH
ne  −  EH

ee  −  EH
nn , (3.2) 

where  Ek
e  and  Ek

n  describe the kinetic energy of the electrons and nuclei, 

respectively.  EH
ne ,  EH

ee  and  EH
nn describe the potential energies due to 

nucleus-electron, electron-electron and nucleus-nucleus interactions, 

respectively.  
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 The Schrödinger equation, as shown in Equation 3.1, can be 

simplified through the Born-Oppenheimer approximation,2 which takes 

into account the fact that nuclei are much heavier than electrons and can 

be considered static on the timescale of electronic motion. Therefore, 

  Ψ r;  R( )  shown in Equation 3.1 can now be reduced to  Ψ r( )  and, as a 

consequence, electrons can now be thought of as moving in a field of static 

nuclei. As a further result of this approximation, nuclei in a system will 

have no kinetic energy ( Ek
n  =  0 ) and so the potential energy arising from 

nucleus-nucleus repulsive interactions ( Ek
nn ) then becomes a constant.  

 

 
3.2  The Hartree-Fock approximation 

The Schrödinger equation remains much too complicated to solve where 

there are many electrons in a system. One way to reduce this complexity is 

to treat the electrons in the system in an averaged way.3 The Hartree-Fock 

(HF) approximation is a wavefunction-based, quantum-chemical method 

and calculates the energy of the system directly in terms of wavefunction. 

In the HF approximation, each electron is described by an orbital and the 

total wavefunction is given as a product of these orbitals. Since the other 

electrons in the system are described by their respective orbitals, the 

equations in HF then depend on their own solution and each HF equation 

must, therefore, be solved iteratively. The key types of electron-electron 

interactions are exchange and correlation. The former is the exclusion of 

two electrons with same spin from the same space and is a quantum 

mechanical interpretation of the Pauli principle. The latter is the 

instantaneous electron-electron repulsion. The HF approximation goes on 

to describe the exchange exactly whilst disregarding the correlation.3 

Owing to the equations used in HF, the scaling of the computation 

required is O(N4), where O is the order (i.e., the number of mathematical 
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operations required to compute the system) and N is the number of 

electrons in the system. The order also provides information on the 

efficiency of the calculation.  

 

 
3.3  Density functional theory 

In 1964, Hohenburg and Kohn4 proved that the electron density of a 

system leads to a unique ground state energy and that this single variable 

(ρ) can be used instead of computing the full many-body wavefunction of 

the system. As of a result of density functional theory (DFT), high 

accuracy can be achieved and at moderate computational expense, where 

in the ideal case the scaling is O(N) but in practice the scaling is often 

O(N3). In 1965, Kohn and Sham introduced the concept of computing the 

ground state energy for an N-electron system as a set of independent-

particle equations,5 which is given as 

  
ρ r( )  =   Ψ i

* r( )  Ψ i r( )
i  = 1

n

∑
 , (3.3) 

where  Ψ i  and  Ψ i
*  are the Kohn-Sham states and the asterisk (*) indicates a 

complex conjugate. Accordingly, the electronic Schrödinger equation now 

becomes 

  Ĥ ρ[ ]  Ψ r( )  =  E Ψ r( )   , (3.4) 

where the Hamiltonian describes the energy of the system as a function of 

the electron density and is given by 
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  Ĥ ρ[ ]  =  T̂ +  V̂ne  +  V̂ee
non  int.  +  V̂XC   . (3.5) 

 T̂ ,  V̂ne  and  V̂ee
non  int.  denote the operators for the kinetic energy of the non-

interacting electrons, the potential energy due to the interaction between 

the electrons and nuclei, and the potential energy between non-interacting 

electrons, respectively.  V̂XC  then defines the potential energies produced 

as a result of the exchange and correlation of the electrons in the system 

and has only a small contribution to the Hamiltonian in comparison with 

the other terms. While the first three terms may be computed exactly, the 

precise form of the final term is not known and must be approximated.  

 

 
3.3.1  Density functional approximations 

The simplest density functional approximation is the local density 

approximation (LDA).3,6 LDA assumes that the electron density is constant 

over a small unit of space and is best for regions of space that have a 

relatively smooth electron density (e.g., in a crystalline metal). Conversely, 

LDA poorly describes the electronic structure at steep potential wells and 

is particularly problematic in describing systems where the electron 

density varies significantly (e.g., in molecular systems7). To account for 

this, the first derivative of the electron density can be considered in a 

functional that is known as generalised gradient approximation (GGA). 

One such example was developed by Perdew, Burke and Ernzerhof (PBE) 

in 1996,8 and has been used throughout this work. A further correction 

that can significantly improve calculated results is the inclusion of 

dispersion correction schemes, and is discussed in Section 3.7. 

 

 



 99 

3.4  Basis sets 

Basis sets are linear combinations of simple mathematical functions that 

describe the wavefunction of a system.3 These can either be a set of 

localised atom-centred orbitals, used to efficiently describe non-periodic 

molecular systems,6 and typically adopt either Slater-type orbitals (STOs) 

or Gaussian-type orbitals (GTOs), which are implemented in the 

commonly used Gaussian code.9 However, basis sets can also be non 

localised (e.g., a set of planewaves), as implemented in the CASTEP code,10 

and are often used in calculations for extended systems owing to their 

periodic nature. Planewaves in particular are very well suited for the 

investigation of the types of materials that are presented throughout this 

work. 

 

 In a true periodic solid, the nuclei will be arranged in a 

periodically repeating pattern, which means that the nuclei potential 

acting upon the electrons in the system will also be periodic. As a result, 

the electronic potential energy (V) will, therefore, satisfy Bloch’s theorem 

   V r  +  L( )  =  V r( )   , (3.6) 

where L is the lattice vector and r is the position of the electrons. Equation 

3.6 states that the electronic potential at a given position (r) in one unit cell 

must be identical to that at the equivalent position in the next unit cell, 

which is separated by L. If the electronic potential given in Equation 3.6 is 

periodic then the density (ρ) must also be periodic, given as, 

   ρ r  +  L( )  =  ρ r( )   , (3.7) 
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and accordingly, the magnitude of the wavefunction is also periodic 

   ρ r( )  =  Ψ r( ) 2
  . (3.8) 

It should also be noted that although the magnitude of the wavefunction 

is periodic, the phase of the wavefunction is not. As a result, the 

wavefunctions are said to be ‘quasi-periodic’, and hence 

   ψk r  +  L( )  =  expi k . L  ψk r( )   , (3.9) 

where k is the wave vector. The planewave basis functions are of the form 

 
  
ψk

n r( )  =   ck
n G( )  expi k  + G( ) ⋅ r

G
∑   , (3.10) 

where G is a set of reciprocal lattice vectors and  ck
n  are the Fourier 

coefficients of G. The sum runs from all values of G until Gmax, defined as 

the planewave cutoff energy, and is given by 

 
  
Ecut  =  

!
2m

 Gmax  +  k( )2   . (3.11) 

In a planewave code (such as CASTEP10) the energy cutoff controls the 

number of planewave basis functions used. Properties of a system (e.g., the 

total energy and/or the magnetic shielding constants for each nucleus), 

tend towards some limit with increasing Ecut. A judgement is then made 

that considers the expense of the calculation against the accuracy of the 

calculated result required. Figure 3.1 (a) shows a plot of calculated total 

energy against Ecut for berlinite, a dense phase aluminophosphate. Figure 

3.1 (b) also shows a plot of the calculated total energy against the k-point 
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spacing. The crystal structure of berlinite is also shown in Figure 3.1 (c). 

Figures 3.1 (a) and (b) also contain the total calculation time. From this 

example, it may be seen that above Ecut = 50 Ry and k-point spacing = 0.06 

Å−1 the calculated total energy does not change significantly the expense of 

the calculation increases drastically.  

 

 
3.5  Pseudopotentials 

As a consequence of using planewave basis sets the number of planewave 

coefficients needed to describe the core electrons is quite significant. Very 

high Ecut are required in order to describe the electrons that are localised 

Figure 3.1: Plot of calculated total energy of dense phase aluminophosphate (berlinite) against (a) 
the energy cutoff and (b) the k-point spacing, both denoted by blue crosses, with the structure of 
berlinite shown in (c). When energy cutoff increases and k-point spacing decreases the accuracy of 
the calculation no longer improves, the cost of the calculation increases dramatically, as shown by 
the red crosses. 
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near to the nucleus but this too can result in very expensive calculations. 

However, it is only the valence electrons that are involved in chemical 

bonding and generally of interest to chemists.7 These valence electrons 

provide the most interesting properties of a material whilst the core 

electrons are relatively independent of the chemical environment and 

simply repel the outer electrons. Thus, approximations can be made to 

ensure a sustainable balance between accuracy of the calculations and the 

cost of performing them.  

 

 Pseudopotential approximations assume that electrons close to the 

nucleus (within a given cut off distance (rcut)) do not take part in chemical 

bonding. The frozen core approximation states that the electrons that are 

in the lowest-lying atomic orbitals do not change between different 

chemical environments and the wavefunctions that describe the core 

electrons can simply be taken from a free atom calculation and fixed.3,6,7 

Considering only the valence electrons, the oscillations in the 

wavefunction close to the nucleus are rapid and exhibit a high kinetic 

energy, requiring many planewaves. Therefore, the wavefunction 

describing these oscillations can be replaced by a pseudowavefunction, as 
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Figure 3.2: In (a), the wavefunctions that describe the core electrons for the 3s orbtial in silicon (blue 
line) can be simply replaced with an effective potential (red line) and results in the 
pseudowavefunction. In (b), the all-electron potential (purple line) can be replaced by a 
pseudopotential (green line). 
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shown graphically in Figure 3.2 (a), providing a smoothed, nodeless 

wavefunction. This subsequently provides a lower energy potential 

(pseudopotential) and which may be then more efficiently modelled, as 

shown in Figure 3.2 (b). 

 

 
3.6  Optimisation of the geometry 

In order to calculate the NMR parameters using DFT calculations, a 

structural model representing the sample being analysed by solid-state 

NMR experiments, needs to be used. This model can be in the form of a 

crystal structure obtained from literature sources (often derived from 

Bragg diffraction experiments such as single-crystal, powder X-ray 

diffraction or neutron diffraction)11 or from structural models derived 

from computational studies. From powder-diffraction data, a 

crystallographer typically may solve diffraction patterns by using Rietveld 

refinement techniques. For single-crystal diffraction the full solution of the 

structure can be made. It is well known that X-ray diffraction is not always 

able to locate atoms such as hydrogen, isoelectronic or those that are in 

presence of heavier elements. Thus, it is possible that incomplete 

diffraction data is published. As a result, the reliability of such structural 

models cannot always be assumed and ‘optimisation’ may be necessary to 

vary the atomic coordinates and/or the unit cell size and shape by 

minimising the forces on the atoms. 

 

 When optimising the geometry of a structural model, care must be 

taken in order to implement the right optimisation approach and not to 

introduce any inaccuracies or errors, which could then translate into the 

subsequently calculated NMR parameters.12 One way to accomplish this is 
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to minimise the atomic forces acting upon the atoms by optimising the 

geometry of the structural model to ensure that it is at an energy 

minimum prior to the calculation of the NMR parameters. If modifications 

to the structural model are made (e.g., the substitution of one atom (or 

atoms) for another in order to investigate the effect of doping), then the 

modified crystal structure is no longer valid and so optimisation of it will 

need to be made prior to the determination of the NMR parameters. 

Furthermore, hydrogen atoms are not always placed during refinement of 

the X-ray diffraction data and so manual placement of those atoms is 

typically made,13-16which may be placed at non ideal positions and so 

optimisation of these atoms will also need to be made. 

 

 DFT is, in principle, exact.4 However, approximations must still be 

made in order to account for the electron-electron interactions that are not 

able to be described by this method of computation. As noted above, these 

approximations can be made with the so-called exchange correlation 

functional (EXC). One problem with approximating EXC is that in 

functionals such as LDA and GGA, do not accurately describe long-range 

electron correlations (i.e., van der Waals or dispersion interactions).19 If a 

molecular system relies on long-range dispersion forces for its crystal 

packing, optimising the geometry without the inclusion of semi-empirical 

dispersion correction schemes may result in an optimised crystal structure 

that bears no resemblance to the original model, despite the structure 

reaching an energy minimum.17 This is exemplified in the optimisation of 

the geometry of some microporous materials called metal-organic 

frameworks, in particular MIL-53.18 Without the inclusion dispersive 

interactions in the optimisation of the geometry, the cell volume expands 

by 93%, as shown in Figure 3.3. It should be noted that for each of the 

three analytical methods described (e.g., Bragg diffraction, solid-state 

NMR and computation), are performed at very different temperatures, 
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and it is not surprising that there could be some discrepancies between 

computation and experimental structures.  

 

 

Figure 3.3: Crystal structure of MIL-53 (a) unoptimised, (b) optimised without and (c) with the 
inclusion of semi-empirical dispersion corrections (SEDC) schemes in the optimisation of the 
geometry. 
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3.7  Dispersion in density functional 
theory 

As some functionals do not accurately describe long-range electron 

correlations, as mentioned above, the lack of these descriptive forces is a 

significant problem in modern DFT calculations.19,20 Dispersion originates 

from the electron density in one region causing an instantaneous 

polarisation of the charge density in a neighbouring region. The attractive 

and repulsive forces are collectively given by the Lennard-Jones potential, 

VLJ,  

 
 
VLJ  =  4 ε r0

r
⎛
⎝⎜

⎞
⎠⎟

12

 −  r0

r
⎛
⎝⎜

⎞
⎠⎟

6⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

  , (3.12) 

where 1/r12 describes the repulsive forces and −1/r6 the attractive forces, 

as shown in Figure 3.4.21 The depth of the Lennard-Jones potential well is 

described by ε and when r0 = V0 the potential energy is equal to zero and it 

is the attractive part (−1/r6) of the Lennard-Jones potential that is missing 

from some DFT exchange correlation functionals.19 

 

 In the simplest sense, the basic requirement for any DFT 

calculation that uses a dispersion correction scheme is that it should result 

in a reasonable −1/r6 asymptotic behaviour regarding the interaction of 

particles.22 The energy calculated for the dispersion interaction (Edisp) is 

then added to the DFT energy (EDFT) and is computed for a given exchange 

correlation functional to give the total energy of the molecular system, as 

may be seen below, 

   , (3.13)  
Etotal  =  EDFT  +  Edisp
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where the energy of the dispersion interaction is given as, 

 
 
Edisp  =  − C6

AB /rAB
6

A, B
∑   . (3.14) 

 are the dispersion coefficients, which depend on the elemental pairs 

A and B.  are given as 

 
 
C6

AB  =  3
π

 αA i ω( )  αB i ω( )∫  d ω   , (3.15) 

where  are the frequency-dependent polarisability of atoms A and 

B.19 It should also be noted that Edisp has no real physical meaning and is a 

model-dependent quantity. 

 

 
3.7.1  Semi-empirical dispersion correction 
schemes 

In this work, two semi-empirical dispersion correction (SEDC) schemes 

have been used. The first, developed by Grimme in 2006,23 and is based on 
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an initial approach by Becke.24 In Grimme’s approach, the pairwise 

dispersion interaction, as a result of van der Waals interactions in a system 

containing N atoms, is calculated as a function of the distance (RAB) 

between atoms A and B, given as 

 
  
Edisp  =  − S6

C6
AB

RAB
6  fd

B = A + 1

N

∑
A = 1

N − 1

∑ RAB ,  RAB
0( )   . (3.16) 

Equation 3.16 takes the same form as Equation 3.14 but instead the S6 

function is a global scaling factor that depends only upon the density 

functional used. In this work, the PBE functional is used with S6 = 0.75.23 

Additionally, a damping function, , is also used to 

effectively reduce Edisp to zero for atoms that are very close to each other 

and where the total energy equals the non-corrected DFT value. This 

damping function is given as 

   , (3.17) 

where  is the sum of the atomic van der Waals radii and d is the 

parameter, set by Grimme (d = 20), and adjusts the damping steepness. 

However, the damping function only works if the density functional used 

underestimates the binding energies.  

 

 The second SEDC scheme used within this work is the TS scheme, 

as developed by Tkatchenko and Scheffler, and which retains the form of 

Equation 3.16 to calculate the dispersion energy.25 Tkatchenko and 

Scheffler noted that one shortcoming of using C6R−6 schemes is the 

empirical nature of how such schemes are parameterised (i.e., the C6R−6 

parameters in the SEDC scheme of Grimme do not depend upon the 

electronic structure). Furthermore, as noted above, the value of Edisp is 

  fd  RAB  , RAB
0( )

  
fd  RAB  , RAB

0( )  =  1
1 +  e−  d RAB   RAB

0  − 1( )

 RAB
0
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scaled and, as a result, the interactions between two molecules are not 

constant but are sensitive to the type of density functional used. 

Subsequently, Tkatchenko and Scheffler proposed a method to use first-

principles methods to calculate the dispersion energy from reference 

polarisabilities and C6R−6 coefficients. By using this SEDC approach, the 

correction scheme can be adjusted so as to be system specific. 

 

 
3.8  Calculation of NMR parameters 

Chemical shielding is highly dependent on the electronic structure of all 

the electrons in the atom, including those in the core. Therefore, in order 

to calculate accurate magnetic shieldings, both the core electrons and the 

wavefunctions must be described accurately. The projector-augmented 

wavefunction (PAW)26 method aims to reconstruct the full wavefunction 

from a pseudised wavefunction by introducing the transformation 

operator ( T̂ ) 

   . (3.18) 

However, it may be noted that whilst useful for the calculation of 

parameters such as the electric field gradient (EFG), the PAW method 

does not take into account the effects of an external magnetic field.  

 

 Under the PAW method, two chemically identical sites at different 

locations in a molecular system should have the same calculated magnetic 

shielding value. In the case of an infinite basis set this is not problematic. 

However, for finite basis sets the two sites will ultimately have different 

 
ψall electron  =  T̂ ψpseudised
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calculated values, known as the ‘gauge origin problem’. Two approaches 

adopted to resolve this problem in atom-centred codes for molecular 

systems using atomic-centred orbitals are the gauge-including atomic 

orbitals (GIAO)27 and individual-gauges for local orbitals (IGLO) where 

the basis functions and occupied electronic orbitals, respectively, are 

constructed such that the gauge-origin dependence is taken into 

account.28,29 For periodic systems, the PAW approach can be extended to 

the gauge-including projector augmented wavefunction (GIPAW).29 Using 

the GIPAW method, the translational invariance is imposed with the 

addition of a field transformation operator. 

 

 DFT calculations generate many parameters as well as the 

absolute magnetic shielding tenor (σ). Diagonalisation of the symmetric 

part tensor reveals three principal components of the magnetic shielding 

tensor (σXX, σYY, and σZZ) and the average of these components gives 

isotropic magnetic shielding ( ), given as 

 
 
σ iso

calc  = 
1
3

 Tr σ{ }   . (3.19) 

The calculated isotropic chemical shift ( δiso
calc ) can be obtained from the 

following equation 

 
 
δ iso

calc  =  
− σ iso

calc  −  σ ref( )
1 −  σ ref

  , (3.20) 

where σref is the reference magnetic shielding value and  σ iso
calc  is the 

calculated magnetic shielding. The value of σref may be determined 

through a range of different approaches; one option being to utilise the 

magnetic shielding value(s) for already well-known system (e.g., if 

 σ iso
calc
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investigating Si or O atoms in silicate minerals the quartz crystal structure 

could be used) and σref can then be calculated by 

  σ ref  =  δ iso  +  σ iso
calc   . (3.21) 

Using a single calculated  to set the σref value could be problematic as 

the system obtained from literature sources needs to be error free, which is 

not always the case. Also, any errors in the computed values may well be 

system dependent. Thus, it is often better to calculate a range of chemical 

shielding values for a variety of well-known systems containing the nuclei 

of interest and plot these as a function of experimental chemical shift. By 

plotting a line of best fit to the data, σref can then be found by determining 

the y-intercept. In an ideal situation the gradient of the line of best fit will 

be equal to −1. However, if this is not the case, the gradient of the line can 

then be used as a scaling factor to further correct corresponding 

calculations. 

 

 In addition to  δiso
calc , the magnetic shielding anisotropy and 

asymmetry parameter of the shielding tensor can also be determined 

using the conventions as outlined in Chapter Two. DFT is also able to 

calculate the calculated quadrupolar coupling constants (CQ) and 

asymmetry parameter (ηQ). These are obtained from the principal 

components of the electric field tensor (V) and the diagonalisation of it 

gives Vxx, Vyy and Vzz. Whilst it is possible to calculate the sign of the 

quadrupolar-coupling constant, only the magnitude is considered here as 

measuring the sign of the CQ experimentally can be challenging. 

 

 

 σ iso
calc
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3.9  General computational details 

In this work, CASTEP10 (a first-principles DFT code) is used to optimise 

the geometry of structural models and to perform NMR calculations, both 

using the GGA (PBE) functional. CASTEP also uses the GIPAW 

formalism,29 ultrasoft pseudopotentials30 and periodic boundary 

conditions, with the latter reducing the cost of calculations on a infinite 

solid by recreating the three-dimensional structure from just one unit cell. 

Crystal structures were typically obtained from the Inorganic Crystal 

Structure Database (ICSD)11 or from the literature. The accuracy of 

calculations is controlled through the choice of k-point spacing using a 

Monkhorst-Pack grid of k points and the planewave cutoff energy (Ecut). 

These two parameters were converged as far as possible to obtain 

optimum values, using berlinite (AlPO4) for aluminophosphates and 

yttrium stannate (Y2Sn2O7) for oxide pyrochlores ceramics. Typical 

parameters used are 0.04 Å−1 and 50 Ry for the k-point spacing and cutoff 

energy. 

 

 Calculations generate the absolute magnetic shielding tensor (σ) in 

the crystal frame. Diagonalisation of the symmetric part of σ yields three 

orthogonal principal components, σ11, σ22, and σ33. The principal 

components of the chemical shift tensor, δ11, δ22, and δ33, are related by δii = 

− (σii − σref) / (1 − σref) ≈ −(σii − σref), where σref (assumed to be ≪1) is a 

reference shielding. The isotropic shift, δiso, is given by δiso = (δ11 + δ22 + 

δ33)/3. The quadrupolar coupling constant, CQ = eQVZZ/ħ and asymmetry 

parameter, ηQ = (VXX − VYY)/VZZ are obtained from the principal 

components of the electric field gradient (EFG) tensor, V, where Q is the 

nuclear quadrupole moment (for which a values of 146.6 and −25.58 mB 

was used for 27Al and 17O, respectively).31  
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 Calculations were performed using the EaStCHEM Research 

Computing Facility at the University of St Andrews which consists of a 

198-node (2376 core) Intel Westmere cluster with 2 GB memory per core 

and QCR Infiniband interconnect. Calculations were also carried out on a 

small, home-built cluster using commodity hardware. For further details, 

see the individual methods section in subsequent chapters. 
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Chapter Four 
Calculating the NMR Parameters 
of Aluminophosphates 

 
4.1  Introduction to aluminophosphates 

Since their discovery in 1982 by Wilson et al.,1 aluminophosphates (AlPOs) 

– a family of neutral microporous framework solids exhibiting strictly 

alternating corner-sharing AlO4 and PO4 tetrahedra – have been widely 

studied owing to their structural similarities to zeolites.2 As an example, 

the aluminophosphate, AlPO-34, and the tectosilicate mineral chabazite 

both share the same framework topology (i.e., the chabazite (CHA) 

topology),3 since then many AlPO solids with unique topologies have 

been synthesised (e.g., VPI-5).4 These microporous frameworks are 

classified by framework codes (such as VFI for VPI-54) by the International 

Zeolite Association (IZA) and, currently, there are 229 different 

frameworks known.5 AlPOs are a very important class of microporous 

materials that have potential applications spanning a vast variety of 

different technologies. These range from industrial applications such as 

gas storage, separation and catalysis, as well as medicinal applications, 

such as drug delivery.6-9 

 

 The structures of zeolites and zeotypes (which include AlPOs) are 

often described in terms of subunits, called secondary building units 

(SBUs). SBUs can consist of rings (or cages) that are made up of alternating 

tetrahedral cations and bridging oxygen atoms. Figure 4.1 shows some of 

the different SBUs where the names used refer to how many cations make 
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up the subunit, e.g., a double eight-membered ring (d8R) is made up of 

two eight-membered rings (8MR), as shown in Figures 4.1 (d) and (c), 

respectively. In d8M rings, eight cations and eight oxygen atoms are 

found, with each ring then bonded together by a further eight oxygen 

atoms. Cages can also be considered as SBUs (e.g., cancrinite (can) and 

sodalite (sod) cages)10,11 and some examples are shown in Figure 4.1. These 

cages can be found in many AlPOs, such as STA-2 (which contains can 

cages) and SIZ-9 (which contains sod cages).12,13 The way in which these 

building units are connected make up the channels, pores and windows of 

the material, and thus give rise to its unique microporous properties.2 

Owing to the strict rules on alternating AlO4 and PO4 tetrahedra in the 

AlPO framework, typically only even-numbered rings are found in 

AlPOs,2 e.g., there are currently no AlPO analogues of the zeolite ZSM-5, 

which has the MFI framework topology, with 5MR.14 However, there are a 

few examples of AlPOs that do exhibit odd-numbered rings, as discussed 

later. 

 

a

b

c

d

e

f

Figure 4.1: Examples of secondary-building units (SBUs) that can be used to describe how the 
frameworks of zeolites and zeotypes are built up. SBUs can consist of rings, such as in (a) four-
membered ring (4MR), (b) double-four-membered ring (d4R), (c) eight-membered ring (8-MR) and 
(d) double-eight-membered ring (d8R), and cages, such as in (e) cancrinite (can) cage and (f) 
sodalite (sod) cage.5 For clarity, all atoms have been omitted. T atoms occur at the vertices with 
oxygen atoms midway along the edges. 



 119 

 Conventionally, AlPOs are synthesised hydrothermally (or 

ionothermally) with a structure-directing agent (SDA) or ‘template’, 

(usually an organic compound), such as alkylammonium ions, and, in 

some cases a mineraliser, such as HF, is used. These SDAs are usually 

retained within the pores and channels in the final, or ‘as-prepared’ 

product.2 Hydrothermal synthesis of AlPOs involves the SDA, sources of 

Al (e.g., pseudo-boehmite) and P (e.g., 85% phosphoric acid), and distilled 

water (in high-pressure conditions). The water is used as a solvent and is 

also the source of much of the oxygen in the final product. As an example, 

the reactants for the synthesis of VPI-5 includes pseudo-boehmite, 

distilled water, 85% phosphoric acid and diphenylamine (DPA) in a 

1:1:25:45 ratio of Al2O3:P2O5:DPA:H2O.4 The synthetic matrix is then heated 

in a sealed TeflonTM-lined autoclave at temperatures above 100 °C for a set 

period of time (typically 24-72 h). A more recent method is ionothermal 

synthesis where, along with the source of Al and P, an ionic liquid is used, 

which acts as both the SDA and the solvent (e.g., in the preparation of SIZ-

4, 1-ethyl-3-methyl imidazolium chloride is used).15 The synthesis mixture 

is again sealed in a TeflonTM-lined autoclave and heated before the solid 

material is collected. In the synthesis matrix (in both hydrothermal and 

ionothermal synthesis), the SDA is typically positively charged and 

overall neutrality in the as-prepared product is achieved by the 

incorporation of charge-balancing anions (e.g., OH− or F− anions), resulting 

in four-, five- or six-coordinate Al species in the as-prepared product.2,16 In 

addition, water molecules may also be found in the pores of the as-

prepared material.  

 

 The SDA, charge-balancing anions and any water contained 

within the pores of the as-prepared AlPO can be removed by calcination at 

temperatures typically up to 600 °C, showing the thermal stability of these 

solids.17 Calcination of the as-prepared material results in a neutral, AlPO4 



 120 

framework containing only corner-sharing AlO4 and PO4 tetrahedra. This 

change is shown in Figure 4.2, where heating as-prepared AlPO-

14(isopropylammonium hydroxide) results in calcined AlPO-14.18 

Calcination of the as-prepared AlPO often results in open pores, which 

can hold various guest species.7-9 However, it has been shown that for 

some AlPOs, total collapse of the material can occur resulting in the 

formation of a dense phase material.19 Dense phase AlPOs do not typically 

exhibit any porosity and are not suitable for many applications, but may 

be used as, e.g., catalyst supports, optical applications etc. For AlPO 

materials that do exhibit open pores upon calcination, the sizes of those 

pores vary with different topologies. The framework structure of VPI-5 is 

shown in Figure 4.3 (a), where a pore diameter of 12.7 Å is observed for 

this material.4 The AlPO lattice can be modified to include different metal 

cations (often referred to as MeAPOs, where Me is a metal, such as Mg, 

Mn, Fe, Co and Zn). These cations replace an Al site in the framework to 

introduce Brønsted acid sites and/or catalytically-active sites within the 

pore.20 Additionally, a Si atom can replace a P atom, producing materials 

referred to as SAPOs.21 As with silicate zeolites, open-framework AlPOs 

are made up of Al-O-P bonds that obey Löwenstein’s Rule, which states 

that there is avoidance of Al-O-Al bonds, owing to these linkages being 

Figure 4.2: Structure of (a) as-prepared AlPO-14(isopropylammonium hydroxide) and (b) calcined 
AlPO-14. After calcination, the SDA (isopropylammonium), charge-balancing anions (hydroxide) 
and water molecules are removed to reveal a purely tetrahedral, neutral AlPO framework. 
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energetically unfavourable.22. However, under the correct synthetic 

conditions, there are a small number of AlPOs that have been shown to 

break this rule. As an example, the layered caesium AlPO (Cs2Al2P2O9) 

synthesized by Huang and Hwu contains linear Al–O–Al linkages in 6MR 

of alternating Al2O7 and PO4 groups.23 Another example is the SAPO ERC-

40, which shares the same topology as the zeolite ZSM-18 (MEI),24 shown 

in Figure 4.3 (b) and contains three-membered rings. Therefore, the strict 

Al-O-P(Si) ordering cannot be maintained.  

 

 Characterisation of zeolites and zeotypes is typically performed 

by diffraction-based experiments, such as single-crystal or powder X-ray 

diffraction. X-ray diffraction is able to provide information on the overall 

time- and space-averaged positions of the atoms in the average unit cell, 

and the lattice parameters (angles (α, β and γ) and lengths (a, b and c)). 

Structure determination is more difficult to perform for powdered 

samples than single crystals, owing to the fewer resolved reflections in the 

diffraction pattern.25 Although diffraction-based experiments have been 

used to obtain the structure of crystalline solids, difficulties in structure 

refinement occur when there is significant disorder in the solid material,  

Figure 4.3: (a) Structure of VPI-54 looking down the z axis showing a pore dimension of 12.7 Å. (b) 
Structure of the zeolite ZSM-1824 (MEI). All atoms have been omitted for clarity. 
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Table 4.1: Properties (nuclear spin (I), natural abundance (N), gyromagnetic ratio (γ), Larmor 

frequency (ν0) and quadrupolar moment (Q)) of selected NMR-active nuclei present in AlPOs 

frameworks, with ν0 quoted at 14.1 T. 

Nucleus I 
N 

(%) 

γ 

/107 rad s–1 T–1 

ν 0 

/MHz 

Q 

/fm2 

1H 1/2 99.99 26.75 600.13  

2H 1 0.01 4.11 92.10 0.29 

13C 1/2 1.07 6.73 150.87  

14N 1 99.63 1.93 43.36 2.04 

15N 1/2 0.36 −2.71 60.82  

17O 5/2 0.04 −3.63 81.34 −2.56 

27Al 5/2 100.00 6.98 156.34 14.66 

31P 1/2 100.00 10.84 242.93  

be it compositional, positional or temporal (dynamics). The location of 

extra-framework species, such as charge-balancing anions or water 

molecules, can be difficult to determine, particularly if the site is only 

partially occupied. Furthermore, in a mixed-metal cation system, the exact 

location of the cations within the framework can be very difficult to 

determine.  

 

 AlPOs are ideally suited to characterisation by solid-state NMR, 

owing to the many NMR-active nuclei present within these materials. The 

properties of the nuclei most commonly found in as-prepared and 

calcined AlPOs are summarised in Table 4.1.26 The NMR-active nuclei in 

AlPOs can provide information on the SDA (e.g., 1/2H, 13C and 14/15N), 

charge-balancing anions (e.g., 1/2H, 17O and 19F) and the framework itself 

(e.g., 17O, 27Al and 31P). The information potentially available from solid-
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state NMR includes the number of crystallographically-distinct species,27 

the order or disorder of framework-bound charge-balancing anions,28 the 

positions and dynamics of any guest molecules present within the pores 

and information on the local geometry, e.g., bond distances and angles.29,30 

However, it can be difficult to obtain this information from the spectrum 

(i.e., to determine the structure directly from the observed NMR 

parameters). Hence, first-principles DFT calculations have recently 

emerged as a popular tool for assigning and interpreting solid-state NMR 

spectra,31 with the prediction of parameters from a proposed structural 

model able to be compared to those acquired experimentally. 

 

 In order for theoretical calculations to yield accurate results, exact 

structural models are required.32 In many cases the structural model, often 

derived from diffraction-based experiments, must be optimised (i.e., to an 

energy minimum) prior to the calculation of NMR parameters owing to 

the potential of user and/or experimental errors and to the range of 

different temperatures at which diffraction patterns are acquired. 

Furthermore, DFT calculations do not reproduce weak long-range 

‘dispersion’ interactions well,33 and optimisation using some functionals 

can expand the crystallographic unit cell, particularly when such 

dispersion interactions are important in determining the structure. 

Recently, dispersion-corrected DFT (DFT-D) has been extended to periodic 

calculations in order to try to compensate for these missing interactions.34 

In 2012, Chang et al. showed that optimisation of the crystal structure of 

Zn(bpetpa) (a Zn-based metal-organic framework (MOF) with 1,2-bis(4-

pyridyl)ethane tetrafluoroterephthalate (bpetpa) linkers), using standard 

DFT calculations, resulted in an expansion of the crystallographic unit cell 

by about 12.6% along the b axis.35 When dispersion interactions were 

included in the calculation, the optimised unit cell was comparable to that 

observed by experiment. Another example of an overestimation in the 
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total unit cell volume is observed in Sc-MIL-53, which exhibits a very 

flexible ‘wine-rack’ structure, where the CO2-Sc linkages can act as 

‘hinges’. The crystal structure of dehydrated Sc-MIL-53, obtained directly 

from the literature, is shown in Figure 4.4 (a).36,37 Optimisation of the 

geometry using standard DFT calculations resulted in an expansion of the 

Figure 4.4: Crystal structures of Sc-MIL-5336,37 (a) pre- and (b, c) post-optimisation using (b) 
standard DFT calculations and (c) additional semi-empirical dispersion correction schemes in the 
geometry optimisation. 
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crystallographic unit cell volume of ~93% as shown in Figure 4.4 (b). 

When dispersive interactions were included in the calculation, the 

optimised unit cell was comparable to that obtained by diffraction, as 

shown in Figure 4.4 (c). 

 

 One alternative solution to the problem of the overestimation of 

the cell parameters by DFT is to constrain the lattice parameters (angles (α, 

β and γ) and lengths (a, b and c)) in the calculation to the experimental 

measurements obtained by diffraction. However, this is not a satisfying 

solution as it not only suggests that the crystal structure derived from 

diffraction-based measurements is absolutely accurate and complete, but 

also that the long-range averaged structure measured at finite temperature 

will be similar to the minimum energy structure at 0 K found in DFT 

calculations. In addition, constraining the lattice parameters would not be 

a possible optimisation strategy in cases where compositional and/or 

positional disorder exists as diffraction provides information only on the 

average structure, which usually does not match the specific arrangement 

of atoms considered in a calculation. 

 

 Unlike MOFs, which can often undergo considerable structural 

changes without breaking any of the chemical bonds, AlPOs are more 

rigid in nature. However, some flexibility in the AlPO framework has 

been observed.38 In particular, some calcined AlPOs exhibit negative 

thermal expansion (NTE) behaviour,39-41 where the rapid rotation of the 

Al-O-P bond (about the Al-P axis) results in the contraction of the Al-P 

distance with increasing temperature, as discussed in more detail in later 

sections. Furthermore, with the introduction of (dynamic) guest molecules 

inside the AlPO pores, which can interact with the surfaces of the pore, it 

is not clear how the inclusion of dispersion correction schemes in DFT 
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calculations may affect the optimised structures and how comparable 

calculated NMR parameters are to experimental measurements. In this 

chapter, optimal methods for optimising geometries and calculating NMR 

parameters of AlPOs are considered, with particular emphasis on methods 

for dispersion correction. Subsequently, this chapter will focus on the use 

of the shielding anisotropy for understanding local structure, investigating 

whether this parameter can be both measured experimentally and 

computed accurately. 

 

 
4.2  Evaluation of SEDC schemes 

In this section, first-principles DFT calculations are used to optimise the 

geometry of structural models of a range of as-prepared and calcined 

AlPOs. Several optimisation strategies are employed, including the 

optimisation of some or all atomic coordinates and optimisation of the 

unit cell with and without the inclusion of different semi-empirical 

dispersion correction (SEDC) schemes: G0642 or TS.43 The resulting 

optimised structures are compared with those optimised using standard 

DFT. Subsequently, the calculated NMR parameters are compared with 

the experimental values either reported in the literature or acquired for 

this work, in order to determine the most suitable protocol for the 

optimisation of as-prepared and calcined AlPOs. 
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4.2.1  Methods 
4.2.1.1 Solid-state NMR spectroscopy 

31P solid-state NMR spectra were acquired using a Bruker Avance III 600 

MHz spectrometer, equipped with a wide-bore 14.1 T superconducting 

magnet, operating at Larmor frequency of 242.9 MHz for 31P. 31P MAS 

NMR experiments were carried out using a commercial 4.0 mm HX probe 

with samples packed in conventional 4.0 mm ZrO2 rotors and rotated at 

MAS rates between 10-14 kHz. Chemical shifts are referenced to 85% 

H3PO4 using BPO4 (δiso = −29.6 ppm)44 as a secondary reference. Where 

necessary, continuous wave (CW) 1H decoupling was employed to 

improve spectral resolution, with a typical radiofrequency field strength 

(γB1/2π) of ~100 kHz. 31P MAS NMR spectra were acquired with a typical 

recycle interval of 30 s (for as-prepared AlPOs) and 5 s (for calcined 

AlPOs). For both as-prepared and calcined AlPO-14, low-power CW45 or 

RA-MP46 27Al decoupling was also employed using radiofrequency field 

strengths (γB1/2π) of ~10 kHz in order to resolve the four resonances in 

the 31P MAS NMR spectrum. Note that 27Al decoupling will produce a 

Bloch Siegert shift for 31P. In this work, the frequency difference has not 

been corrected. However, it can be estimated that a difference of up to 0.2 

ppm for 31P could be observed.46 

 

 For 27Al, most NMR parameters (isotropic shifts, quadrupolar 

coupling and asymmetry) were taken from the literature, with references 

given in the main text. For calcined AlPO-17 and AlPO-18, 27Al MAS NMR 

spectra were acquired using a Bruker Avance III 400 and 600 MHz 

spectrometers, with 9.4 T and 14.1 T wide-bore superconducting magnets, 

at Larmor frequencies of 104.3 and 156.4 MHz, respectively. Samples were 

packed in conventional 4.0 mm ZrO2 rotors and rotated at a MAS rate of 

14 kHz. Chemical shifts are referenced to 1 M Al(NO3)3 (aq) using 
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Al(acac)3 (δ = −1.1 ppm) as a secondary reference.44 All spectra were 

acquired using a recycle interval of 1 s. Triple-quantum MAS NMR 

experiments were carried out using a phase-modulated split-t1 shifted-

echo pulse sequence,47 with the efficiency of the conversion of triple- to 

single-quantum coherences enhanced by the use of soft-pulse-added-

mixing (SPAM).48 The final (180°) pulse was chosen to be selective for the 

central transition. The scale in the indirect dimension is referenced 

according to the convention in Ref. 49. 

 

 
4.2.1.2 First-principles DFT calculations 

First-principles DFT calculations were performed as described in Chapter 

3. Calculations were carried out using CASTEP50 version 5.5.2 on a 198-

node (2376 core) Intel Westmere cluster with 2 GB memory per core and 

NS QDR Infiniband interconnect, at the University of St Andrews. 

Optimisation of the structures was performed using BFGS optimisation 

with a k-point spacing of 0.04 Å−1 and a cut-off energy of 50 Ry (~680 eV). 

The convergence criteria for total energy, ionic force and ionic 

displacement were 1 × 10−4 eV/atom, 0.05 eV/Å and 1 × 10−3 Å, 

respectively. For DFT-D calculations, the SEDC schemes of Grimme 

(G06)42 or Tkatchenko and Scheffler (TS)43 were employed.34 Calculation 

times ranged from 24 to 48 h using 12-96 cores.  
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4.2.2  31P and 27Al NMR spectra of as-prepared and 
calcined aluminophosphates 

31P is a spin I = 1/2 nucleus that has a high Larmor frequency, 100% 

natural abundance and a large chemical shift range, making 31P NMR an 

ideal tool for the study of AlPOs.44 For as-prepared and calcined AlPOs, 

the typical 31P chemical shift ranges between 0 and −40.2,44 Owing to the 

two slightly different referencing schemes that are in common use in the 

literature for 31P,44 31P MAS NMR spectra were reacquired in this work to  

a
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31P į (ppm)
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Figure 4.5: 31P (14.1 T, 14 kHz) MAS NMR spectra of as-prepared AlPOs used in this work (a) 
AlPO-14, (b) AlPO-15, (c) JDF-2, (d) AlPO-34, and (e) SIZ-4. Spectra were acquired by averaging (a) 
56, (b) 8, (c) 8, (d) 32 and (e) 16 transients using a recycle interval of 30 s. In (a), low-power 27Al CW 
decoupling was utilised during acquisition to improve spectral resolution.45 
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Table 4.2: Assignment of the 31P δiso for as-prepared AlPO-14, AlPO-15, JDF-2, AlPO-34 and SIZ-4. 

 31P δiso (ppm) 

 AlPO-14 AlPO-15 JDF-2 AlPO-34 SIZ-4 

P1 −20.3 (1) −11.9 (1) −24.9 (2) −29.8 (1) −28.5 (1) 

P2 −5.4 (1) −18.19 (1) −13.4 (1) −23.8 (1) −22.5 (1) 

P3 −24.1 (1)  −24.9 (1) −7.6 (1) −7.6 (1) 

P4 −19.6 (1)     

ensure consistency of the reported chemical shifts. Figure 4.5 shows 31P 

MAS NMR spectra and Table 4.2 gives the experimental 31P isotropic 

chemical shifts of the as-prepared AlPOs studied in this work (a) AlPO-

14,18 (b) AlPO-15,19 (c) JDF-2,52 (d) AlPO-34,3 and (e) SIZ-4.15 These as-

prepared AlPOs contain the following organic SDAs in the pores of the 

material, (a) isopropylammonium, (b) ammonium, (c) methylammonium, 

(d) morpholinium and (e) dimethylimidazolium cations. Charge balancing 

is achieved by the incorporation of either hydroxide (a-c) or fluoride 

anions (d and e). Water molecules can also be found in the pores of AlPO-

14(isopropylammonium hydroxide),18 and AlPO-15(ammonium 

hydroxide).19  

 

 After calcination, AlPO-34(morpholinium fluoride) and SIZ-

4(dimethylimidazolium fluoride) are isostructural, both giving AlPO-34.3,15 

However, owing to the different synthetic preparations, their as-prepared 

forms contain different SDAs and the 31P MAS NMR spectra of these 

materials exhibit small chemical shift differences, as shown in Figure 4.5. 

This suggests that the 31P chemical shift is sensitive to the nature and/or 

position of the SDA in the pores of the as-prepared material, or that the 

presence of the SDA has changed the bond distances and angles in the 
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framework. All of the as-prepared AlPOs listed above are prepared 

hydrothermally, except SIZ-4(dimethylimidazolium fluoride), which is 

prepared ionothermally.15  

 

 Neutral tetrahedral AlPO frameworks can be obtained after 

calcination at high temperatures, typically between 500 and 600 °C, as 

shown schematically in Figure 4.2, where the SDA, charge-balancing 

anions and any water contained in the pores or on the surface of the AlPO 

is removed.2 Figure 4.6 shows the 31P MAS NMR spectra and Table 4.3  
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Figure 4.6: 31P (14.1 T, 14 kHz) MAS NMR spectra of various calcined AlPOs used in this work (a) 
AlPO-14, (b) AlPO-53(B), (c) AlPO-34, (d) AlPO-17, (e) AlPO-18. Spectra were acquired by 
averaging (a) 16, (b) 16, (c) 8, (d) 32 and (e) 4 transients using a recycle interval of 5 s. In (a), low 
power 27Al CW decoupling was utilised during signal acquisition to help improve spectral 
resolution. The asterisk (*) in (a) indicates a small impurity in the sample. 
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Table 4.3: Assignment of the 31P δiso for calcined AlPO-14, AlPO-53(B), AlPO-34, AlPO-17 and 
AlPO-18. 

 31P δiso (ppm) 

 AlPO-14 AlPO-53 AlPO-34 AlPO-17 AlPO-18 

P1 −21.3 (1) −29.9 (1) −30.3 (1) −26.1 (1) −27.6 (3)a 

P2 −27.1 (1) −31.5 (1)  −37.1 (1) −27.6 (3)a 

P3 −31.3 (1) −26.8 (1)   −27.6 (3)a 

P4 −26.1 (1)     
a Although only one resonance is observed in the 31P MAS NMR spectrum of AlPO-18, the crystal 
structure suggests there are three crystallographically-unique P sites. 

gives the experimental 31P isotropic chemical shifts for the calcined AlPOs 

studied in this work, (a) AlPO-14,53 (b) AlPO-53(B) (a calcined form of JDF-

2),54 (c) AlPO-34,40 (d) AlPO-17,39 and (e) AlPO-18.55 Calcination of the as-

prepared AlPO material often results in a change of the local framework 

and can also result in an increase in the crystal symmetry in comparison to 

that of the as-prepared material. These changes can have a significant 

impact on the NMR spectra, e.g., the 31P MAS NMR spectra of AlPO-

34(morpholinium fluoride) and SIZ-4(dimethylimidazolium fluoride) both 

exhibit three 31P isotropic resonances between 0 and −30 ppm, as shown in 

Figures 4.5 (d) and (e), respectively. Upon calcination, these as-prepared 

materials become isostructural, and there is an increase in the crystal 

symmetry from P−1 to R−3.15,40 As a result, the crystal structure of calcined 

AlPO-34 exhibits only one unique crystallographic P site and, 

consequently, only one resonance is observed in the 31P MAS NMR 

spectrum, at δiso = −30.1 ppm, as shown in Figure 4.6 (c). However, for 

some AlPOs, despite calcination of the AlPO material resulting in a 

change of the crystal symmetry, from P−1 in AlPO-

14(isopropylammonium hydroxide) to P1 in calcined AlPO-14, the 

number of crystallographically-unique P sites remain the same.53 This is 
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shown in the 31P MAS NMR spectra of AlPO-14(isopropylammonium 

hydroxide) and calcined AlPO-14 in Figure 4.5 (a) and Figure 4.6 (a), 

respectively, where four 31P resonances are observed in both the as-

prepared and calcined forms, albeit at slightly different chemical shifts, 

presumably as a result of the small changes in the local structure of the 

AlPO framework. 

 

 The 27Al NMR parameters of some AlPOs were obtained from the 

literature and are given in Tables 4.4 and 4.5, for as-prepared and calcined 

AlPOs, respectively. He and Klinowski have previously reported the 27Al 

NMR parameters for as-prepared, calcined-dehydrated, and calcined-

rehydrated AlPO-18.56 However, the authors only report the 27Al 

resonance position (δ = 32 ppm, at 9.4 T) and did not give complete 27Al 

quadrupolar NMR parameters. Therefore, to obtain the 27Al NMR 

parameters for calcined-dehydrated AlPO-18 for this work, (hereafter 

denoted as calcined AlPO-18), 27Al MQMAS NMR experiments were 

acquired at 14.1 and 9.4 T using a phase-modulated split-t1 shifted-echo 

pulse sequence.47 The 27Al (14.1 T) MAS and MQMAS NMR spectra of 

calcined AlPO-18 along with a cross section of the analytical fit, are shown 

in Figure 4.7, with the 27Al NMR parameters given in Table 4.5. For 

calcined AlPO-18, three crystallographically-distinct Al and P sites are 

expected from the proposed crystal structure, which was refined to a 

monoclinic space group, C2/c, by Simmen et al.55 However, a single 

resonance is observed in the 31P MAS NMR spectrum, shown in Figure 4.6 

(e), which is consistent with the previous observations by He and 

Klinowski.56 He and Klinowski also noted that the 31P linewidth of the 

calcined form is greater than the linewidths observed in the as-prepared 

form (by ~1.65 Hz). This suggests that the three P sites have a very similar 

magnetic environments, therefore, exhibiting very similar chemical shifts. 

The 27Al MQMAS spectrum, shown in Figure 4.7 (b), also shows a single  



 
134 Table 4.4: Literature 27Al isotropic chemical shifts (δiso), quadrupolar coupling constants (CQ), and quadrupolar asymmetry parameters (ηQ,) for the as-prepared AlPOs 
used in this work. Values denoted by an asterisk (*) are reported as the quadrupolar product (PQ) as the value of CQ was not available. 

 AlPO-1457 AlPO-1519 JDF-258 AlPO-3459 SIZ-460 

 δiso 
(ppm) 

CQ / 
MHz ηQ δiso 

(ppm) 
CQ / 
MHz ηQ δiso 

(ppm) 
CQ / 
MHz ηQ δiso 

(ppm) 
CQ / 
MHz ηQ δiso 

(ppm) 
CQ / 
MHz 

ηQ 

Al1 24 (1) 5.6 (1) 1.0 
(5) 2.5 (10) 3.1 (1) 0.8 

(5) 19 (2) 6.7 (2) 0.2 
(2) −4.1 (1) 1.8*  46.4 (5) 2.3 (1) 0.4 

(1) 

Al2 44 (1) 4.1 (1) 0.8 
(5) 

−5.0 
(10) 8.3 (1) 0.8 

(5) 18 (1) 2.9 (2) 0.9 
(2) 43.5 (1) 2.6*  −4.4 (5) 2.2* (2)  

Al3 43 (1) 1.7 (1) 0.6 
(5)    25 (1) 2.2* (3)  48.0 (1) 2.5*  47.1 (5) 4.6 (1) 0.2 

(1) 

Al4 −1 (1) 2.6 (1) 0.7 
(5)             
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resonance in the isotropic dimension (δ1), and 27Al NMR parameters, given 

in Table 4.5, (assuming a single site) can be determined by fitting a cross 

section extracted parallel to δ2, as shown in Figure 4.7 (c). From the 27Al 

MAS spectrum, in Figure 4.7 (a) it is clear that a small additional 

broadening is present, most likely resulting from the overlap of very 

similar resonances from the three formally distinct sites. 

 

 
4.2.3  Obtaining crystal structures 

The crystal structures of five of each AlPO (as-prepared and calcined) 

investigated in this work have been obtained from diffraction-based 

measurements in the literature, as summarised in Table 4.6. For some as-

prepared AlPOs (such as AlPO-18(tetraethylammonium hydroxide)) the 

3035404550
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*

Figure 4.7: 27Al (a) MAS (14.1 T, 14 kHz) and (b) two-dimensional triple-quantum (14.1 T, 14 kHz) 
MAS NMR spectra of calcined AlPO-18. The spectrum in (a) is the result of averaging 128 transients 
using a recycle interval of 5 s. The spectrum in (b) is the result of averaging 96 transients using a 
recycle delay of 0.25 s for each of 38 t1 increments of 184.45 µs. In (b), the sum projection is shown in 
the isotropic dimension and the asterisk (*) indicates a small impurity. In (c), the cross section of the 

extracted line taken parallel to δ2 is shown and the overlaid red line indicates the fit. 
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crystal structure contains some form of disorder and as a result it is not 

possible to study these materials using DFT calculations owing to the 

uncertainty in the atomic positions and the lattice parameters. The AlPOs 

in Table 4.6 have been chosen owing to their well-defined and ordered 

structures. For the five as-prepared AlPOs, all except AlPO-

14(isopropylammonium hydroxide), where the structure was derived 

from synchrotron powder X-ray diffraction measurements, have been 

derived from single-crystal X-ray diffraction. Owing to the difficulty in 

refining hydrogen positions using X-ray diffraction data , these atoms are 

typically placed after refinement and are based on the position of the 

coordinating atoms. For the as-prepared AlPOs, the temperature at which 

the diffraction patterns were recorded varies between 115 and 293 K. With 

the exception of calcined AlPO-14, where room temperature synchrotron 

powder X-ray diffraction measurements were obtained, the powder X-ray 

diffraction data for the remaining calcined AlPOs were collected using 

laboratory instruments at room temperature. 
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4.2.4  Calculation of the 31P and 27Al NMR 
parameters of as-prepared AlPOs 

It has previously been reported that, prior to the calculation of NMR 

parameters, it is necessary to perform some optimisation of the geometry 

to minimise the forces acting upon the atoms.31,32,57,61,62 However, it is not 

always clear which geometry optimisation strategy will lead to the most 

accurate structural model (i.e., that agrees best with both diffraction- and 

NMR-based measurements) and whether the choice depends on the 

material or types of materials considered. In this work, a range of different 

approaches are used to optimise the geometry of the AlPO crystal 

structure prior to the calculation of the NMR parameters. Table 4.7 

describes the different geometry optimisation strategies and the 

corresponding labels used throughout this work. Note that for each 

optimisation strategy, the optimisation of the geometry was performed 

from the initial structure ([A]) and not from any partially-optimised 

structure, such as from [B].  

 

 Table 4.8 details the average magnitude of the forces calculated on 

each atom type for structure sets [A] to [D]. For structure set [A] it is clear 

that it does not matter how the diffraction data were collected, high 

atomic forces are observed for most atom types, in some cases above 9 

eV/Å. The only exception to this is AlPO-15(ammonium hydroxide), 

where the average forces calculated on each atom type are much lower 

than those observed for the other as-prepared AlPOs. This could be the 

result of the much simpler SDA, rather than the type of diffraction used. 

For all other as-prepared AlPOs, the atoms of the SDA exhibit the highest 

atomic forces, in most cases above 5 eV/Å. 
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Table 4.7: Different geometry optimisation strategies used throughout this work. Note that for 
strategies [C]-[F], the optimisation was performed from the initial structure [A] and not from any 
partially-optimised structure, such as, structure [B]. 

Structure set Optimisation strategy 

[A] No optimisation 

[B] Optimisation of H atomic coordinates with a fixed unit 
cell size and shape 

[C] Optimisation of all atomic coordinates with a fixed unit 
cell size and shape 

[D] Optimisation of all atomic coordinates and unit cell size 
and shape 

[E] Optimisation of all atomic coordinates and unit cell size 
and shape, using the G06 SEDC scheme42 

[F] Optimisation of all atomic coordinates and unit cell size 
and shape, using the TS SEDC scheme43 

 For structure set [B], only the atomic coordinates of the hydrogen 

atoms were optimised, with average forces given in Table 4.8. It can be 

seen that despite the reduction in the forces on the hydrogen atoms, and 

many of the nearby atoms, there are still some high atomic forces present. 

This is particularly evident for the atoms of the AlPO framework (e.g., Al, 

O and P), where there is only a small reduction in the atomic forces 

observed in many cases. In some cases, the average magnitude of the 

atomic forces goes up (e.g., in AlPO-14(isopropylammonium hydroxide)), 

with forces acting upon the P atoms increasing from 1.56 eV/Å in 

structure [A] to 1.75 eV/Å in structure [B]. Looking in more detail at the 

individual atomic forces acting upon each P atom in AlPO-

14(isopropylammonium hydroxide), P1 and P4 decrease in. magnitude 

from 1.61 to 1.41 eV/Å and 1.04 to 0.92 eV/Å, respectively. Conversely, 

for P2 and P3, there is an increase in the magnitude from 2.40 to 3.00 eV/Å  
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Table 4.8: Average magnitude of the forces (in eV/Å) upon each atom type, and total energies (in 
eV), for structural models of a range of as-prepared AlPOs, pre- and post-DFT optimisation.  

Ionic forces /(eV/Å) 

 AlPO-14 AlPO-15 JDF-2 AlPO-34 SIZ-4 

[A] Initial structure from diffraction literature 

H 7.30 1.52 3.28 6.55 5.87 

C 5.30  4.90 5.42 5.53 

N 8.34 0.34 4.90 9.79 1.29 

O 1.56 0.20 0.60 1.19 0.29 

Al 1.21 0.07 0.23 0.91 0.11 

P 1.56 0.14 0.29 2.54 0.24 

F    0.30 0.33 

Energy 

/eV 
–20623.63 –23933.07 –58762.13 –16597.56 –16997.12 

      

[B] After optimisation of atomic coordinates for H 

H 0.02 0.02 0.01 0.02 0.01 

C 3.12  0.06 2.00 0.71 

N 1.22 0.08 0.06 0.79 1.08 

O 1.04 0.13 0.50 1.18 0.27 

Al 0.75 0.12 0.13 0.86 0.12 

P 1.75 0.26 0.31 2.49 0.20 

F    0.34 0.29 

Energy 

/eV 
–20638.89 –23934.14 –58771.17 –16605.23 –17002.91 
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Table 4.8: Continued... 

Ionic forces /(eV/Å) 

 AlPO-14 AlPO-15 JDF-2 AlPO-34 SIZ-4 

[C] After optimisation of all atomic coordinates 

H 0.02 0.01 0.03 0.02 0.01 

C 0.01  0.04 0.01 0.01 

N 0.02 0.01 0.04 0.02 0.01 

O 0.01 0.01 0.02 0.02 0.02 

Al 0.01 0.01 0.01 0.02 0.02 

P 0.01 0.01 0.02 0.01 0.01 

F    0.01 0.02 

Energy 

/eV 
–20641.16 –23934.20 –58771.79 –16607.86 –17003.04 

      

[D] After optimisation of all atomic coordinates and unit cell parameters 

H 0.02 0.02 0.01 0.01 0.01 

C 0.01  0.01 0.01 0.02 

N 0.03 0.03 0.01 0.01 0.01 

O 0.02 0.02 0.02 0.01 0.02 

Al 0.01 0.03 0.02 0.01 0.02 

P 0.01 0.02 0.01 0.01 0.02 

F    0.02 0.01 

Energy 

/eV 
–20641.25 –23934.32 –58772.31 –16607.97 –17003.19 
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and 1.19 to 1.65 eV/Å, respectively. One possible explanation for this is 

shown in Figure 4.8, where in structure [A] the hydrogen atoms of the 

water molecule are aligned so that there is a favourable hydrogen-bonding 

network between the water molecule and the atoms coordinating to P2. 

Upon optimisation using strategy [B], these hydrogen atoms rotate and 

move away from P2, as shown in Figure 4.8 (b), reducing the stabilising 

hydrogen bonds. A similar observation can be made for P3. In all cases, 

the total energy of the optimised structures observed for structure set [B] 

decreases and, in fact, AlPO-14(isopropylammonium hydroxide) exhibits 

the biggest change in the total energy of −15.27 eV.  

 

 In order to further lower the forces for each atom type in the 

crystal structure of the as-prepared AlPOs, and in particular those atoms 

in the framework (i.e., Al, O and P), all atomic coordinates can be 

x
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Figure 4.8: Structures of AlPO-14(isopropylammonium hydroxide) (a) pre- and (b) post-
optimisation using strategy [B]. In (c) and (d), the local P2 environment and the hydrogen-bonding 
network pre- and post-optimisation using strategy [B], respectively, are shown. In (a) and (b), the 
isopropylammonium has been removed for clarity.  
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optimised. Strategy [C] allows all atomic positions to vary, but constrains 

the unit cell size and shape to those from the refined diffraction data. 

Values of the forces and the total energy for structure set [C] can be found 

in Table 4.8. In all cases, the forces are much lower than in observed for 

structure set [A] (typically below 0.05 eV/Å). The total energies of the 

Figure 4.9: (a) Two overlaid wire framework crystal structures of AlPO-34(morpholinium fluoride) 
pre- and post-optimisation, using strategies [A] and [C], with the SDA omitted for clarity. In (a), an 
expansion of a small proportion of the crystal structure pre- and post-optimisation is shown. In (b) 
and (c), the morpholinium cation, and (d) and (e), the isopropylammonium cation obtained from 
the crystal structures of AlPO-34(morpholinium fluoride) AlPO-14(isopropylammonium 
hydroxide), pre- and post-optimisation (i.e., structure sets [A] and [C], respectively) are shown. In 
(a), the morpholinium cation has been omitted for clarity and the green atoms in (a) represent 
fluorine. 
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optimised structures observed for structure set [C] are much lower than 

sets [A] and [B]. In general, optimisation of the geometry using method 

[C] results in only very small changes to the structure of the as-prepared 

AlPOs investigated here. As an example, the changes in the structure of 

AlPO-34(morpholinium fluoride) are shown in Figure 4.9 (a), where the 

observed variation in the atomic positions between structures [A] and [C] 

for the atoms in the AlPO framework are on the order of ~0.06 Å. 

However, much larger changes are observed for the atoms that 

correspond to the organic SDA. The geometry of the SDA changes 

significantly upon optimisation (using strategy [C]). Upon closer 

inspection, the initial structural model of AlPO-34(morpholinium fluoride) 

the SDA appears to be in an unusual boat-like conformation, as shown in 

Figure 4.9 (b). This is probably due to dynamics and/or the 

conformational flexibility of the SDA not being accurately represented in 

the diffraction structure. Upon optimisation using strategy [C], the SDA 

adopts a more common and potentially energetically favourable chair-like 

conformation, as shown in Figure 4.9 (c). Another example of the SDA 

being in an unusual conformation is observed with isopropylammonium 

in AlPO-14. The initial geometry of the isopropylammonium cation is in a 

gauche-like conformer, as shown in Figure 4.9 (d), with relevant bond 

angles and distances given. Upon optimisation (strategy [C]) the SDA now 

adopts a more common and potentially more stable trans conformation, as 

shown in Figure 4.9 (e).63 

 

 Optimisation of the geometry of the structural models obtained 

from the literature, irrespective of the type of diffraction method used, is 

typically necessary to lower the magnitude of the atomic forces, and 

consequently, lower the total energy of the structure. However, for 

materials that have disorder, or where the structure has been modified or 

altered in some way, fixing the unit cell size and shape when performing 
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an optimisation (i.e., strategy [C]) is not strictly a valid approach, as the 

‘true’ unit cell parameters are not known. In the case of disordered 

materials, the atomic coordinates and lattice parameters obtained from 

diffraction-based measurements are a result of averaging over many unit 

cells and so do not necessarily reflect the specific arrangement of atoms 

considered in one particular cell or supercell. For crystal structures that 

have been modified or altered in some way (e.g., changing one atom for 

another to investigate doping or substitution), the lattice parameters 

obtained from diffraction-based measurements will no longer be valid for 

the individual model unit cell under consideration. In such cases, it is 

necessary to allow the unit cell parameters (i.e., the values of (a, b and c) 

and (α, β and γ)) to vary, along with the atomic coordinates, producing 

structure sets [D], as described in Table 4.7. The values of the average 

magnitude of atomic forces for each atom type and the total energy of the 

structures optimised in this way can be found in Table 4.8. Strategy [D] 

also results in much lower atomic forces than those observed for structure 

sets [A] and [B]. However, the differences in the total energy between 

structure sets [C] and [D] are typically small, between 0.1 and 0.5 eV. The 

most striking difference in the optimised structures between the four 

structure sets ([A] to [D]) is that in structure set [D] there is a noticeable 

change in the unit cell size (i.e., unit cell volume) and, to a lesser extent, in 

its shape (i.e., the values of (α, β and γ)).  

 

 Figure 4.10 (a) shows the percentage change in the unit cell 

dimensions (a, b and c) and total cell volume between structure sets [A] 

and [D]. Full information on the change in the unit cell parameters for 

each AlPO can be found in Appendix B.1. In all cases, optimisation using 

strategy [D] results in a cell volume increase. This expansion is typically 

between 2 and 4%, with cell lengths (a, b and c) increasing by ~1 to 2%. 

The expansion of the cell lengths for most as-prepared AlPOs is roughly 
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isotropic (i.e., expansion of all cell lengths is similar). However, for AlPO-

34(morpholinium fluoride) and JDF-2(methylammonium hydroxide), 

although there is an overall expansion of the cell volume (by 1.90 and 

2.62%, respectively), this appears to be more anisotropic (i.e., greater in 

one dimension than the other). This is more prominent for JDF-

2(methylammonium hydroxide), where the expansion is much greater 

along the b axis (2.21%) in comparison to expansion along the c and a axes 

(of 0.02% and 0.38%, respectively). The reason for this is not clear, but it is 

possible that the experimentally determined structure is incorrect and 

further refinement may be needed to improve this. In general, for all as-

prepared AlPOs, geometry optimisation using strategy [D] results in only 

very small changes to the framework structure.  

 

Figure 4.10: Percentage change in the unit cell dimensions (a, b, c) and total volume between the 
pre- and post-optimised structure sets (a) [D], (b) [E] and (c) [F] for as-prepared AlPOs. See Table 
4.7 for a description of each optimisation strategy. 
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 The expansion of the cell volume observed in structure set [D] for 

as-prepared AlPOs is lower than seen in previous studies of MOFs (e.g., 

Zn(bpetpa)).35 This is the result of the AlPO framework being more rigid 

than some MOFs, where as described previously, the expansion of the cell 

volume for Sc-MIL-53 is ~93% when optimising with strategy [D]. 

Although small, the changes observed in the unit cell size and shape can 

affect the powder X-ray diffraction pattern. As an example, Figure 4.11 

shows the simulated powder X-ray diffraction patterns for structures [A] 

to [F] of JDF-2(methylammonium hydroxide). There is no difference in the 

Figure 4.11: Simulated powder X-ray diffraction patterns, using CuKα1 radiation for JDF-
2(methylammonium hydroxide) structures [A]-[F]. The red dotted lines are included as a guide to 
the changes in the positions of selected diffraction peaks. See Table 4.7 for a description of the 
optimisation strategy. 
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peak positions between structures [A] to [C] as the unit cell size and shape 

is fixed during the optimisation. Additionally, there is little difference in 

the peak intensities between these simulated X-ray diffraction patterns, 

despite the changes in the atomic coordinates in structures [B] and [C]. 

This suggests that, experimentally, Bragg-diffraction techniques may not 

be sensitive enough to observe these very small changes, and that they 

may not be sufficient to alter any refinement. There are differences in the 

peak positions in the simulated X-ray diffraction patterns between 

structures [A] and [D] as a result of the change in the unit cell size and 

shape upon optimisation. As discussed above, for JDF-

2(methylammonium hydroxide) optimisation with strategy [D] results in 

an anisotropic expansion of the b axis with respect to the a and c axes. This 

can be seen in Figure 4.11, where the (020) diffraction peak is shifted to 

smaller 2θ angles (from 12.778° to 12.500° between structures [A] and [D], 

respectively) indicating an increase in this cell length. The (h0l) diffraction 

peaks are much less affected by the optimisation as the variation in a and c 

is much smaller. Further examples of the change in simulated X-ray 

diffraction patterns for AlPO-14(isopropylammonium hydroxide), AlPO-

15(ammonium hydroxide), AlPO-34(morpholinium fluoride) and SIZ-

4(dimethylimidazolium fluoride) can be found in Appendix B.2. 

 

 For all as-prepared AlPOs two additional optimisations were 

carried out utilising the SEDC schemes G06 (producing structure set [E]) 

and TS (producing structure set [F]). In both strategies the atomic 

coordinates and the unit cell size and shape were allowed to vary. The 

values of the average magnitude of the atomic forces for each atom type, 

and the total energy for structure sets [E] and [F] are given in Table 4.9. 

Owing to the different methods used these values are not strictly directly 

comparable to the values shown in Table 4.8. However, for structure sets 

[E] and [F], similarly low values of the average magnitude of the atomic  
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Table 4.9: Average magnitude of the forces (in eV/Å) upon each atom type, and total energies (in 
eV), for structural models of a range of as-prepared AlPOs, pre- and post-optimisation using the 
SEDC schemes, G06 (structure set [E]) and TS (structure set [F]). 

Ionic forces /(eV/Å) 

 AlPO-14 AlPO-15 JDF-2 AlPO-34 SIZ-4 

[E] After optimisation using G06 dispersion correction scheme 

H 0.05 0.04 0.04 0.05 0.06 

C 0.05  0.05 0.09 0.05 

N 0.08 0.01 0.05 0.07 0.02 

O 0.04 0.03 0.05 0.05 0.04 

Al 0.05 0.08 0.04 0.03 0.03 

P 0.06 0.06 0.07 0.05 0.06 

F    0.11 0.15 

Energy  

/ eV 
−20640.98 −23934.12 −58771.79 −16607.80 −17002.99 

      

[F] After optimisation using TS dispersion correction scheme 

H 0.03 0.03 0.02 0.02 0.02 

C 0.05  0.01 0.04 0.03 

N 0.04 0.04 0.01 0.03 0.01 

O 0.02 0.03 0.02 0.03 0.03 

Al 0.07 0.10 0.04 0.04 0.03 

P 0.04 0.03 0.02 0.03 0.02 

F    0.01 0.03 

Energy  

/ eV 
−20641.08 −23934.16 −58771.80 −16607.85 −17003.02 
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forces for each atom type are observed to those for sets [C] and [D]. In 

some cases (e.g., structure set [E] for AlPO-14(isopropylammonium 

hydroxide)), the total energy of the crystal structure after optimisation has 

increased slightly (~ +0.2 eV).  

 

 Figures 4.10 (b) and (c) show the unit cell lengths (a, b and c) and 

unit cell volume for five as-prepared AlPOs optimised with strategy [E] 

and [F], respectively. The expansion of the cell lengths and volume 

observed for structure set [D] is not observed for [E] and [F] and, in fact, a 

small contraction along most individual axes is observed. One notable 

exception is observed in JDF-2(methylammonium hydroxide), where the 

anisotropic expansion (along the b axis) is still present. However, this 

expansion is not as great as that observed for structure [D]. In general, 

optimisation of the geometry using strategy [E] or [F] results in a unit cell 

that is in closer agreement to that determined experimentally by X-ray 

diffraction and the two strategies result in very similar structures, 

suggesting that any inherent errors in the calculation when using the two 

SEDC schemes are very similar. This is shown in Figure 4.11, where the 

simulated X-ray diffraction patterns of JDF-2(methylammonium 

hydroxide) corresponding to structures [E] and [F] are in closer overall 

agreement with structure [A] (i.e., initial diffraction). The small contraction 

in the cell volume observed for structure sets [E] and [F] could be the 

result of ‘overbinding’ (i.e., an overestimation of the dispersion forces 

utilised in the SEDC schemes). It is difficult to say whether this is true, as 

the exact structure (i.e., the result that should be obtained in theory at 0 K) 

is not known definitively. The baseline of the plot assumes that the initial 

diffraction structure is the ‘gold standard’. However, there can be inherent 

systemic and user-related errors associated with every diffraction 

measurement. Furthermore, the first-principles DFT calculations 

presented in this work are performed at effectively 0 K, whilst the 
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diffraction measurements are typically performed at higher temperatures 

(e.g., 150 K for JDF-2(methylammonium hydroxide)54). 
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Figure 4.12: Plots of (a) 31P and (b) 27Al calculated magnetic shielding (σcalc) and experimental 

isotropic chemical shifts (δexp), and (c) 27Al calculated and experimental quadrupolar coupling 
constants (CQ) for a range of as-prepared AlPOs. In (a) and (b), the subscript ‘iso’ has been removed 
from the axes for brevity. In (c), only the magnitude of CQ is considered owing to the difficulty in 
measuring its sign experimentally. See Table 4.7 for a description of the optimisation strategies. 
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 Using the pre- and the post-optimised crystal structures of as-

prepared AlPOs, the NMR parameters for each structure set were then 

calculated. Figure 4.12 shows the plots of the calculated and experimental 
31P and 27Al NMR parameters, where the subscript ‘iso’ has been removed 

from the axis titles in Figures 4.12 (a) and (b) and also in the text for 

brevity. As mentioned above, the experimental 31P NMR spectra were 

reacquired to ensure consistency between the 31P chemical shifts for each 

of the AlPOs studied in this work by using a single reference scale.44 For 
27Al, the NMR parameters of the as-prepared AlPOs were obtained from 

the literature, with references given in Table 4.4. Although calculations do 

provide the sign of the CQ, only the magnitude is considered here owing 

to the difficulties in measuring the sign experimentally. 

 

 Figures 4.12 (a) and (b) show that there is, as expected, a negative 

correlation between σcalc and δexp for 31P and 27Al. For 31P, the gradient of the 

line of best fit is slightly below −1 and, conversely, for 27Al, the gradient is 

slightly above −1. This suggests that there is a slight over- and 

underestimation of the shielding for 31P and 27Al, respectively. It is not 

possible to comment on the general accuracy of DFT calculations to 

calculate the 31P and 27Al magnetic shielding constants owing to the 

relatively small number of data points considered here. In principle, the 

reference shielding (σref), which can be used to convert σcalc into a 

calculated chemical shift (δcalc), can be found by taking the y-intercept from 

the plots shown in Figures 4.12 (a) and (b). For each optimisation strategy 

there will be a different σref owing to the different structures obtained. For 
27Al, there is a much larger range of shifts observed, as shown in Figure 

4.12 (b), owing to the variation in the coordination environment of Al in 

as-prepared AlPOs. For Al sites that have charge-balancing anions 

coordinated to the framework, an increase in coordination number results 

in a decrease in δ, (i.e., five-coordinate: δ = 15 to 25 ppm and, six-
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coordinate: δ = −5 to 5 ppm).44 Figure 4.12 (c) shows a good correlation 

between CQ
calc and CQ

exp and in cases where the structure has been 

optimised using strategies [C]-[F], the gradient of the line of best fit is very 

close to 1.  

 

 The poorest agreement between calculated and experimental 31P 

and 27Al NMR parameters is observed for structure set [A]. There is 

significant scatter of the data points for the three plots, reflected in the 

lower regression coefficient, with R2 below 0.97 in all cases. The most 

scatter is observed for 27Al CQ
calc, where R2 = 0.7760, as shown in Figure 

4.12 (c). Despite the lowering of the total energy and many of the atomic 

forces for structure set [B], there is only a slight improvement in the linear 

regression coefficient for 31P σcalc and 27Al CQ
calc, and a small decrease in R2 

for 27Al σcalc, as shown in Figure 4.12. One possible reason why there is an 

improvement in the linear regression coefficient for 27Al CQ
calc between 

structure sets [A] and [B] is that the hydrogen atoms of the framework-

bound hydroxyls move to more favourable positions thereby lowering the 

atomic forces on the surrounding atoms, such as oxygen and aluminium. 

As an example, for structure [A], the 27Al CQ
calc for Al1 in AlPO-

14(isopropylammonium hydroxide) is 8.0 MHz, while in the experiment 

the 27Al CQ
exp is 5.6 MHz.57 The Al1 site is in a five coordinate environment 

with one hydroxyl anion coordinated and four coordinated framework O 

species. Upon optimising the structure, CQ
calc for Al1 decreases to 7.0 MHz 

and this is also reflected by a decrease in the atomic forces acting upon 

this atom from 1.73 to 1.20 eV/Å, respectively. Figure 4.13 (b) shows the 

result of optimising with strategy [B], where the hydrogen atoms rotate 

away from the hydroxyl anion allowing a more stable hydrogen bond to 

be formed. When optimising all atomic coordinates, irrespective of 

whether the unit cell size and shape is varied (strategies [C] to [F]), the 

CQ
calc for Al1 is in much better agreement with experiment and the atomic 
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forces acting upon this atom are below 0.13 eV/Å. For AlPO-

34(morpholinium fluoride) there are no framework bound hydroxyls 

present in the structure and as a result, there is no manual placement of 

hydrogen atoms on the anions. For Al3, there is a disagreement between 

CQ
calc and CQ

exp for structure [A]. There is little improvement observed in 

CQ
calc for structure [B], and it is only when all the atomic coordinates are 

allowed to vary that the agreement improves. 

 

 In general, there is much better agreement between calculation 

and experiment for as-prepared AlPOs after some optimisation of the 

Figure 4.13: Local structures of (a) pre-optimised ([A]) and (b) post-optimised ([B]) of the Al1 site in 
AlPO-14(isopropylammonium hydroxide). See Table 4.7 for a description of the optimisation 
strategy used. 
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structural models is performed. It is interesting to note that, although the 

atomic coordinates have been optimised in structure set [C], the simulated 

X-ray diffraction patterns of sets [A] and [C], shown in Figure 4.11, show 

little noticeable differences. However, the calculated NMR parameters 
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Figure 4.14: Plots showing how the local geometry ((a) P-O bond distance, (b) Al-O bond distance 
and (c) Al-O-P bond angle) varies between optimisation strategies for AlPO-
14(isopropylammonium hydroxide). See Table 4.7 for a description of the optimisation strategy. 
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between structure sets [A] and [C] have changed significantly, as shown in 

Figure 4.12. The calculated NMR parameters seem to be much less 

sensitive to small changes in the unit cell size and shape, showing little 

variation between sets [D] to [F]. Furthermore, the calculated NMR 

parameters for structure sets [E] and [F] are similar, showing that both 

correction schemes can be equally applied to the optimisation of the 

geometry of aluminophosphate frameworks.  

 

 Figure 4.14 shows the experimental and simulated (using the 

values calculated by CASTEP) 31P and 27Al MAS NMR spectra of AlPO-

14(isopropylammonium hydroxide) for structures [A] to [F]. Initially, the 

simulated 31P MAS NMR spectrum of structure [A], shown in Figure 4.14 

(a), appears in reasonable agreement with the experimental spectrum. 

However, upon closer inspection, the calculation would suggest that P3 

and P4 have very similar chemical shifts rather than P2 and P4, as 

observed experimentally. This would lead to an incorrect assignment of 

the resonances. Ashbrook et al. noted this previously, although an earlier 

version of the CASTEP code was used to optimise the structure and 

calculate the NMR parameters.57 Upon optimising the structure of AlPO-

14(isopropylammonium hydroxide) using strategy [B], the assignment of 

the 31P NMR spectrum is still incorrect. However, when all atomic 

coordinates are optimised (using strategies [C] to [F]) the agreement 

between the calculation and the experiment is much better and the correct 

assignment can now be made. For the simulated 27Al MAS NMR spectra of 

AlPO-14(isopropylammonium hydroxide), shown in Figure 4.14 (b), it is 

much more difficult to notice the differences to the experimental NMR 

spectra owing to the broadening of the lineshapes by the second-order 

quadrupolar interactions. Best agreement with experiment is achieved 

when all atomic coordinates have been optimised. 
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 The similarity in the calculated 31P and 27Al NMR parameters 

between structure sets [C] to [F] can be explained by considering the local 

environment of the Al and P species. As an example, Figure 4.15 (a) plots 

the P-O bond lengths for each P site and Figure 4.15 (b) plots the Al-O 

bond lengths for each Al site, respectively, in AlPO-

14(isopropylammonium hydroxide), for structure sets [A] to [F]. There are 

some significant differences between structure [A] and all optimised 

structures ([C] to [F]), where the average P-O bond distance increases by 

~0.006 Å and the average Al-O bond distances increases by ~0.002 Å. 

Between the optimised structure ([C] to [F]), there is a much smaller 

difference between the individual P-O and Al-O bond lengths, indicating 

that the local structure is very similar. It can be seen from Figure 4.15 (b), 

that there is a clear distinction between the different coordination 

environments of Al in this AlPO with much longer Al-O bonds for the 

five- and six-coordinate Al species. Similar Al-O bond lengths are 

observed with very little spread of values for the optimised structures. 

Furthermore, it has been previously shown in the literature that, in 

particular for 31P, there is a correlation of the isotropic chemical shift with 

the average Al-O-P bond angle, ⟨Al-O-P⟩.64-66 A plot of the individual Al-

O-P bond angles is shown in Figure 4.15 (c). The largest differences are 

typically observed between structures [A] and ([C] to [F]), although the 

change in the Al-O-P bond angle is ~3°, which corresponds to a predicted 

change between 2.5 and 4 ppm in the 31P chemical shift.64-66 The small 

changes observed in the local structure between the sets of optimised 

structures ([C] to [F]) produce relatively small changes in the 31P and 27Al 

calculated NMR parameters. However, the NMR parameters are much 

more sensitive to the larger changes that occur upon any optimisation of 

the initial structural model (structure set [A]).  
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4.2.5  Calculation of 31P and 27Al NMR parameters 
of calcined AlPOs 

One might expect that as calcined AlPOs only contain corner-sharing AlO4 

and PO4 tetrahedra (i.e., no SDA, charge-balancing anions or water), their 

characterisation using diffraction-based techniques would be simpler, and 

that dispersion interactions would perhaps be of less importance in these 

materials. However, as Al and P have similar X-ray scattering properties, 

distinguishing between these atoms in X-ray diffraction data can be very 

challenging. Furthermore, the more flexible nature of AlPOs in 

comparison to simpler much more rigid inorganic solids (e.g., NaCl) may 

still require optimisation to be carried out, as would any doping or 

cation/anion disorder. 

 

 A series of calcined AlPOs were considered in this work (calcined 

AlPO-14,53 AlPO-53(B),54 AlPO-34,40 AlPO-17,39 and AlPO-1855) and their 

crystal structures were obtained from the literature, as described in Table 

4.6. For AlPO-17 and AlPO-18, the as-prepared structures have previously 

been reported in the literature,50,51 with (respectively) piperidinium and 

tetraethylamonium as the SDAs, and hydroxyl anions acting as the 

charge-balancing anions in both cases. However, the proposed structural 

models both exhibit considerable disorder of the SDA. This prevents any 

DFT calculations being easily performed on the as-prepared forms of these 

materials and they were not discussed above. As mentioned previously, it 

is not possible to calcine AlPO-15 to reveal an open neutral microporous 

framework.18 The atomic species in calcined AlPOs are often much more 

similar to each other (e.g., in their local geometry or coordination 

numbers) than those in as-prepared materials, which can often result in 

very similar NMR parameters, hindering spectral assignment. As 

described previously, the optimisation strategies used in this work are 
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summarised in Table 4.7. It should be noted that owing to the removal of 

the SDA, charge-balancing anions and any water molecules that are 

present in the as-prepared material, optimisation with strategy [B] was not 

carried out for calcined AlPOs.  

 

 The average magnitude of the forces calculated on each atom type 

for each of the five calcined AlPOs is given in Table 4.10. High atomic 

forces are observed for all atoms for structure set [A], in most cases above 

1 eV/Å, despite the fact that the AlPO framework is now chemically much 

simpler. This suggests that some optimisation of the geometry is still 

needed. Optimising with strategies [C] or [D] results in a much lower 

atomic forces for all atom types (often below 0.02 eV/Å), as shown in 

Table 4.10. Furthermore, the total energy of the material for each structure 

is lowered significantly, with the largest reduction observed for AlPO-

35(B), of ~5.4 eV. 

 

 Figure 4.16 (a) shows the percentage change in the unit cell 

dimensions (a, b and c) and cell volume between structure sets [A] and [D] 

for each of the calcined AlPOs studied. For the full information on the 

change of the unit cell size and shape for each structure, see Appendix B.3. 

For structure set [D], the unit cell dimensions expand by ~1% and the total 

cell volume increases by more than 2% for each calcined AlPO. This is a 

similar magnitude to the expansion observed for as-prepared AlPOs 

above. The largest cell volume change is observed for AlPO-53(B), which 

expands by ~3.3%. For all calcined AlPOs the expansion is essentially 

isotropic. As noted previously for as-prepared AlPOs, the change in the 

total cell volume for structure set [D] results in a noticeable change in the 

simulated X-ray diffraction pattern, where the peaks are found at smaller 

2θ angles. Figure 4.17 shows the simulated diffraction pattern of calcined  
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Table 4.10: Average magnitude of the forces (in eV/Å) upon each atom type, and total energies (in 
eV), for structural models of a range of calcined AlPOs, pre- and post-DFT optimisation. 

Ionic forces /(eV/Å) 

 AlPO-14 AlPO-53(B) AlPO-34 AlPO-17 AlPO-18 

[A] Initial structure from diffraction literature 

O 2.11 1.51 1.21 1.64 1.36 

Al 1.31 1.54 0.52 0.48 1.29 

P 2.73 3.53 2.11 0.76 1.34 

Energy 

/eV 
–16962.25 –50890.22 –38170.27 −38169.09 –50892.28 

      

[C] After optimisation of all atomic coordinates 

O 0.02 0.02 0.02 0.03 0.02 

Al 0.01 0.01 0.02 0.02 0.03 

P 0.02 0.01 0.02 0.02 0.02 

Energy 

/eV 
–16964.95 –50895.58 –38171.78 −38171.48 –50895.65 

      

[D] After optimisation of all atomic coordinates and unit cell parameters 

O 0.02 0.01 0.02 0.03 0.01 

Al 0.02 0.01 0.01 0.02 0.02 

P 0.02 0.01 0.01 0.02 0.02 

Energy 

/eV 
–16965.04 –50896.00 –38172.02 −38171.92 –50895.98 
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AlPO-34 for structures [A] to [F]. Further examples of the simulated X-ray 

diffraction patterns for calcined AlPO-14, AlPO-53(B), AlPO-17 and AlPO-

18 can be found in Appendix B.4. 

 

 For all calcined AlPOs, optimisations were also carried out using 

strategies [E] and [F]. The average magnitude of the atomic forces acting 

upon each atom type in structures [E] and [F], shown in Table 4.11, are 

similar to those observed in structures [C] and [D], shown in Table 4.8 

(although the values are not strictly comparable). Figures 4.16 (b) and (c) 

show the percentage change in the unit cell dimensions and unit cell 

volume for structure sets [E] and [F], respectively. In both cases, using 

either of the two SEDC schemes results in an (isotropic) increase of all the 
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Figure 4.15: Percentage change in the unit cell dimensions (a, b, c) and total volume between the 
pre- and post-optimised structure sets (a) [D], (b) [E] and (c) [F] for calcined AlPOs. See Table 4.7 
for a description of the optimisation strategy. 
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unit cell dimensions and, consequently, of the total cell volume, typically 

by ~1.5%. This expansion in structure sets [E] and [F] is smaller than 

observed for structure set [D] in calcined AlPOs and is in direct contrast to 

the contraction of the cell volume observed for as-prepared AlPOs, shown 

in Figures 4.10 (b) and (c). As discussed previously, it is difficult to 

comment generally on this observation owing to the small number of 

systems studied in this work and the accuracy of the initial diffraction 

data. However, it would perhaps appear that long-range dispersion 

interactions are less significant in calcined AlPOs than in as-prepared 

AlPOs. The application of the two SEDC schemes in the geometry 

optimisations of calcined AlPOs produces very similar optimised crystal 

structures in all cases.  

 

Figure 4.16: Simulated X-ray diffraction patterns, using CuKα1 radiation, for pre- and post-
optimised structural models of AlPO-34 for structure sets [A] and [C]-[F]. The red dotted lines are 
included in the figure as a guide to the changes in the positions of selected diffraction peaks. See 
Table 4.7 for a description of the optimisation strategy. 
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Table 4.11: Average magnitude of the forces (in eV/Å) upon each atom type, and total energies (in 
eV), for structural models of a range of calcined AlPOs, pre- and post-optimisation using the SEDC 
schemes, G06 (structure set [E]), and TS ([structure set F]). 

Ionic forces /(eV/Å) 

 AlPO-14 AlPO-53(B) AlPO-34 AlPO-17 AlPO-18 

[E] After optimisation using G06 dispersion correction scheme 

O 0.04 0.04 0.04 0.04 0.04 

Al 0.03 0.04 0.07 0.02 0.02 

P 0.02 0.03 0.03 0.01 0.02 

Energy  

/ eV 
−16965.02 −50895.86 −38172.01 −38171.89 −50895.94 

      

[F] After optimisation using TS dispersion correction scheme 

O 0.03 0.02 0.03 0.04 0.02 

Al 0.04 0.05 0.08 0.05 0.05 

P 0.04 0.04 0.02 0.03 0.03 

Energy  

/ eV 
−16965.02 −50895.85 −38171.99 −38171.88 −50895.91 

 It is should be noted that for calcined AlPO-17, AlPO-18 and 

AlPO-34 have been shown (by experiment) to display negative thermal 

expansion (NTE) behaviour.39,40 NTE is a phenomenon whereby the total 

unit cell volume decreases with increasing temperature. This phenomenon 

arises from supramolecular structural mechanisms that can dominate over 

the positive thermal expansion properties which tend to increase the unit 

cell volume with increasing temperature.41 There are two important 

phonon modes (a quantized mode of vibration in solid systems); 

longitudinal and transverse vibrations, as shown in Figure 4.18. When 

heating a crystalline sample to higher temperatures, longitudinal 
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vibrations tend to increase the metal-oxygen bond length resulting in an 

increase in the metal-metal interatomic distance together with the increase 

in the cell volume, as shown in Figure 4.18 (a). Conversely, transverse 

vibrational modes can shorten the metal-metal interatomic distance by 

decreasing the metal-oxygen-metal bond angle by the increasing 

amplitude of vibration of the oxygen atom, as shown in Figure 4.18 (b). As 

a result of this property, the unit cell volumes of calcined AlPO-17, AlPO-

18 and AlPO-34 might be expected to increase in a 0 K structure, relative 

to a diffraction-based experimental measurement. 

 

 To explore how the unit cell volume varies after optimisation 

using strategies [D] to [F], literature crystal structures of calcined AlPO-

34,40 acquired using variable temperature laboratory powder X-ray 

diffraction, were obtained. Table 4.12 gives the unit cell dimensions and  

d

d
temperature temperature

a

b

temperature

Figure 4.17: Schematic diagram showing the effect on the d spacing as the oxygen (red) to metal 
(green) distance changes with temperature, for (a) longitudinal and (b) transverse vibrational 
modes. In (a), increasing temperature results in the lengthening of the oxygen-metal bond and, 
consequently, larger d spacing. In (b), the apparent oxygen-metal bond length decreases with 
increasing temperature owing to the more rapid transverse motion of the oxygen atom, resulting in 
a decrease of the d spacing and the negative thermal expansion behaviour observed in some 
calcined AlPOs. 
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Table 4.12: Unit cell dimensions (a, b and c) (in Å) and total cell volume (in Å3) of structural models 
of calcined AlPO-3440 acquired by X-ray diffraction at various temperature (in K) and percentage 

changes (% Δ) from structure [A] to post-DFT optimisation using methods [D], [E] and [F]. 

 [A] [D] % Δ [E] % Δ [F] % Δ 

110 K        

a / Å 13.7439 13.8202 0.55 13.8026 0.43 13.7904 0.34 

b / Å 13.7439 13.8202 0.55 13.8026 0.43 13.7904 0.34 

c / Å 14.9409 15.0146 0.49 14.9868 0.31 14.9686 0.19 

Vol / Å3 2444.1563 2483.5558 1.61 2472.6281 1.16 2465.2620 0.86 

        

210 K        

a / Å 13.7299 13.8077 0.57 13.7946 0.47 13.7807 0.37 

b / Å 13.7299 13.8077 0.57 13.7946 0.47 13.7807 0.37 

c / Å 14.9390 15.0486 0.73 15.0211 0.55 15.0025 0.43 

Vol / Å3 2438.8392 2484.6864 1.88 2475.4430 1.50 2467.3884 1.17 

        

310 K        

a / Å 13.7157 13.8102 0.69 13.7919 0.56 13.7806 0.47 

b / Å 13.7157 13.8102 0.69 13.7919 0.56 13.7806 0.47 

c / Å 14.9273 15.0442 0.78 15.0252 0.66 15.0093 0.55 

Vol / Å3 2431.9174 2484.8620 2.18 2475.1515 1.78 2468.4510 1.50 

        

460 K        

a / Å 13.6993 13.8134 0.83 13.7927 0.68 13.7805 0.59 

b / Å 13.6993 13.8134 0.83 13.7927 0.68 13.7805 0.59 

c / Å 14.9116 15.0491 0.92 15.0290 0.79 15.0077 0.64 

Vol / Å3 2423.5309 2486.8072 2.61 2476.0421 2.17 2468.1751 1.84 
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total cell volume of calcined AlPO-34 for structures [A] to [F], and the 

percentage change observed. For all structure sets ([D] to [F]) an 

expansion of unit cell dimensions (a, b and c) and cell volume is observed, 

irrespective of the temperature at which the data were acquired. The 

largest expansion of the cell volume is observed for the structure acquired 

at 460 K, where the volume increases by 2.61, 2.17 and 1.84% for structures 

[D] to [F], respectively. A smaller change in the volume of the cell is 

observed for the 210 K structure and a smaller change again is observed 

for the 110 K structure. It appears that, in general, the expansion of the cell 

volume becomes less significant the closer the diffraction data is to 0 K. 

 

 Figure 4.19 plots the calculated and experimental 31P and 27Al 

NMR parameters for all calcined AlPOs, with ‘iso’ removed from the axis 

titles and main text for brevity. In all cases, the calculated NMR 

parameters for set [A] results in a poor correlation with experimental 

NMR parameters. The correlation for set [A] for 31P and 27Al magnetic 

shielding and chemical shift is worse than that obtained for the as-

prepared AlPOs. However, the chemical shift range of the species 

considered is much smaller. After optimisation (structure sets [C] to [F]), 

the gradient of line of best fit is slightly below −1 for 31P and slightly above 

−1 for 27Al, as shown in Figures 4.19 (a) and (b). Again, it is important to 

note the difficulty in extracting accurate experimental isotropic shifts for 
27Al owing to the presence of quadrupolar broadening. Very poor 

agreement is observed between 27Al CQ
calc and CQ

exp for structure set [A]. 

However, upon optimisation, irrespective of whether the unit cell size and 

shape is allowed to vary, or whether SEDC schemes are used, much better 

agreement is observed between the calculation and the experiment. 

Similar results are observed for all calculated NMR parameters and this 

suggests that the inclusion of either of the two SEDC schemes has no 

detrimental effect upon the final results. 
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 Figure 4.20 shows experimental and simulated 31P and 27Al MAS 

NMR spectra for calcined AlPO-14 (using the calculated NMR parameters 

from the various structure). The 31P and 27Al MAS NMR spectra calculated 

for structure [A] show very poor agreement with the experimental NMR 

spectra, with a very different assignment of the 31P spectrum. 

Furthermore, very broad lineshapes are observed in the calculated 27Al  
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Figure 4.18: Plots of (a) 31P and (b) 27Al σcalc and experimental δexp, and (c) 27Al CQ
calc and CQ

calc for a 
range of calcined AlPOs. In (a) and (b), the subscript ‘iso’ has been removed from the axes for 
brevity. In (c), only the magnitude of CQ is considered owing to the difficulty in measuring the sign 
of this quantity. See Table 4.7 for a description of the optimisation strategy 
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Figure 4.19: Experimental and calculated (simulated using the values calculated by CASTEP) (a) 31P 
and (b) 27Al (14.1 T, 14 kHz) MAS NMR spectra of calcined AlPO-14. The reference shielding used 
is obtained from the corresponding plot given in Figure 4.19. For simulated spectra, the integrated 
relative intensities of the spectral resonances reflect the proportion of the crystallographically-
distinct sites in the material. Overlaid for structure [A] is a second spectrum (in red) using the 
chemical shielding reference obtained from structure [C] owing to the very poor correlation 
observed for structure [A] in Figure 4.19. See Table 4.7 for a description of the optimisation 
strategy. 
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spectrum of structure [A] owing to the large quadrupolar coupling 

constants for the four Al sites. Much better agreement is observed for all 

optimised structure sets, irrespective of whether the unit cell size and 

shape has been allowed to vary, or whether SEDC schemes have been 

included in the calculations. Owing to the very poor agreement in the 

correlation observed for structure [A], and the inaccuracy of the σref value 

extracted from Figure 4.19, a second simulated spectrum for 31P and 27Al 

was performed using the σref value obtained for structure [C]. This second 

spectrum is overlaid in red. This has improved the position of the 31P 

resonances for structure [A], as shown in Figure 4.20 (a). However, as 

noted above, an incorrect assignment of the resonances will be made if 

using this simulated spectrum to assign the experimental NMR spectrum. 

Furthermore, little improvement in the peak positions is observed for the 

simulated 27Al MAS NMR spectrum for structure [A], as shown in Figure 

4.20 (b). 

 

 The similarity in the calculated NMR parameters between 

structure sets [C] to [F] was noted above for as-prepared AlPOs. A similar 

explanation can be provided for the similarity observed in the calculated 

NMR parameters for calcined AlPOs. As Figure 4.21 shows, upon 

optimisation of the atomic coordinates the local structure (e.g., P-O bond 

distances, Al-O bond distances, Al-O-P bond angles) is very similar for 

structures [C] to [F]. However, significant changes are observed between 

structure [A] and all the optimised structures, [C] to [F]. It is particularly 

interesting to note that, for all calcined AlPOs, upon optimisation of the 

atomic coordinates, the P-O and Al-O bond distances become much more 

similar for any one tetrahedral Al or P species, in contrast to the local 

structure of as-prepared AlPOs, as shown in Figures 4.15 (a) and (b). 
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Figure 4.20: Plots showing the local geometry ((a) P-O bond distance, (b) Al-O bond distance and 
(c) Al-O-P bond angle) between different structure sets of calcined AlPO-14. See Table 4.7 for a 
description of the optimisation strategy. 
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4.2.6  Conclusion 

Optimisation using DFT calculations of the crystal structures of as-

prepared and calcined AlPOs can lead to a significant improvement in the 

accuracy of calculated 31P and 27Al NMR parameters. This is primarily due 

to small changes in the local geometry of the AlO4 and PO4 tetrahedra and, 

as a consequence, a lowering of the magnitude of the atomic forces acting 

upon the individual atoms. It has been shown that optimisation of the 

crystal structure can alter the agreement between the experimental 

diffraction-based measurements from which the initial structural model 

(producing structure [A]) is often derived. If it is assumed that the data 

obtained from experiment are accurate, the unit cell parameters can be 

constrained prior to geometry optimisation (producing structure [C]). 

However, this is not suitable for materials that are disordered (or if any 

substitution of atoms has been made) as diffraction will produce 

information only on the average structure. Traditional first-principles DFT 

calculations do not adequately describe long-range dispersive forces (i.e., 

van der Waals forces) and so for materials that are affected significantly by 

these interactions, omission can lead to an expansion of the unit cell 

dimensions and, consequently, an expansion of the total cell volume, 

shown here to be by an average of ~3% for as-prepared AlPOs. 

 

 The use of SEDC schemes in first-principles DFT calculations is a 

relatively new way to reintroduce the dispersion interactions through the 

addition of a post-hoc correction to the calculated energy of the system. 

Utilising these schemes in the optimisation seems to provide structures 

that are more realistic (i.e., more similar to those obtained by diffraction-

based experiments). For as-prepared AlPOs, where the SDA plays an 

important role in defining the details of the structure, a small contraction 

of the cell volume was observed when SEDC schemes were implemented. 
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This could be due to an overbinding effect of the SEDC schemes, from 

errors in the diffraction data, or the fact that the DFT structure is 

effectively at 0 K. For calcined AlPOs, thermal effects can be very 

important, as many exhibit NTE. Optimisation of the structures using DFT 

results in an expansion of the total cell volume, irrespective of whether or 

not the SEDC schemes were implemented in the calculation. This could 

suggest that long-range dispersive interactions do not play as significant a 

role in the structure of calcined AlPOs owing to the lack of interactions 

involving with the SDA and/or water, or that the structure is at 0 K. 

 

 In summary, optimisation of the geometry of as-prepared and 

calcined AlPOs is often needed in order for the calculated NMR 

parameters to agree well with NMR parameters observed by experiment. 

This reflects the highly sensitive nature of NMR parameters to the local 

geometry, rather than the precise size and shape of the longer-range 

periodic unit cell. In addition, it was shown that, regardless of the 

optimisation method used, providing that all atomic coordinates were 

allowed to vary, the local structure was similar in all cases. There is 

essentially no additional computational cost for utilising the SEDC 

schemes. It would appear that using these SEDC schemes during the 

optimisations for all AlPOs produces reliable values for the atomic 

positions and the unit cell size and shape, as well as the calculated 31P and 
27Al NMR parameters. Finally, little difference is observed in the 

optimised structures and calculated NMR parameters between the two 

SEDC schemes considered. 
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4.3  Measuring and calculating the 31P 
chemical shift anisotropy 

Solid-state NMR experiments are typically performed under MAS 

conditions, averaging out anisotropic interactions (e.g., the chemical shift 

anisotropy (CSA)).67 However, these interactions could provide useful 

structural information and the ability to measure both the isotropic and 

anisotropic shielding parameters might also ease the challenge in 

understanding and assigning solid-state NMR spectra. Measurement of 

the three principal components of the chemical shift tensor (δ11, δ22 and δ33) 

could provide detailed information on the three-dimensional nature of the 

local electronic environment, but usually the tensor values reflect the local 

structure only within a few Ångströms.68 However, the lattice structure 

can be encoded in the chemical shift tensor values when formally charged 

or polar sites are present in the material, e.g., in HgX2, where X is a ligand, 

the anisotropy and asymmetry have been shown to be strongly correlated 

with the electronic change due to neighbouring ligands.69 If hydrogen 

bonding is present then the individual principal components can be of 

more value than the isotropic chemical shift values as they can change 

quite significantly for species not experiencing hydrogen bonding.70 It has 

been reported that, in many cases, the strength of the hydrogen bond is 

also reflected in the 1H shielding tensors,71 with δ11 and δ22 becoming less 

shielded with increasing hydrogen bonding strength and δ33 becoming 

more shielded, as it is this principal component usually positioned along 

the X–1H···Y bonding axis.72 

 

 Investigation of the relationships between 31P NMR parameters 

and local structure have been shown to have had mixed results,44 

depending upon the system under investigation, and are typically 

restricted to a series of related compounds without being more generally 
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applicable. These relationships are complicated by the fact that the 

dependence of the 31P chemical shifts are determined mostly by the 

paramagnetic and not the diamagnetic contribution to the chemical 

shielding.44 Despite this, simple relationships such as the dependence of 

the 31P chemical shift on the Pauling electronegativity of the next-nearest 

neighbouring (NNN) cations have been determined.73 The 31P CSA has 

been linked to the length of the P-O bond in a small series of phosphoryl 

compounds.71 In 1986, Turner et al. determined a good correlation between 

the 31P CSA and the distortion index (DI) of the PO4 tetrahedron.73 The DI 

describes the mean deviation of the O-P-O bond angle away from a perfect 

tetrahedron, where all angles would be 109.47°, given by 

  
DI =  

θ0  −  θi

ni  = 1

n

∑   ,
 (4.1) 

where θ0 = 109.47°, n is the number of angles (for PO4, n = 6), and θi is the 

actual O-P-O bond angle. 

 

 For powdered solids, the principal components of the chemical 

shift tensor can be measured from the singularities observed in a wideline 

static NMR spectrum75 or from analysing the spinning sideband manifolds 

in MAS NMR spectra,76 as described in Chapter 2. As AlPOs contain PO4 

tetrahedra, it might be expected that the 31P anisotropy will be relatively 

small owing to the fact that a perfect tetrahedron possesses very high 

symmetry and, consequently, zero anisotropy. Therefore, slow MAS rates 

will be needed in order to ensure there are a sufficient number of spinning 

sidebands for accurate analysis. This introduces two problems; first, 

stabilising slow MAS rates can be challenging and second, homonuclear 

dipolar coupling interactions can cause significant broadening of the 

resonances at slower MAS rates. In cases where anisotropic information 

cannot be easily obtained from a slow MAS NMR spectrum, the two-

dimensional CSA-amplified PASS experiment of Orr et al. is ideal as the 
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CSA is reintroduced (and amplified) in the second dimension whilst fast 

MAS rates can be used to improve spectral resolution in the direct 

dimension.77 It was shown in Section 4.2 that CASTEP was able to 

accurately reproduce many 31P and 27Al NMR parameters of as-prepared 

and calcined AlPOs, providing the geometry of the initial structure is 

optimised prior to calculation of the NMR parameters. In addition to the 

NMR parameters mentioned above, the magnetic shielding tensor is also 

obtained in such calculation, enabling anisotropy and asymmetry (or span 

(Ω) and skew (κ)) to be predicted. 

 

 
4.3.1  Methods 
4.3.1.1 Solid-state NMR spectroscopy 

31P solid-state NMR spectra were acquired using a Bruker Avance III 600 

MHz spectrometer, equipped with a wide-bore 14.1 T superconducting 

magnet, operating at a Larmor frequency of 242.9 MHz. 31P MAS NMR 

spectra were acquired using a commercial 4.0 mm HX probe with samples 

packed in conventional 4.0 mm ZrO2 rotors and rotated at MAS rates 

between 1 and 14 kHz. Chemical shifts are referenced to 85% H3PO4 using 

BPO4 (δiso = −29.6 ppm)44 as a secondary reference. Where necessary, CW, 

TPPM-1578 or SPINAL-6479 1H decoupling was employed to improve 

spectral resolution, with a typical radiofrequency field strength of (γB1/2π) 

of ~100 kHz. 31P MAS NMR spectra were acquired with a typical recycle 

interval of 30 s (for as-prepared AlPOs) or 5 s (for calcined AlPOs). For 

both as-prepared and calcined forms of AlPO-14, JDF-2(methylammonium 

hydroxide) and calcined AlPO-18, low-power CW45 (γB1/2π ≈ 10 kHz) or 

RA-MP46 (γB1/2π ≈ 10 kHz) 27Al decoupling was employed in order to 

resolve the resonances in the 31P MAS NMR spectrum. 
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  31P two-dimensional CSA-amplified PASS experiments were 

carried out using the pulse sequence developed by Orr et al.,77 as described 

in Chapter 2. The total scaling factor is given by χT = (nPASS + 1) χ, where χ 

is the scaling factor determined by the timing of the five π pulses, and nPASS 

is the number of additional number of five π pulse blocks used. Cogwheel 

phase cycling80 is utilised in order to reduce the length of the phase cycle 

required and no zero-filling or line-broadening functions were applied in 

the indirect dimension. Fitting of the sideband manifold extracted from 

the indirect dimension of the two-dimensional CSA-amplified PASS 

spectrum was carried out using SIMPSON81 by comparison to a simulated 

two-dimensional CSA-amplified PASS experiment using ideal pulses (i.e., 

infinite radiofrequency power and zero length). The ‘root mean square’ 

(rms) error quoted in tables and plotted in figures is that outputted by 

SIMPSON and described in Ref. 81. Further experimental details are given 

in the relevant figure captions and tables.  

 

 
4.3.1.2 First-principles DFT calculations 

First-principles DFT calculations were carried using the parameters 

described in Chapter 3. Calculations were carried out using CASTEP50 

version 5.5.2 using a 198-node (2376 core) Intel Westmere cluster with 2 

GB memory per node NS QDR Infiniband interconnect, at the University 

of St Andrews. Optimisation of the structures was performed using either 

optimisation strategy [A], [E] or [F] as outlined in Section 4.2. As discussed 

in Chapter 2, there are a number of different conventions for describing 

the magnetic shieling anisotropy. In this section of work, the Herzfeld-

Berger convention was used.76  
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4.3.2  Optimised implementation of the CSA-
amplified PASS experiment  

Sodium dihydrogen phosphate (NaH2PO4) was chosen as a model 

compound to assess and optimise the implementation of the two-

dimensional CSA-amplified PASS experiment. NaH2PO4 has two P sites 

with slightly different isotropic shifts and CSA parameters, enabling the 

accuracy of the measurements to be investigated. In addition, the presence 

of H means the use of heteronuclear decoupling also needs some 

consideration. Figure 4.22 shows 31P MAS NMR spectra of NaH2PO4 

acquired at a MAS rate of 14 kHz, with CW and SPINAL-64 1H decoupling 

applied during signal acquisition. As shown in Figures 4.22 (a) and (b) 

there appear to be two isotropic peaks at δiso = 3.1 and 1.8 ppm, suggesting 

two distinct P sites.82 Assignment of the two resonances can be made by 

utilising first-principles DFT calculations (with prior geometry 

optimisation using strategy [E]). Results are given in Table 4.13, where P1 

and P2 can be assigned (with δiso = 3.1 ppm (for P1) and δiso = 1.8 ppm (for 

P2)). 

 

 In order to extract the experimental 31P CSA parameters for the 

two P sites in NaH2PO4, spinning sideband analysis can be performed. 

However, as shown in Figure 4.22 there are an insufficient number of 

spinning sidebands present when using a MAS rate of 14 kHz. 

Furthermore, despite the use of CW 1H decoupling during signal 

acquisition, the isotropic resonances observed are still quite broad, with 

peak widths of 270 and 360 Hz for P1 and P2, respectively. This 

broadening results in the overlap of the spinning sideband manifolds for 

the two P sites, consequently making it difficult to determine the 31P CSAs 

accurately. Upon using the more efficient SPINAL-64 decoupling 

sequence, there is now excellent separation of the isotropic peaks and their 
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corresponding spinning sidebands, as shown in Figure 4.22 (b), although 

there are still an insufficient spinning sidebands for accurate analysis. 

Figures 4.22 (c) and (d) show the 31P MAS NMR spectra of NaH2PO4 

acquired using a slower MAS rate (2.625 kHz), with CW and SPINAL-64 
1H decoupling, respectively. In both spectra there are now sufficient 

spinning sidebands to allow the CSA parameters for the two P sites to be 

determined. The analytical fit (shown by the red line and shifted to the 

right of the 31P MAS NMR spectrum for clarity) is also shown in Figures 

4.22 (c) and (d) and the 31P CSA parameters are given in Table 4.13. The Ω 

for the two P sites is quite different with a much greater anisotropy 

observed for P1. The asymmetry parameter (κ) is difficult to measure 

accurately experimentally, and, consequently, there is greater uncertainty 

in this parameter. There are small differences in the 31P CSA parameters 

measured from the two experiments, with Ω for both P sites slighter larger 

for the CW measurements, in comparison to those where SPINAL-64 

decoupling was used. There is also reasonable agreement between the 

calculated NMR parameters, using strategy [E], and with experiment. 

a
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Figure 4.21: 31P (14.1 T) MAS NMR spectra of NaH2PO4. In (a) and (b), the spectra were acquired 
using a MAS rate of 14 kHz. In (c) and (d), the spectra were acquired used a MAS rate of 2.262 kHz. 
Spectra are the result of averaging 8 and 64 transients for (a and b) and (c and d), respectively, 
using a recycle interval of 30 s. In (a) and (c), CW 1H decoupling and in (b) and (d), SPINAL-64 1H 
decoupling was utilised during signal acquisition. 
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Table 4.13: Results from the analytical fits from the slow 31P MAS NMR spectra, shown in Figures 
4.22 (c) and (d), and calculated 31P NMR parameters (using structure [E]) for NaH2PO4. 

 δiso (ppm) Ω (ppm) κ  

CW 1H decoupling 

P1 3.1 ± 0.1 157.3 ± 2.0 0.2 ± 0.1 

P2 1.8 ± 0.1 71.9 ± 2.0 −0.2 ± 0.1 

    
SPINAL-64 1H decoupling 

P1 3.1 ± 0.1 155.9 ± 2.0 0.2 ± 0.1 

P2 1.8 ± 0.1 70.8 ± 2.0 −0.1 ± 0.1 

    
[E] After optimisation using G06 dispersion correction scheme 

P1 4.1 164.8 −0.2 

P2 1.8 68.1 0.3 

 The evolution of magnetisation during t1 is subject to transverse 

relaxation processes; an increasing problem as more five π pulse blocks are 

employed. Efficient decoupling in t1 may reduce transverse relaxation and 

result in an increase in signal, with potentially an improvement in 

accuracy. In order to investigate the use of 1H decoupling in the indirect 

dimension of the CSA-amplified PASS spectra, three experiments were 

acquired with no decoupling, CW and SPINAL-64 decoupling applied, as 

shown in Figure 4.23 (a). Figure 4.23 (b) shows the (normalised) extracted 

sideband manifolds and analytical fits corresponding to the two 31P 

isotropic peaks P1 and P2. Table 4.14 gives the extracted CSA parameters 

along with the rms error values for P1 and P2. A much better fit of the 

sideband manifold for the two P sites can be obtained when SPINAL-64 

decoupling was used, as indicated by the very small rms error. The fit for 

P2 is of similar quality for all experiments. 

 

 



 182 
 

Figure 4.22: (a) 31P (14.1 T, 14 kHz) two-dimensional CSA-amplified PASS NMR spectra of 
NaH2PO4, acquired with no decoupling, CW or SPINAL-64 1H decoupling. Spectra are the result of 

averaging 28 transients for each of the 16 rows. The total scaling factor used was χT = 3.333, 
resulting in an effective MAS rate of 4.2 kHz in the indirect dimension. In (b), the extracted 
(normalised) spinning sideband manifolds (black lines) and analytical fits (red lines) for the two P 
sites are shown. In (c), the contour plots of the rms error are shown for each spinning sideband 
manifold, with the value of the rms error arbitrarily capped at 25. 
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 Figure 4.23 (c) shows contour plots of the rms error. It can be seen 

that well-defined values of Ω and κ can be determined for P1. For P2, there 

appears to be a greater uncertainty in κ, owing to the less defined shape of 

the spinning sideband manifold for this site. The extracted NMR 

parameters from the CSA-amplified PASS spectra are in good agreement 

with those from the fitting of the slow MAS NMR spectra, given in Table 

4.13. The effect of 1H decoupling on the spinning sideband manifold can 

be seen in Figure 4.24. It is clear that the use of the more efficient 1H 

decoupling pulse sequences, such as SPINAL-64, results in a sideband 

manifold that more closely resembles the slow MAS spectrum, acquired at 

the same MAS rate. Despite small changes in the intensity of the spinning 

sidebands when either no 1H decoupling or CW decoupling is used, the 
31P CSA parameters for the two phosphorus sites are in good agreement 

with the parameters from fits of the slow MAS spectrum, as shown in 

Table 4.13. In general, decoupling should be applied if an improvement in 

the resolution of the spectral resonances could be gained and if very high 

total scaling factors are employed.  

 

 

Figure 4.23: 31P (14.1 T, 4.2 kHz) MAS NMR spectrum of NaH2PO4. The spectrum is the result of 
averaging 64 transients using a recycle interval of 30 seconds with SPINAL-64 1H decoupling 
applied during signal acquisition. Overlaid are the spinning sideband intensities from the two-
dimensional CSA-amplified PASS spectra, shown in Figure 4.23 (a). The spinning sideband 
manifolds have been normalised to their corresponding isotropic peaks. 
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Table 4.14: 31P CSA parameters of NaH2PO4 derived from the analytical fits (using SIMPSON), for 
each of the different decoupling methods employed, of 31P two-dimensional CSA-amplified PASS 
NMR spectra, extracted from the spinning sideband manifolds shown in Figure 4.23 (b). 

 δiso (ppm) rms error Ω (ppm) κ 

No decoupling 

P1 3.1 ± 0.1 1.93 149.7 ± 7.7 0.15 ± 0.1 

P2 1.8 ± 0.1 0.93 83.9 ± 4.3 −0.1 ± 0.15 

     

CW decoupling 

P1 3.1 ± 0.1 2.67 154.6 ± 7.4 0.2 ± 0.1 

P2 1.8 ± 0.1 0.25 77.1 ± 4.0 −0.1 ± 0.2 

     

SPINAL-64 decoupling 

P1 3.1 ± 0.1 0.72 157.5 ± 7.8 0.15 ± 0.1 

P2 1.8 ± 0.1 0.22 71.4 ± 4.0 −0.1 ± 0.1 

 In 2006, Orr et al. investigated the robustness of the two-

dimensional CSA-amplified PASS sequence using a small range of organic 

compounds.83 The authors noted that even with significant pulse 

imperfections (e.g., flip angle misset) the extracted spinning sideband 

manifold showed little difference from the slow MAS NMR spectrum. 

Furthermore, the extracted parameters showed little dependence upon 

any variation in offset. Later in 2012, Mitchell et al. demonstrated that 

there was a decrease in absolute signal intensity when only low 

radiofrequency field strengths were available (e.g., for 89Y), which had an 

effect on the overall accuracy of the fitting of the sideband manifold from 

the two-dimensional CSA-amplified PASS spectrum.84 Furthermore, it was 

shown that the use of a real (i.e., non-ideal) radiofrequency field strength 

and non-negligible pulse duration were required within the analytical 

fitting for good agreement to be obtained when the radiofrequency field 

strength was low. Unlike the more challenging nuclei have that been 



 185 

probed by this experiment in previous work (e.g., 89Y), 31P is much more 

sensitive owing to the relatively high γ. Owing to the relatively high 

radiofrequency field strengths that are typically available, there will be 

fewer problems with pulse imperfections. Consequently, the fitting of the 

extracted spinning sideband manifolds to obtain the CSA parameters can 

be performed assuming ideal pulses. 

 

 
4.3.3  Measuring the 31P chemical shift anisotropy 
of as-prepared aluminophosphates 

As described in Section 4.3, owing to the tetrahedral nature for the AlPO 

framework of the P atoms in AlPOs, it is expected that the magnitude of 

the 31P anisotropies may be small, but possibly not as small as Si-zeolites, 

where the 29Si Ω can range from 10 to 30 ppm.85 However, a P atom that is 

close in space to a five- or six-coordinate Al could potentially exhibit 

greater anisotropy, owing to variation in the bond angles and distances. 

This could potentially provide additional structural information to assist 

with spectral assignment or during the refinement of a structure. 

Figure 4.24: 31P (14.1 T) MAS NMR spectrum of AlPO-14(isopropylammonium hydroxide). The 
MAS rates used for the two spectra are 14 and 1.75 kHz for (a) and (b), respectively. Spectra are the 
result of averaging (a) 16 and (b) 8 transients, respectively, using a recycle interval of 30 s. In both 
spectra, low power 27Al CW decoupling was utilised during signal acquisition. The asterisks (*) in 
(b) denote the isotropic peaks. 
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Table 4.15: 31P experimental acquisition parameters used for the 31P two-dimensional CSA-
amplified PASS NMR spectrum of AlPO-14(isopropylammonium hydroxide), shown in Figure 
4.26. These parameters are typical of those used for all as-prepared AlPOs investigated in this 
work. 

Parameter  

MAS rate in F1 / kHz 2.0 

MAS rate in F2 / kHz 14.0 

spectral width / kHz 32.0 

number of rows 16 

χT 7.0 

χ 3.5 

nPASS 2 

number of transients 76 

recycle interval / s 30 

CW 27Al decoupling (γB1/2π) / kHz ~10 

Figure 4.25 shows the (a) fast (14 kHz) and (b) slow (1.75 kHz) MAS NMR 

spectra of AlPO-14(isopropylammonium hydroxide). The slow MAS NMR 

spectrum is very complex owing to the overlap of the spinning sidebands 

arising from each of the four P species. Despite the use of low-power CW 
27Al decoupling, broadening of all resonances is still observed owing to the 
31P-31P homonuclear dipolar couplings.  

 

 For AlPO-14(isopropylammonium hydroxide), it can be shown 

that there is improvement in spectral resolution when using low power 
27Al CW decoupling, with the linewidth decreasing for all resonances, in 

particular for P1 and P4, as shown in Figure 4.25 (a). Figure 4.26 (a) shows 

the 31P two-dimensional CSA-amplified PASS NMR spectrum of AlPO-

14(isopropylammonium hydroxide) acquired with the use of 27Al CW 

decoupling during t1 and t2. Also shown in Figure 4.26 are the extracted  
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Figure 4.25: (a) 31P (14.1 T, 14 kHz) two-dimensional CSA-amplified PASS NMR spectra of AlPO-
14(isopropylammonium hydroxide). For experimental NMR acquisition parameters, see Table 4.15. 
In (b), the extracted spinning sideband manifolds and analytical fits, ordered according to the 
spinning sideband order (k), contour plots of the rms error for the four P sites. The rms error scale 
for each contour plot has been arbitrarily capped at 25. 



 188 

Table 4.16: 31P NMR parameters and rms error for the P sites in the as-prepared AlPOs investigated 
in this work obtained, from the 31P two-dimensional CSA-amplified PASS spectra. 

 δiso (ppm) rms error Ω (ppm) κ 

AlPO-14(isopropylammonium hydroxide) 

P1 −20.3 ± 0.1 2.96 63.4 ± 3.5 0.3 ± 0.1 

P2 −5.4 ± 0.1 2.52 40.0 ± 2.1 0.1 ± 0.1 

P3 −24.1 ± 0.1 3.56 44.0 ± 2.8 0.3 ± 0.1 

P4 −19.6 ± 0.1 3.12 59.8 ± 3.6 0.3 ± 0.1 

     

AlPO-14(piperidinium hydroxide) 

P1 −21.8 ± 0.1 4.63 52.2 ± 2.7 0.3 ± 0.1 

P2 −7.1 ± 0.1 9.35 32.2 ± 2.0 0.1 ± 0.1 

P3 −27.0 ± 0.1 5.99 49.5 ± 2.7 0.2 ± 0.1 

P4 −21.0 ± 0.1 5.00 48.2 ± 2.5 0.2 ± 0.1 

     

AlPO-15(ammonium hydroxide) 

P1 −11.9 ± 0.1 1.4 43.8 ± 2.4 0.2 ± 0.2 

P2 −18.2 ± 0.1 0.7 37.1 ± 1.0 0.0 ± 0.3 

sideband manifolds and their corresponding analytical fits and contour 

plots of the rms error for the four P sites. Table 4.15 gives the experimental 

NMR parameters used to acquire the spectrum shown in Figure 4.26 (a), 

and are typical of the acquisition parameters used for the two-dimensional 

CSA-amplified PASS experiment for all as-prepared AlPOs investigated in 

this work. Good agreement can be observed for each of the four analytical 

fits, and this is reflected in the low rms error. There is a small amount of 

uncertainty in κ for P2 and P3 species, as shown by the spread of higher 

(>5) rms values in the contour plot, possibly due to κ ≈ 0. The size and 

shape of the spinning sideband manifolds for P1 and P4 are very similar, 

indicating the similarity in the magnetic environments.  
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Table 4.16: Continued... 

 δiso (ppm) rms error Ω (ppm) κ 

JDF-2(methylammonium hydroxide) 

P1 + P3a −24.9 ± 0.2 35.5 28.1 ± 3.6 1.0 ± 0.1 

P2 −13.4 ± 0.1 6.8 41.1 ± 4.3 0.0 ± 0.1 

     

AlPO-34(morpholinium fluoride) 

P1 −29.8 ± 0.1 4.5 60.2 ± 5.1 0.2 ± 0.1 

P2 −23.8 ± 0.1 4.6 49.0 ± 2.7 0.1 ± 0.1 

P3 −7.6 ± 0.1 4.3 58.1 ± 4.4 0.1 ± 0.1 

     

SIZ-4(dimethylimidazolium fluoride) 

P1 −28.5 ± 0.1 2.6 67.4 ± 3.5 0.3 ± 0.1 

P2 −22.5 ± 0.1 4.3 46.8 ± 3.0 0.2 ± 0.1 

P3 −7.6 ± 0.1 2.4 73.1 ± 3.7 0.1 ± 0.1 

 Table 4.16 gives the 31P CSA parameters extracted from 31P two-

dimensional CSA-amplified PASS spectra for AlPO-

14(isopropylammonium hydroxide), AlPO-14(piperidinium 

hydroxide),AlPO-15(ammonium hydroxide), JDF-2(methylammonium 

hydroxide), AlPO-34(morpholinium fluoride) and SIZ-

4(dimethylimidazolium fluoride). The size of Ω for each site in as-

prepared AlPOs ranges from ~25 to 75 ppm. This is in comparison with 

the larger Ω measured for the two phosphate environments in NaH2PO4, 

where Ω = 157.5 ± 7.8 and Ω = 71.4 ± 4.0 ppm, respectively. For some as-

prepared AlPOs, the relatively small Ω confirms the more symmetrical 

nature of the PO4 tetrahedra in these materials. The largest 31P Ω are 

observed for AlPO-14(isopropylammonium hydroxide) for P1 and P4, 

AlPO-34(morpholinium fluoride) for P1 and P3, and SIZ-

4(dimethylimidazolium fluoride) for P1 and P3, as shown in Table 4.16. 
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 For JDF-2(methylammonium hydroxide), the published crystal 

structure contains three crystallographically-unique P sites.54 However, as 

is shown in Figure 4.5, only two isotropic resonances are observed in the 
31P MAS NMR spectrum, at δiso = −13.4 and −24.9 ppm, with a 1:2 signal 

intensity ratio. Based on the first-principles DFT calculations utilised in 

Section 4.2, those resonances can be assigned to P2 and P1+P3, 

respectively. In an attempt to resolve the P1 and P3 resonances in the 31P 

MAS NMR spectrum, 27Al RA-MP54 decoupling was applied during signal 

acquisition. However, despite extensive optimisation, it was not possible 

to resolve the two peaks. The predicted 31P σiso
calc for P1 and P3 (from 

structure [F]) are 302.3 and 302.1 ppm, respectively. The similarity in σiso
calc 

is in good agreement with experimental observations. Recently, Ironside et 

al. used CSA-amplified PASS experiments in order to extract 31P CSA 

parameters from two very similar 31P chemical shifts but different CSAs.83 

Although this work was successful, it does not appear possible to 

decompose these two CSA lineshapes for the two P sites considered here 

using a similar approach, confirming the similarity of anisotropic as well 

as isotropic, shielding for the two. Therefore, the spinning sideband 

manifold for P1 and P3 extracted is the result of the summation of signals 

from both sites. Despite this, fitting of the extracted sideband manifold is 

possible and reveals Ω = 28.1 ± 3.6 ppm for P1+P3, which is smaller than 

for P2, where Ω = 49.0 ± 2.7 ppm.  

 

 Figure 4.27 shows a plot of experiment δiso against Ω for all P sites 

in the five as-prepared AlPOs investigated. It appears that there is no 

obvious correlation between the two parameters. It is well known that 

certain structural features, such as the Al-O-P bond angle, show strong 

correlation with the 31P isotropic chemical shift and these simple 

relationships have been used to assign 31P NMR spectra in the past.61-63 

However, a similar correlation with the CSA does not appear to be 
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present. As a result, a more extensive investigation into the local 

environment of the P sites in as-prepared AlPOs is required in order to 

understand whether geometrical parameters are linearly related to Ω. 

 

 
4.3.3.1 Comparison of the 31P CSA of as-prepared AlPOs 
synthesised with different SDAs  

As-prepared AlPO-14 can be synthesised either with isopropylammonium 

hydroxide or piperidinium hydroxide as the SDA and calcination of either 

results in the formation of the same material upon calcination, i.e., calcined 

AlPO-14.53 Currently, there is no published crystal structure of AlPO-

14(piperidinium hydroxide) and assignment of the four 31P resonances 

was made tentatively by Ashbrook et al. This assignment was based on the 

assumption that, as the Al-O-P connectivities are the same as those in 

AlPO-14(isopropylammonium hydroxide), the local structure, and 

therefore, NMR parameters will be similar.57 In this work, the assignment 

of the 31P resonances in AlPO-14(piperidinium hydroxide) is assumed to 

be the same as that reported by Ashbrook et al. There are small differences 
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Figure 4.26: Plot of experimental 31P δiso against experimental 31P Ω for each P site the range of as-
prepared AlPOs investigated. 
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in 31P δiso between the two forms, with the four resonances in AlPO-

14(isopropylammonium hydroxide) being slightly more deshielded than 

their counterparts in AlPO-14(piperidinium hydroxide), which could be 

due to either (i) interaction of the framework with the SDA, or (ii) a small 

change in framework bond angles and distances owing to the different 

guest molecule in the pore. Table 4.16 also gives the 31P NMR parameters 

of AlPO-14(piperidinium hydroxide). Figure 4.27 also shows δiso and Ω for 

the four P species in this compound. Not only is there an increase in δiso for 

each of the four 31P resonances in AlPO-14(piperidinium hydroxide), there 

is also a small, but noticeable decrease in Ω. This suggests that the PO4 

tetrahedra in AlPO-14(piperidinium hydroxide) are more symmetrical 

than those in AlPO-14(isopropylammonium hydroxide).  

 

 Unlike the two forms of as-prepared AlPO-14 described above, δiso 

for AlPO-34(morpholinium fluoride) and SIZ-4(dimethylimidazolium 

fluoride) are reasonably similar, suggesting that the local magnetic 

environment is also similar. However, the 31P Ω for P1 and P3 for the two 

materials are different, with SIZ-4(dimethylimidazolium fluoride) 

exhibiting a slightly higher value of Ω, particularly for P3, where a 

difference of ~15.0 ppm is observed. One of the possible reasons for this 

observation is that the dimethylimidazolium cation in SIZ-4 is more rigid, 

while the morpholinium cation more is flexible, so any dynamics present 

might lead to the averaging of the CSA towards the isotropic case. As a 

consequence of the use of different SDAs, the AlPO framework will 

experience different electrostatic forces and so the bond angles and 

distances will be slightly different for the two forms. It is unfortunate that 

in some cases the confidence in the analytical fits from the extracted 

sideband manifolds for as-prepared AlPOs can be small, with errors on 

the 31P Ω of up to ~5 ppm. This suggests that conclusive arguments about 
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the effects of the use of different SDAs and the small structural changes 

that result will be very difficult to make unambiguously. 

 

 
4.3.4  Calculating the 31P CSA of as-prepared 
AlPOs 

Section 4.2 investigated the most appropriate strategy to optimise the 

geometry of as-prepared AlPOs prior to the calculation of the NMR 

parameters. For good agreement to be achieved between the calculated 

and experimental NMR parameters, optimisation was required with best 

agreement, found with the inclusion of a dispersion correction scheme 

(strategy [E] or [F]). Therefore, only calculations using structures [E] and 

[F] will be considered from this point forward and will be compared with 

structure [A].  

 

 Table 4.17 gives the calculated 31P NMR parameters, for structure 

sets [A], [E] and [F]. Figure 4.28 shows plots of calculated and 

experimental 31P Ω for AlPO-14(isopropylammonium hydroxide), AlPO-

15(ammonium hydroxide), JDF-2(methylammonium hydroxide), AlPO-

34(morpholinium fluoride) and SIZ-4(dimethylimidazolium fluoride). As 

one might expect, the agreement in Ωcalc for structure set [A] is quite poor 

(as shown by the high degree of scatter (R2 = 0.5828)). The line of best fit is 

slightly above the line of ideal 1:1 correlation. However, with the high 

degree of scatter, the gradient of the line is irrelevant. For structure sets [E] 

and [F] there appears to be much better agreement between calculation 

and experiment, with the line of best fit being much closer to an ideal 1:1 

correlation. Figure 4.29 shows a plot of Ωcalc (from structure sets [E] and 

[F]) against Ωexp in order to investigate any differences in the two SEDC  
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schemes used. The gradient of the line of best fit is slightly below 1, 

indicating that there is a slight underestimation of Ωcalc for structure set 

[E]. Very similar results are observed for structure sets [E] and [F], 

indicating the comparable reliability of these two SEDC schemes for 

calculating the 31P NMR parameters and the applicability of these schemes 

for calculations in aluminophosphate framework materials. 

 

 Figure 4.30 shows plots of calculated and experimental principal 

components of the 31P chemical shift tensor (δ11, δ22 and δ33) for structure 

Figure 4.28: Plots of 31P Ωcalc, using calculations on structure sets (a) [A], (b) [E] and (c) [F], and 31P 

Ωexp for as-prepared AlPO-14, AlPO-15, JDF-2, AlPO-34 and SIZ-4. The black line indicates the line 
of best fit and the red dotted line indicates an ideal 1:1 correlation. 

Figure 4.28: Plot of the 31P Ωcalc using calculations on a range of as-prepared AlPOs from structure 
sets [E] and [F]. The black line indicates the line of best fit and the red dotted line indicates an ideal 
1:1 correlation. 
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sets [A], [E] and [F], of as-prepared AlPOs. The calculated values were 

referenced using the corresponding σref from Figure 4.13. For structure set 

[A], as shown in Figure 4.30 (a), there is a significant scatter in the data 

points and the gradient of the line of best fit is not 1. It should be noted 

that the degree of scatter for all three plots in Figure 4.30 is much less than 

observed in Figure 4.28, owing to the increase in the number of points and 

the larger shift range. For structure sets [E] and [F], as shown in Figures 

4.30 (b) and (c), there is much better agreement between calculation and 

experiment, with the gradient of the line of best fit approaching 1. In both 

Figure 4.30 (b) and (c), there appears to be more scatter of the data points 

for δ11, suggesting that calculation is overestimating this principal 

component in particular, and it is not yet understood why this is the case 

and further investigations are needed. 

 

 

 

 

Figure 4.29: Plots of calculated and experimental 31P principal components of the chemical shift 

tensor (δ11, δ22 and δ33) for as-prepared AlPO-14, AlPO-15, JDF-2, AlPO-34 and SIZ-4. The calculated 

components have been referenced using the corresponding σref value in Figure 4.13 (a). The black 
line in each plot indicates the line of best fit and the red dotted line indicates an ideal 1:1 
correlation. 
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4.3.4.1 Correlation of 31P CSA of as-prepared AlPOs with 
structure 

Although the correlation of the experimental 31P Ω with local geometrical 

parameters has been considered in the previous section, it should be noted 

that the precise structure of the sample present in the experiment may not 

correspond to any of the structural models ([A]-[F]) used. Therefore, 

subsequent discussion will focus on the calculated parameters arising 

directly from the models considered.  

 

 Plots of the local structure (i.e., bond distances and angles) of 

AlPO-14(isopropylammonium hydroxide) for structures [A] to [F] were 

shown in Figure 4.15. For structure [A], the P-O bond varies very little 

(between 1.52 and 1.54 Å) for each of the four P sites. Upon optimisation, 

the P-O bond distances for each site become less similar, with values 

varying between ~1.51 and ~1.56 Å for structures [C] to [F]. Structure set 

[A] appears to have larger Ωcalc in comparison with structures [E] and [F]. 

The variation in the Al-O-P bond angles before and after optimisation is 

not as significant with the majority of the angles for each individual P site 

are similar. This is a similar picture with other as-prepared AlPOs 

investigated in this work.  

 

 Figure 4.31 shows plots of average P-O bond length (⟨P-O⟩), 
average Al-O-P bond angle (⟨Al-O-P⟩) and the average O-P-O bond angle 

(⟨O-P-O⟩) for structure sets [A], [E] and [F]. There is very little correlation 

between any of the geometrical parameters and Ωcalc, suggesting that Ωcalc 

is not determined by the value of any one of these. The data points 

highlighted by the dotted black boxes in Figure 4.31 correspond to P3 in 

SIZ-4(dimethylimidazolium fluoride) and for this particular P site, the Al 
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atoms in the next-nearest neighbour sites are coordinated to two bridging 

framework-bound fluoride anions. This may explain why the longer ⟨P-O⟩ 
bond distances and smaller ⟨Al-P-O⟩ bond angles were observed, in 

particular for structures [E] and [F]. The corresponding P site in AlPO-

34(morpholinium fluoride) does not exhibit bridging F− anions, and as a 

Figure 4.30: Plots of calculated 31P Ωcalc against the average P-O bond distance (⟨P-O⟩), average O-P-

O bond angle (⟨O-P-O⟩) and average Al-O-P bond angle (⟨Al-O-P⟩) for as-prepared AlPO-14, AlPO-
15, JDF-2, AlPO-34 and SIZ-4 using structure sets (a) [A], (b) [E] and (c) [F]. The black line in each 
plot indicates the line of best fit. See main text for a description of the data points highlighted by 
the boxes. 
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result, this P site has a significantly different local structure and different 

Ωcalc. For AlPO-14(isopropylammonium hydroxide), the ⟨O-P-O⟩ bond 

angles for P1 and P2 in structure [A], as shown in the lower plot of Figure 

4.31 (a), is remarkably different from those in structures [E] and [F]. These 

P sites become more significantly symmetrical upon optimisation of the 

geometry, perhaps explaining the decrease in Ωcalc from 89.9 ppm in 

structure [A] to 73.9 ppm and 70.7 ppm in structure [E] and [F], 

respectively. A similar observation is found for P2 in this AlPO, albeit 

with changes of smaller magnitude. 

 

 Figure 4.32 shows plots of Ωcalc for structure sets [A], [E], and [F] 

against DI for each P site for a range of as-prepared AlPOs. For structure 

set [A], there is a spread of DI values (between 1 and 5) for each as-

prepared AlPO, with P1 and P2 of AlPO-14(isopropylammonium 

hydroxide) having the largest DI values (highlighted by black boxes). 

Upon optimisation of the geometry (using strategy [E] or [F]), the spread 

of DI is significantly reduced (between 1 and 2). Again, this is indicative of 

the P sites in as-prepared AlPOs becoming less distorted. In general, it 

Figure 4.31: Plots of calculated 31P Ωcalc against the distortion index (DI) for each of the P sites in as-
prepared AlPO-14, AlPO-15, JDF-2, AlPO-34 and SIZ-4 using structure set (a) [A], (b) [E] and (c) [F]. 
The black line in each of the plots indicates the line of best fit. See main text for a description of the 
data points highlighted by the boxes. 
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seems that no one structural parameter correlates directly with Ωcalc in as-

prepared AlPOs. 

 

 
4.3.5  Measuring the 31P CSA of calcined AlPOs 

As a consequence of calcination, only four-coordinate Al is present in 

AlPO frameworks, and this may result in a change in the bond angles and 

distances of the PO4 tetrahedra. It may be expected that the local 

environment of the P atoms in calcined AlPOs will be more symmetrical 

than in the corresponding as-prepared AlPO, owing to the framework 

symmetry and simplicity.  

 

 As a result of the potentially smaller CSA values for calcined 

AlPOs, it maybe necessary to use higher total scaling factors (χT) in the 

CSA-amplified PASS experiments than were required for as-prepared 

AlPOs, to ensure that the effective MAS rate in the indirect dimension is 

sufficient to produce enough spinning sidebands for analysis. As 

mentioned above, one consequence of using higher χT is that the pulse 

sequence becomes increasingly long owing to the need to concatenate 

more five π pulse blocks. Orr et al.80 reported that χT of up to 27 are 

achievable, but at these values typically up to half of the signal intensity is 

lost as a result of transverse relaxation. Thus, it is important that, when 

concatenating more five π pulse blocks, there is sufficient signal left during 

acquisition and T2 is sufficiently long. Furthermore, as decoupling can be 

applied not only during t2 but also during t1, care must be taken in order 

not to damage the probe circuitry during these long pulse sequences.  
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Table 4.18: 31P experimental acquisition parameters used for the two-dimensional CSA-amplified 
PASS NMR experiment for calcined AlPO-14, with the spectrum shown in Figure 4.33. These 
parameters are typical of those used for all calcined AlPOs investigated in this work. 

Parameter  

MAS rate in F1 / kHz 1.312 

MAS rate in F2 / kHz 14.0 

spectral width / kHz 21.0 

number of rows 16 

χT 10.6664 

χ 2.6666 

nPASS 4 

number of transients 50 

recycle interval / s 5 

 Figure 4.33 (a) shows an example of a 31P two-dimensional CSA-

amplified PASS spectrum of calcined AlPO-14, where 27Al RA-MP 

decoupling was used during t1 and t2 in order to resolve all four 31P 

resonances. Table 4.18 gives the experimental NMR parameters used to 

acquire this two-dimensional spectrum, which are typical of those used 

for all calcined AlPOs investigated in this work. Figure 4.33 (b) shows the 

extracted sideband manifolds for the four P species along with their 

corresponding fits. The 31P CSA parameters and rms error associated with 

each fit are given in Table 4.19. The analytical fit of the sideband manifolds 

for each site is very good as confirmed by the low rms values in the 

contour plots. For P2, P4 and P3 there is somewhat lower confidence in κ, 

which is shown by the range of relatively low rms error values (<10). The 

uncertainty in κ is observed for all calcined AlPOs investigated in this 

work, confirming that this is a difficult parameter to accurately measure. 

Also given in Table 4.19 are the 31P NMR parameters (from the CSA-

amplified PASS experiments) for calcined AlPO-53(B), AlPO-34, AlPO-17 

and AlPO-18. There is generally good agreement between the fits and  
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Figure 4.32: (a) 31P (14.1 T, 14 kHz) two-dimensional CSA-amplified PASS NMR spectrum of 
calcined AlPO-14, with 27Al RA-MP decoupling used to increase the spectral resolution. For 
experimental acquisition parameters, see Table 4.18. In (b), the extracted spinning sideband 
manifolds and contour plots of the rms error for the four 31P peaks are shown. The value of the rms 
error has been arbitrarily caped at 25.  
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Table 4.19: 31P CSA parameters for each of the P sites in calcined AlPO-14, AlPO-53(B), AlPO-34, 
AlPO-17 and AlPO-18, obtained from the two-dimensional CSA-amplified PASS spectra. 

 δiso (ppm) rms error Ω (ppm) κ 

AlPO-14     

P1 −21.3 ± 0.1 4.6 38.4 ± 3.4 0.1 ± 0.1 

P2 −27.1 ± 0.1 2.0 26.1 ± 1.4 0.0 ± 0.1 

P3 −31.3 ± 0.1 0.7 20.6 ± 1.3 0.0 ± 0.1 

P4 −26.1 ± 0.1 2.0 25.8 ± 1.4 0.0 ± 0.1 

     

AlPO-53(B)     

P1 −29.9 ± 0.1 1.6 29.3 ± 1.5 0.0 ± 0.2 

P2 −31.5 ± 0.1 0.4 24.6 ± 1.6 0.0 ± 0.1 

P3 −26.8 ± 0.1 0.4 27.6 ± 1.5 0.0 ± 0.2 

     

AlPO-34     

P1 −30.1 ± 0.1 3.9 27.3 ± 1.4 0.0 ± 0.2 

     

AlPO-17     

P1 −26.1 ± 0.1 11.7 30.4 ± 1.6 0.0 ± 0.1 

P2 −37.1 ± 0.1 5.2 30.1 ± 1.6 0.1 ± 0.1 

     

AlPO-18a     

P1 + P2 + P3 −27.6 ± 0.3 4.3 28.5 ± 1.5 0.0 ± 0.1 
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extracted sideband manifold for each P species in calcined AlPOs, as 

shown by the relatively low rms error values. The range of 31P Ω in 

calcined AlPOs is much smaller compared with as-prepared AlPOs, 

ranging between ~20 and ~40 ppm, with the majority of the values found 

between ~24 and ~30 ppm. This suggests that the PO4 tetrahedra in 

calcined AlPOs are much more symmetrical than as-prepared AlPOs, with 

most P species exhibiting a similar local magnetic shielding.  

 

 For calcined AlPO-18, although three crystallographically-distinct 

P sites are predicted from the reported crystal structure,55 only one 

resonance is observed in the 31P MAS NMR spectrum. DFT calculations 

described in Section 4.2 suggested that upon optimisation of the initial 

structural model, three very similar values of σiso
calc were observed. As a 

consequence, it would be very difficult to extract the spinning sideband 

manifold for three distinct P sites. Therefore, the experimental values of Ω 

and κ given in Table 4.19 for calcined AlPO-18 are the result of fitting all 

lineshapes summed together. Figure 4.34 shows a plot of the experimental 
31P δiso against the Ω for each of the P sites in the five calcined AlPOs 
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Figure 4.33: Plot of 31P δiso against 31P Ω for each P site in calcined AlPO-14, AlPO-53(B), AlPO-34, 
AlPO-17 and AlPO-18. 
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investigated. However, there does not appear to be any clear correlation 

between these two parameters. 
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4.3.6  Calculation of 31P CSAs of calcined AlPOs 

The calculated 31P NMR parameters for calcined AlPO-14, AlPO-53(B), 

AlPO-34, AlPO-17 and AlPO-18 for structure sets [A], [E] and [F], are 

given in Table 4.20. For structure set [A], the range of Ωcalc is quite high 

(between ~8 and ~70 ppm) and upon optimisation (using strategy [E] or 

[F]), Ωcalc is reduced and the range is also reduced (now between ~10 and 

~40 ppm). As discussed previously, the geometry of the structural models 

for calcined AlPOs had to be optimised before any agreement between 

calculated and experimental NMR parameters was achieved. Therefore, it 

is possible that Ωcalc for structure [A] in the five calcined AlPOs is also 

inaccurate and suggests that optimisation of the geometry might be 

required.  

 

 Figure 4.35 plots Ωcalc (for structure sets [A], [E] and [F]) against 

Ωexp for the five calcined AlPOs investigated. For structure set [A], 

although there is considerable scatter in the data, as shown by the very 

low linear regression coefficient of R2 = 0.4542, the calculated and 

experimental values for each AlPO are in very poor agreement. Upon 

Figure 4.34: Plots of 31P Ωcalc using calculations from structure sets (a) [A], (b) [E] and (c) [F], and 

Ωexp for calcined AlPO-14, AlPO-53(B), AlPO-34, AlPO-17, AlPO-18. The black line in each of the 
plots indicates the line of best fit and the red dotted line indicates an ideal 1:1 correlation. 
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optimising using strategies [E] or [F], the agreement is considerably 

improved. However, all calcined AlPOs now have very similar Ω (values 

spread over only ~30 ppm), thereby making linear regression somewhat 

nonsensical. Reassuringly, the values of Ωcalc for both structure sets [E] and 

[F] are in very good agreement with each other, as shown in Figure 4.36, 

where an almost perfect 1:1 correlation between the two is observed. 

Again confirming the similarity of the two SEDC optimisation strategies in 

producing similar local structures.  

 

 Figure 4.37 shows plots of the calculated (using structure sets [A], 

[E] and [F]) and experimental principal components of the chemical shift 

tensor (δ11, δ22 and δ33) for the five calcined AlPOs. The calculated values 

have been referenced using the corresponding σref value from Figure 4.20. 

For structure set [A], as shown in Figure 4.37 (a), the calculation appears 

to underestimate each of the principal components of the chemical shift 

tensor, with the line of best fit in poor agreement with the ideal 1:1 

correlation. This may well indicate a problem with the value of σref for this 

structure set. As discussed above, using a σref from a different structure set 

does not produce good agreement between calculated and experimental 

NMR parameters. Upon optimising, using strategies [E] or [F], there is 

some improvement in the correlation, as shown in Figures 4.37 (b) and (c). 

The line of best fit for structure sets [E] and [F] lies below the 1:1 

correlation, as shown by the red dotted line suggesting that calculation is 

underestimating the principal components of the chemical shift tensor by 

a similar amount for the two structure sets. 
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4.3.6.1 Correlation of 31P CSA of calcined AlPOs with 
structure 

Figure 4.38 shows plots of Ωcalc against ⟨P-O⟩ bond distance, ⟨Al-P-O⟩ bond 

angle and ⟨O-P-O⟩ bond angle for structure sets [A], [E] and [F]. Again, 

there appears to be very little correlation between Ωcalc and any of the 

structural parameters for structure set [A]. Upon optimising the geometry, 

there appears to be a weak correlation between Ωcalc and ⟨P-O⟩ bond length 

and ⟨Al-P-O⟩ bond angle. However, no correlation is found between  
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⟨O-P-O⟩ bond angle and Ωcalc, owing to all values being very similar. 

Figure 4.39 shows plots of Ωcalc and DI for structure sets [A], [E] and [F]. 

Again, there appears to be a very weak correlation observed for structure 

set [A], where a greater spread of values is present. Upon optimising 

using strategy [E] or [F], this spread is reduced significantly, with the DI 

Figure 4.36: Plots of calculated 31P Ωcalc against the average P-O bond distance (⟨P-O〉), average O-P-

O bond angle (⟨O-P-O〉) and average Al-O-P bond angle (⟨Al-O-P〉) for calcined AlPO-14, AlPO-
53(B), AlPO-34, AlPO-17 and AlPO-18 using structure sets (a) [A], (b) [E] and (c) [F]. The black line 
in each of the plots indicates the line of best fit. 
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for all P sites below 1.5 and this also confirms the presence of more 

symmetrical P sites in the five calcined AlPOs. One interesting observation 

is for AlPO-53(B), where Ωcalc for P1 is found to be 59.3 ppm. This is 

perhaps a higher value than expected and is probably a result of the very 

different P-O bond lengths in the initial structural model, ranging between 

1.49 and 1.59 Å. Upon optimising the geometry, using strategy [E] or [F], 

Ωcalc is significantly reduced, and in closer agreement with experimental 

observations.  

 

 
4.3.7  Discussion of the measured and calculated 
31P CSA in AlPOs 

The range of measured and calculated 31P Ω observed for as-prepared and 

calcined AlPOs are significantly different, with the former exhibiting 

larger values (between ~30 and ~80 ppm) and the latter smaller values 

(between ~10 and ~40 ppm). These differences are probably due to the 

changes in the next nearest neighbour (NNN) Al polyhedra, with charge-

balancing anions bound to the AlPO framework in as-prepared AlPOs 

creating five- and six-fold Al coordination environments. In calcined 
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AlPOs, the framework-bound anions are removed and subsequent 

changes in bond angles and distances, to a more symmetrical local 

environment, are observed. This consequently reduces the magnitude of 

the 31P CSA. In as-prepared AlPOs the presence of the SDA in the pores of 

the material can affect the 31P δiso and it is not yet fully understood if the 

CSA is affected by the SDA in different as-prepared AlPOs owing to the 

similarity in the parameters obtained from the extracted spinning 

sideband manifolds (within experimental error). Figure 4.40 (a) shows a 

plot of Ωcalc (from structure set [F]) against Ωexp and Figure 4.40 (b) shows a 

plot of δii
calc against δii

exp for both as-prepared and calcined AlPOs. When 

considering all the data together, Ωcalc appears to be slightly overestimated. 

However, given the uncertainty in the experimental measurement is 

reasonably large, the correlation is reasonably good. Figure 4.40 (b), shows 

a good overall correlation between δii
calc and δii

exp.  

 

 Attempts have been made to try and correlate the 31P Ωcalc with 

simple structural parameters in the first coordination sphere, such as ⟨P-

O⟩ bond distances and, ⟨O-P-O⟩ and ⟨Al-P-O⟩ bond angles in both as-

prepared and calcined AlPOs. It can be seen from Figures 4.31 and 4.38 

Figure 4.38: Plots of 31P (a) calculated and experimental span (Ωcalc and Ωexp, respectively) and (b) 

calculated and experimental principal components of the chemical shift tensor (δ11, δ22 and δ33) for a 

range of as-prepared and calcined AlPOs. In (b), the δii have been referenced using σref values from 
Figures 4.13 (a) and 4.20 (a), for as-prepared and calcined AlPOs, respectively. The black line 
indicates the line of best fit and the red dotted line indicates an ideal 1:1 correlation. 
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that no simple correlation between these parameters appears to exist, 

although the range of values measured is relatively small. The lack of 

correlation with one single structural parameter may suggest that these 

relationships cannot be looked at individually, but a better correlation 

could be found if these structural features are combined in some way. This 

is in contrast with the observations reported by Dawson and Ashbrook,63 

where the ⟨P-O⟩ bond length and average ⟨Al-P-O⟩ bond angle was 

correlated to the 31P magnetic shielding for a range of calcined AlPOs. A 

much better correlation was achieved when a combination of structural 

parameters was included in the relationship. Further work will attempt to 

utilise a combination of structural features to investigate if any 

parameter(s) correlate with the 31P CSA in as-prepared and calcined 

AlPOs. 

 

 
4.3.8  Conclusion 

The 31P CSAs for a range of as-prepared and calcined AlPOs have been 

measured and calculated accurately for the first time. The agreement 

between calculation and experiment improves significantly when the 

initial structural model is optimised, with best results obtained when 

SEDC schemes are included. This suggests that the magnetic shielding 

interaction is extremely sensitive to the local structure around the P atom 

in these materials. The challenges in measuring the 31P CSA using slow 

MAS experiments have been overcome by utilising the two-dimensional 

CSA-amplified PASS experiment of Orr et al.  

 

 As-prepared AlPOs have been to shown to have a much larger 

range of 31P shielding anisotropies, probably owing to the presence of 
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charge-balancing anions coordinating to the AlPO framework, and 

charged SDAs and water residing the pores, therefore, changing the bond 

angles and distances between the atoms on the AlPO framework. Calcined 

AlPOs exhibit a much smaller range of 31P anisotropies, suggesting that 

the local P environments are much more symmetrical. Although there 

must be a variation of the CSA parameters with structure, the relatively 

small differences are similar to those in the isotropic shift. Isotropic shifts 

can be more accurately and easily measured. There does not appear to be 

a strong dependence of the CSA parameters on a single geometrical 

parameter, suggesting a more complex relationship may be needed. It is 

unlikely that measurement of the CSA itself could result in an 

unambiguous 31P spectral assignment in AlPOs, or provide detailed 

quantitative structural information, but measurement may increase the 

confidence in any proposed assignment, help to evaluate potential model 

structures and provide general information on the local environment 

when used in conjunction with first-principles DFT calculations. 

 

 
4.4  Chapter conclusions 

Crystal structures of as-prepared and calcined AlPOs, derived from 

diffraction-based experiments, often exhibit high atomic forces. As a 

result, disagreement between the calculated 31P and 27Al NMR parameters 

and experiment is often observed. Geometry optimisation was performed 

for each AlPO and much better agreement between the predicted NMR 

parameters and experiment was achieved when all atomic coordinates 

were allowed to vary, irrespective of the precise optimisation strategy 

used, owing to the similar local structure (i.e., bond distances and angles) 

obtained in each case. This reflects the sensitivity of the NMR parameters 

to the local structure, rather than the precise size and shape of the longer-
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range periodic repeat unit. If SEDC schemes were not used in the 

optimisation, an expansion of the total cell volume was observed for both 

as-prepared and calcined AlPOs. However, for as-prepared AlPOs, the use 

of SEDC schemes decreased the total cell volume by ~2%, with the 

optimised structure then in much closer agreement with diffraction-based 

measurements. Conversely, for calcined AlPOs, an expansion of the cell 

volume is still observed when SEDC schemes are applied, which may be 

attributed to the lack of long-range dispersive interactions or potentially 

thermal effects may be particularly relevant for these materials given their 

NTE behaviour that many exhibit. The use of SEDC schemes appears not 

to have any significant impact on the calculated NMR parameters and 

given the relatively low computational cost of implementation in 

geometry optimisations it appears they should be used for calculations on 

as-prepared and calcined AlPOs. 

 

 The 31P CSA parameters (Ω and κ) have been measured accurately 

for a range of as-prepared and calcined AlPOs using the CSA-amplified 

PASS experiment. For as-prepared AlPOs, the Ω is much larger than for 

calcined AlPOs, owing to the presence of an SDA and framework-bound 

charge-balancing anions resulting from changes in the bond angles and 

distances in the framework itself. Attempts at correlating Ω with a single 

structure feature, such as ⟨P-O⟩ bond distance or, ⟨O-P-O⟩ or ⟨Al-P-O⟩ 
bond angles, were unsuccessful. It may be that utilising a combination of 

structural features in a multivariable linear regression analysis may reveal 

better correlations. For AlPOs, unambiguous assignment of the 31P NMR 

spectrum based purely on the measured CSA parameters is unlikely. 

However, measuring more than one NMR parameter may help to increase 

the confidence of the assignment and also enable a more detailed 

understanding of the structure to be obtained. 
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Chapter Five 
Investigating the Structure of 

Zeolitic Imidazolate Frameworks 

 
5.1  Introduction to zeolitic imidazolate 

framework materials 

First reported in 2006 independently by Chen1 and Yaghi,2 zeolitic 

imidazolate frameworks (ZIFs) are a relatively new subclass of MOFs with 

extended three-dimensional networks of transition metal nodes that are 

bridged by rigid organic linkers. These organic linkers line the pores and 

windows of the ZIF giving rise not only to its unique properties but also 

the framework topology. ZIFs have attracted much recent attention owing 

to their potential applications in gas storage and separation,3,4 fluid 

separation,5 sensing,6 encapsulation and controlled delivery of drug 

molecules7,8 and catalysis.9,10 These applications arise from the tuneable 

properties that many ZIFs exhibit, as they can contain different imidazole 

linkers in materials with the same framework topology. The incorporation 

of mixed linkers can produce materials with a juxtaposition of polar and 

nonpolar pores, as shown in Figure 5.1.12,13 In addition to those that have 

unique structural topologies, many ZIFS exhibit topologies that are known 

for zeolites. Since 2010, more than 100 ZIFs have been synthesised 

compared to just over 229 zeolites synthesised in a few decades.10,14 

 

 The structure of ZIFs comprises of linking imidazolate (Im) (or 

functionalised imidazolate) linkers to typically four-coordinate transition 
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metal cations (predominantly Zn2+ or Co2+), as shown in Figure 5.2 (a),1,2 

which are subsequently connected to other metal centres to create rings, as 

shown in Figure 5.2 (b). These rings produce cages, pores and windows, 

creating extended framework materials with tetrahedral geometries,16-18 as 

shown in Figure 5.2 (c), where the sodalite (sod) cage is shown.14,19 One of 

the key structural features of ZIFs is that the Zn-Im-Zn bond angle is 

similar to the ideal Si–O–Si bond angle of ~145° observed in many stable 

zeolites,1 as shown in Figure 5.3, and is one of the reasons why many ZIFs 

exhibit topologies similar to those found for zeolites. ZIFs can be 

synthesised with one or a mixture of functionalised imidazolate linkers 

(termed heterolinkers) to produce an array of zeolite framework 

topologies, such as ANA, BCT, DFT, GIS, GME, LTA, MER, RHO, and 

SOD15 (see Ref. 14 for a description of the three letter codes). Figure 5.4 

shows the various imidazole and functionalised imidazolates, along with 

their linker code (e.g., 2-nitroimidazole = H-nIm), that have been used to 

synthesise the ZIFs investigated in this work. The bulkier substituents 

present on C4 and C5 (e.g., benzene or purine derivatives) are found in 

ZIFs where larger cages are formed, whereas smaller substituents, such as 

NO2 on the C2 position, form smaller cages. As an example, the mixed-

linker ZIF-6816 exhibits both large (containing bIm linkers) and narrow 

pores (containing nIm linkers) as shown in Figure 5.1. Some ZIFs can also 

Figure 5.1: The general structure of a ZIF with the GME framework topology, e.g., ZIF-68 
(Zn(bIm)(nIm)).16 In some dual-linker ZIFs, hydrophobic and hydrophilic pores are present giving 
rise to unique chemical and physical properties, such as selective absorption of polar (e.g., water, 
ethanol etc.) and non-polar molecules (e.g., benzene, ethane etc.).11,15 
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 be synthesised with more than one metal centre (e.g., ZIF-5 

(Zn3In2(Im)12)),1 which can often result in a material that possesses 

different metal coordination environments (e.g., octahedral In(III) and 

tetrahedral Zn(II)) whose unique chemistry can be exploited for various 

applications, such as catalysis. ZIFs also possesses very high chemical and 

thermal stabilities, low densities, and very high surface areas,1,15 on which 

gas absorption can take place. For example, ZIF-8 (Zn(mIm)2) has been 

shown to retain its inherent crystallinity and porosity when the material is 

either boiled in water, alkaline solutions or placed under reflux in organic 

Figure 5.3: The basic building blocks of ZIFs are shown in wireframe (upper) and are extracted 
from the crystal structure of ZIF-8 (Zn(mIm)2),1 where in (a), four imidazolate linkers coordinate to 
a tetrahedral metal centre. The tetrahedral metal centres can combine to form secondary units, such 
as four-membered rings, as shown in (b). In (c), the sodalite (sod) cage is shown, constructed from 
common four- and six-membered rings.13 

Figure 5.3: The bridging angle (Zn-N-N-Zn) observed in many ZIFs is similar to the ideal Si-O-Si 
bong angle found for many zeolites.1,15 
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solvents.1 ZIF-7 (Zn(bIm)2) has recently been shown to ‘breathe’ upon CO2 

uptake, arising from a ‘gate opening’ effect in the material,20 showing the 

structural flexibility this type of material can possess.  

 

 ZIFs are typically synthesised by combining a source of the 

hydrated metal ions (e.g., Zn(NO3)2·6H2O or Co(NO3)2·6H2O) with the 

linker in a polar solvent (e.g., N,N-dimethylformamide (DMF)).1 The 

synthetic mixture is then heated (between 85 and 150 °C) for typically 

between 24 and 48 h, with crystals formed upon cooling of the reaction 

mixture. Heating at this temperature enables the deprotonation of the 

linker (through the thermal degradation of the amine solvent), thereby 

facilitating the coordination of the imidazolate nitrogen atoms with the 

metal.15 It should be noted that the molar ratio between the hydrated 

transition metal ion and the linker (as well as the heating time and 

temperature) are critical for producing phase pure materials.15 It is 

possible to modify ZIFs post-synthetically, as shown by Morris et al., who 

Figure 5.4: A series of imidazole linkers, along with their chemical name and linker abbreviation, 
used in the synthesis of the ZIFs studied in this work. 
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converted the aldehyde group of 2-carboxyaldehyde imidazolate in ZIF-90 

to the corresponding alcohol to produce ZIF-91, or produce ZIF-92 by 

reaction with ethanolamine, as shown in Figure 5.5.11 ZIF-8 can also be 

modified post-synthetically through the use of solvent-assisted linker! 
exchange (SALE) to produce SALEM-2, which is an open analogue of the 

parent material (i.e., exhibiting larger pore windows). Treating SALEM-2 

with n-butyllithium! results in the creation of a Brønsted base catalyst !.22 

These examples show the chemical flexibility of ZIFs, as the linker can be 

modified within the framework without altering the structural integrity.  

 

 Comprehensive structural characterisation of microporous 

materials allows for a more complete understanding of the structure-

property-function relationships, which can facilitate the development of 

new applications and can often improve the performance and applicability 

of a material by allowing specific modifications to be made. Currently, a 

large number of ZIFs have been characterised by single-crystal X-ray 

diffraction.1,15 However, if the synthesis does not produce a single crystal 

suitable for analysis, the more limiting powder X-ray diffraction can be 

used. Solving powder X-ray diffraction data for a truly unknown structure 

can be very challenging, particularly if the sample is poorly crystalline. 

Furthermore, guest-host interactions can be very difficult to study by 

N
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ZIF-91 ZIF-90 ZIF-92

Figure 5.5: Post-synthetic modification of the linker in ZIF-90 produces two new materials, ZIF-91 
and ZIF-92.21 
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diffraction-based techniques owing to the potential disorder and motion 

of the guest molecules within the pore, resulting in only approximate, or 

average, atomic positions being established. Therefore, unambiguous 

structure solution needs to be made using and combining other analytical 

techniques, such as NMR spectroscopy. 

 

 Solid-state NMR can provide detailed information on the local 

structure and order/disorder of the framework, and has also been used to 

investigate guest-host interactions and dynamics in many MOFs. 23-27 ZIFs 

contain many NMR-active nuclei, as summarised in Table 5.1, which can 

be used to probe the linker or the metal centres. 1/2H, 13C and 15N NMR can 

be used to provide information on the nature of the linker, and any 

changes to this occurring on post-synthetic modification, as well as the 

presence of guest molecules in the pores and their interaction with the 

framework.26,28-30 Investigating the metal centres by NMR spectroscopy is 

much more difficult to study by NMR, owing to their more unfavourable 

nuclear properties. Tetrahedral Co(II), found in some ZIFs, is 

paramagnetic, resulting in significant interactions with the unpaired 

electrons that can broaden spectral lines. Tetrahedral Zn(II) is diamagnetic 

but 67Zn is also challenging to study by NMR, with a very low sensitivity 

and broad resonances often spanning many kHz for non-symmetrical 

species, as a result of quadrupolar broadening.23,27  

 

 In this work, a range of as-prepared and solvent exchanged (i.e., 

the solvent has been removed) ZIFs are characterised by solid-state NMR 

spectroscopy. The possible dependence of the isotropic and anisotropic 13C 

and 15N chemical shift interactions on structural parameters is 

investigated. In addition, DFT calculations are used to help assign the 

spectra. Such calculations can also be used to predict NMR parameters  
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Table 5.1: Properties of selected NMR-active nuclei (spin (I), natural abundance (N), Larmor 

frequency (ν0), gyromagnetic ratio (γ) and quadrupole moment (Q)) present in ZIFs, with ν0 quoted 
at 14.1 T. 

Nucleus I 
N  

(%) 

γ  

/ 107 rad s–1 T–1 

ν 0  

/ MHz 

Q  

/ fm2 

1H 1/2 99.99 26.75 600.00  

2H 1 0.01 4.11 92.10 0.29 

13C 1/2 1.07 6.73 150.87  

14N 1 99.63 1.93 43.36 2.04 

15N 1/2 0.36 −2.71 60.82  

17O 5/2 0.04 −3.63 81.34 −2.56 

59Co 7/2 100.00 6.33 142.39 42.00 

67Zn 5/2 4.10 1.68 37.55 15.00 

and guide spectral acquisition, and so play an important role in the 

characterisation of ZIFs, particularly for 67Zn NMR. 
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5.3  Methods 
5.3.1  General procedure for the preparation of 

ZIFs 

A general synthetic strategy for the preparation of ZIFs is given here using 

the synthesis of ZIF-65 (Zn(nIm)2·DMF) as an example.31 More detailed 

synthetic procedures for each of the ZIFs investigated in this work can be 

found in the references given. A solid mixture of Zn(NO3)2·6H2O and H-

nIm was dissolved in 15 ml of DMF in a TeflonTM-lined autoclave. The 

mixture was then heated to 100 °C at a rate of 5 °C/min and was held at 

this temperature for 24 h before being cooled at a rate of 5 °C/min to 

laboratory temperature. The resulting crystals were then washed with 

DMF (10 ml × 3) and dried in air for 24 h. To remove or exchange the 

synthesis solvent from the pores, ~170 mg of the sample was gently 

ground (to accelerate solvent exchange) with a small amount of methanol 

before being immersed in 150 ml methanol for ~7 days. The product was 

then filtered and washed with methanol and then dried at room 

temperature. The as-prepared and solvent-exchanged ZIF were analysed 

(by Juergen Khar) using powder X-ray diffraction to confirm purity. 

 

 
5.3.2  NMR spectroscopy 

1H NMR spectra were acquired using a Bruker Avance III 600 MHz 

spectrometer equipped with wide-bore 14.1 T superconducting magnet, 

operating at a Larmor frequency of 600 MHz. Samples were packed in 

conventional 1.3 mm ZrO2 rotors and rotated at a MAS rate of 60 kHz. The 

spectra were the result of averaging between 8 and 32 transients using a 

recycle interval of 3 s. Chemical shifts for 1H are reported relative to TMS 
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using the NH2 resonance of L-alanine (δiso= 8.5 ppm) as a secondary 

reference. 

 

 13C solid-state NMR spectra were acquired using a Bruker Avance 

III 600 MHz NMR spectrometer, equipped with a wide-bore 14.1 T 

superconducting magnet, operating at a Larmor frequency of 150.87 MHz. 

Samples were packed in conventional 4.0 mm ZrO2 rotors and rotated at a 

MAS rate of 12.5 kHz. Spectra were acquired using cross polarisation, 

with a ramped contact pulse for 1H. 1H decoupling (γB1/2π = ~100 kHz) 

was applied during acquisition and a recycle interval of 3 s was used. 

Chemical shifts for 13C are reported relative to TMS using the CH3 

resonance of L-alanine (δiso = 20.5 ppm) as a secondary reference.23  

 

 15N solid-state NMR spectra were acquired using a Bruker Avance 

III 400 MHz spectrometer, equipped with wide-bore 9.4 T 

superconducting magnet, operating at a Larmor frequency of 40.55 MHz. 

Samples were packed in conventional 4.0 mm ZrO2 rotors and rotated at a 

MAS rate of 5 kHz. Spectra were acquired using cross polarisation, with a 

ramped contact pulse for 1H. 1H decoupling (γB1/2π = ~100 kHz) was 

applied during acquisition and a recycle interval of 3 s was used. 

Chemical shifts for 15N are reported relative to nitromethane using glycine 

(δiso = −347.4 ppm)23 as a secondary reference. It should be noted that there 

are several different chemical shift referencing schemes used for 15N NMR 

spectra in the literature.23  

 

 13C and 15N two-dimensional CSA-amplified PASS33 experiments 

were acquired using Bruker Avance III 600 and 400 MHz spectrometers, 

operating at Larmor frequencies of 150.87 and 40.55 MHz for 13C and 15N,  
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Table 5.2: Typical 13C (14.1 T) and 15N (9.4 T) experimental acquisition parameters for the two-
dimensional CP CSA-amplified PASS experiment used to acquire all the ZIFs in this work. 

Parameter 13C (14.1 T) 15N (9.4 T) 

MAS rate in F1 / kHz 2.5 2.0 

MAS rate in F2 / kHz 12.5 5.0 

Spectral width / kHz 40.0 32.0 

Number of rows 16 16 

χT 5.0 2.5 

χ 2.5 2.5 

nPASS 2 1 

Spin lock duration / ms 1 10 

Number of transients 26-1300 924-5250 

Recycle interval / s 3 3 
1H decoupling sequence SPINAL-64 CW 

1H decoupling (γB1/2π) / kHz ~100 ~100 

respectively. Table 5.2 contains full details of the experimental parameters 

used. Transverse magnetisation on either 13C or 15N was created using 

cross polarisation, with a contact pulse (ramped for 1H) of 1 ms (13C) or 10 

ms (15N). 1H decoupling (CW or SPINAL-6434 with γB1/2π = ~100 kHz) 

was applied during both t1 and t2. Cogwheel phase cycling35 was utilised 

to reduce the length of the phase cycle required and no zero-filling or line-

broadening functions were applied in the indirect dimension. Typical 

recycle intervals of 3 s (for 13C) and 5 s (for 15N) were used. Fitting of the 

extracted spinning sideband manifold was carried out using SIMPSON36 

by comparison to a simulated two-dimensional CSA-amplified PASS 

experiment using ideal pulses. The ‘root mean square’ (rms) error quoted 

in tables and plotted in figures is that outputted by SIMPSON and 

described in Ref. 36. Further experimental details are given in the relevant 

figure captions and in tables.  
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 67Zn solid-state NMR experiments were acquired using Bruker 

Avance III 600 and 850 MHz spectrometers, equipped with wide-bore 14.1 

and 20.0 T superconducting magnets, operating at Larmor frequencies of 

37.55 and 53.19 MHz, respectively. 67Zn experiments were performed on 

commercial ‘low-γ’ probes with typical radiofrequency field strengths of 

~33 kHz. Samples were packed into conventional 4 mm ZrO2 rotors and 

rotated at a MAS rate of 14 kHz. 67Zn MAS NMR spectra were acquired 

using either a spin echo or a CPMG37,38 echo train. The latter was used to 

increase sensitivity. In the latter case, between 30 and 200 echoes were 

typically acquired, with a frequency-domain spikelet spacing between 70 

and 466 Hz. Spin-echo experiments were the result of averaging between 

2048 and 62048 transients using a recycle interval of 1 s. In all cases, 1H 

decoupling (CW with γB1/2π = ~55 kHz) was applied during acquisition. 

Chemical shifts for 67Zn are reported relative to 1 M Zn(NO3)2 using ZnSe 

(δiso = 273.4 ppm) as a secondary reference.23  

 

 
5.3.3  First-principles DFT calculations 

First-principles DFT calculations were carried using the parameters given 

in Chapter 3. Calculations were carried out using CASTEP39 version 5.5.2 

using a 198-node (2376 core) Intel Westmere cluster with 2 GB memory 

per node and NS QDR Infiniband interconnect at the University of St 

Andrews. Optimisation was performed, where necessary, using the BFGS 

optimisation method with a k-point spacing of 0.04 Å−1 and a cut-off 

energy of 50 Ry (~680 eV). The convergence criteria for total energy, ionic 

force and ionic displacement were 1 × 10−4 eV/atom, 0.05 eV/Å and 1 × 

10−3 Å, respectively. Calculation times ranged from 24 to 48 hours using 

12-96 cores. 
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 DFT calculations also were conducted using the Gaussian 03 

(D.01) program40 on a local, home-built cluster comprising of four Intel 

Core i7-930 quad-core processors with 6 GB of memory per core. 

Calculations typically took between 2 and 48 h. Isolated imidazole and 

functionalised imidazole molecules were constructed using Gaussian and 

fully optimised before the calculation of the NMR parameters. The basis 

set used for all calculations on the isolated molecules was 6-31G** for all 

atoms.  

 

 Model clusters for the first-coordination sphere of Zn (including 

the linker) in ZIFs were built from the coordinates of their corresponding 

crystal structures, with references given in the text and in the relevant 

tables. Where necessary, optimisation of the model cluster was performed, 

with the position of the Zn and coordinating N atoms constrained, using 

hybrid DFT at the B3LYP level of theory. The basis sets used for 

optimisation were 6-31G** for all atoms in the model cluster. The EFG and 

magnetic shielding tensors for 67Zn for each model cluster was calculated 

using B3LYP and the IGAIM method.41,42 The basis sets used for the 

calculation of the NMR parameters were 6-311G** (triple zeta with d and f 

polarisation functions) for Zn and 6-311+G** (triple zeta with diffuse 

functions and p (for H), d and f polarisation functions, which enables a 

more accurate molecular wavefunction to be constructed) for all other 

atoms. These basis sets were chosen based on previous literature 

investigations that showed good agreement with experimental values.43-46  

 

 A conversion factor (9.7177 × 1021 kg A−1 s−3) was needed in order 

to convert the principal components of the EFG tensor from atomic units 

as outputted by Gaussian to S.I. units. The calculated 13C and 15N σiso were 

converted to their corresponding isotropic chemical shift (δiso
calc) using 
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values for σref of 181.42 and −112.38 ppm, respectively, and were obtained 

by comparing Gaussian NMR calculations to experimental results on a 

solution of benzene and alanine and setting δiso
exp to 128.5 ppm and −347.4 

ppm, respectively. 

 

 
5.4  Characterisation of ZIFs using NMR 

spectroscopy 

Table 5.3 gives the composition of the as-prepared and solvent exchanged 

ZIFs synthesised along with their corresponding framework type codes 

and Cambridge Crystallographic Data Centre (CCDC) entries47 and 

literature references. Figure 5.6 shows the crystal structures (wireframe) of 

the ZIFs investigated and the numbering scheme used to assign the NMR 

spectra contained in this work. For some structures, e.g., ZIF-70 

(Zn(Im)1.13(nIm)0.87)), there is disorder in the position of the linker, possibly 

due to dynamics. Many of the as-prepared ZIFs contain solvent molecules 

(e.g., DMF) in the pores and removal of these can be achieved by heating 

or solvent exchange as described in Section 5.3.1.31,32 Care must be taken 

for some ZIFs, as the removal of the solvent from the pores of the material 

can lead to a total collapse of the framework, or a significant change in 

structure. The latter is exemplified for ZIF-65, discussed below in more 

detail. 

 

 Analysis and assignment of the 1H, 13C and 15N NMR spectra of 

the single-linker ZIFs will assist in understanding and assigning the NMR 

spectra of dual-linker ZIFs. In addition, DFT calculations (using the 

Gaussian code) on an isolated linker molecule will help to assign many of  
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Table 5.3: The composition, framework topology and CCDC entry for the ZIFs synthesised for this 
work. 

ZIF Composition Topology CCDC entry Reference 

ZIF-7 Zn(bIm)2·DMF SOD VELVIS 1 

ZIF-8 Zn(mIm)2·DMF SOD VELVOY 1 

ZIF-20 Zn(pur)2 LTA MIHHAN 48 

ZIF-65 Zn(nIm)2·DMF SOD GITTIN 3,31 

ZIF-65 Zn(nIm)2 a b 31 

ZIF-68 Zn(bIm)(nIm)·DMF GME GITTUZ 3 

ZIF-70 Zn(Im)1.13(nIm)0.87 GME GITVEL 3 

ZIF-78 Zn(nbIm)(nIm)·DMF GME b 20 
a,b No topology or CCDC entry available for this material 

the NMR spectra. Many of the ZIFs investigated in this work have 

isoreticular topologies and relationships between the observed NMR 

parameters and geometrical features (bond distances, angles, distortion 

indices (DIs) etc.), could enable the construction of a reference library, 

which would allow more rapid interpretation of the spectra of an known 

ZIF. 
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Figure 5.6: The structures and numbering schemes (used to assign the spectra in this work) of the 
imidazolate linkers used to construct the ZIF. Also shown are the resulting framework topologies, 
with (a) SOD, (b) LTA and (c) GME.1,3,21  
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5.4.1  1H NMR spectroscopy 

1H (I = 1/2) is inherently a very sensitive nucleus for NMR spectroscopy 

owing to its high natural abundance and high γ, as shown in Table 5.1. 

However, solid-state NMR experiments can be somewhat challenging 

owing to the limited resolution arising from the small chemical shift range 

(typically between 0 and 10 ppm49) and the extensive spectral line 

broadening resulting from strong homonuclear dipolar interactions. 

Consequently, very fast MAS rates (up to ~111 kHz are possible with 

currently available probe hardware50) are often required to obtain 

sufficiently high resolution for detailed analysis.  

 

 Figure 5.7 shows the 1H MAS NMR spectra of the as-prepared 

ZIFs given in Table 5.3 acquired using a MAS rate of 60 kHz. In many 

samples, peaks from DMF are observed at chemical shifts of ~1.9, ~2.1 and 

~7.0 ppm.51 It is difficult to assign the 1H MAS NMR spectra owing to the 

broad resonances present in most cases. However, it is possible to confirm 

the presence of a specific type of linker in an as-prepared ZIF, e.g., bIm. 

Hydrogen atoms on the imidazole ring (at positions C2 or C3) typically 

have chemical shifts between 8 and 5 ppm, whereas for hydrogen atoms 

on a benzene derivative of the imidazole linker (e.g., bIm) typically have 

shifts at ~7.3 ppm. For ZIF-7 (Zn(bIm)2·DMF) and ZIF-68 

(Zn(bIm)(nIm)2·DMF) both have shifts between 1 and −1 ppm. It is not yet 

clear what those peaks correspond to and further experiments will be 

needed to fully understand these spectra. 
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Figure 5.7: 1H (14.1 T, 60 kHz) MAS NMR spectra of a range of ZIFs. The spectra are the result of 

averaging between 8 and 32 transients using a recycle interval of 3 s. The asterisks (†) indicate 
resonances from DMF. 
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5.4.2  13C NMR spectroscopy 

Figure 5.8 shows the 13C CP MAS NMR spectra of a range of the ZIFs 

given in Table 5.3. For some spectra, the 13C resonances are significantly 

broader (e.g., ZIF-70), whereas some exhibit narrow peaks (e.g., ZIF-8). 

Many of the spectra, containing broader resonances, also contain more 

than one type of linker. This broadening could be the result of disorder (in 

the longer-range environment) and the presence of a number of carbon 

species with similar chemical environments. In most cases, the 13C NMR 

spectra show the presence of DMF, at chemical shifts of ~161 ppm, ~35 

ppm and ~30 ppm.51  

 

 The assignment of the 13C resonances in the NMR spectra of 

single-linker ZIFs can be made relatively simply through the use of 

experiments such as dipolar dephasing and CSA-amplified PASS. Dipolar 

dephasing enables the differentiation of quaternary carbon atoms from 

those that are directly protonated (e.g., CH, CH2 and CH3). After the initial 

cross polarisation step, a short interval (τ) is used, where the 

magnetisation dephases under the dipolar coupling before the acquisition 

of the resulting signal (with 1H decoupling). At a basic level, the amount 

of dephased magnetisation depends upon the number of protons bonded 

to the carbon atoms (i.e., quaternary carbons will dephase more slowly 

than protonated carbons owing to the less efficient relaxation pathway). 

NMR parameters can also be calculated for the isolated linker molecules to 

aid assignment. An example of the typical assignment procedure for a 13C 

NMR spectrum is detailed below.  

 

 Figure 5.9 (a) shows the 13C CP MAS NMR spectrum of as-

prepared ZIF-65 (Zn(nIm)2·DMF). The spectrum contains five resonances  
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Figure 5.8: 13C (14.1 T, 12.5 kHz) CP MAS NMR spectra of a range of ZIFs. The spectra are the result 
of averaging 1024 transients using a recycle interval of 3 s. The contact pulse duration was 1 ms 

and SPINAL-64 1H decoupling (γB1/2π = 100 kHz) was applied during spectral acquisition. The 

asterisks (*) denote spinning sidebands and daggers (†) denote the presence of DMF. 
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at 162.6, 150.6, 132.6, 36.2 and 31.0 ppm. The resonances at 162.6, 36.2 and 

31.0 ppm correspond to DMF and the resonances at 150.6 and 132.6 ppm 

can be tentatively assigned to C1 and C2, respectively. C1 species are 

bonded to three N atoms giving rise to a higher chemical shift than C2, 

which is only bonded to one N atom. Furthermore, the signal intensity 

from C2 is much greater than for C1, indicating that C2 species are in 

closer proximity to protons. Figure 5.9 (b) shows 13C dipolar-dephased 

MAS NMR spectra of ZIF-65 (Zn(nIm)2·DMF), with dephasing delays (τ) 

of 0 and 1 ms, and shows the disappearance of the resonance at 132.6 ppm 

with the longer dephasing delay confirming its assignment as the 

protonated C2 species. To increase confidence in the spectral assignment, 

DFT NMR calculations (using the Gaussian code) on an isolated 2-

nitroimidazole (H-nIm) molecule, can be performed. It should be noted 

that C2 species are formally different in the isolated molecule (denoted as 

C2 and C3) as one of the N atoms on the imidazole ring is protonated; 

these carbon species are identical in the solid owing to deprotonation of 

the linker. Table 5.4 gives the 13C δiso and assignment and Table 5.5 gives   

Figure 5.9: (a) 13C (14.1 T, 12.5 kHz) CP MAS NMR spectrum of ZIF-65 (Zn(nIm)2·DMF). The 
spectrum is the result of averaging 1024 transients, using a recycle interval of 3 s and a contact 
pulse duration of 1 ms. (b) 13C (14.1 T, 12.5 kHz) dipolar-dephased MAS NMR spectra of ZIF-

65(Zn(nIm)2.DMF), with dephasing delays (τ) of 0 and 1 ms. The spectra are the result of averaging 
1024 transients, using a recycle interval of 3 s and a contact pulse duration of 5 ms was used. In 
both (a) and (b), SPINAL-64 1H decoupling (γB1/2π = 100 kHz) was applied during signal 
acquisition. Also shown are the assignment of the carbon species in the nIm linker, see Figure 5.6 

for the numbering scheme used. The asterisks (*) denote spinning sidebands and daggers (†) 
denote DMF. 
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Table 5.4: Experimental 13C (14.1 T) NMR parameters and rms errors (for fits to CSA-amplified 
PASS spectra), along with the assignment of resonances observed in the 13C MAS NMR spectra of 
ZIF-65 (Zn(nIm)2·DMF), shown in Figure 5.9. 

δiso (ppm) Ω (ppm) κ rms Assignment 

150.6 82.3 ± 5.1 0.4 ± 0.1 0.52 C1 

132.6 133.9 ± 8.0 0.0 ± 0.1 2.53 C2 

162.6    DMF 

36.2    DMF 

31.0    DMF 

 
Table 5.5: Calculated (using the Gaussian code) 13C NMR parameters and assignment of an isolated 
2-nitroimidazole molecule. 

δiso
calc (ppm) Ωcalc (ppm) κcalc Assignment 

112.9 123.4 −0.3 C2 

127.7 64.9 0.3 C1 

98.9 131.9 −0.1 C3 

the calculated 13C δiso
calc of H-nIm. Reasonable agreement can be found 

between the 13C experimental NMR parameters and calculation, given the 

structural differences between the two. 

 

 To obtain additional information about the local structural 

environment of the carbon species in ZIF-65 (Zn(nIm)2·DMF), the 

anisotropic chemical shift parameters were measured using the CSA-

amplified PASS experiment.34 Figure 5.10 shows the 13C CP CSA-amplified 

PASS NMR spectrum of ZIF-65 (Zn(nIm)2·DMF), the extracted spinning 

sideband manifolds and contour plots of the rms error for each manifold. 

Table 5.4 gives the measured Ω, κ and rms error for the two carbon species. 
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Good agreement is observed between the analytical fit and the extracted 

spinning sideband manifolds, resulting in the low rms error values (<3 for 

both species). For C1, there is some uncertainty in κ, as shown by the 

spread of low rms error values in the contour plot. For C2, although the 

contour plot for this site shows precise values of Ω and κ, the values of the 

rms error are > 3, which indicates some uncertainty in the analytic fit. 

Table 5.5 shows the calculated Ωcalc and κcalc for an isolated 2-

nitroimidazole molecule and the values for C3 show reasonable agreement 

with experimental C2 values. As expected, a smaller value of Ω is 

calculated (and measured) for C1, as this species is bonded to three N 

atoms, and so has a slightly more ‘symmetrical’ magnetic environment 

Figure 5.10: (a) 13C (14.1 T, 12.5 kHz) two-dimensional CP CSA-amplified PASS spectrum of ZIF-65 
(Zn(nIm)2·DMF). For specific experimental acquisition details, see Table 5.2. Shown in (b) are the 
extracted spinning sideband manifolds, analytical fits and corresponding contour plots of the rms 
error, arbitrarily capped at 25. 
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than C2. It is not possible to analyse the 13C spinning sideband manifolds 

corresponding to DMF owing to the very small number of spinning 

sidebands present, reflecting a small CSA. 

 

 Table 5.6 gives the full assignment and 13C NMR parameters for 

ZIF-7 (Zn-(bIm)2·DMF), ZIF-8 (Zn(mIm)2·DMF), ZIF-20 (Zn(pur)2)·DMF) 

and solvent-exchanged ZIF-65 (Zn(nIm)2). As mentioned previously, in 

some cases, the removal of the solvent molecules (e.g., DMF, methanol etc.) 

can either lead to the total collapse of the framework or a change in the 

structure.31 The latter change is exemplified by the as-prepared and 

solvent-exchanged forms of ZIF-65. The 13C CP MAS NMR spectrum of 

ZIF-65 (Zn(nIm)2), shown in Figure 5.8, is very different to that of ZIF-65 

(Zn(nIm)2·DMF), with the peaks corresponding to DMF absent, and nine 

relatively narrow resonances observed for the nIm linker, suggesting a 

change in the crystal structure or symmetry. These peaks have chemical 

shifts of 151.2, 150.3, 149.0, 135.0, 133.7, 132.2, 131.6, 130.4 and 129.8 ppm. 

The first three resonances (151.2, 150.3 and 149.0 ppm) correspond to C1-

type environments and the remaining peaks (135.0, 133.7, 132.2, 131.6, 

130.4 and 129.8 ppm) to C2-type environments. The ratio of these new 

resonances is 3:6 (C1:C2), suggesting that there could be a decrease in 

symmetry, resulting in three different types of nIm linkers in ZIF-65 

(Zn(nIm)2).  

 

 Previous variable temperature powder X-ray diffraction 

experiments on as-prepared ZIF-65 (Zn(nIm)2·DMF) investigated the 

phase changes in this material when exposed to high temperatures.31 It 

was shown that a phase change and loss of crystallinity in this material 

was observed at 363 K.31 The loss of crystallinity resulted in fewer 

reflections in the X-ray diffraction pattern and so determination of the 
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Table 5.6: Experimental 13C (14.1 T) NMR parameters and rms errors, along with the assignment of 
resonances observed for a range of single-linker ZIFs. See Figure 5.6 for a summary of the 
numbering scheme used. 

 δiso (ppm) Ω (ppm) κ rms error Assignment 

ZIF-7 (Zn(bIm)2·DMF) 

 151.2 ± 0.1 134.9 ± 7.2 0.0 ± 0.1 2.21 C1 

 149.8 ± 0.1     

 141.5 ± 0.1 156.3 ± 6.3 −0.6 ± 0.1 2.53 C2 

 123.2 ± 0.1 191.9 ± 10.6 −0.2 ± 0.1 1.68 C3 

 121.7 ± 0.1     

 116.0 ± 0.1 166.7 ± 6.9 −0.3 ± 0.1 2.48 C4 

 159.5 ± 0.1    DMF 

 33.7 ± 0.1    DMF 

 28.8 ± 0.1    DMF 

      

ZIF-8 (Zn(mIm)2·DMF 

 150.9 ± 0.1 139.2 ± 6.7 −0.1 ± 0.1 0.80 C1 

 125.6 ± 0.1 139.0 ± 7.0 0.2 ± 0.1 0.58 C2 

 14.9a ± 0.1    C3 

 161.7 ± 0.1    DMF 

 35.3 ± 0.1    DMF 

 30.2 ± 0.1    DMF 

crystal structure was not possible. The phase change was shown to be 

reversible upon exposure to solvent (e.g., methanol). It was also shown 

that, despite the loss of crystallinity in the material, the ZIF was still 

porous to N2 (g), suggesting that the material had not collapsed to a dense 
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Table 5.6: Continued... 

 δiso (ppm) Ω (ppm) κ rms error Assignment 

ZIF-20 (Zn(pur)2·DMF 

 158.4 ± 0.1 159.7 ± 7.7 −0.4 ± 0.1 8.88 C3 

 155.7 ± 0.1 163.3 ± 7.3 −0.4 ± 0.1 1.37 C5 

 152.0 ± 0.1 150.9 ± 8.4 −0.2 ± 0.1 7.20 C4 

 144.5 ± 0.1 155.9 ± 7.3 −0.5 ± 0.1 7.25 C1 

 131.4 ± 0.1 141.8 ± 7.1 −0.2 ± 0.1 6.71 C2 

      

ZIF-65 (Zn(nIm)2) 

 151.2 ± 0.1 80.9 ± 4.9 0.4 ± 0.15 5.03 C1 

 150.3 ± 0.1 82.3 ± 4.5 0.3 ± 0.15 1.65 C1 

 149.0 ± 0.1 74.1 ± 4.4 0.8 ± 0.15 4.58 C1 

 135.0 ± 0.1 142.4 ± 8.0 −0.1 ± 0.1 3.69 C2 

 133.7 ± 0.1 153.6 ± 7.8 −0.1 ± 0.1 4.42 C2 

 132.2 ± 0.1 131.3 ± 7.7 0.0 ± 0.1 3.32 C2 

 131.6 ± 0.1 138.5 ± 7.7 0.0 ± 0.1 2.04 C2 

 130.4 ± 0.1 140.9 ± 7.5 −0.1 ± 0.1 2.79 C2 

 129.8 ± 0.1 138.3 ± 7.8 0.0 ± 0.1 2.44 C2 

phase.31 Table 5.6 gives the experimental 13C CSA parameters for ZIF-65 

(Zn(nIm)2). The Ω for all C species are very similar to those of the 

corresponding C species in ZIF-65 (Zn(nIm)2·DMF). This suggests that, 

despite the decrease in the crystal symmetry, the local structure of the C 

atoms in each of the nIm linkers remains broadly similar. These 

observations from NMR spectroscopy may help with the refinement of the 

crystallographic data acquired by X-ray diffraction experiments. 



 250 

 The assignment of the resonances in the 13C CP MAS NMR spectra 

of dual-linker ZIFs is significantly more challenging owing to the small 

differences in the chemical shifts from the chemically similar linkers, and 

potential broadening due to positional disorder/dynamics of the linkers. 

However, using the assignment of the resonances for single-linker ZIFs 

made above, and Gaussian calculations on the isolated linker molecules, it 

is possible to assign the spectra of dual-linker ZIFs. The 13C CP MAS NMR 

spectra of the dual-linker ZIFs are shown in Figure 5.8 with the 13C NMR 

parameters and assignment for each of the resonances given in Table 5.7. 

In general, the position of the 13C resonances for each of the linkers is not 

too dissimilar to those observed for single-linker analogues. This could 

suggest that the local environment of a particular imidazolate linker is 

broadly similar regardless which three-dimensional structure the ZIF 

adopts. The Ω in dual-linker ZIFs appears to be slightly smaller than in 

single-linker ZIFs, suggesting that the local environments of the carbon 

atoms are potentially more symmetrical. However, owing to the challenge 

in accurately measuring the Ω for these materials it is difficult to comment 

conclusively on this observation, without a greater number of 

measurements.  
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Table 5.7: Experimental 13C (14.1 T) NMR parameters and rms errors, along with the assignment of 
resonances observed for a range of dual-linker ZIFs. See Figure 5.6 for a summary of the numbering 
scheme used here to assign the resonances. 

 δiso (ppm) Ω (ppm) κ rms error Assignment 

ZIF-68 (Zn(bIm)(nIm))·DMF 

 151.1 ± 0.1 123.3 ± 8.0 0.2 ± 0.1 16.40 C1a 

 150.2 ± 0.1 103.6 ± 6.8 0.0 ± 0.1 7.14 C1 

 149.2 ± 0.1 115.0 ± 7.8 0.1 ± 0.1 26.32 C1a 

 141.5 ± 0.1 147.1 ± 6.9 −0.6 ± 0.1 1.67 C2a/C3a 

 130.9 ± 0.1 119.3 ± 8.1 0.0 ± 0.1 6.83 C2/C3 

 130.0 ± 0.1 127.3 ± 8.2 0.1 ± 0.1 4.74 C2/C3 

 120.8 ± 0.1    ? 

 121.4 ± 0.1 186.6 ± 12.1 −0.1 ± 0.1 9.65 C4a/C7a 

 123.1 ± 0.1  175.7 ± 9.8 0.0 ± 0.1 5.79 C4a/C7a 

 116.3 ± 0.1 151.5 ± 7.6 −0.2 ± 0.1 1.11 C5a/C6a 

 115.1 ± 0.1 151.5 ± 7.6 −0.2 ± 0.1 1.11 C5a/C6a 

 161.7 ± 0.1    DMF 

 30.7 ± 0.1    DMF 

 35.1 ± 0.1    DMF 
      

ZIF-70 (Zn(Im)1.13(nIm)0.87) 

 174.0 ± 0.1    ? 

 168.4 ± 0.1    ? 

 151.4 ± 0.1 70.6 ± 4.9 0.4 ± 0.2 26.50 C1 

 144.4 ± 0.1 119.1 ± 7.9 0.0 ± 0.1 1.10 C1a 

 142.7 ± 0.1 119.1 ± 7.9 0.0 ± 0.1 1.10 C1a 
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Table 5.7: Continued... 

 δiso (ppm) Ω (ppm) κ rms error Assignment 

ZIF-70 (Zn(Im)1.13(nIm)0.87) continued... 

 131.7 ± 0.1 133.5 ± 7.2 0.0 ± 0.1 0.48 C2/C3 

 129.3 ± 0.1 133.5 ± 7.2 0.0 ± 0.1 0.48 C2/C3 

 125.6 ± 0.1 129.6 ± 7.6 0.1 ± 0.1 0.64 C2a/C3a 

      

ZIF-78 (Zn(nbIm)(nIm)) 

 157.8 ± 0.1 122.6 ± 7.7 −0.1 ± 0.1 3.49 C1a 

 151.8 ± 0.1 79.3 ± 2.9 0.4 ± 0.1 1.29 C1 

 146.2 ± 0.1 147.5 ± 7.1 0.6 ± 0.1 0.17 C5a 

 143.7 ± 0.1 115.3 ± 7.7 0.0 ± 0.1 0.28 C2a 

 141.0 ± 0.1 136.0 ± 5.6 −0.6 ± 0.1 0.13 C3a 

 133.7 ± 0.1 128.1 ± 7.5 0.0 ± 0.1 2.32 C2/C3 

 131.9 ± 0.1 126.2 ± 7.7 0.0 ± 0.1 1.67 C2/C3 

 119.1 ± 0.1 163.4 ± 7.6 −0.4 ± 0.1 3.07 C6a 

 118.4 ± 0.1 163.1 ± 7.7 −0.4 ± 0.1 1.25 C6a 

 115.7 ± 0.1 153.3 ± 7.1 −0.3 ± 0.1 1.71 C4a 

 114.6 ± 0.1 153.6 ± 6.3 −0.4 ± 0.1 2.56 C4a 

 111.8 ± 0.1 140.4 ± 5.8 −0.5 ± 0.1 1.28 C7a 
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5.4.3  15N NMR spectroscopy 

Investigation of N NMR spectra of these materials may provide structural 

information owing to the coordination of the metal to this atom. Nitrogen 

has two NMR-active nuclei, 14N and 15N, with the latter most commonly 

probed by solid-state NMR spectroscopy owing to its more favourable 

nuclear properties (despite a much lower natural abundance), as shown in 

Table 5.1. 15N NMR spectra are more challenging to acquire than 13C 

spectra owing to the lower overall sensitivity of the nucleus. As a result, 

any natural-abundance 15N NMR experiments must be signal-averaged 

extensively in order to ensure sufficient signal-to-noise in the spectrum.  

 

 Figure 5.11 shows 15N CP MAS NMR spectra of a range of as-

prepared and solvent-exchanged ZIFs. A common feature in most of the 

spectra is the presence of a peak corresponding to DMF, between −278 

and −274 ppm from the 15N NMR spectra. It appears that there are two 

distinct regions of signal, with resonances between −10 and −30 ppm 

corresponding to NO2 groups and those between −150 and −200 ppm 

corresponding to N atoms on the imidazolate ring. Most of the spectra 

shown in Figure 5.11 contain relatively narrow 15N resonances, suggesting 

that these materials are well ordered. However, in some cases, the 15N 

NMR spectra contain very broad lineshapes (e.g., ZIF-70 

(Zn(Im)1.13(nIm)0.87)) reflecting increased disorder, and a distribution of 

chemical shifts. Table 5.8 gives the 15N δiso and assignment of the 

resonances for each of the single- and dual-linker ZIFs. The assignment of 

the resonances for each of the 15N NMR spectra is much easier than for the 

corresponding 13C NMR spectra, owing to the smaller number of N atoms 

present, even for dual-linker ZIFs. 
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Figure 5.11: 15N (9.4 T, 5 kHz) CP MAS NMR spectra of as-prepared and treated ZIFs. The spectra 
are the result of averaging between 2120 and 33576 transients using a recycle interval of 3 s. For 
each spectrum, a spin-lock pulse (ramped for 1H) of 10 ms was employed and TPPM-15 1H 

decoupling (γB1/2π = 100 kHz) was used during spectral acquisition. The asterisks (*) and daggers 

(†) indicate spinning sidebands and DMF peaks, respectively.  



 255 

 Acquiring 15N CSA-amplified PASS spectra can be challenging at 

natural abundance, unless the material is well ordered with sharp spectral 

lines. Figure 5.12 (a) shows the 15N CP CSA-amplified PASS spectrum of 

ZIF-65 (Zn(nIm)2·DMF), where for each of the 16 rows, 5250 transients 

were averaged using a recycle interval of 5 s, giving a total experimental 

time of 117 h. Figure 5.12 (b) shows the extracted spinning sideband 

manifolds and analytical fits for the two N spectra along with their 

Figure 5.12: (a) 15N (9.4 T, 5 kHz) two-dimensional CP CSA-amplified PASS NMR spectrum of ZIF-
65 (Zn(nIm)2·DMF). For specific experimental acquisition parameters, see Table 5.2. In (b), 
extractions of the spinning sideband manifolds and analytical fits for the two nitrogen sites in this 
material along with their corresponding contour plots of the rms error, which has been arbitrarily 
capped at 25. The asterisks (*) in (a) denote spinning sidebands. 
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Table 5.8: Experimental 15N (9.4 T) NMR parameters and rms errors, along with the assignment of 
resonances observed for a range of single- and dual-linker ZIFs. See Figure 5.6 for a summary of the 
numbering scheme used. 

 δiso (ppm) Ω (ppm) κ rms error Assignment 

ZIF-7 (Zn(bIm)2·DMF) 

 −192.5 ± 0.1 266.1 ± 13.6 0.4 ± 0.1 8.10 N1 

 −278.5 ± 0.1    DMF 

      

ZIF-8 (Zn(mIm)2·DMF) 

 −172.6 ± 0.1a    N1? 

 −175.5 ± 0.1 241.0 ± 12.2 0.9 ± 0.1 0.51 N1 

 −278.5 ± 0.1    DMF 

      

ZIF-65 (Zn(nIm)2·DMF) 

 −27.2 ± 0.1 290.9 ± 15.4 0.3 ± 0.1 1.13 N2 

 −169.2 ± 0.1 308.6 ± 15.8 0.6 ± 0.1 0.54 N1 

      

ZIF-65 (Zn(nIm)2) 

 −27.9 ± 0.1 208.0 ± 9.1 1.0 ± 0.1 67.62 N2 

 −29.4 ± 0.1 230.0 ± 10.8 1.0 ± 0.1 23.10 N2 

 −157.9 ± 0.1 262.9 ± 13.1 1.0 ± 0.1 22.85 N1 

 −164.2 ± 0.1 313.8 ± 13.2 0.6 ± 0.1 2.98 N1 

corresponding contour plots of the rms error. The shapes (κ) of the 

extracted spinning sideband manifold for the two species are different 

with the Ω for the two sites broadly similar (Ω = ~300 ppm in both cases). 

This implies that measuring Ω alone (κ is probably too difficult to measure 
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Table 5.8: Continued... 

 δiso (ppm) Ω (ppm) κ rms error Assignment 

ZIF-20 (Zn(pur)2) 

 −192.1 ± 0.1a    N1 

 −120.8 ± 0.1a    N2+N3 

      

ZIF-68 (Zn(bIm)(nIm)·DMF) 

 −26.9 ± 0.1a    N2 

 −170.9 ± 0.1 231.8 ± 9.6 1.0 ± 0.1 3.46 N1 

 −172.9 ± 0.1 201.3 ± 11.2 1.0 ± 0.1 129.68 N1 

 −191.6 ± 0.1 189.5 ± 21.8 0.6 ± 0.3 70.39 N1a 
      

ZIF-70 (Zn(Im)1.13(nIm)0.87) 

 −27.5 ± 0.1a    N2 

 −164.0 ± 0.1 249.4 ± 11.4 0.3 ± 0.1 6.59 N1 

 −176.0 ± 0.1 210.1 ± 24.3 0.7 ± 0.2 35.55 N1 
      

ZIF-78 (Zn(nbIm)(nIm)·DMF) 

 −10.0 ± 0.1 220.0 ± 11.0 0.2 ± 0.2 21.87 N2a 

 −27.1 ± 0.1 210.0 ± 11.0 0.0 ± 0.2 8.93 N2 

 −173.4 ± 0.1 237.3 ± 11.2 0.5 ± 0.2 4.50 N1 

 −184.6 ± 0.1 205.6 ± 10.5 0.4 ± 0.2 20.32 N1a 

 −188.4 ± 0.1 200.9 ± 18.0 0.6 ± 0.2 3.59 N1a 

 −274.6 ± 0.1    DMF 

accurately in these materials) may not provide enough information to be 

able to distinguish between nitrogen-containing functional groups (e.g., 
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NO2, NH2) and N atoms of the imidazole ring coordinating to Zn. Table 

5.8 gives the 15N NMR parameters for each of the ZIFs investigated in this 

work. For some ZIFs (e.g., ZIF-68 (Zn(bIm)(nIm))·DMF)) it is not possible 

to extract the spinning sideband manifold for some of the N species, 

which is the result of very low signal intensities for these resonances. For 

ZIF-20 (Zn(pur)2), it was not possible to acquire a CSA-amplified PASS 

spectrum for this sample owing to the very small sample volume and the 

very broad lines present. For the peaks assigned to N1 (or N1a) there 

appears to be a variation in the 15N Ω (between ~200 to ~300 ppm) for each 

of the ZIFs, possibly reflecting the different positions of guest molecules 

relative to the linkers in each material. As yet, there does not yet appear to 

be a simple explanation for this, and there is no clear correlation between 

Ω and the topology of the framework. For NO2 species, it is much more 

difficult to determine trends owing to the small number of data points 

available for analysis. Interestingly, the 15N Ω for N2 in the solvent 

exchanged form of ZIF-65 (Zn(nIm)2) appears to be smaller (between ~200 

and ~230 ppm) than in the as-prepared form, ZIF-65 (Zn(nIm)2·DMF), 

with 290.9 ± 15.4 ppm.  

 

 
5.4.4  Discussion 

Many of the functional groups (e.g., NO2) bonded to the imidazolate linker 

are positioned such that they point into the pores and windows of the 

framework. Due to this arrangement, it could be possible that studying 

these functional groups using 15N and 13C NMR spectroscopy may reveal 

how guest molecules interact with the material. Therefore, understanding 

the 13C and 15N chemical environments of these ZIFs will provide a good 

basis order to observe changes in either δiso or the CSA parameters upon 

the inclusion of guest molecules in the pores of the material.  
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 Figure 5.13 shows a plot of experimental 13C δiso against Ω for each 

of the resonances in the ZIFs. Each ZIF is shown with a different colour 

and different data points differentiated the four common C environments. 

The smallest δiso and largest Ω (as shown by the square data points) 

typically correspond to aromatic benzene carbon environments. 

Conversely, the largest δiso and smallest Ω (as shown by the circular data 

points) correspond to carbon environments with R* = NO2. The triangular 

Figure 5.13: A plot of experimental 13C δiso against Ω for each of the 13C resonances in the ZIFs 
studied here. 

Figure 5.14: A plot of experimental 15N δiso against Ω for each of the resonances in the 15N NMR 
spectra of a range of ZIFs. 



 260 

data points correspond to the C atoms in the imidazole ring, bonded to 

just one N atom. These carbon species typically appear to be relatively 

insensitive to changes in the functional groups on the imidazole ring, all 

exhibiting δiso between 125 and 140 ppm and Ω between 120 and 160 ppm. 

The three triangular data points at δiso ≈ 140 ppm and Ω ≈ 140 ppm 

correspond to bIm linker for ZIF-7 (Zn(bIm)2·DMF), ZIF-68 

(Zn(bIm)(nIm)·DMF) and ZIF-78 (Zn(nbIm)(nIm)·DMF) and have a higher 

δiso (but similar Ω) when compared with the carbon atoms at the bottom of 

the imidazole ring.  

 

 Figure 5.14 shows a plot of experimental 15N δiso against Ω for the 

ZIFs studied. As mentioned previously, there are two distinct 15N shift 

regions for ZIFs. For N1 species a range of Ω values are found (between Ω 

= 175 and 325 ppm) and from the limited data reported here it appears 

that the nitrogen species from the framework with GME topology exhibit 

generally smaller spans than those nitrogen species in frameworks with 

the SOD topology. It should be noted that this observation is only 

speculative and more experiments on a range of ZIFs with different 

topologies are required to confirm this.  

 

 In many of the ZIFs discussed here, two common framework 

topologies are found, SOD (for single linker ZIFs) and GME (for dual-

linker ZIFs). One exception to this is for ZIF-20 (Zn(pur)2), which has the 

LTA framework topology. The GME and LTA topologies are structurally 

similar to SOD,14 with LTA consisting of sodalite β-cages that are linked by 

double four-membered rings, and the GME and SOD topologies 

consisting of an array of non-connecting six-membered rings, as shown in 

Figure 5.15.14 The differences between the GME and SOD topologies are 

the way in which the secondary building units are stacked, as shown in 
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Figure 5.15, with the former exhibiting double six-membered rings and the 

latter only single six-membered rings. Owing to the similarities in the 

framework topologies of the ZIFs studied, it might be expected that the 13C 

and 15N isotropic NMR parameters for C1 (C1a) and C2 (C2a) (or C3) and 

N1 (N1a) species to be similar, as observed in Figures 5.8 and 5.11.  

Figure 5.13: (a) Stacking sequence for the SOD topology along with the sod cage. (b) The LTA and 
SOD framework topologies both containing sod cages with double four-membered rings separating 
the cages in LTA. (c) Stacking sequence of the GME framework topology is shown, along with an 
example of the gmel cavity and the creation of 12-membered rings in the GME framework 
topology.19 
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 A new as-prepared ZIF, STA-17 (St Andrews microporous 

material No. 17), was synthesised with two different functionalised 

imidazole linkers (nIm and DAP) and structural characterisation, using 

synchrotron powder X-ray diffraction, was performed by the Wright 

Group in St Andrews.31 The structure of the as-prepared form of STA-17 

can be refined to a hexagonal unit cell with a = b = 29.725 Å and c = 18.606 

Å. At the time of writing, the crystal structure of STA-17 has not 

completely solved. From a series of proposed models, the space group 

P−62m was chosen. The proposed structure consisted of four- and double 

six-membered rings aligned parallel to the c axis, similar to those found in 

the GME framework topology. In order to gain more insight to this new 

material, 13C and 15N NMR spectroscopy was then used. 

 

 Figure 5.16 (a) shows the 13C CP MAS NMR spectrum of as-

prepared STA-17, with many of the 13C resonances found between δiso = 

100 and 200 ppm confirming that all carbon species must be bonded to at 

least one N atom. DMF resonances are also observed at δiso = 161.1, 34.5 

and 30.3 ppm. In order to assign the 13C resonances, dipolar dephasing 

experiments were performed and Figure 5.16 (c) shows two NMR spectra 

with different dephasing times of 0 and 1 ms. The only resonance to 

dephase significantly is that found at δiso ≈ 130 ppm, and suggests that this 

probably arises from the protonated C2 and C1a species. Assignment of 

the other resonances in as-prepared STA-17 was made through a 

consideration of the 13C NMR parameters of ZIF-65 (Zn(nIm)2·DMF) and 

ZIF-20 (Zn(pur)2), and DFT calculations of the NMR parameters of the H-

DAP linker. The predicted 13C NMR parameters are given in Table 5.9, 

with the experimental 13C δiso values and assignment given in Table 5.10.  
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 Figure 5.16 (d) shows the 15N CP MAS NMR spectrum of as-

prepared STA-17. Assignment of the 15N peaks is more challenging than 

for 13C owing to the overlap of many of the resonances between δiso = −167 

and −177 ppm, and δiso = −188 and −196 ppm, corresponding to N1, N1a, 

N2a, N3a and N4a, and N5a and N6a, respectively. The peak at δiso = −27.9 

ppm can be attributed to N2 species on the nIm linker. Assignment of the 

other resonances can be partially made using Gaussian calculations on an 

isolated H-DAP molecule, with the predicted 15N NMR parameters given 

in Table 5.9. It was not possible to acquire a 15N CP CSA-amplified PASS 

spectrum on as-prepared STA-17 due to the limited sample volume. 

Figure 5.14: (a) 13C (14.1 T, 12.5 kHz) CP MAS, (b) 13C (9.4 T, 12.5 kHz) dipolar-dephased and (d) 
15N (9.4 T, 5 kHz) CP MAS NMR spectra of as-prepared STA-17. The spectra are the result of 
averaging (a) 1024, (b and c) 2048 transients using a recycle of 3 s. A spin-lock pulse (ramped for 
1H) of (a) 1 ms, (b) 8 ms and (c) 10 ms was used and 1H decoupling (γB1/2π = 100 kHz) was used 
during spectral acquisition. In (b), the dephasing times were 0 and 1 ms. The asterisks (*) and 

daggers (†) indicate spinning sidebands and DMF peaks, respectively. (d) Structures of nIm and 
DAP and the numbering scheme used to assign the NMR spectra shown.  
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Table 5.9: Calculated (using Gaussian) 13C and 15N calculated NMR parameters for the H-DAP 
molecule. See Figure 5.17 for a summary of the numbering scheme used here to assign the 
resonances. 

 δiso
calc (ppm) Ωcalc (ppm) κcalc Assignment 

13C 

 133.1 132.9 0.2 C1a 

 113.4 111.4 −0.8 C2a 

 153.3 144.1 −0.6 C3a 

 156.9 158.6 −0.7 C4a 

 162.6 135.9 −0.6 C5a 

     

15N 

 −95.1 467.0 −0.5 N1a 

 −203.9 125.6 0.1 N2a 

 −147.5 316.6 −0.6 N3a 

 −161.3 343.6 −0.5 N4a 

 −277.1 100.0 0.2 N5a 

 −271.1 84.9 −0.7 N6a 

 NMR spectroscopy can be used to provide information regarding 

the number and ratio of the different types of linkers that are present in 

the final ZIF. Solution-state 1H NMR spectroscopy was used previously to 

investigate this ratio by digesting a small amount of as-prepared STA-17 

under acidic conditions releasing the linkers from the Zn metal centres 

and revealing a 2:1 ratio of nIm:DAP.32 This observation is partially 

supported by 13C CP MAS NMR spectroscopy by considering the 

integrated spectral intensities for two similar carbon environments on 

each linker. In this case C1(nIm) species and C4a(DAP) species, as shown  



 265 

Table 5.10: Experimental 13C (14.1 T) and 15N (9.4 T) NMR parameters and rms errors, along with 
the assignment of resonances observed for as-prepared STA-17. See Figure 5.17 for a summary of 
the numbering scheme used. 

 δiso 

(ppm) 

Intensity 

(%) 

Ω 

(ppm) 

κ rms 

error 

Assignment 

13C (14.1 T) 

 155.2  ± 0.1 2.5 126.6 ± 6.1 −0.3 ± 0.1 13.31 C5a 

 153.7 ± 0.1 5.8 138.5 ± 5.9 −0.6 ± 0.1 2.92 C4a 

 150.6 ± 0.1 15.0 136.9 ± 6.1 −0.3 ± 0.1 3.27 C1 

 147.7 ± 0.1 4.9 105.5 ± 11.3 0.0 ± 0.1 4.94 C3a 

 131.0 ± 0.1 55.0 133.6 ± 7.3 0.0 ±0.1 0.05 C2 + C1a 

 111.5 ± 0.1 3.8 86.8 ± 7.2 −1.0 ± 0.1 11.55 C2a 

 161.1 ± 0.1     DMF 

 34.5 ± 0.1     DMF 

 30.3 ± 0.1     DMF 

       

15N (9.4 T) 

 −27.9 ± 0.1 13.6    N1 

 −167 - −177  
± 5 

48.1    N2, 

N1a-N4a 

 −188 - −196  
± 5 

38.3    N5a + N6a 

in Figure 5.17. These resonances have integrated intensities of 15.0% and 

5.8%, i.e., a ratio of 2.59:1, for C1(nIm):C4a(DAP). It should be noted that 

this is a very approximate ratio owing to the non-quantitative nature of 

the CP MAS NMR experiment and further experiments, such as multi-

contact CP, may need to be performed to obtain a more accurate ratio.  
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 The 13C two-dimensional CP CSA-amplified PASS spectrum of as-

prepared STA-17 is shown in Figure 5.18 along with the extractions and 

analytical fits of the spinning sideband manifolds and corresponding 

contour plots of the rms error. Table 5.10 gives the 13C CSA parameters 

extracted from the fitting of each manifold, and good agreement between 

the fit and the experimental manifold can be seen, as shown by the 

relatively low rms deviation values (<13 in all cases). For C1 species, a 

slightly larger Ω (with Ω = 105.5 ± 11.3 ppm) is observed when compared 

with the same carbon species in, e.g., as-prepared ZIF-65 (Zn(nIm)2·DMF), 

with Ω = 82.3 ± 5.1 ppm. However, the value of Ω is similar to C1(nIm) 

species in ZIF-68 (Zn(bIm)(nIm)·DMF), where Ω = 103.6 ± 6.8 ppm. As 

discussed above, although the structure was not fully solved from 

refinement of X-ray data, the proposed model consists of four- and double 

six-membered rings, similar to those found in the GME framework. It may 

Figure 5.15: (a) 13C (14.1 T, 12.5 kHz) and (b) 15N (9.4 T, 5 kHz) CP MAS NMR spectra of as-
prepared STA-17. Also shown in (a) and (b) are decompositions and assignment of the resonances 
using the numbering scheme to the right of each spectrum.  



 267 

Figure 5.16: (a) 13C (14.1 T, 12.5 kHz) two-dimensional CP CSA-amplified PASS spectrum of as-
prepared STA-17. For specific experimental parameters, see Table 5.2. Shown in (b) are the 
extracted spinning sideband manifolds, analytical fits and corresponding contour plots of the rms 
error, arbitrarily capped at 25. 
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be that the four-membered rings are constructed from nIm linkers and the 

double-six membered rings are constructed from DAP linkers. However, it 

is difficult to say conclusively using the results obtained from NMR 

spectroscopy whether this is the case, as the only information gained is 

about the nature and functionalisation of the linker itself. Information 

regarding the structure, and consequently the topology of the material, 

may be gained by studying the metal centres. 

 

 
5.4.5  Conclusion 

A range of as-prepared and solvent exchanged ZIFs were characterised by 
1H, 13C and 15N NMR spectroscopy. Despite using fast MAS (60 kHz), 1H 

NMR did not provide much information other than the types of linkers 

present in each material, owing to the relatively low spectral resolution. 

The chemical shift of 13C and 15N did provide more information about the 

different types of linkers present in each of the ZIFs, enabling the spectral 

assignment of single-linker ZIFs, while DFT calculations of the NMR 

parameters of the isolated linker molecules, aided the assignment for dual-

linker ZIFs. The 13C anisotropic shielding parameters revealed a wide 

range of Ω (from 60 to 200 ppm) with more symmetrical environments 

arising from C species bonded to three N atoms, (e.g., C2(nIm)), and less 

symmetrical environments arising from C species on benzene rings. 

Utilising both experimental 13C δiso and Ω information together enabled a 

deeper understanding of the nature and environment of the linker in these 

materials. 15N isotropic shift parameters informed about the nature and 

functionalisation of the linkers. Additionally, the data collected from 13C 

and 15N NMR assisted with the assignment of the NMR spectra of the 

material as-prepared STA-17, whose crystal structure has not yet been 

fully determined. 
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 15N CSA-amplified PASS experiments have been performed on a 

small range of ZIFs, showing the applicability of this experiment to 

challenging nuclei with low natural abundance and sensitivity. To achieve 

sufficient sensitivity, extensive signal averaging was required resulting in 

long experimental times. For some nitrogen environments (e.g., NO2), it 

was not possible to extract the spinning sideband manifold owing to the 

low CP signal intensity. However, some indication that differences in Ω 

can begin to provide information on topology was observed, although 

many more measurements (on a wider range of ZIF topologies) are 

required to confirm the use of this approach as a predictive tool.  

 

 
5.5  Investigating the metal centres of ZIFs 
5.5.1  67Zn NMR spectroscopy 

Investigation of the metal centres (e.g., Zn, Co) in ZIFs by NMR 

spectroscopy would, in principle, provide information on their local 

chemical environment(s). Furthermore, determining the number of 

crystallographically-unique sites present in the material may also help to 

discriminate between possible crystal symmetries and/or space groups if 

the structure is not known. However, NMR study of these metal centres 

can be exceedingly challenging owing to their unfavourable nuclear 

properties, as shown in Table 5.1. The ZIFs investigated in this work 

contain Zn, which is typically found in a four-coordinate tetrahedral 

environment surrounded by four imidazolate linkers. The only NMR-

active isotope is 67Zn (I = 5/2), which is very insensitive owing to its low 

natural abundance and low γ. In addition, the relatively large quadrupole 

moment (Q = 15 fm2) results in large quadrupolar broadenings for non-

symmetrical zinc environments, with the central transition lineshapes 

often spanning many hundreds of kHz.23 
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 Despite the difficulties described above, it is possible to obtain 
67Zn NMR spectra for simple Zn-containing compounds, such as ZnO and 

Zn(CH3COO)2·2H2O. The 67Zn NMR spectra of these two materials were 

acquired using a high magnetic field strength (20.0 T) to reduce the 

second-order quadrupolar broadening. Figure 5.19 (a) shows the 67Zn 

MAS NMR spectrum of ZnO and Figure 5.19 (b) a similar spectrum 

acquired using a CPMG pulse sequence. Fitting the spectra gives the 

following parameters δiso = 239.8 ppm, CQ = 2.46 MHz and ηQ = 0.0, in 

good agreement with literature.52 Figure 5.19 (c) shows the 67Zn CPMG 

MAS NMR spectrum of Zn(CH3COO)2.2H2O, where CQ is much larger 

than for ZnO, owing to the asymmetry around the Zn. Fitting of this 

spectrum gives the following parameters δiso = 16.0 ppm, CQ = 5.30 MHz 

and ηQ = 0.9, in reasonable agreement with the values reported in the 

literature.53 The magnitude of the quadrupolar coupling interaction in 

Zn(CH3COO)2·2H2O is approximately the limit of that which can be 

feasibly studied by MAS experiments at 20.0 T using 4.0 mm rotors (where 

the maximum MAS rate is ~14 kHz). For systems with Zn species that 

exhibit larger CQ values, static NMR experiments may be required. Figure 

5.19 (d) shows the static 67Zn CPMG NMR spectrum of 

Zn(CH3COO)2·2H2O. It should be noted that the width of the pattern 

lineshape is much broader and is now the result of quadrupolar and CSA 

interactions. For samples that exhibit a large CQ and CSA it might be 

necessary to acquire the spectrum at multiple fields in order to determine 

the contribution from the different anisotropic interactions. 
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 One of the major drawbacks of investigating the metal centres in 

ZIFs is that the concentration of 67Zn atoms is very small owing to the low 

density of porous materials. As an example, for ZIF-65 (Zn(nIm)2) has a 

concentration of 2.33 Zn nm−3 (i.e., 12 Zn atoms in one unit cell with a unit 

cell volume of 5.15 nm3), of which ~0.096 Zn nm−3 are 67Zn at natural 

abundance (i.e., 4.1% of 2.33 nm−3). With such low numbers of 67Zn, the 

sensitivity of the 67Zn NMR experiments will be inherently very poor. 

Consequently, it is necessary to signal average extensively in order to 

obtain good signal-to-noise in the 67Zn NMR spectrum. In 2012, Sutrisno et 

al. demonstrated the first 67Zn MAS NMR experiments on a small range of 

as-prepared ZIFs (ZIF-4, ZIF-7, ZIF-8 and ZIF-14) at 21.1 T.55 The authors 

Figure 5.17: 67Zn (20.0 T) NMR spectra of (a, b) ZnO and (c, d) Zn(OAc)2·2H2O. The spectra are the 
result of averaging (a, b) 2048, (c) 10544 and (d) 26784 transients, using a recycle interval between 
(a, b) 1 and (c, d) 5 seconds. In (b, c and d), spectra were acquired using a CPMG experiment 
(under MAS conditions (14 kHz) for (b, c) and static conditions for (d)) and are presented as 
spikelet spectra with a spacing of 70 Hz (for (a)) and 466 Hz (for (c, d). In (c, d), TPPM-15 1H 

decoupling (γB1/2π ≈ 55 kHz) was applied during spectral acquisition. The red line indicates the fit 
using the parameters given in the text. 
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noted that the local Zn environment is sensitive to the presence of guest 

species (such as water or benzene) in the pores of the material, suggesting 

that 67Zn NMR spectroscopy is a good probe of guest-host interactions.  

 

 ZIF-8 (Zn(mIm)2)·DMF was one material studied by 67Zn NMR 

spectroscopy in this work, which was chosen as the published crystal 

structure contains only one crystallographically-unique Zn species.2 In 

addition, the 13C and 15N CP MAS NMR spectra, shown in Figures 5.8 and 

5.11, respectively, show relatively narrow lines, suggesting a well-ordered, 

crystalline sample. Figure 5.20 shows the 67Zn MAS NMR spectrum of ZIF-

8 (Zn(mIm)2)·DMF, which exhibits a single, relatively narrow resonance 

(full width at half maximum = 400 Hz) with no distinctive quadrupolar 

lineshape and δ ≈ 292 ppm. It is not possible to obtain the quadrupolar 

NMR parameters for this material and so they can only be approximated, 

with a maximum CQ of 1 MHz. It may be possible to perform these 

experiments at lower field in order to increase the extent of the second-

order quadrupolar broadening interactions. The experimental values of 

δiso, CQ and ηQ are in reasonable agreement with those reported by Sutrisno 

et al., (δiso = 300 ± 0.5 ppm, CQ = 1.1 ± 0.3 MHz and ηQ = 0.8 ± 0.05).54 

Sutrisno et al. noted that for many of the ZIFs exhibited fast 67Zn 

transverse relaxation, preventing the routine use of CPMG experiments, 

and the use of spin-echo experiments with short delays was more suitable.  

 

 Despite significant efforts to acquire 67Zn NMR spectra of the 

other ZIFs synthesised for this work (e.g., using MAS, static and CPMG 

experiments with and without 1H decoupling), no further NMR 

parameters could be determined. This could be the result of large CQ 

values for some species, resulting in very broad lineshapes and the need to 

signal average extensively. In addition, the recycle interval used (1 s) in all 
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67Zn NMR experiments could be too short leading to saturation of the spin 

system. Finally, the excitation bandwidth may not be sufficient to excite 

the whole lineshape (maximum radiofrequency field strength achievable 

using the current probe hardware is ~33 kHz), and stepped acquisition 

may be required. However, owing to the limited high-field spectrometer 

time available, these experimental parameters could not be fully 

investigated, and remain a possible option for the future work. 

 

 
5.5.2  DFT calculations on ZIFs 

To understand the Zn local environment better and NMR parameters, 

first-principles DFT calculations might be of importance, as predicting 
67Zn NMR parameters will help in choosing the most suitable NMR 

experiment (e.g., MAS or static and the required field strength). To assess 

the accuracy of first-principles DFT calculations of 67Zn NMR parameters, 

a series of simple zinc-containing compounds with known structures and 

experimental NMR parameters were studied.45 The structural model were 

first geometry optimised to an energy minimum (using strategy [D], see 

Table 4.7 for further details) prior to the calculation of NMR parameters.  

Figure 5.18: 67Zn (20.0 T, 14 kHz) MAS NMR spectra of ZIF-8 (Zn(mIm)2·DMF). The spectrum was 
the result of averaging 10800 transients, using a recycle interval of 1 s with TPPM-15 1H decoupling 

(γB1/2π ≈ 55 kHz) applied during acquisition. Shown in red are the spectral lineshapes simulated 

using values obtained by Sutrisno (δiso = 300 ± 0.5 ppm, CQ = 1.1 ± 0.3 MHz and ηQ = 0.8 ± 0.05).54  
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Table 5.11: Experimental and calculated (using CASTEP) 67Zn NMR parameters, along with their 
corresponding literature references (quoted as structure, NMR), for a range of simple zinc-
containing compounds. 

Compound δiso
exp 

(ppm) 
CQ

exp / 
MHz ηQ

exp σiso
calc 

(ppm) 
CQ

calc / 
MHz 

ηQ
calc Refs. 

ZnO 238 2.4 0.0 1474 4.28 0.0 56,52 

Zn(CH3COO)2·2H2O 0 5.3 0.9 1716 4.24 0.0 55,53 

Zn(CH3COO)2 260 2.4 0.0 1600 7.48 0.2 57,53 

Zn(CHO2)2·2H2O – 
Zn1 9 6.1 1.0 1726 18.31 0.5 58,58 

Zn(CHO2)2·2H2O – 
Zn2 0 9.5 0.5 1793 5.34 0.4 58,58 

Zn(ImCl)2 265 7.1 0.4 1331 8.16 0.4 59, 60 

ZnCl2 300 2.5 0.0 1378 2.77 0.2 61,62 

ZnS (hexagonal) 365 0.0 0.0 1199 3.40 0.2 63,53 

ZnS (cubic) 380 0.0 0.0 1182 0.00 0.0 64,53 

ZnSO4·7H2O  10 1.7 0.0 1682 11.00 0.0 65,53 

ZnSO4 15 1.8 0.2 1787 23.65 0.8 66,62 

ZnF2 −20 7.9 0.2 1828 8.80 0.9 67,62 

Table 5.11 gives the details of the experimental and calculated (using the 

CASTEP code) 67Zn NMR parameters and corresponding literature 

references for each of these models.  

 

 Figure 5.21 (a) shows a plot of σiso
calc against δiso

exp, with, as 

expected, a negative gradient is observed. Two different regions of shifts 

are seen corresponding to six-fold coordinate species (e.g., ZnO6) (δiso
exp = 

−10 and 10 ppm) and four-fold coordinate species (e.g., ZnN4) (δiso
exp = 200 
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and 400 ppm). Reasonable agreement can be seen between calculation and 

experiment (R2 = ~0.86). From the y-intercept of this plot σref ≈ 1767 ppm. 

The gradient of the line of best fit is less than −1, indicating an 

overestimation of σiso
calc. However, there does not appear to be any 

obvious correlation between CQ
calc and CQ

exp, as shown in Figure 5.21 (b). It 

should be noted at this time that it is difficult to make conclusive remarks 

about the accuracy of CASTEP for calculating the 67Zn NMR parameters 

owing to the difficulties in extracting accurate experimental NMR 

parameters even for the relatively simple systems studied here. As a 

result, any NMR calculations performed on Zn-containing materials using 

this approach should be treated with caution. Many of the ZIFs contain a 

large number of atoms in the unit cell (e.g., ZIF-68 (Zn(bIm)(nIm)) has a 

unit cell volume of 11364 Å3 and contains 624 atoms), preventing 

calculations from being performed using the computational resources 

available. In addition, some ZIFs possess disordered linkers which will, 

again, prevent calculations from being easily preformed. 

 

 In an idealised system, the coordinating atoms will provide the 

largest contribution to the EFG, although, in a real material, remote atoms, 

defects, disorder and the presence of guest species will also have an 

effect.69 Therefore, it may be possible to perform NMR calculations on a 

Figure 5.19: Plots of calculated and experimental 67Zn NMR parameters. In (a), σiso against δiso and 
in (b), quadrupolar CQ

calc against CQ
exp for a range of zinc-containing compounds. 
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model cluster (containing the atoms in the first coordination sphere of Zn 

from the parent crystal structure). This approach was performed using the 

(molecular, i.e., non-periodic) Gaussian code. This type of model cluster 

calculation has been widely and successfully implemented for many 

systems.43-46 Figure 5.22 shows six model clusters that have been 

Figure 5.20: First coordination sphere model clusters of the Zn coordination environment in (a) 
[Zn(bIm]4

2+, (b) [Zn(mIm4]2+, (c) [Zn(pur)4]2+, (d) [Zn(nIm)4]2+, (e) [Zn(bIm)2(nIm)2]2+ and (f) 
[Zn(nbIm)2(nIm)2]2+. Note that a model cluster of ZIF-70 (Zn(Im)1.13(nIm)0.87) could not be 
constructed owing to the disorder of the linkers in the parent crystal structure. 
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constructed from their corresponding parent crystal structure: 

[Zn(bIm)4]2+, [Zn(mIm)4]2+, [Zn(pur)4]2+, [Zn(nIm)4]2+, [Zn(bIm)2(nIm)2]2+ 

and [Zn(nbIm)2(nIm)2]2+ for ZIF-7, ZIF-8, ZIF-20, ZIF-65, ZIF-68 and ZIF-

78, respectively. It is not possible to construct a zinc model cluster for ZIF-

70 (Zn(Im)1.13(nIm)0.87) owing to the significant disorder of the Im and nIm 

linker molecules. Prior to the calculation of the NMR parameters, each 

nitrogen atom on the imidazole ring that was not coordinated to zinc was 

protonated to give the cluster an overall 2+ charge, and all the positions of 

H were then optimised (with all other atoms fixed). For further details on 

the computational methods, see Section 5.3.3. Details of the Cartesian 

coordinates for each of the model clusters and the basis sets used can be 

found in Appendix C. Table 5.12 gives the calculated NMR parameters for 

each of the model clusters. For ZIF-7 and ZIF-8 corresponding to 

[Zn(bIm)4]2+ and [Zn(mIm)4]2+ model clusters, respectively, there was good 

agreement between the calculated 67Zn NMR parameters and those 

observed experimentally in this work and in the experimental and 

calculated NMR parameters reported by Sutrisno.57  

 

 The model clusters for [Zn(bIm)4]2+, [Zn(mIm)4]2+ and [Zn(nIm)4]2+ 

have all been derived from their parent crystal structures which exhibit 

the same SOD topology. However, σiso
calc and CQ

calc are very different for 

the three clusters. Considering the local structure around the Zn metal 

centres (i.e., ⟨Zn-N〉 bond distances and ⟨N-Zn-N〉 bond angles), it is 

possible to suggest a reason for these differences. Figure 5.23 (a) plots 

σiso
calc against ⟨Zn-N〉, ⟨N-Zn-N〉 and DI (Equation 4.1), with the values of 

these structural parameters given in Table 5.12. The only reasonable 

correlation found is between σiso
calc and ⟨Zn-N〉, where the line of best fit 

has an R2 = 0.7028 No significant correlation is found for the other 

structural parameters. Figure 5.23 (b) plots CQ
calc against the same 

structure geometrical parameters, described above. It appears that CQ
calc is  
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Table 5.12: Calculated 67Zn NMR parameters for the model clusters shown in Figure 5.22. Also 

given are ⟨Zn-N〉, ⟨N-Zn-N〉 and DI for each cluster. 

Cluster σiso
calc 

(ppm) 

CQ
calc / 

MHz 

ηQ
calc ⟨Zn-N〉 

/ Å 
⟨N-Zn-

N〉 (°) 
DI 

[Zn(bIm)4]2+ 1549.4 7.5 0.8 1.99 109.51 3.95 

[Zn(mIm)4]2+ 1544.9 1.1 0.5 1.99 109.47 0.23 

[Zn(pur)4]2+ 1517.9 6.4 0.5 1.97 109.44 2.96 

[Zn(nIm)4]2+ 1649.6 4.5 0.0 2.02 109.48 1.38 

[Zn(bIm)2(nIm)2]2+ 1582.0 12.1 0.4 2.00 109.23 4.91 

[Zn(nbIm)2(nIm)2]2+ 1525.9 9.2 1.0 2.00 109.20 4.29 

not particularly sensitive to ⟨Zn-N〉 and only a weak correlation is seen 

between CQ
calc and ⟨N-Zn-N〉 (R2 = 0.5431). However, CQ

calc appears to be 

strongly correlated to DI, where for every integer increase of DI, CQ
calc 

doubles (R2 = 0.957). 

 

 From Figure 5.23 it is clear why the calculated 67Zn NMR 

parameters are so different for [Zn(bIm)4]2+, [Zn(mIm)4]2+ and [Zn(nIm)4]2+. 

For [Zn(nIm)4]2+ the ⟨Zn-N〉 bond distance is longer (2.02 Å) than 

compared with [Zn(bIm)4]2+ and [Zn(mIm)4]2+ (both have ⟨Zn-N〉 ~1.99 Å), 

resulting in the difference of σiso
calc. Conversely, there is greater distortion 

of the tetrahedral environment for [Zn(bIm)4]2+ when compared with 

[Zn(mIm)4]2+, resulting in the larger CQ
calc. [Zn(mIm)4]2+ exhibits the 

smallest DI value for all of the model clusters studied, consequently 

resulting in the smallest CQ
calc, which is also observed experimentally. 

Using the information contained in Figure 5.23, it is now possible to 

explain why it was difficult to acquire the 67Zn NMR spectra of the ZIFs 
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investigated, owing to the reasonably high CQ
calc values observed for most 

of the model clusters. Figure 5.23 suggests that it should be possible to 

acquire the 67Zn NMR spectrum of ZIF-65 (Zn(nIm)2) ([Zn(nIm)4]2+) and 

ZIF-20 (Zn(pur)2) ([Zn(pur)4]2+) at 14.1 T, but as mentioned previously, to 

date has not be possible. Therefore, some other factor must be preventing 

the acquisition of the 67Zn NMR spectra of these ZIFs. As discussed above, 

a more detailed investigation is needed in order to fully understand why 

it is very challenging to acquire the spectra.  
 

Figure 5.21: Plots of calculated 67Zn (a) σiso and (b) CQ
calc against ⟨Zn-N〉, ⟨N-Zn-N〉 and DI for the 

model clusters shown in Figure 5.22. 
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5.5.3  Conclusion 

67Zn NMR experiments have been successfully acquired only for ZIF-8 

(Zn(mIm)2·DMF), where a small CQ was measured in agreement with 

literature values. For all other ZIFs studied, it was not possible to acquire 

their 67Zn NMR spectra. Investigation of the 67Zn NMR parameters on 

simple model zinc-containing compounds using CASTEP found limited 

agreement between calculation and experiment. Therefore, any NMR 

calculations performed on ZIFs may produce inaccurate results. This 

problem is now under consideration by the code developers. Calculations 

on model clusters of the first coordination sphere of Zn (using the 

Gaussian code) gave reasonable agreement between the calculated 67Zn 

NMR parameters of [Zn(mIm)4]2+ and [Zn(bIm)4]2+ and the experimental 

parameters of the corresponding ZIFs (ZIF-8 and ZIF-7, respectively), 

found in the literature. Correlations between local geometrical features 

such as ⟨Zn-N〉, ⟨N-Zn-N〉 and DI found that σiso correlated well with ⟨Zn-

N〉 and CQ
calc was found to depend strongly on DI, suggesting that the 

geometry of the coordinating N atoms dominated this parameter. Analysis 

of the calculated 67Zn NMR parameters from the cluster calculations may 

provide information about why it is challenging to acquire the 67Zn NMR 

spectra of ZIFs. However, there may also be undiscovered issues with the 

experimental parameters that have prevented spectral acquisition.  

 

  Cluster calculations have some limitations insofar as the EFG is 

affected by both the short- and long-range structure. Furthermore, the 

cluster calculations assume not only that the crystal structure of the parent 

material is accurate, but that a 0 K structure is still relevant to NMR 

measurements performed at much higher temperatures. Owing to the 

challenges of performing calculations using periodic first-principles DFT 

calculations (e.g., CASTEP) on these materials at present, simple cluster 
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calculations can provide a useful alternative to investigate the predicted 
67Zn NMR parameters for these materials. 

 

 
5.6  Chapter conclusions 

Multinuclear solid-state NMR spectroscopy has been performed on a 

series of ZIFs. Correlations between the NMR parameters and structure 

have been investigated to enable a deeper understanding of the nature 

and functionalisation of the linkers present in ZIFs. However, in order to 

truly relate the observed 13C and 15N NMR parameters to the structural 

topology of a particular known (or unknown) ZIF, and create a library of 

NMR parameters, further materials with a range of different topologies 

will need to be studied.  

 

 Periodic DFT calculations for a series of simple zinc-containing 

compounds showed that the calculated 67Zn NMR parameters did not 

correlate very well with experimental measurements taken from the 

literature. Despite this, model cluster calculations using the Gaussian code 

and the atomic coordinates from the first-coordination sphere of Zn in a 

range of ZIFs revealed that the local structure around the metal centre 

strongly influenced the 67Zn NMR parameters. This suggests that 67Zn 

NMR could be a valuable tool for probing the local structure of ZIFs, once 

a reliable protocol is developed for the acquisition of experimental NMR 

spectra.  
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Chapter Six 
Investigating Order and Disorder 
in Pyrochlore-based Ceramics 

 
6.1  Introduction to pyrochlore ceramics 

Pyrochlore ceramics have the general chemical formula A2B2X7, where A 

and B are metal cations and X represents anions, typically O2− but, in some 

cases, S2−, N3−, F− or OH−.1-3 These materials have recently generated much 

interest in the solid-state chemical community owing to their wide range 

of useful properties. These properties include both ionic and electrical 

conductivity, ferromagnetism, and luminescence.4-9 These properties arise 

from the chemical flexibility of the pyrochlore structure, which allows the 

incorporation of many different cations, with variable oxidation states, 

onto the A and B sites.1 There are currently over 500 synthetic pyrochlore 

compositions known, and many of these materials contain actinide and 

lanthanide rare earth metals. For this reason, pyrochlores have many 

potential industrial applications such as in solid-oxide fuel cells, as 

electrode materials and as catalysts.10-15 

 

 One application that has drawn much attention over the last few 

decades is the use of pyrochlore-based ceramics for the encapsulation of 

actinide- and lanthanide-bearing radioactive waste, with the ultimate aim 

being the long-term storage of 239Pu.16-19 These materials can accommodate 

high waste loadings (in principle up to ~50 wt%) compared with 

encapsulating the waste in, typically, borosilicate glass (~3 wt%).19 In 

addition, pyrochlore-based ceramics materials have been shown to exhibit 
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low leach rates (i.e., release of Ln3+ and An3+ into the biosphere) in 

comparison to glasses. In some cases, there are natural analogues ((e.g., 

zircon (ZrSiO4) or feldspar (KAlSi3O8)) containing radioactive elements 

(e.g., 238U, 232Th, 40K and 87Rb) that can assist in the evaluation of these 

materials for long-term durability.15  

 

 The United Kingdom has just over 4.5 × 106 m3 of radioactive 

waste in various locations around the country, with the vast majority kept 

on or near the surface of the Earth. Only 1 × 106 m3 has been safely 

disposed of to date. There are three types of radioactive waste currently 

defined by the UK government;20 (1) low-level waste (LLW), including 

building materials from nuclear reactors and medical/university research 

waste, (2) intermediate-level waste (ILW), including nuclear reactor 

components and radioactive liquid effluent, and finally, (3) high level-

waste (HLW), such as spent radioactive fuel rods. LLW can be safely 

contained and possesses a relatively low risk to the public. This waste is 

taken to special landfill sites, incinerated, or placed in specially designed 

shipping containers that are filled with concrete and stored above ground, 

where they are continuously monitored. ILW poses a danger to the public 

and, consequently, is typically encapsulated #in a cement-based material 

within stainless steel drums, which are then stored in specially designed 

warehouses at the surface. HLW poses the greatest danger to the public 

and so a more sophisticated method of encapsulation is required. The UK 

government’s preferred method of encapsulation is to use borosilicate 

glass.20 The vitrification process starts by drying the nuclear waste before 

mixing it with crushed glass, where it is then poured into a 150 L stainless 

steel drum and welded shut. The drums are then stored in specially 

engineered air-cooled stores for up to 50 years. Presently, the UK 

government is investigating the possibility of utilising secure, deep 

underground (1000 m below the surface), geologically stable storage in 
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which to contain all the radioactive waste for a long period of time (>100 

years) as the half-life of 239Pu is 24,110 years.20  

 

 A first-generation nuclear wasteform includes materials such as 

borosilicate glasses. Problems with this strategy include the relatively low 

waste loadings and the corrosion of the wasteform can occur when it is 

subjected to water or moist air. In 1979, a new, second-generation nuclear 

wasteform was developed by Ringwood et al.,22 called SYNROC (a 

synthetic rock that includes hollandite (Ba(Al,Ti)2Ti6O16), zirconolite 

(CaZrTi2O7), perovskite (CaTiO3) and rutile (TiO3)), where elements from 

high-level nuclear waste (e.g., up to 20 wt% for SYNROC-C)23 can be 

contained in this highly stable composite ceramic. In contrast to glasses, 

where ideally the radioactive waste is homogeneously distributed 

throughout the material, the radioactive cations are contained on specific 

crystallographic sites in the structure of SYNROC. Many of the current 

components of wasteforms (e.g., pyrochlore-based ceramics) contain Ti, 

which has been shown to produce materials with good chemical 

durability. In addition, the incorporation of Zr or Sn into the pyrochlore 

structure has been shown to increase the tolerance of materials to damage 

from radioactive decay.24,25 Therefore, the combination of these elements in 

a wasteform might greatly enhance the chemical and physical properties. 

 

 One advantage of encapsulating radioactive waste into SYNROC 

is that the nuclear wasteform has been shown to be thermally robust, 

incorporating high levels of radioactive 87Sr and 135Cs that contribute 

towards the radiogenic heating output. Another advantage is that 

SYNROC can be tailored to the specific radioactive waste in question, 

whereas encapsulating waste into glasses offers only a ‘one size fits all’ 

solution. For example, SYNROC-D contains nepheline ((Na,K)AlSiO4) and 
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is designed to encapsulate radioactive Cs, Rb and Ba, whereas SYNROC-F 

is pyrochlore rich ((Ca, Gd, U, Pu, Hf)2Ti2O7) and has been developed to 

encapsulate unreprocessed spent nuclear fuel.23 The fact that there are 

natural analogues as described above should, in principle, increase public 

confidence in the ability of these materials to immobilise radioactive waste 

for long periods of time.  

 

 
6.1.1  Structure of pyrochlores and related 
materials 

The pyrochlore structure (space group Fd−3m) is derived from a 

superstructure of fluorite (AO2), shown in Figure 6.1 (a), through the 

ordered removal of 1/8th of the oxygen atoms, as shown in Figure 6.1 (b).1,2 

This produces two possible cation species in the pyrochlore structure, an 

eight-coordinate A site, which is typically occupied by 2+ or 3+ cations 

(e.g., La, Sc and Y) , and a six-coordinate B site, which is typically occupied 

by a smaller 4+ or 5+ cations (e.g., Ti, Sn, Zr and Hf). The A site is 

surrounded by six equally-spaced oxygen anions and two additional 

oxygen anions with longer A-O bonds forming a scalenohedron. The B site 

is surrounded by six equally-spaced oxygen anions in a trigonal 

antiprismatic arrangement. The A and B cations are located on the 16c (0, 

0, 0) and 16d (1/2, 1/2, 1/2) Wyckoff positions, respectively, for cell with 

origin choice 2, and placing A at the origin. There are three 

crystallographically-distinct oxygen positions, of which two are occupied, 

the 48f (x48f, 1/8, 1/8), which accounts for six of the seven anions per 

formula unit, and the 8a (1/8, 1/8, 1/8), which accounts for the remaining 

anion. The final site, the 8b (3/8, 3/8, 3/8), is normally vacant. Therefore, 

the ideal pyrochlore structure can be described by just two parameters, x48f 

and the unit cell parameter, a.4  
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 The stability of the pyrochlore structure is thought to be related to 

the ratio of the sizes of the cations (rA/rB).1,25 When this ratio falls below 

1.46 a defect fluorite structure is predicted to form (space group Fm−3m), 

with a single cation site (i.e., cation disorder) and disorder of the 

vacancies, as shown in Figure 6.2 (a). The average cation coordination 

number in the defect fluorite structure is 7. If rA/rB > 1.78, a more complex 

structure of the La2Ti2O7 type is formed (P21), as shown in Figure 6.2 (b), 

with compositions in the series An+1Bn+1O3n+4, 0 ≤ n ≤ ∞ (n = 1 for 

La2Ti2O7).26,27 In this structure, a BO6-deficient layer separates layers of 

perovskite-like slabs. The adjacent slabs are then offset from one another 

by half of one BO6 octahedron creating a crystallographic shear in the [100] 

direction.27  

 

 There is considerable interest in understanding the structure-

property relationships in materials that exhibit a phase transition, e.g., 

Figure 6.1: Structures of (a) fluorite (shown as a 2×2×2 supercell unit cell) and (b) pyrochlore. The 
pyrochlore structure is formed through the ordered removal of 1/8 of the oxygen anions from the 
fluorite structure creating oxygen vacancies (O8b). Also shown in (a) and (b) are expansions of the 
nearest and next-nearest neighbour environments for the A- and B-site cations and the anions.1-3 
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from the ordered pyrochlore phase to the disordered defect fluorite phase. 

This phase change can occur through the application of high 

temperatures,28 chemical substitution29 or by being exposed to high-energy 

irradiation.30,31 In designing a suitable wasteform for the encapsulation of 

radioactive waste, knowledge of the formation of any secondary phases 

and how the radioactive cations are distributed across the crystallographic 

sites is critically important in understanding how the material functions, 

and if any secondary phases will be detrimental to performance. 

Therefore, understanding the phase evolution, cation/anion disorder and 

local structure variation with composition will not only be advantageous 

in evaluating these materials as multi-phase ceramic wasteforms, but also 

in understanding how this can subsequently affect the physical and 

chemical properties of such materials.  

Figure 6.2: The stability of the pyrochlore phase is thought to be related to the ratio of the cationic 
radii (rA/rB). When this ratio is below 1.46 a defect fluorite material is formed (a), or if the ratio 
increases above 1.78 a layered perovskite-like material is formed (b).26,27  
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Table 6.1: Properties (nuclear spin (I), natural abundance (N), gyromagnetic ratio (γ), Larmor 

frequency (ν0) and quadrupole moment (Q)) of selected NMR-active nuclei present in Y2Zr2−xSnxO7 

and Y2Hf2−xSnxO7, with ν0 quoted at 14.1 T. 

Nucleus I 
N 

(%) 

γ 

/107 rad 
s−1 T−1 

ν0 

/MHz 

Q 

/fm2 

17O 5/2 0.04 −3.6 81.3  −2.56  
91Zr 5/2 11.23 −2.5 55.8 −17.60 
89Y 1/2 100.00 −1.3 29.4  

115Sn 1/2 0.34 −8.8 196.4  
117Sn 1/2 7.61 −9.6 213.8  
119Sn 1/2 8.58 −10.0 223.8  
177Hf 7/2 18.50 1.1 24.4 337.00 
179Hf 9/2 13.75 −0.7 15.3 379.00 

 

 
6.1.2  Characterisation of pyrochlore ceramics 

Characterisation of pyrochlore ceramics typically utilises diffraction-based 

techniques. However, as noted in previous chapters, such experiments are 

only able to probe the time- and space-averaged structure, resulting in a 

structure that is averaged over many unit cells. As a consequence, if there 

is disorder present in the sample, whether it is positional, compositional 

or temporal (as a result of dynamics), elucidating the full crystal structure 

by diffraction-based experiments alone can be very challenging.  

 

 Solid-state NMR spectroscopy is a complementary 

characterisation technique, ideally suited to the investigation of disorder, 

including any potential phase transitions, in pyrochlore ceramics owing to 
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the many NMR-active nuclei present.28 Table 6.1 summarises the 

properties of the nuclei considered in this chapter.29 The chemical shift 

interaction is itself highly sensitive to the coordination number, with 

typically large changes often observed in NMR spectra when this 

varies.30,31 These large differences can help to identify the number and the 

nature of the coordination environments. Smaller changes in the local 

environment, such as a change in the occupancy of the nearest or NNN 

atoms, can result in smaller changes in the chemical shift,30,31 usually 

affecting the shape of the spectral lines observed. In addition, smaller 

changes, such as bond distances and angles can result in broadening of 

spectral resonances, with the extent of the broadening revealing 

information about the distribution of these geometrical parameters 

present in the sample.30,31 Although the presence of dynamics in the 

material could also contribute to the broadening of the spectral resonances 

in an NMR spectrum. Variable temperature (VT) NMR experiments can be 

used to determine whether this is the case. 

 

 The ability to measure not only the isotropic chemical shift but 

also the CSA provides additional NMR parameters to use for spectral 

assignment. In disordered materials, the spectral lineshapes can often be 

complex and measurement of the CSA could reveal additional structural 

information about the material. NMR spectra of disordered materials can 

often be considerably difficult to interpret. Thus, the use of first-principles 

DFT calculations can be particularly helpful in assigning and 

understanding the lineshapes observed.  
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6.1.3  Previous work 

In 1990, Grey et al. performed the first 89Y MAS NMR experiments on 

yttrium pyrochlores (Y2−xLnxM2O7, where Ln = Ce, Pr, Nd, Sm, Eu, Yb; M = 

Ti, Sn) for the investigation of diamagnetic solids doped with 

paramagnetic ions.32 It was noted by the authors that despite 89Y having I = 

1/2 and 100% natural abundance, 89Y MAS NMR experiments are very 

challenging to perform owing to the relatively long longitudinal relaxation 

rates, and the very poor sensitivity as a consequence of the low γ. The 

authors also noted that there were large differences in the 89Y NMR 

parameters for Y2Ti2O7 (δiso = 65 ppm, Ω = 615 ppm, κ = 1) and Y2Sn2O7 (δiso 

= 150 ppm, Ω = 240 ppm, κ = 0.8). This difference was attributed to the 

different polarisability of the next-nearest neighbouring (NNN) B-site 

cations, with Ti4+ more polarisable than Sn4+, and, as a consequence, a 

lower 89Y chemical shift is observed.  

 

 Later, in 2006, Ashbrook et al. investigated the environments of Y 

in Y2Ti2−xSnxO7, by 89Y MAS NMR spectroscopy. It was observed that a 

single pyrochlore phase was found for all values of x.33 The authors also 

confirmed the 89Y NMR parameters for the two end members determined 

earlier,32 but also noted that the magnitude of the 89Y CSA was related to 

the position of the O48f. The deviation away from the ideal position, of x48f 

= 0.375, found in the fluorite structure results in the distortion of the ideal 

cubic coordination environment around each of the Y cations. This 

distortion results in the difference in the 89Y CSA observed between 

Y2Ti2O7 (x48f = 0.327) and Y2Sn2O7 (x48f = 0.338). In 2009, Reader et al. 

demonstrated that first-principles DFT calculations could predict the 89Y 

magnetic shielding to a high degree of accuracy for a range of inorganic 

compounds.34 The authors then used calculations to confirm that Y is only 

found on the A site of the Y2Ti2−xSnxO7 pyrochlores by manipulating the 
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crystal structures of the two end members by swapping A and B cation 

sites. The 89Y CSAs for Y2Ti2−xSnxO7 were later measured by Mitchell et al. 

using CSA-amplified PASS experiments and good agreement between 

first-principles DFT calculations and experiment was observed.35 The 

authors also noted a strong correlation between the calculated 89Y Ω and 

the number of Sn and Ti on the six surrounding NNN B sites, although a 

scaling factor was required.  

 

 Ashbrook et al. then extended their investigation into the phase 

composition(s) of a more complicated system (Y2Zr2−xSnxO7), where a 

phase transition from a pyrochlore to a defect fluorite phase is 

predicted.36,37 This work used many techniques, including NMR 

spectroscopy, diffraction-based experiments and first-principles DFT 

calculations, to provide a detailed picture of the cation and anion disorder. 

It was noted that a significant two-phase region was observed at 

compositions with high Sn or Zr through the analysis of 89Y and 119Sn MAS 

NMR spectra. This provided information into the proportion and 

composition of the pyrochlore and defect fluorite phases present at each 

nominal composition. Conversely, diffraction-based experiments on this 

series were only able to obtain the average structure and were refined to a 

single phase for most compositions. The authors noted the need for 

complementary approaches, in order to obtain a more detailed and 

accurate picture of both the long- and short-range structure. 

 

 This chapter focuses on analysing and understanding the phase 

distribution, composition and disorder in Y2Hf2−xSnxO7, a similar series to 

Y2Zr2−xSnxO7 studied in previous work, by using 89Y and 119Sn NMR 

spectroscopy to measure the isotropic and anisotropic chemical shift 

parameters. The use of first-principles DFT calculations used in this work 
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will help to assign and understand many of the NMR spectra contained in 

this work. In addition, this work will also attempt to probe cation disorder 

in Y2Zr2−xSnxO7 by enriching these materials using 17O2 gas exchange. 17O 

MAS and MQMAS experiments and first-principles DFT calculations are 

used to extract detailed chemical information about the oxygen chemical 

environments in these materials. 
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6.3  Methods 
6.3.1  Synthesis 

Ceramic oxides with composition Y2Zr2−xSnxO7 and Y2Hf2−xSnxO7, with x = 

0.0 to 2.0 in steps of 0.2, were synthesised by Dr Karl R. Whittle, at the 

University of Sheffield, using a conventional mixed metal-oxide process. 

Stoichiometric quantities of commercially available Y2O3, SnO2, ZrO2 

(Aldrich, 99.5%) and HfO2 (Aldrich, 99.5%) were heated to 850 °C for 10 h 
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followed by ball milling, using ZrO2 balls and cyclohexane as the milling 

medium. After drying, the resultant powders were pressed into pellets 

using a uniaxial press. Samples were then heated to 1500 °C in air at a rate 

of 5 °C min−1 for 168 h followed by cooling in the furnace at ~20 °C min−1. 

Further details of the synthesis can be found in Ref. 36. 

 

 
6.3.2  X-ray diffraction 

Powder X-ray diffraction patterns for Y2Zr2−xSnxO7 and Y2Hf2−xSnxO7 were 

obtained using a Bruker D8-advanced X-ray diffractometer with Cu-Kα 

radiation by Dr Karl R. Whittle at the University of Sheffield. Scans were 

collected over the 2θ range of 10-80° with a step size of 0.02° and a scan 

time of 10 s per step. Analysis of the X-ray diffraction patterns was 

performed, with the unit cell parameters calculated by the least squares 

method using a Le Bail type refinement within the General Structure 

Analysis System (GSAS).40,41 The peak profiles were fitted using a Finger-

Cox-Jephcoat asymmetric function, with the background fitted by a 

shifted Chebyshev polynomial. 

 

 
6.3.3  17O2 gas exchange 

17O enrichment was performed in collaboration with Dr Frédéric Blanc, 

following a modified version of the procedure used by Grey et al.42 17O 

enrichment was performed firstly by heating, under a vacuum (~0.1 mbar) 

in a furnace, approximately 0.35 g of material in a quartz sample vial at 

950 °C (ramp up +5 °C/min, ramp down −5 °C/min) for 12 h. A small 

amount of 17O2 gas (60% 17O2, Sigma Aldrich) was then blown into the 

system, where it was liquefied in the sample vial in a Dewar of liquid 
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nitrogen. The sample vial was then sealed and allowed to warm to room 

temperature before being placed into a furnace and heated up to 950 °C 

(ramp up +5 °C/min, ramp down −5 °C/min) for 24 h. Figure 6.3 shows 

the enrichment apparatus at the University of Liverpool and is an example 

of the type of system used to enrich these materials.  

 

 
6.3.4  NMR spectroscopy 

17O NMR spectra were acquired using Bruker Avance III 600 and 850 MHz 

spectrometers, equipped with 14.1 and 20.0 T wide-bore superconducting 

magnets operating at Larmor frequencies of 81.36 and 115.25 MHz, 

respectively. Powdered samples were packed into 3.2 mm ZrO2 rotors and 

rotated between 5 and 22 kHz using a conventional 3.2 mm HX probe. 

MAS NMR spectra were acquired using a radiofrequency field strength of 

87 kHz with a recycle interval between 5 and 10 s, and are the result of 

averaging between 32 and 960 transients. 17O T1 measurements were 

carried out using a saturation-recovery experiment. Analysis of the signal 

intensity at each of the isotropic resonances was performed using the 

Figure 6.3: The enrichment apparatus used in this work to enrich ceramics with 17O2 gas.  
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fitting program within the TopSpinTM software. Triple-quantum MAS 

NMR experiments were carried out using an amplitude-modulated z-

filtered pulse sequence,43 with the final (90°) pulse chosen to be selective 

for the central transition, and are the result of averaging 528 transients for 

each of the 75 t1 increments of 25 µs. The scale in the indirect dimension is 

referenced according to the convention in Ref. 44. All MQMAS spectra 

were acquired using a recycle interval of 1 s. Chemical shifts are reported 

in ppm relative to distilled H2O. 

 

 89Y NMR spectra were acquired using a Bruker Avance III 600 

MHz spectrometer, equipped with a 14.1 T wide-bore superconducting 

magnet operating at a Larmor frequency of 29.41 MHz. Powdered samples 

were packed into a 4.0 mm Si3N4 rotor to avoid any potential 89Y 

background signal and rotated at a rate of 14 kHz using a conventional 4.0 

mm HX low-γ probe. Spectra were acquired using a radiofrequency field 

strength of ~23 kHz (π/2 ≈ 11.0 µs). MAS NMR spectra were acquired 

using either a spin echo (to ensure accurate acquisition of the broad 

components) or a Carr-Purcell-Meiboom-Gill (CPMG)45,46 echo train to 

increase sensitivity. In the latter case, 600-1000 echoes were typically 

acquired, with a frequency-domain spikelet spacing of 167 Hz. Spin echo 

experiments were the result of averaging between 736 and 12512 

transients using a recycle interval of 10 s. CPMG experiments were the 

result of averaging between 1736 and 3336 transients using a recycle 

interval of 10 s. Although T1 has been shown to be relatively long for Y-

containing pyrochores,33 there is little difference in the relative relaxation 

rates, and relative spectral intensities accurately reflect the relative site 

populations even at shorter recycle intervals. Chemical shifts are reported 

in ppm relative to 1 M YCl3, measured using a secondary reference Y2Ti2O7 

(δiso = –65 ppm).30  
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 119Sn NMR spectra were acquired using a Bruker Avance III 400 

MHz spectrometer, equipped with a 9.4 T wide-bore magnet operating at 

a Larmor frequency of 149.2 MHz. Powdered samples were packed into 

4.0 mm ZrO2 rotors and rotated at a MAS rate of 14 kHz, using a 

conventional 4.0 mm HX probe. Spectra were acquired using a spin echo 

pulse sequence, with a radiofrequency field strength of 125 kHz (π/2 = 2.0 

µs) and a recycle interval of 30 s, and are the result of averaging between 

224 and 2080 transients. Chemical shifts are reported in ppm relative to 

(CH3)4Sn, measured using a secondary reference of SnO2 (δiso = –604.3 

ppm).30 

 

 89Y (10 kHz MAS, 14.1 T) and 119Sn (14 kHz MAS, 9.4 T) two-

dimensional CSA-amplified PASS NMR experiments were carried out 

using the pulse sequence of Orr et al.47 For 89Y NMR experiments, the 

original pulse sequence was modified to include an initial saturation train. 

The total scaling factor is given by χT = (nPASS + 1) χ, where χ is the scaling 

factor (determined by the timing of the five π pulse blocks) and nPASS is the 

number of additional blocks used. Cogwheel phase cycling48 was utilised 

in order to reduce the length of the phase cycle required and no zero-

filling or line-broadening functions were applied in the indirect 

dimension, δ1. The typical recycle intervals used for 89Y and 119Sn NMR 

experiments were typically between 10 and 30 s, respectively. Fitting of 

the sideband manifold extracted from the indirect dimension of the two-

dimensional CSA-amplified PASS spectrum was carried out using 

SIMPSON49 by comparison to a simulated two-dimensional CSA-

amplified PASS experiment using ideal pulses for 119Sn and simulating the 

complete two-dimensional NMR experiment using an estimated 

radiofrequency field strength for 89Y. The ‘root mean square’ (rms) error 

quoted in tables and plotted in figures is that outputted by SIMPSON and 

described in Ref. 49. Table 6.2 gives the acquisition parameters used to  



 304 

Table 6.2: Acquisition parameters for 89Y and 119Sn two-dimensional CSA-amplified PASS 
experiments. 

Parameter 89Y 119Sn 

B0 / T 14.1 9.4 

MAS rate in F1 / kHz 1.5 1.87 

MAS rate in F2 / kHz 10.0 14.0 

Spectral width / kHz 24.0 29.9 

Number of rows 16 16 

χT 6.6667 7.5 

χ 3.3333 2.5 

nPASS 2 3 

Number of transients 962 – 4498 76 

Recycle interval / s 10 30 

Saturation delay / ms 50  

Number of saturation pulses 16  

acquire all 89Y and 119Sn two-dimensional CSA-amplified PASS NMR 

spectra. 

 

 
6.3.5  DFT Calculations 

First-principles DFT calculations were carried using the parameters 

outlined in Chapter 3. Calculations were carried out using CASTEP50 

versions 4.3, 5.5.2 and 6.0 using a 198-node (2376 core) Intel Westmere 

cluster with 2 GB memory per node and NS QDR Infiniband interconnect 

at the University of St Andrews. Optimisation was performed, where 

necessary, using the BFGS optimisation method with a k-point spacing of 

0.05 Å−1 and a cut-off energy of 50 Ry (~680 eV). The convergence criteria 

for total energy, ionic force and ionic displacement were 1 × 10−4 eV/atom, 
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0.05 eV/Å and 1 × 10−3 Å, respectively. Calculation times ranged from 24 

to 48 h using 12-96 cores. In this chapter, σiso for 89Y, 119Sn and 17O have 

been referenced using a σref value of 2642.5 ppm,35 2435.4 ppm34 and 199 

ppm, respectively. 

 

 
6.4  Investigation of Y2Hf2−xSnxO7 by NMR 
spectroscopy and DFT calculations 

In the two sets of materials, Y2Hf2−xSnxO7 and Y2Zr2−xSnxO7, investigated in 

this work, there was expected to be a phase transition from an ordered 

pyrochlore phase (in Y2Sn2O7) to a disordered defect fluorite phase (in 

Y2Hf2O7 and Y2Zr2O7). In principle, the point of this phase transition can be 

predicted simply from the ratio of the average radii of the A and B cations 

(rA/rB), as shown in Figure 6.4. The predicted phase transition for the two 

series occurs at different values of x, between Y2HfSnO7 and Y2Hf0.8Sn1.2O7, 

and Y2Zr0.6Sn1.4O7 and Y2Zr0.4Sn1.6O7. It was noted in previous work that for 

Y2Zr2−xSnxO7, although a phase transition was observed there was a 

significant two-phase region present, between Y2Zr0.2Sn1.8O7 and 

Y2Zr1.2Sn0.8O7.37 Owing to the similarity of the two sets of materials, the 

predicted position of the transition in Y2Hf2−xSnxO7 may not be correct, and 

the possible presence of two phases, both ordered and disordered, needs 

to be considered. 

 

 
6.4.1  89Y MAS NMR of Y2Hf2−xSnxO7 

Figure 6.5 shows 89Y MAS NMR spectra of Y2Hf2−xSnxO7, acquired using 

both spin echo and CPMG MAS experiments. Spin echo experiments were 
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used to ensure that any broad components are refocused accurately. The 

CPMG MAS NMR spectra provide greater peak-height signal and were 

used in order to acquire the broader resonances on a reasonable timescale. 

However, CPMG experiments may not accurately reflect the intensities of 

the sharper components. As an example, when x = 0.4 (i.e., Y2Hf1.6Sn0.4O7), 

a CPMG and a spin echo experiment were required in order to resolve and 

accurately quantify all the contributions to the lineshape in this sample, 

both broad and narrow. The 89Y MAS NMR spectrum of the end member 

Y2Sn2O7 exhibits a single sharp peak with δiso = 148 ppm. This is typical of 

an eight-coordinate Y environment and is consistent with previous 

literature and confirms Y atom occupies the pyrochlore A site in this 

material.32,33,35-37 Conversely, the 89Y NMR spectrum of Y2Hf2O7 is very 

different, with three broad resonances at δiso = ~280, ~191 and ~86 ppm. 

These resonances can be assigned to three different Y coordination 

environments, i.e., six-, seven- and eight-coordinate Y, respectively. The 

assignment is consistent with the observations previously reported.37,51,52 

The broad resonances observed reflect the considerable cation and anion 

disorder in the deflect fluorite phase.  

 

Figure 6.4: A plot of the ratio of the average cation radii (rA/rB), where A is Y and B is Sn and either 
Hf or Zr, against composition. Above rA/rB = 1.46 a pyrochlore phase is formed, below this ratio a 
defect fluorite phase is formed. The position of the predicted phase transition is shown by the 
green dotted line.1 
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 The substitution of Hf into Y2Sn2O7 results in the appearance of 

narrow additional resonances in the 89Y MAS NMR spectrum, at lower 

chemical shift, as shown in Figure 6.5, for x = 1.8 to 0.4. The spectral lines 

are broader than the single sharp peak observed for Y2Sn2O7, possibly 

reflecting the presence of longer-range disorder. As was reported for 

Y2Zr2−xSnxO7, one might expect these additional resonances to result from 

different amounts of Sn and Hf on the surrounding NNN B sites, with an 

increase in the 89Y chemical shift with an increase in the number of Hf 

substituted. However, in order to try to confirm this proposed assignment, 

Figure 6.5: 89Y (14.1 T, 14 kHz) MAS NMR spectra of Y2Hf2−xSnxO7, for x = 2.0 to 0.0 in steps of 0.2. 
Spectra were acquired with a spin echo and are the result of averaging between 736 and 12512 
transients using a recycle interval of 10 s. In each spin echo spectrum, 25 Hz of line broadening was 
applied to the free induction decay before Fourier transformation. From x = 0.8 to 0.0, spectra were 
also acquired using a CPMG echo train and the spectra are presented as spikelets with a spacing of 
167 Hz. CPMG spectra are the result of averaging between 1736 and 3336 transients using a recycle 
interval of 10 s. The asterisk (*) denotes a small-unknown impurity in the sample. 
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a series of first-principles DFT calculations were performed as described 

in Ref. 53. 

 

 Calculations were performed on a single unit cell of Y2Sn2O7, for a 

structure obtained from the literature,54 with the local environment of one 

of the Y or Sn sites systematically varied. This was achieved by altering 

both the number of Sn and Hf cations on the surrounding B and their 

spatial arrangement. The 13 possible arrangements are shown in Figure 

6.6. For each modified structure, the geometry was optimised prior to the 

calculation of the NMR parameters. For completeness, a similar set of 

calculations was performed on a hypothetical Y2Hf2O7 pyrochlore 

structure, where the local Y environment was systematically varied as 

discussed above. It should be noted that this structure is not expected to 

exist in reality, however, it does enable one to predict the potential NMR 

parameters for Y environments in Hf-rich regions of a pyrochlore material. 

Figure 6.7 (a) shows the 89Y δiso
calc with respect to the number (n) of Sn on 

the NNN B sites. On substitution of just one Hf on to a NNN B site, there 

Figure 6.6: Cluster showing the local environment around (a) the eight-coordinate A and (b) the 
six-coordinate B site in the pyrochlore structure. In (c), possible arrangements of Sn and Hf on the 
six next nearest neighboring B sites that surround the pyrochlore A site are shown.53,54 
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is a significant upfield change in the average 89Y δiso
calc (i.e., to lower 

chemical shift). For further substitutions of Hf there is a systematic change 

of the 89Y δiso
calc, of ~30 ppm per additional Hf. From Figure 6.7 (a), it is 

possible to tentatively assign the three narrow peaks in the 89Y MAS NMR 

spectrum of Y2Hf0.2Sn1.8O7, which appear at ~148, ~125 and ~103 ppm, to Y 

cations with, respectively, Sn6, Sn5Hf and Sn4Hf2 NNN environments. In 

order to increase confidence in this assignment, it is possible to calculate 

the anisotropic shielding parameters (Ωcalc and κcalc). Figure 6.7 (b) shows a 

plot of 89Y Ωcalc with respect to the number of NNN Sn. There is, again, a 

systematic increase in Ωcalc with increasing Hf content, of ~80 ppm per 

additional Hf suggesting that this change should be observable by 

experiments. 

 

Figure 6.7: Plots showing the 89Y (a) δiso
calc and (b) Ωcalc with respect to the number (n) of Sn next 

nearest neighbours (NNN) for a series of model Y2Hf2−xSnxO7 pyrochlores. See the main text for a 
description of the local environments. 
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 As 89Y Ωcalc appears to be a sensitive probe of NNN environment 

and, given the recent success of Mitchell et al. in experimentally measuring 
89Y Ω of Y2Ti2−xSnxO7,35 89Y two-dimensional CSA-amplified PASS 

experiments were acquired for Y2Hf2−xSnxO7, with x = 2.0, 1.8, 1.6, 1.4, 1.2 

and 1.0. It is much more challenging to acquire these spectra for 

compositions with higher Hf content (i.e., from x = 0.8 to 0.0) owing to the 

increase in the proportion of broad resonances corresponding to the defect 

fluorite phase, resulting in a significant increase of experimental time. 

Figure 6.8 shows an example of an 89Y CSA-amplified PASS spectrum, 

analytical fits and contour plots of the rms error for Y2Hf0.4Sn1.6O7. There is 

reasonable agreement between the analytical fit and the extracted 

spinning sideband manifold for the Sn6 resonance, giving Ω = 203 ± 17 

ppm and κ = 0.5 ± 0.3. The agreement is shown by the relatively low rms 

error value (of 0.5) and the dark blue contours observed in the contour 

plot, shown in Figure 6.8 (b). There is some uncertainty in the value of κ 

for this resonance, shown by the larger spread of low rms values and by 

the relatively large error (of ± 0.3). For the Sn5Hf resonance, there is a 

marginally poorer agreement between the fit and the extracted spinning 

sideband manifold, reflected by the slightly higher relatively rms error 

value (1.60), giving Ω = 234 ± 19 ppm and κ = 0.7 ± 0.2. For Sn4Hf2 there is 

very little agreement (rms error = 67.71), primarily due to the very low 

intensity of this resonance in the NMR spectrum. Table 6.3 gives the 

extracted 89Y CSAs for the six compositions of Y2Hf2−xSnxO7. In most cases, 

there is good agreement between the analytical fit and the extracted 

spinning sideband manifold for Sn6 and Sn5Hf resonances, but the 

agreement, as noted above, is poorer for the Sn4Hf2 resonance.  

 

 As previously discussed, the addition of just one Hf on to the 

surrounding B sites results in an increase in the 89Y Ωcalc (of ~80 ppm, as 

shown in Figure 6.7 (b), and further substitutions of Hf results in a smaller 
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increase (of ~70 ppm). However, the magnitude of this increase is not 

reproduced completely by experiments, where an increase of ~30-40 ppm 

is found per additional of Hf on the surrounding B sites. Despite the 

disagreement, the general trend of increasing Ωcalc with increasing Hf 

NNN cations is consistent with observations made experimentally. As a 

result the full assignment of the 89Y MAS NMR spectra of Y2Hf2−xSnxO7 can 

now be given with much more confidence, and the NNN arrangements 

along with the observed δiso, Ω and κ are given in Table 6.3. For the Sn4Hf2 

resonance, it is difficult to suggest the type of spatial arrangement of the 

two Hf cations around the B site. It can be assumed that the three  

Figure 6.8: (a) 89Y (14.1 T) two-dimensional CSA-amplified PASS spectrum of Y2Hf0.4Sn1.6O7. See 
Table 6.2 for experimental acquisition details. In (b), the analytical fits and corresponding contour 
plots of the rms error (arbitrarily restricted to values between 0 and 50) for the three extracted 
spinning sideband manifolds are shown. 
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Table 6.3: Experimental 89Y NMR Ω and κ and corresponding rms error resulting from the 
analytical fits of the extracted spinning sideband manifolds from the two-dimensional CSA-
amplified PASS spectra of Y2Hf2−xSnxO7, where x = 2.0, 1.8, 1.6, 1.4, 1.2 and 1.0. 

Compound δiso (ppm) Ω (ppm) κ rms error NNN 

Y2Sn2O7 147.9 209 ± 13 0.5 ± 0.3 0.5 Sn6 

      

Y2Hf0.2Sn1.8O7 147.9 210 ± 13 0.5 ± 0.3 0.5 Sn6 

 124.9 256 ± 12 0.2 ± 0.1 9.7 Sn5Hf 

 103.3    Sn4Hf2 

      

Y2Hf0.4Sn1.6O7 147.9 203 ± 17 0.5 ± 0.3 0.6 Sn6 

 125.2 234 ± 19 0.7 ± 0.2 1.6 Sn5Hf 

 102.9    Sn4Hf2 

      

Y2Hf0.6Sn1.4O7 147.9 206 ± 19 0.6 ± 0.3 0.5 Sn6 

 125.1 234 ± 17 0.8 ± 0.2 5.3 Sn5Hf 

 103.2 244 ± 13 0.8 ± 0.1 59.4 Sn4Hf2 

      

Y2Hf0.8Sn1.2O7 147.9 198 ± 19 0.7 ± 0.3 0.8 Sn6 

 125.3 227 ± 17 1.0 ± 0.2 3.1 Sn5Hf 

 103.4 275 ± 13 0.8 ± 0.1 30.9 Sn4Hf2 

      

Y2HfSnO7 148.9 193 ± 22 0.9 ± 0.3 1.2 Sn6 

 125.5 249 ± 12 0.6 ± 0.2 7.5 Sn5Hf 

 103.8 260 ± 14 0.7 ± 0.2 32.1 Sn4Hf2 

arrangements, shown in Figure 6.6 (c), are all equally as likely to be found 

if the distribution of the cations is considered to be random. The different 

possible arrangements of the positioning of the Hf cations could 

contribute to the broadening of the resonances of the three narrower peaks 
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observed in the 89Y MAS NMR spectra. With increasing Hf content in the 

samples, there does not appear to be any further peaks at lower chemical 

shift in the 89Y MAS NMR spectrum, as predicted by first-principles DFT 

calculations for environments with higher number of Hf NNN, as shown 

in Figure 6.7 (a). The three narrower resonances remain in the 89Y MAS 

NMR spectra from x = 2.0 until 0.4 (i.e., from Y2Sn2O7 until Y2Hf1.6Sn0.4O7), 

with their relative intensities not varying significantly over this 

compositional range. From Y2Hf2O7 to Y2Hf0.6Sn1.4O7, very broad 

resonances are present in the 89Y NMR spectra, although their individual 

intensities vary considerably throughout this compositional range. This 

suggests that there a disordered defect fluorite-like phase present 

alongside an ordered pyrochlore-like phase, indicating a significant two-

phase region and no distinct phase transition. 

 

 For samples with higher Sn content (e.g., Y2Hf0.2Sn1.8O7 and 

Y2Hf0.4Sn1.6O7) at first glance there appears to be no broad components 

corresponding to a defect fluorite-like phase present in the 89Y MAS NMR 

spectra. However, upon closer inspection broader resonances can be 

observed even for these samples. Figure 6.9 (a) shows that if broad 

components are not included in the fit of Y2Hf0.2Sn1.8O7, a reasonable fit is 

achieved. However, the fit is significantly improved with the inclusion of 

broader resonances, as shown in Figure 6.9 (b). A similar observation can 

be made for Y2Hf0.4Sn1.6O7. The fits for each 89Y MAS NMR spectrum 

shown in Figure 6.5 were carried out and plots of the 89Y δiso (for the 

resonances corresponding to the pyrochlore- and defect fluorite-like 

phases), and the intensity of those resonances, are plotted in Figures 6.10 

(a) and (b), respectively, as a function of the nominal composition. Table 

6.4 gives the position, relative intensity (as a percentage), coordination 

number, phase (pyr = pyrochlore and df = defect fluorite) and NNN 

environment for each of the resonances in the Y2Hf2−xSnxO7 spectra.  
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 If it is assumed that the three narrower resonances are attributed 

to a pyrochlore phase and the broader resonances are attributed to a defect 

fluorite-like phase, then there appears to be a significant two-phase region 

for this compositional series. The positions of the 89Y resonances that 

correspond to the pyrochlore do not appear to change significantly with 

increasing Hf content of the starting synthesis, as shown in Figure 6.10 (a). 

This may suggest that a lower level of Hf substitution than expected (and 

a variation in composition between the phases present) or some 

order/clustering within this phase. As expected, there is a significant drop 

in signal intensity corresponding to the eight-coordinate Y environment 

with a NNN of Sn6 when x = 1.8 (i.e., Y2Hf0.2Sn1.8O7) owing to the 

additional resonances present in the 89Y NMR spectrum arising from the 

different phases and variation in NNN environments. From x = 1.8 to x = 

Figure 6.9: Analytical fits and corresponding (vertical) expansions of the 89Y MAS NMR spectrum 
of Y2Sn1.8Hf0.2O7. In (a), the spectrum is fitted without the inclusion of broad resonances. In (b), two 
broad resonances are included. The green, blue and red lines denote the analytical fit for the 
pyrochlore-like, defect fluorite-like and all resonances, respectively.  
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0.4 (i.e., from Y2Hf0.2Sn1.8O7 to Y2Hf1.6Sn0.4O7) there is a gradual decrease in 

the signal intensity of this resonance, as shown in Figure 6.10 (b). The 

signal intensity for the other two pyrochlore resonances, corresponding to 

Sn5Hf and Sn4Hf2, remains approximately constant until x = 1.0 (i.e., 

Y2HfSnO7), when a decease in signal intensity is observed, with these 

signals absent when x ≤ 0.4. From x = 0.4 to 0.0, only resonances that 

correspond to the disordered defect fluorite-like phase are observed in the 
89Y NMR spectra. 

 

 The 89Y resonances that correspond to the six-, seven- and eight-

coordinate Y in the defect fluorite-like phase gradually move to lower 

chemical shift with increasing Hf content, as shown in Figure 6.10 (a). 

Resonances assigned to the seven- and eight-coordinate Y environments in 

the defect fluorite-like phase are present throughout the compositional 

series from nominal compositions of x = 1.8 to x = 0.0 (i.e., from 

Y2Hf0.2Sn1.8O7 to Y2Hf2O7). The integrated signal intensity for these 

resonances gradually increases over this range. When x ≤ 0.4 (i.e., after 

Y2Hf1.6Sn0.4O7) the resonance corresponding to the seven-coordinate Y 

environment has slightly more integrated intensity with a reduction in the 

Figure 6.10: Plot of the variation of the (a) 89Y δiso and (b) integrated intensities of the resonances 
observed in Figure 6.5 (denoted as pyr and df for the pyrochlore and defect fluorite phases, 
respectively) of Y2Hf2−xSnxO7 with respect to the nominal composition. For the pyrochlore phase, 
the B-site next-nearest neighbour arrangement is also shown. 
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Table 6.4: 89Y δiso, relative intensities (%), coordination number (CN) and assignment of the 
resonances observed in 89Y MAS NMR spectra of Y2Hf2−xSnxO7, shown in Figure 6.5. The pyrochlore 

and defect fluorite phases are denoted by pyr and df denote, respectively. (Errors in δiso and the 
intensity of the resonances are estimated to be ± 0.5 ppm and ± 3%, respectively). 

Compound δiso (ppm) Intensity (%) CN Phase  NNN 

Y2Sn2O7 147.9 100.0 8 pyr Sn6 

      

Y2Hf0.2Sn1.8O7 147.9 45.8 8 pyr Sn6 

 124.9 9.7 8 pyr Sn5Hf 

 102.9 1.7 8 pyr Sn4Hf2 

 142.7 33.2 8 df  

 239.2 9.6 7 df  

      

Y2Hf0.4Sn1.6O7 147.9 33.8 8 pyr Sn6 

 125.2 12.4 8 pyr Sn5Hf 

 102.9 1.6 8 pyr Sn4Hf2 

 123.2 34.5 8 df  

 223.5 17.8 7 df  

      

Y2Hf0.6Sn1.4O7 147.9 24.6 8 pyr Sn6 

 125.1 11.5 8 pyr Sn5Hf 

 103.2 2.8 8 pyr Sn4Hf2 

 113.9 43.1 8 df  

 214.2 17.9 7 df  

      

Y2Hf0.8Sn1.2O7 147.9 18.2 8 pyr Sn6 

 125.3 11.0 8 pyr Sn5Hf 

 103.4 2.6 8 pyr Sn4Hf2 

 112.7 43.5 8 df  

 207.5 24.7 7 df  
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Table 6.4: Continued... 

Compound δiso (ppm) Intensity (%) CN Phase  NNN 

Y2HfSnO7 148.9 11.0 8 pyr Sn6 

 125.5 7.6 8 pyr Sn5Hf 

 103.8 2.1 8 pyr Sn4Hf2 

 109.1 51.9 8 df  

 204.0 27.5 7 df  

      

Y2Hf1.2Sn0.8O7 149.9 8.1 8 pyr Sn6 

 126.6 3.7 8 pyr Sn5Hf 

 103.3 0.7 8 pyr Sn4Hf2 

 97.4 52.0 8 df  

 196.9 35.5 7 df  

      

Y2Hf1.4Sn0.6O7 148.9 1.5 8 pyr Sn6 

 126.5 2.2 8 pyr Sn5Hf 

 103.9 0.3 8 pyr Sn4Hf2 

 97.7 52.7 8 df  

 198.0 42.6 7 df  

 307.0 0.9 6 df  

      

Y2Hf1.6Sn0.4O7 148.9 2.5 8 pyr Sn6 

 127.2 0.5 8 pyr Sn5Hf 

 103.9 0.1 8 pyr Sn4Hf2 

 100.5 48.6 8 df  

 197.5 47.4 7 df  

 300.0 0.9 6 df  
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Table 6.4: Continued... 

Compound δiso (ppm) Intensity (%) CN Phase  NNN 

Y2Hf1.8Sn0.2O7 88.5 50.6 8 df  

 196.0 47.1 7 df  

 289.0 2.36 6 df  

      

Y2Hf2O7 85.7 51.0 8 df  

 190.7 46.8 7 df  

 279.9 2.1 6 df  

 eight-coordinate Y resonance observed. The resonance corresponding to 

six-coordinate Y only appears in the spectra from x = 0.6 (i.e., from 

Y2Hf1.4Sn0.6O7), with low signal intensity (up to ~3%), suggesting that very 

little of this species is present, with a much stronger preference for Y to 

adopt higher coordination environments.  

 

 
6.4.1.1 Phase compositions in Y2Hf2−xSnxO7 

The 89Y integrated signal intensity data in Table 6.4 has assumed that the 

proportion of Y in each phase is the same. This is a reasonable assumption 

to make owing to the need to charge balance. It is possible to determine 

the overall percentage of the two phases that are present at each nominal 

composition. Figure 6.11 (a) shows the proportion of the two phases 

present at each nominal composition of Y2Hf2−xSnxO7. There is a significant 

amount of the defect fluorite-like phase present, even at relatively low Hf 

concentrations (e.g., in Y2Hf0.2Sn1.8O7, where the relative proportions of Y in 

the pyrochlore- and defect fluorite-like phases are ~57% and ~43%, 

respectively). The composition at which both phases are approximately 

equal is when x = 1.6 (i.e., Y2Hf0.4Sn1.6O7). From x = 0.2 to 0.0, only the 
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defect fluorite phase was observed. The presence of such a significant two-

phase region presents a considerably different picture to that from simple 

radius ratio rules, as discussed above, where a single pyrochlore phase is 

predicted from Y2Sn2O7 to Y2Hf0.8Sn1.2O7 and a single defect fluorite phase 

is predicted from Y2HfSnO7 to Y2Hf2O7, as shown in Figure 6.4. 

 

 Using the relative intensities of the pyrochlore resonances given in 

Table 6.4, and knowledge of the number of Sn (or Hf) NNN B-site cations 

around each Y cation (i.e., Sn6, Sn5Hf or Sn4Hf2), it is possible to 

determine the relative proportions of Sn and Hf in the pyrochlore phase 

for each composition. From this, it is then possible to calculate the 

proportion of Sn and Hf in the defect fluorite phase, as the initial 

composition is known. Table 6.5 shows an example calculation to 

determine the relative proportions of Sn and Hf in both of the phases 

present, for the nominal composition Y2Hf0.6Sn1.4O7. The 89Y MAS NMR 

spectrum of Y2Hf0.6Sn1.4O7 is shown in Figure 6.5, with five major peaks 

observed; three narrow (pyrochlore) peaks at 147.9, 125.1 and 103.2 ppm, 

and two broader peaks from the defect fluorite phase at 214.2 and 113.9 

ppm. The narrower three peaks account for 24.6%, 11.5% and 2.8% of the  

Figure 6.11: Plots showing (a) the amount of pyrochlore (pyr) and defect fluorite (df) phases, (b) the 
composition of the two phases and (c) the percentages of each type of Sn or Hf, as a function of the 
nominal composition in Y2Hf2−xSnxO7. In (b), the percentages of Sn and Hf in the pyrochlore (or 
defect fluorite) phase should equal 100%. In (c), the percentage of Sn (or Hf) in both the pyrochlore 
and defect fluorite phase should equal 100%. 
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Table 6.5: An example of the calculation to determine the composition of pyrochlore and defect 
fluorite phases for Y2Hf0.6Sn1.4O7. Errors in the extracted intensities of the pyrochlore and defect 
fluorite phases are estimated to be ± 3%. 

Y2Hf0.6Sn1.4O7 Spectral resonances  Total 
89Y δiso (ppm) 147.9 125.1 103.2   

NNN environment Sn6 Sn5Hf Sn4Hf2   

Total signal intensity (%) 24.6 11.5 2.8  38.9% 

Y in pyrochlore phase (%) 63.2 29.6 7.2  100% 

Number of Sn NNN 6 5 4   

Sn in pyrochlore phase 253 118 29 400 89% 

Hf in pyrochlore phase  30 14 44 11% 

Nominal composition Sn      70% 

Nominal composition Hf     30% 

Sn in defect fluorite phase     57.8% 

Hf in defect fluorite phase     42.2% 

% total Sn in pyrochlore phase     49.5% 

% total Sn in defect fluorite phase     50.5% 

% total Hf in pyrochlore phase     14.2% 

% total Hf in defect fluorite phase     85.8% 

total spectral intensity for this sample. Therefore, the total amount of 

pyrochlore-like phase is 38.9%. As a result, the remaining proportion 

(61.1%) must correspond to the defect fluorite phase. Using a similar 

approach for the other compositions, the total amount of the two phases is 

plotted in Figure 6.11 (a).  

 

 By considering only the pyrochlore phase in Y2Hf0.6Sn1.4O7, the 

three narrow peaks account for 63.2%, 29.6% and 7.2% of the signal 

intensity for this phase (e.g., (24.6 / 38.9) × 100 = 63.2% etc.). From this, it is 

possible to calculate the relative proportions of Sn and Hf in this phase by 
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considering that for the first resonance, all 6 NNN cations are Sn, for the 

second resonance 5 NNN cations are Sn and 1 is Hf, and finally, for the 

third resonance 4 NNN cations are Sn and 2 are Hf. Therefore, the total 

proportions of the two cations, Sn and Hf, in the pyrochlore phase in this 

sample are 89% and 11%, respectively. From these values it is possible to 

calculate the actual composition as ~Y2Hf0.22Sn1.78O7. The procedure 

outlined above can be used for the rest of series, and proportion of Sn and 

Hf in the pyrochlore phase is plotted in Figure 6.11 (b). Given that the 

actual (i.e., Y2Hf0.22Sn1.78O7) and nominal (i.e., Y2Hf0.4Sn1.6O7) composition of 

the total sample is known, and the fraction of the pyrochlore phase is also 

known (i.e., 38.9%), it is possible to determine the proportion of Sn and Hf 

in the disordered defect fluorite phase. This can be shown to correspond 

to 57.8% and 42.2%, respectively, for Y2Hf0.4Sn1.6O7 giving an actual 

composition of ~Y2Hf1.16Sn0.84O7. The composition of the defect fluorite 

phase for all nominal composition is also shown in Figure 6.11 (b). This 

figure shows that the composition of the pyrochlore phase varies very 

little with increasing Hf content, with a maximum of ~12% Hf 

incorporated, (corresponding to a compositional formula of 

~Y2Hf0.24Sn1.76O7) and suggests that this is the solid solution limit of Hf in 

this stannate pyrochlore. Although when x = 0.8 (i.e., Y2Hf1.2Sn0.8O7), there 

appears to be small variations in the amount of Hf and Sn present in the 

pyrochlore phase, the proportion of this phase present is very small and 

accurate decomposition is more challenging. Figure 6.11 (c) shows the 

total amount (as a percentage (%)) of Sn (or Hf) in either the pyrochlore or 

defect fluorite phase at each nominal, or starting composition. 

 

  The lack of significant compositional variation in the pyrochlore 

phase could explain why there is no change in the 89Y chemical shift with 

increased Hf content, in particular, for the three narrower resonances in 

the 89Y MAS NMR spectra, as shown in Figure 6.10 (a). Conversely, the 
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composition for the defect fluorite-like phase changes systemically 

throughout the series, with Figures 6.11 (b) and (c) showing the extent of 

Sn is incorporated into this phase. As an example, Figure 6.11 (c) shows 

that at a nominal composition of Y2Hf0.2Sn1.8O7, approximately 40% of the 

total Sn cations are present in a defect fluorite-like phase and 60% are 

present in a pyrochlore-like phase. The total amount of Sn cations present 

in the defect fluorite phase gradually increases until x = 0.2 and vice versa, 

with the total amount of Sn cations present in the pyrochlore phase. This 

suggests that in Sn-rich compositions, the pyrochlore phase is 

preferentially formed.  

 

 
6.4.1.2 Prediction of 89Y NMR spectral intensities using a 
binomial distribution 

In 2006, Ashbook et al. showed that there was little evidence from NMR 

spectroscopy for ordering or clustering of the B-site cations in 

Y2Ti2−xSnxO7.33 The authors noted that a good match could be found 

between the relative spectral intensities of the resonances in the 89Y MAS 

NMR spectra and those predicated assuming a random distribution of Sn 

and Ti B-site cations. For Y2Hf2−xSnxO7, the same methodology can be 

employed, again assuming a random distribution of B-site cations. The 

probability (P) of finding Y with n Sn NNN (P(n Sn)) in Y2Hf2−xSnxO7 

pyrochlore can be calculated using a binomial distribution, with 

  P n Sn( )  =  Ω pn  1− p( )6−n   ,
 (6.1) 

where Ω is the number of possible permutations, i.e., the number of 

possible ways of arranging n Sn across the six sites (determined from 
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Pascal’s triangle). For example, when n = 0, Ω = 1; when n = 1, Ω = 6; and 

when n = 2, Ω = 15.33 As an example, for the nominal composition of 

Y2Hf1.2Sn0.8O7, (i.e., x = 0.8), therefore, p = 0.8/2 = 0.4, so the probability of 

three Sn NNN is given by 

  P 3 Sn( )  =  20 0.4( )3  0.6( )3  =  0.2765  .
 (6.2) 

This indicates that an 89Y resonance with three Sn NNN should have 27.6% 

of the pyrochlore spectral intensity (assuming randomly distributed B site 

cations). For each value of x in Y2Hf2−xSnxO7, the predicted intensities for 

different environments are shown in Figure 6.12 (a), and the experimental 

intensity for each value of x is shown in Figure 6.12 (b). There appears to 

be reasonable agreement between the predicted and experimental 

intensities for when x = 2.0 and 1.8 (i.e., Y2Sn2O7 and Y2Hf0.2Sn1.8O7). 

However, when more Hf is added, little agreement is observed. This 

supports the observation that only a relatively small amount of Hf is 

incorporated into the pyrochlore phase, as discussed above. 

 
 

Figure 6.12: Plots of (a) predicted and (b) experimental relative intensities (expressed as a %) of 
environments with differing numbers of Sn NNN (n) in Y2Hf2–xSnxO7, for varying values of x, 
determined using a binomial distribution and assuming a random distribution of B-site cations. 
The lines in the plots represent a guide to the eye only. 
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6.4.2  119Sn MAS NMR of Y2Hf2−xSnxO7 

Further information regarding the two phases present in Y2Hf2−xSxO7 may 

be obtained by utilising 119Sn MAS NMR experiments. Sn has three NMR-

active nuclei, of which, 119Sn is the most routinely studied owing to its 

slightly higher natural abundance and higher γ, as shown in Table 6.1.29 

Figure 6.13 shows the 119Sn MAS NMR spectra of Y2Hf2−xSnxO7 acquired 

using a spin-echo pulse sequence. For Y2Sn2O7, the spectrum shows a 

single sharp resonance at δiso = −582.6 ppm, characteristic of a six-

coordinate SnO6 environment53,55 and consistent with Sn cations on the 

pyrochlore B sites. For the material with the lowest Sn content (i.e., 

Y2Hf1.8Sn0.2O7), the 119Sn MAS NMR spectrum also shows a single 

resonance at δiso = −615.9 ppm. However, this resonance is very broad, 

which suggests that all of the Sn cations in this sample are in a disordered-

like phase. 

 

 With the substitution of Hf into Y2Sn2O7 (i.e., for x = 1.8) an 

additional resonance is observed at lower chemical shift (δiso ≈ −588 ppm). 

This resonance is relatively narrow, also suggesting that it arises from an 

ordered six-coordinate SnO6 environment. Based upon the analysis of the 
89Y MAS NMR spectra presented above, it can be assumed that this 

additional resonance can be attributed to Sn cations with a Hf substituted 

onto the NNN B sites.37 A further resonance at lower chemical shift (δiso ≈ 

−591 ppm) is also present in the spectrum. The integrated intensity of this 

resonance is very low and only increases as the Hf content increases. In 

order to confirm the assignment of the three narrow resonances in the 
119Sn MAS NMR spectra, first-principles DFT calculations were performed, 

using a similar procedure as outlined above, and systematically varying 

both the number and spatial arrangement of the B-site cations around a 

central Sn cation. Figures 6.14 (a) and (b) shows how the 119Sn δiso
calc and 
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Ωcalc vary with the number (n) of Sn NNN. Unlike the systematic changes 

observed in the 89Y δiso
calc and Ωcalc for all models, such strong correlation is 

not observed for 119Sn δiso
calc or Ωcalc. There is an initial increase in 119Sn δiso

calc 

(of ~15 ppm) when one Hf is substituted onto the NNN sites. However, 

with increasing Hf content, the magnitude of this change (per Hf) appears 

to become smaller, as observed in previous work on both Y2Ti2−xSnxO7 and 

Y2Zr2−xSnxO7.34 This agrees well with the small changes observed in the 
119Sn MAS NMR spectra shown in Figure 6.13. However, despite the 

predicted spectral overlap at higher Hf content, the presence of a 

maximum of only two more intense peaks attributed to the pyrochlore 

phase (with a third of much lower intensity), suggests that environments 

Figure 6.13: 119Sn (9.4 T, 14 kHz) MAS NMR spectra of the Y2Hf2−xSnxO7, with x = 2.0 to 0.0 in steps 
of 0.2. Spectra are the result of averaging between 224 and 2080 transients using a recycle interval 
of 30 s. In all spectra, 100 Hz of line broadening was applied after Fourier transformation. The 
asterisks (*) denote spinning sidebands. 
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with higher number of Hf NNN are not observed in this case owing to the 

limited amount of Hf in the pyrochlore phase.  

 

 Figure 6.14 (b) plots the variation in the 119Sn Ωcalc with the number 

of Sn NNN Y2Hf2−xSnxO7 pyrochlores. As for 119Sn δiso
calc that there does not 

appear to be a systematic change in 119Sn Ωcalc with similar (small) changes 

observed. As a consequence, it could be more difficult to assign the 

resonances to a specific local structure (e.g., Sn4Hf2 than an Sn5Hf local 

environment). Figure 6.15 (a) shows the 119Sn two-dimensional CSA-

amplified PASS spectrum of Y2Hf0.4Sn1.6O7, and Figure 6.15 (b) shows the 

extracted spinning sideband manifolds for each of the resonances, their 

corresponding fits and contour plots of the rms error. Corresponding 

NMR parameters are given in Table 6.6. It can be clearly seen that a 

Figure 6.14: Plots showing the (a) 119Sn δiso
calc and (b) Ωcalc with respect to the number (n) of Sn NNN 

for Y2Hf2−xSnxO7 model pyrochlores. See main body of text and Figure 6.6 for a description of the 
local environments. 
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reasonable fit is obtained for the first resonance (δiso = −582.8 ppm), shown 

by the relatively low rms error and the darker blue contours. However, for 

the second and third resonances (δiso = −587.8 and −591.9 ppm, 

respectively) the fit is poorer, due to the lower signal intensity for these 

resonances and the overlap with the broader components, which increase 

in intensity as the Hf content increases. Table 6.6 also gives the results 

from the fits for Y2Hf2−xSnxO7, with x = 2.0, 1.8, 1.6 and 1.4, and shows that 

despite the increase in the Hf content with decreasing x, the 119Sn NMR 

parameters do not change significantly, again further suggesting that the 

composition of the pyrochlore-like phase remains reasonably constant. 

Combining information from Figure 6.14, the three narrower resonances  

Figure 6.15: (a) 119Sn (9.4 T, 14 kHz) two-dimensional CSA-amplified PASS spectrum of 
Y2Hf0.4Sn1.6O7. Acquisition parameters are given in Table 6.2. (b) Extracted spinning sideband 
manifolds for the three narrower resonances along with their corresponding analytical fits, shown 
in red. Also shown in (b) are the contour plots of rms error (arbitrarily restricted from 0 to 50). 
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Table 6.6: Experimental 119Sn Ω and κ and corresponding rms error resulting from the analytical fits 
of the extracted spinning sideband manifolds from the two-dimensional CSA-amplified PASS 

spectra for Y2Hf2−xSnxO7, where x = 2.0, 1.8, 1.6, and 1.4. (Errors in δiso are estimated to be ± 0.5 
ppm.) 

Compound δiso (ppm) Ω (ppm) κ rms error NNN 

Y2Sn2O7 −582.6  43 ± 5 −1.0 ± 0.1  Sn6 

      

Y2Hf0.2Sn1.8O7 −582.7  44 ± 3 −1.0 ± 0.2 4.7 Sn6 

 −587.8  36 ± 4 −1.0 ± 0.4 25.0 Sn5Hf 

      

Y2Hf0.4Sn1.6O7 −582.8  46 ± 3 −1.0 ± 0.2 7.7 Sn6 

 −587.8 52 ± 4 −1.0 ± 0.2 20.0 Sn5Hf 

 −593.1 62 ± 4 −0.3 ± 0.4 62.7 Sn4Hf2 

      

Y2Hf0.6Sn1.4O7 −582.7 43 ± 3 −1.0 ± 0.2 1.2 Sn6 

 −587.8 44 ± 3 −1.0 ± 0.2 7.5 Sn5Hf 

 −592.9a    Sn4Hf2 
a The intensity of this resonance is very low making it too difficult to extract the spinning sideband 
manifold. 

 (attributed to the pyrochlore phase), at 119Sn isotropic chemical shifts of 

−582.7, −587.8 and −591.9 ppm, can be assigned to Sn environments with 

Sn6, Sn5Hf and Sn4Hf2 NNN, respectively.  

 

 The narrow pyrochlore resonances in the 119Sn MAS NMR spectra 

in Figure 6.13 are present until at least x = 0.6, with a single broad 

resonance then observed until x = 0.2. As discussed above, in order for a 

good fit for the 89Y MAS NMR spectra to be achieved for compositions 

with high Sn content, broad resonances had to be included in the analysis. 

Similarly, as shown in Figure 6.16, the fitting of the 119Sn spectrum of 
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Y2Hf0.2Sn1.8O7 is improved when broader components are included. Table 

6.7 gives the position, relative intensity, coordination number, phase and 

NNN environment for each resonance for all compounds. Figures 6.17 (a) 

and (b) plot the dependence of the 119Sn chemical shift and integrated 

spectral intensities as the nominal composition varies. The positions of the 
119Sn peaks attributed to the pyrochlore phase (i.e., Sn6, Sn5Hf and 

Sn4Hf2) change little throughout the series, supporting the suggestion that 

there is little compositional variation. Conversely, the chemical shift of the 

resonance attributed to the defect fluorite phase decreases with increasing 

Hf. This supports the suggestion that significant amounts of Sn are 

incorporated into this phase. 

 

Figure 6.16: Analytical fits and corresponding (vertical) expansions of the 119Sn MAS NMR 
spectrum of Y2Hf0.2Sn1.8O7. In (a), the spectrum is fitted without the inclusion of a broad resonance. 
In (b), a single broad resonance is included in the fit, where a much better agreement with the 
experimental spectrum (black line) is observed. The green, blue and red lines denote the analytical 
fit for the pyrochlore, defect fluorite and all resonances, respectively. 
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Table 6.7: 119Sn δiso, relative intensities (%), coordination number (CN) and assignment of the 
resonances observed in 119Sn MAS NMR spectra of Y2Hf2−xSnxO7, as shown in Figure 6.13. The 

pyrochlore and defect fluorite phases are denoted as pyr and df, respectively. (Errors in δiso and the 
intensity of the resonances are estimated to be ± 0.5 ppm and ± 3%, respectively.) 

Compound δiso (ppm) Intensity (%) CN Phase  NNN 

Y2Sn2O7 −582.6 100 6 pyr Sn6 

      

Y2Hf0.2Sn1.8O7 −582.7 77.1 6 pyr Sn6 

 −587.8 15.6 6 pyr Sn5Hf 

 −591.9 1.9 6 pyr Sn4Hf2 

 −591.2 5.4 6 df  

      

Y2Hf0.4Sn1.6O7 −582.8 57.5 6 pyr Sn6 

 −587.8 28.5 6 pyr Sn5Hf 

 −593.1 2.4 6 pyr Sn4Hf2 

 −594.3 11.6 6 df  

      

Y2Hf0.6Sn1.4O7 −582.7 54.7 6 pyr Sn6 

 −587.8 21.7 6 pyr Sn5Hf 

 −592.9 4.8 6 pry Sn4Hf2 

 −592.7 18.8 6 df  

      

Y2Hf0.8Sn1.2O7 −583.1 41.2 6 pyr Sn6 

 −588.2 22.5 6 pyr Sn5Hf 

 −593.4 6.6 6 pyr Sn4Hf2 

 −595.1 29.6 6 df  
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Table 6.7: Continued... 

Compound δiso (ppm) Intensity (%) CN Phase  NNN 

Y2HfSnO7 −583.1 26.9 6 pyr Sn6 

 −588.2 25.7 6 pyr Sn5Hf 

 −593.4 6.4 6 pyr Sn4Hf2 

 −601.1 41.1 6 df  

      

Y2Hf1.2Sn0.8O7 −582.9 2.6 6 pyr Sn6 

 −588.2 3.0 6 pyr Sn5Hf 

 −602.9 94.5 6 df  

      

Y2Hf1.4Sn0.6O7 −582.2 1.7 6 pyr Sn6 

 −604.3 98.3 6 df  

      

Y2Hf1.6Sn0.4O7 −607.8 100 6 df  

      

Y2Hf1.8Sn0.2O7 −615.9 100 6 df  

 Unlike the analysis of the 89Y NMR spectra, the intensities of the 
119Sn resonances cannot be used to provide information directly on the 

absolute proportion of the phases present as the Sn is not equally 

distributed between the two phases. However, the total amount of Sn in 

each of the two phases can be determined, and this is plotted in Figure 

6.17 (c). Generally, there is a decrease in the amount of Sn found in the 

pyrochlore phase as the proportion of the defect fluorite phase increases 

with a more significant variation observed for x = 1.0 to 1.2. This larger 

change could arise from the increased challenge in fitting 119Sn MAS NMR 

spectra for compositions with lower Sn content (e.g., for Y2HfSnO7 and 

Y2Hf1.2Sn0.8O7), where there will be significant ambiguity. As a 

consequence, the errors associated with the values extracted are larger, as 
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shown in Figures 6.17 (b) and (c). When taking into account the possible 

error in those data points, the values obtained from 119Sn NMR are in 

general agreement with those determined independently by 89Y NMR. The 

peaks attributed to the pyrochlore-like phase appear to be absent when x = 

0.4, which is higher than observed using 89Y NMR. This could be due the 

greater spectral overlap and so more ambiguous fitting of the 119Sn MAS 

NMR spectra of compositions with lower Sn content. 

 

 
6.4.2.1 Evidence of seven- or eight-coordinate Sn in 
Y2Hf2−xSnxO7 

The 119Sn MAS NMR spectra of Y2Hf2−xSnxO7 suggests only six-coordinate 

SnO6 species are present in all samples. In order to investigate possible 

changes in the 119Sn chemical shift when a change in the Sn-coordination 

number occurs, a set of first-principles DFT calculations were performed 

for Y2Sn2O7, with one or two of the 8a oxygen atoms coordinated to the A 

site moved to the vacant 8b site. By moving these oxygen atoms it is 

Figure 6.17: Plot of the variation of the (a) 119Sn δiso and (b) integrated intensities of the resonances 
observed in Figure 6.13 (denoted pyr and df for the pyrochlore and defect fluorite phases, 
respectively) of Y2Hf2−xSnxO7 with nominal composition. For the pyrochlore phase, the B-site NNN 
arrangement is also given. In (c), a plot showing the amount of pyr and df phases, as a function of 
the nominal composition in Y2Hf2−xSnxO7 is shown. The error bars in (c) for x = 0.8 and 1.0 are 
estimated at ± 10%. 
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possible to create SnO7 or SnO8 environments and subsequently to predict 

δiso
calc. Figure 6.18 shows that there is a large change in 119Sn δiso

calc, of 

approximately −200 ppm, per additional coordinated O. This suggests that 

if these higher-coordinated Sn environments were present it would be 

easily observable in the 119Sn NMR spectrum, but only when the spectral 

width was wide enough. Figure 6.19 shows the 119Sn MAS NMR spectrum 

of Y2Hf1.8Sn0.2O7 recorded with a wider spectral width in order to observe 

any SnO7 or SnO8 resonances present. However, it is clear from Figure 6.19 

that there is no sign of higher coordinate Sn environments, and from the 

signal-to-noise ratio of the spectrum, the maximum amount of SnO7 and 

SnO8 can be estimated to be at most ~3% of the total Sn. With the lack of 

Figure 6.18: Plot of 119Sn δiso
calc for different SnOx coordination environments, created by moving 

one or two 8a oxygen atoms to the vacant 8b site in Y2Sn2O7. The geometry of the modified 
structures was optimised prior to the calculation of the NMR parameters. 

í��� í��� í��� í��� í��� í����í��� í���� í����
���Sn įiso (ppm)

Figure 6.19: 119Sn (9.4 T, 14 kHz) MAS NMR spectrum of Y2Hf1.8Sn0.2O7. The spectrum was acquired 
using a spin echo pulse sequence and is the result of averaging 1760 transients using a recycle 
interval of 30 s. 
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higher-coordinate Sn environments, this suggests that there may be 

preferential ordering of the vacancies in the defect fluorite phases. 

 

 
6.4.3  Analysis of the defect fluorite phase in 
Y2Hf2−xSnxO7 

Much of the focus of the previous sections of this chapter has been on the 

number, type and proportion of phases formed for Y2Hf2−xSnxO7 and, for 

the pyrochlore phase only, on the cation distribution. However, for the 

defect fluorite phase, disorder of the anions and vacancies is also present. 

The average cation coordination number in this phase must be 7. 

Therefore, if the vacancy distribution were random, the average 

coordination number of each type of cation would also be 7. Using the 

simple binomial model as discussed above, for Y2Hf2O7 the proportions of 

the six-, seven- and eight-coordinate Y species would be 34%, 39% and 

20%, respectively, with all other environments accounting for less than 7% 

of the total. Figure 6.5 shows the 89Y MAS NMR spectrum of Y2Hf2O7 and 

the analytical fit reveals that the proportion of six-, seven- and eight-

coordinate Y species in this sample as ~2%, ~47% and ~51%, respectively, 

giving an average Y coordination number of ~7.5. As a consequence, the 

average coordination number of Hf in this sample is ~6.5, suggesting some 

preferential ordering of the anion vacancies around Hf.  

 

 Figure 6.10 (b) shows that as Sn is substituted into the defect 

fluorite phase. There is a gradual change in the intensities of the 89Y 

resonances attributed to the three different coordination environments in 

this phase. As a consequence, the average coordination number of Y (and 

Hf) must change across the series. As Sn cations exhibit only six-fold 
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coordination in both the pyrochlore and defect fluorite phases throughout 

the entire compositional series, there appears to be some preferential 

ordering of the anion vacancies around this cation. It is possible to 

calculate the average coordination number of all cations in this phase 

throughout the series by considering the proportion of vacancies around 

the Y cations in the defect fluorite. The average coordination number of all 

cations in the defect fluorite phase are plotted in Figures 6.20 (a) and (b) 

with respect to the nominal (i.e., starting) and actual (as determined from 

Figure 6.11 (b)) composition, respectively. As Sn is substituted into the 

defect fluorite phase, from x = 0.2 to 1.8 (i.e., from Y2Hf1.8Sn0.2O7 to 

Y2Hf0.2Sn1.8O7), the average coordination numbers of both Y and Hf 

Figure 6.18: Plots showing the variation in average coordination number of Y, Sn and Hf in the 
defect fluorite phase as a function of (a) the nominal composition and (b) the actual composition (as 
determined from Figure 6.11 (b)). (c) Plot of average coordination number of Y, Sn and Zr in the 
disordered defect fluorite phase as a function of the actual composition for Y2(Zr,Sn)2O7 defect 
fluorite. Reproduced from Ref. 37 with permission from the PCCP Owner Societies. 



 336 

increase. For Y this approaches 8 (as found in the ordered pyrochlore 

phase) as the Sn content increases.  

 

 
6.4.4  Discussion 

The results obtained for Y2Hf2−xSnxO7 using 89Y and 119Sn NMR 

spectroscopy and first-principles DFT calculations produce a complex 

structural picture. Although a phase change is observed from ordered 

pyrochlore (when x = 2.0) to disordered defect fluorite (when x = 0.0), a 

significant two-phase region is present from x = 1.8 to 0.4, as shown in 

Figure 6.11 (a). For x = 0.2 and 0.0 a single defect fluorite phase is present. 

The compositions of the ordered pyrochlore and the disordered defect 

fluorite phases are strikingly different. It can be seen from Figure 6.11 (b) 

that the maximum solid solution limit of Hf in the pyrochlore phase is 

~12%, which corresponds to a formula of Y2Hf0.24Sn1.76O7. Conversely, the 
89Y and 119Sn MAS NMR spectra show that the composition of the defect 

fluorite phase varies systematically throughout the series. For Hf-rich 

compositions, it is not the composition of the pyrochlore-like phase that 

changes but the relative amounts of Hf and Sn in the defect fluorite-like 

phase, as shown in Figure 6.11 (b), and the proportion of the two phases 

observed. 

 

 The results obtained in this work are generally quite similar, 

although differ in the detail, from previously published work on 

Y2Zr2−xSnxO7, where a limit that is also reached earlier in the series. In 

Y2Zr2−xSnxO7 the maximum solid solution limit of Zr in the pyrochlore 

phase is ~13%.37 This may suggest that Zr cations have a slightly greater 

preference to be in a pyrochlore phase compared with Hf cations. The 
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pyrochlore phase is absent at an earlier composition in Y2Zr2−xSnxO7 (i.e., 

when x = 0.4) with a single defect fluorite-like phase present until x = 0.0. 

In Y2Hf2−xSnxO7, the 89Y resonances attributed to the pyrochlore phase 

remain until x = 0.4. It should be noted that for both series the samples 

were synthesised at one temperature. It is not clear if varying the 

temperature and/or heating time would vary the resulting proportions 

and/or compositions of the pyrochlore and defect fluorite phases. The 

average cation coordination numbers in the defect fluorite phase, with 

respect to the actual composition for this phase, are shown in Figures 6.20 

(b) (for Y2Hf2−xSnxO7) (c) (for Y2Zr2−xSnxO7). It is clear that there is a 

difference in the average coordination numbers for the Zr and Hf. For Zr 

there appears to be a gradual decrease in the average coordination 

number with increasing Sn content. However, for Hf, the average 

coordination number is roughly constant until x ≈ 1.2, where it then 

gradually increases from ~6.5 to ~7.0, indicating that despite almost 

identical cation radii, Zr may prefer a lower coordination number than Hf 

in Sn-rich defect fluorite phases.55,56 

 

 From the 89Y and 119Sn MAS NMR experiments for Y2Hf2−xSnxO7, 

shown in Figures 6.5 and 6.13, respectively, it is clear that many of the 

spectra look relatively similar to each other and to the NMR spectra of 

Y2Zr2−xSnxO7, with both containing broader and narrower resonances. The 

former continually evolving through the series. It is also clear that there is 

no abrupt phase change from a pyrochlore to a defect fluorite structure at 

a defined composition. These observations are similar to those previously 

published for Y2Zr2−xSnxO7, where no distinct phase change is observed.37 

For the analysis and interpretation of the phase compositions in 

Y2Hf2−xSnxO7 and Y2Zr2−xSnxO7 by NMR spectroscopy centres around one 

critical assumption, i.e., that the narrower and broader resonances in the 
89Y and 119Sn MAS NMR spectra correspond to an ordered pyrochlore and 



 338 

disordered defect fluorite-like phases, respectively. This assumption can 

be justified by noting that the size and width of the broader and narrower 

resonances in the 89Y MAS NMR spectra which are similar throughout the 

series and also supported by systematic change in line position with 

composition from fits.  

 

 The 89Y and 119Sn δiso of the broader resonances (attributed to the 

defect fluorite phase) changes systematically throughout the series, as 

shown in Figures 6.10 and 6.17, suggesting that the composition of this 

phase is changing. The measured 89Y Ω for the pyrochlore peaks in 

Y2Hf2−xSnxO7, is given in Table 6.3, and shows that the magnitude of this 

parameter does not change by a significant amount with a change in the 

Hf content. This can be explained by the fact that the composition of the 

pyrochlore phase does not change significantly throughout the series. 

Measurement of 89Y Ω was also carried out for Y2Zr2−xSnxO7 for samples 

with x = 2.0, 1.8, 1.6, 1.4, and 1.2, with the results given in Table 6.8. To 

directly compare the two sets of results, a plot of experimental 89Y δiso 

against Ω is shown in Figure 6.21. The 89Y δiso and Ω for the two series are 

very similar, typically within experimental error, and suggests similar 

local geometry, particularly bond distances and angles, around Y in the 

two sets of materials. This is perhaps to be expected, given the very 

similar sizes of Zr and Hf.  

 

 89Y two-dimensional CSA-amplified PASS spectrum of the defect-

fluorite end member, Y2Zr2O7, was also recorded with Figures 6.22 (a) and 

(b) showing the CSA-amplified PASS spectrum and extracted sideband 

manifolds, analytical fits and contour plots of the rms error for two of the 

three 89Y resonances in Y2Zr2O7, (i.e., seven- and eight-coordinate Y). It was 

not possible to extract the spinning sideband manifold for the six- 
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Table 6.8: Experimental 89Y Ω and κ and corresponding rms error resulting from the fits of the 
extracted spinning sideband manifolds from the two-dimensional CSA-amplified PASS spectra of 

Y2Zr2−xSnxO7, with x = 1.8, 1.6, 1.4, 1.2 and 0.0. (Errors in δiso are estimated to be ± 0.5 ppm and CN 
denote coordination number.) 

Compound δiso (ppm) Ω (ppm) κ rms error Assignment 

Y2Zr0.2Sn1.8O7 147.7 213 ± 17 0.5 ± 0.2 1.78 Sn6 

 122.8 260 ± 11 0.6 ± 0.2 3.19 Sn5Zr 

      

Y2Zr0.4Sn1.6O7 148.1 210 ± 12 0.5 ± 0.3 0.80 Sn6 

 123.5 266 ± 13 0.4 ± 0.2 2.88 Sn5Zr 

      

Y2Zr0.6Sn1.4O7 148.7 211 ± 12 0.5 ± 0.3 3.12 Sn6 

 123.5 269 ± 12 0.5 ± 0.2 2.80 Sn5Zr 

 99.6 321 ± 40 0.6 ± 0.1 36.30 Sn4Zr2 

      

Y2Zr0.8Sn1.2O7 149.3 220 ± 19 0.5 ± 0.2 12.00 Sn6 

 125.7 242 ± 19 0.5 ± 0.2 10.93 Sn5Zr 

      

Y2Zr2O7 78.0a    6 CN 

 185.0 237 ± 14 0.2 ± 0.2 1.03 7 CN 

 290.0 215 ± 16 0.3 ± 0.3 8.00 8 CN 

coordinate Y site owing to its very low intensity. Table 6.8 gives the 89Y 

CSA parameters extracted from the two fits. Good agreement can be seen 

for the two Y resonances, as shown by the relatively low rms error in 

Table 6.8, and by the darker blue contours in Figure 6.22 (b).  

 

 The significant broadening of the three resonances in the 89Y MAS 

NMR spectrum of Y2Zr2O7 arises from a large distribution of chemical 

shifts owing to the cation and anion disorder in this material, and not 
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from fast T2 relaxation. It should be possible to extract the spinning 

sideband manifolds at different positions across the resonances and 

determine the CSA. Figure 6.23 shows the 89Y MAS NMR spectrum of 

Y2Zr2O7 overlaid with the 89Y CSA measurements (taken every 8 ppm) and 

their corresponding errors (for the seven- and eight-coordinate Y sites). 

The average error in Ω for both coordination environments is 

approximately ± 12 ppm; similar to that observed for the narrower 

resonances (e.g., Y2Zr0.2Sn1.8O7). For the seven-coordinate Y, Ω does not 

change across the lineshape, with the average value being 238 ± 12 ppm. 

However, for eight-coordinate Y, Ω does vary systematically across the 

lineshape, with Ω = 1.35 δiso + 150.44 ppm. This suggests that there is less 

distortion of the coordination environment around each Y cation with 

decreasing chemical shift. Previous work by Mitchell et al. noted from a 

series of first-principles DFT calculations for Y2(Zr,Sn)2O7 pyrochlores that 

the predicted 89Y δiso
calc and Ωcalc for a Zr6 NNN environment would be 

~−20 ppm and ~575 ppm, respectively.57 Although this is in poor 

agreement with Figure 6.23, these calculations were performed on an 

ordered pyrochlore unit cell and not a disordered defect fluorite material, 

which may be expected to be significantly different. It would be 

advantageous to perform DFT calculations on a defect fluorite structure. 

However, this would require a large supercell with hundreds of atoms 

and the complexity of this system is currently beyond the reaches of 

current computational resources.  

Figure 6.19: Plot of 89Y δiso against Ω for the pyrochlore peaks in spectra of Y2Hf2−xSnxO7 and 
Y2Zr2−xSnxO7, with x = 2.0 to 1.0 and x = 2.0 to 1.4, respectively. 
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 The onset of cation and anion disorder in a pyrochlore material 

with varying composition has been discussed in great detail in earlier 

work.4,58,59 Zhang # et al. utilised atomic-scale modelling to investigate the 

effects of the unit cell volume of Zr addition into Y2Sn2O7 pyrochlore 

Figure 6.20: (a) 89Y (14.1 T, 10 kHz) two-dimensional CSA-amplified PASS spectrum of Y2Zr2O7. 
The spectrum is the result of averaging 4498 transients using a recycle interval of 10 s. An initial 
saturation pulse was employed with 16 loops separated by 50 ms. The total scaling factor was 6, 
which results in an effective MAS rate of 1.666 kHz in F1. (b) Extracted spinning sideband 
manifolds for the two resonances (along with their corresponding analytical fits) taken at the centre 
of gravity of the resonance. Also shown in (b), are the contour plots showing the rms error 
(arbitrarily restricted from 0 to 50). 
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structure and the relative stability of each model.59 There is no evidence 

for significant amounts of higher-coordinated Sn species in the ordered 

pyrochlore or the disordered defect fluorite-like phases in Y2Zr2−xSnxO7 

and Y2Hf2−xSnxO7, from 119Sn MAS NMR. This suggests two things; firstly, 

there appears to be little evidence for antisite disorder for Sn in the 

pyrochlore phase (or any such disorder is below the detection level of 

solid-state NMR), and secondly, that there appears to be preferential 

ordering of the anion vacancies around the Sn cations in the defect fluorite 

phase. Further evidence for the lack of cation antisite disorder in the 

pyrochlore phase comes from the presence of only eight-coordinate 89Y 

resonances, as shown in Figure 6.5. First-principles DFT calculations have 

been previously performed on a modified crystal structure of Y2Sn2O7, 

where one Y and Sn atom were swapped to create six- and eight-

coordinate Y and Sn chemical environments.57 The predicted 89Y and 119Sn 

magnetic shields for these environments do not correlate with what is 

observed by solid-state NMR experiments. This suggests that cation 

antisite is not present at any (or is below the detection limits) significant 

amounts in these materials. 
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Figure 6.21: 89Y (14.1 T, 14 kHz) MAS NMR spectrum of Y2Zr2O7. The spectrum is the result of 
averaging 12512 transients using a recycle interval of 10 s and 100 Hz of linebroadening was 

applied after Fourier transformation. Overlaid are experimental 89Y Ω from the two-dimensional 
CSA-amplified PASS spectrum of Y2Zr2O7, shown in Figure 6.22, with extractions of the spinning 
sideband manifold taken at intervals of ~8 ppm.  
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6.4.5  Conclusion 

Analysis of the 89Y and 119Sn MAS NMR spectra of Y2Hf2−xSnxO7 reveals 

that there is a significant two-phase region, where a pyrochlore and a 

defect fluorite phase coexist between x = 1.8 and 0.4. A single pyrochlore 

phase was observed only when x = 2.0, and a single defect fluorite phase 

was present for x = 0.2 and 0.0. The use of first-principles DFT calculations 

on a series of model structures helped to understand and assign the 89Y 

and 119Sn MAS NMR spectra. The proportion and composition of the two 

phases could be determined. The composition of the pyrochlore phase 

does not significantly change throughout the series, with a maximum of 

~12% Hf incorporated into this phase. Conversely, the composition of the 

defect fluorite phase does continually change with nominal composition. 

 

 89Y and 119Sn MAS NMR spectroscopy were able to show that there 

is limited evidence of cation antisite disorder in the pyrochlore phase. 

However, there does appear to be preferential ordering of the anion 

vacancies, with Sn only ever found in a six-fold coordination environment, 

which is in good agreement with previous literature.34-37 For Hf, the 

average cation coordination in the defect fluorite increases with increasing 

Sn content (i.e., from x = 0.0 to 1.8) and suggests that the Hf cation in this 

phase typically prefers higher coordination environments than Zr despite 

being of similar size. 
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6.5  17O enrichment by 17O2 gas exchange of 
Y2Zr2−xSnxO7 

In Section 6.4, cation order and disorder in the pyrochlore and defect 

fluorite phases of Y2Hf2−xSnxO7 was considered using 119Sn and 89Y NMR 

spectroscopy. Furthermore, a more complex picture of the two phases was 

obtained using solid-state NMR spectroscopy than previously observed 

using laboratory powder X-ray diffraction techniques. There are other 

NMR-active nuclei in these two series, which could possibly be exploited 

to provide a deeper understanding of these materials. However, the 

remaining NMR-active nuclei are not as amenable to solid-state NMR 

spectroscopy, as shown by the properties given in Table 6.1. For 91Zr and 
177/179Hf, their low natural abundance, low γ and large nuclear quadrupolar 

moments make these nuclei extremely challenging to study particularly in 

disordered materials. Mitchell carried out preliminary investigations for 

Y2Zr2−xSnxO7 by utilising 91Zr NMR spectroscopy at high magnetic fields 

(20.0 T), with a decrease in δiso observed with increasing Zr content.57 

Given the limited high field spectrometer time available and the extremely 

large quadrupolar broadening, other nuclei should be considered, such as 
17O. 17O appears to be a particularly good nucleus to probe the cation 

disorder by solid-state NMR spectroscopy with local structural 

information also obtained by utilising known relationships.60-62 However, 

there are many challenges in 17O NMR spectra, one of which is the very 

low natural abundance (~0.04%) of the only NMR-active isotope. 

Challenges such as the extent of the second-order quadrupolar 

broadening, as the nuclear spin quantum number of 17O is I = 5/2, can 

affect the ease of implementing experiments, and result in complex MAS 

NMR lineshapes.30,63 
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 As a result of its low natural abundance, isotopic enrichment of 
17O is usually required and a number of methods have been developed 

over the years to efficiently enrich solid oxides. The most commonly used 

method is to include a small amount of 17O-enriched H2O (l) in the 

synthesis mixture.30,63-65 However, this may not the most appropriate way 

to enrich dense-phase ceramics owing to the preparation involved (i.e., 

heating in air often at about 1000 °C).24 In 1989, Oldfield et al. developed a 

post-synthetic enrichment procedure utilising gas exchange, where the 17O 

is introduced by heating a sample in a sealed atmosphere containing 

isotopically enriched 17O2 gas.66 Enrichment of high-temperature oxide 

conductors was achieved by heating at 500 °C for 24 h. Later, in 1996, 

Adler and Reimer followed this up by enriching two transition metal 

oxides, although they did not report the enrichment conditions used.67 In 

2003, Kim and Grey demonstrated the enrichment of pyrochlore ceramics 

heating to 600 °C for 12 h, where an apparent uniform enrichment of the 

materials were achieved.42  

 

 In this work, post-synthetic 17O gas exchange has been utilised in 

order to isotopically enrich Y2Zr2−xSnxO7. In this approach, a known weight 

of the oxide is placed into a quartz sample vial and the system is 

evacuated. A small volume (~3 mL) of 17O2 gas (enriched at 60%) is then 

allowed to flow into the sample vial, where it is condensed using a liquid 

nitrogen cold trap, as shown in Figure 6.3. The vial is then sealed, allowed 

to warm up to room temperature, before being placed into a tube furnace 

and heated at a set temperature for a specific period of time. During the 

heating, the 17O2 gas will exchange with the O atoms in the material until 

equilibrium is reached. The rate of enrichment will ultimately depend 

upon the energy barrier the reaction needs to overcome, be it the diffusion 

through the sample or the exchange of the two isotopes of oxygen.  
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6.5.1  17O and 119Sn NMR spectroscopy of 
Y2Sn2

17O7 

Figure 6.24 (a) shows the 17O MAS NMR spectrum of Y2Sn2
17O7, with one 

sharp (δiso = 384.0 ppm) and one broad resonance (δiso = 172.9 ppm, CQ ≈ 

3.0 MHz, ηQ = 0.4). The presence of two 17O resonances in the 17O MAS 

NMR spectrum agrees well with the crystal structure of Y2Sn2O7, which 

contains two distinct oxygen sites (O48f and O'8a corresponding to O2 and 

Figure 6.22: (a) 17O (14.1 T, 20 kHz) MAS NMR spectrum of Y2Sn2
17O7. The spectrum is result of 

averaging 960 transients using a recycle interval of 10 s. In (b), 17O (14.1 T, 20 kHz) MAS NMR 
spectra of Y2Sn2O7 (blue line) and Y2Sn2

17O7 (red line) are shown in order to determine the absolute 
level of enrichment. Both spectra shown in (b) are result of averaging 32 (for Y2Sn2

17O7) and 1088 
(Y2Sn2

17O7) transients, using a recycle interval of 210 s. In (c), the 119Sn (9.4 T, 14 kHz) MAS NMR 
spectra of Y2Sn2O7 (blue line) and Y2Sn2

17O7 (red line) showing the extent of the 119Sn-117Sn and 119Sn-
17O J coupling interaction in these two samples. The spectra are the result of averaging 224 and 64 
transients for Y2Sn2O7 and Y2Sn2

17O7, respectively, using as recycle interval of 30 seconds. 
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O1, respectively).54 An assignment of the two 17O resonances can be made 

from a consideration of the local environment of the two oxygen sites, 

shown in Figure 6.1 (b). For O1, there are four Y cations in the first 

coordination sphere with all O-Y bond lengths and Y-O-Y bond angles 

equal. It would be expected that this O site to exhibit a relatively small CQ 

owing to the near ideal tetrahedral coordination. For O2, there are two Y 

and two Sn cations in the first coordination sphere with slightly different 

O-Y and O-Sn bond lengths and Y-O-Y, Y-O-Sn, Sn-O-Sn bond angles, 

resulting in a higher CQ. The assignment can be also confirmed by first-

principles DFT calculations, where good agreement is observed between 

calculation and experiment. The calculated 17O NMR parameters of 

Y2Sn2O7 are (by setting σiso
calc of O1 to equal the experimental δiso of O1, 

therefore, σref = 198.6 ppm), for O1 δiso
calc = 384 ppm, CQ = 0 MHz, ηQ = 0.00, 

and for O2 δiso
calc = 213 ppm, CQ = 3.5 MHz, ηQ = 0.35. These results are 

consistent with previously reported 17O NMR parameters for this 

compound.42  

 

 It is challenging to determine the absolute level of 17O in the 

enriched material, owing to the need to acquire a 17O NMR spectrum at 

natural abundance for comparison. However, as the O1 resonance is very 

narrow, it may be possible to see this signal in Y2Sn2O7 at natural 

abundance. Figure 6.24 (b) shows the 17O MAS NMR spectrum of natural 

abundance Y2Sn2O7 acquired by averaging 1088 transients, using a recycle 

interval of 210 s and a flip angle of π/11.25 ≈ 0.5 µs (γB1/2π = 87 kHz). 

Overlaid in Figure 6.24 (b) is the 17O enriched Y2Sn2O7 acquired with the 

same acquisition parameters as above, but averaging only 32 transients. 

As the NMR spectra were acquired at different times, the total amount of 

sample in the rotor will slightly vary and only an approximate enrichment 

level can be obtained. As the natural abundance sample was acquired with 

more transients (34 times as many), this will need to be taken in account 
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when calculating the enrichment level of 17O enrichment achieved, which 

can be estimated to be ~14 ± 1%. 

 

 Figure 6.24 (c) shows the 119Sn MAS NMR spectra of natural 

abundance and 17O-enriched Y2Sn2O7. For the natural abundance sample, 

the 119Sn MAS NMR spectrum shows a single isotropic resonance (δiso ≈ 

−583 ppm) as expected from the crystal structure, but also the presence of 

two satellite peaks, attributed to a ~200 Hz J-coupling interaction between 

chemically-equivalent but magnetically-inequivalent 119Sn and 117Sn. The 

observation of this J coupling is consistent with reports made in the 

literature.68 Simulation of the lineshape using dmfit69 reveals that the 

integrated intensity of the satellites is ~7%, which is consistent with the 

natural abundance of 117Sn (7.68%).30 With 17O enrichment, the 119Sn 

lineshape becomes much more complex, with many more satellite peaks 

observed, indicating the presence of a J-coupling interaction between 119Sn 

and 17O. If a spin I = 1/2 nucleus (e.g., 119Sn) couples to one nucleus with I 

= 5/2 (e.g., 17O) with no CQ, then the corresponding J-multiplet pattern will 

appear as six peaks, of equal intensity and equally spaced by J (in Hz). For 

the case of the 17O-enriched sample of Y2Sn2O7, there are two possible J-

coupling interactions between 119Sn and 17O, and 119Sn and 117Sn, which will 

appear in the 119Sn MAS NMR spectrum resulting in a complicated 

lineshape. 

 

 After verifying the assignment of the two oxygen sites in Y2Sn2O7, 

simple integration of the two resonances in the 17O MAS NMR spectrum 

was performed in order to obtain their relative intensities. According to 

the published crystal structure of Y2Sn2O7,54 the ratio of the two oxygen 

sites (O1:O2) is 1:6, and this is expected to be observed in the 17O MAS 

NMR spectrum. However, upon integration of the two resonances, 
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(without the inclusion of any satellite transition spinning sidebands), a 

1:~2.2 ratio of O1:O2 is observed. As noted above, Grey et al. observed a 

O1:O2 ratio of 1:6 in a 17O NMR spectrum of 17O-enriched Y2Sn2O7, 

suggesting the enrichment may affect the uniformity of the enrichment. 

The difference in these observations has been investigated more 

thoroughly below. 

 

 
6.5.1.1 Investigating the acquisition parameters for 17O 
NMR spectroscopy 

The 17O MAS NMR spectrum of Y2Sn2
17O7 shown in Figure 6.24 (a) was 

acquired using a recycle interval of 10 seconds. One possible explanation 

of the unexpected intensity ratio for the two sites is different longitudinal 

relaxation rates. A saturation recovery experiment was used to measure T1 

for the two oxygen environments. Figure 6.25 (a) shows the normalised 

signal intensity as a function of the recovery delay (τ), which for the two 

sites is 

  
I τ( )  =  1.03 1− exp −τ/270( )( )  +  0.128 1− exp −τ/7.72( )( )   ,

 (6.3) 

for O1, and for O2, 

  
I τ( )  =  0.949 1− exp −τ/195( )( )  +  0.116 1− exp −τ/1.10( )( )   ,

 (6.4) 

Two important points can be noted from these equations. Firstly, the 

relaxation constants for the two sites are slightly different, with O1 and O2 

exhibiting a T1 of 270 and 195 s, respectively. As a result, a recycle interval 

of over 22.5 minutes would be required to ensure complete relaxation of 
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both oxygen sites. Secondly, in order to obtain a reasonable fit to the data 

it was necessary to include two components, one component with much 

more rapid relaxation that the other. The recycle interval used in the 17O 

MAS NMR spectrum of Y2Sn2
17O7 will result in a difference of signal 

intensity of ~31% between O1 and O2 resonances. In other words, using a 

recycle interval of 10 seconds, O2 has ~31% more signal intensity. This 

will ultimately affect the ratio of O1:O2 observed. Taking this into 

consideration, the ratio of O1:O2 now becomes 1:1.43, which is still not the 

correct ratio expected as determined by the published crystal structure. 

 

 As a result of the two O sites exhibiting very different CQ values 

their nutation frequencies under a radiofrequency field will also be 

different. If the pulse length is not carefully selected, the signal intensities 

Figure 6.23: (a) A plot of normalised signal intensity for O1 and O2 in Y2Sn2
17O7 obtained from a 

saturation recovery NMR experiment acquired at 14.1 T using a MAS rate of 20 kHz and a 

radiofrequency field strength of γB1/2π = 87 kHz. Also shown in (a) are the (longer) T1 relaxation 

constants. (b), Simulated (using SIMPSON) (14.1 T, 20 kHz MAS, γB1/2π = 87 kHz) nutation curves 
for O1 and O2, using experimentally-derived 17O NMR parameters. For both sites, only the central 
transition coherences (I1c) are considered.  



 351 

for the two resonances could be drastically different. Figure 6.25 (b) shows 

a plot of the simulated nutation behaviour for O1 and O2 using 

experimentally-derived 17O NMR parameters, where for O1 CQ = 0.02 

MHz, ηQ = 0.0, and for O2 CQ = 3.0 MHz and ηQ = 0.4. In this simulation, 

only the central transition coherences are considered. In this work a pulse 

length of π/11.5 ≈ 0.5 µs (γB1/2π = 87 kHz) was used and it can be seen 

from the plot that no difference in signal intensity for O1 and O2 is 

expected at this pulse length and so no further correction to the ratio is 

required. As a result, something more fundamental must be contributing 

to the overestimation of the total signal intensity for the O1 resonance, or 

that the 17O-enrichment of this material is not quantitative. 

 

 In the 17O MAS NMR spectrum of Y2Sn2
17O7, shown in Figure 6.26 

(a), there appears to be the presence of satellite transition spinning 

sidebands for O1. According to the crystal structure (and first-principles 

DFT calculations), O1 should have CQ = 0, owing to the cubic symmetry, 

therefore, as a result, the satellite transitions will have the same frequency 

as the central transition. Figure 6.26 (b) shows a 17O MAS NMR spectrum 

of Y2Sn2
17O7 using a much slower MAS rate, of 5 kHz. From a fitting of the 

slow MAS spectrum it can be shown that O1 has δiso = 383.9 ppm, CQ ≈ 20 

kHz and ηQ = 0.0. The origin of the quadrupolar coupling interaction for 

O1 is not yet fully understood, but it is possible that it is due to defects in 

the sample. As O1 has a very small CQ, some of the satellite transition 

intensity will be very close to the central transition and will contribute to 

the overall signal intensity for this resonance. Figure 6.27 shows the 

simulation (using SIMPSON) of the 17O MAS NMR spectrum of Y2Sn2O7 

using the experimentally-derived NMR parameters considering only 

central transition coherences (I1c) (black line) and considering all positive 

coherences (I1p) (red line). There is little difference in the intensity for O2, 

but for O1 there is a factor of 3.87 difference in the intensity between the 
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Figure 6.25: 17O (14.1 T) MAS NMR spectra and vertical expansions of Y2Sn2
17O7 acquired used a 

MAS rate of (a) 20 kHz and (b) 5 kHz. For (a), the spectrum was the result of averaging 8192 
transients using a recycle interval of 10 s. For (b), the spectrum was the result of averaging 12208 

transients using a recycle interval of 10 s. The asterisks (*) and daggers (†) denote the satellite 
transition spinning sidebands from O1 and O2, respectively. Fitting of the spinning sideband 
manifold reveals CQ = 20 kHz and ηQ = 0.0 for O1. 

Figure 6.25: Simulated 17O MAS NMR spectra of Y2Sn2O7 using experimentally-derived NMR 
parameters for O1 and O2 considering only the central transition coherences (I1c) (black line) and 
all positive coherences (I1p) (red line). The signal arising from O1 in I1p is 3.87 times greater than 
for I1c owing to the presence of satellite transition spinning sideband peaks very close to the 
central transition peak in the I1p spectrum. 
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 two simulations. This means that the total signal arising from the O1 site 

is 3.87 times more intense than expected. When taking the extra signal 

intensity arising from satellite transitions and the difference in the signal 

intensity owing to the different longitudinal relaxation rates into 

consideration (resulting in an overall correction factor of 2.51), the ratio of 

O1:O2 now becomes 1:5.53, which is much closer in agreement to the 

expected ratio of O1:O2 of 1:6. 

 

 The final contribution to the total signal intensity of the O1 site 

may arise from background oxygen present in the rotor, which is 

composed of ZrO2. The O resonance in ZrO2 can appear at ~380 ppm,30 

which is close to the O1 resonance (δiso = 384.0 ppm). The 17O MAS NMR 

spectrum shown in Figure 6.24 (a) was acquired with averaging 960 

transients, which is not enough for the resonance attributed to 

background oxygen in the rotor to contribute to the signal intensity of the 

O1 resonance. This observation was confirmed by acquiring a 17O MAS 

NMR spectrum of a ZrO2 rotor filled with NaCl using the same 

experimental NMR conditions. No signal corresponding to background 

oxygen in the MAS rotor was observed. 

 

 Having explored both the experimental and technical 

considerations, and taking every reasonable step to acquire quantitative 
17O MAS NMR spectra, it can be concluded that the 17O-enrichment of O1 

and O2 is equal in Y2Sn2O7. The 17O enrichment was performed at a 

temperature of 950 °C and it is not yet clear if using a lower enrichment 

temperature would also yield in the correct ratio of O1:O2. There are 

several reasons for using a lower enrichment temperature, e.g., to prevent 

the material from changing phase, decomposing if it is sensitive to high 

temperatures or, in the case of this work, moving vacancies in a defect 
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fluorite-like phase. Therefore, only preliminary investigations into the gas 

exchange enrichment procedure were conducted. 

 

 
6.5.2  Preliminary investigation into the 17O 
enrichment procedure of Y2Sn2O7  

Analysis of the effect of changing enrichment conditions was performed 

through 17O and 119Sn NMR spectroscopy, with the same acquisition 

parameters employed for all samples to ensure consistency and direct 

comparability between the spectra. The 17O NMR acquisition parameters 

used in this section of work are (flip angle, π/11.5 ≈ 0.5 µs, using a 

radiofrequency field strength of ~87 kHz, and a recycle interval = 5 s) used 

here. Table 6.9 gives the enrichment conditions used and also the ratio of 

the two oxygen sites (O1:O2) from taking the integrated signal intensity of 

the two sites and the corrected ratio when taking the considerations 

mentioned in the previous section in account. 

 

 
6.5.2.1 Effect of 17O enrichment temperature 

The effect of enrichment temperature (heating temperature) on the ability 

to uniformly enrich a sample of Y2Sn2O7 was investigated by using two 

different temperatures (950 °C (batch one) and 600 °C (batch three)). Grey 

et al. used an enrichment temperature of 600 °C and reported that the ratio 

obtained for O1:O2 was 1:6.42 Figure 6.28 (a) shows the overlaid (not 

normalised) 17O MAS NMR spectra for batches one and three. The total 

amount of 17O gas exchanged is different for the two batches. It is difficult 

to quantify and compare the total amount of 17O that has been exchanged 

in the two sample batches of Y2Sn2O7 owing to the different amounts of  
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Table 6.9: General enrichment conditions used for the 17O enrichment of Y2Sn2O7 by 17O2 (60% 17O2) 
gas exchange. Also detailed are the observed O1:O2 ratios for each sample batch. 

Sample  
Ramp / 

°C 
min−1 

Hold 
/ °C 

Hold 
/ h 

Ramp / 
°C min−1 

Preheata Ratio 
O1:O2 

Corrected 
ratio 
O1:2b 

Batch 1 +5 950 12 −5 No 1:2.2 1:5.9 

        

Batch 2 +50 950 1 
Flash 

cooled 
No 1:2.1 1:5.7 

        

Batch 3 +5 600 12 −5 No 1:7.5 1:20.4 

        

Batch 4 +5 950 1 −5 No 1:2.1 1:5.7 

        

Batch 5 +5 950 12 −5 Yes 1:2.1 1:5.7 

        

Batch 6 +5 950 198 −5 No 1:2.2 1:5.9 
a Preheating consists of heating the sample (+5 °C/min, hold at 950 °C for 12 hours, −5 °C/min) 
under vacuum before the application of 17O gas.  

b To correct the ratio, the integrated intensity of O2 needs to be multiplied by 2.51 

sample packed into the MAS rotor and uncertainty in the volume of 17O2 

used in each case. However, relative judgements can be made, and there 

appears to be approximately four times as much 17O being exchanged for 

batch one (950 °C) compared with batch three (650 °C). Integrating the two 

resonances in both spectra reveals that for batch one the ratio is found to 

be 1:~2.2 for O1:O2, whereas for batch three it is 1:~7.5. After correction, as 

discussed above, batch one now has a ratio of 1:5.9 and batch three 1:20.4.  
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 119Sn NMR was also used to investigate the 17O enrichment of 

Y2Sn2
17O7. As noted previously, enrichment leads to J couplings between 

119Sn and 17O, resulting in complex 119Sn NMR spectra. Figure 6.28 (b) 

shows the overlaid (not normalised) 119Sn MAS NMR spectra of 17O-

enriched Y2Sn2
17O7 and Figure 6.28 (c) shows the same overlaid spectra, 

now normalised. The differences in the amount of 17O exchanged for the 

two batches are more noticeable in the 119Sn than in the 17O NMR spectra. 

There appears to be more 17O enrichment in batch one owing to the higher 

signal intensity corresponding to the resonances attributed to the 119Sn-17O 

J couplings, whereas for batch three it is much lower. 

 

 

Figure 6.26: Overlaid (a) 17O (14.1 T, 20 kHz) and (b and c) 119Sn (9.4 T, 14 kHz) MAS NMR spectra 
of 17O-enriched Y2Sn2

17O7 of batches one and three, corresponding to enrichment temperatures of 
950 °C and 600 °C, respectively. Table 6.9 gives details of other enrichment conditions. In (a), the 
spectra (not normalised) are the result of averaging 1024 transients using a recycle interval of 5 s. 
Also shown in (a) are the horizontal expansions of the two resonances. In (b and c), the spectra are 
the result of averaging 64 transients using a recycle interval of 30 s, where in (b), the spectra are not 
normalised and in (c), normalised to the isotropic peak. 
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6.5.2.2 Effect of 17O enrichment time 

The effect of enrichment time (heating time) was also investigated to 

understand if heating the sample for longer would increase the likelihood 

of achieving uniform enrichment of the two oxygen sites owing to the 

increased time allowed for equilibration. In this investigation, the 

enrichment temperature was kept constant, while the heating time was 

varied (12, 1 and 198 h, corresponding to batches one, four and six, 

respectively). Figure 6.29 (a) shows the overlaid 17O MAS NMR spectra of 

batches one, four and six, and it appears that there is relatively little 

difference in the NMR spectra between batches one and four. 

Interestingly, heating the sample for 198 hours results in a small signal 

loss (~0.15%) for the resonance corresponding to the O1 site. No loss of 

signal is observed for O2, which could be attributed to the slightly 

Figure 6.27: Overlaid (a) 17O (14.1 T, 20 kHz) and (b) 119Sn (9.4 T, 14 kHz) MAS NMR spectra (not 
normalised) of 17O-enriched Y2Sn2

17O7 of batches one, four and six, corresponding to enrichment 
times of 12, 1 and 198 h, respectively. Table 6.9 gives details of other enrichment conditions. In (a), 
the spectra are the result of averaging 1024 transients using a recycle interval of 5 s. Also contained 
in (a) are the horizontal expansions of the two resonances. In (b), the spectra are the result of 
averaging 64 transients using a recycle interval of 30 s. 
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different sample mass in the rotor. Using longer enrichment times does 

not affect the observed (corrected) ratio significantly with the three 

samples exhibiting a ratio of 1:5.9, 1:5.7 and 1:5.9 corresponding to batches 

one (12 h), four (1 h) and six (198 h), respectively. Figure 6.29 (b) shows the 

overlaid 119Sn MAS NMR spectra of 17O-enriched Y2Sn2O7 for batches one, 

four and six. Changing the enrichment time does not appear to have an 

effect on the overall amount of 17O being exchanged in the sample. In 

principle, heating for a longer period of time will allow more of the 17O to 

diffuse through the sample. Therefore, it might be possible to establish 

uniform enrichment at 600 °C if the sample were heated for a longer 

period of time.  

 

 
6.5.2.3 Discussion of the enrichment procedure 

When taking into consideration the difference of signal intensities 

resulting from the short recycle interval used and the extra signal intensity 

in the O1 peak arising from the satellite transition spinning sidebands 

being very close to the central transition, the correct 1:6 ratio of O1:O2 for 

Y2Sn2O7 can be achieved when heating the sample at 950 °C for 12 h. It 

appears that longer enrichment times do not affect this ratio. Using a 

shorter time of 1 h can achieve uniform enrichment but the total 

enrichment level may be reduced when compared with heating for 12 hrs. 

Care must be taken as heating for longer at such high enrichment 

temperatures (950 °C) may change the structure of the material and, in the 

case of a material exhibiting oxygen anion vacancies, such as the defect 

fluorite materials (Y2Zr2O7, Y2Hf2O7 etc.) described earlier, movement of 

those vacancies may occur at high temperatures. It is not yet determined if 

heating at 950 °C results in a change of average Y coordination number 

and further investigations are needed. 
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 When enriching a sample of Y2Sn2O7 at 600 °C, a O1:O2 ratio of 

1:20.4 is observed, which suggests that at this temperature the chemical 

bonds around O2 is much easier to break than for O1. The average bond 

dissociation enthalpy of an O-Y bond is 714 kJ mol−1, whereas the average 

O-Sn bond is much weaker at 528 kJ mol−1,70 which may increase the 

exchanged rate of O2 relative to O1. However, recent investigations, using 

a home-built gas enrichment system, have shown that heating the sample 

at 600 °C for 48 h does result in a ratio of O1:O2 that is much closer to the 

expected ratio of 1:6, after correction.71 It should be noted that the 

enrichment procedure (using a heating time of 12 h at 600 °C) and 

experimental acquisition NMR parameters used by Grey et al. may not 

result in the correct expected O1:O2 ratio that was reported by the authors 

as the intensity ratios were not corrected as described above.42  

 

 Further investigations into the cooling rate (i.e., removing the 

sample vial from the tube furnace and allowing it to ‘flash’ cool on the 

laboratory bench, denoted batch two) and pre-heating the sample under a 

vacuum at 950 °C for 12 h before the application of 17O gas (batch five) 

does not change the corrected observed ratio of O1:O2, as shown in Table 

6.9. This suggests that these parameters may not ultimately affect the 

observed ratio of O1:O2 and that back exchange will probably affect the 

absolute amount of exchanged 17O and not the relative amount.  

 

 In summary, care must be taken when choosing the enrichment 

procedure for a given material if uniform 17O-enrichment is to be achieved. 

Furthermore, acquiring 17O NMR spectra is more challenging than first 

thought owing to the need to take into consideration many experimental 

parameters, such as the recycle interval and pulse length in order to 

achieve truly quantitative NMR spectra. If it is not possible to use the ideal 
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acquisition parameters, then back calculation(s) can be performed to 

determine the relative ratios observed. This section of work only focussed 

on the enrichment of Y2Sn2O7 in detail and further investigations into the 

enrichment of other materials (e.g., Y2Ti2−xSnxO7) and end members (e.g., 

Y2Zr2O7 and Y2Hf2O7) are required.  

 

 
6.5.3  17O NMR spectroscopy of Y2Zr2−xSnx

17O7 

The potential non-uniform 17O enrichment of Y2Sn2O7 (at certain 

enrichment temperatures and times) means that results for other 

materials, such as Y2Zr2−xSnxO7, need to be treated with some caution and 

only qualitative comparisons between the different 17O NMR spectra can 

be made. Figure 6.30 shows 17O MAS NMR spectra of Y2Zr2−xSnx
17O7, 

enriched in ~3 mL of 60% 17O2 (g) at 950 °C for 24 h. The NMR spectra 

were acquired using a relatively short flip angle (π/11.5 = 0.5 µs using a 

radiofrequency field strength of 87 kHz) and a recycle interval of 10 s. 

Under these conditions the correction factor to adjust the ratio of O1:O2 

for the 17O MAS NMR spectrum of Y2Sn2
17O7 is 2.95, which results in a 

ratio of 1:6.2. It should be noted that this correction is only applicable to 

when x = 2.0. 

 

 One noticeable feature of the 17O MAS NMR spectra is the 

appearance of an additional peak (δ = ~252 ppm) upon the addition of Zr 

into Y2Sn2O7 (i.e., Y2Zr0.2Sn1.8
17O7). This peak grows in intensity and 

becomes much broader as the amount of Zr increases until x = 0.6 (i.e., 

until Y2Zr1.4Sn0.6
17O7), where the intensity of this peak then decreases again. 

The 17O MAS NMR spectrum of Y2Zr2
17O7 exhibits one very broad peak 

centred at δ = ~358 ppm. The broadening is expected, owing to the 
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presence of both anion and cation disorder in the defect fluorite material. 

To investigate whether the broadening arises solely from a range of 

different chemical shifts or whether there is any quadrupolar broadening, 

a two-dimensional 17O triple-quantum MAS NMR experiment was 

performed and is shown in Figure 6.31. It is clear that from the spectrum 

the broadening of this resonance is due to a distribution of chemical shifts 

and not from any contribution from quadrupolar broadening as the 

lineshape along a gradient of 17/31 rather than parallel to δ2. The 

distribution of 17O chemical shifts in this material reflects both the long- 

and short-range interactions (e.g., cation mixing and anion disorder). 

Figure 6.28: 17O (14.1 T, 20 kHz) MAS NMR spectra of Y2Zr2−xSnx
17O7. Samples were enriched by 

17O2 gas (60% 17O2) exchange by Dr F. Blanc (at the University of Cambridge) using the procedure 
outlined in Section 6.3.3. Spectra are the result of averaging between 720 and 5520 transients using 

a recycle interval of 10 s and a flip angle of π/11.5 ≈ 0.5 µs. The asterisks (*) denote the satellite 
transition spinning sidebands. 
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 It is not possible at this time to create an accurate representation of 

the crystal structure of the defect fluorite material in order to predict the 

expected 17O NMR parameters, as a very large unit cell, containing 

hundreds of atoms, would be required to capture the cation and anion 

disorder. This would be very computationally expensive. As a result, an 

alternative strategy was employed where a hypothetical ordered 

pyrochlore structure of Y2Zr2O7 was created through the replacement of all 

Sn with Zr. In this hypothetical structure there are two 

crystallographically-unique O sites and their calculated NMR parameters 

are given in Table 6.10. It should be noted that δiso
calc for O1 and O2 are 

very different from the observed δiso for Y2Sn2
17O7 as Zr is a less 

electronegative element than Sn. The position of the two predicted 17O 

chemical shifts fall (approximately) within the centre of gravity of the 

broad peak, which suggests that these environments, along with a number 

of others, could be present in the defect fluorite material, as described in 

more detail below. 

 

 

Figure 6.29: 17O (20.0 T, 20 kHz) (sheared) z-filtered MQMAS NMR spectrum of 17O-enriched 
Y2Zr2

17O7. The spectrum is the result of averaging 528 transients (using a recycle interval of 1 s) for 

each of the 74 t1 increments of 10 µs. The gradient, shown by the red line, is typical of a distribution 
of chemical shifts. 



 363 

Table 6.10: Calculated 17O NMR parameters and oxygen coordination environments for a 
hypothetical crystal structure of Y2Zr2O7 pyrochlore. 

Species Coordination δiso
calc (ppm) CQ

calc / MHz ηQ
calc

 

O1 OY4 369.9 0.00 0.00 

O2 OY2Zr2 344.4 1.75 0.96 

 Following substitution of Zr into Y2Sn2O7 (i.e., Y2Zr0.2Sn1.8
17O7) 

additional resonances appear in the 17O MAS NMR spectrum, as shown in 

Figure 6.32 (a). Figure 6.32 (b) shows the horizontal expansion of the 

region between 385 and 330 ppm, where a splitting of the main O1 peak 

from Y2Sn2
17O7 (δ = 383.9 ppm) can be observed (with a new resonance at δ 

= 383.1 ppm). This new peak appears to be relatively narrow, suggesting 

that it arises from an oxygen environment that is ordered and 

symmetrical, and also in a pyrochlore-like phase. Additionally, a small 

asymmetric tail to lower chemical shift is present suggesting a distribution 

of chemical shifts as a result of slightly different long- and short-range O 

environments, or, possibly, a third resonance that is not able to be fully 

resolved. Also shown in Figure 6.32 (b) is the vertical expansion of the 

region between ~380 and ~330 ppm, where two very low intensity 

broadened resonances can be observed. As mentioned above, a further 

peak is present at ~254 ppm, and appears to exhibit a (slightly broadened) 

quadrupolar lineshape with δiso = ~261 ppm, CQ = 3.1 MHz and ηQ = 0.4. 

CQ and ηQ for this resonance are both very similar to the parameters 

obtained for O2 in Y2Sn2O7. This new resonance could possibly arise from 

the pyrochlore phase.  

 

 The new peaks mentioned above do not appear in the 17O MAS 

NMR spectra of Y2Sn2
17O7 and Y2Zr2

17O7. It is likely they can be attributed 

to oxygen species in a pyrochlore phase that have Zr and Sn B-site cations 

in the nearest or in outer coordination spheres. To assign these additional 
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resonances and also to see the effect of substituting one or two Zr atoms 

onto the B site, first-principles DFT calculations were again used. Two 

calculations were initially performed, with one or two Sn B-site cations 

directly bonded to O2 were substituted for Zr. Substituting one (termed 1 

Zr model) or two (termed 2 Zr model) Zr atoms into the crystal structure 

of Y2Sn2O7 creates O48fY2Sn2, O48fY2SnZr and O48fY2Zr2, along with OY4 

chemical environments. Each model was optimised to an energy 

minimum before calculation of the NMR parameters. In general, the 

substitution of Sn for one or two Zr cations into the crystal structure of 

Y2Sn2O7 results in a very small increase in the total unit cell volume of 

~1.1%, and this is probably due to the overestimation in the lattice 

parameters in the calculation, as discussed in detail in Chapter Four, 

rather than the presence of a Zr atom in the crystal structure, which has a 

smaller atomic radius than Sn. For most of the types of oxygen sites in the 

unaltered crystal structure of Y2Sn2O7 and in the 1 Zr and 2 Zr models, the 

NMR parameters vary only slightly. Table 6.11 gives calculated (averaged) 
17O NMR parameters for each of the types of oxygen environments in the 

three structural models.  

 

 

Figure 6.30: (a) 17O (14.1 T, 20 kHz) MAS NMR spectrum of Y2Zr0.2Sn1.8
17O7. (b) Horizontal 

expansion of the spectrum in (a) is shown and shows the peak splitting and asymmetric tail to 
lower chemical shift. Also in (b), is the vertical expansion of the baseline between 380 and 330 ppm. 
The spectrum is the result of averaging 1024 transients using a recycle interval of 10 s.  
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Table 6.11: Average calculated 17O isotropic chemical shifts (⟨δiso〉calc), quadrupolar coupling 

constants (⟨CQ〉calc), quadrupolar asymmetry (⟨ηQ〉calc) and oxygen coordination environments for 
Y2Sn2O7, and Y2Sn2O7 with one or two Zr cations substituted onto a B site. 

 Coordination  ⟨δiso〉calc (ppm) ⟨CQ〉calc / MHz ⟨ηQ〉calc 
Y2Sn2O7: unaltered crystal structure 

O1 OY4 384.0 0.0 0.0 

O2 OY2Zr2 168.3 3.5 0.4 

     

1 Zr model: substituting one Sn B-site cation for one Zr atom 

O1 OY4 385.1 0.0 0.0 

O2 OY2SnZr 253.8 3.2 0.1 

O2 OY2Sn2 170.9 3.5 0.4 

     

2 Zr model: substituting two Sn B-site cations for two Zr atoms 

O1 OY4 384.4 0.0 0.0 

O2 OY2Zr2 336.7 1.7 0.7 

O2 OY2SnZr 252.6 3.2 0.1 

O2 OY2Sn2 171.7 3.6 0.3 

 The presence of Zr cations in the structure of the pyrochlore 

material has several effects on the calculated 17O NMR parameters. The 

largest changes in δiso
calc are observed for the species that are directly 

bonded to Zr in the first coordination sphere. Furthermore, the O species 

with Zr in the third coordination sphere exhibit a smaller, but noticeable 

change in δiso
calc. Figure 6.33 (a) shows the 17O MAS NMR spectrum of 

Y2Sn2
17O7 and the inset shows a horizontal expansion of the O1 resonance, 

where the data points corresponding to δiso
calc for the 1 and 2 Zr models are 

overlaid in the inset spectrum. It is now possible to assign the 17O 

resonance at ~261 ppm to an OY2SnZr environment (i.e., a modified O2 

site). δiso
calc of an OY2Zr2 environment in a pyrochlore phase suggests that 

it should appear further downfield at ~337 ppm. However, it is clear from 
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the experimental 17O MAS NMR spectrum, shown in Figure 6.33 (a), that 

there is very little signal in this region. This suggests that this oxygen 

chemical environment may not be present in Y2Zr0.2Sn1.8
17O7, possibly due 

to a low concentration of Zr. When considering a model with random 

substitution model of Zr on to the B-sites, the probability of finding 0, 1 

and 2 Zr atoms in the closest neighbouring environment in Y2Zr0.2Sn1.8O7 

are 57.3%, 34.2% and 7.7%, respectively, in the pyrochlore phase, as the 

maximum substitution of Zr in this phase was determined by 89Y NMR to 

be 13%.37,57 Therefore, the probability of finding 2 Zr coordinated to O1 

may well be below the detection limits of 17O MAS NMR for this sample. It 

is also unclear whether or not OY2Zr2 environments are present in more 

concentrated samples of Zr, such as Y2ZrSn17O7 as shown in Figure 6.33 

(b), owing to the appearance of a broad resonance in the spectrum 

resulting presumably from the defect fluorite phase. 

Figure 6.31: 17O (14.1 T, 20 kHz) MAS NMR spectra of (a) Y2Sn2
17O7 and (b) Y2ZrSn17O7. Overlaid in 

(a) are the data points corresponding to the 1 (OY4 - 1 Zr) and 2 (OY4 - 2 Zr) Zr models, with a 
description of the two models given in the main text. Also overlaid in each spectrum is the 
distribution of calculated isotropic chemical shifts (presented as range bars) with respect to the 
type of oxygen species in a series of hypothetical structures with different amounts of Zr 
substituted onto the B sites as described in the text.37,58 
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 As discussed above, the experimental 17O MAS NMR spectrum of 

Y2Zr0.2Sn1.8
17O7 shows a splitting of the O1 peak and a slight asymmetric 

tail to lower chemical shift (Figure 6.32 (b)). It is not yet possible from the 

1 Zr and 2 Zr models to understand this spectrum owing to the relatively 

small number of 17O chemical shifts calculated. The calculations 

performed recently by Ashbrook et al.,37,57 where the number and 

configuration of Sn and Zr on the NNN B-site cations were systematically 

varied using the pyrochlore and hypothetical pyrochlore structures of 

Y2Sn2O7 and Y2Zr2O7, were used and the calculated 17O NMR parameters 

extracted. These models have varying amounts of substituted Zr cations 

on the six B sites. A wider range of potential oxygen environments, 

exhibiting both long- and short-range interactions with Zr are obtained. 

Figure 6.33 also shows the ranges of the predicted 17O chemical shifts for 

these models. Using these, the assignment for the oxygen environments in 

Y2Zr0.2Sn1.8
17O7 can be confirmed. On closer inspection of δiso

calc for O1, it is 

possible to assign the additional peak at ~383.1 ppm to an OY4 

arrangement that has a Zr B-site cation in the third coordination sphere, 

and the asymmetric tail to lower chemical shift is probably also the result 

of a distribution of such long range interactions with Zr. Ashbrook et al.37 

observed the presence of two broad resonances in the 89Y MAS NMR 

spectrum of Y2Zr0.2Sn1.8O7, which were attributed to a defect fluorite-like 

phase contributing a total amount of ~34% of the spectral intensity. 

However, the appearance of a distinctive defect fluorite-like phase in the 
17O-enriched composition Y2Zr0.2Sn1.8

17O7 is less easy to observe, possibly as 

a result of non-uniform enrichment of the pyrochlore and defect fluorite 

phases. It should be noted that the total 17O enrichment level of the defect 

fluorite phase has not been investigated, owing to the exceptionally 

challenging nature of such acquiring natural abundance 17O NMR spectra 

of a disordered material, and future work will also need to determine the 

optimal enrichment conditions. However, Sn rich defect fluorite phases 
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may well produce resonances that overall with those at lower chemical 

shift. 

 

 The 17O chemical shift position for each component in the NMR 

spectrum was obtain either from the fitting of the 17O MAS NMR spectra 

shown in Figure 6.30, where distinguishable quadrupolar lineshapes were 

present, or by locating the centre of gravity of the spectral line. Figure 6.34 

shows a plot of the extracted chemical shifts against the nominal 

composition of Y2Zr2−xSnx
17O7, with the values and tentative assignment to 

which it is attributed to given in Table 6.12. It should be noted that 

information regarding the position of the line and not the intensity of the 

line can be extracted from each of the 17O MAS NMR spectra owing to the 

uncertainty in the uniformity of the 17O enrichment and problems with 

nutation behaviour. From Figure 6.34 it is clear that there is little change in 

the 17O chemical shift for each of the components with increasing Zr 

content of the sample.34,57 The peak corresponding to the OY4 

environment, shown in Figure 6.34 by green squares, has been tentatively 

assigned to a pyrochlore phase, owing to its relative sharpness and its 

continued presence from x = 2.0 until x = 0.6 (i.e., from Y2Sn2
17O7 until 

Y2Zr1.4Sn0.6
17O7). There is some ambiguity in the fitting for the 17O MAS 

NMR spectrum in this latter case. The presence of this sharp peak in the 
17O MAS NMR spectra is consistent with results published previously, 

where 89Y peaks corresponding to the pyrochlore phase were present until 

x = 0.8, then a single defect fluorite phase is present until x = 0.0.37  

 

 Considering the results and analysis from Ashbrook et al. and the 

PhD thesis work of Martin R. Mitchell,37,57 Sn and Zr cations appear to be 

present in both pyrochlore and defect fluorite phases from the initial 

substitution of Zr into the material (i.e., x = 0.2) until Y2Zr1.2Sn0.8O7, after  
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Table 6.12: 17O δ, coordination environment and assignment of the resonances observed in 17O MAS 
NMR spectra of Y2Zr2−xSnx

17O7, shown in Figure 6.30. The pyrochlore and defect fluorite phases are 
denoted as pyr and df, respectively. (Errors are estimated to be ± 0.5 ppm and ± 3%). X = Y or Zr in 
any possible composition, and CN denote coordination sphere. 

Compound δ (ppm) Phase 1st CN sphere 

Y2Sn2
17O7 384.0 pyr OY4 

 172.9 pyr OY2Sn2 

    

Y2Zr0.2Sn1.8
17O7 383.9 pyr OY4 

 383.1 pyr OY4 

 367.0 pyr/df OX4 

 343.0 df OX4 

 260.8 pyr/df OY2SnZr 

 173.7 pyr/df OY2Sn2 

    

Y2Zr0.4Sn1.6
17O7 382.6 pyr OY4 

 366.5 pyr/df OX4 

 344.0 df OX4 

 252.5 pyr/df OY2SnZr 

 173.9 pyr/df OY2Sn2 

    

Y2Zr0.6Sn1.4
17O7 382.4 pyr OY4 

 365.6 pyr/df OX4 

 347.8 df OX4 

 251.6 pyr/df OY2SnZr 

 172.9 pyr/df OY2Sn2 

which only a defect fluorite phase is seen. It is, therefore, difficult to 

determine exactly which phase the resonances attributed to OY2SnZr and 

OY2Sn2 environments result from, as signals from the two will probably 
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Table 6.12: Continued... 

Compound δ (ppm) Phase 1St CN sphere 

Y2Zr0.8Sn1.2
17O7 382.1 pyr OY4 

 365.9 pyr/df OX4 

 351-343 df OX4 

 250.8 pyr/df OY2SnZr 

 174.4 pyr/df OY2Sn2 

    

Y2ZrSn17O7 382.4 pyr OY4 

 365.8 pyr/df OX4 

 351-343 df OX4 

 251.6 pyr/df OY2SnZr 

 175.7 pyr/df OY2Sn2 

    

Y2Zr1.2Sn0.8
17O7 382.0 pyr OY4 

 366.8 pyr/df OX4 

 351-343 df OX4 

 249.4 pyr/df OY2SnZr 

 175.7 pyr/df OY2Sn2 

    

Y2Zr1.4Sn0.6
17O7 385.8 pyr OY4 

 360.9 df OX4 

 246.7 df OY2SnZr 

overlap. It may be possible that 17O MQMAS experiments may help to 

resolve these resonances providing the two O species have different CQ. 

From the previous observations (and the results contained within this 

chapter) little to no Sn antisite cation disorder has been observed in the 
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Table 6.12: Continued... 

Compound δ (ppm) Phase 1St CN sphere 

Y2Zr1.6Sn0.4
17O7 361.3 df OX4 

 250.0 df OY2SnZr 

    

Y2Zr1.8Sn0.2
17O7 360.0 df OX4 

 250.0 df OY2SnZr 

    

Y2Zr2
17O7 360.0 df OX4 

pyrochlore phase, with only six-coordinate Sn appearing in the 119Sn MAS 

NMR spectra. As a result, the 17O peaks at higher chemical shift (between 

~300 and ~450 ppm) must be OX4 chemical environments in a pyrochlore-

like phase, where X can either be Y or Zr. The spectral broadening 

observed with increasing Zr content in the signals attributed to OY2SnZr 

(between ~200 and ~300 ppm) and OY2Sn2 (between ~100 and ~200 ppm) 

arises from the presence of two phases, and from the long-range disorder 

in the defect fluorite phase. It was also observed in this work and in the 

literature37 that little Y antisite cation disorder is able to be detected in the 

pyrochlore phase with only narrower 89Y resonances in the typical region 

for eight-coordinate Y atoms. Therefore, the narrower resonances must 

both correspond to OY4 but with different amounts of Zr in the third 

coordination sphere (and beyond) in the pyrochlore phase. 

 

 Traditionally, in NMR spectroscopy, the presence of a more 

electronegative element in a neighbouring site often results an NMR 

resonance appearing at a higher chemical shift in the spectrum owing to 

the nucleus under investigation then being deshielded.30 However, with 

the addition of Zr into Y2Sn2O7 (e.g., in the composition Y2Zr0.2Sn1.8
17O7) a 

different result is observed. As Zr is a less electronegative atom (χ = 1.33) 
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than Sn (χ = 1.96), the average electronegativity of the first coordination 

sphere surrounding the oxygen atom is reduced from χ = 1.59 (for 

OY2Sn2) to χ = 1.28 (for OY2Zr2), (as χ = 1.22 for Y). The average 17O δiso
calc 

for these two environments increases from ~173 ppm (for OY2Sn2) to ~335 

ppm (for OY2Zr2), the reverse of what might perhaps be expected. This 

observation may be explained by considering the ionicity (I%) of the 

metal-oxygen (M-O) bond,  

  
I %( )  =  

χO  −  χM

χO

⎛

⎝⎜
⎞

⎠⎟
 ×  100  ,

  (6.5) 

where χO and ⟨χM〉 are the electronegativity of oxygen and the average 

electronegativity of the first coordination sphere of oxygen, respectively.63  

 

 Figure 6.35 shows a plot of δiso
calc for the different O environments 

against the I(%) of the M-O bond. The two are linearly related, with 

  δ iso
calc  =  19.2 I %( )  −  864.7  ,

 (6.6) 

Figure 6.32: Plot of the variation of the 17O chemical shift of the resonances observed in Figure 6.30 
(denoted as pyr and df for the pyrochlore and defect fluorite phases, respectively) of Y2Zr2−xSnx

17O7 
with nominal composition. For the pyrochlore phase, the local oxygen environments are also 
shown. 
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Note that δiso
calc values used in Figure 6.35 result from using ordered 

pyrochlore (Y2Sn2O7 and Y2Zr2O7) structures. In principle, this equation 

can be used to predict other oxygen environments that could be present in 

defect fluorite structures and the data points for these are shown in red in 

Figure 6.35. The relationship between the ionicity of the M-O bond and the 

chemical shift can be understood by considering that electrons are 

distributed between atoms to a greater extent in more covalent bonds, 

leading to less shielding of the 17O nuclei and an upfield shift in 

comparison to interactions with more ionic character.  

 

 
6.5.3.1 Statistical analysis of the Y2Zr2−xSnxO7 defect 
fluorite phase 

A statistical analysis to obtain insight into the possible distribution of the 

various oxygen chemical environments for Y2Zr2−xSnxO7 in the defect 

fluorite phase can be made. For a general four-coordinate oxygen 

environment that has the following formula OAaBbCc, where A, B, and C 

are the three types of cations (Y3+, Sn4+ and Zr4+) and a + b + c = 4, the 

probability (p) of finding those environments can be calculated by 

(assuming a random distribution of cations), 

Figure 6.33: A plot of the relationship between 17O δiso
calc and the ionicity (%) of the M-O bond. The 

line of best fit (solid line) is calculated for the blue data points and the points in red represent the 
extrapolated values (dotted line) of the chemical shift for various coordination environments. 
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p aY, bSn, cZr( )  =  Ω aY, bSn, cZr( )  p Y( )a  p Sn( )b  p Zr( )c   ,

 (6.7) 

where a, b and c represent the number of Y, Sn and Zr surrounding an 

oxygen atom, respectively, and 

  
Ω aY, bSn, cZr( )  =  4!

a! b! c!
  ,

 (6.8) 

Table 6.13 gives the possible permutations and the proportion (as a 

percentage) of each environment with respect to the actual composition of 

the defect fluorite phase determined from 89Y NMR,37 assuming a random 

cation distribution. This is also shown graphically in Figure 6.36.  

 

 From Figure 6.36, proportionally there appears to be a small 

number of oxygen environments that have just Zr and Sn (e.g., OZr3Sn) in 

the first-coordination sphere owing to the presence of 50% Y in all 

compositions. As a result, the resonances corresponding to OSn4, OZrSn3, 

OYSn3 and OZr2Sn are unlikely to be observed. This supports the idea 

that these environments are not present in the 17O MAS NMR spectra of 

Y2Zr2−xSnxO7. Oxygen environments with a combination of Y, Sn and Zr 

(e.g., OY2SnZr) are more likely to be found in the middle of the series, 

whereas the probability of finding oxygen environments with either just Y 

and Zr, or Y and Sn is greater near to the two end members. This model 

predicts that for the defect fluorite end member (Y2Zr2O7) only certain 

oxygen environments might potentially be found (e.g., OY3Zr, OY2Zr2 

and OYZr3), whereas environments such as OY4 and OZr4 are less likely 

(assuming a random cation distribution). Using the knowledge of the 

predicted proportion of each oxygen environment in Y2Zr2O7 along with 

the predicted 17O δiso from Figure 6.35, it is possible to overlay these points 
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Table 6.13: Statistical distribution (%) of oxygen coordination environments in the defect fluorite phase present in Y2Zr2−xSnx
17O7, assuming random cation mixing, where 

x is the actual composition derived from Figure 6.11 (b). The prefix O has been removed for brevity. 

x Y4 Y3Sn Y3Zr Y2Sn2 Y2SnZr Y2Zr2 YSn3 YZr3 YSn2Zr YSnZr2 Zr3Sn Zr2Sn2 ZrSn3 Sn4 Zr4 

1.64 6.25 20.48 4.52 25.18 11.10 1.22 13.75 9.10 2.01 0.15 2.82 2.48 0.82 0.12 0.01 

1.39 6.25 17.42 7.58 18.21 15.84 3.45 8.46 11.04 4.80 0.70 1.47 2.56 1.67 0.49 0.05 

1.22 6.25 15.29 9.71 14.03 17.81 5.65 5.72 10.90 6.92 1.46 0.87 2.22 2.12 0.90 0.14 

1.11 6.25 13.93 11.07 11.63 18.51 7.36 4.32 10.31 8.20 2.17 0.60 1.91 2.28 1.21 0.24 

0.95 6.25 11.84 13.16 8.41 18.70 10.39 2.65 8.85 9.84 3.65 0.31 1.40 2.33 1.73 0.48 

0.74 6.25 9.24 15.76 5.13 17.48 14.90 1.26 6.46 11.02 6.26 0.12 0.80 2.04 2.31 0.99 

0.60 6.25 7.50 17.50 3.38 15.75 18.38 0.68 4.73 11.03 8.58 0.05 0.47 1.65 2.57 1.50 

0.40 6.25 5.00 20.00 1.50 12.00 24.00 0.20 2.40 9.60 12.80 0.01 0.16 0.96 2.56 2.56 

0.20 6.25 2.50 22.50 0.38 6.75 30.38 0.03 0.68 6.08 18.23 0.00 0.02 0.30 1.82 4.10 

0.00 6.25 0.00 25.00 0.00 0.00 37.50 0.00 25.00 0.00 0.00 0.00 0.00 0.00 0.00 6.25 
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onto the 17O MAS NMR spectrum of Y2Zr2
17O7, as shown in Figure 6.37. 

There is a good agreement between the predicted proportions of the five 

oxygen environments and the experimental spectrum. The position of the 

data points appears slightly shifted, possibly due to a referencing problem 

or, perhaps more likely, due to the use of an ordered (Y2(Sn,Zr)2O7 

pyrochlore model in the calculations. However, overall shape of the 

predicted spectrum does agree very well with the experimental lineshape. 

 

Figure 6.35: Contour plot of the probability (%) of finding an oxygen environment in the defect 
fluorite phase in Y2Zr2−xSnxO7, assuming a random distribution, where x is the actual composition 
derived from Figure 6.11 (b). 

450 400 350 300 250
17O į (ppm)

OY4

OY3Zr

OY2Zr2

OYZr3

OZr4

Figure 6.35: 17O (14.1 T, 20 kHz) MAS NMR spectrum of Y2Zr2
17O7, where the statistical distribution 

of OY4, OY3Zr, OY2Zr2, OYZr3 and OZr4 sites in Y2Zr2O7 (from the calculated results shown in 
Table 6.13) are shown. 
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6.5.4  Conclusion 

17O MAS NMR experiments have been acquired for Y2Zr2−xSnx
17O7 

materials. Investigations into the various considerations for acquiring 

quantitative 17O MAS NMR spectra concluded that the sample of Y2Sn2
17O7 

(enriched at 950 °C for 12 h) was found to be uniformly 17O enriched, with 

an O1:O2 ratio of 1:~6.2. However, it is not yet clear at present if there is 

uniform enrichment of the defect fluorite phase and further investigations 

will need to be conducted to understand the 17O enrichment conditions 

required, and implications for the solid solution. 

 

 Despite the possible non-uniformity of the 17O enrichment of the 

two phases in Y2Zr2−xSnxO7, relative comparisons between the 17O MAS 

NMR spectra of each of the samples in the series have been made. The 17O 

MAS NMR spectra of the two end members (i.e., Y2Sn2
17O7 and Y2Zr2

17O7) 

are very different, with the latter exhibiting a broadened single resonance, 

which was attributed to a distribution of chemical shifts corresponding to 

different local oxygen environments (i.e., OX4). For samples with a small 

amount of Zr (e.g., Y2Zr0.2Sn1.8
17O7), additional resonances were found in 

the 17O MAS NMR spectrum, and first-principles DFT calculations in a 

series of model structures were used in order to assign these resonances 

and determine the chemical environments present. A simple statistical 

model of the potential oxygen environments in a defect fluorite phase 

found that certain environments were more likely to be observed in the 
17O MAS NMR spectrum assuming the cation distribution was random. 

However, it would be advantageous to perform NMR calculations on a 

model defect fluorite in order to fully understand the range of oxygen 

environments in this phase.  
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6.6  Chapter conclusions 

89Y and 119Sn solid-state NMR spectroscopy have been used to investigate 

Y2Hf2−xSnxO7, where a phase transformation from the pyrochlore to defect 

fluorite is predicted as x varies. Analysis of the NMR spectra has shown 

that there is a significant two-phase region, where both the pyrochlore and 

defect fluorite phases are present (from x = 1.8 to x = 0.4). A single 

pyrochlore phase occurs when x = 2.0 and a single defect fluorite phase is 

present for x = 0.2 and x = 0.0. The proportion and composition of the two 

phases was determined using the integrated signal intensities attributed to 

the two phases. It was shown that a maximum of ~12% Hf was 

incorporated into the pyrochlore phase, with the remainder found in a 

defect fluorite-like phase. This is in close agreement with previous results 

on a related series (Y2(Zr,Sn)2O7), where a maximum of ~13% Zr could be 

incorporated into a pyrochlore-like phase. Analysis of the average 

coordination numbers of the cations in the Y2(Hf,Sn)2O7 defect fluorite 

phase found that Hf appears to prefers a higher average coordination 

number with increasing Sn content. Conversely, in previous work, it was 

shown that Zr in the Y2(Zr,Sn)O7 defect fluorite prefers a lower average 

coordination number with increasing Sn content, despite the similar size 

of the two cations. 

 

 17O solid-state MAS NMR spectroscopy was performed on 17O-

enriched Y2Zr2−xSnx
17O7 materials in order to investigate the cation and 

anion disorder. However, care must be taken in interpreting the results 

from 17O NMR owing to the potential for non-uniform 17O enrichment of 

the two oxygen sites in the pyrochlore phase and the unknown uniformity 

of enrichment in the defect fluorite phase. After an initial evaluation of the 
17O MAS NMR spectrum of Y2Sn2

17O2 it would appear that integrating the 

two resonances resulted in a ratio 1:~2.1 for O1:O2, and not the 1:6 ratio 
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expected from the crystal structure. However, more detailed analysis 

showed the need to scale the intensity of the O1 peak, owing to the 

contribution of the satellite transition spinning sidebands. Furthermore, 

when taking into account the differences in the longitudinal relaxation, the 

final corrected ratio of 1:~6 for O1:O2 was found, confirming that the 

sample was in fact uniformly enriched, under these conditions. 

 

 Preliminary investigations into the gas exchange enrichment 

procedure found that an enrichment temperature of 950 °C resulted in 

uniform enrichment of Y2Sn2O7, whereas an enrichment temperature of 

600 °C did not and preferential enrichment of O2 was found. However, 

more recent investigations (not shown here) have found that enriching at 

600 °C for a long period of time can result in uniform enrichment of both 

O1 and O2. Furthermore, enriching for longer and at a lower temperature 

will not only enable uniform enrichment to occur, but may also result in 

higher 17O enrichment levels to be obtained. This results in increasing the 

sensitivity of any 17O NMR experiment and reducing experiment time. 

Further investigations into the 17O-enrichment of the defect fluorite phase 

need to be considered in order to understand the conditions needed to 

produce a uniformly enriched sample. 

 

 First-principles DFT calculations on a series of model pyrochlore 

and hypothetical pyrochlore structures with varying degrees of 

substitution of Hf or Zr cations onto the B sites enabled the assignment of 

many 17O, 89Y and 119Sn NMR spectra. Using the knowledge gained from 

this and previous work, further investigation is needed in order to try and 

create a fully disordered defect fluorite crystal structure to allow the 

calculation of the range of cation and anion chemical environments in 

these materials. 
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Chapter Seven 
Conclusions and Future Work 

 
7.1  Conclusions and future work 

This thesis has focussed on the application of multinuclear solid-state 

NMR spectroscopy and first-principles DFT calculations to investigate and 

characterise a range of microporous and dense-phase inorganic materials 

and to provide insight into their structures. The first set of materials 

investigated were AlPO frameworks, in both as-prepared and calcined 

forms. In particular, the importance of using SEDC schemes in the 

optimisation of the structural geometry using DFT calculations was 

evaluated. Optimisation of both as-prepared and calcined AlPOs using 

‘standard’ DFT results in an increase in the total cell volume (from that 

determined by diffraction measurements) in all cases. However, when 

using SEDC schemes (e.g., G06 or TS) in the optimisation, the total unit cell 

volume for the optimised structures of as-prepared AlPOs decreases, but 

is in better agreement with diffraction-based measurements, but an 

increase in cell volume is still observed for calcined AlPOs. This perhaps 

suggests dispersion forces are less important for directing the structure of 

these materials, but may also reflect the NTE behaviour that has been 

observed in a number of these systems.  

 

 For both calcined and as-prepared AlPOs, the best agreement 

between calculated and experimental NMR parameters was achieved 

when all atomic coordinates were allowed to vary in the optimisation 

procedure. The agreement was similar for many optimisation strategies 

(e.g., those with and without SEDC schemes, or those where unit cell size 
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and shape were fixed or varied), and this was shown to result from the 

very similar local structure (i.e., bond distances and angles in the 

aluminate and phosphate tetrahedra) in these structures.1 The 31P 

anisotropic shielding parameters (Ω and κ) have been measured accurately 

for a range of as-prepared and calcined AlPOs using the CSA-amplified 

PASS experiment.2 Attempts to correlate Ω with a single geometrical 

parameter, such as (average) bond distances and angles, were largely 

unsuccessful, in contrast to previous studies investigating the dependence 

of the 31P isotopic chemical shift.3 It is possible that by considering a 

combination of parameters using multivariable linear regression, an 

improved correlation could be determined, and future work will aim to 

utilise this type of analysis to try and exploit the information that the 

shielding anisotropy can provide.  

 

 In a subsequent study, a range of single- and dual-linker ZIFs4,5 

were investigated. Assignment of 13C and 15N MAS NMR spectra, and 

measurement of both isotropic and anisotropic shielding enabled the 

number and type of linkers present to be determined, and provided 

detailed information on more subtle changes in the local linker 

environment. In most cases, measurement of the full 13C shielding tensor 

enables the presence of a particular linker within the ZIF to be determined 

unambiguously, but relatively little information on topology can be 

obtained (i.e., the shielding is determined primarily by the chemical 

environment, rather than any spatial relationship to other parts of the 

framework). For 15N, however, some indication that differences in Ω can 

begin to provide information on topology was observed, although many 

more measurements (on a wider range of ZIF topologies) are required to 

determine the use of this approach as a predictive tool. NMR spectra of a 

new dual-linker ZIF (STA-17)4 were obtained and used to provide 

information on the linkers present, their ratio within the structure and the 
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number of crystallographically-distinct linkers present. Although the exact 

structure of this ZIF has not been determined, NMR was able to add 

significantly to the information known and restrict the possible models 

(and topologies) that should be considered in future investigation.  

 

 Experimental 67Zn measurements could only be made for a small 

number of ZIFs, owing to the difficulties associated with spectral 

acquisition for species with low sensitivity, potentially large quadrupolar 

moment and fast T2 relaxation. In many cases, it is not clear what 

experimental approach (i.e., wideline CPMG measurements, or fast MAS 

at higher magnetic field) should be employed and, in principle, DFT 

calculations to predict the NMR parameters expected are required. First-

principles calculations using the CASTEP code for a range of simple 

organic and inorganic Zn-containing materials showed that the 67Zn 

calculated NMR parameters (in particular CQ), do not agree well with 

experimental observations, and it appears that further improvement (most 

likely by code developers) to the computational approach is required 

before progress can be made. However, cluster calculations (considering 

only the local Zn environment in the ZIF) using the Gaussian code, 

provided surprisingly good agreement with experiment for the ZIFs 

where these measurements could be made, and enabled predicted NMR 

parameters for all systems to be obtained. This will inform on the optimal 

experimental approach for further study. Further work utilising signal 

enhancement techniques, such as HS pulses, may also help to overcome 

some of the sensitivity issues associated with the acquisition of natural 

abundance 67Zn NMR spectra. Good linear correlations between the ⟨Zn-

N〉 bond distance and σiso
calc, and also between the distortion index and 

CQ
calc, were found, with larger values of CQ

calc (< 8 MHz) observed for 

clusters in dual-linker ZIFs. This observation may also provide a simple 
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approach for predicting NMR parameters for future experimental 

investigation.  

 

 The final set of materials investigated were pyrochlore-based 

ceramic materials (specifically Y2Hf2–xSnxO7), which have possible 

application in the encapsulation of radioactive waste. In this series a phase 

transformation from the ordered pyrochlore to the disordered defect 

fluorite phase is predicted, with an increase in Hf content. 89Y and 119Sn 

MAS NMR spectra reveal that a solid solution is not formed, but there is a 

significant two-phase region present (between x = 1.8 and 0.4), where both 

phases are observed simultaneously. In addition, the compositions of the 

two phases are considerably different, with Sn-rich pyrochlores and Hf-

rich defect fluorites found. Analysis of the 89Y spectral intensities suggests 

that a maximum of ~12% Hf can be incorporated into the pyrochlore. The 

observations are in broad agreement with previous work on Y2Zr2–xSnxO7,6 

although a wider two-phase region is observed. The average cation 

coordination numbers in the Y2(Hf,Sn)2O7 defect fluorite phase show that 

vacancies are preferentially associated with Sn (which is always found in a 

six-coordinate environment), and that the Hf coordination number 

increases with increasing Sn content. DFT calculations on a series of model 

pyrochlore structures (that vary the number and position of B-site Hf 

cations) helped to understand and assign the 89Y and 119Sn NMR spectra, 

and confirmed the random arrangement of Hf and Sn on the pyrochlore B 

sites. To understand the cation distribution in the defect fluorite phase, 

further calculations for models where both cation and oxygen/vacancy 

disorder need to be considered. Although computationally challenging, 

this should aid in the understanding of the structure and disorder (and 

ultimately therefore the physical properties) of these systems.  
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 The use of 17O NMR to provide insight into the local structure and 

disorder in pyrochlore-based materials was also investigated. If such 

spectra are to provide quantitative information on the nature and 

composition a primary concern is the whether quantitative (and efficient) 

enrichment of each oxygen site (and of each phase) can be achieved. It was 

shown that enrichment of the end member Y2Sn2O7 (using post-synthetic 

exchange with 17O2 gas) was not quantitative for all of the experimental 

conditions considered, with differing relative intensities of O1 and O2 

signals obtained as the enrichment temperature was varied. The absolute 

enrichment level increased at high temperature (and longer time) and 

most quantitative enrichment also appeared to be obtained under these 

conditions (once the differences in T1 relaxation, CQ values, nutation rates 

and the contribution of ST to the centreband signal were taken into 

account). Further work is required to understand whether the behaviour 

seen for this system is similar for all pyrochlore materials and, perhaps 

more importantly, for different (i.e., defect fluorite) systems, and whether 
17O NMR spectroscopy can be more generally used for quantitative studies 

of these systems in the future.  
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