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Abstract 

 

In this work, multinuclear solid-state nuclear magnetic resonance (NMR) 

spectroscopy is used to investigate a range of inorganic materials, often in 

combination with DFT (density functional theory) studies. Solid-state NMR is 

particularly suited to the study of aluminophosphates (AlPOs), as the basic 

components of their frameworks have NMR active isotopes (
27

Al, 
31

P, 
17

O), as do 

many of the atoms that comprise the structure directing agent (
13

C, 
1
H, 

15
N), and 

the charge-balancing anions (OH
−
, F

−
). A study of the AlPO STA-15 (St Andrews 

microporous solid-15) provides an introduction to using solid-state NMR 

spectroscopy to investigate AlPOs. More in-depth studies of AlPO STA-2 (St 

Andrews microporous solid-2) and MgAPO STA-2 (magnesium-substituted 

AlPO) examine charge-balancing mechanisms in AlPO-based materials.  

A range of scandium carboxylate metal-organic frameworks (MOFs), with 

rigid and flexible frameworks, have been characterised by multinuclear solid-state 

NMR spectroscopy (
45

Sc, 
13

C and 
1
H). The materials studied contain a variety of 

metal units and organic linkers. 
13

C and 
1
H magic-angle spinning (MAS) NMR 

were used to study the organic linker molecules and 
45

Sc MAS NMR was used to 

study the scandium environment in the MOFs Sc2BDC3 (BDC = 1,4-

benzenedicarboxylate), MIL-53(Sc), MIL-88(Sc), MIL-100(Sc) and Sc-ABTC 

(ABTC = 3,3`,5,5`-azobenzenetetracarboxylate). Functionalised derivatives of 

Sc2BDC3 and MIL-53(Sc) were also studied. The 
45

Sc MAS NMR spectra are 

found to be strongly dependant on the Sc
3+

 coordination environment. 

27
Al and 

25
Mg MAS NMR have been used to study Ti-bearing hibonite 

samples (of general formula Ca(Al, Ti, Mg)12O19), and results compared to a 

recent complementary neutron powder diffraction study, in order to investigate the 

substitution sites for Ti
3+/4+

 and Mg
2+

. A DFT investigation was also carried out 

on the aluminium end member, CaAl12O19, due to debate in the literature on the 

27
Al NMR parameters for the trigonal-bipyramidal site. The substitution of Mg 

onto the tetrahedral site (M3) and Ti primarily onto one of the octahedral sites 

(M4) is supported. 
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Chapter 1 

Introduction 

1.1 NMR of Inorganic Solids 

1.1.1 Introduction 

 

In solution-state nuclear magnetic resonance (NMR) spectroscopy 

automated instruments are widely used to for the routine acquisition of 
1
H and 

13
C 

spectra of organic molecules, even those as large as proteins (10 to > 100 kDa). 

Due to the anisotropic nature of interactions that provide information, in the solid 

state spectra result that are broadened, often over many 10s or 100s of kHz. For 

inorganic solids there is a range of nuclei that can be studied, many with their own 

challenging characteristics ranging from those with low   is the gyromagnetic 

ratio, and therefore low sensitivity, and low natural abundance, to those with 

large quadrupolar couplings and long relaxation times. There is also less 

information on NMR parameters for many inorganic materials available in the 

literature, particularly for some less commonly studied nuclei, but it is a growing 

area of research.
1,2,3 

However, solid-state NMR is useful for examining a range of 

chemical and physical properties of a material, including the range of coordination 

environments present, substitution sites and hydration. Solid-state NMR spectra 

can be difficult to interpret and there has been an increased interest in the use of 

density functional theory (DFT) calculations to aid assignment and 

interpretation.
4,5

 

The combination of high-resolution multinuclear experimental solid-state 

NMR spectroscopy with high-level first-principles calculations is a powerful tool 

to investigate local structure and disorder in a range of inorganic solids. The 

versatility of this approach is demonstrated through the investigation of three 

classes of inorganic materials, aluminophosphate-based materials, metal-organic 

frameworks and synthetic hibonite materials.  
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1.1.2 Inorganic Materials  

 

Microporous framework materials have widespread applications, such as 

catalysis, gas storage, purification and separation, and drug delivery.
2
 The term 

‘microporous’ now includes groups of materials with compositions different to 

that of the original group to which it applied, namely aluminosilicate zeolites. One 

such group of microporous materials is the aluminophosphates (AlPOs), with 

frameworks that consist of corner sharing aluminate and phosphate tetrahedra and 

were first synthesised by Wilson et al. in the 1980s.
6
 Some AlPOs have similar 

topologies to zeolites, whereas others are new structures, and for some the AlPO 

form of a structure had been discovered prior to its zeolite equivalent. The neutral 

nature of AlPOs generally prevents inherent catalytic activity, but this can be 

generated by the inclusion of other atoms into the framework. For example, 

aluminium can be substituted by magnesium, and phosphorous by silicon to 

produce MgAPOs and SAPOs, respectively.
7,8

 Nevertheless, AlPOs themselves 

do have interesting structural aspects, and favorable adsorption properties.  

AlPOs are typically synthesised using structure directing agents (SDAs), 

normally amines or quaternary alkylammonium ions. The term SDA is commonly 

used interchangeably with the term template, although the latter, strictly speaking, 

refers to when there is a close fit between the organic molecule and pore or cavity 

of the framework. The template (or SDA) is often charged when encapsulated 

within the framework, requiring charge-balancing ions to be present, typically F
−
 

or OH
−
 ions. The location of these ions in the framework is of considerable 

structural interest and difficult to locate by diffraction. Usually the SDAs, and any 

charge-balancing anions, can be removed by calcination, heating to a high 

temperature to remove guest species, to give a, typically microporous, porous 

material.  

A second group of microporous materials is metal-organic frameworks 

(MOFs), which contain organic groups as linkers between the metals or metal 

clusters in the framework. Linkers that typically produce interesting porous 

frameworks are amines and carboxylates.
9
 An assortment of metal and organic 

group combinations gives rise to a variety of materials with different 

compositions, structures and pore systems. This assembly approach provides a 



3 

 

flexible route to design materials, particularly porous frameworks, for a variety of 

applications, with predesigned building units. Metal carboxylate MOFs can 

contain linkers that are di-, tri- or tetra- carboxylates.
9
 The structures may also 

contain bridging hydroxyls or oxygen atoms (such as μ3O, an oxo ligand shared 

between three cations at the centre of a cluster), or terminal hydroxyls or water. 

The MOFs can be modified, in the case of phenyl carboxylates by introducing 

substituents onto the aromatic ring, either by preparing with modified linkers or 

by postsynthetic modification to tune the properties of the MOF.
10

 

Hibonite, calcium hexaluminate (CaAl12O19), is the Al pure end member 

of a range of solid solutions with the magnetoplumbite-type structure (AB12X19). 

Hibonite materials, containing various substitutions such as Fe and Ti, are found 

in terrestrial deposits and meteorites and are being studied to gain insight into 

solar systems, by examining the mineralogy of astronomical environments.
11

 

Hibonite has the potential to act as an oxybarometer to study the redox states of 

meteoric rock, and therefore the history of the rock.
12

 Synthetic hibonite is used in 

tough ceramic composites, with significant effect on the physical and thermal 

properties.
13,14 

The structure of hibonite consists of alternating layers of spinel 

blocks (S) and hexagonal blocks (R), in the sequence RSR`S`, where R` and S` 

are rotated 180° relative to the respective R and S blocks.
15

 Hexaluminates such as 

CaAl12O19 and SrAl12O19 have been widely studied by X-ray diffraction and high-

resolution 
27

Al NMR, due to their unusual structure.
16 

 

 

1.1.3 Applicability of NMR to the Study of Inorganic Solids 

 

Solid-state NMR is particularly suited to the study of AlPOs as the basic 

components of the framework have NMR active isotopes (
27

Al, 
31

P, 
17

O), as do 

many of the atoms that comprise the SDA (
13

C, 
1
H, 

15
N), and charge-balancing 

anions (OH

, F


). For metal-organic frameworks the extent of the applicability of 

solid-state NMR depends upon the metal cation. However, the basic components 

of the MOF linkers contain NMR-active nuclei (
13

C, 
1
H), as is also the case for 

the AlPO templates. The metal centre in a MOF can be paramagnetic, 

discouraging NMR studies, or more easily NMR accessible, such as 
27

Al or 
45

Sc. 
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The basic elements found in hibonite are NMR active (
43

Ca, 
27

Al, 
17

O), although 

these vary greatly in their accessibility and ease of study. 

The templates used in AlPO synthesis and the organic linkers of MOF 

predominately contain 
13

C and 
1
H nuclei, which are readily studied by NMR 

providing the requisite line narrowing techniques are applied. 
13

C NMR is used to 

determine whether the template or linker has been encapsulated or incorporated, 

respectively, intact. The low natural abundance of 
13

C is overcome by the routine 

use of cross polarization (Chapter 3). 
1
H NMR spectra can give information not 

just on the template or linker, but also on the incorporation of water or hydroxyls. 

This might be in the form of a water molecule or hydroxyl group coordinated to 

the structure, structural acid protons, surface adsorbed species or water molecules 

in the pores of framework materials. The use of 
1
H NMR in the solid state is 

hampered by strong dipolar broadening, often requiring ultra-fast MAS rates (see 

Section 3.2.1). A further nuclide found in templates and linkers is nitrogen, which 

has two NMR active isotopes 
14

N and 
15

N, of which 
15

N (I = 1/2) is more 

amenable to study in the solid state, than the quadrupolar (I = 1) isotope, despite a 

lower natural abundance (
15

N 0.35%, 
14

N 99.64%). 
14

N typically requires a time 

consuming and inefficient stepped frequency approach to obtain solid-state NMR 

spectra or alternatively, indirect acquisition in a two-dimensional experiment. 

31
P (I = 1/2), a framework species in AlPOs, has 100% natural abundance. 

Phosphorous shifts are sensitive to the local environment, including bond lengths 

and bond angles, and the coordination number.
1
 It has been observed that 

31
P 

resonances experience a shift due to coordination of hydroxyls to neighbouring 

Al.
17,18 31

P NMR can therefore be used to study the dehydration/hydration of 

AlPOs. The 
31

P chemical shift is also sensitive to next-nearest neighbour 

substitutions, and can, therefore, be used to examine substitution of non-

paramagnetic metal cations into AlPOs.
19

 It can also provide an indication of 

whether the substitution occurs randomly or is ordered throughout the material.
20 

29
Si, a framework species of zeolites and a possible substituent for AlPOs, also 

has I = 1/2. Although it has a relatively low natural abundance (4%), study is 

straightforward, but time consuming. 
29

Si has a large chemical shift range and is a 

sensitive probe of local structure. The chemical shift is sensitive to the 

coordination number, next-nearest neighbour atoms and changes in bond angle.
1,21
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27
Al has 100% natural abundance, and has been extensively studied.

1,22
 It 

is present in a wide range of inorganic materials, including all three examples 

discussed in Section 1.1.2. The 
27

Al chemical shift is strongly dependent on the 

coordination geometry and neighbouring atoms. For example, four-, five- and six-

fold coordinate Al can be identified for as-prepared AlPOs, where extra-

coordinated water, hydroxyls or fluoride may increase the coordination number of 

the nominally tetrahedral Al. Removal of these species by calcination gives AlO4, 

which is readily observed, as are the effects of rehydration. The 
27

Al quadrupolar 

coupling is also sensitive to the coordination number and local geometry. Whilst 

27
Al is quadrupolar (I = 5/2), experimental methods such as MQMAS (multiple-

quantum MAS, discussed in Chapter 3) enable high-resolution spectra to be 

acquired, distinct species resolved and information to be obtained. In many cases, 

MQMAS can resolve resonances for cystallographically-distinct sites that have 

the same coordination number. There have been fewer studies using 
45

Sc (I = 7/2) 

NMR but the same methodology typically used for 
27

Al can be applied, and it has 

been shown to be a sensitive probe of the local environment of inorganic solids, 

including framework structures.
23 

Magnesium can be substituted for aluminium in 

AlPOs and hibonite materials, but 
25

Mg has a relatively low  and only 10% 

natural abundance, often requiring the use of additional sensitivity enhancement 

techniques.  

The study of 
17

O, whilst quadrupolar (I = 5/2) and of low natural 

abundance (0.037%), is becoming increasingly popular with access to high 

magnetic fields, fast MAS rates and improved isotopic enrichment procedures.
24,25 

High-resolution approaches, such as MQMAS or STMAS (satellite-transition 

MAS), can be used as for other quadrupolar nuclei. Recent studies have shown 

that 
17

O is an excellent probe of local structure.
24

 The
 

chemical shift and 

quadrupolar parameters of 
17

O are both sensitive to the coordination number and 

local geometry. Other NMR-active nuclei found in the inorganic materials 

described above such as 
45

Ca or 
47/49

Ti are generally less accessible, and have 

been the subject of relatively few NMR studies owing to the amount of sample 

volume required for the former and overlapping resonances observed for the two 

isotopes for the latter. 
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1.2 Thesis Overview 

 

This thesis is concerned with the solid-state NMR investigation of a range 

of inorganic materials, specifically aluminophosphates, scandium-containing 

metal-organic frameworks and Ti-bearing hibonite materials. An introduction to 

these materials was given in Section 1.1.2 and the applicability of NMR for their 

study in Section 1.1.3. Chapter 2 provides a background to NMR spectroscopy 

introducing some basic principles and a description of the interactions present. 

Chapter 3 provides general experimental NMR details and discusses a range of 

experimental methods, and general computational details for the DFT calculations 

also utilised extensively in this work.  

The results and discussion of the materials studied are presented in 

Chapters 4 to 6. Chapter 4 presents work on the first class of inorganic materials, 

aluminophosphates, with the investigation of two different AlPOs, namely STA-

15 (St Andrews-15), a novel large pore aluminophosphate, and STA-2 (St-

Andrews-2), a member of the ABC-6 family of zeotypes. In the as-prepared 

materials for both AlPOs, hydroxyls are required to charge balance the 

encapsulated template. The MgAPO form of STA-2 has also been the subject of 

study, where the incorporation of Mg
2+

 into the framework provides an alternative 

charge-balancing mechanism in the as-prepared material. Chapter 5 is concerned 

with a different group of framework materials, scandium metal-organic 

frameworks (MOFs), which exhibit both rigid and flexible frameworks. The Sc 

MOFs studied have carboxylate linkers, with varying ScO6 coordination 

environments, such as isolated octahedra, corner-sharing chains or trimers. For 

two of these MOFs, Sc2(BDC)3 and MIL-53, a series of compounds with modified 

linkers was also studied. Chapter 6 presents the investigation of a series of 

synthetic Ti-bearing hibonite materials, with the general formula Ca(Al, Ti, 

Mg)12O19, to study the substitution sites of Ti and Mg. The synthetic Ti-bearing 

hibonite materials can be grouped into three sets, those containing Ti
3+

, those 

containing Ti
4+

 (with Mg
2+

 to charge balance), and those containing both Ti
3+

 and 

Ti
4+

 (with Mg
2+

 to charge balance). Particular attention is paid to a ‘hidden’ Al 

site in the NMR spectrum of the Al end member. Analysis of the NMR spectra is 
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compared with results from neutron powder diffraction. Supplementary 

information is provided in the Appendices and accompanying CD. 
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Chapter 2 

Background 

  

This thesis is concerned with the application of solid-state NMR 

spectroscopy to study a range of inorganic solids. NMR is a well-established 

characterization technique and a fundamental tool for chemical analysis. It can be 

used to examine local structure, disorder and dynamics, in a highly selective, 

element specific and sensitive way. It is complementary to other characterization 

techniques commonly used for studying solids, such as X-ray diffraction (XRD). 

The basic principles of NMR are introduced in this chapter. 

 

2.1 NMR Theory 

2.1.1 Nuclear Magnetism 

 

Spin, I, is the intrinsic angular momentum of atomic nuclei. The 

magnitude of the spin angular momentum is given by 

 

 | |      [ (   )]
 

  , (2.1) 

 

where I is the corresponding spin quantum number and can be zero, an integer or 

half integer number (I  =  0,  / ,  , 3/ ,  …), and   is the reduced Planck’s 

constant. I must be greater than 0 for a spin to be considered NMR active. A 

second quantum number, mI, the magnetic quantum number, has 2I + 1 values, 

which range from    to − . This defines the orientation of I when projected onto 

an arbitrary axis, usually the z-axis,  

 

        m    . (2.2) 

 

The magnetic moment, , of a nucleus is 
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Figure 2.1: The effect of the Zeeman interaction on the energy levels for spin I = 1/2, 1 and 3/2 

nuclei.  

 

 
         , 

zz I       , 
 (2.3) 

 

where   is the gyromagnetic ratio and z is the z component of . 

In the absence of an external magnetic field the 2I + 1 spin states are 

degenerate in energy. This is lifted when a magnetic field, B0, is applied, by the 

Zeeman interaction, and is shown in Figure 2.1 for spin I = 1/2, 1 and 3/2 nuclei. 

If the applied field is defined as along the z-axis, then the energies of the states are 

given by  

 

  |m ⟩               m       . (2.4) 

 

The quantum selection rule is ∆mI  =  ±1 for an observable transition, resulting in 

transitions with a frequency given by 

 

 
       

  
 
           , (2.5) 

 

where  0 is the Larmor frequency in units of rad s
−1

. This frequency falls within 

the radiofrequency region of the electromagnetic spectrum, for the applied fields 
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used, typically 2-22 T. Hence, radiofrequency radiation, rf, is used to induce NMR 

transitions.  

When a macroscopic sample is placed in a magnetic field the nuclei 

distribute among the energy levels according to the Boltzmann distribution. The 

population difference induces a bulk magnetization which may be represented by 

a vector M, aligned with the field. Due to small differences sensitivity is an issue 

in NMR spectroscopy. For a given field strength, M is larger for high-  nuclei, 

and for a given nucleus the magnitude of M will increase with field strength.   

 

2.1.2 The Vector Model 

 

The classical vector model
1
 can be used to describe nuclear spin systems 

during a pulsed NMR experiment. Whilst it is only really suitable for uncoupled 

spin I = 1/2 nuclei it provides a starting point for examining basic ideas such as 

the effect of an rf pulse and the subsequent spectral acquisition. The model 

considers the bulk (net) magnetization M of the sample, which can be represented 

as a vector aligned with the magnetic field B0. The z-axis of the laboratory frame 

is set as the direction of the applied field, as shown in Figure 2.2(a). A short pulse 

of oscillating rf radiation, with frequency  rf, is applied, which interacts with 

nuclei in the sample. It is now more convenient to consider a rotating frame, i.e., 

rotating at a frequency  rf around B0 in this frame. The effect of the rf pulse is that 

the bulk magnetization is tilted away from the z-axis [Figure 2.2(b)]. When at 

such an angle the magnetization precesses about the field, at frequency  0. The 

effect of an applied pulse of strength B1 is defined by a flip angle , through 

which the magnetization vector nutates, 

 

            , (2.6) 

 

where  p is the duration of the pulse. The magnetization vector then precesses 

around the effective field in this frame at a frequency [Figure 2.2(c)], 

 

           rf . (2.7) 
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Figure 2.2: Vector model representation of (a) net magnetization vector of the spin system, at 

thermal equilibrium, along the z-axis, (b) vector rotates away from z-axis about the direction of the 

applied rf pulse of strength B1, through a flip angle , and (c) free precession and relaxation, 

results in the FID. 

 

The precession of the magnetization vector induces a current in a coil placed in 

the xy plane, which is amplified and recorded. This signal decays over time, 

through relaxation processes, and is termed the free induction decay (FID).  

 

2.1.3 Relaxation 

 

The bulk magnetization returns over time to its equilibrium position. The 

return of the z-component of magnetization to its equilibrium value (longitudinal 

relaxation) is characterised by an exponential time constant T1. The time constant 

T2 describes the transverse relaxation, due to the decay of magnetization in the xy 

plane. Typically, in solids, the T1 relaxation time is greater than T2, with the 

sample dependent T1 on the order of ms to hours, and T2 on the order of 10 to 

1000 ms. In contrast, in solution T1 is typically a few ms. T1 determines the rate at 

which experiments can be repeated and therefore the acquisition of solid-state 

NMR spectra can be time consuming. However, the values are reasonably short 

for the majority of the nuclei studied in this thesis.  

 

2.1.4 Fourier Transform 

 

Acquisition of the decaying transverse magnetization as a function of time 

takes place after the end of the last pulse. Quadrature detection is usually used.
2
 

The acquired data is mathematically transformed, using a computer, to convert  
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Figure 2.3: Schematic representation of data converted from the time domain to the frequency 

domain using a Fourier transform. 

 

from the time domain to the frequency domain [Figure 2.3], using a Fourier 

transformation (FT)
3
  

 

  ( )     ∫ s(t)e  (i t)
 

  
dt   . (2.8) 

 

Quadrature detection involves the measurement of two separate components of 

the FID in order to produce a complex NMR signal that distinguishes the sign of 

the resonance offset, , so that FT produces an unambiguous spectrum. Two 

detectors orthogonal to each other in the rotating frame are used, leading to the 

acquisition of two signals, which are 90° out of phase with each other. One is a 

cosine function and the other a sine function of the offset frequency. The two 

components are considered as real and imaginary components of a single complex 

signal.    

An FID is usually the sum of many oscillating waves of differing 

frequencies, amplitudes and phases. The general form of the time-domain signal 

contains cosine and sine functions of the offset frequency Ω, decaying with a rate 

proportional to 1/T2 [Equation 2.9]. The conversion to the frequency domain 

involves the unravelling of the different components. A(  ) and D(  ) 

[Equations 2.10 to 2.12] represent the absorptive and dispersive parts of the time-

domain signal [Figure 2.4], which ideally correspond to the real and imaginary 

parts, respectively. More generally, the real part of a spectrum contains a mix of 

absorption and dispersion and the spectrum has to be “phased” in order to obtain 

an absorption lineshape.   
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Figure 2.4: One-dimensional (a) absorptive (real) and (b) dispersive (imaginary) lineshapes.  

 

  ( )     [cost i sint]e  ( t/T ) 

 

 ( )      (  ) i (∆ ) 

 

 (  )     
 /T 

( /T ) (  ) 
 

 

 (  )     
(  ) 

( /T ) (  ) 
 

(2.9) 

 

(2.10) 

 

(2.11) 

 

 

(2.12) 

 

2.1.5 Density Operator Formalism 

 

The density operator formalism
4
 is a more rigorous approach for 

describing NMR experiments than the simple vector model, and a useful tool for 

examining multiple pulse experiments and higher-order spin systems. A 

macroscopic sample contains a collection of spin systems, each of which may be 

represented by a wavefunction (t), that can be described as a linear combination 

of elements of an orthogonal basis set | ⟩, as shown in Equation 2.13, where ci(t) 

are time-dependent coefficients 

 

 (t)     ∑ ci(t)|i⟩i  . (2.13) 
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In the density operator approach the elements, i,j(t), of the corresponding 

density matrix are the products of the expansion coefficients of the wavefunction, 



 
i, 
(t)     ⟨i|(t)| ⟩     ci(t)c (t)   , (2.14) 

 

where the overbar denotes an ensemble average and * a complex conjugate. The 

evolution of the density operator over time is given by the Liouville-von 

Neumann equation, 

 

  
    t,tHi    

dt

td
 


  , (2.15) 

 

where H is the time-dependent Hamiltonian for the system, which can be solved 

(if H is time-independent or can be made so by transforming to a different 

reference frame) to give: 

 

 (t)     e  ( i t)( )e  (i t)  , (2.16) 

 

where (0) is the density operator at time zero. Simulation programs such as 

SIMPSON,
5
 which are used later in this work, use this formalism to consider the 

effects of pulses and delays within an NMR experiment.  

 

2.1.6 Coherence 

 

If we consider an ensemble of non-interacting spins, each described by a 

superposition of states, i.e., corresponding to the two Zeeman levels for a spin I = 

1/2 nucleus,
 
  and  , the complex superposition coefficients,  tc  and  tc , 

which describe the contribution to these states, have phases   and   

respectively, at t = 0. The wavefunction is therefore 

 

 |⟩     ce
i|⟩ ce

i|⟩  . (2.17) 
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The density matrix then has the form 

 

 

(t)     (
c
 cc e

i(   )

cce
 i(   ) c

 
)  . (2.18) 

 

The diagonal elements 2c  and 2c  refer to the populations of the   and   

states, respectively. If the off-diagonal elements have the same relative phases for 

each spin then they have non-zero magnetization and are said to have phase 

coherence. Coherence is generated by individual spins in the sample experiencing 

the same interaction with the applied rf field. 

A pulse results in the rotation of the axis along which polarization is 

aligned.  f an o erator acquires a  hase of − from a z-rotation through angle 

it has coherence order . As such, the coherence order can only be changed by 

a pulse. A coherence order of = 0 corresponds to either zero-quantum or z-

magnetization, = are single quantum, and  = > 1 are multiple quantum 

coherences.
6
 

The coherence order needs to be controlled during a pulse sequence and a 

coherence transfer pathway diagram shows the desired coherence during each free 

precession interval. The coherence transfer pathway starts at  = 0, i.e., at thermal 

equilibrium, and when quadrature detection is used,
2
 finishes at    − . Multi le-

quantum (MQ) coherences (23 etc. are not directly observable, but 

are used in the more complex NMR experiments utilised in this thesis. 

  

2.1.7 Product Operator Formalism 

 

It quickly becomes too complicated to use the density operator approach to 

deal with nuclei with high spin quantum number. A more convenient approach is 

to expand the density operator as a linear combination of a basis set of operators. 

For a single spin (I = 1/2) the density operator can be expressed as a linear 

combination of the operators Ix, Iy and Iz, which represent the x-, y- and z-

components of the spin angular momentum, respectively, 
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   zyx cIbIaI    t    , (2.19) 

 

where a, b, and c are numbers related to the proportion of magnetization. For a 

coupled two-spin system 16 product operators can be formed from the 

combinations of the operators for spin 1 and spin 2.  

The evolution of the density operator can be expressed as
6
 

 

 (t)      cos  t   sin t  . (2.20) 

 

A is the original operator and C the new operator, and B is the transformation (flip 

angle, free precession) for time t. The effect of an on resonance rf pulse along x, 

for a duration  p and using field strength  1, is shown by the following example 

 

  (t)       cos       y sin        , (2.21) 

 

where A = Iz and C = Iy, with B =  1. The transformation of product operators is 

often shown with “arrow notation”, with that for Equation 2.21 given as 

 

 
    

      
→     cos        ysin        . (2.22) 

 

For standard pulses this can be simplified, as  1 p is simply the pulse flip angle , 

so, for example, for a 90x pulse 

 

 
   

   
 

→     cos     y sin       , 

   
   
 

→    y . 

(2.23) 

 

Likewise, the effect of free precession after the pulse is 

 

 (t)       y cost   sint    , 

  y  
t  
→      y cost   sint  , 

(2.24) 
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with the operators A = −Iy and C = Ix, and B = . The subsequent identities for 

pulses, chemical shift evolution and scalar coupling, can be used to follow 

multiple-pulse experiments, without the need for complicated maths.  

 

2.1.8 Two-Dimensional NMR 

 

Two-dimensional experiments can be used to obtain further detail than 

provided by one-dimensional spectra, including for example, information on 

through-bond or through-space connectivities of Al to P in AlPOs. In general, 2D 

NMR experiments contain a preparation, evolution, and mixing or conversion 

steps prior to acquisition. The preparation step creates the magnetization, then, 

after evolving for time t1, a combination of pulses is used to transfer the 

magnetization between spins (mixing step). The FID is then acquired during t2 

and its amplitude is modulated by the evolution in t1. Two-dimensional data sets 

are obtained by the incrementation of the t1 evolution period. Fourier 

transformation is applied in both dimensions [Equation 2.25], and the FT 

spectrum shows between which spins the magnetization was transferred. Different 

sets of pulses can be used for preparation and conversion, producing transfer 

through different mechanisms (e.g., transfer through dipolar coupling or J-

coupling). 

 

 
 (t ,t )

 T along t 
→       (t ,  )

 T along t 
→       (  ,  ) (2.25) 

 

The real and imaginary components of the 2D spectrum contain absorptive 

and dispersive components. This gives phase twisted lineshapes, which are 

undesirable. Hypercomplex FT can be used to obtain pure absorption mode 2D 

lineshapes, but with the disadvantage that there is a lack of frequency 

discrimination in the  1 dimension. Two data acquisition and processing schemes 

commonly used to distinguish frequencies are States, Haberkorn and Ruben
8
 and 

TPPI
9
 (time-proportional phase incrementation). The States approach involves the 

acquisition of two datasets per t1 increment, where the phase of the preparation 

pulse is incremented (by 90° for SQ) for the second dataset. The desired 

frequency discrimination is then achieved after hypercomplex FT and 
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combination of the two datasets. In an alternative approach, TPPI, sign 

discrimination is restored by incrementing the phase of the first pulse by 90° for 

each t1 increment, and halving the t1 increment, so only one dataset is acquired for 

each t1 increment.    

 

2.2 Solid-State NMR 

 

Solid-state NMR spectra can contain a vast amount of information owing 

to various interactions that affect them, and as a result they can be hard to 

interpret. Therefore, various techniques are used to remove different interactions 

thereby improving sensitivity or resolution to enable information to be extracted 

more easily [Chapter 3]. More complex approaches can be used to reintroduce or 

use specific interactions in a controlled manner, thereby obtaining site specific 

information on local geometry or disorder. 

 

2.2.1 Internal Interactions 

 

The interaction of nuclei with an external field is the basis of NMR 

spectroscopy, with this Zeeman interaction generally dominant. However, nuclei 

experience other magnetic and electric fields, arising internally from the 

arrangement of atoms and nuclei, which provide detail about the local 

environment. These internal interactions include chemical shielding, dipolar 

coupling, quadrupolar coupling and scalar couplings. Information on these 

interactions is encoded within the NMR spectrum, in the form of shifts, 

broadenings and lineshape changes.   

The laboratory frame and principal axis system (PAS) are two frames, 

related by rotation, within which interactions can be described [Figure 2.5]. The 

PAS is convenient for defining the interaction parameters and the laboratory 

frame for understanding the angular dependence with respect to the external 

magnetic field for a particular crystallite, and thereby the effect upon the NMR 

spectrum. 
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Figure 2.5: Schematic representation of the relationship of (a) the laboratory frame and (b) the 

principal axis system (PAS). The interaction tensor is represented as an ellipsoid, and the principal 

axes of the ellipsoid coincide with the interaction principal values. 

 

2.2.2 Chemical Shielding Anisotropy 

 

The magnetic field experienced by a nucleus typically differs from the 

applied external magnetic field owing to the presence of local fields, which 

oppose or augment the applied field. These are generated by the motion of the 

local electrons within their orbitals. The perturbed Larmor frequency, '
0 , is given 

by 

 

   
          (   )  , (2.26) 

 

where  is a shielding parameter. Hence, the NMR frequency for a particular spin 

depends not just upon   and B0, but also on the chemical environment.  

 It is more convenient to define a chemical shift, a deshielding 

parameter, rather than the absolute shielding  which is difficult to measure. , 

usually quoted in parts per million (ppm),is defined in Equation 2.27 in terms of 

the difference between the resonance frequencies of the nucleus of interest ( ) 

and a reference frequency ( ref)
10

 

 

  

ref

ref610    
 

   
   . (2.27) 

 

The two parameters  and  are related by Equation 2.28, where an approximation 

can be made assuming that ref <<1, 
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Figure 2.6: Schematic representation of the shielding tensor, with the three principal components 

of the PAS defined as 11, 22 and 33. The angles  and  define the orientation of the tensor 

relative to B0. 

 

 
 

 
 

  
 

 
 ref

6

ref

ref6 10    
1

10     . (2.28) 

 

Chemical shielding anisotropy (CSA) arises because the shielding of a 

nucleus (i.e., the surrounding electron density) is rarely spherical, but is 

orientationally de endant, or “anisotro ic”, i.e., it varies with the orientation with 

respect to the direction of the applied magnetic field, B0. For liquids, the rapid 

tumbling motion means that an average, or isotropic, shift is observed. However, 

for solids this anisotropy is important, as there is typically no motion on the same 

timescale. 

In the principal axis system (PAS) the shielding tensor, , can be 

described by an ellipsoid, due to its diagonal matrix form and the tensor 

 

 

       (
    

    

  33

)  , (2.29) 

 

where 11, 22 and 33 are defined as the three principal components of the tensor, 

as shown in Figure 2.6. Correspondingly, 11, 22 and 33 are the principal values 

of the chemical shift tensor. Using the convention |33 − iso| ≥ |11 − iso| ≥ |22 − 

iso|,
11

 the shielding parameter can be parameterised by three values, iso,  cs and 

cs. The isotropic chemical shift, iso, is the average of the three principal values 
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 iso     ( /3)(      33)    .  (2.30) 

 

The chemical shielding anisotropy,  cs, is 

 

  cs     (33 iso)    ,  (2.31) 

 

and the asymmetry, cs, where 0 < cs < 1 is 

 

 
cs
     (     )/(33 iso)    . (2.32) 

 

There are different conventions in use in the literature. 

The observed chemical shift of a resonance is shown in Equation 2.33. The 

first term, in the laboratory frame, is isotropic and the second term is anisotropic
12 

 

      iso   ( cs/ )[(3 cos
    )    

cs
(sin  cos  )]  , (2.33) 

 

where and  are the angles that define the orientation of the tensor relative to the 

external magnetic field B0 [Figure 2.6]. So for each orientation of the shielding 

tensor a different chemical shift is observed. A powdered sample contains many 

single crystals, which will have different orientations relative to B0, and therefore 

different chemical shifts are observed. Consequently, a broad powder-pattern 

lineshape, characteristic of  cs and cs results, as illustrated in Figure 2.7. 
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Figure 2.7: Simulated (using SIMPSON) static powder pattern lineshapes (B0 = 14.1 T) for a spin 

I = 1/2 nucleus with  cs = 200 ppm and asymmetry, cs of (a) 0, (b) 0.5 and (c) 1. 

 

2.2.3 Dipolar Coupling 

 

The magnetic moment of a nucleus interacts with those arising from 

nearby nuclei through space, in an interaction termed the dipolar coupling. For 

liquids this interaction is averaged to zero as a result of the rapid tumbling motion, 

i.e., the isotropic value of the coupling is zero. In solids the dipolar coupling is a 

major source of broadening. This interaction can be inter- or intra-molecular, and 

homo- or hetero-nuclear. The interaction is dependent on the gyromagnetic ratio, 

 , of the two spins involved, the distance between them, r, and the 

molecular/crystal orientation. The dipolar splitting parameter,  D, is shown in 

Equation 2.34:
12
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(3 cos    ) 

where 

  
          (

 

  
)
 

r3
 
 
 
 
   . 

 (2.34) 

 

In Equation 2.34,  D
PAS

 is the dipolar-coupling constant in the PAS,  is the angle 

describing the orientation of the internuclear vector with respect to the magnetic 

field.  

The effect of dipolar coupling on the spectrum (for a spin I = 1/2 nucleus) 

is that each single transition is split into a doublet separated by 2 D (heteronuclear 

I = S = 1/2 spin system) or 3 D (homonuclear I = S = 1/2 spin system). The 

dipolar interaction, in a similar manner to the CSA, is orientationally dependent, 

therefore the dipolar splitting depends on the angle between the internuclear 

vector and the magnetic field. Variation of the angle in a powdered solid, results 

in a “ ake-doublet” linesha e, as shown in Figure 2.8(a). In reality it is rare to 

find two isolated spins, and therefore there are many dipolar couplings between 

numerous spins. Lineshapes therefore typically exhibit Gausssian broadening, as 

shown in Figure 2.8(b). Simulated spectra showing the effect of different amounts 

of Gaussian broadening, on the appearance of a 
27

Al NMR lineshape, are shown in 

Figure 2.9. The exact nature of the lineshape in Figure 2.9(a) will be discussed in 

detail in Section 2.2.4. Broadening can lead to loss of distinct features, and hinder 

extraction of structurally relevant information.  
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Figure 2.8: Schematic spectra, simulated using SIMPSON, of a spin I = 1/2 nucleus with (a) 

dipolar coupling (of 5 kHz) to a S = 1/2 nucleus and (b) subject to many different couplings to a 

range of different nuclear species. The lineshape in (a) is a Pake doublet and in (b) a Gaussian-like 

lineshape resulting from many dipolar couplings. 

 

 

Figure 2.9: Simulated spectra (using SIMPSON) for 
27

Al (I = 5/2), with B0 = 14.1 T, CQ = 4 MHz, 

Q = 0, 10 kHz MAS rate. Linebroadening of (a) 100, (b) 200, (c)300, (d) 400, (e) 500 and (f) 600 

Hz. The NMR parameters CQ and Q will be discussed in Section 2.2.4 and MAS in Chapter 3. 

 

2.2.4 Quadrupolar Coupling 

 

Quadrupolar coupling needs to be considered for nuclei with I > 1/2 (e.g., 

27
Al, 

45
Sc etc.). The electric quadrupole moment (EQM) of these quadrupolar 

nuclei can interact with the local electric field gradient (EFG) generated at the 

nucleus. The EQM arises from a non-spherical distribution of charge in the 
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nucleus, while the EFG is present in solids owing to the distribution of other 

nuclei and electrons nearby, for nuclei not at sites of cubic symmetry. The 

magnitude of the EQM and of the EFG affect the strength of the interaction. The 

spectra of quadrupolar nuclei can potentially give information on coordination 

number, symmetry and distortions, if this interaction can be accurately measured.  

The quadrupolar coupling, in the PAS (in rad s
 1

) is given by Equation 

2.35, and the quadrupolar splitting parameter, in the laboratory frame, to a first-

order approximation 
 1

Q  in Equation 2.36 
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where the quadrupolar coupling constant, CQ, and the quadrupolar asymmetry 

parameter, Q, are defined in Equations 2.37 to 2.39. The EFG can be described 

by a tensor with principal values Vxx, Vyy, and Vzz, which are assigned, by 

convention, as |Vzz| ≥ |Vxx| ≥ |Vyy|. Two parameters, CQ and Q, are used to specify 

the EFG of a nucleus I. The largest principal value of the EFG, i.e., Vzz is equal to 

eq [Equation 2.37]. In Equation 2.39 Q is the nuclear quadrupole moment and e is 

the magnitude of the electric charge. The orientation of the interaction tensor with 

respect to the laboratory frame is described by the angles  and . 
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(2.38) 

 

(2.39) 

 

The effect of the quadrupolar interaction on the Zeeman energy levels of a 

half-integer quadrupolar nucleus is to produce two types of transitions; (i) the 

central transition (CT) and (ii) pairs of satellite transitions (ST). As shown in 

Figure 2.10 the CT is unaffected by the quadrupolar interaction to a first-order  
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Figure 2.10: Energy levels for a spin I = 5/2 nucleus. The CT is unaffected to first order, unlike 

the STs. Both types of transitions are affected to second order.   

 

approximation of the perturbation of the energy levels, unlike the ST, which 

exhibit a variation in the frequency of the corresponding transitions. 

Consequently, NMR experiments in the solid state generally focus only on the 

relatively narrow CT.  

When the quadrupolar interaction is large, and the first-order 

approximation is not sufficient to describe the effect of the interaction upon the 

energy levels, a more complex second-order correction needs to be taken into 

account. This interaction now affects all transitions [Figure 2.10] and the CT now 

displays an anisotropically broadened lineshape. This second-order interaction is 

inversely proportional to the external magnetic field. 

The second-order contribution for a general symmetric transition 

II mm
EE
 

  (e.g., 1Q, 3Q and 5Q) for a nucleus of general spin quantum 

number I is given by  
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The spin-dependent coefficients, A
n
(I,mI), are given in Table 2.1 for half-integer 

spins. The A
0
 term is isotropic, whereas both A

2
 and A

4
 terms are anisotropic. The 

orientational dependent functions, Q
i
, are given by  

 

  






 


3
1    Q

2
Q

Q
0

 

            






 
    ,,D,,D

3

2
,,D

3
1    ,,,Q 2

20
2
02Q

2
00

2
Q

Q
2

 

        

      

   






 
  

 

 

,,D,,D
7018

35
                         

,,D,,D
6

10
,,D

18
1    ,,,Q

4
40

4
04Q

4
20

4
02Q

4
00

2
Q

Q
4

 

(2.41) 

 

where D
l
m,m are Wigner rotation matrix elements and ,  and   are Euler angles 

relating the PAS and laboratory frame.
13

 

 

Table 2.1: Coefficients for zero-, second- and fourth-rank terms in Equation 2.40 for half-integer 

spin nuclei, A
0
(I,mI), A

2
(I,mI), A

4
(I,mI), respectively. 

I mI A
0
(I,mI) A

2
(I,mI) A

4
(I,mI) 

3/2 1/2 −2/5 −8/7 54/35 

Figure 2.11: Simulated (using SIMPSON) second-order quadrupolar CT powder pattern for a spin I = 

5/2 nucleus with CQ = 4 MHz and Q = 0. 
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 3/2 6/5 0 −6/5 

5/2 1/2 

3/2 

5/2 

−16/15 

−4/5 

20/3 

−64/21 

−40/7 

40/21 

144/35 

228/35 

−60/7 

7/2 1/2 

3/2 

5/2 

7/2 

−2 

−54/15 

30/15 

294/15 

−40/7 

−96/7 

−240/21 

168/21 

54/7 

606/35 

330/35 

−966/35 

9/2 1/2 

3/2 

5/2 

7/2 

9/2 

−16/5 

−108/15 

−60/15 

168/15 

648/15 

−64/7 

−168/7 

−600/21 

−336/21 

432/21 

432/35 

1092/35 

1140/35 

168/35 

−2332/35 

 

The NMR spectral lineshape of a quadrupolar nucleus contains 

information on the quadrupolar interaction in the form of the quadrupolar 

coupling constant (CQ) and the quadrupolar asymmetry parameter (Q), and a 

contribution to the resonance position, Q (the isotropic quadrupolar shift), 

proportional to A
0
. 

 

2.2.5 Scalar Coupling 

 

The scalar coupling (or J-coupling) is due to a magnetic interaction 

between nuclei; with the electrons involved in chemical bonding mediating this 

interaction. Scalar coupling is not usually resolved in solid-state NMR due to the 

much larger magnitude of the other interactions, but can be exploited in 

experiments, such as through-bond correlation experiments. The magnitude of the 

isotropic scalar coupling between two spins, I and S, is given by the scalar 

coupling constant JIS. The calculation and experimental determination of J-

couplings has gained interest in recent years.
14-20 
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Chapter 3 

Methods 

3.1 NMR Spectroscopy 

 

Solid-state NMR experiments at St Andrews were carried using Bruker 

Avance III spectrometers equipped with 9.4 T and 14.1 T widebore magnets, 

using conventional MAS probes. Powdered samples were packed into 

conventional 4 mm, 2.5 mm or 1.3 mm zirconia rotors, depending on sample 

volume and desired spin rate. Samples were typically rotated at 10 to 60 kHz 

MAS rates, or kept static when necessary. High-field NMR spectra were obtained 

at the National high-field (20.0 T) facility at the University of Warwick, with help 

from Dr Dinu Iuga. Samples were packed into conventional 4 mm, 3.2 mm or 2.5 

mm rotors, and typical MAS rates of 10 to 30 kHz used. Additional experiments 

were carried out at the 800 MHz (18.8 T) solid-state NMR facility in Lille, with 

help from Dr Julien Trébosc. Further experimental details are provided in each 

individual chapter. Spectral analysis and fitting was performed within Bruker 

Topspin 2.1 and Dmfit.
1
 

The AlPO-based materials STA-15 and STA-2 (Chapter 4) were provided 

by the group of Professor P. A. Wright (University of St Andrews), as were the 

scandium MOFs (Chapter 5). The synthetic Ti-bearing hibonite samples (Chapter 

6) were provided by the group of Dr. A. J. Berry (Imperial College, London, and 

latterly ANU, Canberra, Australia). Analysis of diffraction data of these samples 

was provided by the respective groups.  

 

3.2 Experimental Methods 

 

Various experimental methods have been developed to study samples 

using solid-state NMR and have proven to be very useful. Some of these methods 

are adapted from solution-state NMR, while others are unique to the solid state. 

Experimental methods are used to a) remove broadening resulting from 

anisotropic interactions, and b) exploit information provided by interactions.  
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3.2.1 Magic-Angle Spinning (MAS) 

 

In Section 2.2.1 various internal interactions were discussed that, whilst 

they provide information on the structure of the material under study, also make 

the solid-state NMR spectra harder to interpret. Powder samples contain many 

crystallites with random orientations and therefore anisotropic broadening is 

observed. A NMR experiment that can be used to reduce the impact of a number 

of these interactions is magic-angle spinning (MAS).
2-4

 MAS is routinely used in 

solid-state NMR to improve spectral sensitivity and resolution. It relies upon the 

molecular orientation dependence of the interactions being averaged by spinning 

the sample holder at the ‘magic’ angle of 54.736° to the external field B0. This 

ensures the average crystallite orientation is 54.736°. This technique can be 

compared to solution-state NMR where the averaging comes from the isotropic 

tumbling motion of the molecules. Typical routine MAS rates are available up to 

30 kHz, with rates up to 70 kHz available on more specialist probes. 

The experimental set up for MAS is shown in Figure 3.1, where R is the 

angle between the applied field and the spinning axis,  is the angle between the 

principal z-axis of the interaction tensor and the applied field B0,  is the angle 

between the principal z-axis of the tensor and the spinning axis. The angle  can 

effectively take on all possible values, as in a powder sample all molecular 

orientations are present.  

 

 

 

Figure 3.1: Experimental approach for magic-angle spinning (MAS). 
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Removing the effects of the CSA is the main task of MAS, but it is also 

useful for removing or reducing dipolar and first-order quadrupolar contributions. 

It is worth noting at this time that as the scalar coupling has an isotropic 

component it is not averaged by MAS, but is generally very small relative to other 

interactions present. The CSA and dipolar coupling have similar orientation 

dependencies, proportional to (3cos
2
1). If the sample is rotated about an axis 

angle R to the applied field, then , the angle which describes the orientation of 

the spin interaction tensor, varies with time as the molecule rotates. It is shown in 

Equation 3.1 that R can be set (to 54.736°) so that the average orientation is zero. 

 

 

 

 

〈       〉     
 

 
(        )(       ) 

if R = 54.736° 

then (        )       

and 〈       〉       

 (3.1) 

 

The anisotropic interaction is averaged to zero as long as the spinning rate is 

sufficiently rapid so as to completely average , while the isotropic terms are 

retained. If the MAS rate is insufficient then spinning sidebands, extra resonances 

separated by the spinning frequency, centred around the resonance at the isotropic 

chemical shift, are present in the spectra.  

To show the effect of MAS on a CSA broadened lineshape, lineshapes 

with the same CSA contributions have been simulated, using SIMPSON,
5
 (with 

cs of 200 ppm and cs of 0.25 ) with different MAS rates. The powder pattern 

for a static sample is shown in Figure 3.2(a). At slow MAS rates the intensities of 

the sideband manifold map out the powder pattern lineshape, while at faster MAS 

rates the intense sharp resonance at the isotropic chemical shift is readily 

identified. To show the effect of MAS on the quadrupolar interaction, lineshapes 

with the same quadrupolar contribution have been simulated, using SIMPSON, 

static and with a 10 kHz MAS rate, shown in Figure 3.3 (a) and (b), respectively. 

It can be seen that with MAS the lineshape narrows, but a (second-order) 

quadrupolar lineshape remains.  
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Figure 3.2: Simulated (using SIMPSON) MAS spectra (B0 = 14.1 T) for a spin I = 1/2 nucleus 

with CS of 200 ppm and cs of 0.25, and MAS rates of (a) 0, (b) 2, (c) 10 and (d) 40 kHz. The 

isotropic chemical shift (at 0 ppm) is indicated by *. 

 

 

 

 

Figure 3.3: Simulated (using SIMPSON) 
27

Al spectra (14.1 T), (a) static and (b) 10 kHz MAS, 

with a CQ of 4 MHz and Q of 0. 
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For quadrupolar nuclei, MAS can only partially remove the quadrupolar 

interaction. The central transition (CT) is unaffected to first order by the 

quadrupolar interaction; however the second-order quadrupolar interaction, which 

cannot be removed by MAS alone, remains and results in broadened spectra, such 

as that in Figure 3.3(b). The second-order contribution for a general symmetric 

transition 
II mm

EE


  (e.g., 1Q, 3Q) for a nucleus of general spin quantum 

number I (assuming an Q of 0, for simplicity), under MAS conditions, is given 

by  
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 (    ) (n = 0, 2, 4) are the spin- and transition- dependent coefficients, given in 

Table 2.1, and  2

00d ,  4

00d ,  R

2

00d  and  R

4

00d 
 
are Wigner reduced rotation 

matrix elements.
6
 The dependence of the latter on the crystallite angle with respect 

to the magnetic field, , is shown in Equations 3.3 and 3.4. Under MAS 

conditions, the angle R in Equation 3.2 is 54.736, and as the orientation 

dependence of    
 () is the same as CSA and dipolar coupling, the second-rank 

term is averaged out. However the fourth-rank term is only scaled, and 

consequently, under MAS conditions broadening remains. 

 For a spin I = 5/2 nucleus with Q of 0, the quadrupolar contribution to the 

frequency of the CT is given under MAS conditions as: 
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where           A
0
(5/2,1/2) (isotropic term)  =  16/15 

A
2
(5/2,1/2) (second-rank anisotropic term)  =  64/21 

A
4
(5/2,1/2) (fourth-rank anisotropic term)  =  144/35 

(3.5) 
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Figure 3.4: 
27

Al MAS NMR spectrum (14.1 T) of Al(acac)3 (acac = acetylacetonate). A 12.5 kHz 

MAS rate was used. 

 

When R = 54.736° this reduces to: 

 

  
   










 

 



736.54dd

35

144

15

16
EE 4

00

4

00

0

2PAS

Q)2(

2/1

)2(

2/1
   . (3.6) 

 

As shown in Figure 3.4 under MAS, broadening remains for quadrupolar 

nuclei. However, this lineshape can provide useful information about the 

quadrupolar parameters (CQ and Q) for a system. CT lineshapes with the same 

quadrupolar coupling but with different asymmetry have been simulated using 

SIMPSON, under MAS conditions, and are shown in Figure 3.5. 
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Figure 3.5: Examples of second-order quadrupolar broadened CT lineshapes under MAS 

conditions. Simulated (using SIMPSON) spectra (B0 = 14.1 T) for 
27

Al (I = 5/2) system, with a CQ 

of 4 MHz and Q of (a) 0, (b) 0.2, (c) 0.4, (d) 0.6, (e) 0.8 and (f) 1. Spectra were simulated with a 

10 kHz MAS rate.  

 

3.2.2 Multiple-Quantum MAS (MQMAS) 

 

The multiple-quantum MAS (MQMAS) experiment allows more 

information to be obtained than from one-dimensional MAS spectra for 

quadrupolar nuclei, as MAS by itself is not enough to remove second-order 

quadrupolar interactions. First proposed by Frydman and Harwood, in 1995, 

MQMAS experiments give high-resolution spectra for half-integer quadrupolar 

nuclei,
7
 through complete removal of the second-order quadrupolar broadening. 

This experiment has since been modified to enhance sensitivity and quality of the 

spectrum, and is now an important routine method for obtaining high-resolution 

spectra of quadrupolar nuclei.
8 

The experiment does not require the use of a 

specialist probe, therefore making it more accessible to experimentalists with 

conventional hardware (cf. DOR (double rotation) described in Section 3.2.7, 

where a specialist probe is required). 

Basic 1D MAS NMR spectra of quadrupolar nuclei may contain broad and 

overlapping peaks, and consequently it may not be possible to extract NMR 
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parameters for each resonance. In these cases MQMAS can be used to distinguish 

the number and geometry of crystallographic sites, i.e., multiple sites of same 

coordination number for nuclei such as 
27

Al. MQMAS is a two-dimensional 

experiment, correlating the anisotropic powder pattern, which is associated with 

the CT (MAS NMR spectrum) in one dimension (2) usually with the isotropic 

spectrum, free of quadrupolar broadening, in the other (1). The experiment is 

carried out under MAS conditions, which remove the second-rank term of 

Equation 3.2 but retain the isotropic and fourth-rank terms. The MQMAS 

experiment refocuses the fourth-rank term, retaining the isotropic shifts through 

the correlation of the coherences. Modifications of the original pulse sequence 

were made in order to obtain pure absorption-mode lineshapes, which improve the 

appearance of the spectra, as the original pulse sequence leads to phase-twist 

lineshapes. Modifications include z-filtered and shifted-echo pulse sequences.
9,10

 

In the original pulse sequence, for triple-quantum (3Q) MAS experiments, 

3Q coherences were generated by two pulses separated by , a free precession 

interval.
7
 It was later shown that these can be replaced by a single long soft pulse 

for more efficient direct excitation [Figure 3.6].
11

 The efficiency of the excitation 

depends on the ratio of the rf strength to   
   , the duration of the pulse (flip angle) 

and the MAS rate. After t1, the MQ coherences need to be converted to observable 

SQ coherences (p   − ). The   heren e  hange varie  a   r ing t  the pathway 

followed in the sequence. The efficiency depends on the duration (flip  

 

                                 
Figure 3.6: Pulse sequence and coherence pathway for the two pulse MQMAS NMR experiment 

adapted from the original sequence of Frydman and Harwood.
7
 The bold and dashed lines denote 

the anti-echo and echo pathways, respectively. The pathway followed depends on the MQMAS 

ratio of the nucleus spin, e.g., for 3/2 the MQMAS ratio for 3Q is negative so the p   −  pathway 

is followed.  
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angle), but in most cases is relatively inefficient, especially for large quadrupolar 

couplings. This can result in non-quantitative excitation, for species with different 

quadrupolar interactions, and distorted quadrupolar lineshapes. Following the 

conversion pulse an FID is acquired. 

In theory, MQMAS can be performed for all half-integer quadrupolar 

nuclei using any available symmetric odd-order coherences. The ratio of the 

fourth-rank coefficients for the MQ and single-quantum (SQ) coherences, 

A
4
(I,mI)/A

4
(I,1/2) [Table 3.1], is different to the corresponding coefficients of the 

isotropic terms, A
0
(I,mI)/A

0
(I,1/2). The ratio of the anisotropic fourth-rank 

coefficients is different for each spin system and coherence order, and 

experiments can be designed accordingly. Triple-quantum MQMAS experiments 

are described within this work.  

The z-filtered MQMAS experiment consists of a sequence of three pulses 

and symmetrisation of both coherence pathways (0, ±p     − ). The echo and anti-

echo coherence transfer pathways are completely symmetrical and therefore the 

final efficiencies the same, so dispersive components are cancelled and pure-phase 

lineshapes obtained. The z-filtered MQMAS experiment is amplitude modulated 

as a function of t1. The desired coherence pathway for the z-filtered pulse 

sequence (3Q) in Figure 3.7(a), differs from the original pulse sequence after the 

3Q excitation, p = 0 to p = ±3, and t1, when the conversion pulse returns the 

coherence order to zero, rather than directly to − . To maximise excitation and 

conversion efficiencies, the first two pulses should use the strongest available rf 

field. The z-filter, before the signal is observed, consists of a short delay during 

which magnetization is stored along the z-axis parallel to B0 of the laboratory 

frame. The final pulse excites observable magnetisation p = 1, for observation.
9
 

To be efficient the third pulse should be a 90° (/2) pulse (selective for the CT).  

 

Table 3.1: MQMAS ratios R (A
4
(I,mI)/A

4
(I,1/2)) for nuclei with half-integer spin. 

Spin I 3Q 5Q 7Q 9Q 

3/2 7/9    

5/2 19/12 25/12   

7/2 101/45 11/9   

9/2 91/36 95/36 7/18  
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Figure 3.7: MQMAS pulse sequences. (a) Amplitude-modulated z-filtered triple-quantum MAS 

experiment, where P3 is a CT selective 90°.
9
 (b) Phase-modulated 3QMAS split-t1 shifted-echo 

experiment for I = 5/2, 7/2 and 9/2 nuclei.
12

 For I =3/2 the p = 3 pathway is followed. The t1 

evolution is split between MQ (3Q) and SQ evolution periods, tqd (triple-quantum delay) and sqd 

(single-quantum delay), respectively for 3QMAS. P3 is a selective 180°. The whole echo is then 

acquired. For 3/2 the coherence-order pathway goes via the 3 coherence. 

 

The spectrum obtained from a z-filtered MQMAS experiment contains a 

set of ridge lineshapes, lying along a gradient equal to the MQMAS ratio [Figure 

3.8(a)], for the particular nucleus. A projection orthogonal to these ridges 

produces an isotropic spectrum. A shearing transformation is required to obtain 

the spectrum as shown in Figure 3.8(b) where the ridges are now parallel to 2 and 

the isotropic spectrum is now obtained directly from a projection onto 1. The z-

filter pulse sequence produces pure-phase lineshapes and is generally considered a 

robust and efficient experiment.  
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Figure 3.8: Schematic representation of shearing transformation for MQMAS spectra. In (a) the 

set of ridges are aligned along a gradient equal to the MQMAS ratio, R. In (b) the ridges are 

parallel to 2 enabling the isotropic spectrum to be obtained directly. 

 

In an alternative approach, a single coherence pathway is selected and a 

whole echo acquired.
10

 The latter step results in pure-phase lineshapes. The 

coherence pathway required for this shifted-echo approach depends on the spin 

and sign of the MQMAS ratio. For I = 5/2, 7/2 and 9/2, the sign of R is positive 

and the p = +3 pathway is followed, whereas for I = 3/2, R is negative so the p = 

−  pathway i  u e . With  nly  ne   heren e   p  r −p, selected in t1, the signal is 

phase modulated in t1, so States/TPPI not needed. After a time  a refocusing CT 

selective 180 pulse is added to the end of the two pulse sequence. This shifts the 

echo arising after the pulse by  and allows the whole echo to be acquired. The 

resultant spectrum is similar to that from the z-filtered experiment, and 

consequently a shearing transformation is required to obtain the ridges parallel to 

2. This method is not suitable for samples where T2 relaxation causes a 

detrimental effect due to the time required to acquire a whole echo, and in such 

cases a z-filtered experiment is preferred.  

A major advantage of the split-t1 pulse sequence introduced by Brown and 

Wimperis
12

 is that the shearing transformation, which can result in distorted 

lineshapes, is not required, and this can be applied to both phase- and amplitude-

modulated experiments. In the split-t1 shifted-echo approach, one coherence 

pathway is followed, the experiment is phase modulated, and the whole echo 

acquired, which results in pure absorption mode lineshapes.
12

 The second-order 

broadening is fully refocused after the evolution period t1, which means that 

shearing is avoided. The t1 evolution period is divided into two fractional 

contributions related to the MQMAS ratio. The triple-quantum (3Q) phase-
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modulated split-t1 pulse sequence [Figure 3.7(b)] consists of a 3Q excitation 

pulse, followed by a fraction of t1, MQ, (12/31 for spin I = 5/2). A p = +3 to p = 

     nver i n pul e i  next  f ll we  by τ  the e h   elay. The third pulse, a low 

power CT selective inversion pulse, precedes the remaining fraction of t1, the SQ 

contribution (19/31 for spin I = 5/2). The exact fractions of the evolution used 

vary depending on the spin and are given in Table 3.2. With the t1 period split 

between MQ and SQ evolution, the second-order quadrupolar broadening is 

refocused at the end of t1. The resulting spectrum is directly that of Figure 3.8(b), 

with the second-order broadened ridges parallel to the 2 axis and an isotropic 

spectrum obtained by a projection on to the 1 axis.  

The MQ dimension of split-t1/sheared MQMAS spectra, containing scaled 

chemical and quadrupolar shifts, in this work is referenced in accordance with the 

proposal in Ref. 13.  

 

3.2.2.1 Extracting NMR Parameters 

If well-defined cross sections can be extracted along the ridges in the 2D 

spectrum (split-t1 or sheared) these can be fitted analytically, as for conventional 

MAS spectra, and values for the isotropic chemical shift, iso, quadrupolar 

coupling, CQ, and quadrupolar asymmetry, Q, obtained. If it is not possible to 

extract such lineshapes, due to broadening or overlapping of the signals, then the  

 

Table 3.2: Coefficients for split-t1 MQMAS experiments for half-integer spin quadrupolar nuclei. 

  Coherence order, n, of split-t1 experiment 

( n →    → − ) 

Spin  3 5 7 9 

3/2 SQ 7/16    

 MQ 9/16    

5/2 SQ 19/31 25/37   

 MQ 12/31 12/37   

7/2 SQ 101/146 11/20 161/206  

 MQ 45/146 9/20 45/206  

9/2 SQ 91/127 95/131 7/25 31/37 

 MQ 36/127 36/131 18/25 6/37 
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position of the ridge, the centre of gravity (1, 2), can be used to obtain the 

average iso and average quadrupolar product, PQ, where PQ is an inseparable 

combination of CQ and Q, defined in Equation 3.7. The equations involved for 

extracting information vary depending on the nuclei spin, the coherence pathway 

of the experiment (i.e., the coherence pathway) and type of MQ experiment [Table 

3.3].  

 

 

          (  


 
 

 
)

 
 ⁄

 (3.7) 

 

An example of a split-t1 triple-quantum MQMAS spectrum, for calcined 

AlPO-14 is given in Figure 3.9. The 1D 
27

Al MAS spectrum [Figure 3.9(a)] 

contains overlapping resonances corresponding to the four crystallographically-

distinct Al sites, which are resolved in the 2D MQMAS spectrum [Figure 3.9(b)]. 

Also shown in the figure are the extracted lineshapes, taken from ridges parallel to 

2, and resulting fits [Figure 3.9(c, d)]. The lineshapes are distorted because of the 

non-uniform efficiencies of the MQ excitation and conversion pulses. The NMR 

parameters obtained are summarised in Table 3.4.  

 

 

 

Table 3.3: 1 and 2 positions of the centre of gravity of a ridge lineshape, in triple-quantum 

MQMAS experiments, in terms of the isotropic chemical shift, iso, and the isotopic quadrupolar 

shift, Q.   

Spin  Unsheared spectra Sheared/split-t1 spectra 

3/2 1 3iso + (6/5)Q (17/8)iso + (1/2)Q 

 2 iso − ( / )Q iso − ( / )Q 

5/2 1 3iso − ( / )Q (17/31)iso + (32/93)Q 

 2 iso − ( 6/  )Q iso − ( 6/  )Q 

7/2 1 3iso − (  /  )Q (17/73)iso + (20/73)Q 

 2 iso − (  /  )Q iso − (  /  )Q 
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Figure 3.9: (a) MAS and (b) triple-quantum MQMAS NMR spectra of calcined AlPO-14, with 

extracted lineshapes (c) and corresponding fits (d). The spectrum was acquired using the split-t1 

pulse sequence in Figure 3.6(b). The durations of the 3Q excitation and conversion pulses were 4 

s and 1.1 s, respectively. The duration of the low power selective CT inversion pulse was 32 s. 

The MAS rate was 10 kHz. 

 

 

Table 3.4: 
27

Al NMR parameters (isotropic chemical shift, iso, quadrupolar coupling, CQ, 

quadrupolar asymmetry, Q, and quadrupolar product, PQ) for calcined AlPO-14 obtained from the 

MQMAS spectrum in Figure 3.9. 

 Fitting of extracted lineshapes Extraction of spectral 

coordinates (1, 2) 

Site iso (ppm) CQ / MHz Q PQ / MHz iso (ppm) PQ / MHz 

Al1 45.2 5.0 0.3 5.1 44.9 5.1 

Al2 42.5 4.0 0.7 4.4 42.0 4.6 

Al3 42.6 3.5 0.3 3.5 42.5 3.4 

Al4 37.7 2.6 0.5 2.7 37.7 2.6 
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3.2.3 Heteronuclear Correlation Experiments 

 

Two-dimensional correlation experiments are typically used to examine 

connectivities between two heteronuclei, I and S.
14

 For example, for AlPOs, the 

Al-O-P connectivities are of interest to provide information regarding the 

framework structure. The heteronuclear pairing 
27

Al/
31

P can be studied using 

through-bond methods such as INEPT or HMQC, using magnetization transfer 

through J-couplings, or through-space experiments such as D-HMQC, which 

reintroduces dipolar couplings.  

 

3.2.3.1 INEPT 

The INEPT (insensitive nuclei enhanced by polarization transfer) pulse 

sequence
15 

was initially designed to enhance weak NMR signals of low- nuclei 

through the use of magnetization from high- nuclei in solution. A modified pulse 

sequence includes a refocusing step, in order to obtain absorptive (in-phase) 

lineshapes (important for solids), referred to here as INEPT-R.
16

 The experiment 

can be performed either in 1D or 2D variants. The intensity of the signal detected 

depends on the magnitude of the equilibrium magnetization. Nuclei with high  

have larger equilibrium magnetization and therefore produce higher sensitivity in 

the experiment. The effect of the pulse sequence on the spins involved can be 

described mathematically using product operators. For INEPT-R the product 

operator description shows that magnetization is transferred from I to S. The steps 

of the refocused INEPT sequence, shown in Figure 3.10(a), and corresponding 

product operator description, are as follows: 

1. Iz is the starting magnetization of spin I with a magnitude represented by 

‘a’. First anti-phase magnetization is generated on the I spin during period A. 

Anti-phase is a non-observable state that does not give transverse magnetization.  

 

 

   
)J2sin(SI2a)J2cos(aI      

aI    aI

ISzxISy
J180,180J

y
90

z

ISsxIxIS

Ix

   

 

 



 

 

2. Transfer of magnetization to S spin using two pulses in period B, using 

the scalar coupling. 
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Figure 3.10: Pulse sequences for heteronuclear correlation experiments. (a) INEPT-R based pulse 

sequence, J-HETCOR,
17

 and (b) with a prior MQ preparation period (phase-modulated two-

dimensional 3QMAS split-t1) experiment with INEPT-R transfer, MQ-J-HETCOR.
18

 

 

    
)J2sin(SI2a)J2cos(aI  ISyzISy

90,90
sxIy

 


 
 

 

3. During period C, the anti-phase state evolves into an in-phase state. 

 

    
x

τπJ180,180J
aS      ISsxIxIS    


 

 

 

4. Observe on S spin in t2. 

With I as the higher- nucleus, this sequence transfers its larger equilibrium 

 agnetizati n  ‘a’  t  the l w- nucleus, S.  

As introduced INEPT is an experiment designed for use in solution-state 

NMR. However, in the 1990s Fyfe et al. demonstrated the feasibility of using 

INEPT to study through-bond connectivities involving heteronuclei in the solid 

state.
17,19 

In solid-state NMR more general terminology is often used to describe 
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2D correlation spectra, with a prefix (J- or D-) indicating transfer through 

scalar/ ip lar   upling an   ub equent ‘H T O ’  pe tru . The J-HETCOR 

experiment (used by Fyfe) uses INEPT-based sequences for polarization transfer 

(PT). The viability of the two-dimensional solid-state experiment, based on the 

one-dimensional experiment, was reported using as-synthesised AlPO-14.
17

 For 

quadrupolar nuclei, second-order quadrupolar effects can broaden the lineshape in 

the respective dimension (usually 1). To improve resolution in the quadrupolar 

dimension, typically Al in the case of AlPOs, possible solutions are: (1) higher 

magnetic field; (2) use a modified pulse sequence with a multiple-quantum filter. 

Pruski and Wiench used a J-HETCOR pulse sequence, using INEPT-R for PT, 

with an initial MQ preparation period.
20

 The MQMAS step was used to eliminate 

the second-order broadening. This pulse sequence was further adapted, with the 

inclusion of SPAM (soft pulse added mixing) pulses, to enhance sensitivity,
21

 

This was demonstrated through the correlation of 
27

Al and 
31

P in as-made AlPO-

14(ipa), where all of the expected connectivities were seen.
21 

With the inclusion of 

27
Al decoupling throughout the experiment, structural information has been 

elucidated for calcined and as-synthesised AlPO-14 materials.
18 

 

The repetition time of the INEPT-based experiment depends on the 

relaxation of the I spin magnetization. So, when examining 
27

Al-O-
31

P 

connectivities, whilst 
31

P has a slightly higher  [6.97 vs 10.83 10
7
 rad s

1
 T

1
], 

there is a significant difference in their relaxation rates, by an order of magnitude, 

and Al is usually preferred as the I spin. Additionally, by transferring 

magnetization from 
27

Al, there is the opportunity to improve the resolution in the 

27
Al dimension by using a prior MQ filter.   

These experiments typically give good sensitivity, even if second-order 

quadrupolar coupling broadening is observed in one-dimensional spectra, J-

HETCOR experiments can be used to study framework topology and local order. 

As the J-coupling is a through-bond interaction involving orbital overlap, bonding 

connectivities can be obtained unambiguously. An example of a J-HETCOR 

spectrum is shown in Figure 3.11(a) for AlPO4 berlinite, for which there is one Al 

and one P crystallographically-distinct site. One cross peak is observed in the 

spectrum, indicating that the Al site is connected, via O, to one type of P site, as 

expected. A quadrupolar broadened lineshape is observed in the Al dimension.   
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Figure 3.11: 
27

Al-
31

P J-HETCOR and HMQC NMR spectra of AlPO4 berlinite. The spectra were 

obtained using the pulse sequences in Figures 3.10(a) and 3.11, respectively. Note a change of 

nuclei in the 1 and 2 dimensions. This is due to a change in the observed nucleus, 
31

P and 
27

Al for 

J-HETCOR and HMQC, respectively. 

 

In this work J-HETCOR using INEPT-R for polarization transfer, with and 

without MQ combined with SPAM for sensitivity enhancement, were employed, 

referred to herein as MQ-J-HETCOR and J-HETCOR, respectively. For AlPOs, 

the polarization transfer was from 
27

Al to 
31

P, for reasons discussed above. The 

pulse sequences used are those shown in Figure 3.10.
17,18  

 

3.2.3.2 HMQC  

HMQC (Heteronuclear Multiple-Quantum Coherence) is another through-

bond correlation experiment, originally implemented for solution-state NMR.
22

An 

example of a HMQC spectrum for berlinite is shown in Figure 3.11(b). It differs 

in appearance to the INEPT spectrum, with the nuclei appearing in opposite 

dimensions, owing to a change in the observed nucleus. As for INEPT, a product 

operator description can be used to show the effect of the pulse sequence on the 

spins. The steps of the HMQC sequence [Figure 3.12] along with a simplified 

product operator description,
 
are:

23 

1. The I spin equilibrium magnetization is excited and then evolves to an 

anti-phase state (period A in Figure 3.12). 
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Figure 3.12: Pulse sequence for a HMQC experiment.
22

 

 

  
zx

J
y

90
z SI2    I    I ISIx   



 
 

 

2. In period B the anti-phase magnetization is converted into heteronuclear 

multiple-quantum coherence, which then evolves for t1 (period C in Figure 3.12). 

 

       1sxx1syx

t180

yx

90
tsinSI2tcosSI2    SI2  1sIxSx   




 

 

 3. The MQ coherence is converted back into observable magnetization on 

the I spin (period D), and the coupling is allowed to rephase (period E in Figure 

3.12). Then the signal is acquired, which may be under conditions of broadband S 

spin decoupling if required (see Section 3.2.4)  

 

        1sy

J

1sxx1szx

90
tcosI    tsinSI2tcosSI2  ISSx  




 
 

 

Period F represents a spin echo across most of the pulse sequence, which 

simplifies the product operator description. The resulting spectrum contains a 

single peak at coordinates I, S in dimensions 2 and 1, respectively. 
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Figure 3.13: Pulse sequence for a D-HMQC experiment,
27

 with a recoupling scheme (R.S.) and 

central transition (CT) selective  pulse. 

 

3.2.3.3 D-HMQC 

Through-space correlation spectra, such as D-HMQC (dipolar 

heteronuclear multiple-quantum coherences), can provide an insight into spatial 

proximities between 
31

P and a quadrupolar nucleus, such as 
27

Al, without the need 

for any covalent bonding between the two.
24-26

 D-HMQC has been used to 

efficiently and easily investigate spatial proximities between 
31

P and quadrupolar 

nuclei in phosphate materials,
25

 providing previously unreported structural 

information. The method has higher sensitivity and is more robust than through-

bond methods, but less selective information on connectivity in three-dimensional 

frameworks can be obtained. The dipolar couplings, averaged by MAS, are 

reintroduced in the D-HMQC experiment by the application of a heteronuclear 

dipolar recoupling scheme during the excitation and reconversion periods of the 

pulse sequence. The recoupling schemes involve applying rf field to 
31

P, and 

schemes such as SFAM (simultaneous frequency and amplitude modulation), 

REDOR (rotational echo double resonance), R
3
 (rotary resonance recoupling) or 

symmetry-based sequences may be used.
27

 As for the INEPT based J-HETCOR 

experiments discussed previously, the D-HMQC experiment usually starts from 

27
Al, or another quadrupolar nucleus, owing to the more rapid longitudinal 

relaxation. A D-HMQC pulse sequence is shown in Figure 3.13.  
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3.2.4 Heteronuclear Decoupling 

  

Heteronuclear decoupling maybe used to increase resolution of NMR 

spectra affected by heteronuclear dipolar broadening, or broadening contributions 

from J-couplings.
28

 The original method, continuous wave (CW) is the simplest 

decoupling approach, requiring high power to decouple nuclei such as 
1
H or 

19
F, 

which exert strong dipolar couplings. The continuous irradiation of the spins to be 

decoupled, during the acquisition of the FID, averages the heteronuclear dipolar 

coupling to zero. Decoupling may also be required during other parts of a pulse 

sequence.
29,30

 More efficient averaging can be achieved by varying the duration, 

phase or strength of the decoupling pulses. Such decoupling sequences include 

TPPM (two pulse phase modulation)
31

 and the SPINAL series
32

, which are now 

typically used instead. These involve a continuous irradiation of the protons with 

a sequence of repeating pulses and a complex phase cycle.
 
Scalar couplings 

between I = 1/2 and a quadrupolar nuclei may broaden the spectrum of the I = 1/2 

nucleus. To decouple quadrupolar nuclei using the CW method a low power rf 

field is required to avoid dipolar recoupling. Alternative multiple pulse sequences 

have been developed in an attempt to improve decoupling efficiency, without 

reintroducing the dipolar coupling.
33 

The importance of decoupling is illustrated in Figure 3.14, which shows 

31
P MAS NMR spectra of as-made AlPO-14(ipa) (ipa = isopropylamine), which 

has four crystallographically-distinct P sites. However, in Figure 3.14(a) the 

spectrum was obtained without decoupling and only three resonances are 

observed. However, in Figure 3.14 spectrum (b) was obtained with low power 

CW 
27

Al decoupling during acquisition, and now four resonances are observed, in 

agreement with the number expected from the structure obtained by 

crystallography.  
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Figure 3.14: 
31

P MAS NMR spectra (14.1 T) of AlPO-14(ipa) with (a) no decoupling, (b) 
27

Al 

CW decoupling (~11 kHz). 

 

3.2.5 Cross Polarization (CP) 

 

Cross polarization (CP) is routinely used to enhance the signal of 

isotopically dilute low- spin-1/2 nuclei.
34 

The signal of dilute nuclei, such as 
13

C, 

can be enhanced by transfer from a more abundant high- nucleus such as 
1
H. The 

transfer of magnetization between two sets of nuclei, I and S, during CP is 

mediated by the dipolar interaction. This means that CP can also be used to gain 

structural information about the spatial proximity of heteronuclei through spectral 

‘e iting’  f the  pe tru . For example, for 
13

C and 
1
H, CP can be used to 

differentiate quaternary C and protonated (i.e., CH3 and CH2) groups. 

The CP pulse sequence, as shown in Figure 3.15, starts with an initial 



90y 

pulse on the I nucleus, which is followed by simultaneous irradiation of I and S 
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Figure 3.15: Pulse sequence for a cross polarization (CP) experiment, with decoupling during 

acquisition, and contact pulse ramped for I (typically 
1
H).  

 

during a “spin locking” period  r “  nta t ti e”. The acquisition of the S spin 

FID is usually accompanied by decoupling of the I nucleus. For static samples the 

“Hart ann-Hahn”  at hing   n iti n [Equation 3.8] needs to be satisfied for 

optimal magnetization transfer during the spin locking period
34

 

 

   ( )       ( ) (3.8) 

 
 
                . (3.9) 

 

When MAS is combined with CP, the CP transfer can be disrupted due to the 

variation or time dependence of the dipolar coupling, and the matching condition 

is modified:
35 

 

   ( )       ( )     n r   (3.10) 

 
 
                 n r    . (3.11) 

 

A variable amplitude contact pulse can be used to increase the CP efficiency 

under MAS. Typically, a ramped amplitude contact pulse is used,
36 

where the 

contact pulse of the I or S spins is steadily increased in amplitude for the duration 

of the pulse, through any Hartmann-Hahn match condition.  
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Figure 3.16: Static 
71

Ga NMR spectra of GaPO4 berlinite. Spectra were acquired with (a) spin-

echo pulse sequence and (b) a QCPMG pulse sequence. 

 

3.2.6 Quadrupolar Carr-Purcell Meiboom-Gill (QCPMG) 

 

Some quadrupolar nuclei exhibit extremely broad powder pattern 

lineshapes resulting from large quadrupole interactions (e.g., Figure 3.16(a)), 

which when combined with low natural abundance and/or low- result in low 

spectral sensitivity. In such cases CPMG (Carr-Purcell Meiboom-Gill)
37,38 

can be 

used to enhance the peak height signal-to-noise ratio of the NMR spectra.
39,40

 The 

addition of Q to the acronym means that the pulse sequence is applied to a 

quadrupolar nucleus, so low power CT selective pulses are usually used. The 

pulse sequence, as shown in Figure 3.17, consists of a train of selective 180 

pulses, which repeatedly refocus the magnetization in the transverse plane, and 

give a train of echoes in the FID. Improved sensitivity is obtained as in the 

spectrum the signal intensity is concentrated into sharp “spikelets”  which map out 

the regular CT powder pattern (e.g., Figure 3.16(b)). Resolution of the lineshape 

depends on the separation between the spikelets, which is the inverse of the echo 

separation (1/a). QCPMG can be used for static samples, or in conjunction with 

MAS,
41,42 

where the echo interval needs to be rotor synchronised. QCPMG has 

been successfully used to significantly enhance the NMR signal for nuclei with  
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Figure 3.17: Pulse sequence for a QCPMG experiment, containing a train of echoes. 

 

large quadrupolar interactions. It has enabled the characterisation of Mg sites with 

large quadrupolar coupling constants in a range of systems, such as magnesium 

silicate materials.
43

 

 

3.2.7 DOR  

 

DOR (Double rotation) is an alternative method for obtaining high-

resolution spectra of quadrupolar nuclei, but is complex to implement owing to 

the expensive specialist equipment required, and has largely been superseded by 

MQMAS methods, and as such is not used in the work presented in this thesis. 

DOR involves simultaneously rotating the sample at two angles, one of which is 

the magic angle and the other 30.56 or 70.12. This averages both the second- 

and fourth-rank terms of the second-order quadrupole interaction [Equations 3.2 

to 3.4] and allows high-resolution spectra to be obtained.
44

 

 

3.3 Calculation of NMR Parameters 

 

Experimental solid-state NMR spectra can be challenging to assign. This 

is due in part to a lack of extensive databases of solid-state NMR parameters, and 

crystal packing which produces inequivalency of chemically similar species. 

Computational calculations provide a useful approach for assigning spectra. The 

use of solid-state NMR spectroscopy and DFT calculations in a combined 

approach has previously assisted the study of materials such as AlPOs.
18,45

 The 

calculated values for isotropic chemical shift and quadrupolar parameters can be 

compared with the experimental NMR parameters to support assignment. The 
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approach allows the testing of structural models, including models for disorder or 

substitution, for unknown or debated structures. This also enables the dependence 

of NMR parameters on local structure to be studied. The approach can also be 

used to obtain information about dynamics, and can be used to find out additional 

structural information. Alternatively, it enables parameters to be predicted for use 

in guiding experiments, for example the chemical shift range or the magnitude of 

CQ.  

Generally two different approaches may be employed to use “fir t-

prin iple ”  al ulations to study materials. One approach is to perform 

calculations of NMR parameters using a code such as CASTEP,
46,47

 which 

exploits the periodic nature of crystalline solids. The other approach is to use a 

code such as Gaussian
48

 to study molecules such as the templates used in AlPO 

synthesis, and the parent acid of carboxylate linkers of carboxylate MOFs. 

 

3.3.1 Introduction to Density Functional Theory 

 

In principle, for one electron the relevant Schrodinger equation can be 

solved to obtain the energy and properties of a system, but for larger systems 

approximations are required to ensure such calculations are able to be performed 

on a reasonable timescale. Density Functional Theory (DFT) is a first-principles 

method that describes a system purely in terms of its electron density. A full 

description of DFT is beyond the scope of this thesis, but some of the key 

concepts are presented herein. The first, from which DFT arises, is a theorem by 

Hohenberg and Kohn.
49

 This theorem states that there is a functional that relates 

the electron density of a system to the ground state energy of the electrons and 

nuclei. The Hohenberg-Kohn equation, describing the energy of the electron 

density (E[(r)]) as a functional of electron density (F[(r)]), is:  

 

  [(r)]     ∫  r ext(r)(r)    [(r)]    , (3.12) 

 

where Vext is an external potential. 

The electron density, is defined by the Kohn-Sham equations;
50

 in terms of 

the wavefunctions of non-interacting electrons. 
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  ( )  ∑   
 ( )  ( )

 
       . (3.13) 

 

The functional of the electron density F[(r)] contains individual contributions, 

 

  [(r)]       [(r)]    H [(r)]      [(r)]    , (3.14) 

 

where EK is the kinetic energy (of a system of n non-interacting electrons which 

produces (r)) and EHC the Hartree Coulomb energy (describes the repulsive 

Coulomb interaction between an electron and the average potential generated by 

all others). EXC, the exchange-correlation energy, is there to account for quantum-

mechanical contributions not included elsewhere, though its exact form is 

unknown. Required to make the functional exact, the formulation of an accurate 

and universally-applicable EXC term remains a challenge.  

The simplest approximation of EXC is the Local Density Approximation 

(LDA), which assumes that, for a small unit of space, the electron density is 

constant and equal to that of a uniform electron gas: 

 

    [(r)]     ∫    () (r) 
 
r    , (3.15) 

 

where XC is the exchange-correlation energy per electron, in a uniform gas of 

density (r). LDA is routinely used for solid-state systems, and is a good 

approximation for the energy and structure of solids. For other properties, 

improvement can be made to the accuracy with additional terms based on the 

gradient of the density. The generalized gradient approximation (GGA) is: 

 

    [(r)]     ∫    (  ) (r) 
 
r    . (3.16) 

 

The inclusion of exchange-correlation effects gives an advantage to DFT over 

other first-principles methods. For the calculation of NMR parameters in solids, 

the GGA proposed by Perdew-Burke-Ernzerhof, PBE(GGA), is routinely used.
51

 

Further adaptations are generally too computationally expensive for applications 

to solids, however they may increase the accuracy for small molecules.  
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To compute (r) a basis set of known functions is required (to expand the 

unknown electron wavefunction). For periodic systems (solids) planewaves are 

typically the basis set of choice. The accuracy of the calculation increases with 

size of the basis set used. However, usually a finite number of functions are 

chosen. For a planewave basis set
52

 the cut-off energy, Ecut, defines the upper 

energy limit to which planewaves are included. This is required as with increasing 

energy there are an infinite number of possible planewaves. The size of basis set is 

chosen such that further increase in size would not significantly improve the 

 al ulate  re ult   an  the  al ulati n i   ai  t  be ‘  nverge ’. 

An explicit description of core electrons would be computationally 

expensive and is generally not required. Two approximations can be employed to 

reduce the computational cost, the frozen core approximation and the 

pseudopotential approximation. In the frozen core approximation the electrons 

within a defined radius of the nucleus are treated as part of the static potential 

provided by the nuclei, whilst electrons outside are treated explicitly. For the 

remaining electrons calculations can be further improved by replacing the all 

electron wavefunction with a smooth pseudo wavefunction close to the core 

region.
52

 This is used as a large number of planewaves might otherwise be 

required to reproduce the oscillatory nature of the valence wavefunctions close to 

the nucleus. However, many NMR parameters, e.g., shielding, depend on the 

electron density close to the nucleus. The all electron description of the core 

region can be reconstructed using the projector augmented-wave (PAW) 

method.
53,54

 The PAW method has been modified to allow the calculation of 

NMR parameters of a nucleus within a magnetic field, gauge-including PAW 

(GIPAW),
55

 required to calculate chemical shielding. 

 

3.3.2 Computational Methods 

  

The DFT code CASTEP
46,47

 was used to geometry-optimise structural 

models and perform NMR calculations of periodic structures, typically using the 

PBE(GGA) functional. The code uses the GIPAW formalism, ultrasoft 

pseuopotentials and periodic boundary conditions. The latter reduces the 

computational cost by recreating the three-dimensional structure from a small unit 
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cell, thereby reducing the number of distinct atoms that must be considered in the 

calculation. Structural parameters, unit cell dimensions and atomic coordinates, 

were obtained from experimental diffraction studies by collaborators, the 

Inorganic Crystal Structure Database
56

 or from the literature. Initial structures 

were typically geometry-optimised before NMR calculations were carried out, 

which has often been seen to provide improved agreement between calculation 

and NMR experiments.
18,57

 This was particularly necessary where missing atoms, 

typically H, were added to crystal structures using SHELX
58

 or manually, or 

where atoms were replaced to model substitution and disorder. Differences 

between calculations and experiment arise as there are intrinsic errors inherent in 

the chosen XC functional and computations are carried out on a frozen (0 K) 

structure, whereas NMR data are usually collected at room temperature.
57

   

There are two variable parameters that determine the accuracy of the 

calculation, the cut-off energy, Ecut, and the k-point spacing. These were 

converged as far as possible to obtain optimum values, which were obtained by 

tests on simple model systems, such as berlinite for AlPOs and CaAl12O19 for Ti-

bearing hibonite materials. Typical parameters used, for AlPOs, were a cut-off 

energy of 50 Ry and k-point spacing of 0.04 Å
1

. Exact parameters for each 

calculation are given in the relevant chapter.  

CASTEP calculates absolute shieldings, so referencing is required in order 

to transform these to chemical shifts. Where appropriate/possible, CASTEP 

calculations were performed on suitable model materials and experimental values 

from the literature used to obtain a referencing value via 

 

 i        ref   i      , (3.17) 

 

where iso is the isotropic chemical shift,  ref the reference shielding and  iso is the 

isotropic shielding. 
 
For example, for 

27
Al shifts in hibonite materials, CaAl12O19 

was used, and for 
45

Sc shifts in scandium MOFs LaScO3 was used. iso is set to the 

experimental value of a reference material and the calculated  iso for the material 

added to determine the reference value  ref. Alternatively, where necessary 

calculated results were referenced to experimental work in the same manner, 

where the experimental iso for a well-characterised site was used to determine the 
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 ref. As well as chemical shielding, CASTEP calculates the quadrupolar 

parameters CQ and Q. This includes the sign of CQ, which is reported in 

calculated results, but not determined experimentally.   

To give insight into NMR parameters for the template molecules used in 

AlPOs syntheses and the organic linkers of MOFs, DFT calculations were carried 

out using the Gaussian 03
48 

suite of programs. The GaussView 3.0 graphical 

interface was used to generate molecular geometries which were optimised with 

the hybrid functional B3LYP.
59

 The NMR parameters were calculated on the 

optimized structures with the same functional using the CSGT (continuous set of 

gauge transformations) method.
60

 DFT calculations were carried out using the 6-

31G(d,p) level of theory for geometry optimisation and 6-311G++(2d,p) for NMR 

parameters. The basis sets are of the form k-lmn-G, with k GTOs (Gaussian type 

orbitals) to describe the functional for each core orbital and l, m, n functionals to 

describe each valence orbital, consisting of l, m, n GTOs, d and p are polarization 

functions and + are diffuse functions. The chemical shieldings obtained are 

transformed to shifts using the referencing procedure described above. 

DFT calculations were carried out using the EaStCHEM research facility 

which initially consisted of 136 AMD Opteron processing cores partly connected 

by Infinipath high speed interconnects and was superseded by a 198-node (2376 

core) Intel Westmere cluster with 2 GB memory per core and QCR Infiniband 

interconnect at the University of St Andrews. Calculations were also carried out 

on a small cluster of the Ashbrook group, home-built from commodity hardware.  
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Chapter 4 

Solid-State NMR Investigation of 

Aluminophosphates 

 

Microporous framework materials have widespread applications, with 

ordered structures that are able to reversibly and selectively adsorb molecules. 

Whilst originally referring to aluminosilicate zeolites, the term microporous 

framework now includes groups of materials with other compositions, most 

notably aluminophosphates, and the area continues to attract attention and expand. 

Aluminophosphates (AlPOs) consist of corner-sharing alumina and phosphate 

tetrahedra and were first synthesised by Wilson et al. in the 1980s.
1
 The neutral 

framework charge of AlPOs generally prevents catalytic activity, but this can be 

generated by the inclusion of other atoms, such as Si
4+

 or Mg
2+

, into the 

framework, to produce substituted AlPOs; SAPOs and MgAPOs, respectively. 

Nevertheless, AlPOs do have interesting structural aspects and favourable 

adsorptive properties. AlPOs may be named according to the structure number, 

type or institution. In AlPO4-n notation the n denotes a specific structure number 

(the subscript 4 may be omitted), for example AlPO4-5 and AlPO4-14. In AlPO-

ABC notation the ABC denotes a three-letter framework code, assigned to unique 

framework topologies,
2
 for example AlPO-ERI. In ABC-n notation the ABC 

denotes an institution code and accompanying institution number n, for example 

VPI-5 (Virginia Polytechnic Institute-5) and UiO-7 (University of Oslo-7).
3,4

 

The synthesis of AlPOs involves combining sources of potential 

framework species, Al and P (and other heteroatoms for substituted AlPOs), and 

usually the presence of a structure-directing agent (SDA) is required. AlPOs are 

typically synthesised hydrothermally,
5
 which subjects aqueous solutions to high 

temperatures and high vapour pressures. A similar synthesis method, that involves 

a non-aqueous solution, is solvothermal synthesis.
6
 Ionothermal synthesis is an 

alternative route, which uses an ionic liquid simultaneously as both solvent and 
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potential SDA, thereby avoiding high pressures.
6,7  

 

The role of SDAs is primarily considered to be as ‘space-fillers’, 

stabilising open frameworks over dense phases of similar composition. SDAs may 

direct a preferred structure, although a single SDA may be capable of directing the 

synthesis of more than one framework, with the resulting structure depending on 

other synthesis variable, including time, temperature, gel chemistry and pH. For 

example, the tetraethylammonium cation (TEA) has been used to synthesise both 

AlPO-18
8
 and AlPO-34(F),

9
 and (along with tri-n-propylamine) AlPO-52.

10,11
 

Also, many SDAs maybe capable of directing the synthesis of a particular 

framework type. For example, AlPO-17 has been synthesised using 

quinuclidine,
12

 piperidine,
13

 cyclohexylamine,
14

 and methylamine.
15

 SDAs may be 

considered “templates” when there is a close relationship between the SDA and 

the pore or cage within which it is encapsulated, the structure having formed 

around it. However the term template is commonly used interchangeably with 

SDA throughout the literature. SDAs are typically organic molecules such as 

amines or quaternary alkylammonium ions. Cyclic species such as aza-crown 

ethers or azamacrocycles may also be used. These may take on a ‘co-templating’ 

role, with the ability to fit within different sized cages, thereby stabilizing more 

complex frameworks.
16

 SDAs may be charged within the as-prepared framework 

structure. The inclusion of charged SDAs within the neutral AlPO framework 

requires charge balancing by the inclusion of anions such as fluoride or hydroxide. 

These are considered extra-framework species as they attach to the framework Al 

species. The position of these extra-framework species is required to get a full 

structural picture of the as-prepared materials. Charge-balancing hydroxyls may 

have disordered locations or fractional occupancies. 

The structures of zeolites and zeotypes are commonly described in terms 

of recognizable structural units. These secondary building units (SBUs) may be, 

or consist of, rings. In AlPOs, rings are composed of an even number of 

alternating tetrahedrally-coordinated cations, due to the strict alternation of Al and 

P tetrahedra in such materials [Figure 4.1]. The rings are typically named in terms 

of the number of cations in the ring, so a 6 membered ring, 6MR, contains six 

cations and six oxygens. SBUs that consist of rings linked together forming a 

prism [Figure 4.1] are named in reference to the parent ring, so two 6MRs linked 
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Figure 4.1: Secondary building units shown as ball and stick models both with and without O 

positions. (a) 4-membered ring (4MR), (b) double 4-membered ring (d4R), (c) 6-membered ring 

(6MR), (d) double 6-membered ring (d6R), (e) cancrinite (CAN) cage and (f) sodolite (SOD) cage. 

Oxygen atoms are shown in red, aluminium atoms in blue and phosphorous atoms in grey. 

 

as a prism are double 6MRs, d6R. Cages may also be considered as SBUs, such as 

cancrinite (CAN) and sodalite (SOD) cages [Figure 4.1]. Nomenclature and 

examples of SBUs and building schemes can be found in the Zeolite Structures 

Database of the International Zeolite Association.
17 

Diffraction is able to obtain an overall, time- and space-averaged, 

framework structure, and the positions of species located within the pores. 

However, characteristic difficulties arise with fractional occupancies, disorder in 

distribution of atoms in the framework, extra-framework ions and adsorbed 

molecules. NMR can provide complementary structural details, examining local 

structure, and its applicability to AlPOs was discussed in Chapter 1. This chapter 

is divided into three sections. The first considers STA-15 (St Andrews 

microporous solid-15), and provides an introduction to using solid-state NMR 

spectroscopy to investigate AlPOs. This is followed by more in-depth studies of 

AlPO STA-2 (St Andrews microporous solid-2) and MgAPO STA-2.  
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4.1 STA-15 

4.1.1 Introduction 

 

The novel large-pore aluminophosphate STA-15 was prepared during an 

ongoing program of AlPO study, for the examination of combinations of organic 

bases for co-templating abilities,
18

 in the group of Professor P. A. Wright at the 

University of St Andrews. An organic molecule may be able to direct multiple 

zeotype structures, and the tetrapropylammonium ion (TPA
+
) has been used in the 

synthesis of a number of AlPO structures, including AlPO-40, AlPO-5 and AlPO-

37.
19 

The new solid was initially prepared using TPA
+
 as the SDA, in the presence 

of Si, with the tetraphenylphosphonium ion (TPP
+
) and azaoxacryptand 

4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane (K222) (seen to 

improve the purity or crystallisation) [Figure 4.2]. It was expected that a 

silicoaluminophosphate (SAPO) framework would be produced, with the 

incorporation of silicon as part of the framework, substituting for phosphorous. 

Solid-state NMR was used to investigate the framework structure, particularly to 

probe the inclusion of silicon and the incorporation of charge-balancing 

hydroxyls, which diffraction was unable to locate in this case. Solid-state NMR 

was also used to confirm the nature of the encapsulated template in the as-

prepared material. 

 

 

 

Figure 4.2: Organic molecules used in the synthesis of AlPO STA-15. (a) tetrapropylammonium 

(TPA
+
), (b) azaoxacryptand 4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane (K222) 

and (c) tetraphenylphosphonium (TPP
+
). Ph = phenyl (C6H5). 
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4.1.2 Experimental and Computational Details 

 

Solid-state NMR spectra were acquired using a Bruker 600 Avance III 

spectrometer, equipped with a widebore 14.1 T magnet, yielding Larmor 

frequencies of 156.4 MHz for 
27

Al, 150.9 MHz for 
13

C, 243.0 MHz for 
31

P, 119.2 

MHz for 
29

Si and 600.13 MHz for 
1
H. Powdered samples were packed into 

conventional 4 mm ZrO2 rotors and rotated at a MAS rate of 10 kHz. 

Conventional 
27

Al and 
31

P MAS NMR spectra were obtained using single-pulse 

experiments with a typical pulse length of 2 s for both nuclei, and typical recycle 

intervals of 0.5 s and 60 s, respectively. 
13

C spectra were acquired using cross 

polarization (CP), with a contact pulse (ramped for 
1
H) of 1 ms and 

1
H decoupling 

(SPINAL32 with 1/2 = 100 kHz) applied during acquisition. Chemical shifts 

were referenced to 1 M Al(NO3)3 (aq) for 
27

Al using Al(acac)3 as a secondary 

solid reference (1.1 ppm (left horn)), to 85% H3PO4 for 
31

P using BPO4 as a 

secondary solid reference (31.2 ppm), and to TMS for 
13

C using L-alanine as a 

secondary reference (20.5 ppm (CH3)). A high-resolution 
27

Al 2D triple-quantum 

MAS NMR experiment was recorded using a phase-modulated split-t1 shifted-

echo pulse sequence,
20

 with the third pulse chosen to be selective for the central 

transition. For the MQMAS spectrum, the isotropic dimension is scaled according 

to the convention in Ref. 21. A two-dimensional heteronuclear correlation 

spectrum was obtained using a J-HETCOR experiment, with transfer via an 

INEPT sequence from 
27

Al (using central-transition-selective pulses) to 
31

P.
22

 

Samples and diffraction data were provided by the group of Professor P. 

A. Wright (University of St Andrews). Samples were produced using 

hydrothermal synthesis, with sources of potential framework species (Al, P and, in 

some cases, Si) combined with organic additives and distilled water, and heated 

for 7 days at 190 °C [Table 4.1]. Calcination in flowing oxygen at 550 °C for 12 

hours produced a calcined-dehydrated material, STA-15(c). Calcined materials 

were heated overnight at 100 °C, in an open rotor, to ensure full dehydration 

before experiments were carried out. 

First-principles DFT calculations were performed as described in Chapter 

2. Calculations were carried out using CASTEP
24

 version 4.3 on a cluster 

consisting of 136 AMD Opteron processing cores partly connected by Infinipath  
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Table 4.1: Typical synthesis compositions (molar ratios) and resultant products. 

Al(OH)3 H3PO4 SiO2 TPA
+
 TPP

+
 K222 H2O Product 

0.9 1 0.2 * 0.03 0.008 40 STA-15(a) 

0.9 1  *   40 STA-15 + minor impurity (b) 

* TPAOH, source of TPA
+
, added to give a pH of 7. (~0.64)

23
 

 

high speed interconnects. A k-point spacing of 0.04 Å
1 

was used and 

wavefunctions were expanded in planewaves with a kinetic energy smaller than 

the cut-off energy of 60 Ry. Typical calculation times for NMR parameters were 

78 hours using 28 processors. The isotropic chemical shift, iso, is given by ref  

iso, where iso is the calculated isotropic shielding. Reference shieldings, ref, of 

553.2 ppm and 280.4 ppm were used for 
27

Al and 
31

P, respectively. For 
27

Al, the 

calculations generate the sign of the quadrupolar coupling, CQ, which is reported 

in the relevant tables. However, the sign of CQ cannot be determined from the 

experimental data presented in this work, and therefore, only the magnitude is 

compared to experimental results.   

 

4.1.3 Experimental Results and Discussion 

 

A number of organic molecules were present in the synthesis of the sample 

studied initially, STA-15(a), namely TPA
+
, TPP

+
 and K222 [Figure 4.2]. 

13
C CP 

MAS NMR was used to determine which were encapsulated within the structure. 

The 
13

C CP MAS spectrum in Figure 4.3 shows resonances at 60.4, 16.5 and 13.2 

ppm, which are assigned to N(CH2CH2CH3)4, N(CH2CH2CH3)4 and 

N(CH2CH2CH3)4, respectively. It is, therefore, clear that TPA
+
 is encapsulated 

(supported by elemental analysis
23

). If TPP
+
 were present, resonances would be 

expected in the aromatic region (110 – 140 ppm), and for K222 peaks in the 

region ~55-70 ppm. TPP
+
 and K222 were subsequently excluded from the 

synthesis and STA-15 was still successfully produced. 

Solid-state 
27

Al, 
31

P and 
29

Si NMR were used to study the framework, 

particularly with regard to the inclusion of Si and charge-balancing hydroxide 

ions. The 
27

Al MAS NMR spectrum of the as-prepared material in Figure 4.4(a) 

shows a main resonance at 38.6 ppm and a minor resonance at 11 ppm. This 
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Figure 4.3: 
13

C CP MAS NMR spectrum of as-prepared AlPO STA-15(a) (14.1 T), showing (a) 

the typical 
13

C shift range and (b) expansion of peak region. The spectrum is the result of 

averaging 4000 transients, with a recycle interval of 5 s and SPINAL32 
1
H decoupling. A 10 kHz 

MAS rate was used.  (ppm) at 60.4 N(CH2CH2CH3)4, 16.5 N(CH2CH2CH3)4 and 13.2 

N(CH2CH2CH3)4. 

 

indicates that most of the Al is terahedrally coordinated, Al(OP)4, with a small 

amount of Al as 5-coordinate, due to direct coordination by hydroxyls. There is 

little or no evidence of Al(OP)3(OSi), which is expected to be seen as a shoulder 

on the resonance corresponding to Al(OP)4.
25

 The 
31

P spectrum, (b) in the same 

figure, shows a dominant peak at 31.5 ppm, P(OAl)4, with a broad resonance at 

higher shift. No signal was obtained in 
29

Si experiments on samples that were 

synthesised in the presence of Si, indicating that either Si has not been 

incorporated into the structure or is present in extremely low quantities, below the 

sensitivity of the experiment. The absence of Si was later confirmed by EDX 

(Energy Dispersive X-ray spectroscopy).
23

 This revealed that the framework is a 

true AlPO rather than a SAPO. Also included in Figure 4.4(c, d) are 
31

P and 
27

Al 

spectra for a sample produced without Si or the additional organic molecules in 

the synthesis, STA-15(b). These are very similar to the other spectra for STA-

15(a), supporting the suggestion that STA-15(a) is purely the AlPO form of the 

structure. 



72 

 

 

Figure 4.4: (a, c, e) 
27

Al and (b, d, f) 
31

P MAS NMR spectra of AlPO STA-15 (14.1 T). From top 

to bottom: STA-15(a) as-prepared with Si present in the synthesis, STA-15(b) as-prepared without 

Si present in the synthesis, calcined-dehydrated STA-15, STA-15(c). Spectra are the result of 

averaging (a, c) 24, (b, d, f) 60 and (e) 64 transients, with recycle intervals of (a, c, e) 0.5 s, (b, d,) 

60 s and (f) 30 s. A 10 kHz MAS rate was used, with * indicating spinning sidebands. 

 

A 
27

Al MQMAS spectrum of STA-15(a) [Figure 4.5] enabled quadrupolar 

parameters to be obtained, given in Table 4.2. Additional broadening in the 

spectrum indicates a degree of disorder, likely to result from the presence of 

hydroxyls with disordered locations, and, as a consequence, only average NMR 

parameters can be extracted from the centre of gravity of the resonances. 

 

Table 4.2: Average 
27

Al NMR parameters, isotropic chemical shift iso and quadrupolar product 

PQ, for as-prepared STA-15(a), obtained from the MQMAS spectrum of Figure 4.5. 

27
Al site iso> (ppm) <PQ> / MHz 

A 39.6 (10) 2.5 (4) 

B 13.3 (10) 3.3 (4) 
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Figure 4.5: 

27
Al phase-modulated split-t1 triple-quantum MQMAS spectrum, and isotropic 

projection, of as-prepared AlPO STA-15(a) (14.1 T). The spectrum was recorded using the phase-

modulated split-t1 shifted-echo pulse sequence in Figure 3.7(b).
20

 The spectrum is the result of 

averaging 96 transients with a recycle interval of 0.5 s for each of 224 increments of 50 s. A 10 

kHz MAS rate was used, with * indicating a spinning sideband. 

 

The 
27

Al and 
31

P NMR spectra indicate that hydroxyls are coordinated to 

Al. To determine the nature of hydroxide coordination, the ratio of spectral 

resonances corresponding to Al(IV) and Al(V) were examined. To ensure spectra 

were as quantitative as possible, they were acquired with a range of different 

recycle intervals. The ratio Al(V) to Al(IV) is approximately 1:14. There are 32 

Al in the unit cell and 1.8 template molecules (determined from chemical and 

diffraction analysis).
23

 The template has a 1+ charge and therefore 1.8 hydroxyls 

are required to charge balance. If the hydroxyls had terminal coordination, i.e., Al-

OH, 1.8 Al would be five coordinate and the remainder four coordinate, a ratio of 

1.8:30.2 (~1:17). If the hydroxyls were bridging between two Al, i.e., Al-(OH)-Al, 

then 3.6 Al would be five coordinate, a ratio of 3.6:28.4 (~1:8). The experimental 

ratio is closest to the former and, therefore, the hydroxyls are deduced to have 

terminal coordination. There is nearly one (0.9) TPA+ cation per channel site
23

 in 

the STA-15 framework but, as it is not fully occupied, some disorder with the 

hydroxyl positions over the extended framework may be expected. The 
27

Al and 

31
P MAS NMR spectra of the calcined material [Figure 4.4(e, f)] both give a  
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Figure 4.6: 
27

Al-
31

P J-HETCOR spectrum of as-prepared AlPO STA-15(a) (14.1 T). The spectrum 

was acquired using an INEPT based pulse sequence, shown in Figure 3.10(a),
22

 with  = 1.5 ms. 

The spectrum is the result of averaging 2624 transients with a recycle interval of 0.5 s for each of 

58 increments of 50 s. The MAS rate was 10 kHz, and spinning sidebands are indicated by *. 

 

single resonance at 37 ppm and 32 ppm, respectively, corresponding to TO4, 

Al(OP)4 and P(OAl)4, respectively. 

To investigate 
27

Al-O-
31

P connectivities within the structure of the as-

prepared material, a 
27

Al-
31

P J-HETCOR experiment was carried out. As shown in 

Figure 4.6, a strong signal is observed for one 
27

Al/
31

P pairing, from the most 

intense peaks in the 1D spectra. There is a low-intensity cross peak corresponding 

to the Al(V) peak correlating to the main 
31

P peak. This shows both Al species are 

connected to framework P via a through bond interaction and do not result from 

an impurity phase. The broadened resonance in the 
31

P 1D spectrum is not present, 

and it is likely that it belongs to an impurity phase. 

 

4.1.4 DFT Study of STA-15 

 

In the NMR spectra of the calcined material only one resonance is 

observed for both 
27

Al and 
31

P. Crystallographically, four distinct sites are 

expected for each [Figure 4.7]. Furthermore, the unit cell contains 192 atoms and 
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Figure 4.7: Crystal structure of calcined-dehydrated AlPO STA-15. (a) Ball and stick model with 

crystallographically-distinct Al and P sites labelled and (b) wire frame model. The dashed blue 

lines indicate the unit cell. Oxygen atoms shown in red, aluminium atoms in blue, phosphorous 

atoms in grey. 

 

the unit cell complexity means that restraints had to be applied during the 

refinement of the diffraction data used to determine the structure. Therefore, to 

support the symmetry assignment, and examine the similarity, by NMR, of the 

distinct Al and P sites, the initial structure, obtained from diffraction, was 

geometry optimised (without any symmetry constraints) by DFT and 
27

Al and 
31

P 

NMR parameters calculated [Table 4.3].     

The calculated NMR parameters for 
27

Al show a narrow shift range and 

similar quadrupolar couplings. This is consistent with the relatively narrow 

experimental line, which is representative of small quadrupolar couplings. For 
31

P, 

the calculated shifts are also similar for the four distinct species. The spread of 

calculated shifts (~4.5 ppm) is comparable to the relatively large width of the 

experimental lineshape (5 ppm). 
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Table 4.3: Calculated 
27

Al and 
31

P NMR parameters (isotropic chemical shift, iso, quadrupolar 

coupling constant, CQ, asymmetry, Q, and product, PQ) for calcined-dehydrated STA-15.

 iso (ppm) CQ / MHz Q PQ / MHz   iso (ppm) 

Al(1) 37.3 2.5 0.72 2.71  P(1) 34.2 

Al(2) 36.9 3.7 0.70 3.99  P(2) 34.2 

Al(3) 33.5 2.3 0.96 2.63  P(3) 36.7 

Al(4) 36.2 2.3 0.95 2.62  P(4) 38.7 

 

Table 4.4: Unit cell parameters of calcined-dehydrated AlPO STA-15. Unit cell lengths, a, b and 

c, unit cell angles, ,  and , and unit cell volume, V. 

Unit 

Cell 

Unoptimised structure (Experimentally 

measured (synchrotron) structure at 100 K) 

DFT-Optimised 

Structure 

a / Å 14.7967 15.0169 

b / Å 27.5248 28.2395 

c / Å 8.3255 8.6269 

° 90 90 

° 90 90 

° 90 90 

V / Å
3
 3390.8 3658.4 

 

The final optimised structure retains the framework symmetry determined 

by diffraction, with four crystallographically-distinct Al sites and four 

crystallographically-distinct P sites, supporting the structure refinement. The 

expansion of the unit cell [Table 4.4], by a few percent, is commonly seen in DFT 

calculations using GGA.
26,27

 The similar nature of the tetrahedra in the optimised 

structure, with similar bond lengths and bond angles for AlO4 and PO4 sites, is 

shown in Appendix A, Table A.1.  

 

4.1.5 Conclusion 

 

It has been confirmed by 
13

C CP MAS NMR that, of the organic molecules 

used in the STA-15 synthesis, only TPA
+
 is encapsulated within the as-prepared 

structure. As the framework could be synthesised in the absence of Si, i.e., only 

Al and P cation framework atoms present in the synthesis, it means that the 
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framework structure studied was a new AlPO framework.   

NMR spectra were obtained for framework atoms, 
27

Al and 
31

P, and, 

although crystallographically-distinct sites were not resolved, their similarity was 

confirmed by DFT calculation. As-prepared samples show the 
31

P and 
27

Al peaks 

are in similar positions to those of the calcined material, with an additional 
27

Al 

peak relating to the presence of SDAs within the pores and the subsequent 

addition of structural hydroxyls. From the analysis of the 
31

P and 
27

Al MAS NMR 

spectra, the charge-balancing hydroxyls have been determined to be coordinated 

to framework Al and support a model with terminal coordination, and with 

disordered location.  

 

4.2 AlPO STA-2 

4.2.1. Introduction 

 

The aluminophosphate-based solid STA-2 (St Andrews microporous solid-

2) was first reported in 1997 as part of a wider program of AlPO study,
28

 and the 

structure can be crystallised as a MgAPO, SAPO and AlPO. The STA-2 

framework structure was solved by single-crystal diffraction of the MgAPO 

form.
28

 STA-2 belongs to the ABC-6 family of zeotypes, which consist of stacked 

6MRs at different xy positions (A, B, C) of a hexagonal unit cell [Figure 4.8]. The 

subsequent repeating stacking sequences are unique to the family member. For 

example, Cancrinite has the stacking sequence AB(A)…, Erionite AABAAC(A) 

and Chabazite AABBCC(A), whilst STA-2 has the stacking sequence 

AABABBCBCCAC(A).
17 

 

 

Figure 4.8: ABC-6 zeotypes consist of an arrangement of 6MRs in the ab-plane of a hexagonal 

unit cell which may be shifted in subsequent layers to give a repeating stacking sequence unique to 

that member. Arrangement of 6MRs in the ab-plane of a hexagonal unit cell in a single layer (a), 

projection of a 3 layer stacking sequence ABC (Sodalite) (b) and perspective drawing (c).
17
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The STA-2 materials were initially prepared using diquinuclidinium 

templates, (C7H13N)(CH2)n(C7H13N) with n = 4 or 5, BQNB (1,4-bis-N-

quinuclidinium-butane) or BQNP (bis-quinuclidinium-pentane) [Figure 4.9]. To 

facilitate further study it was desirable to have a SDA that could be synthesised 

using cheaper starting materials, as quinuclidine was relatively expensive.
I
 

Molecular modelling resulted in bis-diazabicylcooctane-butane (BDAB) as a 

proposed SDA, which was then successfully used to produce AlPO STA-2.
29 

The 

SDA can be removed by calcination to give a microporous framework. The charge 

of the initial cationic template (BQNB) is balanced in the as-prepared MgAPO 

STA-2 by the substitution of magnesium cations (Mg
2+

) for aluminium cations 

(Al
3+

). In the pure AlPO form of STA-2 a different mechanism is required to 

charge balance the SDA and preserve the framework neutrality. In the absence of 

F
−
 this role is carried out by hydroxyls, as for STA-15 in the previous section. 

This work presents a structural characterisation of the AlPO form of   

STA-2, using solid-state NMR. DFT calculations are used to gain an insight into 

the framework and aid spectral assignment. The as-prepared materials synthesised 

with BQNB and BDAB, denoted STA-2(BQNB) and STA-2(BDAB), 

respectively, are compared. 

 

 

Figure 4.9: SDAs used to synthesis the STA-2 framework in Refs. 28 and 29. (a) bis-

quinuclidinium-butane, (b) bis-quinuclidinium-pentane and (c) bis-diazabicylcooctane-butane. 

                                                 
I
 A cheaper/alternative synthesis route for BQNB, based on the reduction of 

quinuclidone, is now known and is currently being used in the synthesis of 

aluminophosphate-based solids. 
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4.2.2. Experimental and Computational Details 

 

Solid-state NMR spectra were acquired using Bruker Avance III 400, 600 

and 850 spectrometers equipped with widebore 9.4 T, 14.1 T and 20.0 T magnets 

respectively. Larmor frequencies are given in Table 4.5. Additional experiments 

were carried out by Dr S. E. Ashbrook and Dr J. M. Griffin, with help from Dr J. 

Trébosc, using a Bruker Avance II 800 MHz spectrometer, equipped with an 18.8 

T narrowbore magnet, at L’Universite de Lille, France. Powdered samples were 

packed into conventional 1.3 mm, 2.5 mm or 4 mm ZrO2 rotors. MAS rates 

between 10 and 60 kHz were used. Further experimental details are given in the 

relevant figure captions. 

Conventional 
27

Al, 
31

P and 
1
H MAS NMR spectra were obtained using 

single-pulse experiments. 
13

C and 
15

N spectra were acquired using cross 

polarisation (CP) with 
1
H decoupling (SPINAL32 or TPPM15) applied during 

acquisition. High-resolution 
27

Al 2D triple-quantum MAS NMR experiments at 

14.1 T were recorded using a phase-modulated split-t1 shifted-echo pulse 

sequence
20

 or a z-filtered pulse sequence.
30 

2D heteronuclear correlation spectra 

were obtained using a J-HETCOR experiment, with transfer via an INEPT 

sequence from 
27

Al (using central transition selective pulses) to 
31

P, with or 

without an initial MQ evolution step.
31,22

 Chemical shifts were referenced to 1 M 

Al(NO3)3 (aq) for 
27

Al using the Al(acac)3 as a secondary reference (−1.1 ppm 

(left horn), 14.1 T), to 85% H3PO4 for 
31

P using BPO4 as a secondary reference 

(−31.2 ppm), to TMS for 
1
H and 

13
C using L-Alanine as a secondary reference in 

both cases (8.5 ppm (NH3), 20.5 ppm (CH3)), and to nitromethane for 
15

N using 

glycine as a secondary reference (−347 ppm). For MQMAS spectra, the isotropic  

 

Table 4.5: Larmor Frequencies (MHz) at different field strengths. 

Isotope 9.4 T 14.1 T 18.8 T 20.0 T 

1
H 400.13 600.13 800.13 850.13 

27
Al 104.29 156.38 208.49 221.52 

31
P 161.98 242.94 323.90 344.14 

13
C 100.61 150.90 201.19 213.77 

15
N 40.56 60.83 81.11 86.18 
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dimension is scaled according to the convention in Ref. 21. A high-resolution
 27

Al 

two-dimensional triple-quantum MAS NMR experiments at 18.8 T was recorded 

using a z-filtered pulse sequence
30

 and a two-dimensional heteronuclear 

correlation spectra was obtained using a through-space D-HMQC pulse 

sequence.
32

 Further experimental details are given in the relevant figure captions. 

Samples and diffraction data analyses were provided by the group of 

Professor P. A. Wright (University of St Andrews). Four AlPO STA-2 materials 

were studied, two as-prepared materials, STA-2(BQNB) and STA-2(BDAB), a 

dehydrated STA-2(BDAB) and a calcined-dehydrated material. Samples were 

synthesised hydrothermally with sources of framework species combined with the 

chosen SDA and distilled water, and heated for 2 days at 190 °C. Dehydration at 

250 °C for 3 hours produced a dehydrated-templated material. Calcination in 

flowing oxygen at 550 °C for 12 hours produced a calcined-dehydrated material. 

Calcined-dehydrated and dehydrated materials were heated for a minimum of 

overnight at 100 °C in an open rotor, before experiments were carried out.  

First-principles DFT calculations were performed on the calcined-

dehydrated STA-2 framework, on dehydrated STA-2(BDAB), and a related 

material previously studied in the literature, as-prepared AlPO-ERI.
33

 Calculations 

were carried out using CASTEP versions 4.3 and 5.0 on a cluster consisting of 

136 AMD Opteron processing cores partly connected by Infinipath high speed 

interconnects. A k-point spacing of 0.04 Å
−1

 was used and wavefunctions were 

expanded in planewaves with a kinetic energy smaller than the cut-off energy of 

50 Ry. Typical calculation times for NMR parameters were 36 to 56 hours using 

24 processors. The isotropic chemical shift, iso, is given by ref  iso, where iso 

is the isotropic shielding. Reference shieldings, ref, of 555.27 and 279.03 ppm 

were used for 
27

Al and 
31

P, respectively, for CASTEP 4.3, and 555.23 and 279.73 

ppm were used for 
27

Al and 
31

P, respectively, for CASTEP 5.0. Further detail on 

structure optimisation is given in the DFT sections (see Sections 4.2.6 and 4.2.7). 

Structural parameters (unit cell and atomic positions) for the as-prepared STA-

2(BDAB) were obtained from single crystal data for MgAPO STA-2.
28

 A starting 

model was reproduced from these parameters in a primitive unit cell, using 

periodic boundary conditions and assuming all tetrahedral cations to be Al and P. 

The empty framework corresponding to the calcined material was geometry-
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optimised with both the lattice parameters and atomic coordinates allowed to vary. 

The framework with the encapsulated template does not contain water and 

therefore corresponds to the dehydrated material. 

 

4.2.3. Results and Discussion of Calcined-Dehydrated STA-2 

 

The calcined structure was investigated in order to gain an understanding 

of the basic framework structure without the influence of the organic molecule 

SDA and the complication of the presence of charge-balancing hydroxyls. The 

27
Al MAS NMR spectrum, Figure 4.10(a), shows two distinct resonances, with 

characteristic quadrupolar-broadened lineshapes, and each correspond to 

tetrahedral Al(OP)4. Although they are overlapping and only partially resolved, 

they are clearly distinguished in a MQMAS spectrum, with two sharp resonances 

in the isotropic projection. The 
27

Al MQMAS spectrum is shown in Figure 

4.10(b), along with extracted cross-sections revealing the individual lineshapes. 

The isotropic chemical shift and quadrupolar parameters, obtained from both the 

position of the centre of gravity of the lineshape and from the fitting of the cross 

sections are given in Table 4.6.  

An empirical observation from the literature can be used to aid assignment 

of the 
27

Al resonances. Shear strain, |Ψ|, measures the deviation of strained 

tetrahedral angles (in this case O-Al-O angles of AlO4), i, from a “perfect” 

tetrahedral angle, 0 (109.5°), as given in Equation 4.1. It has been observed that 

the 
27

Al CQ increases with shear strain and this has been used to aid the 

assignment of VPI-5.
34

 Al1 and Al2, in the DFT geometry-optimised structure, 

have |Ψ| of 3.74 and 5.92, respectively. This allows the resonance with a CQ of 2 

MHz to be assigned to Al1 and that with a CQ of 3.5 MHz to Al2. 

 

   
i

0i  tan    Ψ  (4.1) 
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Figure 4.10: MAS NMR spectra of calcined-dehydrated STA-2 (14.1 T). (a) 
27

Al MAS spectrum, 

the result of averaging 64 transients with a recycle interval of 0.5 s. (b) 
27

Al MQMAS spectrum 

with cross sections extracted parallel to 2 at 1 = 20.0 and 24.2 ppm. The MQMAS spectrum was 

recorded using a phase-modulated split-t1 shifted-echo pulse sequence, shown in Figure 3.7(b).
20

 

The spectrum is the result of averaging 192 transients with a recycle interval 0.5 s for each of 256 

t1 increments of 100 s. (c) 
31

P MAS spectrum, the result of averaging 24 transients with a recycle 

interval of 5 s. The MAS rate for all spectra (a-c) was 10 kHz. 

 

Table 4.6: Experimental 
27

Al MAS NMR parameters (isotropic chemical shift, iso, quadrupolar 

product, PQ, quadrupolar coupling constant, CQ, and asymmetry, Q) for calcined-dehydrated 

AlPO STA-2, extracted from the MQMAS NMR spectrum in Figure 4.10. Also given is the 

assignment based on shear strain. 

 
iso (ppm) CQ / MHz Q PQ / MHz 

Assignment based on shear strain 

Shear strain Assignment 

A 36.0 (5) 2.0 (2) 0.7 (2) 2.1 (2) 3.74 Al1 

B 42.0 (5) 3.5 (1) 0.9 (5) 3.9 (2) 5.92 Al2 
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The 
31

P MAS NMR spectrum in Figure 4.10(c) shows two distinct 

resonances, corresponding to P(OAl)4, at −29.6 and −34.8 ppm. In 1984, Müller et 

al. found a relationship between chemical shift and Al-O-P angle, which can be 

used to aid spectral assignment.
35

 They observed that for TO4 species the 
31

P 

chemical shift decreases with increasing mean Al-O-P angle. The mean Al-O-P 

angles for P1 and P2, in the DFT geometry-optimised structure of calcined-

dehydrated STA-2, are 146.33° and 153.54° respectively. The resonance at −29.6 

ppm can therefore be assigned tentatively to P1 and that at −34.8 ppm to P2.  

P1 and P2 are located in different building units of the STA-2 framework, 

d6R and s6R units respectively. It has been observed that P sites in d6R units 

typically give rise to resonances at higher shift (ca. −30 ppm) than those in s6R 

units,
36

 when hydroxyls are not present. Table 4.7 shows 
31

P shifts for a number 

of aluminophosphate based materials extracted from the literature containing d6R 

units, and in some cases s6R units. This supports the assignment made above, 

with P1 (d6R) at −29.6 ppm and P2 (s6R) at −34.8 ppm. 

The observation of four distinct tetrahedral sites, two 
27

Al resonances, 

indicating two Al sites, and two 
31

P resonances, indicating two P sites, is in 

agreement with the structure previously refined for calcined MgAPO STA-2.
28

 

The STA-2 structure contains four cystallographically-distinct tetrahedral sites 

comprising of two aluminium and two phosphorous sites. A combination of 2D 

heteronuclear correlation and DFT calculations were used to investigate the 

framework further and aid assignment of the NMR spectra. 

 

Table 4.7: Experimental 
31

P isotropic chemical shifts iso for d6R and s6R units for AlPO based 

materials in the literature. 

Material 

31
P iso (ppm) 

State Reference 
d6R s6R 

AlPO-17 −29.0 −34.5 calcined, dry Zibrowius et al.
37 

SAPO-35 −27.4 −32.8 as-prepared Blackwell et al.
38 

SAPO-34 −30.3 - calcined, dry Zibrowius et al.
39 

AlPO-18 −30.7 - calcined, dry He et al.
40 

AlPO-52 −30.0 - calcined, dry McGuire et al.
36 

AlPO-34 −29.0 - dry Tuel et al.
41 
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Figure 4.11: CAN cages and d6R units of STA-2 structure.  

 

 

Figure 4.12: Local Al and P environments in calcined-dehydrated AlPO STA-2. 

 

In the STA-2 framework, Al(2) and P(1) are located in d6R units, and 

Al(1) and P(2) are located in s6R units. These join to form CAN cages that share 

face in a 4MR [Figure 4.11]. Therefore, via oxygen, Al(1) is linked to one P(1) 

and three P(2)s, and Al(2) is linked to one P(2) and three P(1)s, as shown in 

Figure 4.12. This 1:3 connectivity is clearly observed in the different intensities of 

the cross peaks in the 
27

Al-
31

P MQ-J-HETCOR spectrum shown in Figure 4.13. 
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Figure 4.13: (a) 
27

Al-
31

P 2D MQ-J-HETCOR spectrum of calcined AlPO STA-2, recorded using a 

27
Al phase-modulated split-t1 3QMAS experiment, followed by INEPT transfer to 

31
P.

20,31
 The 

spectrum was recorded using the pulse sequence in Figure 3.10(b), with a  of 2.0 ms. The 

spectrum is the result of averaging 192 transients with a recycle interval of 2.5 s for each of 128 t1 

increments of 165 s. (b) Extracted lineshapes showing relative intensities, with approximate 

values. The MAS rate was 10 kHz. 

 

The INEPT-based correlation was chosen as it allows the easy incorporation of a 

MQ preparation step, which is necessary from the previous examination of the 

27
Al spectra, where MQMAS is required to resolve the two resonances. It is 

possible to identify possible Al(1)/P(2) and Al(2)/P(1) cross peaks and the relative 

intensities support the assignment made using empirical observations. 

To support the spectral assignment, 
27

Al and 
31

P NMR parameters were 

calculated using DFT. The primitive unit cell used is shown in Figure 4.14. Prior 

to calculation of NMR parameters, the starting structure was geometry optimised, 

with both the lattice parameters and atomic coordinated allowed to vary. The 

calculated NMR parameters shown in Table 4.8 are in excellent agreement with 

those determined experimentally, and agree with the observed relative intensities 

in the experimental correlation spectrum. This allows the 
27

Al and 
31

P spectra to 

be confidently assigned. The 
31

P resonance at −29.6 ppm corresponds to P1, 

located in a d6R, and the resonance at −34.8 ppm to P2, located in a s6R. The 
27

Al 

resonances at 36.0 and 42.0 ppm correspond to Al1 and Al2, respectively, which 

are located in s6R and d6R units, respectively.  
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Table 4.8: Calculated 
27

Al and 
31

P NMR parameters (isotropic chemical shift, iso, quadrupolar 

coupling, CQ, quadrupolar asymmetry, Q, and quadrupolar product, PQ) for calcined-dehydrated 

AlPO STA-2. 

 iso (ppm) CQ / MHz Q PQ / MHz   iso (ppm) 

Al1 38.2 2.11 0.83 2.33  P1 −28.8 

Al2 45.9 3.37 0.97 3.86  P2 −35.6 

 

 
Figure 4.14: Unit cell, wire-frame model, of calcined-dehydrated AlPO STA-2 with Al (light 

grey) and P (dark grey) sites labelled. 

 

4.2.4. Results and Discussion of As-Prepared STA-2 

 

13
C and 

15
N CP MAS NMR were used to study the encapsulated SDA in 

the as-prepared materials. The 
13

C CP MAS NMR spectrum in Figure 4.15(a) of 

as-prepared STA-2(BQNB) shows only the resonances expected for the organic 

molecule and indicates that it is incorporated intact. The observed shifts at 19.4, 

19.8, 23.9, 56.6 and 64.1 ppm correspond to carbons 5, 1, 4, 3 and 2 respectively. 

For as-prepared STA-2(BDAB) a series of intense resonances are present for the  
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Figure 4.15: (a, b) 
13

C and (c, d) 
15

N CP MAS NMR spectra (14.1 T) of STA-2(BQNB) and STA-

2(BDAB). Spectra were acquired using a CP pulse sequence with a contact pulse of 1 ms (
13

C) or 

5 ms (
15

N) and 
1
H decoupling, (a) SPINAL32 and (b, c, d) TPPM15, in acquisition. In (a) and (b), 

800 and 1200 transients, respectively, were averaged with a recycle interval of 5 s. In (c, d) 32768 

transients were averaged with a recycle interval of 5 s. The MAS rates were (a) 10 kHz, (b) 12.5 

kHz and (c, d) 7 kHz. The * in (b) and (d) indicate resonances attributed to 
13

C and 
15

N breakdown 

products that became occluded in STA-2(BDAB). 

 

intact SDA molecule [Figure 4.15(b)]. The observed shifts at 19.7, 45.7, 54.5, and 

64.6 ppm correspond to carbons 1, 4, 3 and 2 respectively. There are also some 

minor signals, which correspond to breakdown products that have been 

incorporated (marked with an * in Figure 4.15) but this was determined to only 

account for a few percent of the total carbon content in Ref. 29.
 
Details of the 

assignment for 
13

C and 
15

N are given in Ref. 29. 

The 
15

N CP MAS NMR spectrum of STA-2(BQNB) in Figure 4.15(c) 

shows a single resonance at −331.2 ppm, which corresponds to the quaternary 
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nitrogen atom of BQNB. BQNB has unequivocally a 2+ charge, arising from the 

two quaternary nitrogens in the molecule. BDAB, however, can in principle, have 

a 2+, 3+ or 4+ charge, depending on the protonation state of the apical nitrogens. 

The 
15

N CP MAS NMR spectrum of STA-2(BDAB), in Figure 4.15(d), shows 

two strong resonances at −331.8 and −374.6 ppm, which correspond to the 

quaternary and apical nitrogen atoms, respectively. The assignment is based on 

the shift difference between the two resonances. A 2+ charge was assigned to the 

encapsulated BDAB by a previous study by solution-state NMR and DFT 

calculations,
42

 and supported by the similarity of the solid-state 
27

Al and 
31

P 

spectra of STA-2(BQNB) and STA-2(BDAB), i.e., the amount of Al(IV) and 

Al(V) is the same for both samples, so the number of hydroxyls must be the same 

and the pores must, therefore contain BDAB
2+

. A third, much smaller peak (* in 

Figure 4.15(d)), is attributed to the breakdown products observed in the 
13

C 

spectrum.  

27
Al and 

31
P MAS NMR were used to gather information on the local 

environment of the framework cations and elucidate how the charge-balancing 

OH
−
 anions are incorporated into the as-prepared STA-2 structure. The 

31
P MAS 

NMR spectra of STA-2(BDAB) in Figure 4.16 show a series of intense 

resonances between −20 and −40 ppm and a broader resonance at higher chemical 

shift. Very similar spectra were obtained for STA-2(BQNB) [Figure 4.17]. There 

was no significant enhancement of any signal for STA-2(BDAB), by 
1
H-

31
P CP 

[Figure 4.18], which indicates that all the observed resonances result from fully 

coordinated phosphate tetrahedra and not from species with directly bonded 

hydroxyl (P-OH). 

The 
27

Al MAS NMR spectra of STA-2(BDAB) in Figure 4.16 show two 

overlapping resonances at ~40 ppm, characteristic of tetrahedrally-coordinated 

Al(OP)4 units, which are typically found in the region 45 - 30 ppm. The 

resonance(s) at lower shift indicate the presence of higher-coordinate Al species. 

The typical isotropic chemical shift range for Al(OP)5 units is between 5 and 20 

ppm and for Al(OP)6 units −5 to −20 ppm. Therefore, the resonance at iso = 17 

ppm is most likely to correspond to five-coordinate species, due to extra 

coordination of hydroxyls. The 
27

Al MAS NMR spectra of STA-2(BQNB) 

[Figure 4.17] are very similar to their BDAB counterparts, again suggesting that  
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Figure 4.16: (a-c) 
31

P and (d-f) 
27

Al variable-field (9.4 T, 14.1 T and 20.0 T) MAS NMR spectra 

of STA-2(BDAB). Spectra are the result of averaging, (a) 128, (b) 80, (c) 8, (d) 128, (e) 64 and (f) 

128 transients with recycle intervals of (a) 10, (b) 10, (c) 30, (d) 3, (e) 0.5 and (f) 0.5 s 

respectively. MAS rates were (a, d, c, f) 12.5 kHz and (b, e) 14 kHz. 

 

they have a similar charge distribution and number of hydroxyls.  
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Figure 4.17: (a, b) 
27

Al and (c, d) 
31

P multiple-field (14.1 T and 20.0 T) MAS NMR spectra of 

STA-2(BQNB). Spectra are the result of averaging (a) 80, (b) 8, (c) 24 and (d) 128 transients with 

recycle intervals of (a, b) 0.5, (c, d) 30. MAS rates were (a, c) 10 kHz and (b, d) 12.5 kHz. 

 

 

Figure 4.18: 
1
H - 

31
P CP MAS NMR spectrum of as-prepared STA-2(BDAB). The spectrum was 

acquired using a CP pulse sequence with a contact pulse of 950 s and 
1
H decoupling in 

acquisition. The spectrum is the result of averaging 4 transients with a recycle delay of 3 s. The 

MAS rate was 12.5 kHz. 
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The 
27

Al MQMAS spectra [Figure 4.19] for the two materials are also very 

similar. They exhibit broadened resonances despite the resolution enhancement 

associated with the removal of the second-order quadrupolar broadening, as a 

result of a distribution of NMR parameters. This is probably the consequence of 

some disorder in the hydroxyl position. NMR parameters, i.e., the average 

isotropic chemical shift and quadrupolar product, obtained from the positions of 

the resonances in the 2D spectra, are given in Table 4.9. In the MQMAS spectra 

two clearly-resolved resonances corresponding to tetrahedrally-coordinated Al are 

observed. These presumably derive from the two basic types of tetrahedral Al 

species in the STA-2 framework, i.e., Al1 and Al2 in the calcined-dehydrated 

framework. There is a shoulder on the resonance at 49 ppm, indicating additional 

tetrahedral Al with a slightly different local environment. This perhaps results 

from some local ordering. This shoulder is more prominent in a MQMAS 

spectrum recorded at 18.8 T shown in Figure 4.20. In the MQMAS spectra (14.1 

T) a single main resonance corresponding to 5-coordinate Al is observed, which is 

broad for both materials and appears to contain more than one component. The 

spectrum at 18.8 T shows an additional resonance (at 2 = 10 ppm), albeit of low 

intensity. This is also observed in z-filtered MQMAS experiments at 14.1 T 

[Figure 4.21], recorded to check for all resonances as signal may be lost through 

T2 relaxation during the acquisition of whole echoes in the split-t1 experiments. 

For STA-2(BDAB), two low-intensity resonances are also observed (0 - −10 

ppm), in both the MAS and MQMAS spectra, which are likely to be from very 

small amounts of 6-coordinate Al impurity. 

 

Table 4.9: Average 
27

Al NMR parameters (isotropic chemical shift, iso, and quadrupolar product, 

PQ) of STA-2(BDAB) and STA-2(BQNB) from the MQMAS spectra (14.1 T) in Figure 4.19.  

 iso> (ppm) <PQ> / MHz   iso> (ppm) <PQ> / MHz 

STA-2(BDAB)   STA-2(BQNB)  

Al(V) 17.2 (10) 2.4 (4)  Al(V) 17.1 (10) 2.4 (4) 

Al(IV) 39.0 (10) 2.1 (4)  Al(IV) 39.1 (10) 2.0 (4) 

AlI(V) 45.2 (10) 3.0 (4)  Al(IV) 45.0 (10) 2.9 (4) 

AlI(V) 49.0 (10) 2.4 (4)  Al(IV) 49.0 (10) 2.6 (4) 
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Figure 4.19: 
27

Al 2D triple-quantum MQMAS NMR spectra (14.1 T) of (a) STA-2(BDAB) and 

(b) STA-2(BQNB). Spectra were recorded using the phase-modulated split-t1 shifted-echo pulse 

sequence, shown in Figure 3.7(b).
20

 Spectra are the result of averaging (a) 192 and (b) 96 

transients with a recycle interval of 0.5 s for each of (a) 200 and (b) 196 t1 increments of 50 μs. 

The MAS rates were (a) 14 and (b) 10 kHz, with * indicating spinning sidebands. 
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Figure 4.20: 

27
Al 2D sheared z-filtered triple-quantum MQMAS NMR spectrum (18.8 T) of AlPO 

STA-2(BDAB). The spectrum is the result of averaging 96 transients with a recycle interval of 1 s 

for each of 100 t1 increments of 50 μs. The MAS rate was 20 kHz.  

 

The ratio of five-coordinate to four-coordinate Al can be used to elucidate 

the character and concentration of the extra-framework hydroxyl species. If we 

consider that the encapsulated SDA has a 2+ charge, then two hydroxyls are 

required to charge balance each template molecule and the basic formula is 

Al12P12O48(OH)2·SDA. If the hydroxyls have a terminal coordination, as 

previously seen for STA-15, then two Al would be expected to have five-fold 

coordination and the remainder four-fold coordination, a ratio of 2:10 (1:5) of the 

12 Al species within a single unit cell. If the hydroxyls bridge between two Al 

cations, as for the related material, AlPO-ERI,
33

 then four Al would be expected 

to have five-fold coordination and the remainder four-fold coordination, a ratio of 

4:8 (1:2). The observed ratio from the spectra (1:1.7 for STA-2(BDAB) and STA-

2(BQNB)) is much closer to that expected for bridging hydroxyls. It is difficult to 

account for nutation differences for quadrupolar nuclei, so it is not expected that 

an exact ratio would be observed. However, it should still be possible to 

distinguish between the two proposed charge-balancing schemes. The ratio is 

similar for the two materials, and provides additional evidence that the BDAB 

molecule is incorporated with a 2+ charge. The integrated intensity of the two 

major resonances in the tetrahedral region of the isotropic projection from the 

MQMAS spectra is approximately 1:1. This suggests that a similar number of  
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Figure 4.21: 
27

Al 2D unsheared z-filtered triple-quantum MQMAS NMR spectra (14.1 T) of (a) 

AlPO STA-2(BDAB) and (b) STA-2(BQNB). The spectra were recorded using the pulse sequence 

in Figure 3.7(a).
30

 The spectra are the result of averaging (a) 240 and (b) 288 transients with a 

recycle interval of 0.5 s for each of (a) 576 and (b) 700 t1 increments of 10 μs. The MAS rate for 

both spectra was 14 kHz, with * indicating spinning sidebands. 

 

bridging hydroxyls are attached to both crystallographic sites Al(1) and Al(2).  

To aid spectral assignment and study the possible hydroxyl locations 

further, a combination of 2D heteronuclear correlation experiments and DFT 

calculations (see later sections) was carried out. Two-dimensional heteronuclear 
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correlation experiments, were carried out to probe framework connectivities. To 

improve the resolution of the 
27

Al dimension both variable-field and prior MQ 

evolution steps were used. The 2D heteronuclear correlation experiments at 14.1 T 

and 20.0 T were recorded using INEPT-based pulse sequences, which enable easy 

use of a prior 
27

Al MQ evolution step, probing through-bond connectivities (
27

Al-

O-
31

P). The 2D heteronuclear correlation experiment recorded at 18.8 T used a D-

HMQC pulse sequence, probing through-space connectivities (
27

Al-
31

P). Through-

space 2D correlation experiments such as D-HMQC can be used to examine 

spatial proximities between 
31

P and 
27

Al. In the D-HMQC a heteronuclear dipolar 

recoupling scheme is applied during the excitation and reconversion periods to 

reintroduce the dipolar couplings between the two spins I and S (
27

Al and 
31

P).  

The J-HETCOR spectra for STA-2(BDAB) in Figures 4.22 and 4.23 show 

a range of correlations, although, notably, the 
31

P resonances with a chemical shift 

of approximately 24 ppm are not bonded to the Al(IV) resonances around 45 

ppm. Very minor cross peaks in some of the spectra may be an indication of some 

connectivities in this region, albeit a very small amount. Similar spectra were 

obtained for STA-2(BQNB) [Figures 4.24 and 4.25], and the same discussion is 

valid. The shoulder on the 
27

Al resonance at 49 ppm, observed in the MQMAS 

spectra is clearly visible in the correlation spectra obtained at higher field [Figure 

4.23 and 4.25]. The correlation spectra show it to have similar connectivity to the 

Al resonance at 49 ppm. Better resolution for the four-coordinate Al sites is 

observed at higher field [Figures 4.23 and 4.25], and/or with the MQ-J-HETCOR 

experiment [Figures 4.26 and 4.27]. The resolution of the five-coordinate Al sites 

is best in the experimental spectra without the prior MQ evolution period. The 

INEPT-based experiments are dependent on J-couplings and the MQ-J-HETCOR 

experiment, with a longer pulse sequence, may be less robust than the J-HETCOR 

experiment, both contributing to the observed differences in resolution.   

The D-HMQC (through-space) spectrum in Figure 4.28 is similar to the 

through-bond correlation spectra, but additionally shows a through-space 

connectivity of the low intensity 6-coordinate Al to the broad P peak, but not to 

the main peaks, supporting their assignment as impurity. A through-space 

connectivity is present for the unobserved through-bond correlation in the J-

HETCOR spectra (−24 and 45 ppm for 
31

P and 
27

Al, respectively).      
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Figure 4.22: 
27

Al-
31

P 2D J-HETCOR spectrum (14.1 T) of AlPO STA-2(BDAB) recorded using 

an INEPT transfer from 
27

Al to 
31

P.
22

 The spectrum was recorded using the pulse sequence in 

Figure 3.10(a), with  = 2.5 ms. The spectrum is the result of averaging 1696 transients with a 

recycle interval of 0.5 s for each of 30 t1 increments of 50 s. The MAS rate was 10 kHz. 

 

 

Figure 4.23: 
27

Al-
31

P 2D J-HETCOR spectra (20.0 T) of AlPO STA-2(BDAB) recorded using an 

INEPT transfer from 
27

Al to 
31

P.
22

 The spectra were recorded using the pulse sequence in Figure 

3.10(a), with  = 1.6 ms (a) and 2.4 ms (b). The spectra are the result of averaging 896 transients 

with a recycle interval of 0.5 s for each of 146 (a) and 80 (b) t1 increments of 20 (a) and 40 (b) s. 

The MAS rate was 12.5 kHz. 
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Figure 4.24: 
27

Al-
31

P 2D J-HETCOR spectrum (14.1 T) of AlPO STA-2(BQNB) recorded using 

an INEPT transfer from 
27

Al to 
31

P.
22

 The spectrum was recorded using the pulse sequence in 

Figure 3.10(a), with  = 2.5 ms. The spectrum is the result of averaging 1696 transients with a 

recycle interval of 0.5 s for each of 30 t1 increments of 80 s. The MAS rate was 10 kHz. 

 

 

Figure 4.25: 
27

Al-
31

P 2D J-HETCOR spectra (20.0 T) of AlPO STA-2(BQNB) recorded using an 

INEPT transfer from 
27

Al to 
31

P.
22

 The spectra were recorded using the pulse sequence in Figure 

3.10(a), with  = 1.6 ms (a) and 2.4 ms (b). The spectra are the result of averaging 896 transients 

with a recycle interval of 0.5 s for each of 64 (a) and 122 (b) t1 increments of 40 s. The MAS rate 

was 12.5 kHz. 
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Figure 4.26: (a) 
27

Al-
31

P 2D MQ-J-HETCOR spectrum (14.1 T) of AlPO STA-2(BDAB) with (b) 

expansion of Al(IV) region. The spectrum was recorded using a 
27

Al phase-modulated split-t1 

3QMAS experiment followed by INEPT transfer to 
31

P, shown in Figure 3.10(b),
31

 with  = 2.0 

ms. The spectrum is the result of averaging 288 transients with a recycle interval of 2.5 s for each 

of 64 t1 increments of 120 s. The MAS rate was 10 kHz.   

 

 

Figure 4.27: (a) 
27

Al-
31

P 2D MQ-J-HETCOR spectrum (20.0 T) of AlPO STA-2(BDAB) with (b) 

expansion of Al(IV) region. The spectrum was recorded using a 
27

Al phase-modulated split-t1 

3QMAS experiment followed by INEPT transfer to 
31

P, shown in Figure 3.10(b),
31

 with  = 2.0 

ms. The spectrum is the result of averaging 1056 transients with a recycle interval of 1.5 s for each 

of 102 t1 increments of 50 s. The MAS rate was 12.5 kHz.   
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Figure 4.28: 

27
Al-

31
P 2D through-space D-HMQC spectrum (18.8 T) of AlPO STA-2(BDAB). 

The spectrum was recorded using a D-HMQC pulse sequence such as that in Figure 3.13, with 

SFAM dipolar recoupling sequence, with a recoupling time of 1 ms. The spectrum is the result of 

averaging 64 transients with a recycle interval of 1 s for each of 80 t1 increments of 50 s. The 

MAS rate was 20 kHz. The shaded area indicates cross peaks corresponding to impurity. Note that 

the nuclei are in alternate dimensions compared to the J-HETCOR spectra.  

   

4.2.5. Results and Discussion of Dehydrated STA-2 

 

A sample of STA-2(BDAB) was dehydrated at 250 °C so that the structure 

could be studied without the presence of water in the pores, which TGA results in 

Ref. 29 show is mainly lost below this temperature. There appears to be no 

significant change in the 
27

Al and 
31

P MAS NMR spectra upon dehydration 

[Figure 4.29]. This confirms that the five-coordinate Al species are coordinated by 

OH groups and not by water. Therefore, water present in the as-prepared material 

is encapsulated within the framework cavities but not coordinated to the 

framework itself. The 
1
H MAS NMR spectra for the as-prepared and dehydrated 

materials [Figure 4.30] are similar, except that, for the dehydrated materials, the 

intensity of the resonance at ~5 ppm has significantly decreased, due to the 

removal of water. The residual intensity observed at 5 ppm may be from the 

hydroxyls. The 2D 
27

Al-
31

P J-HETCOR correlation spectrum for the dehydrated 

material [Figure 4.31] is also very similar to the spectrum of the (hydrated) as-

prepared material in Figure 4.22, indicating that the connectivities are consistent,  
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Figure 4.29: (a, c) 
27

Al and (b, d) 
31

P MAS NMR spectra (14.1 T) of as-prepared and dried STA-

2(BDAB). The spectra of the dried material are result of averaging 48 transients each, with recycle 

intervals of (c) 0.5 and (d) 60 s, respectively. The MAS rate for (c) and (d) was 10 kHz. The 

experimental parameters of the spectra for the as-prepared material are given in Figure 4.16. 

 

as expected. 

The confirmation by solid-state NMR that the as-prepared structure can be 

dehydrated with retention of the extra-framework hydroxyl groups meant that a 

powder diffraction study of the dehydrated phase could be used to study the 

charge-balancing hydroxyls more easily than the hydrated phase, where water 

could contribute to the extra-framework scattering.
29

 From powder diffraction 

data, the hydroxyls were deduced to reside in CAN cages. There are six potential 

positions for the hydroxyls, bridging Al in the top and bottom of CAN cages 

[Figure 4.32]. Different Al sites are located in the top and bottom of the CAN 

cages, so for each hydroxyl one Al1 and one Al2 have five-fold coordination. Of 

the six potential positions only two, O91 and O92, were found to have any 

significant occupancy, with partial occupancy of 0.75 and 0.25 respectively, 

representing one of the hydroxyls. The other hydroxyl group was not located, but 

is likely to be responsible for unrefined scattering that was observed in the other 

CAN cage.
43
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Figure 4.30: 
1
H MAS NMR spectra (14.1 T) of as-prepared and dried STA-2(BDAB) and STA-

2(BQNB). Spectra are the result of averaging 32 transients with a recycle interval of 3 s. The MAS 

rate was 60 kHz. 

 

 

Figure 4.31: 
27

Al-
31

P 2D J-HETCOR spectrum (14.1 T) of dehydrated AlPO STA-2(BDAB) 

recorded using an INEPT transfer from 
27

Al to 
31

P.
22

 The spectrum was recorded using the pulse 

sequence in Figure 3.10(a), with  = 2.5 ms. The spectrum is the result of averaging 2816 

transients with a recycle interval of 0.5 s for each of 100 t1 increments of 50 μs. The MAS rate was 

10 kHz. 
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Figure 4.32: Possible hydroxyl locations within CAN cages of dehydrated STA-2(BDAB), shown 

in one unit cell, wire frame model for framework and BDAB, and ball and stick model for 

hydroxyls. 

 

4.2.6 DFT Study of AlPO-ERI 

4.2.6.1 Introduction 

To investigate the feasibility of using DFT to study the location of 

hydroxyls in AlPOs, and aid spectral assignment, DFT calculations of AlPO-ERI 

were performed. AlPO-ERI is a related material to STA-2 and has previously been 

studied in the literature.
33

 AlPO-ERI, with the topology of AlPO-17, was prepared 

by Tuel et al. and the structure solved by single-crystal XRD and characterised 

using solid-state NMR.
33

 The SDA used was N,N,N’,N’-tetramethyl-1,6-

hexanediamine, which is encapsulated with a 2+ charge and therefore two 

hydroxyls per SDA are required for charge balancing. These were deduced by 

Tuel et al. to be located in CAN cages, bridging between Al, with two hydroxyls 

per cage. The extra-framework hydroxyl groups are locally ordered in the 

structure, unlike the AlPO-17 material prepared with piperidine, where the 

hydroxyls are disordered.
33
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Figure 4.33: (a) Stacking of 6MRs, at A, B, C positions, and (b) cages and cavities in AlPO-ERI.
17

 

 

AlPO-ERI and STA-2 both belong to the ABC-6 family of framework 

structures. They both contain CAN cages joined by d6R units, but differ in their 

stacking of the 6MRs. This results in different characteristic cavities, ERI and 

SAT respectively. The similarities and differences can be seen by comparing 

Figure 4.33 and Figure 4.34. There are, therefore, Al and P sites located both in 

d6R and s6R units, in both frameworks.     

 

4.2.6.2 AlPO-ERI Models 

The unit cell content of as-prepared AlPO-ERI, shown in Figure 4.35, 

consists of two CAN cages and two SDAs. Also shown are the possible hydroxyl 

locations, bridging Al located in the top and bottom of CAN cages.
33

 Unlike  

STA-2, there is no water present in the as-prepared material. It was deduced by 

Tuel et al. that two hydroxyls reside in each cage, with the same positioning down 
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Figure 4.34: (a) Stacking of 6MRs, at A, B, C positions, and (b) cages and cavities in STA-2.
17

 

 

a column, but disordered across the different columns in the material. From 

powder diffraction data one hydroxyl is fully occupied (O1H), and the second 

considered distributed over the remaining positions (O2H and O3H). This leads to 

two models for consideration in this work, one with O1H and O2H occupied and 

O3H vacant, and one with O1H and O3H occupied and O2H vacant, named 

O1HO2H and O1HO3H, respectively. For completeness a model with O2H and 

O3H occupied and O1H vacant was also studied, O2HO3H.     
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Figure 4.35: Unit cell contents of as-prepared AlPO-ERI showing OH locations in CAN cage. H 

atoms not shown. 

 

The starting structure was obtained from the literature,
33,44

 and hydroxyl 

positions selected for each model. Geometry optimisations were performed, where 

either just the proton positions were allowed to vary (optH), or where both atomic 

coordinates and lattice parameters were allowed to vary (optall). NMR parameters 

were calculated for the resulting structures and for the unoptimised structures. For 

the structures where both the atomic coordinates and lattice parameters were 

allowed to vary, the structures failed to converge after 30 cycles of optimisation. 

The calculated forces present on the atoms are relatively large for the initial 

structures (in some cases up to 6 eV/Å). After 30 optimisation cycles the forces on 

the atoms were mostly less than 0.1 eV/Å. It is possible that dynamics of the SDA 

within the pores prevents the optimisation from reaching completion. NMR 

parameters were calculated for structures selected from the optimisation cycles, 

typically the structure from 30 cycles (optall30). The optimisation for the 

O1HO3H model was taken to completion, ~138 cycles (optall138), for 

comparison. This geometry optimisation took a considerably longer time, and 

therefore cost, to complete. 

In Figure 4.36 the structures resulting from the optH (grey), the optall30 

(blue) and optall138 (red) of the O1HO3H model are overlaid. The framework 

structure obtained after optimisation of only the protons is essentially that 
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Figure 4.36: Overlay of unit cell contents (stick model) resulting from optH (grey) and optall30 

(blue) and optall138 (red). 

  

determined from diffraction, which is an average structure and does not reflect the 

variable location of the hydroxyl groups. This accounts for the change in 

geometry of the AlOn and PO4 polyhedra in the different models after 

optimisation of the atomic coordinates and lattice parameters, where the local 

structure is now being considered and individual cages distort to accommodate a 

bridging hydroxyl at a particular site. The optall30 and optall138 structures have 

very similar framework structures. A rotation movie (AlPO_ERI.mov) is provided 

on the accompanying CD, to allow further examination.       

 

4.2.6.3 DFT Results and Discussion 

The calculated 
27

Al and 
31

P NMR parameters, for the optall30 structures of 

the three models (O1HO2H, O1HO3H and O2HO3H) of AlPO-ERI and the 

optall138 O1HO3H structure, are given in Tables 4.10 and 4.11, respectively. The 

calculated 
27

Al and 
31

P NMR parameters for the unopt and optH structures are 

given in Appendix A, Section A.2. 
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Table 4.10: Calculated (using CASTEP) 
27

Al NMR parameters (isotropic chemical shift, iso, 

quadrupolar coupling, CQ, and quadrupolar asymmetry, Q) and 
31

P isotropic chemical shifts for 

optall30 structures of AlPO-ERI models. 

 iso (ppm) CQ / MHz Q   iso (ppm)

O1HO2H       
Al1 36.96 1.06 0.97  P1 −20.36 

Al2 33.50 5.08 0.62  P2 −30.13 

Al3 32.52 2.41 0.53  P3 −16.11 

Al4 16.01 −4.76 0.36  P4 −25.46 

Al5 46.22 −4.03 0.90  P5 −25.05 

Al6 17.91 3.42 0.20  P6 −25.32 

Al7 15.18 −4.52 0.38  P7 −24.91 

Al8 17.54 2.23 0.18  P8 −27.60 

Al9 46.46 −4.45 0.63  P9 −24.96 

O1HO3H       
Al1 35.07 −3.83 0.90  P1 −32.91 

Al2 31.32 2.54 0.92  P2 −16.60 

Al3 36.54 −2.58 0.85  P3 −17.27 

Al4 47.02 −3.56 0.73  P4 −25.90 

Al5 17.43 −3.59 0.71  P5 −22.31 

Al6 15.05 −3.61 0.27  P6 −26.90 

Al7 46.23 −3.65 0.62  P7 −25.94 

Al8 15.29 −3.59 0.24  P8 −27.01 

Al9 18.46 −4.30 0.87  P9 −22.54 

O2HO3H       
Al1 32.55 −2.75 0.23  P1 −19.10 

Al2 35.52 1.42 0.50  P2 −16.67 

Al3 34.94 3.74 0.88  P3 −32.90 

Al4 18.10 3.68 0.74  P4 −24.53 

Al5 14.50 −4.24 0.46  P5 −27.86 

Al6 46.04 2.12 0.95  P6 −25.55 

Al7 16.92 3.49 0.82  P7 −24.17 

Al8 45.77 2.39 0.91  P8 −26.82 

Al9 15.19 −4.06 0.97  P9 −26.98 
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Table 4.11: Calculated (using CASTEP) 
27

Al NMR parameters (isotropic chemical shift, iso, 

quadrupolar coupling, CQ, and quadrupolar asymmetry, Q) and 
31

P NMR parameters (isotropic 

chemical shift, iso) for optall138 structure of O1HO3H model of AlPO-ERI.  

  iso (ppm) CQ / MHz Q    iso (ppm) 

O1HO3H 

   

   

Al1 35.83 −4.21 0.74  P1 −32.09 

Al2 31.95 2.50 0.99  P2 −16.71 

Al3 37.37 1.69 0.75  P3 −18.89 

Al4 46.12 −3.68 0.66  P4 −25.57 

Al5 17.14 3.61 0.84  P5 −24.86 

Al6 15.80 −3.27 0.47  P6 −24.18 

Al7 46.01 −3.72 0.72  P7 −24.80 

Al8 15.30 −3.44 0.36  P8 −25.41 

Al9 18.73 3.74 0.68  P9 −24.54 

 

The calculated 
31

P shift ranges for the different sites (s6R, s6R(a) and d6R 

[Figure 4.37]) are shown in Figure 4.38, for the optall30 structures. The shifts 

obtained show distinct ranges for the three sites. Those for the unoptimised and 

optH structures, given in Appendix A [Figure A.1], give broader and overlapping 

ranges. The experimental 
31

P chemical shifts [Table 4.12] can be compared to the 

range of calculated shifts in Figure 4.38. These broadly match the optall30 ranges, 

with two at higher chemical shift, six around −24 ppm (experimentally three are 

coincident in shift), and one around −30 ppm, with the assignment in agreement 

with that given in Ref. 33.  
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Figure 4.37: Local P environments in AlPO-ERI. d6R sites with two neighbouring hydroxyl 

groups, s6R units with no neighbouring hydroxyl groups and s6R units bonded via O to a pair of 

hydroxyl-bridged Al (s6R(a)).  

 

 

Figure 4.38: Calculated (using CASTEP) 
31

P chemical shifts for optall30 (black squares) AlPO-

ERI models. Also shown are the experimental shifts of AlPO-ERI from Ref. 33 (crosses).  

 

The ranges of calculated 
31

P shifts for each of the three optimised models 

are shown in Figure 4.39. This shows a range of similar shifts is observed for each 

model, and therefore this cannot be used to distinguish between them. 

Additionally, the optall30 structures have similar energies (−44862.17 eV for 

O1HO2H, −44862.32 eV for O1HO3H and −44862.28 eV for O2HO3H). It may 

be worth bearing in mind that these are not the final optimised structures. The  
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Table 4.12: Experimental 
31

P chemical shifts, , and relative intensity, Irel, taken from Ref. 33. 

 (ppm) Irel (%) 

−17.34 10.98 

−18.85 11.35 

−21.65 12.29 

−23.46 32.54 

−25.52 10.21 

−27.38 11.36 

−30.80 11.27 

 

       

Figure 4.39: Calculated (using CASTEP) 
31

P chemical shift ranges for optall30 AlPO-ERI models 

(square markers). The P sites in s6R units (open marker) with corresponding upfield shifts are 

those with no neighbouring hydroxyl groups, whereas those to the left are bonded via O to a pair 

of hydroxyl-bridged Al. The P sites in d6R units (filled marker), with corresponding shifts in the 

middle, each have two neighbouring hydroxyl groups. Also shown are the experimental shifts from 

Ref. 33 (crosses), and calculated shifts for optall138 O1HO3H model (diamond markers) 

 

calculated shifts for the optall138 O1HO3H model are also shown, and are similar 

to the optall30 structure. The overlay picture in Figure 4.36 showed the optimised 

structures to be similar. Examination of the P-O bond lengths and O-P-O and Al-

O-P bond angles [Figure 4.40] reveal the extent of the similarity. Analysis of the 

shift ranges show that there is a large difference (of typically greater than 10 ppm) 

between the 
31

P shifts for the s6R sites close to the occupied hydroxyls site and 

the one near the vacant site. For s6R sites where the OH site is occupied, a more 

positive shift is observed than when this site is unoccupied. The experimental 

chemical shift differences are 13.46 and 11.95 ppm, and the calculated shift 

differences range from 9.77 to 16.31 ppm. The difference can be rationalised by 

considering the local structure [Figure 4.37]. The P sites close to the hydroxyls are 
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bonded via O to a pair of hydroxyl-bridged Al, [Table 4.13] whereas the Al 

coordinated, via O, to the P site near the vacant hydroxyl site have no coordinated 

hydroxyl groups. The P site with no neighbouring hydroxyls has a shift similar to 

that of the site in calcined AlPO-17 (−34.5 ppm).
37

 Examination of the optall30 

structures reveals that the s6R(a) P atoms have average Al-O-P and O-P-O angles 

and average P-O bond lengths closer to those of the d6R units than the s6R P 

where the hydroxyl site is vacant [Figure 4.41]. The P atoms located in the d6R 

units all have two neighbouring Al that are coordinated to (different) hydroxyls 

groups, and have higher shift than the corresponding shift for calcined AlPO-17 

(−29 ppm).
37

 

 

 
Figure 4.40: Average Al-O-P bond angles (a), P-O bond lengths (b) and O-P-O bond angles (c) 

for crystallographic P sites 1-9 in the optall30 and optall138 O1HO3H model of AlPO-ERI. In the 

O1HO3H model P sites 1-3 are s6R, with sites 2 and 3 in bonded via O to a pair of hydroxyl-

bridged Al, s6R(a), and P sites 4-9 are d6R.  
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Figure 4.41: (a) Average P-O bond lengths, (b) average O-P-O bond angles and (c) average Al-O-

P bond angles for P sites (1-9) for optall30 structures of AlPO-ERI. P sites 1 to 3 are located in 

s6R units and P sites 4 to 9 in d6R units. 
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Table 4.13: Hydroxyl-bridged Al sites in AlPO-ERI and corresponding P bonded via O to the 

bridged Al pair (s6R(a)). Only P1-3 can be bonded in this manner. 

OH site Bridged Al sites s6R(a) P 

O1H Al6/Al8 P3 

O2H Al4/Al7 P1 

O3H Al5/Al9 P2 

 

 

Figure 4.42: Calculated (using CASTEP) 
27

Al isotropic chemical shifts for optall30 structures of 

all three AlPO-ERI models.  

 

 

Figure 4.43: Calculated (using CASTEP) 
27

Al shifts for optall30 AlPO-ERI models (square 

markers). The Al sites in d6R units (filled marker) with corresponding upfield shifts are those 

which are five-coordinate with coordinated hydroxyl groups, whereas those to the left are 

tetrahedral. The Al sites in s6R units (open marker), with corresponding shifts in the middle, are 

tetrahedral. Also shown are the corresponding calculated shifts for the optall138 O1HO3H model 

(diamond markers). 

 

The calculated 
27

Al isotropic chemical shifts, for the optall30 structures of 

the AlPO-ERI models, for the different sites (four-coordinate s6R, four-coordinate 

d6R and five-coordinate d6R), are given in Figure 4.42. The shifts obtained for 

the optall30 structures show distinct ranges for the three sites. Those for the 

unoptimised and optH structures, given in Appendix A [Figure A.2], give broad  
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Figure 4.44: Average Al-O bond lengths (a) and O-Al-O bond angles (b) for the optall30 and 

optall138 structures of O1HO3H model of AlPO-ERI. In this model Al1-3 are four-coordinate 

s6R, Al4 and 7 four-coordinate d6R and Al5, 6, 8 and 9 (shaded on plots) five-coordinate d6R. 

 

and overlapping ranges. In Figure 4.43 the calculated 
27

Al shifts (optall30) are 

separated for each model. The figure shows similar shifts for each model, and 

therefore this parameter cannot be used to distinguish between them. The 

calculated shifts for the optall138 O1HO3H model are also shown, and are similar 

to those of the partially optimised structure. The overlay in Figure 4.36 showed 

the optall30 and optall138 structures of O1HO3H to be similar, and in Figure 4.44 

the average Al-O bond lengths and O-Al-O bond angles of each Al site are shown 

to be very similar for the two optimised structures.     

In Ref. 33 a 2D 
27

Al 5QMAS NMR spectrum was used to improve 

resolution of the Al species, but no specific experimental NMR parameters are 

reported. Therefore, using the calculated parameters from Table 4.10 isotropic 

shifts for the isotropic dimension of a 5QMAS spectrum, 1, were calculated using 

Equations 4.2 and 4.3.
45,46
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Figure 4.45: Plot showing centre of gravity of 
27

Al resonances in sheared/split-t1 5QMAS NMR 

spectrum for the Al species in AlPO-ERI (calculated using the optall30 structures of O1HO3H, 

O1HO2H and O2HO3H, assuming B0 = 9.4 T). In (a) only the isotropic chemical shift is used in 2 

while in (b) the isotropic chemical shift and contribution from the quadrupolar shift is used in 2. 

 

This involves calculating the quadrupolar shift, Q, for a specific magnetic field 

strength, from the quadrupolar product, PQ, and Larmor frequency, 0, (e.g., 104.3 

MHz for 
27

Al at 9.4 T, as used in Ref. 33). The quadrupolar product is calculated 

from the quadrupolar coupling, CQ, and quadrupolar asymmetry, Q, parameters 

using Equation 3.7 from Chapter 3. The line position observed in the MAS 

dimension, 2, includes a contribution from the quadrupolar shift, Q, and this was 

also calculated, using Equation 4.4. The results are listed in Appendix A [Table 

A.4] and plotted in Figure 4.45. 

A comparison can now be made between the calculated results in this 

work and the experimental results of Ref. 33. There are nine crystallographically-

distinct Al sites in the unit cell of the as-prepared framework [Figure 4.35]. Al(1) 

to Al(3) are located in s6Rs, and Al(4) to Al(9) are located in d6Rs. In the 

experimental spectrum of Tuel et al. nine signals are observed, which are grouped 

in three sets [Figure 4.46]. Those at 1 ≈ 15 ppm were assigned to five-coordinate 

Al species, which are those bridged by the hydroxyl groups, and belong to d6R 

units. There are two sets of signals in the tetrahedral region. The set of three (1 = 

30 - 44 ppm) is assigned to the crystallographically-distinct sites Al(1), Al(2) and 

Al(3), which, as members of s6R units, are structurally different, i.e., different  
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Figure 4.46: Experimental 
27

Al 5QMAS spectrum reproduced with permission from Ref. 33,
II
 

with * indicating spinning sidebands. Numbering refers to the number of individual resonances 

rather than assignment of crystallographic sites. 

  

local structure as part of different SBUs, to the remaining two d6R Al sites. The 

set of two signals (1 = 47 - 53 ppm) is assigned to these remaining Al sites. These 

groups are replicated by the calculated results in Figure 4.45, although the 

agreement of centre of gravity varies between the models, and is considerably 

better for the four-coordinate Al sites than the five-coordinate Al sites. 

The inclusion of the contribution from the quadrupolar shift in Figure 

4.45(b), in order to compare the centre of gravity, moves the resonances by 

varying amounts. For some points there is now better agreement, whilst for others 

the difference appears greater. In manipulating the calculated data, any errors 

associated with each of the calculated NMR parameters, iso, CQ and Q may be 

exacerbated. For iso, there can often be a cancellation of errors when referencing, 

i.e., obtaining iso, while for CQ and Q this is not the case.  

                                                 
II
 This figure was published in A. Tuel, C. Lorentz, V. Gramlich and C, Baerlocher. AlPO-ERI, an 

aluminophosphate with the ERI framework topology: characterization and structure of the as-made 

and calcined rehydrated forms. Comptes Rendus Chimie 2005; 8 (3-4): 531: 540. Copyright © 

2005 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved. 
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Table 4.14: Expected framework (through-bond) Al-O-P connectivities for AlPO-ERI. X indicates 

Al-O-P connectivity. 

 P1 P2 P3 P4 P5 P6 P7 P8 P9 

Al1 X X    X  X  

Al2  X X X   X   

Al3 X  X  X    X 

Al4 X   X  X   X 

Al5  X  X X   X  

Al6   X  X X X   

Al7 X    X  X X  

Al8   X X    X X 

Al9  X    X X  X 

 

A partial assignment of the experimental 
27

Al and 
31

P resonances can be 

made based on the calculated chemical shifts. To examine the different models 

further, and to see if it is possible to distinguish between them, through-bond 
27

Al-

O-
31

P connectivities, can be compared through correlation plots of the calculated 

31
P and 

27
Al isotropic chemical shift. These can then be compared to the 

experimental correlation spectrum of Ref. 33 [Figure 4.47]. The experimental 

correlation spectrum was recorded using a CP experiment, from which the spatial 

proximity can be considered to be representative of chemical connectivity.
32

 The 

expected through-bond Al-O-P connectivities for AlPO-ERI are given in Table 

4.14. This information is combined with the shifts in Table 4.10 to produce the 

correlation plots in Figure 4.48. The 
31

P isotropic chemical shifts of the 

crystallographically-distinct P sites (P1-9) are plotted against the 
27

Al isotropic 

chemical shifts of the crystallographically-distinct Al sites (Al1-9), to which 

connectivity is expected. The 
27

Al line positions, 1, from Table A.15 are used 

instead of the iso from Table 4.10 to produce Figure 4.49, with consideration of 

Q.  

In Ref. 33 the correlation spectrum, shown in Figure 4.47, enabled 

assignment of the P resonances. The P atom corresponding to the signal at −32 

ppm is not connected to five-coordinated Al species and is located in a s6R. The 

other P atoms located in the s6R correspond to the signals at −18 ppm. The P  
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Figure 4.47: Experimental 2D 
27

Al-
31

P CP/MAS NMR spectrum (9.4 T) of as-prepared AlPO-

ERI, reproduced with permission from Ref. 33.
III

 

 

 

Figure 4.48: 
27

Al-O-
31

P correlation plots of calculated isotropic chemical shifts, with 
31

P in the F2 

dimension and 
27

Al in the F1 dimension of optall30 structures of the O1HO3H, O1HO2H and 

O2HO3H models of AlPO-ERI. 

 

atoms located in the d6R unit correspond to the signals around −24 ppm. The 

correlation plot in Figure 4.48, of the optall30 structures, supports this 

assignment. The correlation plots for the unoptimised and optH structures, given  

                                                 
III

 As per footnote II on page 116. 
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Figure 4.49: 
27

Al-O-
31

P correlation plot (assuming B0 = 9.4 T) from calculated results for optall30 

structures. 
31

P isotropic chemical shifts in F2 and 
27

Al shifts (chemical shift and contribution from 

quadrupolar shift) in F1. 

 

in Appendix A, do not match the experimental results. As for the 5Q plots in 

Figure 4.45, the inclusion of the quadrupolar shift parameter in the 
27

Al dimension 

may be considered [Figure 4.49], although the computational errors discussed 

previously apply. The observed cross-peak pattern in Figure 4.49 is similar to that 

of Figure 4.47, i.e., no cross peak for 
31

P −18 ppm to 
27

Al 43 ppm or for 
31

P −32 

ppm to 
27

Al 15 ppm, but with a greater spread of shifts than Figure 4.48. It is still 

a good match considering the broad experimental lineshapes.  

The correlation plots for the O1HO3H the optall30 and optall138 

optimised structures are given in Figure 4.50. The energy of the optall138 

structure (−44862.67 eV) is slightly lower than that of the optall30 structure 

(−44862.32 eV). The plots are similar, as expected from their similar structure 

examined earlier, especially when considering the broad experimental lineshapes. 

Therefore, the assignment made based on the optall30 models can be considered a 

reasonable proposal.  
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Figure 4.50: 
27

Al-O-
31

P correlation plots for optall30 and optall138 optimised O1HO3H model, 

where both atomic positions and unit cell parameters were allowed to vary. (a) Calculated isotropic 

chemical shifts, with 
31

P in the F2 dimension and 
27

Al in the F1 dimension and (b) 
31

P isotropic 

chemical shift in F2 and 
27

Al shifts in F1 (isotropic chemical shift and contribution from 

quadrupolar shift).   

 

4.2.6.4 DFT Conclusions 

The calculations carried out for AlPO-ERI show that optimisation of the 

framework structure is necessary, although ~30 cycles of optimisation is sufficient 

to obtain NMR parameters, to aid spectral assignment of building units combined 

with the influence of hydroxyls (five-coordinate Al and P bonded, via O, to 

hydroxyl-bridged Al). The assignment of the 
27

Al-
31

P correlation spectrum for 

AlPO-ERI is summarised in Table 4.15. The DFT results, for structures where 

both atomic coordinates and unit cell parameters were allowed to vary, match the 

assignment suggested in Ref. 33. The unoptimised and optH structures have high 

atomic forces, which are reduced after optimisation of both the atomic coordinates 

and lattice parameters. The calculated NMR parameters are a better match for the 

four-coordinate aluminium sites than the five-coordinate aluminium sites. The 

tetrahedral sites may be better modelled, with the five-coordinate sites 

experiencing dynamics as well as long-range disorder, which is not modelled in 

the calculations. 
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Table 4.15: Summary of assignment of building units, s6R and d6R, and influence of hydroxyls, 

backbone phosphorous sites (a) and five-coordinate aluminium sites (V), for AlPO-ERI. Shading 

indicates experimental cross-peak in 2D correlation experiment. Al coordination number is given 

by Roman numerals. 

 

31
Piso (ppm) 

s6R(a) d6R s6R 

−17.34, −18.85 −21.65 - −27.38 −30.8 

27
Al 1 of CP 

2D 
27

Al-
31

P 

spectrum (ppm) 

d6R (V)     

s6R (IV) 35    

d6R (IV) 43    

 

For AlPO-ERI, the 
31

P sites in s6R exhibit isotropic chemical shifts around 

−18 ppm for those near occupied OH sites and −32 ppm for those near vacant OH 

sites, and those in d6Rs produce isotropic shifts around −24 ppm. For 
27

Al the 

five-coordinated d6R sites produce shifts around 15 ppm and four-coordinate d6R 

sites correspond to shifts around 43 ppm. The shifts around 35 ppm correspond to 

the aluminium sites in s6Rs. 

The calculated results are based on ordered structures with the same pair 

of hydroxyls occupied both down a column and across columns. This may 

account for some differences between the calculated and experimental results. A 

column in the AlPO-ERI framework consists of alternating stacked d6R units and 

CAN cages. Three models, O1HO2H, O1HO3H and O2HO3H, were investigated 

in this study each using two of the three possible hydroxyl sites (O1H, O2H and 

O3H). The correlation plot of a single model cannot be considered a better match 

to the experimental spectrum. The O1H site was determined, by diffraction, to 

have full occupancy,
33

 however, DFT cannot rule out the O2HO3H model on the 

results of the calculated NMR parameters given here. Therefore, when gaining a 

full picture of hydroxyl locations in AlPO-ERI, it is necessary to consider 

information from diffraction data regarding the hydroxyl positions. This study 

shows that it is feasible to use DFT to optimise and calculate NMR parameters for 

AlPO structures containing organic molecules within the pores and charge-

balancing hydroxyls, to aid spectral assignment.  
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4.2.7 DFT Study of Dehydrated STA-2(BDAB) 

4.2.7.1 Introduction and Models 

The DFT study of AlPO-ERI in the previous section was successful in 

aiding the assignment of 
31

P and 
27

Al spectra of a templated AlPO, with 

consideration of SBUs and hydroxyls, and supported the assignment suggested in 

the literature.
33

 The experimental 2D 
27

Al-
31

P correlation spectrum for AlPO-ERI 

is similar to those obtained for AlPO STA-2. The main difference appears to be 

the absence of a correlation between 
31

P at −32 ppm and 
27

Al at 15 ppm with 

AlPO-ERI, which is present in STA-2. A DFT investigation was carried out using 

a dehydrated STA-2(BDAB) structure to aid spectral assignment and investigate 

the hydroxyl positions. A starting crystal structure was available for this material 

and previous work [Section 4.2.5] has shown that the NMR spectra are similar to 

the as-prepared structure. H atoms were added to the SDA carbons using the 

SHELEX
47

 program and hydroxyls were added manually to the unit cell.  

Two hydroxyl groups are required to balance the charge of the single SDA 

molecule of BDAB present in the unit cell. Of the six possible hydroxyl locations 

within CAN cages, two were identified by diffraction as having partial occupancy. 

Eight models were, therefore, chosen with occupancy of O91 or O92 hydroxyl 

group, and one other possible location, with one additional model used with both 

O91 and O92 occupied. The proton positions in the nine models were initially 

optimised using DFT, with the rest of the atoms constrained and the unit cell 

fixed. The models were then optimised with both the atomic coordinates and unit 

cell allowed to vary. As for AlPO-ERI the structure failed to converge after 30 

cycles, but the energy was significantly reduced. The framework structure may 

relax relatively quickly, but possible dynamic behaviour of the SDA, with room 

within the SAT cage for movement, may hamper the completion of the geometry-

optimisation. The calculated forces present on the atom are relatively large on the 

initial structures (in some cases up to 6 eV/Å or greater). After 30 optimisation 

cycles the forces on the atoms were typically less than 0.1 eV/Å. NMR parameters 

were calculated for structures resulting from ~30 cycles (optall30). Typical 

calculation times for 30 optimisation cycles were 5 to 6 days, and for NMR 

parameters 36 to 56 hours, using 24 processors. The optimisation of one model, 

O92O94, was continued to completion, which occurred after about a further 110  
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Figure 4.51: Overlay of d6R unit and CAN cage of STA-2 structure from different optimisations 

of O92O94 model of dehydrated STA-2(BDAB). H optimisation, optH, (grey), partial optimisation 

where both atomic coordinates and lattice parameters were allowed to vary, optall30, (blue) and 

full optimisation, optall140 (red). 

 

cycles, with a total time of 24 days (not including the initial H optimisation). It 

would, therefore, be computationally expensive to fully optimise all the models. 

The forces present on the atoms after the full optimisation were up to 0.05 eV/Å. 

NMR parameters were also calculated for this structures resulting from 140 cycles 

(optall140). 

Figure 4.51 shows an overlay of a section of the STA-2 structure (CAN 

cage and d6R unit) for the O92O94 model after optimisation of the protons (grey), 

partial (blue) and full (red) optimisations where both atomic coordinates and 

lattice parameters were allowed to vary. As observed for AlPO-ERI the blue and 

red structures are very similar and deviate from the grey structure. The similarity 

between optall30 and optall140 can be seen in Appendix A, Figure A.4, where the 

average P-O bond lengths and O-P-O and Al-O-P bond angles are shown. The P-

O bond lengths, for both geometry-optimised structures, are within a small range 

of less than 0.014 Å, with the largest difference between the structures for P14, 

which is located in a d6R unit, near to an occupied OH position. A rotation movie 

(AlPO_STA2.mov) is provided on the accompanying CD, to allow further 

examination.     
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4.2.7.2 DFT Results and Discussion 

In the templated structure of STA-2 the presence of the organic SDA and 

charge-balancing hydroxyls render the 6 Al1s, 6 Al2s, 6 P1s and 6 P2s of the unit 

cell inequivalent. The 6 Al1 of the s6R units are considered individually as Al11, 

Al12, Al13, Al14, Al15 and Al16, and so on for Al2 (Al21, Al22, …), P1 and P2. 

The individual sites are labelled in Figure 4.52 and expected connectivities given 

in Table 4.16. The calculated 
27

Al and 
31

P NMR parameters for the optall30 

models are given in Appendix A, Table A.5. The 
27

Al and 
31

P NMR parameters 

for the optall140 O92O94 model are given in Appendix A, Table A.6. 

 

           

Figure 4.52: Labelled unit cell corresponding to dehydrated STA-2(BDAB), showing all 6 

possible hydroxyl locations. 
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Table 4.16: Expected through-bond Al-O-P connectivities for the templated AlPO STA-

2(BDAB). X represents framework connectivity. 

 
P1 of calcined-dehydrated 

structure (d6R), P“1” 

P2 of calcined-dehydrated 

structure (s6R), P“2” 

  

Al\P of 

templated 

structure 

11 12 13 14 15 16 21 22 23 24 25 26 

Al1 of 

calcined-

dehydrated 

structure 

(s6R), 

Al“1” 

11    X    X X X     

12   X     X X  X    

13      X   X X X   

14     X     X X  X 

15  X      X    X X 

16 X             X     X X 

Al2 of 

calcined-

dehydrated 

structure 

(d6R), 

Al“2” 

21 X   X  X X       

22  X X  X    X      

23  X X   X   X     

24 X   X X      X    

25  X  X X       X   

26 X   X     X           X 

 

 

Figure 4.53: Calculated (using CASTEP) 
31

P chemical shifts for optall30 STA-2(BDAB) models 

(black squares). Also shown are the experimental shifts (crosses). 

 

The ranges of the calculated 
31

P shifts for the nine models (optall30) are 

shown in Figure 4.53. The ranges are broad and overlapping, as observed 

experimentally. The relationship of 
31

P resonances for d6R and s6R is the same as 
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observed previously for AlPO-ERI, where the P sites in s6R exhibit isotropic 

chemical shifts around −22 ppm for those near occupied OH sites and −32 ppm 

for those near vacant OH sites, and those in d6Rs produce shifts around −27 ppm. 

There is a significant difference between the 
31

P shifts for the s6R sites close to an 

occupied hydroxyl site and those near a vacant site, 7 - 15 ppm compared to 10 

ppm experimentally. The s6R sites where the OH site is occupied (s6R(a), [Table 

4.17]) experience a more positive shift than when the OH site is unoccupied. The 

range of local P environments in the STA-2(BDAB) models is shown in Figures 

4.54 and 4.55. Examination of the average P-O-Al angles [Figure 4.56], in the 

(optall30) geometry-optimised structures (O92 series), reveals the P2s that are 

bonded via O to hydroxyl-bridged Al to have average angles (~142° - 147°) 

similar to those of the P1s (~140° - 148°), with the larger average angles in the 

other P2s (~150° - 154°). This is compared to the average angles of the calcined 

material, of 146.33° and 153.54° for P1 and P2, respectively. 

The range of calculated 
31

P chemical shifts for each of the nine optimised 

models is shown in Figure 4.57. This shows similar shifts for each model and 

therefore cannot be used to distinguish between them. The energies of the 

optimised models are mostly similar and discussed later. The calculated shift 

ranges for optall140 O92O94 model are also shown in Figure 4.57. These exhibit 

the same relationship for the different sites, although with a greater distribution of 

shift is observed. The shift ranges can be used to assign the experimental 
31

P 

shifts. The resonance at −22 ppm can be assigned to the s6R(a) sites and that at 

−32 ppm to the other s6R sites, the resonance at −27 ppm can be assigned to the 

d6R sites.    

 

Table 4.17: Hydroxyl-bridged Al sites and corresponding s6R(a) for each hydroxyl site in 

dehydrated STA-2(BDAB). 

OH site Bridged Al sites s6R(a) P 

O91 Al(14)/Al(23) P(23) 

O92 Al(16)/Al(25) P(25) 

O93 Al(12)/Al(21) P(21) 

O94 Al(11)/Al(22) P(22) 

O95 Al(13)/Al(24) P(24) 

O96 Al(15)/Al(26) P(26) 
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Figure 4.54: Range of local d6R P environments in STA-2(BDAB) models, with 0 to 2 

neighbouring hydroxyls. 

 

 

Figure 4.55: Range of local s6R P environments in STA-2(BDAB) models. The s6R(a) 

environments are P2c and P2d, where the P is bonded, via O, to a pair of hydroxyl-bridged Al.  
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Figure 4.56: Average Al-O-P bond angles for crystallographically-distinct P sites in O92-based 

models of dehydrated STA-2(BDAB). The average angles for the s6R sites where the P is bonded 

via O to a pair of hydroxyl-bridged Al are similar to the d6R sites. P25 is the s6R(a) site for O92 

and, consequently, all values shown are similar to those of the d6R units.    

 

 

Figure 4.57: Calculated (using CASTEP) 
31

P chemical shift ranges for optimised dehydrated 

STA-2(BDAB) models. Filled squares represent d6R sites, open squares represent s6R sites. The P 

sites in s6R units with corresponding downfield shifts have two connected aluminium sites that are 

bridged by a hydroxyl, whereas those with upfield shifts have 0-1 neighbouring hydroxyl groups. 

The P sites in d6R units, have 0-2 neighbouring hydroxyl groups. Also shown are the experimental 

shifts (crosses). Two sets of data are shown for O92O94, those in blue are for optall30 and those in 

red optall140. 
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Figure 4.58: Calculated (using CASTEP) 
27

Al shifts for four- (IV) and five- (V) coordinate Al 

sites in d6R and s6R units of optimised dehydrated STA-2(BDAB) models (black squares). Also 

shown are the experimental shifts (crosses). 

 

 

Figure 4.59: Calculated (using CASTEP) 
27

Al iso (isotropic chemical shift) for optimised 

dehydrated STA-2(BDAB) models (square markers). The Al sites in d6R units (filled marker) and 

s6R units (open marker) with corresponding shifts to the right are those five-coordinate with 

coordinated hydroxyl groups, whereas those to the left are tetrahedral. Also shown are the 

calculated iso for the fully optimised O92O94 model (red squares), and experimental iso (crosses). 

 

The calculated 
27

Al shift ranges for the optall30 models are shown in Figure 4.58. 

Generally, the ranges for the four-coordinate d6R and s6R sites are adjacent, and 

the five-coordinate d6R and s6R sites overlapping. This confirms that two 

separate peaks would not be observed in the five-coordinate region, as observed 

experimentally. The order of shifts for the Al1 and Al2 four-coordinate sites is the 

same as observed for the calcined material. The range of calculated 
27

Al shifts for 

each of the nine optimised models is shown separately in Figure 4.59. This shows 
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similar shifts for each model and therefore cannot be used to distinguish between 

them. The calculated shifts for the optall140 O92O94 model are also shown, and 

are similar to the optall30 structure. From the calculated values the resonance in 

the experimental 
27

Al spectra at 17 ppm can be assigned to the five-fold d6R and 

s6R sites, with no distinction between the two, the resonance at 39 ppm to the 

four-fold s6R sites and 49 ppm to the four-fold d6R sites. A clear identification 

for the shoulder observed experimentally on the resonance at 49 ppm cannot be 

made from these ranges. 

In this work triple-quantum MQMAS spectra were recorded at 14.1 T. 

Therefore Equation 4.5 is used instead of Equation 4.3 (5Q), in order to calculate 

the shift in the MQ dimension, 1, with a 
27

Al Larmor frequency of 156.4 MHz.  

 

 

Qiso1  
93

32
 

31

17
  

















  (4.5) 

 

The resulting plots of the position of the centre of gravity of each lineshape in the 

triple-quantum MQMAS spectra, shown in Figure 4.60, are grouped according to 

similar relationships of the two hydroxyls, [Table 4.18, Figure 4.61]. The plots are 

similar for all the models with three sets of points with similar centre of gravity to 

the experimental spectra. There appears to be better agreement for the four-

coordinate sites than the five-coordinate sites. This may be due to disorder or 

dynamics of the hydroxyl groups which means that the four-coordinate sites are 

better defined than the five-coordinate sites in the static (ordered) models studied.  

 

 

Table 4.18: STA-2(BDAB) models grouped according to similar relationship of hydroxyl 

positions. 

Model Hydroxyl relationship 

O91O92, O91O93, O92O93 Located in same CAN cage 

O91O94, O92O95 Located in different CAN cages 

O91O95, O92O96 
Located in different CAN cages, near to each 

other with bridged Al sharing 4MRs 

O91O96, O92O94 Located in different CAN cages 
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Figure 4.60: Plots of the centre of gravity in 

27
Al sheared/split-t1 triple-quantum MQMAS spectra 

(assuming B0 = 14.1 T) using optall30 structures of dehydrated STA-2(BDAB) derived from the 

calculated NMR parameters shown in Table 4.10. The isotropic chemical shift and contribution 

from the quadrupolar shift is used in 2. Also shown, top right, is the experimental spectrum for as-

prepared STA-2(BDAB). 
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Figure 4.61: Proximity of possible hydroxyl positions in dehydrated STA-2(BDAB). O91 – O93 

are located in one CAN cage and O94 – O95 in another. BDAB atoms not shown for clarity. 
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The experimental correlation spectra for as-prepared STA-2(BDAB) were 

obtained at multiple fields using both J-HETCOR and MQ-J-HETCOR 

experiments. Figures 4.62 to 4.66 show correlation plots of calculated centre of 

gravity lineshapes obtained for optall30 models. In Figure 4.62 correlation plots 

are shown for calculated 
31

P and 
27

Al isotropic chemical shifts. In Figures 4.63 

and 4.65 correlation plots are shown for calculated 
31

P isotropic chemical shifts 

versus 
27

Al line positions (isotropic chemical shifts and contribution from 

isotropic quadrupolar shift) at 14.1 T and 20.0 T respectively, akin to the J-

HETCOR experiments shown in Figures 4.22 and 4.23. In Figures 4.64 and 4.66 

correlation plots are shown for calculated 
31

P isotropic chemical shifts (2) versus 

27
Al isotropic shifts for isotropic dimension of a triple-quantum MQMAS 

spectrum (1), at 14.1 T and 20.0 T respectively, akin to the MQ-J-HETCOR 

experiments shown in Figures 4.26 and 4.27.  

The observed cross-peak patterns in the correlation plots of 
31

P and 
27

Al 

isotropic chemical shifts [Figure 4.62] are similar to those where the Q 

contribution is included, but with a greater spread of 
27

Al shifts for the latter. 

However, these are comparable to the broad lineshapes observed experimentally. 

Some of the models, O91O94, O92O95, O91O96 and O92O94, do not exhibit a 

cross peak between 
31

P at −24 ppm and 
27

Al at 45 ppm, in agreement with the 

experimental spectra. In these models the hydroxyls are located in different CAN 

cages some distance apart. In the other models the hydroxyls are either located in 

the same cage (O91O92, O91O93 and O92O93) or in different cages but with 

hydroxyl-bridged Al sharing 4MRs (O91O95, O92O96). The optimised structures 

of the models where the hydroxyls share a CAN cage are typically higher in 

energy. The optimised structures of the O91O95 and O92O96 models have similar 

energies to those of the other models where the hydroxyls are located in different 

CAN cages. O91O95 and O92O96 cannot be excluded after comparison with the 

experimental correlation spectra, nor considered solely, so could be present along 

with the other mixed cage models. The correlation plots, optall30 structures, for 

models not including those with the hydroxyls located in the same cage, can be 

seen overlaid with the experimental spectra in Appendix A, Figures A.5 to A.8. 
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Figure 4.62: 
27

Al-
31

P correlation plot for dehydrated STA-2(BDAB) models. Calculated 
31

P 

isotropic chemical shifts in 2 and 
27

Al isotropic chemical shifts in 1. Also shown, top right, is the 

experimental spectrum for as-prepared STA-2(BDAB). 
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Figure 4.63: 
27

Al-
31

P correlation plots (assuming B0 = 14.1 T), corresponding to J-HETCOR, for 

dehydrated STA-2(BDAB) models (optall30 structures). Calculated 
31

P isotropic chemical shifts in 

2, and 
27

Al line position in 1 (isotropic chemical shift and quadrupolar shift contribution). Also 

shown, top right, is the experimental spectrum for as-prepared STA-2(BDAB). 
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Figure 4.64: 
27

Al-
31

P correlation plots (assuming B0 = 14.1 T), corresponding to MQ-J-HETCOR, 

for dehydrated STA-2(BDAB) models (optall30 structures). Calculated 
31

P isotropic chemical 

shifts in 2 and 
27

Al isotropic shifts for the isotropic dimension of 3QMAS spectrum in 1. Also 

shown, top right, is the experimental spectrum for as-prepared STA-2(BDAB). 
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Figure 4.65: 
27

Al-
31

P correlation plots (assuming B0 = 20.0 T), corresponding to J-HETCOR, for 

dehydrated STA-2(BDAB) models (optall30 structures). Calculated 
31

P isotropic chemical shifts in 

2 and 
27

Al line position in 1 (isotropic chemical shift and quadrupolar shift contribution). Also 

shown, top right, is the experimental spectrum for as-prepared STA-2(BDAB). 
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Figure 4.66: 
27

Al-
31

P correlation plots (assuming B0 = 20.0 T), corresponding to MQ-J-HETCOR, 

for dehydrated STA-2(BDAB) models (optall30 structures). 
31

P isotropic chemical shifts in 2 and 

27
Al isotropic shifts for the isotropic dimension of 3QMAS spectrum in 1. 
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Figure 4.67: Plots of the centre of gravity
 
of sheared/split-t1 

27
Al 3QMAS (assuming B0 = 14.1 T) 

spectra of O92O94 model of dehydrated STA-2(BDAB) derived from the calculated NMR 

parameters shown in Table 4.10 and 4.11. The
 27

Al isotropic chemical shift and contribution from 

the quadrupolar shift is used in 2. 

 

As previously noted for the MQMAS plots there is poorer agreement 

between calculated and experimental data for the five-coordinate Al. The 

correlation plots show better separation of the four-fold d6R and s6R sites at 

higher field, or with the use of MQ evolution, as observed experimentally. The 

potential errors with CQ and Q discussed previously in the DFT study of AlPO-

ERI may contribute to the worse agreement for plots akin to MQ-J-HETCOR. 

There is no indication of the low intensity extra peaks observed experimentally 

(broad P and 6-coordinate Al), supporting their assignment as an impurity phase.  

The previous discussion has been focussed on the optall30 structural 

models. The O92O94 model was fully optimised, optall140, and the MQMAS and 

correlation plots, compared to the partially optimised structure, optall30, are 

shown in Figures 4.67 and 4.68 respectively. The results for the two structures are 

similar with no significant differences, particularly when considering the broad 

experimental lineshapes. They have the same cross-peak pattern with no cross 

peak around 
31

P −24 and 
27

Al 45 ppm. The energy of the optall140 structure 

(−29584.39 eV) is slightly lower than that of the optall30 structure (−29583.83 

eV). 
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Figure 4.68: 
27

Al-
31

P correlation plots for O92O94 dehydrated STA-2(BDAB) model. 
31

P in 2 

and 
27

Al in 1. (a) 
31

P and 
27

Al isotropic chemical shifts, (b, d) corresponding to J-HETCOR and 

(c, e) to MQ-J-HETCOR experiments. Assuming B0 = 14.1 T (b, c) and B0 = 20.0 T (d, e).  
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The CASTEP program calculates NMR parameters for all nuclei present in 

the unit cell, so information can also be obtained for 
13

C and 
15

N chemical 

shieldings, which can be compared with the experimental data. The presence of 

water molecules within the pores of the as-prepared material may account for any 

small differences between the two. The results are similar for all models meaning 

that the template molecule is independent of the framework, i.e., encapsulated in 

the pores put not coordinated. For nitrogen [Table 4.19] the calculated results 

agree with the relative positions of the apical and quaternary sites assigned 

previously, although with a greater shift difference, 52 to 56 ppm for the 

calculated models compared with 43 ppm experimentally. The calculated results 

for 
13

C [Table 4.20] agree with the assignment previously given for the 

experimental results. Additionally, the calculated 
1
H shieldings [Table 4.21] are 

within the 5 ppm shift range observed experimentally. The calculated NMR 

parameters for the N and C atoms and the H atoms in the optall140 O92O94 

model are given in Appendix A, Tables A.7 and A.8, respectively.  

 

Table 4.19: Calculated (using CASTEP) 
15

N NMR parameters, isotropic chemical shift iso, for 

optall30 structures of dehydrated STA-2(BDAB). 

 

 

15
N iso (ppm)

*
 

Model N1 N2 

O91O92 −390.8, −388.9 −336.2, −331.8 

O91O93 −389.4, −386.4 −336.6, −331.8 

O91O94 −388.7, −385.2 −336.8, −331.8 

O91O95 −388.4, −385.1 −336.3, −331.8 

O91O96 −388.4, −385.1 −336.7, −331.8 

O92O93 −388.1, −385.4 −336.9, −331.8 

O92O94 −389.1, −385.7 −336.7, −331.8 

O92O94 −389.2, −388.3 −332.1, −331.8 

O92O95 −388.4, −385.4 −336.9, −331.8 

O92O96 −388.3, −384.7 −336.6, −331.8 

*Referenced to experimental iso of quaternary N at −331.8 ppm. 
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Table 4.20: Calculated (using CASTEP) 
13

C NMR parameters, isotropic chemical shift iso, for 

optall30 structures of dehydrated STA-2(BDAB). 

 

13
C iso (ppm)

*
 

 

O91O92 O91O93 O91O94 O91O95 O91O96 O92O93 O92O94 O92O95 O92O96 

C1 15.6 13.8 14.4 14.4 13.8 14.4 14.9 15.4 14.9 

C1 15.2 14.2 15.1 15.1 13.8 14.3 14.7 15.3 14.5 

C2 64.6 64.6 64.6 64.6 64.6 64.6 64.6 64.6 64.6 

C2 60.5 58.9 58.2 59.2 57.6 59.2 58.3 59.3 59.2 

C3 54.5 53.9 54.3 54.8 54.3 54.7 54.1 55.6 55.7 

C3 53.7 53.0 53.1 53.9 53.2 54.8 54.5 55.6 54.9 

C3 48.1 46.3 47.8 47.3 46.3 47.5 47.6 48.5 47.5 

C3 46.0 46.0 46.5 46.3 45.3 47.3 47.2 47.8 47.6 

C3 53.2 50.5 50.8 50.4 50.6 51.4 51.0 51.9 51.5 

C3 46.4 44.1 45.1 45.3 45.2 45.3 45.3 46.5 46.2 

C4 43.3 41.5 41.6 41.7 41.2 42.7 41.9 43.3 42.6 

C4 43.5 40.8 41.3 41.5 40.2 41.4 41.4 42.2 41.5 

C4 41.8 41.3 42.0 41.4 41.3 43.0 42.5 42.6 42.5 

C4 41.1 38.8 39.8 39.2 38.6 40.3 40.2 40.4 40.6 

C4 41.7 41.0 40.7 41.3 41.4 40.9 40.5 41.4 42.4 

C4 42.3 40.3 40.1 41.3 39.8 41.5 40.7 42.5 41.5 

*Referenced to experimental iso of C2 at 64.6 ppm. 

 

Table 4.21: Calculated (using CASTEP) 
1
H NMR parameters, average isotropic chemical 

shielding <iso>, for optall30 structures of dehydrated STA-2(BDAB). 

 
1
H <iso> (ppm) 

H O91O92 O91O93 O91O94 O91O95 O91O96 O92O93 O92O94 O92O95 O92O96 

H1 28.5 28.4 28.4 28.4 28.4 28.4 28.4 28.4 28.4 

H2 27.6 27.5 27.5 27.5 27.5 27.5 27.5 27.5 27.5 

H3 27.3 27.3 27.2 27.3 27.3 27.3 27.3 27.3 27.3 

H4 27.0 27.0 27.1 27.1 27.1 27.1 27.1 27.1 27.1 

OH 29.8 30.1 29.9 30.1 29.7 30.0 30.0 29.9 30.0 

OH 29.9 31.2 29.3 29.9 30.0 30.2 29.9 29.8 29.8 

 

4.2.7.3 DFT Conclusions    

For STA-2(BDAB), the 
31

P sites in s6R produce isotropic chemical shifts 

around −22 ppm for those near occupied OH sites and −32 ppm for those near 

vacant OH sites, and those in d6Rs produce shifts around −27 ppm. For 
27

Al the 

five-coordinated d6R and s6R sites correspond to isotropic chemical shifts around 

15 ppm. The four-coordinate d6R sites correspond to shifts around 48 ppm, and 

shifts at 40 ppm to four-coordinate s6R sites.  
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4.2.8. STA-2 Conclusions 

 

A combination of 2D heteronuclear correlations and DFT calculations 

allows assignment of 
27

Al and 
31

P spectra of calcined and as-prepared STA-2, 

with regard to building unit sites, and influence of hydroxyls for as-prepared 

samples. The assignment is summarised in Figure 4.69. The 
31

P spectrum of 

calcined-dehydrated STA-2 shows two distinct resonances corresponding to the 

two crystallographically-distinct sites. The 
31

P resonance at −29.6 ppm 

corresponds to P1, located in a d6R, and the resonance at −34.8 ppm to P2, 

located in a s6R. The 
27

Al spectrum shows two resonances, corresponding to two 

crystallograhically-distinct sites, which are clearly resolved in the MQMAS 

spectrum. The 
27

Al resonances at iso = 36.0 and 42.0 ppm correspond to Al1 and 

Al2, respectively, which are located in s6R and d6R units, respectively.  

The NMR spectra for as-prepared STA-2(BDAB) and STA-2(BQNB) are 

similar, indicating that the template molecules have the same charge and that 

BDAB is suitable as an alternative to BQNB. The 
31

P spectra of as-prepared STA-

2(BDAB) and STA-2(BQNB) show a range of broad and overlapping peaks. The 

27
Al spectra of as-prepared STA-2(BDAB) and STA-2(BQNB) show the presence 

of both four- and five-coordinate Al species, with the ratio (Al(IV) : Al(V)) in 

each case indicating bridged hydroxyls. It has been deduced that the hydroxyls 

present in the as-prepared material bridge Al located in the top and bottom of 

CAN cages. A DFT study supports a model where there are favourable hydroxyl 

positions leading to partial ordering of hydroxyls in the templated framework. 

27
Al and 

31
P MAS NMR for a recent, more crystalline, sample of STA-2(BDAB) 

show similar resonances to those observed previously, without the low- 

intensity/broad peaks. This confirms their assignment as impurity.  

The 
31

P spectrum of STA-2(BDAB) can be considered in three parts. The 

31
P resonance at −32 ppm corresponds to the s6R P sites that may have either one 

or no hydroxyls coordinated to their next nearest neighbour Al. The 
31

P resonance 

at −22 ppm corresponds to the s6R(a) P sites, which are bonded, via O, to a pair of 

hydroxyl-bridged Al. One of the other coordinated Al may have a hydroxyl 

attached. The 
31

P resonance at −27 ppm corresponds to the P sites in d6R units. 

These P sites may have between zero and two next-nearest-neighbour Al with an 
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Figure 4.69: Summary of spectral assignment for calcined and as-prepared STA-2(BDAB). Al2 

and P1 are in d6R units, and Al1 and P2 are in s6R rings. P labelling as in Figures 4.55 and 4.56. 

 

attached hydroxyl. Note that one of the P environments shown in Figure 4.55 is 

not included in this assignment in Figure 4.69. This is because it belongs to the 

models where the two hydroxyls of the unit cell are located in the same CAN 

cage, which was shown not to be observed experimentally. The tetrahedral 
27

Al 

resonances corresponding to Al in the d6R and s6R units have the same relative 

positions in the spectrum of STA-2(BDAB) as observed for calcined-dehydrated 

STA-2. The position of the resonances for the five-coordinate Al sites appear to 

be dominated by the coordination of the hydroxyl group rather than SBU, 

resulting in a single peak observed experimentally. The 
31

P and 
27

Al spectral 

assignment for STA-2(BDAB) can be applied equally to STA-2(BQNB).       

 

 

 

 



145 

 

4.3 MgAPO STA-2 

4.3.1 Introduction 

 

AlPO frameworks are neutrally charged but, when suitably doped, can 

have catalytic properties, e.g., Lewis/Brönsted acidity or redox activity. AlPOs 

have been prepared with a range of additional metals, such as magnesium, 

vanadium, cobalt and manganese and have shown catalytic properties.
48-52

 The 

MgAPO (magnesium-substituted AlPO) STA-2 was first reported in 1997 and 

prepared using bis-quinuclidinium-butane (BQNB) as the SDA.
28

 The BQNB 

template has a 2+ charge and therefore a charge-balancing mechanism is required 

in the as-prepared templated materials. For the pure AlPO material the charge 

balancing is achieved by extra-framework hydroxyl groups. However, the 

substitution of Mg
2+

 for Al
3+

 in MgAPOs creates a negative charge on the 

framework and an inherent mechanism for charge balancing. In samples with a 

low amount of magnesium, hydroxyls may still be required to ensure sufficient 

charge balancing. At higher doping levels there may be sufficient Mg to solely 

take on the charge-balancing role. As described previously, there are two 

tetrahedral Al sites in the STA-2 framework, one located in a d6R unit (Al2) and 

one in a s6R unit (Al1). Mg cations could potentially substitute on to one Al 

tetrahedral site exclusively or preferentially (either Al1 or Al2), on to both sites 

equally (Al1 and Al2), or randomly. There are two tetrahedral P sites, one of 

which is located with Al2 in a d6R unit (P1) and one in a s6R unit, alternating 

with Al1, (P2). Consequently, P1 is connected, via O, to one Al1 and three Al2, 

whereas P2 is connected, via O, to three Al1 and one Al2. 

 

4.3.2 Experimental and Computational Details 

 

Solid-state NMR spectra were acquired using a Bruker 600 Avance III 

spectrometer, equipped with a widebore 14.1 T magnet at Larmor frequencies of 

156.41 MHz for 
27

Al and 243.0 MHz for 
31

P. Powdered samples were packed into 

conventional 4 mm ZrO2 rotors. MAS rates of between 10 and 14 kHz were used. 

Conventional 
27

Al and 
31

P MAS NMR spectra were obtained using single-pulse 

experiments with typical pulse lengths of 1.6 - 1.8 and 2.75 - 4 s for 
27

Al and 
31

P, 
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respectively, and typical recycle intervals of 0.5 s and 60 s for 
27

Al and 
31

P, 

respectively. High-resolution 
27

Al two-dimensional triple-quantum MAS NMR 

experiments were recorded using a phase-modulated split-t1 shifted-echo pulse 

sequence, with the third pulse chosen to be selective for the central transition.
20

 A 

two-dimensional heteronuclear correlation spectrum was obtained using a MQ-J-

HETCOR experiment, with transfer via an INEPT sequence from 
27

Al (using 

central-transition-selective pulses) to 
31

P,
31

 and an initial MQ evolution period. 

Spectra were referenced to 1M Al(NO3)3 (aq) for 
27

Al using Al(acac)3 as a 

secondary reference (−1.1 ppm (left horn)), and to 85% H3PO4 for 
31

P using BPO4 

as a secondary reference (−31.2 ppm). The isotropic dimension of the MQMAS 

spectra is scaled according to the convention in Ref. 21. Further experimental 

details are given in the relevant figure captions. The group of Professor P. A. 

Wright (University of St Andrews) provided samples with different Mg : P ratios 

(Mg/P), from 0 to 0.174 (e.g., 0.6 Mg/ 12 P = 0.05), and are given in Table 4.22. 

These were synthesised hydrothermally with BQNB as the SDA. 

First-principles DFT calculations were performed on models of MgAPO 

STA-2 (Mg/P = 0.17) with different Mg locations within the framework. The 

initial structure was based the dehydrated STA-2(BDAB) structure used 

previously, with the template manually changed to BQNB (replacement of the 

apical N with CH), two framework Al replaced with two Mg, and all hydroxyls 

removed. A k-point spacing of 0.04 Å
−1 

was used and wavefunctions were 

expanded in planewaves with a kinetic energy smaller than the cut-off energy of 

50 Ry. Additionally, the dispersion correction scheme of Tkatchenko and 

Scheffler (TS) was used (See Section 5.2 for a description of dispersion correction 

schemes).
53,54

 Calculations were carried out using CASTEP version 5.5.2 on a 

198-node (2376 core) Intel Westmere cluster with 2 GB memory per core and 

QCR Infiniband interconnects at the University of St Andrews. Typical 

calculation times for geometry optimisations were 3 to 4 days and for NMR 

parameters ~10 hours, using 60 cores. The isotropic chemical shift, iso, is given 

by ref  iso, where iso is the isotropic shielding. Reference shieldings, ref, of 

555.35 ppm and 279.95 ppm were used for 
27

Al and 
31

P, respectively. 
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Table 4.22: Table of STA-2 samples and compositions prepared in this work.  

Sample Idealised Formula 

AlPO STA-2(BQNB) 
Al12P12O48·BQNB·2OH·9H2O 

(Al12P12O48·0.97BQNB·2OH·9H2O)
†
 

MgAPO STA-2(BQNB) Mg/P = 0.05 Al11.4Mg0.6P12O48·BQNB·1.4OH·xH2O 

MgAPO STA-2(BQNB) Mg/P = 0.1* Al10.8Mg1.2P12O48·BQNB·0.8OH·xH2O 

MgAPO STA-2(BQNB) Mg/P = 0.17 Al9.96Mg2.04P12O48·BQNB·xH2O 

MgAPO STA-2(BQNB) Mg/P = 0.174 Al9.91Mg2.09P12O48·BQNB·xH2O 

† Chemical composition from combination of techniques, NMR, TGA (thermogravimetric 

analyses) and elemental analysis. 

*Mg/P = 0.1 in gel composition, Mg/P = 0.07 by EDX.  

 

4.3.3 Solid-State NMR Results 

 

The 
27

Al MAS NMR spectra for different as-prepared STA-2(BQNB) 

materials, AlPO and MgAPO (Mg/P = 0.05, 0.10, 0.17 and 0.174), are shown in 

Figure 4.70. All the materials give a major signal(s) around 38 ppm, 

corresponding to tetrahedral AlO4. The pure AlPO material and the low-doped 

(Mg/P = 0.05) Mg material also have resonances around 16 ppm, which 

correspond to AlO5, present due to the extra coordination of some Al by hydroxyl 

groups to satisfy charge-balancing requirements, and some low-intensity 

resonances around 0 ppm, likely to correspond to impurity for both materials. The 

27
Al spectrum for Mg/P = 0.1, shown in Figure 4.70(e), contains resonances in the 

same position as observed for the pure AlPO form, but is dominated by a 

resonance at lower shift. If this relates to an impurity phase then the amount of 

Mg in the STA-2 phase may be significantly different from expected. The 

impurity is likely to be amorphous, and therefore not identified/observed by XRD, 

and contain higher-coordinate Al (Al(VI)) deduced from the 
27

Al and 
31

P isotropic 

chemical shifts. 

Previously in Section 4.2.4, the ratio of four-coordinate to five-coordinate 

Al was used to determine the coordination mode of the hydroxyl groups, i.e., 

bridging or terminal in as-prepared AlPO STA-2. For AlPO STA-2(BQNB) it was 

determined that the hydroxyls were bridging between two Al, with the ratio of 

tetrahedral resonances suggesting that both crystallographic sites were equally 
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involved, and it was later determined that the hydroxyl groups bridge Al1 and Al2 

in CAN cages. Two overlapping resonances for tetrahedral Al are observed in the 

spectrum for AlPO STA-2(BQNB). These are partially resolved in the MQMAS 

spectrum and correspond to the two crystallographically-distinct sites (iso of 39 

ppm for Al1 and 49 ppm for Al2, assuming the same relative positions as for 

AlPO STA-2(BDAB). These two tetrahedral resonances become increasingly 

overlapped as the amount of Mg in the sample is increased. The materials with 

Mg/P = 0.174 or 0.17 both show an additional low intensity 
27

Al resonance at ~15 

ppm (and at −5 ppm for Mg/P = 0.17). These account for only a very small 

proportion of the Al signal and may be due to a secondary interaction with water 

(or template) in the pores,
55

 as magnesium has a greater affinity than aluminium 

for water.
56

 The asymmetric lineshapes observed for Mg/P = 0.17 and 0.174 in the 

MAS spectra at ~40 ppm are partially resolved in the 2D MQMAS experiments, 

shown in Figure 4.71, into two resonances. The MQMAS spectra allow average 

NMR parameters to be extracted (from the centre of gravity of the ridge) for the 

MgAPO materials, which are given in Table 4.23. 
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Figure 4.70: 
27

Al (a, c, e, g, i) and 
31

P (b, d, f, h, j) MAS spectra (14.1 T) for MgAPO STA-

2(BQNB) with Mg/P = 0.174 (a, b), 0.17 (c, d), 0.10 (e, f), 0.05 (g, h) and AlPO STA-2(BQNB) (i, 

j). Spectra are the result of averaging (a, f) 64, (b, e) 128, (c) 160, (d, g, i) 80, (h) 32 and (j) 24 

transients with recycle intervals of (a, c, e, g) 1 s, (b, d, f, h) 60 s, (i) 0.5 s and (j) 30 s. The MAS 

rates were (a, b, e, f) 12.5 kHz, (c, d) 14 kHz and (g, h, i, j) 10 kHz. 
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Figure 4.71: 

27
Al split-t1 triple-quantum MQMAS spectra (14.1 T) for MgAPO STA-2 materials 

with Mg/P = 0.174 (a), 0.17 (b) and 0.05 (c). The spectra were recorded using the phase-

modulated split-t1 pulse sequence in Figure 3.7(b) The spectra are the result of averaging (a, c) 96 

and (b) 288 transients with a recycle interval of (a, b) 0.5 s and (c) 1 s for each of (a) 50, (b) 140 

and (c) 161 t1 increments of (a) 184.52 s, (b, c) 50 s. The MAS rate was 14 kHz for (a, b) and 10 

kHz for (c), with * indicating spinning sidebands. 
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Table 4.23: Experimental 
27

Al NMR parameters (average isotropic chemical shifts, <iso>, and 

quadrupolar product, <PQ>) obtained from the MQMAS spectra of MgAPO STA-2 materials in 

Figure 4.71. 

Mg/P = 0.05 Mg/P = 0.17 Mg/P = 0.174 

<iso> (ppm) <PQ> / MHz <iso> (ppm) <PQ> / MHz <iso> (ppm) <PQ> / MHz 

16.8 (10) 2.8 (4) 15.3 (10) 2.6 (4) 15.6 (10) 2.9 (4) 

38.9 (10) 2.1 (4) 38.4 (10) 2.5 (4) 38.4 (10) 2.3 (4) 

46.8 (10) 3.0 (4) 43.0 (10) 3.2 (4) 44.2 (10) 3.2 (4) 

 

Table 4.24: Relative intensities, Irel, of the two tetrahedral resonances from isotropic projections 

(MQMAS isotropic shift, 1) from MQMAS spectra (14.1 T) of MgAPO STA-2, shown in Figure 

4.71. 

Mg/P = 0.05 Mg/P = 0.17 Mg/P = 0.174 

1 (ppm) Irel (%) 1 (ppm) Irel (%) 1 (ppm) Irel (%) 

26.4 51.1 24.9 71.9 24.9 63.6 

22.0 48.9 21.4 28.1 21.5 36.5 

 

The two crystallographic Al sites, Al1 and Al2, are present in equal 

quantities in the STA-2 framework. The relative intensities of the corresponding 

peaks in the isotropic projections of the MQMAS spectra, can give an indication 

on the site of Mg substitution. Although MQMAS is not necessarily quantitative, 

the similar average CQ values mean that the relative intensities can be considered 

with reasonable accuracy.
57

 The experimental relative intensities of the two 

tetrahedral resonances for some of the materials are given in Table 4.24. These 

show a relative decrease in the intensity of the resonance at ~22 ppm (Al1) in the 

1 dimension compared to the intensity of Al2. The experimental ratios obtained 

for Mg/P = 0.05 and 0.174 are a close match to the predicted values for Mg 

substituting for Al1 [Table 4.25]. This suggests that the Al1 site (s6R) is the likely 

substitution site for Mg.  
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Table 4.25: Predicted relative ratios for different charge-balancing mechanisms in the STA-2 framework. There are 12 Al atoms, 6 Al1 and 6 Al2, in the unit cell of AlPO 

STA-2. 

Mg/P 

ratio 

Number of 

Mg in unit 

cell 

(Mg/P  12) 

Number of Al 

in unit cell 

(12 − number 

Mg) 

Possible Al distribution in unit cell (% Al in brackets) Hydroxyl charge balancing 

Al 

sites 

If Mg substitutes 

equally on both 

sites 

If Mg substitutes either Al1 

or Al2 

Number of 
−
OH 

(2 – number 

Mg) 

Hydroxyls (bridging, 

b, or terminal, t) 

Mg → Al1 Mg → Al2 IV:V Al [%] 

0 0 12 
Al1 6 (50) - - 

2 
8:4 [67:33] (b) 

10:2 [83:17] (t) Al2 6 (50) - - 

0.05 0.6 11.4 
Al1 5.7 (50) 5.4 (47) 6 (53) 

1.4 
8.6:2.8 [75:25] (b) 

10:1.4 [88:12] (t) Al2 5.7 (50) 6 (53) 5.4 (47) 

0.1 1.2 10.8 
Al1 5.4 (50) 4.8 (44.4) 6 (55.6) 

0.8 
9.2:1.6 [85:15] (b) 

10:0.8 [93:7] (t) Al2 5.4 (50) 6 (55.6) 4.8 (44.4) 

0.17 2.04 9.96 
Al1 4.98 (50) 3.96 (39.8) 6 (60.2) 

~ all IV - 
Al2 4.98 (50) 6 (60.2) 3.96 (39.8) 

0.174 2.088 9.912 
Al1 4.956 (50) 3.91 (39.5) 6 (60.5) 

~ all IV - 
Al2 4.956 (50) 6 (60.5) 3.912 (39.5) 
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Table 4.26: Relative intensities, Irel, of tetrahedral (IV) and extra coordinate 
27

Al resonances (V, 

VI) from MAS spectra of MgAPO STA-2 in Figure 4.70. 

Mg/P = 0.05 Mg/P = 0.17 Mg/P = 0.174 

Al coordination Irel (%) Al coordination Irel (%) Al coordination Irel (%) 

IV 58.7 IV 91.3 IV 93.93 

V 41.3 V 5.1 V 6.07 

  VI 3.6   

 

For the low-doped material (Mg/P = 0.05) there is insufficient Mg in the 

framework to balance the charge of the template and, therefore, some hydroxyls 

are required. The experimental ratio of four-coordinate to five-coordinate Al 

[Table 4.26] is a closer match to that predicted for bridging hydroxyls [Table 

4.25], as observed for the AlPO. The match is not as good as that seen for AlPO 

STA-2(BQNB) and Mg/P = 0.17 or 0.174. This may be due to a discrepancy in 

the reported quantity of Mg included in the framework. Alternatively, the 

proportion of five-coordinate Al may be increased due to coordination of water, as 

five-coordinate Al is also observed for the higher-doped materials, where there is 

sufficient Mg incorporate in the framework to charge-balance the charge of the 

template. 

The 
31

P MAS NMR spectra for different as-prepared STA-2(BQNB) 

materials, AlPO and MgAPO, are shown in Figure 4.70. All the materials give a 

range of broad and overlapping peaks in the range −10 to −40 ppm (PO4). The 

pure AlPO material and low-doped (Mg/P = 0.05) Mg material also have a low-

intensity peak at higher shift, likely to relate to an impurity. The peak at −32 ppm 

in AlPO spectrum, assigned to P2(OAl)4, persists with increasing Mg substitution, 

as does a peak at −27 ppm, assigned to P1(OAl)4 for the pure AlPO spectrum 

[Section 4.2.7.2]. The 
31

P spectrum of Mg/P = 0.10 contains resonances as 

observed for the AlPO material, but is dominated by a broad peak in the range 0 to 

−15 ppm, which is likely to be from an impurity phase. 

Generally, the 
31

P chemical shift is sensitive to the local environment, both 

structural (SBU, angles) and chemical (next-nearest neighbours). The STA-2 

framework contains two crystallographically-distinct P sites (P1 (d6R) and P2 

(s6R)). It was seen in previous work that the presence of bridging hydroxyls has a 
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pronounced effect on the chemical shift of the P2 atoms that have hydroxyl-

bridged Al next-nearest neighbours. The substitution of other elements for Al, 

such Mg, Mn, or Co, has also been shown to have a pronounced effect on the 
31

P 

chemical shift in AlPO based materials.
58-61

 The 
31

P spectrum for Mg/P = 0.05 is 

similar to the pure AlPO. The main next-nearest-neighbour influence on the 
31

P 

shift remains the coordination of hydroxyls to Al. For the higher-doped materials 

the 
31

P spectra contain additional components with different relative intensities. 

The resonances of 
31

P spectra of other MgAPO framework materials containing 

multiple components were assigned to P having differing numbers of Mg next-

nearest neighbours, P(nAl) n = 0 - 4. The 
31

P spectra of many MgAPOs, such as 

MgAPO-11 and MgAPO-36,
56

 have been assigned using a procedure 

implemented by Barrie and Klinowski to assign MgAPO-20.
58

 The 
31

P isotropic 

chemical shift is assumed to increase with the substitution of adjacent Al by Mg in 

an AlPO framework, with a greater increase with the more Al that are substituted. 

Therefore, the most negative chemical shift is typically assigned to P(4Al), the 

next to P(3Al), and so on. The assignment of the 
31

P spectra of this work requires 

the presence of two crystallographically-distinct sites (d6R and s6R), and the 

next-nearest neighbours, be that hydroxyl-bridged Al or differing numbers of Mg, 

P(nAl), to be taken into account. Care should be taken when assigning 
31

P spectra 

of MeAPO (Me = metal) materials with multiple crystallographic sites and the 

frequent presence of low-intensity peaks at higher shift due to amorphous 

impurities rather than P with a high number of Mg next-nearest neighbours.
58

 The 

shifts and relative intensities for some of the 
31

P spectra are reported in Table 

4.27; however the spectra contain multiple overlapping components that are 

difficult to deconvolute unambiguously.  
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Table 4.27: Experimental 
31

P isotropic chemical shifts, iso, and relative intensities, Irel, of MgAPO 

STA-2 materials. 

Mg/P = 0.05 Mg/P = 0.1 Mg/P = 0.17 Mg/P = 0.174 

iso (ppm) Irel (%) iso (ppm) Irel (%) iso (ppm) Irel (%) iso (ppm) Irel (%) 

−33.8 5.38 −32.1 9.86 −33.8 5.41 −34.4 3.20 

−31.8 10.67 −27.9 13.23 −32.0 1.64 −32.9 5.48 

−27.8 39.21 −23.2 13.04 −29.7 12.69 −29.0 24.86 

−23.6 15.23 −11.9 62.48 −27.5 23.65 −27.1 8.92 

−21.0 10.37 −1.2 1.39 −24.0 29.75 −24.2 35.86 

−12.1 18.82   −21.1 6.24 −21.0 9.34 

−1.0 0.31   −18.7 12.46 −19.0 1.82 

    −16.4 0.04 −17.1 5.85 

    −14.0 4.37 −14.1 1.37 

    −10.9 0.53 −11.3 1.84 

    −8.7 2.56 −7.8 0.54 

    −3.9 0.67 −4.8 0.93 
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Figure 4.72: 
27

Al-
31

P MQ-J-HETCOR spectrum (14.1 T) for Mg/P = 0.174 MgAPO STA-

2(BQNB). The spectrum was recorded using the pulse sequence in Figure 3.10(b), with  = 1.6 ms. 

The spectrum is the result of averaging 1536 transients with a recycle interval of 2.5 s for each of 

44 increments of 120 s. The MAS rate was 12.5 kHz. 

 

The through-bond 
27

Al-O-
31

P connectivities in Mg/P = 0.174 MgAPO 

STA-2(BQNB) were examined using an INEPT-based correlation experiment. An 

initial MQ evolution period was used as the MAS spectrum contains a broad, 

asymmetric lineshape that is partially resolved into two resonances in an MQMAS 

spectrum [Figure 4.71(a)]. The 
27

Al-
31

P MQ-J-HETCOR spectrum in Figure 4.72 

shows a range of complex connectivities, different to those observed for the AlPO 

material. The 
27

Al resonance at 21.5 ppm in the 1 dimension shows cross peaks 

across the 
31

P shift range −20 to −37, and whilst the 
27

Al resonance at 24.9 ppm 

also has cross peaks across that range, it has a low-intensity/minor cross peak to 

the 
31

P shift at −33 ppm. This is similar to the AlPO material and supports the 

assignment of the Al resonances to Al1 at 1 = 21.5 ppm and Al2 at 1 = 24.9 

ppm) and of the 
31

P shift at −33 ppm to P2(4Al), where the P is bonded via O to 

three Al1 and one Al2. To aid assignment of 
27

Al and 
31

P NMR spectra and, 
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therefore, infer information on substitution sites, DFT calculations, using 

CASTEP, were carried out. 

 

4.3.4 DFT Study of MgAPO STA-2 

4.3.4.1  Introduction 

Previously, a number of different models for the hydroxyl locations in 

templated AlPO STA-2(BDAB) were geometry optimised using CASTEP and 

NMR parameters calculated for the resulting structures. This enabled the 
31

P and 

27
Al spectra for AlPO STA-2(BDAB) to be assigned with regards to the 

crystallographically-distinct Al and P sites and the proximity of the hydroxyls, 

and the same assignment can be applied to AlPO STA-2(BQNB). The SDA 

BQNB has a 2+ charge, and therefore, two charge-balancing ions are required per 

template. Alternatively, the substitution of two Al
3+

 for two Mg
2+

 can take on the 

charge-balancing role (Mg/P = 2/12 = 1/6). The unit cell, Mg2Al10P12O48.BQNB 

(dehydrated), used for calculations contains 12 Al sites (6 Al1 and 6 Al2). 

Substitutions were modelled where the 2 Mg cations substitute on to one Al 

tetrahedral site exclusively (2 Mg replacing 2 Al1 or 2 Al2) or on to both sites 

equally (2 Mg replacing 1 Al1 and 1 Al2). Table 4.28 lists the possible 

combinations and the secondary building unit (SBU), 6-membered ring (6MR), 4-

membered ring (4MR), double 6-membered ring (d6R) or cancrinite cage (CAN), 

shared by the Mg [Figure 4.73]. When two Al1 atoms are replaced by Mg, the Mg 

share either a 6MR of the top or bottom of a CAN cage, a 4MR, or a CAN cage, 

located top and side, Figure 4.73(a) - (c), respectively. When two Al2 atoms are 

replaced with Mg, the Mg share either a d6R unit, a 4MR within a d6R unit, or a 

6MR of a d6R unit, Figure 4.73(d) - (e), respectively. Models are named after the 

Al sites substituted by Mg. As indicated previously, in the templated structure of 

STA-2 the presence of the organic SDA and charge-balancing hydroxyls render 

the 6 Al1s, 6 Al2s, 6 P1s and 6 P2s of the unit cell inequivalent, and the individual 

sites are labelled in Figure 4.52. The 6 Al1 of the s6R units are considered 

individually as Al11, Al12, Al13, Al14, Al15 and Al16, and so on for 6 Al2 of the 

d6R units (Al21, Al22, …). When one Al1 and one Al2 are replaced, the Mg share 

either a 4MR of a CAN cage, a 6MR at the side of a CAN cage (with two different 

relationships), or a CAN cage (with three different relationships, Figures 4.73(f) - 
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(l), respectively. Models were geometry-optimised within the CASTEP program 

and NMR parameters calculated. As for the structure used in the AlPO study, the 

models correspond to a dehydrated material.  

 

Table 4.28: P local environment, P(nAl), in MgAPO STA-2(BQNB) (Mg/P = 1/6) for different 

positions of Mg substitution, and secondary building unit (SBU) shared by the Mg. Shared SBU 

configurations are shown pictorially in Figure 4.73. 

Substitution 

sites 

P1 P2 Mg-O-

P-O-Mg 

Shared 

SBU P(2Al) P(3Al) P(4Al) P(2Al) P(3Al) P(4Al) 

2Mg → 2Al1        

11,13 

11,15 

12,14 

12,16 

13,15 

14,16 

0 2 4 1 4 1 ✓
6MR/ 

CAN 

11,12 

13,14 

15,16 

0 2 4 2 2 2 ✓ 4MR 

11,14 

11,16 

12,13 

12,15 

13,16 

14,15 

0 2 4 1 4 1 ✓ CAN 

2Mg → 2Al2        

21,22 

23,24 

25,26 

0 6 0 0 2 4  d6R

21,24 

21,26 

22,23 

22,25 

23,26 

24,25 

2 2 2 0 2 4 ✓ 4MR 

21,23 

21,25 

22,24 

22,26 

23,25 

24,26 

1 4 1 0 2 4 ✓
6MR/ 

d6R
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2Mg → Al1 and Al2       

11,21 

12,22 

13,23 

14,24 

15,25 

16,26 

1 2 3 1 2 3 ✓ 4MR 

11,22 

12,21 

13,24 

14,23 

15,26 

16,25 

0 4 2 1 2 3 ✓ 
6MR/ 

CAN(1) 

11,25 

12,26 

13,21 

14,22 

15,23 

16,24 

1 2 3 0 4 2 ✓ 
6MR/ 

CAN(2) 

11,23 

12,24 

13,25 

14,26 

15,21 

16,22 

0 4 2 1 2 3 ✓ CAN(1) 

11,24 

12,23 

13,26 

14,25 

15,22 

16,21 

1 2 3 0 4 2 ✓ CAN(2) 

11,26 

12,25 

13,22 

14,21 

15,24 

16,23 

0 4 2 0 4 2  CAN(3) 
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Figure 4.73: Secondary building units shared by Mg atoms in models of MgAPO STA-2. 4 

membered rings (4MR), 6 membered rings (6MR), cancrinite cages (CAN) and double 6 

membered rings (d6R).  
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4.3.4.2  DFT Results 

The calculated 
31

P and 
27

Al NMR parameters for the MgAPO models are 

given in Tables A.9 to A.11 in Appendix A. The 
27

Al and 
31

P isotropic chemical 

shift ranges for different models are shown graphically in Figures 4.74 and 4.75, 

respectively, and can be examined in more detail in Figure 4.76 and Figures 4.77-

4.79, for 
27

Al and 
31

P respectively. The substitutions in the models are at Mg/P = 

0.167 and are, therefore, compared to the experimental spectra for Mg/P = 0.174. 

The range of calculated 
27

Al isotropic chemical shifts in Figure 4.76, though offset 

in relation to the experimental values, have similar relative shift differences 

between the two resonances (Al1 and Al2) (2.42 – 7.94 ppm [Appendix A, Tables 

A.12 to A.14]) as observed experimentally for the two main resonances for Mg/P 

= 0.174 MgAPO STA-2(BQNB) (5.8 ppm). The shift offset may be due to a 

referencing (ref) issue due to the geometry-optimisation method used. The range 

of calculated 
31

P isotropic chemical shifts in Figure 4.75 encompasses those 

obtained experimentally for Mg/P = 0.174 MgAPO STA-2(BQNB).  

Figure 4.74(a) shows the ranges of calculated 
27

Al isotropic chemical 

shifts and Figure 4.75(a) shows the ranges of calculated 
31

P isotropic chemical 

shifts for the 2 Mg → 2 Al1 models. The 
27

Al isotropic chemical shifts for the 2 

Mg → 2 Al1 models [Table A.5] give distinct ranges for the crystallographically-

distinct sites, Al1 and Al2. For the 
31

P isotropic chemical shifts there are distinct 

ranges for P2(4Al), P2(3Al) and P2(2Al), but the P1 ranges for P1(4Al) and 

P1(3Al) overlap and are coincident with the range of shifts predicted for P2(3Al) 

[Figure 4.75(a)]. The 
27

Al and 
31

P ranges, for the 2 Mg → 2 Al1 models, are 

shown in Figures 4.76(a) and 4.77, respectively, according to the SBU shared by 

the Mg atoms. The 
27

Al chemical shifts are similar for all of these models. The P1 

shift ranges overlap least for the 4MR models and most for the 6MR/CAN 

models. The P2(2Al) 
31

P shift increases for 4MR < 6MR/CAN < CAN. 

Figures 4.74(b) and 4.74(c) show the ranges of calculated 
27

Al isotropic 

chemical shift for the other two sets of models, 2 Mg → 2 Al2, and 2 Mg → 1 Al1 

and 1 Al2, respectively. The respective ranges for the 
31

P isotropic chemical shifts 

are shown in Figures 4.75(b) and 4.75(c). The ranges of 
27

Al isotropic chemical 

shift are similar to those where two Al1 are substituted by Mg. However, 

differences are observed in the ranges of 
31

P isotropic chemical shift, as a result of 



162 

 

differences in P local environments present in the models as summarised in Table 

4.31. For the 2 Mg → 2 Al2 models there are distinct ranges for P1(4Al), P1(3Al) 

and P1(2Al), with ranges for P2(4Al) and P2(3Al) overlapping and coincident 

with those for P1(4Al) and P1(3Al). For the third set of models, with both Al1 and 

Al2 substituted, whist the ranges for P(nAl), n = 4-2, are spread across the shift 

range, the ranges for the two P sites overlap.  

The 
27

Al and 
31

P ranges, for the 2 Mg → 2 Al2 models, are shown in 

Figures 4.76(b) and 4.78, respectively, according to the SBU shared by the Mg 

atoms. The 
27

Al and 
31

P ranges, for the 2 Mg → 1 Al1 and 1 Al2 models, are 

shown in Figures 4.76(c) and 4.79, respectively, according to the SBU shared by 

the Mg atoms. The 
27

Al isotropic chemical shifts are similar for all of these 

models. The 
31

P isotropic chemical shifts depend on the shared SBU, and 

therefore P environments present (P(4Al), P(3Al) or P(2Al)). The isotropic 

chemical shifts for a given environment, such as P1(4Al) or P2(3Al), are similar 

for many of the models, although some broad ranges are observed.   
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Figure 4.74: Calculated (using CASTEP) 
27

Al isotropic chemical shifts for MgAPO STA-

2(BQNB) models. Also shown are the experimental shifts from Mg/P = 0.174 (crosses). (a) 2 Mg 

→ 2 Al1, (b) 2 Mg → 2 Al2 and (c) 2 Mg → Al1 and Al2.  
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Figure 4.75: Calculated (using CASTEP) 
31

P isotropic chemical shifts for MgAPO STA-

2(BQNB) models. Also shown are the experimental shifts from Mg/P = 0.174 (crosses). (a) 2 Mg 

→ 2Al1, (b) 2 Mg → 2 Al2 and (c) 2 Mg → Al1 and Al2. 
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Figure 4.76: Calculated (using CASTEP) 
27

Al isotropic chemical shifts for MgAPO STA-

2(BQNB) models. Also shown are the experimental shifts from Mg/P = 0.174 (crosses). (a) 2 Mg 

→ 2 Al1, (b) 2 Mg → 2 Al2 and (c) 2 Mg → Al1 and Al2. 
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Figure 4.77: Calculated (using CASTEP) 
31

P isotropic chemical shifts for 2 Mg → 2 Al1 MgAPO 

STA-2(BQNB) models. Shared building units of (a) CAN, (b) 6MR/CAN, (c) 4MR. Also shown 

are the experimental shifts from Mg/P = 0.174 (crosses).   
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Figure 4.78: Calculated (using CASTEP) 
31

P isotropic chemical shifts for 2 Mg → 2 Al2 MgAPO 

STA-2(BQNB) models. Shared building units of (a) d6R, (b) 6MR/d6R and (c) 4MR. Also shown 

are the experimental shifts from Mg/P = 0.174 (crosses).  
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Figure 4.79: Calculated (using CASTEP) 
31

P isotropic chemical shifts for 2 Mg → Al1 and Al2 

MgAPO STA-2(BQNB) models. Shared building units of (a) CAN, (b) 6MR/CAN and (c) 4MR. 

Also shown are the experimental shifts from Mg/P = 0.174 (crosses).  

 

As previously shown for AlPO STA-2(BDAB), the calculated 
27

Al and 
31

P 

NMR parameters can be displayed as a 2D correlation plot to examine the 

through-bond connectivities, 
27

Al-O-
31

P, and compared to the experimental MQ-J-

HETCOR spectrum (shown in Figure 4.72 for Mg/P = 0.174 MgAPO STA-2). 

This involves correlating the 
27

Al line position for the 1 dimension of a 3QMAS 

spectrum with the 
31

P isotropic chemical shift, 2, for Al and P connected via O. 

The plots of the calculated centre of gravity lineshapes are displayed in Figure 

4.80 for the 2 Mg → 2 Al1 models, Figure 4.81 for the 2 Mg → 2 Al2 models and 

Figure 4.82 for the 2 Mg → Al1 and Al2 models. A main feature of the cross-peak 

pattern in the experimental spectrum is a low intensity/minor cross-peak of the 

27
Al resonance at 24.9 ppm with the 

31
P shift at −33 ppm. The cross-peak patterns 

of the correlation plots of the calculated NMR parameters generally fit within the 

experimental linewidth in the 
27

Al dimension, the isotropic dimension of a 

sheared/split-t1 3QMAS spectrum, of the MQ-J-HETCOR spectrum. The cross-

peak pattern in the 
31

P dimension extends to higher shift than observed in the 

experimental HETCOR spectrum, but resonances are observed in this region in 

the 1D MAS spectrum as discussed above. The cross-peak patterns are similar for 
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a given set of models [Figures 4.80 to 4.82], grouped according to the Mg 

substitution sites and relative positions, and different between the sets. However, 

it is not possible to select one set as a “best match”, to the experimental spectrum, 

in order to unambiguously identify the Mg substitution site. In some cases, 

combinations of Mg location would be required to match the experimental 

spectrum. The 
27

Al-
31

P correlation plots for the calculated results, akin to MQ-J-

HETCOR experiments, for the geometry-optimised structures of the models of 

dehydrated MgAPO STA-2(BQNB) are shown superimposed over the 

experimental MQ-J-HECTCOR spectrum in Appendix A, Figures A.10 to A.13, 

for direct comparison. 

The structures used for the calculation of NMR parameters for MgAPO 

STA-2 only contain tetrahedral Al sites, in contrast to the AlPO-ERI and AlPO 

STA-2(BDAB) structures that contained five-coordinate Al in addition to four-

coordinate Al sites. Therefore, the potential errors identified for the latter AlPO 

materials, need not be considered in the MgAPO case. The inclusion of second-

order shifts match well for the distribution of 1 positions in the correlation plots 

for tetrahedral sites. However, for the MgAPO models there is an apparent error in 

the calculated isotropic chemical shift and, therefore, the calculated 1 is offset 

compared to the experimental 1 values. This may be due to the different 

geometry-optimisation method used.   

The DFT calculations allow assignments to be made for the 
27

Al and 
31

P 

spectra of the high-Mg-doped materials. The assignment of the two tetrahedral 

27
Al resonances to Al2 and Al1 with same relative positions as in the AlPO 

material is supported. The assignment of the 
31

P resonance with a chemical shift 

of −32 ppm to P2(4Al) is also supported. The shifts in the range −18.9 to −29 ppm 

can be assigned to P2(3Al), P1(4Al) and P1(3Al) collectively, and those at higher 

shift to P2(2Al). 
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Figure 4.80: 
27

Al-
31

P correlation plots (assuming B0 = 14.1 T), corresponding to MQ-J-HETCOR 

spectra, for MgAPO STA-2(BQNB) models with 2 Mg → 2 Al1. 
31

P isotropic chemical shifts are 

given in 2 and 
27

Al isotropic shifts for the isotropic dimension of 3QMAS spectrum in 1. (a) All 

models with shared building units of (b) CAN, (c) 4MR, (d) 6MR/CAN. Also shown for 

comparison is the experimental 
27

Al-
31

P MQ-J-HECTOR spectrum (14.1 T) for Mg/P = 0.174 

MgAPO STA-2(BQNB). 

 



172 

 

 

Figure 4.81: 
27

Al-
31

P correlation plots (assuming B0 = 14.1 T), corresponding to MQ-J-HETCOR 

spectra, for MgAPO STA-2(BQNB) models with 2 Mg → 2 Al2.
 31

P isotropic chemical shifts are 

given in 2 and 
27

Al isotropic shifts for the isotropic dimension of 3QMAS spectrum in 1. (a) All 

models with shared building units of (b) d6R, (c) 4MR and (d) 6MR/d6R. Also shown for 

comparison is the experimental 
27

Al-
31

P MQ-J-HECTOR spectrum (14.1 T) for Mg/P = 0.174 

MgAPO STA-2(BQNB). 
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Figure 4.82: 
27

Al-
31

P correlation plots (assuming B0 = 14.1 T), corresponding to MQ-J-HETCOR, 

for MgAPO STA-2(BQNB) models with 2 Mg → Al1 and Al2.
 31

P isotropic chemical shifts are 

given in 2 and 
27

Al isotropic shifts for the isotropic dimension of 3QMAS spectrum in 1. (a) 

6MR/CAN 1, (b) 6MR/CAN 2, (c) CAN 1, (d) CAN 2, (e) CAN 3 and (f) 4MR models.  
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4.3.5 Assignment, Composition and Ordering 

 

The combination of information obtained from the experimental 
27

Al and 

31
P spectra and DFT calculations allows a tentative assignment to be made of the 

resonances observed in the experimental 
31

P spectra. The relative intensities of the 

two main resonances in the 
27

Al spectra suggest that substitution occurs 

preferentially onto the Al1 site. Additionally, the 
31

P resonance assigned to 

P2(4Al) is of relatively low intensity. This means that the DFT results for the 

models with Mg substituted onto Al1 sites can be used to aid assignment [Figures 

4.75(a) and 4.77]. A final assignment for the Mg/P = 0.174 MgAPO STA-2 

material is given in Table 4.29, and the deconvolution shown in Figure 4.83. The 

31
P spectrum for Mg/P = 0.174 was initially fitted, using DMFit,

62
 with the NMR 

parameters obtained for AlPO STA-2(BQNB). Additional resonances were then 

included, to account for features such as shoulders, and all resonances fitted. 

Therefore, the deconvolution represents the minimum resonances required for a 

good fit, and, as for AlPO STA-2, the broad resonances are likely to consist of 

several overlapping resonances for individual environments. The (weighted) 

average shift differences between different P environments, P(nAl), from this 

assignment are similar to the calculated shift differences for the 2 Mg to 2 Al1 

models [Table A.8]. The differences between P1(4Al) and P1(3Al) are 4.3 ppm 

for experimental shifts and between 1.57 and 5.22 ppm for calculated shifts in 

different models. The differences between P2(4Al) and P2(3Al) are 9.9 ppm and 

5.93 – 10.55 ppm for experimental and calculated, respectively. The differences 

between P2(3Al) and P2(2Al) are 9.4 ppm (6.4 – 18.7 ppm, considering the wide 

spread of shifts assigned to P2(2Al)) and 8.34 – 19.03 ppm for experimental and 

calculated shifts, respectively. An assignment is also possible for the low-doped 

material Mg/P = 0.05 [Table 4.30].   
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Figure 4.83: Deconvolution of 
31

P spectrum of Mg/P = 0.174 MgAPO STA-2(BQNB). 

 

Table 4.29: Assignment of experimental 
31

P spectra (isotropic chemical shift, iso, and relative 

intensity, Irel) of Mg/P = 0.174 MgAPO STA-2 shown in Figure 4.70(b) and 4.83. 

iso (ppm) Irel (%) 

Assignment 

Confident Tentative 

P site 
Number Al next-

nearest neighbours 
P site 

Number Al next-

nearest neighbours 

−34.4 3.2 P2 4Al   

−32.9 5.5 P2 4Al   

−29.0 24.7   P1 4Al 

−27.1 8.9   P1 4Al 

−24.2 35.9   P1/P2 3Al 

−21.0 9.3   P2 3Al 

−19.0 1.8  3Al P2  

−17.1 5.9  2Al P2  

−14.1 1.4  2Al P2  

−11.3 1.8  2Al P2  

−7.8 0.5  2Al P2  

−4.8 0.9  2Al P2  
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Table 4.30: Assignment of experimental 
31

P spectra (isotropic chemical shift, iso, and relative 

intensity, Irel) of Mg/P = 0.05 MgAPO STA-2 shown in Figure 4.70(h). 

iso (ppm) Irel (%) 
Tentative Assignment 

P site Number Al next nearest neighbours 

−33.8 5.4 P2 4Al 

−31.8 10.7 P2 4Al 

−27.8 39.2 P1 4Al 

−23.6 15.2 P2/P1 4Al,(OH)/3Al 

−21.0 10.4 P2 3Al 

−12.1 18.8 impurity 

−1.0 0.3 impurity 

 

One possible way to test the assignment of the 
31

P MAS spectra of 

MgAPOs is to calculate the framework composition from the NMR data and 

compare it with that determined by chemical analysis.
58

 Assuming that there is 

strict alternation of Al and P tetrahedra in AlPOs, and that Mg
2+

 substitutes only 

onto Al sites, then all the Al will be in an Al(4P) environment and Mg in a 

Mg(4P) environment. P(nAl) each contribute 0.25n Al atoms to the framework.   
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where IP(nAl) is the area under each P(nAl) peak and n = 4, 3, 2, 1, 0. Considering 

that 50% of the tetrahedral sites are occupied by P, the fraction of tetrahedral sites 

occupied by M (the metal substituted into the framework, in this case Mg) can be 

expressed as:
58 
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Analysis by this method requires experimental relative intensities for P in 

different environments (4Al, 3Al, 2Al, 1Al, 0Al). This can tentatively be carried 

out for the STA-2 materials, due to the overlapping resonances for P1 and P2 in 

different environments, using the intensities given in Table 4.31. The results are 

given in Table 4.32. The above formula gives a framework composition of 

Mg2.04Al9.96P12O48 for the Mg/P = 0.174 sample, in good agreement with that 

expected. The agreement for the lower-doped material is less good, which may be 

due to the uncertainty in the 
31

P spectral assignment, as a result of the two charge-

balancing mechanisms present, the possible presence of impurity, or a lower 

incorporation of Mg than expected. The incorporation of Mg into the framework 

may be overestimated by the EDX analysis, as some Mg may be present in other 

forms, or by considering the gel composition, which assumes all the Mg present in 

the synthesis is incorporated into the framework.  

The nature of ordering of framework atoms in MgAPOs can also, in 

principle, be determined from the 
31

P spectra.
58

 If the Mg atoms are randomly 

distributed then the P(nAl) distribution can be calculated using the binomial 

theorem. The relative intensities of P atoms with different numbers of Al next-

nearest neighbours are P(4Al) = x
4
, P(3Al) = 4x

3
(1x), P(2Al) = 6x

2
(1x)

2
, 

P(1Al) = 4x(1x)
3
 and P(0Al) = (1x)

4
, where x is the probability of Al being the 

P next-nearest neighbour, i.e., the Al/P ratio. If the experimental pattern disagrees 

with that obtained from binomial theorem then it is an indication that there is 

ordering of Mg in the framework. Random and ordered Mg substitution are both 

reported in the literature for AlPOs.
56,58-60,63

 The intensity patterns predicted for 

MgAPO STA-2 materials, with varying Mg/P, calculated using binomial theorem, 

are given in Table 4.33. The intensity pattern from the experimental spectrum 

(Mg/P = 0.174) [Table 4.31] differs to that from binomial theorem, indicating 

some ordering with a preferred substitution site. This is in agreement with the 

observed relative intensities of the resonances in the 
27

Al spectra. 
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Table 4.31: Experimental 
31

P relative intensities (%) for P(nAl), n = 4 – 0, for MgAPO STA-2 

materials. 

Sample P(4Al) P(3Al) P(2Al) P(1Al) P(0Al) 

Mg/P = 0.05 87.2 12.8 0 0 0 

Mg/P = 0.17 43.4 48.5 8.2 0 0 

Mg/P = 0.174 42.5 47.0 10.5 0 0 

 

Table 4.32: Chemical composition, ratios of framework cations, P/Al and Mg/P, and 

concentration of tetrahedral sites occupied by Mg expressed as a fraction [M], calculated from 

relative intensities of the
 31

P NMR spectra of MgAPO STA-2 materials.   

Sample P/Al [M] Mg/P 

Mg/P = 0.05 1.0331 0.0160 0.03206 

Mg/P = 0.17 1.193 0.0809 0.1619 

Mg/P = 0.174 1.205 0.085 0.17 

 

Table 4.33: Intensities predicted for MgAPO STA-2 materials, calculated using the binomial 

theorem. 

 Mg/P x = Al/P P(4Al) P(3Al) P(2Al) P(1Al) P(0Al) 

Mg/P = 0.05 1/20 11.4/12 0.8145 0.1715 0.0135 4.75x10
−4

 6.25x10
−6

 

Mg/P = 0.17 17/100 9.96/12 0.4746 0.3888 0.1195 0.0163 8.35x10
−4

 

Mg/P = 0.174 87/500 9.912/12 0.4655 0.3922 0.1239 0.0174 9.17x10
−4

 

 

Considering the ordered models used in the DFT study, the P(nAl) pattern 

of the models with Mg substituted onto Al1, and sharing 6MR/CAN or CAN (but 

not 4MR), is P(4Al) 0.42, P(3Al) 0.5 and P(2Al) 0.08, and is in agreement with 

the assignment. It was proposed by Barrie and Klinowski that for MgAPO-20 it 

was unlikely that two Mg atoms would share a 4MR as they are comparatively 

large, and, therefore, would share 6MRs only.
58

 The energies, for the DFT 

optimised MgAPO models, where the two Mg share a 4MR are typically higher in 

energy [Appendix A, Table A.15]. However, caution is needed with analysis of 

the energies as the structures could be optimised further. 
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4.3.6 MgAPO STA-2 Conclusions 

 

The 
27

Al spectra indicate that substitution of Mg into the AlPO STA-2 

framework occurs preferentially on the Al1 site. The Mg substitution has a more 

pronounced effect on the chemical shifts for P2, with DFT calculations aiding 

assignment of the 
31

P spectra. The presence of two crystallographic P sites and the 

overlapped ranges of chemical shift predicted by calculations for (P1(nAl) and 

P2(nAl), n = 4 - 2) means that the spectra cannot be unambiguously deconvoluted. 

Whilst this is the case, the relatively low intensity of the peak at −34 ppm, 

assigned to P2(4Al), supports models with the substitution of Mg onto Al1. 

Analysis of the 
31

P spectra and DFT calculations indicate that Mg atoms are likely 

to share a 6MR of a CAN or other CAN arrangement in the STA-2 framework, 

but not a 4MR. As advised by Barrie and Klinowski,
58

 caution is needed when 

interpreting spectra of structures that contain more than one crystallographic site, 

such as STA-2, and attention must be given to amorphous phosphate impurities, 

which may contribute to the 
31

P spectral intensities, and contain a different 

amount of Mg/Al to the MgAPO phase. 

 

4.4 Conclusion 

 

The work presented in this chapter shows that the combination of NMR 

and DFT can be successfully exploited for the study of AlPOs, and the pair can be 

used to gain insight of structures where diffraction fails to provide details. Solid-

state NMR provides structural information on both the local environment and 3D 

framework, and DFT investigations provide an avenue to test models. Together 

they can be used to probe framework connectivities, through the comparison of 

experimental correlation spectra with calculation results in the form of correlation 

plots. Additionally, NMR and DFT can provide insight into charge-balancing 

mechanisms, providing information on hydroxyls in as-prepared AlPOs and Mg 

substitution sites in MgAPOs. It is therefore worthwhile to undertake DFT 

investigations to study AlPO materials. 
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Chapter 5  

Solid-State NMR Investigation of 

Scandium Metal-Organic Frameworks 

5.1 Introduction 

 

Porous metal-organic frameworks (MOFs) have three-dimensionally-

connected networks where organic molecules, such as amines, carboxylates or 

phosphonates, link metal ions or clusters. This allows for a variety of possible 

combinations of metal units and linking organic molecules, generally termed 

linkers. The inclination of these porous frameworks to exhibit flexibility whilst 

retaining their framework structure is greater than other porous frameworks such 

as zeolites and zeotypes. A group of MOFs that have shown interesting porous 

frameworks are those that contain carboxylate ligands. The trivalent metal MOFs 

MIL-53, MIL-68, MIL-88 and MIL-101 (MIL = Material Institute Lavoisier) have 

terephthalate (1,4-benzenedicarboxylate) linkers and are among the most 

important microporous MOFs in terms of their porosity, flexibility and thermal 

stability.
1 

The range of trivalent metals used in the synthesis of terephthalate 

MOFs, which includes Al
3+

, V
3+

, Cr
3+

, Fe
3+

, Ga
3+

 and In
3+

, has been recently 

extended to Sc
3+

.
2,3,4,5

 Scandium has an ionic radius that is within the range of 

radii of the trivalent metals (0.62-0.87 Å) that have been reported to form porous 

terephthalate frameworks, it is lighter than the first row transition metals and it is 

known to be a good Lewis acid catalyst. Additionally, it can be studied by NMR 

as 
45

Sc is NMR active (I = 7/2). Examples of metal units found in carboxylate 

MOFs, other than isolated polyhedra, include dinuclear or ‘paddle wheel’ (M2) 

units, trinuclear (M3(3O)) clusters, tetranuclear (M4(4O)) clusters and infinite 

chains (-M-O-).
6,7

 Potential applications of MOFs include gas storage, adsorption 

and separation, catalysis and drug delivery.
8,9,10 

It has been shown that the use of 

functionalised linkers can modify the properties of the structure, such as the 

hydrophobicity or hydrophilicity of the channels. For MIL-53(Fe), a series of 

structures with functionalised terephthalates (-Cl, -Br, -CF3, -CH3, -NH2, -OH, -
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CO2H) have been examined,
11

 which allow the pore surface to be modified 

systematically in terms of polarity, hydrophobicity and acidity. 

In this chapter, a range of scandium carboxylate MOFs has been 

characterised by multinuclear solid-state NMR. Those studied contain a variety of 

metal units and linkers, and also included functionalised derivatives. Solid-state 

NMR was used to confirm the synthesis product and characterise the structure, 

and so support structural information obtained from various diffraction 

approaches. 
13

C and 
1
H MAS NMR were used to study the organic linker 

molecules and 
45

Sc MAS NMR was used to study the scandium environment in 

the carboxylate MOFs Sc2BDC3 (BDC = 1,4-benzenedicarboxylate), MIL-53(Sc), 

MIL-88(Sc), MIL-100(Sc) and Sc-ABTC (ABTC = 3,3’,5,5’-azobenzenetetra- 

carboxylate).
12

 
45

Sc MAS NMR is shown to be a sensitive probe of scandium 

local environment in framework solids, as has also been reported in the 

literature.
13

 

 

5.2 Experimental and Computational Details 

 

Solid-state NMR spectra were acquired using Bruker Avance III 400, 600 

and 850 MHz spectrometers equipped with widebore 9.4 T, 14.1 T and 20.0 T 

magnets, respectively. Larmor frequencies are given in Table 5.1. Powdered 

samples were packed into conventional 1.3, 2.5 and 4 mm rotors. MAS rates 

between 10 and 60 kHz were used. Conventional 
45

Sc and 
1
H MAS NMR spectra 

were obtained using single pulse experiments. High-resolution 
45

Sc 2D triple-

quantum MAS NMR experiments were recorded using a phase-modulated split-t1 

shifted-echo pulse sequence
14

 or a z-filtered pulse sequence.
15

 For the MQMAS 

spectra, the isotropic dimension is scaled and referenced according to the 

conventions in Ref. 16. 
13

C spectra were acquired using CP, with a contact pulse 

(ramped for 
1
H) of 1 ms, unless otherwise stated, and 

1
H decoupling (SPINAL32, 

TPPM15 or CW) applied during acquisition. Spectral chemical shifts were 

referenced to 0.2 M ScCl3 (aq) for 
45

Sc using LaScO3 as a secondary solid 

reference (c.o.g. 162.91 ppm, 14.1 T), and to TMS for 
1
H and

 13
C using L-alanine 

as a secondary solid reference (8.5 ppm (NH3), 20.5 ppm (CH3)). Further 

experimental details are given in the relevant figure captions. 
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Table 5.1: Larmor Frequencies for relevant nuclear spins at different magnetic field strengths. 

Isotope Spin, I 
Larmor frequency / MHz 

9.4 T 14.1 T 20.0 T 

45
Sc 7/2 97.20 145.78 206.51 

13
C 1/2 100.61 150.90 213.77 

1
H 1/2 400.13 600.13 850.13 

 

The group of Professor P. A. Wright (University of St Andrews) provided 

the samples [Table 5.2] and structure analysis from diffraction data. Samples were 

synthesised hydrothermally, with a scandium source, organic linker and water, or 

solvothermally with N,N-dimethylformamide (DMF) or N,N-diethylformamide 

(DEF) as the solvent.
12,17,18 

The resulting solid was typically filtered, washed and 

then dried at 333 K. MIL-53(Sc) was calcined at 623 K for 10-12 hours, under 

flowing N2, to remove all guest species and produce a calcined-dehydrated 

material, MIL-53(Sc)-dried. A calcined sample was allowed to hydrate to produce 

a hydrated material, MIL-53(Sc)-H2O. The MIL-53(Sc)-dried material was dried 

in an oven at 100°C prior to the acquisition of NMR spectra.  

 

Table 5.2: Scandium carboxylate MOFs studied in this chapter.* 

MOF Formula 

Sc2BDC3 Sc2L3 

MIL-53(Sc) Sc(OH)L 

MIL-88(Sc) Sc3O(H2O)2(OH)L3 

MIL-100(Sc) Sc3O(H2O)2(OH)L´2 

Sc-ABTC Sc3O(H2O)3,(NO3
−
)L´´1.5 

L = BDC = 1,4-benzenedicarboxylate = terephthalic acid 

L´ = BTC = 1,3,5-benzenetricarboxylate 

L´´ =ABTC = 3,3´,5,5´-azobenzenetetracarboxylate 

Functionalised 

derivatives 

Monofunctionalised terephthalic acid used in 

synthesis 

Sc2(NH2-BDC)3 NH2-BDC 

Sc2(NO2-BDC)3 

MIL-53(Sc)-NO2 

NO2-BDC 

NO2-BDC 

* MIL stands for Material Institute Lavoisier. 
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The procedure for assigning the 
13

C NMR spectra of the MOFs containing 

functionalised linkers involved (1) acquiring spectra at variable spinning rates in 

order to identify isotropic peaks and sidebands, (2) CP using variable contact 

times to aid identification of quaternary carbons, (3) DFT calculations (CASTEP, 

Gaussian) and simple ChemDraw (i.e., database) predictions and (4) examination 

of spectra of similar materials found in the literature. 

Gaussian
19

 DFT calculations were used to investigate the organic linker 

molecules, which were studied as the parent carboxylic acid. DFT calculations, 

using the B3LYP hybrid functional and 6-31G(d,p) level of theory for geometry-

optimisation and 6-311G++(2d,p) for NMR parameters were performed on single 

carboxylic acid molecules. The calculation of the isotropic magnetic shieldings 

was performed using the CSGT (continuous set of gauge transformations) 

method. A reference shielding, ref, of 187.27 ppm was used for 
13

C. Gaussian 

DFT calculations were carried out on either on a computer cluster consisting of 

136 AMD Opteron processing cores partly connected by Infinipath high speed 

interconnects, a small cluster home-built from commodity hardware, or on a 198-

node (2376 core) Intel Westmere cluster with 2 GB memory per core and QCR 

Infiniband interconnect at the University of St Andrews. Typical calculation times 

for NMR parameters were ~17 to 33 minutes using 4 cores. 

The application of DFT calculations using CASTEP
20

 to study the 

framework structure was restricted to Sc2BDC3 and MIL-53(Sc), owing to the 

limited availability of suitable, in terms of unit cell size and fully defined atoms, 

starting structures obtained from diffraction. Typical parameters used were a k-

point spacing of 0.5 Å
1

 and a cut-off energy of 50 Ry. Calculations were carried 

out using CASTEP version 5.0 or 5.5.2 either on a computer cluster consisting of 

136 AMD Opteron processing cores partly connected by Infinipath high speed 

interconnects or on a 198-node (2376 core) Intel Westmere cluster with 2 GB 

memory per core and QCR Infiniband interconnect at the University of St 

Andrews. A reference shielding, ref, of 763.52 ppm was used for 
45

Sc. Chemical 

shieldings for 
13

C were referenced to experimental data for the framework linkers, 

where available. For 
45

Sc, the calculations generate the sign of the quadrupolar 

coupling, CQ, which is reported in the relevant tables. However, the sign of CQ 

cannot be determined directly from the experimental data presented in this work, 
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and therefore, only the magnitude is compared to experimental results. Typical 

calculation times for Sc2BDC3 were ~7.1 to 10.8 hours for geometry-optimisation 

and ~2.8 hours for NMR parameters, using 48 cores. Typical calculation times for 

MIL-53(Sc)-dried were ~19 hours to 6.4 days, using 16 cores, for geometry-

optimisation, and ~22 to 24 hours, using 16 cores, for NMR parameters. Typical 

calculation times for MIL-53(Sc)-H2O were 4 to 5 days for geometry-

optimisation, using 36 cores, and ~30 hours for NMR parameters, using 24 cores, 

and 8 hours to 6 days, using 36 cores. Typical calculation times for MIL-53(Sc)-

HT were ~12.9 to ~35.9 hours for geometry-optimisation and ~2 hours for NMR 

parameters, using 24 cores. 

It is well known that semilocal GGA XC (exchange correlation) 

functionals do not account for dispersive (van der Waals) interactions.
21

 Recent 

studies in the literature report the requirement of the inclusion of a dispersion 

scheme in the DFT geometry-optimisations for particular MOFs.
22,23

 This is to 

maintain structural features observed by XRD, as without these interactions the 

structure relaxes to an incorrect energy minimum. The recent introduction of a 

dispersion module for CASTEP now allows the use of the semiempirical 

dispersive correction schemes of Grimme 2006 (G06) and Tkatchenko and 

Scheffler (TS).
24,25,26 

To examine the extent of deviation from the initial structures 

obtained from diffraction, particularly for the flexible structures, the use of 

dispersion correction schemes was also evaluated in this work.  

 

5.3 Results and Discussion for Scandium Carboxylates 

5.3.1 Materials Containing Isolated ScO6 Octahedra 

 

Sc2BDC3 is a rigid framework with small pores (~3 Å).
2
 The structure of 

Sc2BDC3 consists of isolated ScO6 octahedra, which are connected by three 

terephthalic acid units, forming a three-dimensional framework [Figure 5.1].
2 

The 

1
H MAS NMR spectrum of Sc2BDC3 in Figure 5.2 shows a single resonance at 

7.3 ppm, which is typical of aromatic protons, but resonances for 

crystallographically-distinct protons are not resolved, even with an MAS rate of 

30 kHz.  
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Figure 5.1: Schematic showing the structure of Sc2BDC3 containing isolated octahedra linked by 

1,4-benzenedicarboxylate. ScO6 are represented by purple octahedra, C by black spheres, O red 

spheres and H light pink spheres. 

 

 

Figure 5.2: 
1
H MAS NMR spectrum (14.1 T) of Sc2BDC3. The spectrum is the result of averaging 

40 transients with a recycle interval of 3 s. The MAS rate was 30 kHz. 

 

The 
13

C MAS NMR spectra for Sc2BDC3 in Figure 5.3 show two main 

groups of peaks. These are typical for the terephthalate MOFs discussed in this  
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Figure 5.3: (a) 
13

C CP MAS NMR spectra (14.1 T) of Sc2BDC3, with (b) expansion of region 

between 180 and 100 ppm. The spectrum is the result of averaging 4400 transients with a recycle 

interval of 3 s, and contact time of 1 ms. The MAS rate was 10 kHz. Asterisks in (a) indicate 

spinning sidebands, ▪ in (b) indicates an unknown impurity. 

 

chapter, with aromatic carbons between 120 ppm and 140 ppm and carboxylate 

carbons between 170 and 180 ppm. There are two groups of peaks within the 

aromatic region, with those resulting from protonated carbons typically at lower 

shift than the quaternary carbons attached to carboxylate groups. The 
13

C isotropic 

chemical shifts for Sc2BDC3 are given in Table 5.3. In the 
13

C spectra for 

Sc2BDC3 finer detail can be observed, which is attributed to the two 

crystallographically-distinct terephthalate linkers. Despite the non-quantitative 

nature of CP, there appears to be a 1:2 intensity ratio for many of the resonances 

corresponding to sets of chemically-similar species [Figure 5.3(b), Table 5.3]. 

This reflects the two different terephthalate linkers and their populations in the 

orthorhombic structure, as shown in Figure 5.4.
2
  

 

Table 5.3: Experimental 
13

C isotropic chemical shifts, iso
expt

, and relative intensities for Sc2BDC3. 

The terephthalate linker carbons are described as CO2 (carboxyl carbon), C (aromatic quaternary 

carbon), CH (protonated aromatic carbon).  

iso
expt

 (ppm) Relative Intensity (%) Assignment 

171.3 5 CO2, type 1 

170.6 12 CO2, type 2 

136.6 9 C, type 1 

135.5 22 C, type 2 

129.6 52 CH, type 1 and type 2 
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Figure 5.4: Sc2BDC3 framework with linkers of type 1 (black) and linkers of type 2 (red) 

indicated. Linkers belonging to type 1 are aligned along the z-axis, perpendicular to the scandium 

carboxylate chains, which run along x, and the symmetry-related linkers of type 2 lie at an angle of 

69.4°. A triangular cross section of a channel has one side as a type 1 linker and two sides as type 

2 linkers. The type 1 and type 2 linkers are therefore present in a ratio of 1:2, respectively, 

throughout the structure. ScO6 are represented by purple octahedra, and H atoms are omitted. 

 

The 
45

Sc spectra [Figure 5.5], recorded at B0 = 14.1 T and 20.0 T, exhibit 

relatively narrow lineshapes, which suggests a small quadrupolar coupling. This is 

consistent with an isolated ScO6 octahedra, as expected for this material.
27

 The 

quadrupolar-broadened lineshape is observed in the insets of Figure 5.5 and the 

45
Sc MQMAS spectrum of Figure 5.6. The lineshape becomes narrower as B0 

increases, as shown in Figure 5.5(b), consistent with second-order quadrupolar 

broadening. This was also confirmed at lower field (see later in Section 5.4.1). 

The 
45

Sc NMR parameters extracted from the spectra are given in Table 5.4. The 

isotropic chemical shift, quadrupolar coupling and quadrupolar asymmetry were 

obtained from fitting the 1D MAS spectra. The quadrupolar product was obtained 

from the centre of gravity of the MQMAS lineshape from the spectrum acquired 

with B0 = 14.1 T, and calculated, for comparison, from the NMR parameters 

obtained previously from the 1D spectra at the other magnetic fields. Small 

additional broadening in the MQMAS spectrum of Figure 5.6 indicates the 

presence of a very small amount of disorder, which may be due to motion from 

linker rotation. A study of a fully deuterated Sc2BDC3 in Ref. 17 suggested that at 

least one set of rings undergoes ring flipping at room temperature.
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Figure 5.5: 
45

Sc MAS NMR spectra of Sc2BDC3, (a) at 14.1 T and (b) at 20.0 T. The spectra are 

the result of averaging 256 (a) and 64 (b) transients with recycle intervals of 5 s (a) and 3 s (b). 

The MAS rate in each case was 30 kHz. 

 

 
Figure 5.6:

 45
Sc 2D split-t1 MQMAS NMR spectrum (14.1 T) of Sc2BDC3. The spectrum is the 

result of averaging 192 transients with a recycle interval of 3 s, for each of 128 t1 increments of 

108.15 s. The MAS rate was 30 kHz. 

 

 

Table 5.4: Experimental 
45

Sc NMR parameters (isotropic chemical shift, iso
expt

, quadrupolar 

coupling, CQ, asymmetry, Q and quadrupolar product, PQ) for Sc2BDC3 extracted from Figures 

5.4, 5.5 and 5.34. 

Magnetic Field / T iso
expt

 (ppm) CQ / MHz Q PQ / MHz 

9.4 2.7
†
 (1) 4.5

†
 (2) 0.2

† 
(1) 4.5

‡
 (2) 

14.1 3.5
†
 (10) 4.6

†
 (5) 0.3

†
 (1) 4.6

*
 (3) 

† Obtained from fitting of 1D MAS lineshape 

‡ Calculated from NMR parameters obtained from fitting of 1D spectrum 

* Obtained from centre of gravity of MQMAS lineshape 
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Figure 5.7: Overlay of Sc2BDC3 structures (stick model) optimised using no dispersion (red), 

dispersion (G06) (blue) and dispersion (TS) (grey). The dashed blue line indicates the unit cell. 

The rigid framework shows little difference between the optimised structures. 

 

To study the framework further, geometry-optimisation of the Sc2BDC3 

structure was performed using the CASTEP DFT code, where both the atomic 

coordinates and lattice parameters were allowed to vary, with and without 

dispersion correction schemes (G06 and TS). The geometry-optimised structures 

are denoted here as no dispersion, dispersion (G06) and dispersion (TS), 

respectively. The initial structure (atomic coordinates and lattice parameters) used 

was the (reduced cell) orthorhombic structure determined by diffraction. The three 

optimised structures are very similar [Figure 5.7, Table 5.5], as is, perhaps, 

expected for this relatively rigid framework, where movement is restricted. The 

calculated 
13

C and 
45

Sc NMR parameters are also similar for the three optimised 

structures. Gaussian calculations were carried out for a single molecule of 

terephthalic acid, as an alternative aid for spectral assignment, particularly for 

MIL-88(Sc) (discussed later) for which CASTEP calculations were not able to be 

carried out.  

 

Table 5.5: Unit cell parameters for unoptimised and geometry-optimised (using no dispersion, 

dispersion (G06) and dispersion (TS)) structures of Sc2BDC3. 

 unit cell lengths / Å unit cell angles (°) 
Volume / Å

3
 

 a b c α β γ 

unoptimised 8.77 17.75 11.28 84.50 67.14 75.71 1568.14 

no dispersion 8.92 17.92 11.39 84.40 66.94 75.58 1623.99 

dispersion (G06) 8.86 17.82 11.35 84.44 67.05 75.61 1598.44 

dispersion (TS) 8.89 17.85 11.34 84.40 66.93 75.58 1603.06 
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The 
13

C NMR parameters calculated using CASTEP are given in Table 5.6 

and displayed in a ‘stick spectrum’ format in Figure 5.8. The calculated results 

give distinct shifts for the carboxyl carbons, quaternary aromatic and CH aromatic 

carbons. There are 2 unique linker units present in the (orthorhombic) structure 

(type 1 and type 2). The CASTEP results show these to have distinct shifts for the 

carboxyl and quaternary aromatic carbons, and with consideration of the relative 

proportions of linker groups, these match the 1:2 (type 1: type 2, as shown 

previously in Figure 5.4) relationship observed for the corresponding 

experimental resonances. The chemical shifts calculated using Gaussian for the 

terephthalic acid molecule aid assignment of the chemically distinct carbons, CO2, 

C and CH, [Table 5.7] but cannot provide information on distinct linker units 

within the framework. The chemical shifts calculated using CASTEP for the 

complete framework aid assignment of both chemically-distinct carbons and 

unique linkers. 

 

 

Table 5.6: Calculated (using CASTEP) 
13

C isotropic chemical shifts*, iso
calc

, for geometry-

optimised (using no dispersion, dispersion (G06) and dispersion (TS)) structures of Sc2BDC3 

(orthorhombic structure). 

 

no dispersion dispersion (G06) dispersion (TS) 

iso
calc

 (ppm) iso
calc

 (ppm) iso
calc

 (ppm) 

Type 1    

CO2 171.3 171.3 171.3 

C 137.3 137.4 137.2 

CH 131.5 131.4 131.5 

    

Type 2    

CO2 170.4 170.3 170.2 

C 136.0 135.9 135.7 

CH 131.4, 132.3 131.6, 132.0 131.5, 132.2 

*Referenced to experimental isotropic chemical shift of type 1 carboxylate peak (171.3 ppm).  

ref of 169.28, 169.21 and 169.38 ppm for no dispersion, dispersion (G06) and dispersion (TS), 

respectively. 
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(a) 

 

no dispersion 

(b) 

 

dispersion (G06) 

(c) 

 

dispersion (TS) 

Figure 5.8: 
13

C stick spectra of calculated (using CASTEP) isotropic chemical shifts, iso
calc

, 

showing type 1 linkers (black) and type 2 linkers (red) for optimised structures of Sc2BDC3, using 

(a) no dispersion, (b) dispersion (G06) and (c) dispersion (TS). 

 

Table 5.7: ChemDraw predictions and Gaussian calculated 
13

C isotropic chemical shifts, iso
calc

, 

for terephthalic acid. 

 

Terephthalic acid 

 

ChemDraw Gaussian 

Assignment iso
calc

 (ppm) iso
calc

 (ppm) 

C1 CH 130.2 130.3 

C2 C 135.4 132.2 

C3 CO2 169.3 167.0 

100120140160180

iso
calc (ppm) 

100120140160180

iso
calc (ppm) 

100120140160180

iso
calc (ppm) 
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The difference between the two linker types, resulting in different 

chemical shifts, can be seen in the twisting of the linker unit within the 

framework. This twisting can be quantified by the torsion angle of the four 

oxygen atoms of the terephthalate unit [Table 5.8]. The twisting of the type 1 

linker unit leads to higher shifts for the CO2 and quaternary C atoms.  

The calculated 
45

Sc NMR parameters are given in Table 5.9 and, as for the 

calculated 
13

C NMR parameters, there is little difference between the optimised 

structures. The Sc atoms in the three structures have similar average Sc-O bond 

lengths and O-Sc-O bond angles [Table 5.10]. The quadrupolar coupling is of the 

right order of magnitude, but overestimated as has been seen in the literature 

previously for 
25

Mg, 
17

O, 
27

Al and 
71

Ga.
28,29,30,31

 The isotropic chemical shift is 

lower than calculated for MIL-53(Sc) (see later), as observed experimentally. 

Motion of some of the rings, as suggested by 
2
H NMR of fully deuterated 

Sc2BDC2, may also contribute to differences between experimental and calculated 

NMR parameters.
17 

In summary, the isolated ScO6 environments of the Sc2BDC3 framework 

give a narrow 
45

Sc lineshape with a small CQ, and two distinct linker units are 

identified in the 
13

C MAS NMR spectrum, with a 1:2 ratio, giving an indication of 

structure symmetry, and supporting the orthorhombic structure identified by 

diffraction. A small additional broadening, indicating a small amount of disorder, 

in the 
45

Sc MQMAS spectrum supports the notion of motion, from linker rotation.  

 

 

Table 5.8: Torsion angles of linkers in the geometry-optimised structures of Sc2BDC3. Structures 

were optimised using no dispersion, dispersion (G06) and dispersion (TS). 

 Linker torsion angle, φ () 

 

 Type 1 Type 2 

unoptimised 36.4 0 

no dispersion 36.9 0 

dispersion (G06) 38.5 0 

dispersion (TS) 38.8 0 
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Table 5.9: Calculated (using CASTEP) 
45

Sc NMR parameters (isotropic chemical shielding, iso, 

isotropic chemical shift, iso
calc

, quadrupolar coupling, CQ, asymmetry, Q and quadrupolar 

product, PQ) for optimised Sc2BDC3 (orthorhombic structure). Structure optimised using no 

dispersion, dispersion (G06) and dispersion (TS). 

Sc iso (ppm) iso
calc

 (ppm) CQ / MHz Q PQ / MHz 

no dispersion     

Sc1 791.30 −27.78 6.42 0.10 6.43 

dispersion (G06)     

Sc1 788.14 −24.62 5.46 0.36 5.58 

dispersion (TS)     

Sc1 789.03 −25.51 6.48 0.17 6.51 

 

Table 5.10: Average Sc-O bond lengths, <Sc-O>, and average O-Sc-O bond angles, <O-Sc-O>, 

for unoptimised and geometry-optimised (using no dispersion, dispersion (G06) and dispersion 

(TS)) structures of Sc2BDC3. 

 <Sc-O> / Å <O-Sc-O> (°) 

unoptimised 2.07 90.0, 179.7 

no dispersion 2.10 90.0, 178.8 

dispersion (G06) 2.09 90.0, 180.0 

dispersion (TS) 2.09 90.0, 179.2 

 

5.3.2 Materials Containing Chains 

 

The structure of MIL-53(Sc) contains chains of Sc octahedra, corner-

sharing OH, with the chains linked by terephthalic units, as shown in Figure 5.9. 

MIL-53 exhibits a flexible framework, with a series of phase transitions 

depending on the nature of the guest species and upon temperature.
32,33,34

 To 

support the structural models obtained by diffraction, calcined-dehydrated MIL-

53(Sc) (MIL-53(Sc)-dried) and calcined then rehydrated MIL-53(Sc) (MIL-

53(Sc)-H2O) were studied by solid-state NMR.  
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Figure 5.9: Schematic showing the structure of MIL-53 containing chains of ScO6 linked by 1,4-

benzenedicarboxylate anions. Also shown are DMF molecules, present in the as-prepared material. 

ScO6 are represented by purple octahedra, C atoms by black spheres, O atoms red spheres, N 

atoms blue spheres and H atoms light pink spheres (omitted in structure diagram). 

 

The 
13

C spectra of the two forms of MIL-53(Sc) contain the same groups 

of peaks, corresponding to carboxylate carbons and aromatic carbons, as observed 

for Sc2BDC3, but with larger linewidths, suggesting greater disorder in the 

material. For the dehydrated material, two peaks are observed in the carboxylate 

region (at  = 172.5 ppm and 176.9 ppm), along with a complex overlapped 

lineshape in the aromatic region [Figure 5.10(a, b)]. For the rehydrated material 

[Figure 5.10(c, d)] more resonances are observed in the carboxylate region, in 

agreement with the reduction in symmetry and increase in the number of 

crystallographically-distinct species expected from diffraction experiments.
18

 The 

1
H MAS NMR spectrum of MIL-53(Sc)-H2O in Figure 5.11 shows three main 

groups of signals. From a comparison with the spectrum of MIL-53(Al) in Ref. 32
 

the resonance at ~7.2 ppm can be tentatively assigned to aromatic protons and that 

at ~2 ppm to the bridging hydroxyl groups. The third resonance (at ~5.9 ppm) 

significantly decreases in intensity when the material is dehydrated, suggesting it 

can be attributed to encapsulated water. 
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Figure 5.10: 
13

C CP MAS NMR spectra (14.1 T) of (a, b) MIL-53(Sc)-dried and (c, d) MIL-

53(Sc)-H2O, with expansion of the region between 180 and 100 ppm. Spectra were recorded with 

(a, b) 5120 and (c, d) 5784 transients with a recycle interval of 3 s and a contact time of 1 ms. The 

MAS rate was 12.5 kHz, and spinning sidebands are indicated by *. 

 

 

Figure 5.11: 
1
H MAS NMR spectra (14.1 T) of (a) MIL-53(Sc)-H2O and (b) MIL-53(Sc)-dried. 

The spectra are the result of averaging (a) 16 and (b) 8 transients with a recycle interval of (a) 3 

and (b) 5 s. The MAS rate was 60 kHz. 
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45
Sc MAS NMR spectra of MIL-53(Sc)-dried and MIL-53(Sc)-H2O were 

recorded at 20.0 T, as shown in Figure 5.12. The 1D spectra appear similar for the 

two materials, with composite resonances corresponding to an overlap of 

quadrupolar-broadened lineshapes. The 
45

Sc MAS NMR spectra show 

considerably broader lineshapes than observed for isolated ScO6 octahedra, with 

higher isotropic chemical shift. The broader lineshape is characteristic of a larger 

quadrupolar coupling. The high magnetic field was combined with 2D high-

resolution MQMAS experiments in order to resolve the different scandium 

resonances. In the 
45

Sc MQMAS spectrum for MIL-53(Sc)-dried two resonances 

are clearly resolved (1 values of 14.6 and 15.2 ppm), with quadrupolar products 

(PQ) of 15.2 and 15.9 MHz, and isotropic chemical shifts of ~54.7 and ~56.5 ppm, 

respectively. For MIL-53(Sc)-H2O, two resonances are also observed (now at 1 

values of 15.7 and 16.7 ppm). The intensity ratio (~1:3) is consistent with the 

presence of four 
45

Sc species, three of which are coincident in 1.
 
The overlapping 

signals means that it is difficult to extract accurate NMR parameters, but generally 

the Sc species in the hydrated material have higher quadrupolar coupling values 

(16.3 - 17.2 MHz) and higher chemical shifts (~57.9 – ~61.3 ppm) than observed 

for the dehydrated material. The average isotropic chemical shift and average 

quadrupolar product, extracted from the MQMAS spectra of MIL-53(Sc)-dried 

and MIL-53(Sc)-H2O, are given in Table 5.11. To aid interpretation of the spectra 

NMR parameters were calculated using DFT (CASTEP).  

 

 

Table 5.11: Experimental 
45

Sc NMR parameters (average isotropic chemical shift, <iso>, and 

quadrupolar product, <PQ>) for MIL-53(Sc)-dried and MIL-53(Sc)-H2O, extracted from MQMAS 

spectra of Figure 5.12. 

 <iso
expt

> (ppm) <PQ> / MHz 

MIL-53(Sc)-dried   

 54.7 (5) 15.2 (2) 

 56.5 (5) 15.9 (2) 

MIL-53(Sc)-H2O   

 57.9 (10) 16.3 (4) 

 61.3 (20) 17.2 (4) 
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Figure 5.12:
 
(a, b) 

45
Sc MAS NMR spectra and (c, d) 

45
Sc 2D split-t1 MQMAS NMR spectra of 

(a, c) MIL-53(Sc)-dried and (b, d) MIL-53(Sc)-H2O, at 20.0 T. The MAS rate for all spectra was 

30 kHz. The spectra are the result of averaging (c, d) 192 transients with a recycle interval of (c) 2 

s and (d) 0.5 s, for each of (c) 118 and (d) 124 t1 increments of (c, d) 108.15 s. 

 

5.3.2.1 DFT Study of MIL-53(Sc) 

The MIL-53 framework exhibits a wide range of structural transitions, 

dependent on the metal cation, guest species and temperature. Some of the phase 

transitions of MIL-53(Sc) are shown in Figure 5.13. DFT can be used to probe the 

structure, however, previous studies were unable to stabilise the MIL-53 

structure.
35

 Relaxation resulted in a different form of the structure. It has been 

shown in Ref. 23 that dispersion forces, which are not included in the standard 

GGA functionals used in many DFT codes, are important for stabilizing the MIL-

53(Al) structure. Their use results in geometry-optimised structures that are in 

better agreement with the experimental XRD structure, and their absence results 

in an incorrect unit cell.
23

 In this work initial structures (atomic coordinates and 

lattice parameters) obtained from diffraction
12,18

 were geometry-optimised using a 

variety of methods and NMR parameters subsequently calculated. Two dispersion 

schemes (G06 and TS) were used to examine the effect of dispersion forces on the 

MIL-53(Sc) phases.  
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Figure 5.13: MIL-53(Sc) phase transitions.
12,18

 Structures viewed down the channel axis. ScO6 are 

represented by purple octahedra, C atoms by black spheres, O atoms red spheres and N atoms blue 

spheres (H atoms omitted). 

 

MIL-53(Sc)-dried 

Geometry-optimisation of MIL-53(Sc)-dried was performed using 

CASTEP with only the atomic coordinates allowed to vary, with fixed lattice 

parameters (denoted here as fixed unit cell), or with variation of both the atomic 

coordinates and lattice parameters, both with dispersion correction schemes 

(denoted here as dispersion (G06) and dispersion (TS)) and without a dispersion 

correction scheme (denoted here as no dispersion). As shown in Figure 5.14 and 

Table 5.12, the unit cell expands when both the atomic coordinates and lattice 

parameters are allowed to vary (without the inclusion of dispersion forces), with 

expansion along all axes, particularly c, by 57.49% (6.72 Å), (a, by 3.55%, 0.72 

Å; b, by 1.36%, 0.10 Å) and an increase of 9.44% (9.91°) in the angle β. This 

results in an increase in unit cell volume of 55.20% (927.77 Å
3
). The inclusion of 

dispersion correction schemes or a fixed unit cell results in optimised structures 

that are in better agreement with XRD data (unoptimised structure) [Figure 5.14, 

Table 5.12]. The resulting structures from optimisation using the G06 or TS 

dispersion schemes are in closer agreement with the XRD data, with cell  
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Figure 5.14: Overlay of MIL-53(Sc)-dried structures (stick model) unoptimised (green) and 

optimised with a fixed unit cell (blue), no dispersion (black), dispersion (G06) (grey) or dispersion 

(TS) (red). The flexible framework shows a big difference between the structures obtained using 

different optimisation procedures. 

 

parameters that match to within 4% (0.46 Å) in all three directions and less than 

0.3% (0.28°) in all three angles. The G06 and TS schemes produce structures that 

are relatively similar to each other. The use of a fixed unit cell imposes a 

restriction on the hinge motion of the linker, so the relaxed structure is similar to 

the G06 and TS optimised structures and the experimental XRD structure. The 

changes in the lattice parameters during geometry-optimisation are shown in the 

plots in Figure 5.15, where it can be seen that the lattice parameters of the 

structure optimised using no dispersion expands during the optimisation steps 

completed. The geometry-optimisation with no dispersion did not converge 

during the optimisation steps completed and therefore, following the trend in 

Figure 5.15, continued expansion is possible with further optimisation steps. The 

parameters for the structures optimised using dispersion (G06, TS) are more 

constant throughout the optimisation steps completed. 
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Table 5.12: Lattice parameters for unoptimised and geometry-optimised structures of MIL-53(Sc) 

phases. Structures were optimised using the following methods: fixed unit cell, no dispersion, 

dispersion (G06), and dispersion (TS). 

MIL-53(Sc)-dried 

unit cell lengths / Å unit cell angles (°) Volume / 

Å
3
 a b c α β γ 

unoptimised/ 

fixed unit cell 
20.30 7.33 11.69 90.00 104.96 90.00 1680.74 

no dispersion 21.02 7.43 18.41 90.00 114.87 90.00 2608.51 

dispersion (G06) 20.40 7.36 11.23 90.00 104.68 90.00 1630.06 

dispersion (TS) 20.36 7.38 11.31 90.00 105.02 90.00 1640.10 
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Figure 5.15: Plots of change in lattice parameters, (a) unit cell lengths and unit cell volume and 

(b) unit cell angles, during geometry-optimisation (using CASTEP), with no dispersion, dispersion 

(G06) and dispersion (TS), of MIL-53(Sc)-dried. 

 

 

60

70

80

90

100

110

120

130

140

0 20 40 60 80 100 120 140 160

U
n
it
 c

e
ll 

a
n
g
le

s
 (
°
) 

Optimisation steps 

a

b

g

a

b

g

a

b

g

no dispersion 

dispersion (G06) 

dispersion (TS) 

(b) 



207 

 

The MIL-53(Sc)-dried structure contains two crystallographically-distinct 

Sc sites, which are shown in Figure 5.16. Whilst the structures optimised using 

different methods are visibly different, the local scandate environments, i.e., the 

average Sc-O bond lengths and O-Sc-O bond angles, are similar for all the 

structures [Table 5.13]. The Sc environment for the optimised structure where 

both the atomic coordinates and the unit cell parameters were allowed to vary is 

very different to the other optimised structure when the relationship of the 

scandate octahedra to the linker units is considered. The terephthalate linker 

coordinates in a bridging mode to the metal cation with a hinge-like connection, 

and this pivots at the carboxylate oxygen atoms. Larger average Sc-O-C-C 

dihedral angles are observed for the structure obtained without the use of a 

dispersion scheme [Table 5.14], and consequently the distances between Sc1 

chains decreases, and Sc2 chains increases. For the optimised structure, where 

everything is allowed to vary, and the other optimised structures the distance 

between Sc1 chains is 18.94 and ~19.5 Å, respectively, and between Sc2 chains 

9.28 and ~5.6 Å, respectively.  

 

 

Table 5.13: Average Sc-O bond lengths, <Sc-O>, and average O-Sc-O bond angles, <O-Sc-O>, 

for unoptimised and geometry-optimised structures of MIL-53(Sc)-dried. Structures were 

optimised using the following methods: fixed unit cell, no dispersion, dispersion (G06) and 

dispersion (TS). 

MIL-53(Sc)-dried <Sc-O> / Å <O-Sc-O> (°) 

unoptimised 2.09 90.09, 172.38 

 2.09 90.01, 173.11 

fixed unit cell 2.11 90.09, 173.21 

 2.11 90.07, 173.60 

no dispersion 2.12 90.04, 175.08 

 2.12 90.04, 172.29 

dispersion (G06) 2.11 90.10, 172.94 

 2.11 90.06, 173.20 

dispersion (TS) 2.12 90.09, 173.06 

 2.12 90.05, 174.03 
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Table 5.14: Relationship of linker and scandate octahedra, Sc-O-C-C dihedral angles, in 

unoptimised and geometry-optimised structures of MIL-53(Sc)-dried. Structures were optimised 

using no dispersion, fixed unit cell, dispersion (G06) and dispersion (TS).  

 

MIL-53(Sc)-

dried 

Sc1-O-C-C dihedral angles (°) 

unoptimised 

no 

dispersion 

fixed unit 

cell 

dispersion 

(TS) 

dispersion 

(G06) 

Sc1 146.93 130.72 108.05 108.42 108.77 

 131.41 164.53 154.84 153.70 153.33 

 150.20 172.03 149.93 146.58 148.08 

 106.82 142.82 127.08 127.31 127.10 

Average 133.84 152.53 134.98 133.75 134.32 

SD * 17.14 16.54 18.75 17.65 17.72 

 Sc2-O-C-C dihedral angles (°) 

 
unoptimised 

no 

dispersion 

fixed unit 

cell 

dispersion 

(TS) 

dispersion 

(G06) 

Sc2 131.59 167.44 159.97 159.29 159.98 

 125.98 140.32 119.82 118.05 119.46 

 132.93 140.56 134.30 135.23 135.76 

 152.29 151.59 119.69 117.76 117.44 

Average 135.70 149.98 133.45 132.58 133.16 

SD* 9.93 11.06 16.43 16.96 17.04 

* The standard deviation (SD) is given by
 

n

mx
σ

2

 
 , where the standard deviation, , of 

a set of n values, x, is the square root of the average of the squares of the deviations from the 

mean, m.  
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Figure 5.16: Structure of MIL-53(Sc)-dried. ScO6 are shown as polyhedra, with Sc1 shown by red 

octahedra and Sc2 as yellow octahedra. 

 

The 
45

Sc NMR parameters calculated for the unoptimised and optimised 

structures of MIL-53(Sc)-dried are given in Table 5.15. The 
45

Sc NMR 

parameters calculated for the unoptimised and no dispersion structures 

underestimates iso and PQ relative to experimental results. The calculated 
45

Sc 

NMR parameters for the structures optimised using a fixed unit cell or with the 

inclusion of dispersion forces give better agreement with those obtained 

experimentally, than for the unoptimised or optall (no dispersion) structures. The 

calculated 
45

Sc iso and PQ for Sc1, for the structures optimised using a fixed unit 

cell or with the inclusion of dispersion forces, are larger than those calculated for 

Sc2, indicating that they can easily be distinguished. The difference in isotropic 

chemical shift between Sc1 and Sc2 is slightly overestimated, ~4 ppm calculated 

compared with 1 ppm experimentally. The agreement is sufficient to enable the 

two 
45

Sc resonances observed in the experimental MQMAS spectrum of MIL-

53(Sc)-dried in Figure 5.12(a) to be assigned to Sc2 (1 = 14.6 ppm) and Sc1 (1 = 

15.2 ppm). The 
45

Sc NMR parameters for the structure optimised using the G06 

scheme are more similar to those calculated for the structure optimised using the 

TS scheme than those of the other geometry-optimised structures.  
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Table 5.15: Calculated (using CASTEP) 
45

Sc NMR parameters (isotropic chemical shielding, iso, 

isotropic chemical shift, iso
calc

, quadrupolar coupling, CQ, asymmetry, Q, and quadrupolar 

product, PQ) for unoptimised and optimised structures of MIL-53(Sc)-dried. Structures were 

optimised using fixed unit cell, dispersion (G06), dispersion (TS) and no dispersion. 

MIL-53(Sc)-dried iso (ppm) iso
calc

 (ppm) CQ / MHz Q PQ / MHz 

unoptimised     

Sc1 716.71 46.81 11.60 0.37 11.86 

Sc2 709.36 54.16 9.72 0.86 10.85 

fixed unit cell    

Sc1 708.38 55.12 15.31 0.57 16.11 

Sc2 712.47 51.05 13.88 0.51 14.47 

no dispersion     

Sc1 715.11 48.41 12.91 0.45 13.34 

Sc2 716.59 46.93 13.95 0.42 14.35 

dispersion (G06)     

Sc1 709.51 54.01 16.91 0.51 17.62 

Sc2 712.76 50.76 15.30 0.55 16.05 

dispersion (TS)     

Sc1 708.93 54.62 16.30 0.59 17.22 

Sc2 713.48 50.02 14.42 0.52 15.03 
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The calculated 
13

C isotropic chemical shifts for the unoptimised and 

optimised structures of MIL-53(Sc)-dried are displayed as stick spectra in Figure 

5.17, along with the corresponding unit cell, and values are given in Table 5.16. 

The MIL-53(Sc)-dried structure has two crystallograpically-distinct linkers, the 

‘stick spectra’ of which are indicated by different colours in Figure 5.17. The 
13

C 

iso for the unoptimised structure are widely spread, with CH 96-115 ppm, C 107-

112 ppm and CO2 146-177 ppm, and do not agree with those observed 

experimentally, given in Table 5.17. The calculated 
13

C iso for the no dispersion 

structure are in the ranges CH 131-133 ppm, C 132-135 ppm and CO2 171-177 

ppm, and are similar to the ranges observed experimentally, but with different fine 

structure. The 
13

C iso calculated for the structure optimised with G06 dispersion 

scheme are similar to those calculated for the structure optimised using the TS 

scheme. The calculated 
13

C iso for the structures geometry-optimised using a 

fixed unit cell or with the use of dispersion schemes matches both the shift range 

and fine structure observed experimentally. For MIL-53(Sc)-dried, four carbonyl 

species are expected, which the calculation predicts would appear as two groups 

of resonances (each containing two species), separated by ~5.3 ppm, this is in 

good agreement with the experimental observation of two resonances in the 

carbonyl region separated by ~4.3 ppm. The experimental 
13

C resonances in the 

aromatic region are too overlapped to allow detailed analysis, but the calculated 

13
C iso have some overlap between the quaternary and CH aromatic carbons. The 

two crystallographically-distinct linkers are not distinguishable. 

 

 

 

 

 

 



212 

 

(a) 

 
(b) 

 
(c) 
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fixed unit cell 

dispersion (G06) 



213 

 

(d) 

 
(e) 

 
Figure 5.17: 

13
C stick spectra of calculated (using CASTEP) isotropic chemical shifts, iso, for (a) 

unoptimised MIL-53(Sc)-dried and geometry-optimised MIL-53(Sc)-dried, using (b) fixed unit cell, 

(c) dispersion (G06), (d) dispersion (TS) and (e) no dispersion. The dashed blue lines indicate the unit 

cell. Sc atoms are shown as pink spheres, C atoms as black spheres, O atoms as red spheres and H 

atoms as light pink spheres. 
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Table 5.17: Experimental 
13

C isotropic chemical shifts, iso
expt

, for MIL-53(Sc)-dried. 

MIL-53(Sc)-dried iso
expt

 (ppm) 

CH 132.5, 129.6 

C 136.0, 134.3 

CO2 176.9, 172.6 

 

This work shows that dispersion forces are important for this phase of 

MIL-53(Sc), as when they are included the optimised structures agree well with 

the experimental XRD structure. Both of the dispersion schemes examined, G06 

and TS, result in the same structural characteristics and similar NMR parameters. 

The differences in cell parameters, in relation to the initial structure, are less than 

4% using the G06 and TS dispersion schemes. In marked contrast, when both the 

atomic coordinates and lattice parameters are allowed to vary without the 

inclusion of dispersion forces, the c unit cell length of the relaxed structure 

extends by 57.48%, the a and b lengths by less than 3.55% and the b angle 

increases by 9.44%. There is notable expansion of the unit cell in one direction, 

which suggests that particular dispersion forces are important for maintaining the 

experimentally observed structure. This could be dispersion interactions from - 

stacking of the phenyl ligands as suggested for MIL-53(Al).
23

 In Figure 5.14 it 

can be seen that for the unoptimised structure the benzene rings lie approximately 

perpendicular to the c axis, and this stacking is distorted in the no dispersion 

structure. The DFT study enables the NMR spectra to be assigned, and thus 

provide further support for the suggested XRD structure. 

 

MIL-53(Sc)-H2O 

Hydration of MIL-53(Sc)-dried at room temperature produces MIL-

53(Sc)-H2O. The MIL-53(Sc)-H2O structure contains alternating channels hosting 

water molecules, and, therefore, two types of channels are present, full and empty 

[Figure 5.18]. Geometry-optimisation of MIL-53(Sc)-H2O was performed using 

the CASTEP code with just the atomic coordinates allowed to vary (denoted here 

as fixed unit cell), or with variation of both the atomic coordinates and lattice 

parameters, both with dispersion correction schemes (denoted here as dispersion 

(G06) and dispersion (TS)) and without a dispersion correction scheme (denoted 
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here as no dispersion). As shown in Figure 5.19 and Table 5.18, the unit cell 

expands when no dispersion forces are used, with expansion along all axes, 

particularly along b, 16.65% (+2.24 Å) (a, 2.06% (0.15 Å), c, 2.37% (0.49 Å)). 

This results in an increase in unit cell volume of 20.20% (385.50 Å
3
). The 

inclusion of dispersion correction schemes or a fixed unit cell results in optimised 

structures that are in better agreement with XRD data (unoptimised structure) 

[Figure 5.19, Table 5.18], with cell parameters that match to within 6% (0.78 Å) 

in all three directions and less than 4.2% (3.63°) in all three angles. However, the 

decrease in the b unit cell length (6% (0.78 Å) and 5% (0.72 Å), for G06 and TS, 

respectively) may suggest that the dispersion schemes are overbinding, or could 

be due to motion. The G06 and TS schemes produce structures that are relatively 

similar. The use of a fixed unit cell imposes a restriction on the hinge motion of 

the linker, so the relaxed structure is closer to the experimental XRD structure. 

The changes in the lattice parameters during geometry-optimisation are shown in 

the plots in Figure 5.20, where it can be seen that the lattice parameters of the 

structure optimised using no dispersion forces, where the lattice parameters are 

allowed to vary, expands during the optimisation steps completed, and therefore 

continued expansion is possible with further optimisation steps, whereas the 

parameters for the structures optimised using dispersion (G06, TS), where the 

lattice parameters are also allowed to vary, show smaller changes throughout the 

optimisation steps completed. The geometry-optimised methods in this study may 

not model well the interactions or motion of the water present in some of the 

channels. The dispersion (G06) and dispersion (TS) geometry-optimised 

structures are not as good as those obtained for MIL-53(Sc)-dried. 
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Figure 5.18: Structure of MIL-53(Sc)-H2O, viewed down the channel axis, showing the three 

linker environments, linker a between channels containing H2O, linker b between empty channels 

and linker c between occupied and empty channels. ScO6 are represented by purple octahedra,  

 

 

Figure 5.19: Overlay of MIL-53(Sc)-H2O structures (stick model), unoptimised (green), and 

geometry-optimised, with a fixed unit cell (blue), no dispersion (black), dispersion (G06) (grey) or 

dispersion (TS) (red). The flexible framework shows variation between the structures obtained 

using different geometry-optimisation procedures. 

 

Table 5.18: Lattice parameters (unit cell lengths, angle and volume) for unoptimised and 

geometry-optimised structure of MIL-53(Sc)-H2O. Structures were optimised using fixed unit cell, 

no dispersion, dispersion (G06) and dispersion (TS). 

MIL-53(Sc)-H2O unit cell lengths / Å unit cell angles (°) 
volume / Å

3
 

a b c α β γ 

unoptimised/ 

fixed unit cell 
7.27 13.45 20.68 71.58 84.21 87.72 1908.75 

no dispersion 7.42 15.69 21.17 68.81 86.32 87.28 2294.25 

dispersion (G06) 7.25 12.67 20.63 73.27 81.83 84.09 1792.36 

dispersion (TS) 7.26 12.73 20.74 72.33 82.72 84.77 1808.54 
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Figure 5.20: Plots of change in lattice parameters, (a) unit cell lengths and unit cell volume and 

(b) unit cell angles, during geometry-optimisation (using CASTEP), with no dispersion, dispersion 

(G06) and dispersion (TS), of MIL-53(Sc)-H2O. 
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Some differences can be seen between the geometry-optimised structures 

in Figure 5.19. However, the average Sc-O bond lengths and average O-Sc-O 

bond angles are similar [Table 5.19]. As for MIL-53(Sc)-dried, when the 

relationship of scandate octahedra to linker unit is examined, the hinge-like 

motion of the ScO6-linker explains the differences between the geometry-

optimised structures [Table 5.20]. That is, the average dihedral angles for the no 

dispersion structure are generally larger, with smaller deviations, than the 

unoptimised and other optimised structures. There are four Sc environments, as 

seen from the average Sc-O bond lengths and average O-Sc-O bond angles in 

Table 5.19 and the relationship of the scandate octahedra and linker, Sc-O-C-C 

dihedral angle, in Table 5.20. These Sc sites are labelled in the structure shown in 

Figure 5.21. 

 

Table 5.19: Average Sc-O bond lengths, <Sc-O>, and average O-Sc-O bond angles, <O-Sc-O>, 

for geometry-optimised structure of MIL-53(Sc)-H2O (also given is the standard deviation, SD). 

The structure was optimised using fixed unit cell, no dispersion, dispersion (G06) and dispersion 

(TS). 

MIL-53(Sc)-H2O <Sc-O> / Å SD <O-Sc-O> (°) SD 

fixed unit cell Sc1 2.11 0.03 90.01, 175.50 3.22, 0.86 

 Sc2 2.11 0.02 89.95, 174.34 3.30, 1.25 

 Sc3 2.11 0.02 90.00, 178.30 1.56, 1.20 

 Sc4 2.11 0.03 90.13, 171.85 4.33, 0.67 

no dispersion Sc1 2.12 0.02 90.00, 177.13 2.76, 0.58 

 Sc2 2.11 0.01 89.99, 177.00 2.48, 1.12 

 Sc3 2.11 0.01 90.00, 180.00 1.78, 0.00 

 Sc4 2.12 0.03 90.05, 174.95 3.36, 0.22 

dispersion (G06) Sc1 2.12 0.04 90.04, 173.43 4.61, 1.27 

 Sc2 2.10 0.03 89.97, 175.53 2.84, 1.05 

 Sc3 2.11 0.03 90.01, 176.56 2.45, 2.03 

 Sc4 2.12 0.04 90.11, 172.39 4.92, 0.75 

dispersion (TS) Sc1 2.12 0.05 90.02, 173.41 4.57, 0.77 

 Sc2 2.11 0.03 89.98, 175.64 2.79, 1.49 

 Sc3 2.11 0.03 90.00, 177.15 1.95, 1.33 

 Sc4 2.12 0.05 90.11, 172.48 4.82, 0.62 
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Table 5.20: Relationship of linker and scandate octahedra, Sc-O-C-C dihedral angles, in the 

geometry-optimised (using fixed unit cell, no dispersion, dispersion (G06) and dispersion (TS)) 

structure of MIL-53(Sc)-H2O (also given is the standard deviation, SD).  

MIL-53(Sc)-

H2O 

Sc-O-C-C dihedral angles (°) 

unoptimised 
fixed unit 

cell 

no 

dispersion 

dispersion 

(G06) 

dispersion 

(TS) 

Sc1 106.639 113.579 134.319 113.111 112.053 

 112.617 129.051 135.411 126.559 127.189 

 142.567 145.137 147.710 148.660 147.973 

 164.824 164.242 159.197 157.907 160.737 

Average 131.66 138.00 144.16 136.56 136.99 

SD 23.49 18.82 10.15 17.69 18.72 

      

Sc2 108.691 108.008 123.241 103.823 106.218 

 112.174 128.274 139.888 121.277 127.638 

 149.932 147.742 150.314 145.612 141.524 

 173.987 159.117 151.430 161.064 159.947 

Average 136.20 135.79 141.22 132.94 133.83 

SD 27.16 19.46 11.31 22.00 19.63 

      

Sc3 114.550 105.025 122.094 102.568 104.445 

 130.755 132.245 143.897 119.694 126.042 

 152.747 141.735 148.425 144.330 140.263 

 152.987 161.894 153.453 166.785 163.121 

Average 137.76 135.22 141.97 133.34 133.47 

SD 16.16 20.46 11.96 24.35 21.35 

      

Sc4 116.784 120.886 132.514 118.862 117.112 

 137.650 122.133 137.106 120.270 122.538 

 138.760 148.834 149.794 150.164 150.469 

 156.425 153.978 153.334 156.136 157.989 

Average 137.40 136.46 143.19 136.36 137.03 

SD 14.04 15.06 8.62 16.93 17.51 
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Figure 5.21: Structure of MIL-53(Sc)-H2O. ScO6 are shown as polyhedra, with Sc1 shown by 

purple octahedra and Sc2 as green octahedra, Sc3 as blue octahedra and Sc4 as red octahedra. 

 

The calculated 
45

Sc NMR parameters for the geometry-optimised 

structures are given in Table 5.21. The experimental 
45

Sc MQMAS spectrum in 

Figure 5.12, resolves the composite lineshape observed in the MAS spectrum into 

two ridges, with an ~1:3 ratio of the intensities. This is consistent with four sites, 

three of which give resonances coincident in 1. The four Sc sites of MIL-53(Sc)-

H2O are shown in Figure 5.21. The calculated 
45

Sc NMR parameters [Table 5.21] 

for the fixed unit cell geometry-optimised structure are in broad agreement with 

those determined experimentally, with CQ values between 16.5 and 17.3 MHz 

(and PQ values between 16.8 and 17.6 MHz). Furthermore, the species also have 

higher calculated shift than those in MIL-53(Sc)-dried. However, the Sc species 

coincident in 1 in the experimental 
45

Sc MQMAS spectrum cannot be identified 

from these calculated results. The calculated 
45

Sc NMR parameters for the 

dispersion (G06) and dispersion (TS) geometry-optimised structures are similar, 

but show some overestimation in relation to the experimental values, with PQ 

values between 16.7-22.9 and 17.1-23.6 MHz, respectively. The calculated 
45

Sc 

NMR parameters for the no dispersion structure are underestimated in comparison 

to the experimental parameters. Therefore, from this study, the experimental 

resonances cannot be unambiguously assigned. 
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Table 5.21: Calculated (using CASTEP) 
45

Sc NMR parameters (isotropic chemical shielding, iso, 

isotropic chemical shift, iso
calc

, quadrupolar coupling, CQ, asymmetry, Q and quadrupolar 

product, PQ) for optimised (using fixed unit cell, no dispersion, dispersion (G06) and dispersion 

(TS)) structures of MIL-53(Sc)-H2O.  

MIL-53(Sc)-H2O iso (ppm) iso
calc

 (ppm) CQ / MHz Q PQ / MHz 

fixed unit cell      

Sc1 701.62 61.90 17.06 0.45 17.63 

Sc2 704.23 59.29 17.34 0.19 17.44 

Sc3 705.63 57.89 16.48 0.32 16.76 

Sc4 704.52 59.00 16.67 0.37 17.05 

no dispersion      

Sc1 708.03 55.49 16.21 0.40 16.64 

Sc2 714.98 48.54 14.17 0.20 14.26 

Sc3 718.02 45.50 12.25 0.21 12.34 

Sc4 711.37 52.15 16.77 0.31 17.04 

dispersion (G06)      

Sc1 694.07 69.45 21.85 0.55 22.93 

Sc2 700.63 62.89 16.52 0.26 16.71 

Sc3 703.42 60.10 18.69 0.36 19.09 

Sc4 703.42 60.10 21.84 0.47 22.63 

dispersion (TS)      

Sc1 695.61 67.91 22.68 0.49 23.57 

Sc2 698.95 64.57 16.92 0.25 17.10 

Sc3 702.31 61.21 19.53 0.37 19.97 

Sc4 703.53 59.99 21.73 0.44 22.42 

 

The calculated 
13

C isotropic chemical shifts for the geometry-optimised 

structures of MIL-53(Sc)-H2O are displayed as ‘stick spectra’ in Figure 5.22, 

along with the corresponding unit cell structures, and values given in Table 5.22 

(with the experimental values given in Table 5.23). There are three environments 

for the terephthalic linker in MIL-53(Sc)-H2O. Linkers are located between 

channels containing H2O (linker a), between empty channels (linker b) and 

between occupied and empty channels (linker c), which are shown in Figure 5.19, 
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in blue, red and black, respectively. The calculated 
13

C isotropic shifts for the 

three linkers are given in Table 5.22 and indicated in the stick spectrum in Figure 

5.22, by the respective colours, where it can be seen that they cannot easily be 

distinguished from each other.  

For the 
13

C chemical shifts, good agreement is obtained between 

experiment and calculation [Table 5.22, Figure 5.22] for the resonances in the 

carboxylate region (those in the aromatic region are too overlapped for detailed 

analysis). For MIL-53(Sc)-H2O, eight carboxyl resonances are predicted within 

~4 ppm, in good agreement with the experimental spectrum. The agreement 

between calculation and experiment for this rehydrated material is perhaps not 

expected to be as good as that observed for MIL-53(Sc)-dried, due to the presence 

of water molecules within the pores and, therefore, the possibility for disorder and 

dynamics.  

The calculated 
13

C isotropic chemical shifts for the dispersion (G06) and 

dispersion (TS) structures are similar to those from the fixed unit cell structure. 

Some separation is seen between the resonances of the carboxylate carbons of the 

linkers, particularly those for linker b. The calculated 
13

C isotropic chemical shifts 

for the no dispersion structure differ to the other optimised structures, with three 

distinct groups of shifts observed in the ‘stick spectrum’, for the carboxylate, 

quaternary aromatic C and protonated aromatic C, and does not agree with the 

experimental spectrum. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 5.22: 
13

C stick spectrum for calculated (using CASTEP) isotropic chemical shifts, iso
calc

, 

and corresponding unit cell for optimised (using (a) fixed unit cell, (b) no dispersion, (c) 

dispersion (G06) and (d) dispersion (TS)) structures of MIL-53(Sc)-H2O. The crystallographically-

distinct linkers are indicated in the ‘stick spectra’ by blue for linker a, red for linker b and black 

for linker c (as in Figure 5.18). The dashed blue line indicates unit cell. Sc atoms are shown as 

pink spheres, C atoms as black spheres, O atoms as red spheres and H atoms as light pink spheres. 

100120140160180

iso
calc (ppm) 

100120140160180

iso
calc (ppm) 

100120140160180

iso
calc (ppm) 

100120140160180

iso
calc (ppm) 

dispersion (TS) 

dispersion (G06) 

no dispersion 

fixed unit cell 
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Table 5.22: Calculated (using CASTEP) 
13

C isotropic chemical shifts, iso
calc

, for the three linker 

environments in geometry-optimised (using fixed unit cell, no dispersion, dispersion (G06) and 

dispersion (TS)) structures of MIL-53(Sc)-H2O.  

 

 

Linker a Linker b Linker c 

 

 

iso
calc

 (ppm) iso
calc

 (ppm) iso
calc

 (ppm) 

fixed unit cell CH 129.7, 129.9, 

130.2, 130.3 

130.7, 131.6, 

132.6, 132.9 

129.2, 129.7, 129.9, 130.1, 

131.4, 131.5, 132.1, 132.3 

 C 132.7, 132.8 133.0, 133.8 131.2, 131.9, 132.4, 133.5 

 CO2 172.3, 172.6 175.9, 176.0 172.0, 173.3, 173.6, 174.5 

     

no dispersion CH 130.4, 130.7,  

131.0, 131.6  

132.2, 132.2, 

132.1, 132.6 

130.6, 130.7, 130.8, 131.0,  

131.5, 131.6, 132.3, 132.4 

 C 135.8, 135.5 136.2, 137.0 134.7, 135.4, 136.1, 136.2 

 CO2 172.6, 173.2 175.4, 176.0 173.3, 173.7, 174.4, 174.4 

     

dispersion (G06) CH 130.9, 131.1,  

131.2, 131.7  

131.3, 131.7,  

134.1, 134.3 

129.6, 129.9, 130.9, 130.8,  

132.2, 132.7, 133.0, 133.8 

 C 132.3, 132.7 133.0, 134.2 130.0, 131.0, 132.5, 133.1 

 CO2 173.0, 174.2 175.9, 176.0 173.5, 173.5, 173.8, 174.4 

     

dispersion (TS) CH 131.0, 131.1,  

131.2, 131.3 

130.8, 131.2,  

133.6, 133.7 

129.4, 130.0, 130.5, 130.6,  

131.9, 132.3, 133.5, 134.0 

 C 132.0, 132.1 132.6, 133.6 130.1, 130.4, 132.5, 132.9 

 CO2 172.5, 173.4 175.6, 176.0 173.1, 173.6, 174.6, 174.8 

*Referenced to highest experimental CO2 isotropic chemical shift (176.0 ppm). 

ref of 167.08, 168.87, 166.65 and 166.76 ppm for fixed unit cell, no dispersion, dispersion (G06) 

and dispersion (TS), respectively. 

 

Table 5.23: Experimental 
13

C isotropic chemical shifts, iso
expt

, for MIL-53(Sc)-H2O.  

MIL-53(Sc)-H2O 

Experimental 

iso
expt

 (ppm) 

Aromatic C/CH 132.5, 130.7, 134.5, 135.8 

CO2 172.2, 174.4, 176.0 
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The fixed unit cell, dispersion (G06) and dispersion (TS) geometry-

optimised structures provide calculated 
45

Sc and 
13

C NMR parameters that are a 

better match to experimental than the no dispersion structure. The agreement 

between experimental and computational data of MIL-53(Sc)-H2O is perhaps not 

expected to be as good as for dried due to presence of water molecules in some of 

the channels and the possibility for disorder, dynamics and additional interactions. 

This work shows that dispersion forces are likely to have an important role 

for MIL-53(Sc)-H2O. The two dispersion schemes, G06 and TS, give similar 

structural characteristics and NMR parameters. The difference in cell parameters, 

in relation to the initial structure, are less than 6% using the G06 and TS 

dispersion schemes. In contrast, for the no dispersion method, the b unit cell 

length increases by 16.7% and the a and c unit cell lengths by less than 2.4%. As 

for MIL-53(Sc)-dried, the notable expansion of the unit cell in one direction may 

suggest particular dispersion forces are important for maintaining the 

experimentally observed structure. The terephthalate linkers stack along b, with 

the benzene rings lying approximately perpendicular to the b axis [Figure 5.19], 

and therefore the dispersion interactions may come from - stacking of the 

terephthalate linkers.
23

 

 

MIL-53(Sc)-HT 

A different phase of MIL-53(Sc) is obtained when the calcined material is 

heated to 350 °C, MIL-53(Sc)-HT, which reverts back to the MIL-53(Sc)-dried 

phase when allowed to cool back to room temperature.
18

 The MIL-53(Sc)-HT 

phase was examined using CASTEP to geometry-optimise and compare the 

calculated NMR parameters of the resultant optimised structures. Geometry-

optimisation of MIL-53(Sc)-HT was performed using CASTEP with both the 

atomic coordinates and lattice parameters allowed to vary, both with and without 

dispersion correction schemes. It was not possible to obtain experimental NMR 

parameters for the high temperature phase with the standard equipment available.  

As observed for the MIL-53(Sc)-dried phase, there is a striking difference 

between the optimised structures obtained with and without dispersion correction 

schemes. As can be seen in Figure 5.23, and in the unit cell parameters given in 

Table 5.24, the unit cell has significantly changed for the optimised structure 
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obtained without dispersion corrections, with compression along the a axis 

(−13.34%, 2.87 Å) and expansion along c (2.2%, 0.16 Å) and, significantly, 

along b (106.9%, 7.09 Å). This results in a unit cell volume increase of 83.4% 

(793.13 Å
3
). When dispersion correction schemes are used, the unit cell 

parameters are in closer agreement with the XRD data with cell parameters 

matching within 2.5% (0.43 Å, 2.62°), except along b which has compressed by 

~12% (0.83 Å). The structures obtained using G06 and TS have similar unit cell 

parameters and structural features. The changes in the lattice parameters during 

geometry-optimisation are shown in the plots in Figure 5.24, where it can be seen 

that the expansion of the structure optimised using no dispersion converges 

towards the end of the optimisation, whereas the parameters for the structures 

optimised using dispersion (G06, TS) are more constant.  

Despite the different unit cells for the optimised structures the local ScO6 

environment (average Sc-O bond lengths and O-Sc-O bond angles [Table 5.25]) 

remains similar, but the calculated 
45

Sc NMR parameters are different [Table 

5.26]. The different unit cells arise from a change to the scandate octahedra-linker 

hinge, where the terephthalate linker coordinates in bridging mode to the metal 

cation. It can clearly be seen in Figure 5.23 (where a ScO6 unit is located in the 

centre of the figure) that this hinge pivots at the carboxylate oxygen atoms, 

resulting in changes to the unit cell parameters, but relatively little change to the 

ScO6 octahedron. The Sc-O-C-C dihedral angles [Table 5.27] for the optimised 

structure where all parameters were allowed to vary are larger than the other 

optimised structures, resulting in an expanded unit cell, and a change in the 

distances between the chains of ScO6 [Table 5.28]. The compression along b for 

the structures optimised using the G06 and TS dispersion schemes may indicate 

that the dispersion schemes are overbinding and/or other factors may contribute to 

stabilising the high temperature phase. 
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Figure 5.23: Overlay of MIL-53(Sc)-HT structures (stick model) optimised using no dispersion 

(black), dispersion (G06) (grey) and dispersion (TS) (red). The dashed lines indicate unit cells. 

The flexible framework shows a considerable difference between the optimised structures. At the 

centre of the figure is a ScO6 unit, as shown in the image below the main figure. Sc atoms are 

represented by pink spheres, C atoms as black sphere, O atoms as red spheres, and H atoms as 

light pink spheres. 
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Figure 5.24: Plots of change in lattice parameters, (a) unit cell lengths and unit cell volume and (b) 

unit cell angles, during geometry-optimisation (using CASTEP), with no dispersion, dispersion (G06) 

and dispersion (TS), of MIL-53(Sc)-HT. 
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Table 5.24: Lattice parameters for unoptimised and geometry-optimised structures of MIL-

53(Sc)-HT. Structures were optimised using the following methods: no dispersion, dispersion 

(G06), and dispersion (TS). 

MIL-53(Sc)-HT 
unit cell lengths / Å unit cell angles (°) Volume / 

Å
3
 a b c α β γ 

unoptimised 21.51 6.63 7.27 90.00 113.54 90.00 950.84 

no dispersion 18.64 13.72 7.43 90.00 113.32 90.00 1743.97 

dispersion (G06) 21.85 5.80 7.38 90.00 114.76 90.00 848.40 

dispersion (TS) 21.94 5.85 7.33 90.00 116.16 90.00 844.54 

 

Table 5.25: Average Sc-O bond lengths, <Sc-O>, and O-Sc-O bond angles, <O-Sc-O>, for 

optimised structures of MIL-53(Sc)-HT, and the standard deviation (SD). Structures were 

optimised using the following methods: no dispersion, dispersion (G06), and dispersion (TS). 

MIL-53(Sc)-HT <Sc-O> / Å SD <O-Sc-O> (°) SD 

no dispersion 2.12 0.02 90.00, 180.00 0.00, 1.06 

dispersion (G06) 2.11 0.03 90.00, 180.00 0.00, 1.75 

dispersion (TS) 2.11 0.02 90.00, 180.00 0.00,1.83 

 

Table 5.26: Calculated (using CASTEP) 
45

Sc NMR parameters (isotropic chemical shielding, iso, 

isotropic chemical shift, iso
calc

, quadrupolar coupling, CQ, asymmetry, Q and quadrupolar 

product, PQ) for optimised MIL-53(Sc)-HT. Structures were optimised using no dispersion, 

dispersion (G06), and dispersion (TS). 

MIL-53(Sc)-HT iso (ppm) iso
calc 

(ppm) CQ / MHz Q PQ / MHz 

no dispersion     

Sc1 714.06 49.46 13.64 0.28 13.82 

dispersion (G06)     

Sc1 713.95 49.57 11.62 0.36 11.87 

dispersion (TS)     

Sc1 711.19 52.33 11.84 0.52 12.36 
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Table 5.27: Relationship of linker and scandate octahedra, Sc-O-C-C dihedral angles, for 

optimised structures of MIL-53(Sc)-HT. Structures were optimised using no dispersion, dispersion 

(G06), and dispersion (TS). 

MIL-53(Sc)-HT Sc-O-C-C dihedral angle (°) 

 no dispersion dispersion (G06) dispersion (TS) 

 167.29 116.93 112.41 

 179.63 116.93 112.41 

 167.27 146.80 149.58 

 179.65 146.80 149.58 

Average 173.46 131.87 131.00 

Standard Deviation 6.18 14.94 18.59 

 

Table 5.28: Distances between Sc within a chain or between different chains in optimised 

structures of MIL-53(Sc)-HT. Structures were optimised using no dispersion, dispersion (G06), 

and dispersion (TS). 

 

MIL-53(Sc)-HT 

Sc-Sc distance / Å 

Sc-Sc same 

chain (z) 

Sc-Sc different 

chains (x) 

Sc-Sc different 

chains (y) 

no dispersion 3.71 18.64 13.72 

dispersion (G06) 3.69 21.85 5.80 

dispersion (TS) 3.66 21.94 5.85 
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The calculated 
13

C isotropic chemical shifts are similar for the two 

structures optimised using dispersion correction schemes, and different for that 

obtained without, particularly in the order of assignment for the aromatic C 

species [Table 5.29, Figure 5.25]. Still, given the significant structural change the 

13
C results are remarkably similar. 

 

 

(a) 

 
(b) 

 
(c) 

 
Figure 5.25: 

13
C stick spectra of calculated (using CASTEP) isotropic chemical shifts, iso

calc
, and 

corresponding structure for MIL-53(Sc)-HT, optimised using (a) no dispersion, (b) dispersion (G06), 

and (c) dispersion (TS). The dashed blue line indicates unit cell. Sc atoms are shown as pink spheres, 

C atoms as black spheres, O atoms as red spheres and H atoms as light pink spheres. 

100120140160180200

iso
calc (ppm)

100120140160180200

iso
calc (ppm)

100120140160180200

iso
calc (ppm)

no dispersion 

dispersion (G06) 

dispersion (TS) 
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Table 5.29: Calculated (using CASTEP) 
13

C isotropic chemical shifts*, iso
calc

, for optimised 

structures of MIL-53(Sc)-HT. Structures were optimised using no dispersion, dispersion (G06), 

and dispersion (TS). 

MIL-53(Sc)-HT 

no dispersion dispersion (G06) dispersion (TS) 

iso
calc

 (ppm) iso
calc

 (ppm) iso
calc

 (ppm) 

CO2 180.0 180.0 180.0 

C 143.0 138.3 136.9 

CH 137.6, 138.0 140.4, 143.3 139.3, 142.5 

*Referenced to a representative carboxylate isotropic chemical shift of 180 ppm.  

ref of 175.55, 173.86 and 173.40 ppm for no dispersion, dispersion (G06) and dispersion (TS), 

respectively. 

 

 This DFT study shows that dispersion forces are important for the MIL-

53(Sc)-HT phase, as when these are included the optimised structure generally 

gives good agreement with the experimental XRD structure. The dispersion 

schemes used, G06 and TS, result in the same structural characteristics, and 

similar NMR parameters. The differences in cell parameters, in relation to the 

initial XRD structure, are less than 1.6% (0.34 Å, 1.22°) and 2.3% (0.43 Å, 2.62°) 

for G06 and TS, respectively, except for the b length, which exhibits a 11.8% 

(0.83 Å) and 12.5% (0.78 Å) decrease, respectively. This suggests that the 

dispersion schemes may be overbinding, or that there may be other factors 

contributing to the stability of the high temperature phase. In marked contrast, the 

cell volume of the structure optimised without dispersion exhibits an increase in 

the b length by 106.9% (7.09 Å) and decrease in the a length by 13.3% (2.87 Å). 

The notable increase in cell volume, by 83.4% (793.13 Å
3
), suggests that 

particular dispersion forces are important in maintaining the observed 

experimental XRD structure. In the unoptimised structure the terephthalate linkers 

lie approximately perpendicular to the b axis. This could mean that dispersion 

interactions from - stacking of the terephthalate ligands are important, as 

suggested for MIL-53(Al).
23

 MIL-53 frameworks containing different metals 

(e.g., Fe, Al and Cr) exhibit different phase transitions.
32-36

 Open phases (large 

pore) of MIL-53, such as the no dispersion structure in Figure 5.23, are seen 

experimentally for Al and Cr.
32,34

 MIL-53(Sc) may open up to a fully opened 



234 

 

phase with the uptake of CO2.
18 

 

5.3.2.2 Summary of MOFs Containing Chains 

 In summary, the 
45

Sc MAS NMR spectra for MIL-53(Sc) phases exhibit 

second-order quadrupolar broadened lineshapes consisting of overlapping 

resonances, which are partially resolved by MQMAS, with relative intensities 

providing information about the structure. The number of resonances in the 
13

C 

spectra corresponding to the carboxylate carbons is a particularly informative 

probe of the symmetry and structure. DFT calculations enable the 
45

Sc and 
13

C 

spectra to be assigned, and thus support the structures determined by XRD. 

The use of dispersion correction schemes has a big influence on the 

optimised structure obtained using CASTEP. This highlights the importance of 

dispersion forces in the MIL-53(Sc) phases, as without these the MOF exhibits 

anisotropic expansion and results in an incorrect unit cell. When dispersion forces 

are included, the structural features are preserved and the relaxed structures are 

generally in good agreement with the initial XRD structures. This effect is seen 

with both the dispersion schemes used, G06 and TS, with similar agreement. The 

notable expansion along one axis, to which the terephthalate linkers are 

approximately perpendicular, when the no dispersion method is used, for all three 

phases studied, suggests that the dispersion interactions arise from - stacking of 

the terephthalate linkers. For the hydrated phase, MIL-53(Sc)-H2O, the presence 

of water molecules in some of the channels may have an influence on the 

structure, the motion, disorder or additional interactions of which are not 

modelled in the DFT calculations. Additionally, for the high temperature phase, 

MIL-53(Sc)-HT, other factors may contribute to the stability of the 

experimentally observed XRD structure.  

 

5.3.3 Materials Containing Trimers 

 

The structures of MIL-88(Sc), MIL-100(Sc) and Sc-ABTC contain 

scandium trimers (three Sc centred octahedra sharing a central 3O), but whilst 

MIL-88 has a flexible framework the latter two have more have rigid frameworks. 

In MIL-88, BDC linkers connect the trimers and the structure is shown in Figure 
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5.26. The structure of MIL-100 is built up of super-tetrahedral building blocks. 

The blocks themselves are built up from four trimer units located at each corner, 

linked by BTC linkers located on each tetrahedron face [Figure 5.27]. In the 

structure of Sc-ABTC the trimers are linked by six separate ABTC linkers, 

forming a cubic structure [Figure 5.28]. The apical positions of the ScO6 units are 

occupied by terminal water or hydroxyl groups in MIL-88 and MIL-100, and by 

terminal water molecules in Sc-ABTC. 

 

 

 

 

 

 

 

Figure 5.26: Schematic showing the structure of MIL-88 containing Sc3O(O2C-)6(H2O,OH)3 

trimers linked by 1,4-benzenedicarboxylate (BDC) anions. ScO6 are represented by purple 

octahedra, C atoms by black spheres, O red spheres and H light pink spheres (omitted from 

structure diagram). 
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Figure 5.27: Schematic showing the building blocks of the structure of MIL-100 containing 

Sc3O(O2C-)6(H2O,OH)3 trimers linked by 1,3,5-benzenetricarboxylate (BTC) anions. In the trimer 

and super-tetrahedral building units ScO6 are represented by purple octahedra, C atoms by black 

spheres, O red spheres and H light pink spheres (omitted from super-tetrahedral building unit). 

 

Figure 5.28: Schematic showing the cubic structure of Sc-ABTC containing Sc3O(O2C-

)6(H2O,OH)3 trimers linked by 3,3´,5,5´-azobenzenetetracarboxylate (ABTC) anions. ScO6 are 

represented by purple octahedra, C atoms in black, O in red, N in blue and H in light pink. 
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Two resonances are observed in the 
1
H NMR spectrum of MIL-88(Sc), 

shown in Figure 5.29(a). These correspond to aromatic protons (7.65 ppm) and 

hydroxyl and/or water molecules (1.57 ppm) in the trimer units. The spectrum for 

MIL-100(Sc) [Figure 5.29(b)] is very similar, with resonances corresponding to 

the aromatic protons and water and hydroxyl protons. The 
1
H NMR spectrum of 

Sc-ABTC [Figure 5.29(c)] contains an intense resonance corresponding to the 

aromatic carbons (8.57 ppm). The absent of peak corresponding to hydroxyl 

groups, as observed for MIL-88(Sc) and MIL-100(Sc), suggests that charge 

balancing is maintained by nitrate groups as postulated in the literature.
37 

For the 

three materials there are also a number of low intensity peaks, which are 

attributed to residual solvent (DMF), with corresponding resonances observed in 

the 
13

C spectra. 

 

 

Figure 5.29: 
1
H MAS NMR spectra (14.1 T) of (a) MIL-88(Sc), (b) MIL-100(Sc) and (c) Sc-

ABTC. The spectra are the result of averaging (a) 40 and (b, c) 80 transients with a recycle 

interval of 3 s. The MAS rate was 30 kHz. 
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To summarise, the 
1
H NMR spectra give an indication of the composition 

of the trimer building units. The trimer units of MIL-88(Sc) and MIL-100(Sc), 

Sc3O(OH)(H2O)2(CO2)6, contain two water molecules and one hydroxyl group, 

and so are charge balanced. However, the trimer unit of Sc-ABTC, 

Sc3O(H2O)3(CO2)6, contains three water molecules and so the trimer is charged, 

this may be alleviated by the incorporation of NO3
−
 ions nearby. 

The 
13

C spectra for the trimer MOFs are shown in Figure 5.30. The 

linewidths in the 
13

C spectra for MIL-88(Sc) and MIL-100(Sc) (~300-500 Hz) are 

larger than those for Sc2BDC3 (~100 Hz), which suggests that there is greater 

disorder in these trimer materials, probably due to the variation in O species (H2O 

or OH) in the three apical positions of the trimer, or guest species within the 

channels. Sc-ABTC, however, has similar narrow linewidths to Sc2BDC3. In the 

spectra showing the typical 
13

C spectral range [Figure 5.30(a, c, e)], including the 

alkyl region, additional resonances associated with the residual DMF can be 

observed (marked with †). The spectral assignment (carboxylate, quaternary 

aromatic and CH aromatic carbons) [Tables 5.30 - 5.32] is similar to that for 

Sc2BDC3, although for Sc-ABTC there is a significant shift (to 152 ppm) of the 

aromatic carbon attached to nitrogen. The assignments are supported by Gaussian 

DFT calculations or ChemDraw additive predictions for the corresponding free 

carboxylic acid. 
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Figure 5.30: 
13

C CP MAS NMR spectra (14.1 T) of (a) MIL-88(Sc), (c) MIL-100(Sc) and (e) Sc-

ABTC, with expansion of region between 180 and 100 ppm (b, d and f respectively). The spectra 

are the result of averaging (a) 8000, (c) 4400 and (e) 20000 transients with a recycle interval of 3 

s, and a contact time of 1 ms. The MAS rate was 10 kHz. Asterisks (*) indicate spinning 

sidebands, daggers (†) indicate typical solvent (DMF) peaks. 

 

Table 5.30: Calculated (using ChemDraw and Gaussian), iso
calc

, for the free terephthalic acid and 

experimental isotropic chemical shifts, iso
expt

, for the terephthalate linker of the MIL-88(Sc) 

structure. 

 

Terephthalic acid MIL-88(Sc) 

 

ChemDraw Gaussian Experimental 

Assignment iso
calc

 (ppm) iso
calc

 (ppm) iso
expt

 (ppm) 

C1 CH 130.2 130.3 130.4 

C2 C 135.4 132.2 135.4 

C3 CO2 169.3 167.0 174.1 
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Table 5.31: Calculated (using ChemDraw and Gaussian), iso
calc

, for the free trimesic acid (1,3,5 

benzene tricarboxylic acid) and experimental isotropic chemical shifts, iso
expt

, for the trimesate 

linker of MIL-100(Sc). 

 

 

Trimesic acid MIL-100(Sc) 

ChemDraw Gaussian Experimental 

Assignment iso
calc

 (ppm) iso
calc

 (ppm) iso
expt

 (ppm) 

C1 CH 135.8 128.6 132.5 

C2 C 135.6 137.03, 139.30, 141.61 137.0 

C3 CO2 169.3 166 172.6 

 

Table 5.32: Calculated (using ChemDraw and Gaussian), iso
calc

, for free H4ABTC and 

experimental isotropic chemical shifts, iso
expt

, for the ABTC linker of Sc-ABTC.  

 

ABTC Sc-ABTC 

 

ChemDraw Gaussian Experimental* 

Assignment iso
calc

 (ppm) iso
calc

 (ppm) iso
expt

 (ppm) 

C1 CH 132.8 135.8, 138.0 133.1 

C2 C 130.4 128.7, 128.9, 

129.3, 129.8 

134.4 

C3 CH 129.6 120.0, 122.7, 

142.7, 143.2 

121.2, 136.7 

C4 CN 152.5 153.4, 153.6 151.9 

C5 CO2 169.3 166.3, 166.4, 

166.4, 166.7 

171.6, 174.3 

*Assignment of C1 and C2 made from dipolar dephasing experiments (not shown). 
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CASTEP was not used to geometry-optimise and calculate NMR 

parameters for the whole structure of the MOFs containing trimer units due to the 

presence of disorder and the large cell size. Atomic coordinates and lattice 

parameters are available for the as-prepared material of MIL-88, which contains 

disordered DMF molecules in the channels, and water is also present. However, 

two of the three apical positions of the trimer unit are occupied by water 

molecules and the other by a hydroxyl, but protons are absent from the available 

atomic coordinates. Additionally, MIL-88(Sc) has a flexible structure. X-ray 

powder patterns of MIL-100(Sc) and Sc-ABTC were sufficient to identify the 

products, but were not of high enough quality to allow structure refinement. They 

have large unit cells, particularly MIL-100, which has an a unit cell length of 

~75.4 Å. Additionally, the trimer unit of MIL-100 contains two H2O and one OH, 

as for MIL-88, and Sc-ABTC contains disordered NO3

 ions. 

The 
45

Sc MAS spectra for the trimeric units are shown in Figure 5.31. 

These are different to those observed previously for the isolated ScO6 and chain 

structures. The 
45

Sc MAS spectrum for MIL-88(Sc) shows an asymmetric 

lineshape, broad with a long ‘tail’ to low frequency, typical of a disordered 

material.
38

 The resonance is positioned at higher isotropic chemical shift than the 

45
Sc resonances for Sc2BDC3 and MIL-53(Sc). The 

45
Sc MAS spectra for MIL-

100(Sc) and Sc-ABTC appear similar to that for MIL-88(Sc). The three materials 

exhibit broadened MAS spectra, indicating a distribution of environments. The 

lineshapes narrow at higher field, indicating a contribution from second-order 

quadrupolar broadening. Additionally, there appear to be multiple components to 

the lineshapes in the MIL-88(Sc) and Sc-ABTC MAS spectra. Disorder arises in 

the MIL-88(Sc) and MIL-100 materials due to the H2O/OH groups of the trimer 

units and guest species in the channels, such as solvent residue, as observed in the 

13
C CP MAS spectra. The structure of Sc-ABTC is more symmetrical, with only 

terminal H2O molecules in the trimer units, but the NO3

 groups that are present 

are likely to be disordered. It is possible to gain information on the origin of the 

lineshape/broadening in the 
45

Sc spectra using MQMAS. 
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Figure 5.31: 
45

Sc MAS NMR spectra of Sc2BDC3, (a, c, e) at 14.1 T and (b, d, f) at 20.0 T, for (a, 

b) MIL-88(Sc), (c, d) MIL-100(Sc) and (e, f) Sc-ABTC. The spectra are the result of averaging (a) 

256, (b) 616, (c) 1432, (d) 512, (e) 1224 and (f) 4096 transients with a recycle interval of (a, c, e) 

5, (b) 3 and (d, f) 1 s. The MAS rate was 30 kHz. 

 

45
Sc z-filtered MQMAS spectra, (prior to shearing), of the three materials 

are shown in Figure 5.32, and the sheared spectra in Figure 5.33. MQMAS spectra 

can give an indication of the nature and extent of broadening,
39

 from the size and 

shape of the ridge and the axes along which broadening of the ridge occurs, 

Figure 5.34. In z-filtered MQMAS spectra prior to shearing, lines broadened by 

the quadrupolar interaction lie along +2.24 (
45

Sc I = 7/2). For sites with similar CQ 

but different chemical shifts, the centre of gravity of the sites would be expected 

to lie along the axis +3, and similarly, for sites with the same chemical shift but 

different CQ, the centre of gravity of the sites would lie along the axis +1.8. In 
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disordered materials broadening of the resonance may be seen along each of these 

axes. For MIL-100(Sc) this appears to be what is observed, with a ridge 

broadened along each aforementioned gradients. As observed for the 1D MAS 

spectra the resonance narrows at higher field, indicating a significant contribution 

from second-order quadrupolar broadening. The average, due to the distribution, 

iso isotropic chemical shift and PQ, obtained from the centre of gravity of the 

lineshape, are given in Table 5.33. In the MQMAS spectrum of MIL-88(Sc) there 

appear to be two or three different components. One lies along a gradient of +2.24 

(quadrupolar interaction). A second component lies along +3, indicating different 

Sc environments, which may itself consist of two sharper components. The 

average isotropic chemical shift and quadrupolar product, obtained from the 

centre of gravity of each observed component, are given in Table 5.33. A 

deconvolution of the 1D MAS spectrum, based on these extracted parameters for 

three components, is shown in Figure 5.35. A number of factors may be 

responsible for the observed lineshape. MIL-88(Sc) exhibits a flexible framework, 

and the 
13

C CP MAS spectrum showed the presence of DMF solvent molecules. 

The as-prepared structure, containing solvent in the channels, exhibits a partially 

open framework. In contrast, desolvation results in multiple states of closure of 

the framework. The framework of the sample studied, with residual solvent in the 

channels, is therefore likely to mainly contain multiple states of closure of the 

channels. In the MQMAS spectrum of Sc-ABTC there appears to be a sharp main 

component, in a similar location to the other trimers, with a broader second 

component. Again, average iso and PQ, obtained from the centre of gravity of the 

two observed components, are given in Table 5.33. A deconvolution of the 1D 

MAS spectrum based on these parameters is shown in Figure 5.36. The second 

component observed in the MQMAS spectrum of Sc-ABTC may be from an 

impurity, as sharp lines, indicating a more ordered framework, were observed in 

the 
13

C CP MAS spectrum.  

 



244 

 

 
Figure 5.32: 

45
Sc unsheared MQMAS spectra of trimer Sc MOFs recorded using a z-filtered 

MQMAS pulse sequence.
15 

(a, c, e) at 20.0 T and (b, d) at 14.1 T. (a, b) MIL-88(Sc), (c, d) MIL-

100(Sc) and (e) Sc-ABTC. The spectra are the result of averaging (a) 48, (b) 480, (c) 192, (d) 408 

and (e) 120 transients with a recycle interval of (a) 3 s and (b, c, d, e) 1 s, for each of (a) 116, (b) 128, 

(c) 106, (d) 150 and (e) 138 t1 increments of 10 s. The MAS rate was 30 kHz, with * indicating 

spinning sidebands. 
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Figure 5.33: Sheared versions of the MQMAS spectra of trimer Sc MOFs shown in Figure 5.33.  
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Figure 5.34: Simulated unsheared 
45

Sc MQMAS NMR spectra (9.4 T) and axes representing the 

different gradients that distributions of chemical shift and quadrupolar interactions will be 

broadened along. (a) A single ridge with no disorder is aligned along a gradient of 101/45 (+2.24), 

(b) ridge resulting from a distribution of chemical shifts (distcs) are aligned along a gradient of +3, 

(c) ridge resulting from a distribution of the quadrupolar interaction (distQ) are aligned along a 

gradient of +1.8, and (d) sites resulting from a distribution of both chemical shifts and quadrupolar 

parameters. Spectra were simulated with CQ = 8 MHz, Q = 0 and iso = 0, and Boxcar 

distributions of iso (± 8 ppm) and CQ (± 2 MHz) were used. 
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Table 5.33: Experimental 
45

Sc NMR parameters (average chemical shift, <iso
expt

>, and average 

quadrupolar product, <PQ
expt

>) obtained from the maximum intensity of the disordered ridges in 

the unsheared MQMAS spectra [Figure 5.32]. 

 Magnetic Field  
<iso

expt
> 

(ppm) 

<PQ
expt

> / 

MHz 

MIL-88(Sc) 14.1 T Main component 66.0 (2) 7.5 (3) 

  Second component 63.7 (50) 16.4 (20) 

 20.0 T Main component 63.2 (5) 5.8 (8) 

  Second component 58.9 (100) 14.9 (30) 

MIL-100(Sc) 14.1 T Main component 61.4 (4) 6.8 (5) 

 20.0 T Main component 60.9 (14) 6.7 (5) 

Sc-ABTC 20.0 T Main component 64.1 (2) 6.2 (3) 

  Second component 60.5 (70) 17.3 (70) 
 

 

 
Figure 5.35: Fitting (Dmfit) of 

45
Sc MAS spectra of MIL-88(Sc), recorded at (a) 14.1 T and (b) 

20.0 T. Line 1 fitted with iso of 66.0 ppm, CQ of 7.5 MHz and Q of 0.1. Line 2 fitted with iso of 

63.7 ppm, CQ of 16.4 MHz and Q of 0.1. Line 3 fitted with a Gaussian line at iso 35.0 ppm. 
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Figure 5.36: Fitting (Topspin) of 
45

Sc MAS spectrum of Sc-ABTC, recorded at 20.0 T, based on 

NMR parameters extracted from the MQMAS spectrum of Figure 5.29. Line 1 fitted with iso of 

64.1 ppm, CQ of 6.08 MHz and Q of 0.90. Line 2 in (a) fitted with iso of 60.5 ppm, CQ of 14.34 

MHz and Q of 0.36.  

 

Initially, the 
45

Sc MAS spectra for the MOFs containing trimer units 

appear similar with asymmetric lineshapes and higher isotropic chemical shifts 

than observed for Sc2BDC3 and MIL-53(Sc). The asymmetric lineshapes suggest 

a distribution of NMR parameters due to disorder. Subtle detail is revealed in the 

MQMAS spectra, which is structure specific, but further work would be required 

for a more detailed analysis. The 
13

C spectra of the different incorporated linker 

units (BDC, BTC and ABTC) are characteristic of the carboxylates and give an 

indication of disorder present in the material for MIL-88(Sc) and MIL-100(Sc), 

arising from the composition of the trimer units. To gain understanding future 

investigation by NMR would provide a more detailed picture of these structures. 

Further investigation would require particular attention to sample preparation and 

solvent, particularly for MIL-88(Sc) so that its flexible nature can be examined. 

 

5.4 Results and Discussion for Modified MOFs 

 

It has been shown in the literature that it is possible to include 

functionalised terephthalates in MOF structures instead of the unfunctionalised 
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linker. For example, MIL-53(Fe) and MIL-53(Al) type materials have been 

prepared using linkers containing functional groups with varying polarity, 

hydrophobicity and acidity.
11

 This modifies the structural and adsorptive 

properties of the MOF and allows the breathing behaviour (of flexible framework) 

and pore surface properties to be investigated. 

MIL-53(Sc) and Sc2BDC3 derivatives were prepared with 

monofunctionalised terephthalic acids. Syntheses were carried out using 2-amino 

and 2-nitro terephthalic acids (functionalised acids and products shown in Table 

5.2). The functionalised MOFs were prepared using monofunctionalised linkers, 

so when they are incorporated into the structure there are different 

crystallographically-distinct positions and symmetry related positions. XRD data 

indicates partially occupancy, with partial ordering or disorder. Solid-state NMR 

was used to characterise the MOF, with incorporation of the functionalised linker, 

and support the structures obtained from diffraction. As for the unfunctionalised 

carboxylate linkers, DFT calculations (using Gaussian) were carried out on the 

monofunctionalised terephthalic acids, to aid spectral assignment. Again, where 

possible, DFT calculations using the CASTEP code were carried out to study the 

framework. 

 

5.4.1 Functionalised Sc2BDC3  

 

The 
45

Sc MAS NMR spectra for Sc2BDC3 and the amino- and nitro-

functionalised derivatives are shown in Figure 5.37. The 
45

Sc MAS spectra for the 

functionalised materials show broadened featureless lineshapes with characteristic 

“tails” at low frequency, indicating disorder. This can be attributed to statistical 

disorder of the orientations of the functional groups on the linker molecules 

resulting in a distribution of 
45

Sc quadrupolar coupling constants and shifts. 

Despite the disorder, the linewidth of the functionalised derivatives appear 

slightly reduced compared with that of Sc2BDC3, indicating a smaller average CQ 

for the Sc species in the functionalised materials. Additionally, the peaks in the 

spectra for Sc2(NH2-BDC)3 and Sc2(NO2-BDC)3 are shifted to higher frequency 

(indicative either of a change in isotropic chemical shift, or a smaller quadrupolar 

shift). 
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Figure 5.37: 
45

Sc MAS NMR spectra ((a, c, e) 9.4 T and (b, d, f) 14.1 T) of (a, b) Sc2BDC3 (c, d) 

Sc2(NH2-BDC)3, (e, f) Sc2(NO2-BDC)3. The spectra are the result of averaging (a, f) 512, (b) 256, 

(c, e) 1024, (d) 264 transients with a recycle interval of (a, c, e) 3, (b, d, f) 5 s. The MAS rates 

were (a, c, e) 12.5, (b) 30 and (d, f) 14 kHz.  

 

The 
13

C CP MAS NMR spectra for Sc2BDC3 and the amino- and nitro-

functionalised derivatives are shown in Figure 5.38. For the two functionalised 

frameworks, 
13

C CP MAS NMR spectra were recorded with a range of cross-

polarization contact times between 0.25 – 3 ms (as shown in Figure 5.39) to 

distinguish aromatic CH and quaternary carbons. The spectrum for Sc2BDC3 was  
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Figure 5.38: 
13

C CP MAS NMR spectra (14.1 T) for functionalised Sc2BDC3 MOFs, (a) Sc2(NH2-

BDC)3 and (b) Sc2(NO2-BDC)3. The spectra are the result of averaging (a) 6144 and (b) 5120 

transients with a recycle interval of (a, b) 3 s. The MAS rate was 12.5 kHz, with * indicating 

spinning sidebands. 

 

assigned above, with two main groups of resonances observed, with aromatic 

carbons between 120 and 140 ppm and carboxylate carbons between 170 and 180 

ppm. The presence of the functional group lowers the symmetry of the linker and 

results in more complex spectra. In the 
13

C CP MAS NMR spectrum for Sc2(NH2-

BDC)3 the resonance corresponding to C1, the carbon directly bonded to nitrogen, 

is shifted downfield (to ~151.2 ppm), as observed for Sc-ABTC. This shows that 

the linker is functionalised and has been incorporated intact into the MOF. In the 

variable-contact time 
13

C CP MAS NMR spectra, shown in Figure 5.39(a), the 

resonances at 151.3, 136.7 and 115.1 ppm exhibit much slower CP build up rates 

than those at 119.6, 116.5 and 133.1 ppm, owing to the absence of directly bonded 

protons. The former correspond to the quaternary carbons C1, C3 and C6, and the 

latter to the CH carbons C2, C4 and C5. The assignment is supported by DFT 

calculations [Table 5.34]. 
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Figure 5.39: 
13

C CP MAS NMR spectra, with variable contact times, (14.1 T) for functionalised 

Sc2BDC3 MOFs, (a) Sc2(NH2-BDC)3 and (b) Sc2(NO2-BDC)3. The variable contact times were 3 

ms (black line), 1 ms (red line), 0.5 ms (blue line) and 0.25 ms (grey line). 
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Figure 5.40: Sc2(NH2-BDC)3 and NH2 locations determined by diffraction.
17

 To the left, Sc2(NH2-

BDC)3 viewed down the channel (x) axis. To the right, the channels of type 1 and type 2 linkers 

are shown, and the symmetry related positions of NH2 groups, of which 1/4 or 1/2 of sites are 

occupied, respectively. ScO6 are represented by purple octahedra, C atoms by black spheres, and N 

by blue spheres. H atoms are omitted from the structure diagrams. 

 

To calculate NMR parameters, Sc2(NH2-BDC)3 was modelled using the 

Sc2BDC3 unit cell used previously with the NH2 position on the benzene ring 

based on XRD data. This was to reduce the cell size and number of atoms to 

enable calculations to be carried out, as the structure obtained from diffraction for 

Sc2(NH2-BDC)3 has a large unit cell. The structure has two crystallographic 

linkers (type 1 and type 2). There are three crystallographically-distinct C sites 

possible for the amine group, and two of the three were suggested to be occupied 

with statistical disorder by XRD [Figure 5.40]. An amine group attached to the 

fourth site would approach too close to the ScO6 octahedron. Therefore, a number 

of different models were used, with the amine positions chosen for calculation 

shown in Figure 5.41. Geometry-optimisation was performed with both the 

atomic coordinates and lattice parameters allowed to vary.  
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Figure 5.41: Model structure of Sc2(NH2-BDC)3, based on the small Sc2BDC3 unit cell previously 

used for calculations, with chosen NH2 locations for (a) model 1, (b) model 2, (c) model 3 and 

model 4, for calculation using CASTEP. The NH2 locations were chosen with the groups 

orientated in the same direction along a row of linker units. ScO6 are represented by purple 

octahedra, C atoms by black spheres and N by blue spheres. H atoms are omitted from the 

structure diagrams. 
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The calculated 
13

C isotropic chemical shifts for Sc2(NH2-BDC) [Figure 

5.42, Table 5.34] are in agreement with the assignment given for the experimental 

shifts, given previously in Table 5.34. However, information on different linker 

types is lost due to the broad experimental lines and similar calculated shifts. The 

45
Sc calculated NMR parameters are given in Table 5.35. For Sc2(NH2-BDC)3 the 

calculated 
45

Sc CQ is smaller than that calculated for the unfunctionalised 

material, and the isotropic chemical shift is generally higher than calculated for 

the equivalent optimised structure of the unfunctionalised material. This is 

consistent with what is observed experimentally.  

 

Table 5.34: Calculated (using ChemDraw, Gaussian) 
13

C isotropic chemical shift, iso
calc

, for the 

free 2-amino terephthalic acid and calculated (using CASTEP) 
13

C isotropic chemical shift, iso
calc

, 

and experimental 
13

C isotropic chemical shift, iso
expt

, for the 2-amino terephthalate linker of 

Sc2(NH2-BDC)3. 

 

 

2-amino terephthalic 

acid 
Sc2(NH2-BDC)3 

 ChemDraw Gaussian CASTEP* (type 1, type 2) Experimental 

 

iso
calc

 

(ppm)
 

iso
calc

 

(ppm)
 

Model 1 

iso
calc

 

(ppm)
 

Model 2 

iso
calc

 

(ppm)
 

Model 3 

iso
calc

 

(ppm)
 

Model 4 

iso
calc

 

(ppm)

iso
expt 

(ppm)
 

C1 151.1 150.4 149.5, 150.6 149.7, 150.5 149.9, 150.7 149.8, 150.6 151.3 

C2 114.5 118.7 118.9, 119.9 118.6, 120.1 118.6, 120.3 119.2, 120.1 119.6 

C3 134.1 134.0 138.0, 136.5 138.1, 136.8 138.2, 136.8 138.2, 136.7 136.7 

C4 120.2 116.6 115.5, 115.4 116.1, 115.6 116.4, 115.7 115.9, 115.5 116.5 

C5 131.0 136.6 133.7, 134.6 133.9, 134.7 134.3, 135.0 133.8, 134.6 133.1 

C6 116.7 111.3 113.5, 112.6 113.6, 112.8 113.9, 112.9 113.4, 112.9 115.1 

C7 166.3 167.5 172.7, 171.8 172.8, 171.9 172.7, 172.7 172.7, 171.8 172.8 

C8 169.3 167.3 172.7, 172.8 172.8, 172.5 172.8, 172.7 172.7, 172.6 171.5 

*Referenced to experimental carboxylate isotropic chemical shift at 172.8 ppm. 

ref of 169.51, 169.63, 169.68 and 169.63 for model 1, model 2, model 3 and model 4, 

respectively. 

CO2

CO2

1

2

3

4

5

6

7

8

NH2
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(a) 

 
(b) 

 

 

 

 

 
(c) 

  
(d) 

 
Figure 5.42: 

13
C stick spectrum of calculated (using CASTEP) isotropic chemical shifts, showing 

type 1 linkers (black) and type 2 linkers (red) in Sc2(NH2-BDC)3, (a) model 1, (b) model 2, (c) 

model 3 and (d) model 4. Also shown are the corresponding structures. The dashed blue line 

indicates unit cell. Sc atoms are shown as pink spheres, C atoms as black spheres, O atoms as red 

spheres and H atoms as light pink spheres. 

100120140160180

iso
calc (ppm) 

100120140160180

iso
calc (ppm) 

100120140160180

iso
calc (ppm) 
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Table 5.35: Calculated (using CASTEP) 
45

Sc NMR parameters for Sc2(NH2-BDC)3 (isotropic 

chemical shielding, iso, isotropic chemical shift, iso
calc

, quadrupolar coupling, CQ, asymmetry, Q 

and quadrupolar product, PQ). 

Sc2(NH2-BDC)3 iso (ppm) iso
calc

 (ppm) CQ / MHz Q PQ / MHz 

Model 1      

Sc1 785.74 −22.22 4.88 0.4 5.01 

Sc2 790.44 −26.92 5.22 0.1 5.23 

Sc3 785.62 −22.10 4.72 0.41 4.85 

Sc4 790.55 −27.03 5.11 0.04 5.11 

Model 2      

Sc1 790.62 −27.10 5.07 0.29 5.14 

Sc2 784.97 −21.45 4.90 0.64 5.22 

Sc3 784.64 −21.12 4.87 0.70 5.25 

Sc4 790.53 −27.01 5.11 0.32 5.20 

Model 3      

Sc1 786.08 −22.56 5.30 0.62 5.63 

Sc2 791.33 −27.81 5.05 0.32 5.14 

Sc3 786.51 −22.99 5.28 0.59 5.58 

Sc4 789.89 −26.37 5.07 0.35 5.17 

Model 4      

Sc1 785.66 −22.14 4.93 0.43 5.08 

Sc2 786.31 −22.79 4.64 0.44 4.79 

Sc3 790.20 −26.68 4.59 0.21 4.62 

Sc4 790.39 −26.87 4.55 0.20 4.58 

 

The above DFT investigation, varying the position of the functional group 

according to the positions identified by XRD, gave 
13

C isotropic chemical shifts 

that match with the experimental results, and consistent 
45

Sc NMR parameters. 

The energies of the geometry-optimised structures of models 1 to 4 are relatively 

similar (−25323.83 to −25323.88 eV) which indicates that the respective positions 

of the amine group are equally likely to be present. The combined solid-state 

NMR and DFT study support the findings from XRD analysis, with partial 

occupancy of the positions shown in Figure 5.40. 
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In the 
13

C CP MAS NMR spectrum of Sc2(NO2-BDC)3, shown in Figure 

5.38, the C1 carbon, directly bonded to nitrogen, is again shifted downfield. The 

aromatic quaternary and CH carbons can be distinguished by the variable-contact 

time CP MAS spectra shown in Figure 5.39(b). The quaternary C3 resonance at 

137.1 ppm exhibits a relatively slow CP build up rate, while the unresolved 

resonances corresponding to CH carbons C4 and C5 at 132.6 ppm show almost 

constant intensity over the range of contact times used. The overlap of the 

quaternary C6 and CH C2 carbons at 125.3 ppm results in a more complex build-

up profile. The assignment is again supported by DFT calculations [Table 5.36].  

The structure of Sc2(NO2-BDC)3 determined from diffraction is shown in 

Figure 5.43, with the possible locations for the NO2 group. It was determined that 

these sites have 0.5 fractional occupancy, with partial ordering of the nitro group 

on type 2 linkers (2a and 2b), and ordering on type 1 linkers. Due to the bulky 

functional group and the closeness of their approach to each other, the NO2 

groups along a row of linker units are oriented in the same direction. Calculations 

(using CASTEP) to study disorder of the functional group and aid spectral 

assignment, were not carried out for Sc2(NO2-BDC)3, due to the large unit cell. 

However, disorder may be inferred from the similar 
45

Sc spectra to Sc2(NH2-

BDC)3 and broad 
13

C NMR lineshapes. 

 

Table 5.36: Calculated (using ChemDraw and Gaussian), iso
calc

, for the free 2-nitro terephthalic 

acid and experimental isotropic chemical shifts, iso
expt

, for the 2-nitro terephthalate linker of MIL-

100(Sc). 

 

2-nitro terephthalic acid 

 

Sc2(NO2-BDC)3 

 
 
 

ChemDraw Gaussian Experimental 

 iso
calc

 (ppm) iso
calc

 (ppm)  iso
expt

 (ppm) 

C1 148.8 154.67 C1 152.4 

C2 123.8 126.87 C2,6 125.7 

C3 136.3 133.88 C3 137.1 

C4 136.3 129.88 C4,5 132.6 

C5 131.1 134.92 C7 169.7 

C6 131.3 122.86 C8 167.5 

C7 163.6 165.41   

C8 164.0 163.63   

C O H 2 

C O H 2 

1 

2 

3 

4 

5 

6 

7 

8 

N O 2 
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Figure 5.43: Sc2(NO2-BDC)3 and NO2 locations determined by diffraction.
17

 On the left the 

structure is viewed down the channel (x) axis. On the right the columns of the linker types are 

shown, with symmetry related positions of NO2 groups. From diffraction only 1/2 of sites are 

occupied, and due to the closeness of their approach, the NO2 groups along a row of linker units 

are oriented in the same direction. ScO6 are represented by purple octahedra, C atoms by black 

spheres, O by red spheres and N by blue spheres. H atoms are omitted from the structure diagrams. 

 

5.4.2 Functionalised MIL-53(Sc) 

 

To aid understanding of the flexible nature of MIL-53(Sc), steric 

hindrance was introduced with the use of a bulky functional group, NO2, on the 

terephthalic linker.
18

 The 
45

Sc MAS NMR spectrum for the nitro-functionalised 

derivative of MIL-53(Sc) is shown in Figure 5.44. The features of the spectrum 

for MIL-53(Sc)-NO2 appear broadened compared with the unfunctionalised 

material, indicating the presence of disorder. This is likely to be due to variation 

in the location of the NO2 group on the linker. Figure 5.45 shows the structure of 

MIL-53(Sc)-NO2 and location of NO2 groups as determined by diffraction. XRD 

data indicates that there is one crystallographically-distinct carbon to which the 

NO2 group could be attached, with four symmetry positions (0.25 occupancy) on 

the terephthalic linker, and positional disorder. 
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Figure 5.44: 
45

Sc MAS NMR spectrum (14.1 T) of MIL-53(Sc)-NO2. The spectrum is the result of 

averaging 384 transients with a recycle interval of 1 s. The MAS rate was 60 kHz.  

 

 

Figure 5.45: MIL-53(Sc)-NO2 structure and NO2 locations, determined from XRD.
18

 ScO6 are 

represented by purple octahedra, C atoms by black spheres, O by red spheres and N by blue 

spheres. H atoms are omitted from the structure diagrams. 

 

13
C CP MAS spectra of MIL-53(Sc)-NO2 are shown in Figure 5.46. For 

MIL-53(Sc)-NO2, CP MAS spectra were recorded with a range of cross-

polarization contact times between 0.25 and 3 ms (as shown in Figure 5.46(b)) to 

distinguish aromatic CH and quaternary carbons. The spectrum for MIL-53(Sc) 

was assigned previously with two main groups of resonances observed, with 

aromatic carbons between 120 and 140 ppm and carboxylate carbons between 170 

and 180 ppm. As for the functionalised Sc2BDC3, the presence of the functional 

group lowers the symmetry of the linker and results in a more complex spectrum. 

Additionally, broader lines, as well as an increase in the number of resonances,  
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Figure 5.46: (a) 
13

C CP MAS NMR spectrum (9.4 T) of MIL-53(Sc)-NO2 MOFs. The spectrum is 

the result of averaging 6144 transients with a recycle interval of 3 s. Variable contact time spectra 

are shown (b) with 3 ms (red line), 1 ms (black line), 0.5 ms (blue line) and 0.25 ms (grey line). 

The MAS rate was 12.5 kHz. Solvent (DEF) peaks are indicated by †. 

 

indicate disorder in the exact position of substitution. In the 
13

C CP MAS NMR 

spectrum for MIL-53(Sc)-NO2 the resonance corresponding to C1, the carbon 

directly bonded to nitrogen, is shifted downfield (to 151.7 ppm), as observed 

previously for Sc2(NO2-BDC)3. This confirms that the linker is functionalised in 

the MOF. In the variable-time 
13

C CP MAS NMR spectra the resonance at 138 

ppm shows a slower build up rate than the resonance at 115 ppm, allowing the 

former to be assigned to a quaternary aromatic carbon and the latter a CH carbon. 

The overlapping resonances between these show a more complex build up pattern.  

To aid assignment, DFT calculations, using CASTEP, were carried out. 

NMR parameters were calculated for model structures of MIL-53(Sc)-NO2, 

geometry-optimised where the atomic coordinates were allowed to vary with a 

fixed unit cell. XRD indicates positional disorder so a number of different models 

with the NO2 groups located as in Figure 5.47 were used. For 
45

Sc both the 

calculated iso and CQ [Table 5.37] are smaller than calculated for the 

unfunctionalised structure. The average Sc-O bond lengths and average O-Sc-O 

bond angles for the geometry-optimised structures of MIL-53(Sc)-NO2 [Table 

4.38] are relatively similar to those of the MIL-53(Sc)-dried and MIL-53(Sc)-H2O 

structures. Other than the presence of the functional group, the main difference 

between the MIL-53(Sc) phases is the size of the framework channels. The size of 

the channel is associated with the Sc-O-C-C dihedral angle, with a larger angle an 

indication of a larger channel. The average Sc-O-C-C dihedral angles for the 

MIL-53(Sc)-NO2 models [Table 4.38] are larger, but with smaller deviation    
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between the four angles for each Sc site, than the MIL-53(Sc)-dried and MIL-

53(Sc)-H2O models. 
45

Sc spectra, simulated using SIMPSON,
40

 with the 

calculated NMR parameters and a MAS rate of 60 kHz, are shown in Figure 5.48, 

and are in good agreement with the experimental spectrum. Disorder of the NO2 

locations, combined with DEF solvent and water in the channels, may contribute 

to the broadening of the experimental lineshape. Alternatively, there may be 

multiple states of openness of the channels. The calculated 
13

C isotropic chemical 

shifts for the two models are given in Table 5.39 and ‘stick spectra’ shown in 

Figure 5.49. The calculated shifts are similar for the two models. The order of the 

calculated 
13

C isotropic chemical shifts is in agreement with the assignment for 

the experimental spectrum [Table 5.39].  

Figure 5.47: Structure of MIL-53(Sc)-NO2 used for CASTEP calculations, (a) model 1 and (b) 

model 2. NO2 groups along a row of linkers are orientated in the same direction. ScO6 are 

represented by purple octahedra, C atoms by black spheres, O by red spheres, N by blue spheres, 

and H by light pink spheres. 
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Table 5.37: Calculated (using CASTEP) 
45

Sc NMR parameters (isotropic chemical shielding, iso, 

isotropic chemical shift, iso
calc

, quadrupolar coupling, CQ, asymmetry, Q and quadrupolar 

product, PQ) for MIL-53(Sc)-NO2. 

MIL-53(Sc)-NO2  iso (ppm) iso
calc

 (ppm) CQ / MHz Q PQ / MHz 

Model 1      

Sc1 707.42 56.10 14.22 0.18 14.30 

Sc2 707.22 56.30 14.22 0.18 14.30 

Sc3 711.53 51.99 13.41 0.09 13.43 

Sc4 711.11 52.41 13.37 0.08 13.38 

Model 2      

Sc1 710.10 53.42 13.89 0.21 13.99 

Sc2 711.11 52.41 13.74 0.20 13.83 

Sc3 710.68 52.84 14.01 0.21 14.11 

Sc4 710.80 52.72 13.81 0.21 13.91 

 

Table 5.38: Average Sc-O bond lengths, <Sc-O>, O-Sc-O bond angles, <O-Sc-O>, and average 

Sc-O-C-C dihedral angles, <Sc-O-C-C>, for optimised structures of model 1 and model 2 of MIL-

53(Sc)-NO2, and the standard deviation (SD).  

 

<Sc-O> SD <O-Sc-O> SD <Sc-O-C-C> SD 

Model 1 

      Sc1 2.12 0.02 90.05, 175.45 2.42, 1.07 167.36 4.10 

Sc2 2.12 0.02 90.05, 175.40 2.44, 1.08 167.38 4.14 

Sc3 2.11 0.01 90.06, 174.65 2.99, 1.66 167.94 5.18 

Sc4 2.11 0.01 90.06, 174.63 3.00, 1.67 167.97 5.17 

       Model 2 

      Sc1 2.12 0.01 90.04, 175.53 2.59, 1.94 167.73 3.79 

Sc2 2.12 0.01 90.04, 175.53 2.59, 1.90 167.83 3.83 

Sc3 2.12 0.01 90.04, 175.54 2.57, 1.86 167.72 3.87 

Sc4 2.12 0.01 90.04, 175.43 2.64, 1.91 167.77 3.91 
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Figure 5.48: Simulated (using SIMPSON) 
45

Sc lineshape using NMR parameters from CASTEP 

calculations for (a) model 1 and (b) model 2 [Table 5.37]. Simulated with B0 = 14.1 T and MAS 

rate of 60 kHz. 

 



265 

 

   

 

Figure 5.49: 
13

C stick spectrum of calculated (using CASTEP) isotropic chemical shifts and 

corresponding structure, for (a) model 1 and (b) model 2 of MIL-53(Sc)-NO2. The dashed blue 

line indicates unit cell. Sc atoms are shown as pink spheres, C atoms as black spheres, O atoms as 

red spheres and H atoms as light pink spheres. 

 

Table 5.39: Calculated (using CASTEP), iso
calc

, and experimental, iso
expt

, 
13

C isotropic chemical 

shifts for 2-amino terephthalate linker of model structures of MIL-53(Sc)-NO2. 

100120140160180

iso
calc (ppm) 

100120140160180

iso
calc (ppm) 

MIL-

53(Sc)-

NO2 

CASTEP  Experimental 

 

Model 1

iso
calc

 

(ppm)* 

Model 2 

iso
calc

 

(ppm)* 

 iso
expt

 (ppm) 

C1 CN 159.0 158.9 C1 151.8 

C2 CH 129.7 129.3 C2 115.5 

C3 C 142.3 142.1 C3 137.8 

C4 CH 136.0 136.3 C4 128.4 

C5 CH 142.5 142.4 C5 132.3 

C6 C 131.6 131.6 C6 125.4 

C7 CO2 175.6 175.6 C7,8 175.6, 172.6, 

170.1 C8 CO2 175.1 174.8 

* Referenced to experimental carboxylate isotropic chemical shift (at 175.6 ppm). 

ref of 174.2 and 174.1 ppm for model 1 and model 2, respectively. 

C O H 2 

C O H 2 

1 

2 

3 

4 

5 

6 

7 

8 

N O 2 

(a) 

(b) 
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The above DFT investigation, varying the position of the functional group 

according to the positions identified by XRD, gave 
45

Sc NMR parameters in good 

agreement with the experimental spectrum, and consistent 
13

C isotropic chemical 

shifts. The energies of the geometry-optimised structures of models 1 and 2 of 

MIL-53(Sc)-NO2 are similar (−23770.62 and −23770.64 eV, respectively) which 

indicates that the respective positions of the nitro group are equally likely to be 

present. The combined solid-state NMR and DFT study support the findings from 

XRD analysis, with positional disorder of the NO2 group shown in Figure 5.45. 

To gain further understanding, future investigation by DFT would provide a more 

detailed picture of this structure. Further models of the functional group locations 

could be used to study disorder. Additionally, geometry-optimisation methods, 

including the use of dispersion schemes could be examined, which were seen 

previously in Section 5.3.2.1 to be important for MIL-53(Sc) phases. 

 

5.4.3 Summary of Functionalised MOFs 

 

The 
45

Sc spectra of the functionalised Sc2BDC3 and MIL-53(Sc) MOFs 

show broadened resonances likely to result from the distribution of the 

functionality on the aromatic ring of the linker. The 
13

C spectra for the NH2 and 

NO2 functionalised materials have been assigned, demonstrating that the 

functionalised terephthalates have been incorporated in the MOF structure. To 

gain further understanding, future investigation by DFT would provide a more 

detailed picture of these functionalised structures. Further models of the 

functional group locations could be used to study disorder. Additionally, 

geometry-optimisation methods, including the use of dispersion schemes could be 

examined. 

CASTEP was used to study models of Sc2(NH2-BDC)3 and MIL-53(Sc)-

NO2. The different 
45

Sc NMR parameters for different models indicate that 

disorder maybe present in the experimental spectra, and similar 
13

C isotropic 

shifts for all models indicate the multiple positions are viable. DFT investigations 

therefore support the positional disorder of the functional groups identified by 

XRD. 

 



267 

 

5.5 Conclusions 

 

The 
45

Sc MAS NMR spectra of the microporous materials studied in this 

chapter are strongly dependent on the Sc
3+

 coordination environment, giving 

distinct characteristic spectra for isolated octahedra, corner-sharing chains and 

trimers. The isolated ScO6 octahedra in Sc2BDC3 gave a relatively narrow 

lineshape. The corner sharing chains of ScO4(OH)2 octahedra in MIL-53(Sc) gave 

a broader lineshape (consistent with much higher CQ) with higher isotropic 

chemical shift. The 
45

Sc spectra for the trimeric materials are similar, each 

exhibiting an asymmetric lineshape at high chemical shift. The experimental 

NMR parameters for different building units are summarised in Figure 5.50. The 

13
C NMR spectra for a range of Sc MOFs have been assigned, in some cases 

providing information about the number of linker environments and therefore 

structure symmetry. Analysis of the 
13

C and 
45

Sc NMR spectra of the 

functionalised MOFs showed that Sc2(NH2-BDC)3, Sc2(NO2-BDC)3 and MIL-

53(Sc)-NO2 were successfully synthesised, with the linker incorporated intact.  

To geometry-optimise flexible framework structures, such as MIL-53(Sc), 

using CASTEP, a dispersion correction scheme such as G06 or TS, or a fixed unit 

cell, is required to prevent the structure from distorting. This is not required for a 

rigid framework such as Sc2BDC3, which retains its form with optimisation. For 

Sc2BDC3 there is little difference between the structures geometry-optimised with 

or without the use of dispersion schemes, and the corresponding calculated NMR 

parameters are similar. Optimisation where both the atomic coordinates and lattice 

parameters were allowed to vary, without the inclusion of dispersion forces, result 

in a structure that retains the characteristics of the structure observed 

experimentally by XRD. This suggests that dispersion forces are not important in 

maintaining the structure observed by XRD, and the Sc-linker network of the 

structure restricts movement and maintains the rigid framework. In contrast, this 

work shows that for the MIL-53(Sc) phases, where there is hinge-like motion 

about where the terephthalate linker coordinates to the metal cation and pivots 

about the carboxylate oxygen atoms, dispersion forces are significant. There is a 

stark difference for structures geometry-optimised with a fixed unit cell or 

dispersion schemes and that where both atomic coordinates and lattice parameters 
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were allowed to vary without the use of a dispersion scheme. The former 

geometry-optimisation methods provide good agreement with XRD and NMR 

data, and thus the NMR spectra support the structures determined by XRD. There 

is little difference between two dispersion schemes examined (G06 and TS). This 

work suggests that dispersion forces are important for MIL-53(Sc). 

The combined use of solid-state NMR and DFT to investigate scandium 

metal-organic frameworks has provided insight into these structures, particularly 

those with flexible frameworks. The range of scandium building units studied 

here has provided a set of NMR parameters with which to compare new scandium 

MOFs to aid interpretation and understanding.  

 

 

 

 

 

 
Figure 5.50: Plot of experimental 

45
Sc average isotropic chemical shifts, <iso>, versus average 

quadrupolar product, <PQ>, for a range of Sc carboxylate MOFs, including those containing chains 

of isolated ScO6, chains of corner-sharing ScO6 octahedra and trimer units (main component). 

These are denoted isolated ScO6, chains and trimers, respectively. 
45

Sc NMR parameters extracted 

from spectra recorded at 20.0 T.  
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Chapter 6  

An Investigation into the Substitution 

of Ti in CaAl12O19 (Hibonite or CA6) 

6.1 Introduction 

 

Hibonite (CaAl12O19) is found in calcium-aluminium inclusions (CAIs) 

within chondritic meterorites,
1 

and can incorporate significant amounts of 

elements such as Mg
2+

 and Si
4+

, and polyvalent elements such as Fe
2+

/Fe
3+ 

and 

Ti
3+

/Ti
4+

. The crystal chemistry of hibonite reflects the conditions of the early 

solar system, and hibonite has the potential to act as an oxybarometer to study the 

redox states of elements in meteorites and, therefore, the redox history of the solar 

nebula.
2 

The Ti
3+

/Ti
4+

 couple has been suggested as a suitable redox sensor,
3
 but a 

method for effectively and accurately determining the Ti
3+

/Ti
4+

 content requires 

standard materials for which the crystal chemistry of Ti is well understood. 

Hibonite has the magnetoplumbite structure (AM12O19, for example A = Ca, Sr, 

Ba or Pb, M = Al, Mg, Fe or Ti),
4
 which is displayed by a diverse set of oxide 

materials.
5
 However, the substitutional chemistry is complex, with no 

unambiguous description for the incorporation of Ti. It is thought that Ti
3+

 

substitutes for Al
3+

, whereas Ti
4+

 undergoes a coupled substitution with Mg
2+

 for 

two Al
3+

. 

Synthetic CaAl12O19 (CA6) has potential uses in tough ceramic 

composites,
6
 where suitable materials are required for high temperature 

application.
5,7

 The presence of the CA6 phase has a significant effect on the 

physical, thermal, and mechanical properties of composites.
8
 Recently, the use of 

synthetic hibonite doped with Co or Ni has been examined as a pigment (blue and 

turquoise colours, respectively) for glazes for ceramic products,
9-11

 as new 

ceramic pigments are desirable to reduce costs and develop new formulations.
11

  

A study combining neutron powder diffraction (NPD) with DFT was 

recently carried out on a set of eight synthetic Ti-bearing hibonites with the 

general formula Ca(Al, Ti, Mg)12O19.
2 

These included samples where Ti
3+

 and 
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Ti
4+

 were independently or jointly substituted. In this chapter, solid-state NMR, in 

combination with DFT calculations, was used to study these synthetic Ti-bearing 

hibonites and determine the substitution sites for Ti
3+

, Ti
4+

 and Mg
2+

. 
27

Al and 

25
Mg MAS NMR were used to probe the hibonite structure of the Ti-doped 

materials and gain insight into the substitution sites. The end member CaAl12O19 

was not available for experimental investigation, but NMR parameters are present 

in the literature. The insights into the crystal chemistry were compared to those 

obtained from NPD. 

Magnetoplumbite structures, such as CaAl12O19 and SrAl12O19, have been 

widely studied by X-ray diffraction (XRD),
4,12-16

 and more recently by high-

resolution 
27

Al NMR.
17-23

 Although the coordination geometry of different Al 

centres in hibonite is known from XRD, NPD and solid-state NMR have the 

potential to examine substitution sites. Whilst XRPD (X-ray powder diffraction) 

is able to differentiate between Al and Ti, it is difficult for the technique to 

distinguish precisely between Al and Mg. However, NPD is able to distinguish 

between Al and Mg, as well as Al and Ti. Additionally, NPD can provide 

confidence in the structural model as a result of the accurate fractional coordinates 

and atomic displacement parameters for the oxygen atoms. NPD experiments 

generally require larger volumes of sample than is needed for XRPD. 

Consequently, multiple samples of Ti-bearing hibonite were prepared under 

identical conditions and combined (after they were determined to be sufficiently 

similar by XRPD), to provide up to 5 g of Ti-bearing hibonite (as required for the 

beamline used). The solid-state NMR investigation of this work was initiated prior 

to the acquisition of NPD data, and provides an additional characterisation 

method. The former method is becoming increasingly important in solving 

structural problems of a range of inorganic materials and is a powerful tool for 

obtaining information on the local structure and coordination,
24 

rather than the 

long range spatially-averaged structure obtained by Bragg diffraction. Whilst all 

the nuclei present are candidates for NMR investigation (
43

Ca, 
27

Al, 
25

Mg, 
47,49

Ti, 

17
O), it is 

27
Al, 

25
Mg and 

47,49
Ti that are perhaps of most interest in examining the 

substitution sites, with 
27

Al the most amenable to study easily. The work utilizes 

27
Al and 

25
Mg MAS NMR spectroscopy to study a set of Ti-bearing hibonite 

samples. 
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6.2 The Hibonite, CaAl12O19, Structure 

 

CaAl12O19 has the space group P63/mmc (Z = 2) and lattice parameters of ~5.6 Å 

and 22.0 Å.
15

 The metal site numbering of hibonite used in this work is taken 

from Ref. 15, and other literature data have been renumbered in accordance with 

this. Figure 6.1 shows the hibonite structure and distribution of Al sites among the 

alternating S-block and R-block layers. Al(1), Al(3) and Al(5) are located in the 

S-block, whilst Al(4) and Al(2) are located in the R-block. The hibonite unit cell 

consists of stacked R- and S-blocks in the sequence RSR’S’ (where R’ and S’ are 

rotated 180° relative to the respective R- and S-blocks). The local coordination 

environment, AlOn (n = 4, 5, 6), of the Al sites is shown in Figure 6.2. Al(3) has a 

slightly distorted tetrahedral geometry, Al(1), Al(4) and Al(5) have octahedral 

geometry, with a range of small distortions, and Al(2) has trigonal bipyramidal 

geometry. Diffraction data suggest that the latter site, Al(2), occupies split 

positions above and below the centre of the polyhedron (each with equal 

occupancy). The ratio of the Al sites Al(1):Al(2):Al(3):Al(4):Al(5) within the unit 

cell is 1:1:2:2:6. Substitution sites from previous studies reported in the literature 

for elements, including Ti and Mg, in the hibonite structure, and structural 

analogues, are given in Table 6.1. 

There is a general admission in the literature that it is challenging to 

extract 
27

Al NMR parameters for the Al(2) site of hibonite-type materials, due to 

the difficulty in unambiguously deconvoluting the complex lineshapes observed 

in the spectra [Table 6.2]. It is possible that the weak signal associated with Al at 

this site may be obscured by AlO6 signals or hidden in the noise as a result of a 

large CQ (and consequently broader lineshape). Structurally, the Al(2) site can be 

considered with strictly pentacoordinate (central-atom model) or distorted 

tetrahedral (split-atom model) geometry, as is shown in Figure 6.3. It is also 

possible that disorder, in the split-atom model, could be dynamic or static in 

nature. SrAl12O19, a closely related material, has been the subject of a range of 

NMR studies as described in Table 6.1. In the most recent case it has been 

suggested that there may be a co-existence of configurations for the Sr analogue,
23

 

and it may be that neither the central-atom or split-atom model fully represent the 

correct structure. 
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 Figure 6.1: Crystal structure, polyhedral model (AlOn, n = 4, 5 and 6, shown as polyhedra with 

corner O atoms shown as red spheres) of hibonite with the numbering system of 

crystallographically-distinct Al sites as detailed in the text. Al(1) shown in blue, Al(2) in lilac, 

Al(3) in yellow, Al(4) in purple and Al(5) in green. 

 

 

Figure 6.2: Local coordination environment of aluminium sites, AlOn (n = 4, 5 and 6), in hibonite, 

shown as ball and stick models and polyhedra. The sites are tetrahedral Al(3), pentacoordinate 

Al(2), and distorted octahedral Al(1), Al(4) and Al(6). 
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Table 6.1: Substitution sites of elements in natural, synthetic and structural analogues of hibonite 

(taken from Ref. 2). 

 Hibonite 
Magneto-

plumbite 

, ”, 

alumina 
SrY12O19 BaY12O19 

Site Elements Refs. Elements Refs. Elements Refs. Elements Refs. Elements Refs. 

M1 Cr
3+

 25 
Al

3+
, 

Cr
3+

 

14, 

28 

Al
3+

, 

Ti
3+

 

29, 

30 

Cr
3+

, 

Ti
4+

 

31, 

32 

Fe
3+

, 

Ti
4+

 
33 

M2 

Fe
2+

, 

Fe
3+

, 

V
3+

, 

Ti
3+

, 

Ti
4+

 

14, 

16, 

25-

27 

Mn
4+

, 

Fe
3+

 

14, 

28 
Al

3+
 29 

Co
2+

, 

Ti
4+

, 

Ga
3+

 

31, 

32 

Fe
3+

, 

Co
2+

, 

Ti
4+

 

33 

M3 

Mg
2+

, 

Fe
2+

, 

Fe
3+

, 

Zn
2+

, 

Si
4+

 

14, 

16, 

25, 

27 

Mn
2+

, 

Zn
2+

, 

Fe
3+

, 

Fe
2+

, 

Mg
2+

 

14, 

28 

Al
3+

, 

Mg
2+

 
29 

Co
2+

, 

Ga
3+

 

31, 

32 

Fe
3+

, 

Co
2+

 
33 

M4 

Fe
2+

, 

Cr
3+

, 

Ti
4+

, 

Si
4+

 

14, 

16, 

25 

Fe
3+

, 

Mn
4+

, 

Sb5+ 

14, 

28 
Al

3+
 29 

Cr
3+

, 

Ti
4+

 

31, 

32 

Fe
3+

, 

Ti
4+

 
33 

M5 Cr
3+

 25 

Al
3+

, 

Mn
3+

, 

Cr
3+

, 

Fe
3+

, 

Ti
4+

 

14, 

28 

Al
3+

, 

Ti
3+

 

29, 

30 

Cr
3+

, 

Ti
4+

, 

Co
2+

 

31, 

32 

Fe
3+

, 

Co
2+

, 

Ti
4+

 

33 
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Table 6.2: Comparison of 
27

Al NMR parameters (isotropic chemical shift, iso, quadrupolar 

coupling, CQ, and asymmetry, Q), simulated (using SIMPSON) lineshapes, and interpretation for 

Al(2) site of hibonite-type materials from the literature. B0 is the applied magnetic field. 
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Figure 6.3: Central-atom and split-atom models for the coordination geometry of the five-

coordinate Al(2) site, AlO5, in hibonite. Al atoms shown as blue spheres and O atoms as red 

spheres. The site may be considered as trigonal bipyramidal with the Al in or near the centre, 

(central-atom and split-atom model, respectively), or as distorted tetrahedral with the Al displaced 

from the centre (split-atom model). 

 

The 
27

Al NMR parameters from Refs. 20 and 21 for all of the Al sites in 

hibonite are given in Table 6.3. The two sets of NMR parameters are similar for 

all Al sites, with the exception of Al(2), and can be used for comparison with the 

NMR data in this work to aid assignment. Given the ambiguity in the literature 

over the Al(2) NMR parameters, this will add a complication to the analysis of the 

Ti-bearing hibonite samples, where Al(2) is a potential site for substitution of Ti. 

 

 

 

Table 6.3: Comparison of 
27

Al NMR parameters (isotropic chemical shift, iso, quadrupolar 

coupling, CQ, and asymmetry, Q), from literature data, for all Al sites of hibonite, CaAl12O19. The 

NMR parameters for the debated Al(2) site are shown in bold. 

Al Site 

Gervais et al., 2001
20*

 Du and Stebbins, 2004
21

 

iso (ppm) CQ / MHz Q iso (ppm) CQ / MHz Q 

Al(1) 13.6 - - 16.26 0.15 - 

Al(2) 20.0 4.2 0.0 55.80 21.40 0.0 

Al(3) 65.7 3.2 0.0 68.10 3.10 0.0 

Al(4) 6.7 - - 9.92 1.60 - 

Al(5) 18.0 4.5 0.9 22.30 4.80 0.7 

*Renumbered for comparison. 
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6.2.1 First-Principles DFT Study of CaAl12O19 

 

First-principles DFT calculations using CASTEP
34

 were carried out to 

obtain NMR parameters for both the central-atom and split-atom models of the 

Al(2) site in hibonite. Two static structures were studied for the split-atom model, 

one with the two Al(2) sites in the unit cell displaced along the z-axis towards 

each other (denoted here as “Al(2) in”) and one with them displaced in the same 

direction (denoted here as “Al(2) up”). Initial structures obtained from the 

literature
4,13

 (XRD data) were geometry-optimised using CASTEP, with both the 

atomic coordinates and lattice parameters allowed to vary. A k-point spacing of 

0.04 Å
1

 and a cut-off energy of 50 Ry were used. Calculations were carried out 

using CASTEP version 5.0 on a cluster containing 136 AMD Opteron processing 

cores partly connected by Infinipath high speed interconnects. Typical calculation 

times were 5 to 35 hours for geometry-optimisations and 20 to 35 hours for NMR 

parameters, using 16 cores. The isotropic chemical shift, iso, is given by ref − 

iso, where iso is the isotropic shielding. A reference shielding, ref, of 554.85 

ppm was used for 
27

Al. For 
27

Al, the calculations provide the sign of CQ, which is 

reported in the relevant tables. However, the sign of CQ cannot be determined 

from the experimental data presented in this work, and therefore, only the 

magnitude of CQ is compared. 

The calculated 
27

Al NMR parameters for the models described above are 

given in Table 6.4. The plots in Figure 6.4 compare the results obtained with the 

literature values.
20,21

 In each case, CASTEP data support the characterisation of 

Al(2) with a large CQ of ~20 MHz as in Ref. 21. Additionally, Al(2) is a possible 

site for substitution, which would reduce the intensity of the corresponding peak 

in the NMR spectrum of the substituted hibonite samples. It is possible that the 

Gaussian like resonance (i.e., small CQ), attributed to AlO5 and required to obtain 

a good fit of the spectrum by Gervais et al.,
20

 is associated with a horn of the 

resonance attributed to Al(2) with a large CQ value identified later by Du and 

Stebbins.
21
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Figure 6.4: Plot showing experimental (Refs. 20 and 21) and calculated (using CASTEP) 

27
Al 

NMR parameters, (a) isotropic chemical shift, iso, (b) quadrupolar coupling, CQ, and (c) 

asymmetry, Q, for each of the Al sites in geometry-optimised structures of hibonite. 
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Table 6.4: Calculated (using CASTEP) 
27

Al NMR parameters (isotropic chemical shift, iso, 

quadrupolar coupling, CQ, and asymmetry, Q) for geometry-optimised structures, of split-atom 

and central-atom models for the Al(2) site of hibonite. The NMR parameters for the debated Al(2) 

site are shown in bold. 

 

Split-atom  

Al(2) in 

Split-atom 

Al(2) up 
Central-atom 

iso 

(ppm) 

CQ / 

MHz 
Q 

iso 

(ppm) 

CQ / 

MHz 
Q 

iso 

(ppm) 

CQ / 

MHz 
Q 

Al(1) 
16.75 0.68 0.00 

16.53 0.87 0.00 16.51 0.91 0.00 
16.22 1.15 0.00 

Al(2) 54.27 20.64 0.00 53.93 20.70 0.00 49.33 24.69 0.00 

Al(3) 
69.34 3.50 0.00 69.19 4.16 0.00 

67.89 2.91 0.00 
66.79 3.49 0.00 67.12 2.57 0.00 

Al(4) 
9.71 0.68 0.00 9.50 0.56 0.00 

10.91 0.65 0.00 
11.10 0.16 0.00 11.57 0.41 0.00 

Al(5) 
22.32 6.06 0.68 21.76 5.52 0.64 

22.50 5.48 0.28 
22.42 5.30 0.47 23.10 5.71 0.30 

 

The large CQ value observed for Al(2) in Ref. 21 was attributed to the 

presence of a distorted tetrahedral coordination environment. However, the 

central-atom model, with Al(2) positioned centrally in a trigonal bipyramid, also 

gives this large CQ value in the CASTEP calculations. The trigonal bipyramid 

coordination, whether in the split- or central-atom model, is retained after 

geometry-optimisation, as shown in Figure 6.5. Overall, the DFT results obtained 

for the split-atom model (either Al(2) positioning) give the best agreement with 

the experimental NMR parameters in Ref. 21. It has previously been found from 

structure refinement that the split-atom model gives a better fit
13

 to the diffraction 

data than the central-atom model. Du and Stebbins consider the split-atom Al(2) 

position to be a distorted tetrahedron, based on the large CQ and longitudinal 

strain.
21

 Generally, the Al(2) site can be considered trigonal bipyramidal, where 

the Al site is displaced above and below the centre of the trigonal bipyramid with 

50% occupancy. When considering a static model, with the Al in a fixed displaced 

position, Al(2) could be considered to have distorted tetrahedral geometry.  
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Figure 6.5: Al(2) geometry before and after geometry-optimisation of central-atom and split-atom 

Al(2) models of hibonite. For the split-atom models both of the partially-occupied sites from the 

unoptimised structure are shown for comparison, to show that flipping between the sites has not 

occurred and neither has the Al moved to a central position.  
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Figure 6.6: Simulated (using SIMPSON) 

27
Al spectra of CaAl12O19 and Al(1), Al(3), Al(4) and 

Al(5) components, using the NMR parameters obtained by Du and Stebbins [Table 6.3].
21 

The 

spectra were simulated using (a) B0 = 14.1 T and 23 kHz MAS rate and (b) B0 = 18.8 T and 18 

kHz MAS rate, the experimental conditions used in Ref. 21. 

 

6.2.2 Conclusion 

 

The NMR parameters determined by DFT for the Al sites in hibonite are 

more consistent with the experimental values reported in Ref. 21, and have, 
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therefore, been established as the more accurate values reported for the Al sites in 

hibonite. 
27

Al spectra were simulated, using SIMPSON,
35

 with these experimental 

NMR parameters and the magnetic field and MAS rate used in Ref. 21. These 

were 14.1 T with a MAS rate of 23 kHz and 18.8 T with a MAS rate of 18 kHz. 

The simulated spectra are shown in Figure 6.6 and are a good match to those 

given in Ref. 21. The simulated 1D spectra in Figure 6.6 show the spectral 

lineshape, the sum of the individual components, and the Al(1), Al(3), Al(4) and 

Al(5) components. In the simulated spectra, Al(3) and Al(4) are easily 

identifiable, Al(1) and Al(5) are overlapping, and Al(2) is not shown. However, in 

Figure 6.7 the simulated Al(2) component is shown, which due to its broad 

lineshape and low relative proportion of sites within the unit cell, has very low 

intensity in the spectrum. 

 

 

 

Figure 6.7: Simulated (using SIMPSON) 
27

Al spectra of CaAl12O19, including the Al(2) 

component, using the NMR parameters obtained by Du and Stebbins [Table 6.3].
21 

The spectrum
 

(a) was simulated using B0 = 14.1 T and 23 kHz MAS rate and spectrum (b) was simulated using 

B0 = 18.8 T and 18 kHz MAS rate.  
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6.3 Solid-State NMR of Substituted Hibonite 

6.3.1 Experimental Details 

 

Solid-state NMR spectra were acquired using a Bruker 600 Avance III 

spectrometer, equipped with a widebore 14.1 T magnet using Larmor frequencies 

of 156.41 MHz for 
27

Al and 36.75 MHz for 
25

Mg. Powdered samples were packed 

into conventional 4 mm ZrO2 rotors. MAS rates between 12.5 and 14 kHz were 

used. Conventional 
27

Al MAS NMR spectra were obtained using single-pulse 

experiments with a typical pulse length of 1.5 μs. High-resolution two-

dimensional 
27

Al MQMAS NMR experiments were recorded using an amplitude-

modulated triple-quantum z-filtered pulse sequence,
36

 or a triple-quantum split-t1 

shifted-echo pulse sequence.
37

 For the MQMAS spectra, the isotropic dimension 

is scaled and referenced according to the conventions in Ref. 38. Additional 

experiments were carried out using conventional 2.5 mm and 1.3 mm ZrO2 rotors, 

with 30 kHz and 60 kHz MAS rates, respectively. The chemical shifts were 

referenced to 1 M Al(NO3)3 (aq) for 
27

Al, using Al(acac)3 as a secondary solid-

state reference (−1.1 ppm (left horn), 14.1 T), and 11 M MgCl2 for 
25

Mg, using 

MgO as a secondary solid-state reference (26 ppm). The 
25

Mg MAS NMR spectra 

were recorded using a rotor-synchronised quadrupolar Carr-Purcell Meiboom-Gill 

(QCPMG) sequence with a two-step phase cycle.
39

 Echo spacings of 165.25 μs 

were used, giving a spikelet spacing of 6 kHz in the Fourier-transformed NMR 

spectrum. 
25

Mg QCPMG spectra were obtained for Hib-E and Hib-9, for which 30 

echoes were recorded.  

The synthetic Ti-bearing hibonite samples studied in this work are listed in 

Table 6.5 and were provided by the group of Dr Andrew J. Berry (Imperial 

College, London, and currently ANU, Canberra, Australia), as was the NPD 

analysis. Two of the substituted materials contain Ti
4+

, with Mg
2+

 to charge 

balance, two contain Ti
3+

, and the rest contain mixed substitution (Ti
4+

, Ti
3+

 and 

Mg
2+

). The samples were synthesised using CaCO3, Al2O3, TiO2 and MgO, at 

1404 ± 2 °C as described in Ref. 2. 
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Table 6.5: Synthetic Ti-bearing hibonite samples studied in this work. 

Sample name (Ti pfu, Ti
3+

/Ti)
*
 

Idealised formula  

Ca(Al, Mg, Ti)12O19 

Hib-E (1.0, 0) CaAl10MgTi
4+

O19 

Hib-9 (0.5, 0) CaAl11Mg0.5Ti
4+

0.5O19 

Hib-5D (0.5, 1.0) CaAl11.5Ti
3+

0.5O19 

Hib-F (0.25, 1.0) CaAl11.75Ti
3+

0.25O19 

Hib-T (1.5, 0.4) CaAl9.6Mg0.9Ti
4+

0.9Ti
3+

0.6O19 

Hib-J (0.88, 0.15) CaAl10.38Mg0.75Ti
4+

0.75Ti
3+

0.13O19 

Hib-8c (0.75, 0.33) CaAl10.75Mg0.5Ti
4+

0.5Ti
3+

0.25O19 

Hib-K (0.63, 0.60) CaAl11.13Mg0.25Ti
4+

0.25Ti
3+

0.38O19 

Hib-N (0.55, 0.13) CaAl10.97Mg0.48Ti
4+

0.48Ti
3+

0.07O19 

* pfu = per formula unit. 

 

6.3.2 Experimental Results and Discussion 

 

The aim of this work was to use solid-state NMR to attempt to identify the 

sites at which Ti and Mg substitute for Al in CaAl12O19. One challenge in the 

successful completion of this task has been previously discussed, i.e., the exact 

geometry, and NMR parameters, of Al(2). Another potential issue was the 

paramagnetic nature of samples containing Ti
3+

, as paramagnetic metal ions can 

complicate the acquisition and assignment of NMR spectra.
40,41

 Unpaired 

electrons in the material can affect atoms not directly associated with the unpaired 

electron, providing additional broadening and shifts in the NMR spectra. The 

anisotropic broadening contribution cannot easily be removed by MAS due to its 

typically large magnitude. However, in practice, due to the low concentration of 

Ti
3+

 present in the samples, it is hoped this will not have a significant effect on the 

spectra.  

 The 
27

Al MAS spectra for each of the samples, shown in Figure 6.8, 

contain two sets of peaks, one in the region corresponding to AlO4 species, Al(3), 

( between 50 and 80 ppm) and one in the AlO6 region (between 10 and 15 

ppm),
42

 as expected from the range of coordination in the crystal structure. A 
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resonance corresponding to a site with a large CQ as predicted for Al(2), is not 

observed in these spectra, which may be due to the low field strength or the 

absence of Al at this site due to substitution. In the hibonite end member the Al(2) 

site only accounts for 8.3% of the Al sites, which would decrease with 

substitution, resulting in a decrease in intensity of the corresponding resonance. In 

the tetrahedral region, shown expanded in Figure 6.9, a change in shift is observed 

between the samples, and in some cases additional resonances are also present at 

higher frequency. The 1D MAS spectra of show a characteristic ‘tail’ for Al(3) to 

low frequency, corresponding to a distribution of NMR parameters as a result of 

disorder. The octahedral region, shown expanded in Figure 6.10, exhibits 

overlapping resonances with variation in their relative intensities. The resonances 

also show a characteristic ‘tail’ to low frequency, corresponding to a distribution 

of NMR parameters resulting from disorder. The tails are more pronounced for the 

more highly substituted samples. 
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Figure 6.8: 
27

Al MAS NMR spectra of Ti-bearing hibonite materials (14.1 T), (a) Hib-E, (b) Hib-

9, (c) Hib-5D, (d) Hib-F, (e) Hib-T, (f) Hib-J, (g) Hib-8c, (h) Hib-K, and (i) Hib-N, with (a-i) as 

defined in Table 6.5. The spectra are the result of averaging 32 transients with a recycle interval of 

(a-g, i) 5 s and (h) 1 s. The MAS rate was 14 kHz. 
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Figure 6.9: Expanded tetrahedral region (corresponding to Al(3)) of the 
27

Al MAS NMR spectra 

shown in Figure 6.8, of Ti-bearing hibonite materials (14.1 T), (a) Hib-E, (b) Hib-9, (c) Hib-5D, 

(d) Hib-F, (e) Hib-T, (f) Hib-J, (g) Hib-8c, (h) Hib-K, and (i) Hib-N, with (a-i) as defined in Table 

6.5. The minor resonance at around 80 ppm in some of the spectra may correspond to CaAl2O4 

(CA).
43 
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Figure 6.10: Expanded octahedral region (corresponding to Al(1), Al(4) and Al(5)) of 
27

Al MAS 

NMR spectra shown in Figure 6.8, of Ti-bearing hibonite materials (14.1 T), (a) Hib-E, (b) Hib-9, 

(c) Hib-5D, (d) Hib-F, (e) Hib-T, (f) Hib-J, (g) Hib-8c, (h) Hib-K, and (i) Hib-N. The low intensity 

peak at 20 ppm is a spinning sideband, indicated by *. Also shown, as red dashed lines, are the 

line positions (isotropic chemical shift and contribution from quadrupolar shift) for Al(1), Al(4) 

and Al(5) of the hibonite end member, determined from the NMR parameters in Ref. 21. 
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To resolve the overlapping sites present in the octahedral region of the 1D 

MAS spectra, 
27

Al MQMAS spectra were obtained. The (sheared) z-filtered 

MQMAS spectra are shown in Figure 6.11, and again, the two regions 

corresponding to tetrahedral, AlO4, and octahedral, AlO6, sites can be seen, with 

some previously overlapped resonances now resolved. The resonances in the 

MQMAS spectra appear broadened along a range of different directions, 

particularly for the samples with a higher proportion of substituents. This 

indicates a distribution of NMR parameters, which is likely to arise due to the 

presence of the substituted elements, Ti and Mg. The distribution of Ti and Mg 

throughout the structure may be disordered, so a particular Al site may or may not 

have neighbouring substituted elements. Average isotropic chemical shift and 

average quadrupolar product were obtained from the centre of gravity of the 

resonances [Table 6.6]. The site corresponding to Al(2) is not observed. The 

isotropic projections of the tetrahedral, AlO4, and octahedral, AlO6, regions of the 

MQMAS spectra are shown in Figures 6.12 and 6.13, respectively.  
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Figure 6.11: 
27

Al sheared z-filtered triple-quantum MQMAS spectra (14.1 T) for Ti-bearing 

hibonite samples, (a) Hib-E, (b) Hib-9, (c) Hib-5D, (d) Hib-F, (e) Hib-T, (f) Hib-J, (g) Hib-8c, (h) 

Hib-K, and (i) Hib-N, with (a-i) as defined in Table 6.5, with expansion of four- and six-

coordinate regions. Spectra are typically the result of averaging 48 transients for each of between 

245 and 370 increments of 12.5 μs, with a recycle interval of 5 s. The MAS rate was 14 kHz, with 

* indicating spinning sidebands. 
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Figure 6.12: 
27

Al isotropic projections of the tetrahedral region (corresponding to signals from 

Al(3)) of the MQMAS spectra shown in Figure 6.11 of Ti-bearing hibonite materials (14.1 T), (a) 

Hib-E, (b) Hib-9, (c) Hib-5D, (d) Hib-F, (e) Hib-T, (f) Hib-J, (g) Hib-8c, (h) Hib-K, and (i) Hib-N, 

with (a-i) as defined in Table 6.5.  
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Figure 6.13: 
27

Al isotropic projections of the octahedral region corresponding to Al(1), Al(4) and 

Al(5) of the MQMAS spectra shown in Figure 6.11 of Ti-bearing hibonite materials (14.1 T), (a) 

Hib-E, (b) Hib-9, (c) Hib-5D, (d) Hib-F, (e) Hib-T, (f) Hib-J, (g) Hib-8c, (h) Hib-K, and (i) Hib-N, 

with (a-i) as defined in Table 6.5. Also shown, as dashed red lines, are the 1 positions, isotropic 

dimension of a sheared MQMAS spectrum, for Al(1), Al(4) and Al(5) of the hibonite end member, 

determined from the NMR parameters in Ref. 21. 
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Table 6.6: 
27

Al NMR parameters (average isotropic chemical shift, <iso>, and average 

quadrupolar product, <PQ>) obtained from the MQMAS spectra of Ti-bearing hibonite materials in 

Figures 6.11 to 6.13. Also shown is the assignment of either the Al site, Al(1, 3, 4 or 5), or Al 

coordination, Al(IV) or Al(VI), depending on resolution of the MQMAS spectrum, as explained in 

the text.  

Sample <iso> (ppm) <PQ> / MHz Assignment 

Hib-E 

71.1 (20) 

11.6 (20) 

18.3 (20) 

2.9 (4) 

3.2 (4) 

4.0 (4) 

Al(3) 

Al(4) 

Al(VI) 

Hib-9 

69.8 (20) 

10.1 (20) 

19.9 (20) 

2.9 (4) 

2.2 (4) 

4.7 (4) 

Al(3) 

Al(4) 

Al(VI) 

Hib-5D 

68.3 (20) 

80.8 (20) 

9.9 (20) 

16.1 (20) 

21.4 (20) 

2.7 (4) 

3.2 (4) 

1.6 (4) 

1.1 (4) 

5.6 (4) 

Al(3) 

Al(IV) 

Al(4) 

Al(1) 

Al(5) 

Hib-F 

68.3 (20) 

75.9 (20) 

81.0 (20) 

9.8 (20) 

16.1 (20) 

21.5 (20) 

2.7 (4) 

2.8 (4) 

3.4 (4) 

1.4 (4) 

0.7 (4) 

5.6 (4) 

Al(3) 

Al(IV) 

Al(IV) 

Al(4) 

Al(1) 

Al(5) 

Hib-T 
71.1 (20) 

18.1 (20) 

3.1 (4) 

4.2 (4) 

Al(3) 

Al(VI) 

Hib-J 

70.4 (20) 

11.1 (20) 

19.1 (20) 

2.9 (4) 

2.7 (4) 

4.2 (4) 

Al(3) 

Al(4) 

Al(VI) 

Hib-8c 

70.0 (20) 

10.9 (20) 

19.7 (20) 

3.1 (4) 

2.6 (4) 

4.5 (4) 

Al(3) 

Al(4) 

Al(VI) 

Hib-K 
68.8 (20) 

10.4 (20) 

3.1 (4) 

2.1 (4) 

Al(3) 

Al(4) 
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16.2 (20) 

20.6 (20) 

1.2 (4) 

5.1 (4) 

Al(1) 

Al(5) 

Hib-N 

69.8 (20) 

10.4 (20) 

20.0 (20) 

3.1 (4) 

2.3 (4) 

4.8 (4) 

Al(3) 

Al(4) 

Al(VI) 

 

Spectral assignment was carried out by comparing the experimental 
27

Al 

MAS and MQMAS spectra and extracted NMR parameters for the Ti-bearing 

hibonite samples to those reported in Ref. 21 for the hibonite end member. The 

assignment excludes Al(2), which is not considered observable, and therefore, the 

resonances present correspond to the octahedral sites Al(1), Al(4) and Al(5), in 

the range 0 to 25 ppm, and the tetrahedral site Al(3), in the range 60 to 80 ppm. 

The resonances corresponding to the tetrahedral site are well separated from those 

of the octahedral sites, and can therefore be unambiguously assigned to Al(3). The 

resonances in the octahedral region of the MAS spectra are overlapping and are 

resolved for some of the samples in the MQMAS spectra. This enables NMR 

parameters (average values only due to broadening present in the spectra) to be 

extracted, and these can then be compared with the literature for assignment of 

specific sites, i.e., Al(1), Al(4) and Al(5). For other samples, the sites are only 

partially resolved, which allows average NMR parameters to be extracted and 

assigned to some specific sites, typically Al(4), while the remaining resonances 

can only be assigned to the type of Al coordination, i.e., Al(VI), typically Al(1) 

and Al(5). To aid comparison to the literature and assignment, the line positions 

of the octahedral resonances, Al(1), Al(4) and Al(5), for the hibonite end member 

are indicated by dashed lines in Figures 6.10 and 6.13. For the MAS spectra the 

line positions shown are a sum of the isotropic chemical shift and the contribution 

from the quadrupolar shift. For the isotropic projections, the line positions shown 

are the 1 positions for the isotropic dimension of a sheared/split-t1 MQMAS 

spectrum. These were calculated for the hibonite end member from the NMR 

parameters given in Ref. 21. 

 For the Ti
4+

 end members, Hib-E and Hib-9, the 1D 
27

Al MAS spectra 

have similar Al(3) resonances, and the resonances corresponding to the octahedral 

sites are overlapping in each case, with the same range, but differing slightly in 
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appearance [Figure 6.8(a and b)]. The features observed in the 1D MAS spectrum 

of Hib-9 are lost in the spectrum of the sample with greater substitution, Hib-E. 

The 
27

Al MQMAS spectra are also similar for Hib-E and Hib-9 [Figure 6.11(a and 

b)], with the resonances partially resolved. The MQMAS spectra show one Al(3) 

resonance, and the Al(4) resonance separated from the overlapping Al(1) and 

Al(5) resonances. The Al(3) resonances for Hib-E and Hib-9 (at iso = 71.1 and 

69.8 ppm, respectively) are shifted downfield in position relative to Hib-5D, Hib-

F and the hibonite end member (iso = 68.1 ppm).
21

 The Al(4) resonance is readily 

identifiable in the 1D MAS and isotropic projection for Hib-9, and is identifiable 

in the isotropic dimension for Hib-E. The average isotropic chemical shifts, 10.1 

and 11.6 ppm, respectively, are shifted downfield compared to the hibonite end 

member (iso = 9.9 ppm).
21

 For Hib-E and Hib-9, the Al(4) resonance appears to 

decrease in intensity as the substitution increases, which suggests that Al(4) is a 

substitution site for Ti
4+ 

[Figure 6.14(a)]. 

For the Ti
3+

 end members, Hib-5D and Hib-F, the MAS and MQMAS 

spectra are similar to each other in appearance. These samples contain small 

amounts of Ti
3+

 substitution (Ti/Al ≤ 0.04, [Table 6.5]), and there is no significant 

‘tail’ seen on the resonances in the MAS spectra [Figure 6.8(c and d)]. In the 

octahedral region of the MAS spectra [Figure 6.10(c and d)], the resonances are 

overlapping, with some sharp distinct features observed. The MAS spectra are 

similar to that for the hibonite end member recorded at 14.1 T in Ref. 21. In the 

AlO4 region [Figure 6.9(c and d)], additional low intensity resonances can be seen 

(iso = 80.8 ppm for Hib-5D, and 75.9 and 81.0 ppm for Hib-F). These may be due 

to Al(3) with different neighbouring cations (Al, Ti), or impurity phases.
2,43

 The 

resonances in the octahedral region are well resolved in the MQMAS spectrum 

[Figure 6.11(c and d)], which means that NMR parameters could be extracted for 

specific sites, i.e., Al(1), Al(4) and Al(5). Al(4) is readily identifiable in the 1D 

MAS spectra and isotropic projections of the MQMAS spectrum, and Al(1) and 

Al(5) are identifiable in the isotropic projections. The main resonances 

corresponding to tetrahedral Al, i.e., Al(3), have average isotropic chemical shifts 

for Hib-5D and Hib-F (both at 68.3 ppm) that are similar to that for the hibonite 

end member (68.1 ppm).
21

 The average isotropic chemical shifts for the 

resonances corresponding to Al(4) are at 9.9 and 9.8 ppm for Hib-5D and Hib-F,  
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Figure 6.14: 
27

Al isotropic projections from the MQMAS spectra shown in Figure 6.11 for (a) 

Hib-E (light blue) and Hib-9 (dark blue), (b) Hib-5D (light green) and Hib-F (dark green), (c) Hib-

T (orange), Hib-J (pink), Hib-8c (red), Hib-K (brown) and Hib-N (black). Spectra are labelled (Ti 

pfu, Ti
3+

/Ti).

 

respectively, which are similar to the hibonite end member (9.9 ppm).
21

 The 

intensity of the peak, in the isotropic projection [Figure 6.13(c and d)], 



302 

 

corresponding to Al(4) appears to be lower for Hib-5D than Hib-F, whereas the 

other peaks have similar intensity [Figure 6.14(b)]. The decrease in intensity with 

increased substitution suggests that Al(4) is a substitution site for Ti
3+

.  

The NMR spectra of the Ti
4+/3+

 mixed substituted samples, Hib-T, Hib-J, 

Hib-8c, Hib-K and Hib-N [Table 6.5], again exhibit distinct spectral regions for 

tetrahedral and octahedral sites. In the tetrahedral region of the 1D MAS spectra 

[Figure 6.9(e to i)], a low intensity peak to the left of the main peak (with iso = ~ 

70 ppm) is seen for Hib-J, Hib-8c, Hib-K and Hib-N, and is most intense for Hib-

T. The average isotropic chemical shift for the main Al(3) peak for Hib-K (at 68.8 

ppm), the sample with the lowest quantity of mixed substitution (Ti
3+

, Ti
4+

 and 

Mg
2+

), is similar to those of Hib-5D and Hib-F (68.3 ppm). The Al(3) average 

isotropic chemical shifts for Hib-8c, Hib-J and Hib-N (70.0, 70.4 and 69.8 ppm, 

respectively) are similar to those of Hib-E and Hib-9 (71.1 and 69.8 ppm). In the 

1D MAS spectra, the octahedral resonances are overlapping, although features for 

Al(4), and maybe Al(1), can be seen except for Hib-T, which exhibits a broadened 

resonance with characteristic ‘tail’ [Figure 6.15], and Al(4) can no longer be 

identified unambiguously. In the MQMAS spectra of Hib-J, Hib-8, Hib-K and 

Hib-N, the octahedral resonances are partially resolved, permitting the extraction 

of NMR parameters, for some specific sites, typically Al(4). The MQMAS 

spectrum for Hib-T exhibits a broadened resonance in the octahedral region and a 

distinct resonance for Al(4) is no longer seen. In the isotropic projections a peak 

corresponding to Al(4) is identifiable for all samples except Hib-T. The Al(4) 

peak appears to decrease in intensity as the amount of substitution increases 

[Figure 6.14(c)], and appears to disappear for Hib-T, where the amount of Ti
4+/3+

 

substitution is close to the proportion of Al(4) sites. This suggests that Al(4) is a 

substitution site for both Ti
3+

 and Ti
4+

.  

 



303 

 

 

Figure 6.15: 
27

Al MAS NMR spectra of (a) Hib-T, (b) Hib-8c and (c) Hib-N (taken from Figure 

6.10). The spectrum for Hib-T has a broadened resonance with a characteristic ‘tail’ to low 

frequency. 

 

The MAS spectra in Figure 6.8 were acquired with a MAS rate of 14 kHz, 

which, whilst unlikely to enable observation of a resonance associated with a large 

CQ for Al(2) as demonstrated in Figure 6.16, allowed collection of a consistent set 

of results for all samples at a stable MAS rate. Figure 6.16 shows simulated, using 

SIMPSON,
35

 
27

Al spectra for the hibonite end member, using the NMR 

parameters from Ref. 21, as in Figures 6.6 and 6.7, but at the MAS rates used in 

this study, which may allow the observation of a resonance corresponding to 

Al(2). For Hib-E and Hib-9, the Ti
4+

 end members, additional 
27

Al MAS spectra 
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were recorded with faster MAS rates (30 kHz and 60 kHz), both with 

conventional and spin-echo experiments. The experimental spectra are shown in 

Figures 6.17 and 6.18 for Hib-E and Hib-9, respectively. In all cases, a resonance 

with a large CQ, corresponding to Al(2) was not seen. It may be that one 

singularity of the lineshape is overlapped with the AlO6 resonances. The other 

may be obscured by either the spinning sidebands at low MAS rates, or the AlO6 

‘tail’ at all MAS rates. Additional 
27

Al MQMAS spectra were also acquired using 

a split-t1 shifted-echo MQMAS pulse sequence with a 14 kHz MAS rate, shown in 

Figures 6.19 and 6.20, and using a z-filtered MQMAS pulse sequence with a 30 

kHz MAS rate, shown in Figures 6.21 and 6.22. Again, a resonance with a large 

CQ was not observed. The Hib-E 
27

Al spectra acquired with different MAS rates 

and pulse sequences give similar relative proportions of Al(IV) and Al(VI), as do 

the Hib-9 
27

Al spectra. Particularly for Hib-9, these are close to that expected for 

Mg substituting onto the tetrahedral site (Al(3)) and Ti onto an octahedral site 

(such as Al(4)). Using this assumption, the relative proportions of Al(IV) and 

Al(VI) in Hib-9, from the idealised formula, are 15:85. From the experimental 

spectra for Hib-9, the relative proportions are typically 16:84, in good agreement 

with the predictions. 
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Figure 6.16: Simulated (using SIMPSON) 
27

Al spectral lineshapes of CaAl12O19 (a, b and c), with 

the corresponding Al(2) component in (d, e and f), using the NMR parameters obtained by Du and 

Stebbins [Table 6.2].
21 

Lineshapes simulated using B0 = 14.1 T with MAS rates of (a, d) 14 kHz 

(b, e) 30 kHz and (c, f) 60 kHz. 
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Figure 6.17: 
27

Al MAS spectra (14.1 T) of Hib-E. (a, c) were recorded using a spin-echo 

experiment, (b, d) using a one-pulse experiment. The spectra are the result of average (a, b, c) 256 

and (d) 32 transients with a recycle interval of 5 s. MAS rates of (a, b) 60 kHz and (c, d) 30 kHz. 

 

 

Figure 6.18: 
27

Al MAS spectra (14.1 T) of Hib-9. (a, c) were recorded using a spin-echo 

experiment, (b, d) using a one-pulse experiment. The spectra are the result of average (a) 192, (b, 

c) 256 and (d) 32 transients with a recycle interval of (a, b) 2 and (c, d) 5 s. MAS rates of (a, b) 60 

kHz and (c ,d) 30 kHz. 
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Figure 6.19: 
27

Al split-t1 MQMAS spectra (14.1 T) for Ti-bearing hibonite samples, (a) Hib-E and 

(b) Hib-9, with expansion of four- and six-coordinate regions. Spectra are the result of averaging 

96 transients for each of (a) 202 and (b) 135 increments of 50 μs, with a recycle interval of 5 s. 

The MAS rate was 14 kHz. 

 

 

Figure 6.20: 
27

Al isotropic projections of (a) the tetrahedral region corresponding to Al(3) and (b) 

the octahedral region corresponding to Al(1), Al(4) and Al(5), of the MQMAS spectra (14.1 T) 

shown in Figure 6.19 of Ti-bearing hibonite materials, Hib-E and Hib-9. Also shown in (b), as 

dashed red lines, are the 1 positions, isotropic dimension of a sheared MQMAS spectrum, for 

Al(1), Al(4) and Al(5) of the hibonite end member, determined from the NMR parameters in Ref. 

21. 
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Figure 6.21: 
27

Al sheared z-filtered triple-quantum MQMAS spectra (14.1 T) for Ti-bearing 

hibonite samples, (a) Hib-E and (b) Hib-9, with expansion of four- and six-coordinate regions. 

Spectra are typically the result of averaging (a) 72 and (b) 96 transients for each of (a) 466 and (b) 

176 increments of 11.11 μs, with a recycle interval of 5 s. The MAS rate was 30 kHz. 

 

 

Figure 6.22: 
27

Al isotropic projections of (a) the tetrahedral region corresponding to Al(3) and (b) 

the octahedral region corresponding to Al(1, 4 and 5), of the MQMAS spectra (14.1 T) shown in 

Figure 6.21 of Ti-bearing hibonite materials, Hib-E and Hib-9. Also shown in (b), as dashed red 

lines, are the 1 positions, isotropic dimension of a split-t1 MQMAS spectrum, for Al(1), Al(4) and 

Al(5) of the hibonite end member, determined from the NMR parameters in Ref. 21. 

 

 

 



309 

 

 

 

Figure 6.23: Plots showing isotropic chemical shift (iso) of resonances corresponding to the Al(3) 

site in Ti-bearing hibonite samples against (a) total Ti content (Ti pfu), (b) Ti
4+

 content (Ti
4+

 pfu), 

(c) Ti
3+

 content (Ti
3+

 pfu) and (d) and the fraction of Ti content that is Ti
3+

 (Ti
3+

/Ti).  

 

Some general trends in the NMR parameters, specifically in the average 

isotropic chemical shift, can be seen as a function of the quantity of substitution 

[Figures 6.23 and 6.24]. For Al(3) the isotropic chemical shift increases as the 

substitution of Ti (Ti pfu) increases, as shown in Figure 6.23(a). This trend is also 

seen as a function of the Ti
4+

 pfu [Figure 6.23(b)], but a good correlation is not 

observed as a function of Ti
3+

 pfu [Figure 6.23(c)]. The isotropic chemical shift 

for the Al(4) sites generally increases as the substitution of Ti increases [Table 

6.6], as shown in Figure 6.24(a). Again, this trend is also seen as a function of the 

Ti
4+

 pfu [Figure 6.24(b)]. These trends may be a reflection of where and how the 

Ti
3+/4+

 and Mg, substitute, i.e., the site and whether there is a preference for the  
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Figure 6.24: Plots showing isotropic chemical shift (iso) of resonances corresponding to the Al(4) 

site in Ti-bearing hibonite samples against (a) total Ti content (Ti pfu), (b) Ti
4+

 content (Ti
4+

 pfu), 

(c) Ti
3+

 content (Ti
3+

 pfu) and (d) and the fraction of Ti content that is Ti
3+

 (Ti
3+

/Ti). 

 

Ti
3+/4+

 to cluster. The isotropic projections from the sheared MQMAS spectra in 

Figure 6.13 shows the resonance corresponding to Al(4), at 1 = ~6.5 ppm, is 

typically separated from the remaining Al(VI) resonances. The intensity of the 

Al(4) resonance appears to decrease in intensity, relative to the other Al(VI) 

resonances, as the substitution increases [Figure 6.14]. This is observed for the 

Ti
4+

, Ti
3+

 and Ti
3+/4+

 samples, indicating that Al(4) is probably a substitution site 

for both Ti
3+

 and Ti
4+

.  

To investigate any site preference for Mg substitution, 
25

Mg QCPMG 

MAS spectra were obtained for the two Ti
4+

 end members, Hib-E and Hib-9. The 

25
Mg QCPMG spectra in Figure 6.25 have asymmetric lineshapes, indicating 
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disorder, owing to the cation substitution in the local environment. The magnitude 

of the predicted quadrupolar coupling, CQ, can be estimated from the 

corresponding Al site using [(Q
25Mg

/Q
27Al

)CQ
27Al

] = CQ
25Mg

, assuming no atomic 

rearrangement upon substitution. The quadrupole moment, Q, for 
25

Mg is 19.94 

fm
2
 and for 

27
Al it is 14.66 fm

2
. For substitution onto the tetrahedral site, as 

suggested by diffraction data, this amounts to 4.22 MHz for 
25

Mg (using a CQ of 

3.1 MHz for Al(3) in for CaAl12O19).
21

 The M3 site is the substitution site 

typically observed for Mg
2+

 in hibonite (natural and synthetic) and structural 

analogues [Table 6.3]. The 
25

Mg CQ (based on the CQ of 
27

Al) gives an indication 

of the breadth of the lineshape, but the asymmetry of the lineshapes indicates that 

smaller CQ values are also likely. The width of the lineshapes in Figure 6.25 are 

consistent with Mg occupying the tetrahedral Al(3) site, as is the position (iso of 

52 ppm for MgAl2O4 and 49 ppm for Ca2MgSi2O7 (akermanite), which contain 

AlO4).
44

 If the Mg substituted onto an octahedral site an isotropic chemical shift at 

lower frequency would be expected (iso of 26 ppm for MgO and 8 ppm for 

CaMgSi2O6 (diopside), which contain AlO6).
44
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Figure 6.25: 
25

Mg (natural abundance) QCPMG MAS spectra (14.1 T) for (a) Hib-E and (b) Hib-

9. Spectra are the result of averaging (a) 143360 transients and (b) 69400 transients, both with a 

recycle interval of 1 s. The MAS rate for both was 12.5 kHz. Also shown is a simulated 
25

Mg 

lineshape (c) with iso = 65 ppm, CQ = 4.22 MHz and Q = 0.  
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 For the Mg-containing samples the Al(3) site may be occupied by Al or 

Mg, and a S-block layer may contain Al and/or Mg, and therefore the Al(3) may 

have different next nearest M(3) elements, as these sites could be occupied by Al 

or Mg. For the samples not containing Mg, i.e., the Ti
3+

 end members, the S-block 

should only contain Al. Therefore, different Al(3), Al(1) and Al(5) environments 

would be due to the Ti substitution in the R-block, containing Al(2) and Al(4). 

The Al(4) site is a distorted octahedron, located in the R-block of the hibonite 

structure, and adjacent Al(4) octahedra are face-sharing. If the Ti substitutes onto 

the Al(4) site then possible pairs of adjacent M4 octahedra are Al/Al, Al/Ti and 

Ti/Ti. The possible variations in environment of the different Al sites, 

accompanied with the differing quantities of substitution, is consistent with the 

‘tails’ observed in the 1D 
27

Al MAS spectra [to lower frequency of the main 

peaks, Figures 6.8 to 10] and broadening in the MQMAS spectra [Figure 6.11].  

A study of these synthetic Ti-bearing hibonite materials was recently 

carried out using NPD.
2
 The substitution site, determined using this method, for 

Mg is Al(3). In Hib-F and Hib-5D, Ti
3+

 was determined to substitute for Al(4), 

and in Hib-9 and Hib-E, Ti
4+

 substitutes mainly for Al(4), but also Al(2). For the 

mixed Ti
4+

/Ti
3+

 samples it was determined that the Ti mostly substitutes for Al(4), 

but also for Al(2). These substitution sites have also been observed for a natural 

mixed substituent hibonite in Ref. 16. A comparison of the expected relative 

intensities of four-coordinate and six-coordinate Al from NPD with that obtained 

from experimental NMR spectra is shown in Figure 6.26. Relative proportions of 

Al coordination rather than specific sites are compared owing to the resolution of 

the NMR spectra, where it was not possible to fit the spectra to extract relative 

intensities for each resonance, and therefore each site. NPD data was not available 

for Hib-N, so relative intensities were predicted using the idealised formula, with 

Ti assumed to substitute onto Al(4) and Mg to Al(3). The relative proportion of 

tetrahedral, Al(3), to octahedral, Al(1, 4 and 5), resonances were obtained from 

integration of experimental spectra using the analytical fitting procedure 

implemented in Topspin. The comparison of the relative intensities of four- and 

six-coordinate Al sites from the NMR spectra assumes quantitative excitation 

during the experiment; however different quadrupolar parameters are reported for 

the Al sites. In Ref. 21 the (integrated) spectral intensities for CaAl12O19 were 
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adjusted using a correction factor based on the quadrupolar parameters and 

experimental conditions. The relative proportion of the tetrahedral and octahedral 

sites from the uncorrected values differ by ±3% from the corrected and idealised 

values, and a therefore a correction factor was not applied in this work. There is 

good agreement for the samples with the lowest levels of substitution, but there is 

an increased discrepancy between NPD and NMR as the amount of substitution 

increases. Hib-T and Hib-J show the greatest difference between experimental and 

predicted intensities and these two have the highest levels of mixed Ti 

substitution. There are a number of explanations for the discrepancy, arising from 

both the analyses of the NPD and NMR data. The Hib-T sample contains the 

highest substitution of Ti
3+

. This could have an effect on the relative proportions 

observed in the NMR spectra if Al near to Ti
3+

 was not observed. This is the case 

for 
31

P NMR resonances in Co-substituted AlPOs, where the paramagnetic Co in 

the materials means that not all the expected P is observed.
45

 If Ti
3+

 substitutes 

onto the Al(4) site then this would directly affect neighbouring octahedral sites, 

i.e., Al(4), and Al(2) sites. This would increase the proportion of octahedral Al 

sites, decrease the tetrahedral proportion of Al sites determined by NMR, 

providing a better match to those determined by NPD. Additionally, the secondary 

phases identified by SEM, XRPD and NPD
2
 may contribute to some of the 

differences, particularly if they give rise to NMR peaks in the same region as 

hibonite.  
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Figure 6.26: Comparison of the proportion (%) of (a) four-coordinate Al sites and (b) six-

coordinate Al sites, obtained from NPD
2
 and solid-state NMR, in Ti-bearing hibonite materials. 

NPD data was not available for Hib-N, so experimental NMR results for this sample were 

compared to predicted relative proportions based on the idealised formula. In each plot a 1:1 line is 

shown to aid comparison. 
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In summary, the analysis of the NMR spectra supports the sites for 

substitution as determined by NPD. Analysis of NMR data suggests that the 

substitution site for Mg is Al(3), and that Al(4) is a substitution site for both Ti
3+

 

and Ti
4+

. However, Al(2) was also determined by NPD to be a substitution site for 

Ti. A resonance with NMR parameters expected for Al(2) was not observed in the 

NMR spectra of any of the Ti-bearing hibonite samples. This could because it is a 

substitution site and, therefore, has reduced signal intensity from the already fairly 

low relative intensity of the site (8.3% of Al sites in the hibonite end member and 

broad lineshape). 

 

6.4 DFT Investigation of Ti-Bearing Hibonite 

 

DFT calculations (using the CASTEP code) were used to investigate the 

sites of substitution for different elements by calculating NMR parameters for a 

range of model structures. The models chosen were restricted to the Ti
4+

 end 

members, Hib-E and Hib-9, which are diamagnetic. Models were based on the Mg 

and Ti substitution sites determined by neutron diffraction, and a single unit cell, 

i.e., no supercell models were used. The initial structure of CaAl12O19, using a 

split-atom model, was obtained from the literature
13

 and Al
3+

 substituted with Ti
4+

 

or Mg
2+

, to produce the required charge-balanced (2 Al
3+

 substituted by Mg
2+

 + 

Ti
4+

) models. The resulting structures were geometry-optimised using CASTEP, 

with both the atomic coordinates and lattice parameters allowed to vary. Figures 

6.27 and 6.28 show the models used for Hib-E and Hib-9, respectively. A k-point 

spacing of 0.04 Å
1

 and an energy cut-off of 50 Ry were used. Calculations were 

carried out using CASTEP version 5.5.2 on a 198-node (2376 core) Intel 

Westmere cluster with 2 GB memory per core and QCR Infiniband interconnect at 

the University of St Andrews. A reference shielding, ref, of 554.82 ppm was used 

for 
27

Al. Typical calculation times were 5 to 26 hours for geometry-optimisations 

and 4 to 10 hours for NMR parameters using 72 cores. The calculated 
27

Al and 

25
Mg NMR parameters for the Hib-E and Hib-9 models, obtained after geometry-

optimisation, are given in Appendix B [Tables B.1 to B.5].  
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Figure 6.27: Hib-E substitution models, shown as polyhedral models (AlO4 shown as tetrahedra, 

AlO5 as a trigonal bipyramid, AlO6 as octahedra). 

 
Figure 6.28: Hib-9 substitution models, shown as polyhedral models (AlO4 shown as tetrahedra, 

AlO5 as a trigonal bipyramid, AlO6 as octahedra). 
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Figure 6.29: Calculated (using CASTEP) 
27

Al NMR parameters, (a) isotopic chemical shifts, iso, 

and (b) quadrupolar coupling, CQ, for models of Hib-E and Hib-9 shown in Figures 6.27 and 6.28, 

respectively. Also shown are those calculated for the hibonite end member. Several models were 

studied resulting in multiple points for each site, and the break of symmetry due to substitution 

leads to multiple points for each site within a model. 

 

The range of 
27

Al calculated NMR parameters (isotropic chemical shifts 

and quadrupolar coupling) are shown in Figure 6.29. This reveals a wider spread 

of NMR parameters for the five Al sites in the substituted hibonite models than 

calculated for CaAl12O19, as observed experimentally. This also shows that the 

NMR parameters for the hibonite end member are suitable for aiding assignment 

of the Ti-bearing materials. The calculated 
27

Al isotropic chemical shifts for the 

substitution models of Ti-bearing hibonite materials are plotted against the 

calculated quadrupolar products in Figure 6.30 for Hib-E and Figure 6.31 for Hib-

9. The experimental NMR parameters are also included in the plots. These plots 

support the assignments made for the experimental Hib-E and Hib-9 spectra, and 
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hence the substitution sites, as well as the presence of disorder. The plots support 

the assignment of the experimental resonances with iso = 71.1 and 69.8 ppm (PQ 

= 2.9 and 2.9 MHz), for Hib-E and Hib-9, respectively to Al(3), and those with 

iso = 11.6 and 10.1 ppm (PQ = 3.2 and 2.2 ppm) respectively, to Al(4). The 

assignment of the extracted NMR parameters with values of iso = 18.3 and 19.9 

ppm, respectively, and PQ = 4.0 and 4.7 ppm, respectively, to overlapping Al(VI), 

is supported, as these are located between the regions of the plots for Al(1) and 

Al(5). No single model for Hib-E or Hib-9 represents a ‘best fit’, with the 

experimental NMR parameters within the range of calculated parameters for all 

the models. This suggests disorder in the location of the substituted elements, and 

is consistent with the distribution of parameters observed in the experimental 

spectra. The general agreement supports the substitution sites determined from the 

experimental NMR and NPD data. 
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Figure 6.30: Plot showing calculated (using CASTEP) 

27
Al NMR quadrupolar product, PQ, 

against isotropic chemical shift, iso, for models of Hib-E. Also shown are the average 

experimental NMR parameters, <iso> and <PQ>, extracted from the MQMAS spectrum shown in 

Figure 6.11. 

 
Figure 6.31: Plot showing calculated (using CASTEP) 

27
Al NMR quadrupolar product, PQ, 

against isotropic chemical shift, iso, for models of Hib-9. Also shown are the average 

experimental NMR parameters, <iso> and <PQ>, extracted from the MQMAS spectrum shown in 

Figure 6.11. 
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Figure 6.32: Calculated (using CASTEP) 
25

Mg NMR parameters (a) isotopic chemical shielding, 

iso, and (b) quadrupolar coupling, CQ, for models of Hib-E and Hib-9.  

 

The range of calculated 
25

Mg NMR parameters, isotropic chemical 

shieldings and quadrupolar coupling, are shown in Figure 6.32. These plots show 

a distribution of 
25

Mg NMR parameters for Mg located on the M(3) site in the 

hibonite structure. The CQ calculated previously for the Mg site (4.22 MHz) was 

based on the 
27

Al CQ for the Al(3) site in the hibonite end member,
10

 and assumed 

no change in the geometry of the site. In Figure 6.33, the Mg-O bond lengths and 

O-Mg-O bond angles for the M(3) site in the different models are shown. These 

optimised structures show variation in the geometry of the tetrahedral site. The 

25
Mg CQ (based on the 

27
Al CQ) gave an indication of the breadth of the lineshape. 

The 
25

Mg CQ values calculated using DFT are mostly smaller than this previously 

obtained value, and, therefore, agree with the experimental observations. The 

larger calculated 
25

Mg CQ values arise from Hib-E models that gave simulated 

27
Al spectra that were a poor match to the experimental spectrum. The assignment 

of the experimental 
25

Mg spectra to Mg in a tetrahedral site with variation in the 

Ti location is consistent with these results.  
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Figure 33: (a) Mg-O bond lengths, and average bond lengths (average of four Mg-O bond lengths 

of tetrahedral site), <Mg-O>, and (b) O-Mg-O bond angles, and average bond angles, <O-Mg-O>, 

for the Mg(3) sites in models of Ti-bearing hibonite. 

 

This DFT investigation generally supports the analysis of experimental 

data, with the substitutions Mg to M(3), and Ti
4+

 to M(2) and M(4), in the Ti-
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bearing materials Hib-E and Hib-9, but does not provide additional information on 

the distribution of the substitution in the materials.  

 

6.5 Conclusion 

 

A review of the literature indicated a discrepancy in the reported 
27

Al 

NMR parameters for the hibonite end member, CaAl12O19. First-principles DFT 

calculations of CaAl12O19 support the assignment and characterisation made by 

Du and Stebbins in Ref. 21, particularly the large CQ value (~20 MHz) for the 

nominally trigonal bipyramidal Al(2) site. Therefore, the NMR parameters 

reported in Ref. 21 were used to aid assignment of the Ti-bearing hibonite 

materials in this work.  

The 
27

Al spectra of the Ti-bearing hibonite materials exhibit overlapping 

resonances in the octahedral (AlO6) region, which can be resolved or partially 

resolved by MQMAS. This enabled the assignment, in some cases, of resonances 

to specific sites, typically Al(4). The apparent decrease in intensity of the Al(4) 

resonance, in the isotropic projections from the MQMAS spectra, suggests that it 

is a substitution site for both Ti
4+

 and Ti
3+

. The Al(2) site remains poorly 

characterised by NMR, in the synthetic Ti-bearing hibonite materials, as a 

resonance for Al(2) was not observed in the solid-state NMR spectra at 14.1 T. It 

is expected from DFT studies of the end member hibonite and models of Ti-

bearing hibonite materials, to have a large CQ and low intensity, as only 8.3% of 

the Al sites in the hibonite end member are Al(2), and Al(2) is also a possible 

substitution site. The experimental 
25

Mg QCPMG exhibit asymmetric lineshapes, 

and a DFT study of Ti-bearing hibonite models is consistent with the Mg 

occupying the tetrahedral Al(3) site, with variation in the Ti location.  

The solid-state NMR analysis of Ti-bearing hibonite materials supports the 

findings from neutron powder diffraction,
2
 with Al(4) as the main substitution site 

for Ti
3+/4+, 

and Al(3) for Mg. NPD also determined Al(2) as a substitution site for 

Ti
4+

, and this is consistent with the NMR data for Hib-E and Hib-9, for which a 

resonance was not observed in any of the 
27

Al spectra for the Al(2) site, even at 

fast MAS rates. This could be due to very low intensity owing to substitution at 

this site. 
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Chapter 7 

Conclusions 

 

The main focus of this thesis was the characterisation of three types of 

inorganic materials (AlPOs, MOFs and hibonite) using multinuclear solid-state 

NMR. This was carried out using a range of NMR methods and often in 

combination with DFT studies. Whilst a comprehensive study was carried out, 

additional areas of interest and future investigation remain. 

27
Al and 

31
P MAS NMR were used to investigate the AlPO-based 

materials STA-15 and STA-2. 
27

Al MAS NMR provided information on the 

coordination mode (terminal, in the case of STA-15, or bridging, in the case of 

STA-2) of charge-balancing hydroxyls in as-prepared AlPOs. A combination of 

27
Al-

31
P heteronuclear correlation spectra and DFT investigations of a variety of 

structural models provided insight into probable locations of extra-framework 

hydroxyl groups in as-prepared AlPOs and Mg substitution sites in MgAPOs. 
31

P 

spectra are sensitive to structural (SBU, angles) and chemical (next-nearest 

neighbours) changes, and therefore provide a useful way to test proposed models 

of MgAPO STA-2, by examination of the relative intensities of each of the 

different resonances. In this thesis the AlPO and MgAPO forms of STA-2 were 

investigated, and the study of STA-2 is being extended by a complimentary 

investigation of the SAPO form.  

A selection of Sc carboxylate MOFs was characterised using 
45

Sc and 
13

C 

MAS NMR. 
45

Sc MAS NMR spectra of MOFs were seen to be strongly 

dependent on the Sc
3+

 coordination environment giving distinct characteristic 

spectra for isolated octahedra, corner-sharing chains and trimers, and this provides 

a set of NMR parameters to aid characterisation of new Sc MOFs. Further work 

would be to extend the NMR data set by examining further Sc environments and 

different functionalised linkers. The method used to geometry optimise structures 

in the DFT investigations has a significant effect on phases of MIL-53(Sc), and 

consequently provides information on the flexible framework. There is a big 

difference between the structures geometry optimised with a fixed unit cell or 
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dispersion scheme and those where both the atomic coordinates and lattice 

parameters were allowed to vary (without the use of a dispersion scheme). The 

former geometry optimisation methods provide good agreement with XRD and 

NMR data. The use of dispersion forces is now more routinely considered when 

geometry optimising framework materials using DFT.  

The analysis of Ti substitution sites in Ca(Al, Ti, Mg)12O19 samples using 

27
Al MAS NMR was hindered by the discrepancy in the literature over 

27
Al NMR 

parameters for one of the Al sites (Al(2)), which DFT calculations predicted to be 

broad. The Al(2) site has a low relative presence (8.3% of the Al sites in the unit 

cell of CaAl12O19), a large quadrupolar coupling and is a possible substitution site. 

The resonance corresponding to Al(2) is therefore expected to have very low 

intensity, and a corresponding resonance was not observed in the experimental 

27
Al spectra of the Ti-bearing samples. However, results obtained on the 

substitution sites of Ti
3+/4+

 and Mg support the substitution sites determined by 

NPD. Recently, 
27

Al spectra have been obtained for two synthetic samples of 

hibonite, CaAl12O19, with fast MAS rates (50 to 60 kHz). In these spectra there is 

evidence of a lower intensity broad site, as predicted by DFT calculations. This 

will lead to a re-evaluation of the Ca(Al, Ti, Mg)12O19 samples, although it is 

likely to conclude that a 
27

Al resonance corresponding to Al(2) is unlikely to be 

observed owing to very low intensity if a site of substitution. The use of high 

magnetic field strength to reduce quadrupolar broadening (proportional to B0) 

may be beneficial for further study of CaAl12O19, as well as MQMAS 

experiments. 

In the future DFT investigations may be expanded by the generation of 

extended models. This could be through the use of supercells to see whether 

additional insight into disorder can be obtained, as is exhibited by many of the 

materials studied. However, this could require large computational resources and 

time. Furthermore, structure searching methods using a DFT approach (ab initio 

random structure searching, AIRSS) could be used to predict stable phases.
1
 The 

investigation of microporous materials could be extended to guest loaded 

materials. 

The work presented in this thesis has demonstrated how solid-state NMR, 

combined with DFT calculations, can aid characterisation and provide insight, 
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complementary to concurrent diffraction studies, where a single technique may 

omit detail, but combined a detailed picture may be obtained. For example, DFT 

studies provided insight into how key structural features in MOFs are maintained. 

Multinuclear solid-state NMR experiments provided information on the local 

environment in inorganic materials, in terms of coordination number and 

geometry, and next-nearest neighbours. Combined studies provided information 

on the positioning or location of extra-framework species, functional groups and 

substitution sites in AlPOs, MOFs and hibonite materials (and MgAPOs), 

respectively.  
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Appendix A 

Supplementary Information for 

Chapter 4 

 

This Appendix provides supplementary material for Chapter 4, “Solid-

State NMR Investigation of Aluminophosphates”, specifically with regards to the 

DFT studies. As well as chemical shielding, CASTEP calculates the quadrupolar 

parameters CQ and Q. This includes the sign of CQ, which is reported in the 

calculated results, but not determined experimentally. 

 

A.1 DFT Study of STA-15 

 

The T-O bond lengths and O-T-O bond angles (T = Al, P) for the 

geometry-optimised structure of calcined-dehydrated AlPO STA-15 are given in 

Table A.1.  

 

Table A.1: T-O bond distances and O-T-O angles of geometry-optimised structure of  

calcined-dehydrated AlPO STA-15. 

 T-O Bond distances / Å Average / Å  

Al1-O 1.728 1.734 1.736 1.746 1.7360   

Al2-O 1.730 1.742 1.745 1.749 1.7415   

Al3-O 1.727 1.730 1.734 1.746 1.7343   

Al4-O 1.730 1.732 1.740 1.741 1.7358   

        

P1-O 1.527 1.521 1.530 1.534 1.5280   

P2-O 1.522 1.527 1.528 1.533 1.5275   

P3-O 1.523 1.524 1.530 1.532 1.5273   

P4-O 1.522 1.523 1.526 1.534 1.5263   
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 O-T-O Angles (°) Average (°) 

Al1-O 107.7 108.1 108.8 109.8 110.9 111.5 109.5 

Al2-O 108.7 108.8 109.1 109.2 110.2 110.8 109.5 

Al3-O 108.1 108.5 109.5 109.6 109.9 111.2 109.5 

Al4-O 108.0 109.1 109.6 109.8 110.0 110.3 109.5 

        

P1-O 109.2 109.2 109.3 109.6 109.6 110.0 109.5 

P2-O 108.4 109.3 109.4 109.5 109.5 110.9 109.5 

P3-O 108.6 109.1 109.3 109.7 110.0 110.2 109.5 

P4-O 108.1 109.1 109.2 109.6 109.8 111.0 109.5 

 

A.2 DFT Study of AlPO-ERI 

 

The calculated 
27

Al and 
31

P NMR parameters, for the unopt and optH 

structures of the three models, O1HO2H, O1HO3H and O2HO3H, of AlPO-ERI, 

are given in Tables A.2 and A.3, respectively.  

 

Table A.2: Calculated (using CASTEP) 
27

Al NMR parameters (isotropic chemical shift, iso, 

quadrupolar coupling, CQ, quadrupolar asymmetry, Q, and quadrupolar product, PQ) and 
31

P NMR 

parameters (isotropic chemical shift, iso) for unoptimised structures of AlPO-ERI. 

 iso (ppm) CQ / MHz Q   iso (ppm)

O1HO2H       

Al1 40.62 −8.02 0.40  P1 −30.34 

Al2 38.85 −5.82 0.68  P2 −30.32 

Al3 42.42 2.15 0.06  P3 −26.20 

Al4 29.99 −5.08 0.16  P4 −40.59 

Al5 46.54 −5.70 0.74  P5 −34.39 

Al6 16.35 2.67 0.16  P6 −32.87 

Al7 23.70 −11.21 0.68  P7 −29.07 

Al8 20.90 −4.94 0.83  P8 −35.64 

Al9 44.74 11.87 0.49  P9 −28.31 

       

O1HO3H       
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Al1 41.12 −7.94 0.64  P1 −29.77 

Al2 37.77 −5.59 0.57  P2 −29.42 

Al3 42.76 1.88 0.61  P3 −26.60 

Al4 46.50 −5.40 0.76  P4 −38.81 

Al5 29.02 −3.26 0.54  P5 −34.46 

Al6 16.64 2.73 0.23  P6 −32.07 

Al7 39.09 17.34 0.82  P7 −30.54 

Al8 21.12 −4.51 0.92  P8 −32.60 

Al9 28.44 9.03 0.57  P9 −29.47 

       

O2HO3H       

Al1 40.24 −7.69 0.57  P1 −29.99 

Al2 37.99 −5.95 0.30  P2 −29.74 

Al3 43.25 1.93 0.79  P3 −27.75 

Al4 29.90 −4.95 0.13  P4 −40.49 

Al5 29.27 −3.12 0.54  P5 −34.96 

Al6 33.25 8.63 0.55  P6 −32.02 

Al7 23.65 −11.34 0.66  P7 −30.67 

Al8 36.96 15.06 0.35  P8 −35.36 

Al9 28.64 9.07 0.53  P9 −27.52 

 

Table A.3: Calculated (using CASTEP) 
27

Al NMR parameters (isotropic chemical shift, iso, 

quadrupolar coupling, CQ, quadrupolar asymmetry, Q and quadrupolar product, PQ) and 
31

P NMR 

parameters (isotropic chemical shift, iso) of AlPO-ERI structures where only proton positions 

were allowed to vary (optH). 

 iso (ppm) CQ / MHz Q   iso (ppm)

O1HO2H       

Al1 40.49 −7.98 0.41  P1 −30.31 

Al2 38.85 −5.82 0.68  P2 −30.53 

Al3 42.25 2.11 0.05  P3 −26.45 

Al4 30.06 −5.04 0.16  P4 −40.70 

Al5 46.42 −5.74 0.75  P5 −34.51 

Al6 16.57 2.67 0.23  P6 −32.96 
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Al7 23.35 −11.30 0.69  P7 −29.26 

Al8 21.15 −4.84 0.86  P8 −35.60 

Al9 44.67 11.98 0.49  P9 −28.70 

       

O1HO3H       

Al1 40.99 −7.94 0.64  P1 −29.85 

Al2 37.95 −5.53 0.59  P2 −29.64 

Al3 42.56 1.86 0.61  P3 −26.65 

Al4 46.51 −5.44 0.75  P4 −38.78 

Al5 28.91 −3.24 0.58  P5 −34.48 

Al6 16.71 2.77 0.26  P6 −32.31 

Al7 39.05 17.36 0.81  P7 −30.45 

Al8 21.13 −4.50 0.92  P8 −32.81 

Al9 28.34 8.97 0.58  P9 −29.60 

       

O2HO3H       

Al1 40.12 −7.68 0.58  P1 −30.03 

Al2 38.17 −5.89 0.32  P2 −30.00 

Al3 43.06 1.91 0.79  P3 −27.78 

Al4 30.01 −4.93 0.14  P4 −40.55 

Al5 29.15 −3.09 0.60  P5 −34.79 

Al6 32.78 8.74 0.54  P6 −32.26 

Al7 23.44 −11.36 0.67  P7 −30.70 

Al8 36.62 15.16 0.35  P8 −35.51 

Al9 28.52 8.95 0.54  P9 −27.24 
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31
P and 

27
Al isotropic chemical shift ranges for unoptimised, optH and 

optall30 structures of ALPO-ERI models are given in Figures A.1 and A.2, 

respectively. The correlation plots of the calculated 
27

Al and 
31

P isotropic 

chemical shifts are shown in Figure A.3.  

 

 
Figure A.1: Calculated (using CASTEP) 

31
P chemical shifts for unopt, optH and optall30 AlPO-

ERI models. Also shown are the experimental shifts of AlPO-ERI from Ref. 1 (crosses).  

 

 

Figure A.2: Calculated (using CASTEP) 
27

Al isotropic chemical shifts for unopt, optH and 

optall30 AlPO-ERI models.  
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Table A.4: Additional 
27

Al NMR parameters (quadrupolar product, PQ, the quadrupolar shift, Q, 

the line position, and the isotopic shift for a 5QMAS spectrum, 1) calculated from those in Table 

4.10 (assuming B0 = 9.4 T), for optall30 structures.  

 
 PQ / MHz Q (ppm) 

Line position (ppm) 

2 for 5QMAS,  

1 for correlation plots 

5Q 

1 (ppm)
† 

O1HO3H Al1 −4.31 9.62 22.54 41.11 

 Al2 2.88 4.29 18.65 34.01 

 Al3 −2.87 4.26 21.50 39.21 

 Al4 −3.86 7.70 28.43 51.85 

 Al5 −3.88 7.78 12.23 22.31 

 Al6 −3.65 6.90 10.63 19.38 

 Al7 −3.88 7.77 28.02 51.10 

 Al8 −3.62 6.79 10.72 19.55 

 Al9 −4.81 11.96 14.24 25.96 

O1HO2H Al1 1.22 0.77 20.53 37.44 

 Al2 5.39 15.06 23.55 42.95 

 Al3 2.52 3.29 18.96 34.58 

 Al4 −4.86 12.21 12.98 23.66 

 Al5 −4.54 10.65 29.01 52.90 

 Al6 3.44 6.12 11.92 21.74 

 Al7 −4.62 11.06 12.13 22.12 

 Al8 2.24 2.60 10.51 19.17 

 Al9 −4.73 11.60 29.47 53.73 

O2HO3H Al1 −2.78 3.99 19.22 35.05 

 Al2 1.48 1.13 19.87 36.23 

 Al3 4.19 9.10 22.29 40.65 

 Al4 4.01 8.30 12.78 23.30 

 Al5 −4.39 9.98 11.38 20.76 

 Al6 2.42 3.03 26.29 47.94 

 Al7 3.86 7.71 11.93 21.75 

 Al8 2.70 3.77 26.39 48.13 

 Al9 −4.65 11.21 12.19 22.22 

† Referencing convention used by Ref. 1, i.e., Equation 4.3, in Chapter 4, divided by (85/37). 
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Figure A.3: 

27
Al-O-

31
P correlation plots of calculated isotropic chemical shifts, with 

31
P in the 2 

dimension and 
27

Al in the 1 dimension of O1HO3H, O1HO2H and O2HO3H models of AlPO-

ERI. (a) Unoptimised structures, (b) structures where only protons were allowed to vary (optH) 

and (c) structures where both atomic positions and unit cell parameters were allowed to vary for 

approximately 30 cycles (optall30). 
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A.3 DFT Study of STA-2(BDAB) 

 

Calculated 
27

Al and 
31

P NMR parameters for models of dehydrated STA-

2(BDAB) are given in Table A.5 and A.6.  

 

Table A.5: Calculated (using CASTEP) 
27

Al NMR parameters, (isotropic chemical shift, iso, 

quadrupolar coupling, CQ, and quadrupolar asymmetry, Q) and 
31

P isotropic chemical shifts for 

optall30 structures of dehydrated STA-2(BDAB). 

 iso (ppm) CQ / MHz Q   iso (ppm)

O91O92       

Al11 42.41 −1.51 0.37  P11 −24.13 

Al12 53.05 3.15 0.78  P12 −21.04 

Al13 20.64 7.78 0.41  P13 −24.84 

Al14 52.75 −4.24 0.52  P14 −26.28 

Al15 25.46 6.39 0.56  P15 −24.93 

Al16 50.23 −4.74 0.04  P16 −24.06 

Al21 19.37 −4.72 0.74  P21 −33.48 

Al22 38.89 −2.58 0.97  P22 −33.82 

Al23 18.25 6.31 0.63  P23 −18.86 

Al24 42.02 3.75 0.37  P24 −30.03 

Al25 44.61 −2.87 0.26  P25 −19.54 

Al26 48.00 4.43 0.46  P26 −31.83 

       

O91O93       

Al11 41.07 2.55 0.47  P11 −25.67 

Al12 30.98 7.38 0.10  P12 −27.17 

Al13 42.78 −1.09 0.77  P13 −25.63 

Al14 18.44 −5.64 0.78  P14 −21.92 

Al15 43.45 −3.40 0.34  P15 −25.74 

Al16 37.13 2.67 0.77  P16 −22.46 

Al21 28.58 −4.81 0.63  P21 −24.17 

Al22 50.14 −4.16 0.73  P22 −33.37 

Al23 20.34 8.44 0.39  P23 −21.07 
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Al24 52.02 2.63 1.00  P24 −34.19 

Al25 49.22 4.48 0.45  P25 −32.84 

Al26 50.58 −3.81 0.49  P26 −34.3 

       

O91O94       

Al11 20.77 −7.15 0.38  P11 −25.82 

Al12 39.97 2.32 0.70  P12 −28.14 

Al13 38.53 −1.91 0.96  P13 −29.68 

Al14 19.47 −4.24 0.57  P14 −26.58 

Al15 39.93 −4.08 0.59  P15 −26.18 

Al16 41.95 −2.95 0.96  P16 −24.46 

Al21 50.47 5.94 0.32  P21 −33.93 

Al22 19.35 −4.41 0.79  P22 −24.2 

Al23 20.04 −6.37 0.82  P23 −21.62 

Al24 49.21 −3.11 0.85  P24 −30.97 

Al25 48.42 −3.94 0.82  P25 −33.95 

Al26 49.11 5.52 0.75  P26 −34.12 

       

O91O95       

Al11 40.90 −4.09 0.51  P11 −25.43 

Al12 41.56 −3.47 0.51  P12 −25.33 

Al13 18.20 −3.66 0.62  P13 −27.47 

Al14 19.49 −4.16 0.60  P14 −26.88 

Al15 42.59 1.80 0.68  P15 −25.8 

Al16 42.16 −1.68 0.76  P16 −24.42 

Al21 48.45 −5.74 0.75  P21 −35.35 

Al22 49.20 −4.73 0.63  P22 −34.59 

Al23 22.95 7.41 0.17  P23 −22.95 

Al24 23.71 7.65 0.32  P24 −22.89 

Al25 46.69 4.87 0.53  P25 −33.27 

Al26 46.79 3.62 0.52  P26 −32.63 

       

O91O96       
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Al11 42.68 3.29 0.96  P11 −25.69 

Al12 43.03 −3.38 0.56  P12 −26.19 

Al13 38.23 2.28 0.82  P13 −25.29 

Al14 21.15 −7.93 0.59  P14 −26.12 

Al15 18.95 8.27 0.69  P15 −26.92 

Al16 39.36 −2.17 0.77  P16 −28.45 

Al21 47.81 6.42 0.61  P21 −35.87 

Al22 46.89 3.52 0.89  P22 −33.52 

Al23 20.67 −4.34 0.85  P23 −22.02 

Al24 51.88 4.64 0.25  P24 −31.90 

Al25 48.56 3.99 1.00  P25 −32.30 

Al26 20.41 −4.81 0.74  P26 −23.89 

       

O92O93       

Al11 41.88 −1.67 0.42  P11 −24.91 

Al12 20.95 7.46 0.86  P12 −25.67 

Al13 45.88 −2.79 0.47  P13 −24.09 

Al14 38.28 2.80 0.93  P14 −22.16 

Al15 42.65 2.78 0.35  P15 −25.88 

Al16 19.11 9.51 0.29  P16 −25.41 

Al21 19.53 8.01 0.26  P21 −20.09 

Al22 52.33 −3.18 0.97  P22 −31.73 

Al23 47.07 4.79 0.43  P23 −33.32 

Al24 48.05 −4.56 0.51  P24 −35.45 

Al25 24.78 5.47 0.65  P25 −22.06 

Al26 50.47 −4.60 0.51  P26 −32.35 

       

O92O94       

Al11 18.10 −4.72 0.71  P11 −26.19 

Al12 41.37 −2.38 0.44  P12 −27.62 

Al13 41.62 −3.77 0.75  P13 −26.30 

Al14 41.06 −3.91 0.37  P14 −26.98 

Al15 37.71 1.93 0.98  P15 −27.42 
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Al16 21.94 −7.63 0.59  P16 −24.91 

Al21 47.85 4.08 0.82  P21 −32.07 

Al22 20.23 −5.52 0.55  P22 −23.66 

Al23 49.01 6.37 0.56  P23 −35.06 

Al24 47.56 3.69 0.58  P24 −32.92 

Al25 21.68 −4.59 0.94  P25 −21.59 

Al26 50.72 5.25 0.35  P26 −31.94 

       

O92O95       

Al11 40.55 −4.30 0.63  P11 −26.28 

Al12 42.68 −3.08 0.73  P12 −23.48 

Al13 21.04 −7.37 0.28  P13 −25.20 

Al14 39.26 3.01 0.57  P14 −27.68 

Al15 39.34 −2.21 0.84  P15 −28.14 

Al16 20.47 −4.53 0.74  P16 −25.52 

Al21 46.87 −3.81 0.98  P21 −32.71 

Al22 50.49 5.05 0.74  P22 −34.62 

Al23 50.36 5.77 0.34  P23 −32.85 

Al24 20.31 −4.70 0.81  P24 −22.62 

Al25 21.12 −5.91 0.66  P25 −21.12 

Al26 49.12 −3.04 0.94  P26 −30.40 

       

O92O96       

Al11 42.54 3.29 0.96  P11 −25.91 

Al12 42.11 −3.38 0.56  P12 −23.97 

Al13 40.39 2.28 0.82  P13 −23.30 

Al14 40.79 −7.93 0.59  P14 −25.8 

Al15 18.78 8.27 0.69  P15 −27.29 

Al16 18.27 −2.17 0.77  P16 −28.58 

Al21 46.48 6.42 0.61  P21 −34.63 

Al22 46.17 3.52 0.89  P22 −33.49 

Al23 49.36 −4.34 0.85  P23 −35.39 

Al24 49.37 4.64 0.25  P24 −34.39 
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Al25 23.58 3.99 1.00  P25 −22.85 

Al26 22.19 −4.81 0.74  P26 −23.39 

 

Table A.6: Calculated (using CASTEP) 
27

Al NMR parameters, (isotropic chemical shift, iso, 

quadrupolar coupling, CQ, and quadrupolar asymmetry, Q) and 
31

P isotropic chemical shifts for 

the optall140 O92O94 structure of dehydrated STA-2(BDAB). 

  iso (ppm) CQ /MHz Q    iso (ppm) 

O92O94 

   

    

Al11 20.92 −4.40 0.44  P11 −25.87 

Al12 38.72 −2.46 0.76  P12 −26.67 

Al13 41.95 −3.86 0.75  P13 −22.36 

Al14 41.02 −3.88 0.62  P14 −24.72 

Al15 39.08 1.57 0.56  P15 −28.18 

Al16 22.01 −7.21 0.38  P16 −25.47 

Al21 50.20 2.84 0.98  P21 −29.72 

Al22 22.93 −6.14 0.65  P22 −18.72 

Al23 50.30 5.04 0.69  P23 −35.31 

Al24 49.06 2.86 0.78  P24 −30.91 

Al25 21.32 −4.37 0.96  P25 −20.67 

Al26 51.78 4.74 0.32  P26 −33.33 

 

The similarity between optall30 and optall140 structures for the O92O94 model of 

STA-2(BDAB) can be seen in the average bond lengths and bond angles shown in 

the plots in Figure A.4. 
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Figure A.4: Average P-O bond lengths (a), O-P-O bond angles (b) and Al-O-P bond angles (c) for 

P sites in O92O94 model of STA-2(BDAB). 
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The 
27

Al-
31

P correlation plots (isotropic chemical shifts) for the optall30 

structures of the models, not including those with the hydroxyls located in the 

same cage, of dehydrated AlPO STA-2(BDAB) are shown Figure A.5. These are 

shown superimposed over 2D experimental correlation spectra (as-prepared STA-

2(BDAB), to allow direct comparison. The plots akin to J-HETCOR experiments 

are shown superimposed over the relevant experimental J-HETCOR spectra in 

Figures A.6 to A.8. 

The calculated NMR parameters for the N and C atoms of the 

encapsulated template, and the H atoms of the template and hydroxyls, in the 

optall140 structure of the O92O94 model of AlPO STA-2(BDAB) are given in 

Tables A.7 and A.8, respectively.  

 

 

Figure A.5: 
27

Al-
31

P J-HETCOR spectrum of STA-2(BDAB), at (a) 14.1 T and (b) 20.0 T, with 

correlation plots of calculated (using CASTEP) 
27

Al and 
31

P isotropic chemical shifts of optall30 

structures of dehydrated STA-2(BDAB) of Figure 4.62.  
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Figure A.6: 
27

Al-
31

P J-HETCOR spectrum of STA-2(BDAB), at (a) 14.1 T and (b) 20.0 T, with 

correlation plots of calculated (using CASTEP) parameters, akin to J-HETCOR, of optall30 

structures of O91O94 and O92O95 models of dehydrated STA-2(BDAB) [Figures 4.63 and 4.65, 

respectively]. 

 

 

Figure A.7:
 27

Al-
31

P J-HETCOR spectrum, of STA-2(BDAB), with correlation plots of calculated 

(using CASTEP) parameters, akin to J-HETCOR, of optall30 structures of O91O95 and O92O96 

models of dehydrated STA-2(BDAB), at (a) 14.1 T and (b) 20.0 T [Figures 4.63 and 4.65, 

respectively]. 
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Figure A.8:
 27

Al-
31

P J-HETCOR spectrum, of STA-2(BDAB) with correlation plots of calculated 

(using CASTEP) parameters, akin to J-HETCOR, of optall30 structures of O91O96 and O92O94 

models of dehydrated STA-2(BDAB), at (a) 14.1 T and (b) 20.0 T [Figures 4.63 and 4.65, 

respectively]. 

 

Table A.7: Calculated (using CASTEP) 
13

C and 
15

N NMR parameters, isotropic chemical shift 

iso, for optall140 O92O94 model of dehydrated STA-2(BDAB). 

 

 

13
C iso (ppm) 

 

15
N iso (ppm) 

C1 16.79, 14.91 N1 −389.24, −388.34 

C2 63.77, 64.60 N2 −332.06, −331.80 

C3 56.25, 51.49, 48.69, 

  

 

49.88, 55.80, 49.21 

  C4 44.19, 43.70, 45.22, 

  

 

44.42, 44.60, 44.40 

  
13

C referenced to experimental iso of C2 at 64.6 ppm. 

15
N referenced to experimental iso of quaternary N at -331.8 ppm. 
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Table A.8: Calculated (using CASTEP) 
1
H NMR parameters, isotropic chemical shielding iso, for 

optall140 O92O94 model of dehydrated STA-2(BDAB). 

H iso (ppm) 

H1 28.6 

H2 27.6 

H3 27.3 

H4 26.9 

OH 29.6 

OH 29.7 

 

A.4 DFT Study of MgAPO STA-2(BQNB) 

 

The calculated 
27

Al and 
31

P NMR parameters are given in Tables A.9 to 

A.11. The shift differences between different sites, Al1 and Al2, P1(nAl) and 

P2(nAl), are given in Tables A.12 to A.14.  

 

Table A.9: Calculated (using CASTEP) 
27

Al NMR parameters (isotropic chemical shift, iso, 

quadrupolar coupling, CQ, quadrupolar asymmetry, Q and quadrupolar product, PQ) and 
31

P NMR 

parameters (isotropic chemical shift, iso) for 2 Mg → 2 Al1 MgAPO STA-2(BQNB) models. 

      4MR       

Al site iso (ppm) CQ / MHz Q    P site iso (ppm) 

11,12 

      Al13 44.48 2.76 0.37 

 

P11 −24.61 

Al14 43.79 2.70 0.42 

 

P12 −24.74 

Al15 44.20 −7.57 0.35 

 

P13 −21.70 

Al16 44.55 −7.42 0.36 

 

P14 −21.65 

Al21 50.74 5.87 0.93 

 

P15 −25.68 

Al22 50.80 −5.45 0.98 

 

P16 −25.03 

Al23 53.14 −2.99 0.63 

 

P21 −13.20 

Al24 53.94 −2.62 0.39 

 

P22 −11.96 

Al25 51.54 −3.56 0.73 

 

P23 −22.39 

Al26 51.65 −3.60 0.73 

 

P24 −21.39 

     

P25 −32.28 

     

P26 −32.59 

13,14 

      Al11 44.38 −7.79 0.44 

 

P11 −23.48 

Al12 44.30 −7.60 0.43 

 

P12 −23.75 

Al15 43.80 3.43 0.26 

 

P13 −26.76 

Al16 43.50 2.70 0.12 

 

P14 −25.55 
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Al21 50.01 −4.30 0.98 

 

P15 −22.68 

Al22 51.13 −4.04 0.45 

 

P16 −22.10 

Al23 51.06 5.89 0.73 

 

P21 −34.27 

Al24 50.82 −6.01 0.90 

 

P22 −32.83 

Al25 52.78 −3.36 0.98 

 

P23 −13.17 

Al26 53.09 −2.95 0.73 

 

P24 −13.10 

     

P25 −27.91 

     

P26 −25.44 

15,16 

      Al11 43.85 3.42 0.27 

 

P11 −21.39 

Al12 44.50 2.99 0.24 

 

P12 −21.15 

Al13 42.91 −7.82 0.47 

 

P13 −24.61 

Al14 43.58 −7.66 0.38 

 

P14 −23.44 

Al21 51.59 3.88 0.92 

 

P15 −26.38 

Al22 53.04 −3.00 0.63 

 

P16 −26.22 

Al23 50.79 −4.33 0.58 

 

P21 −24.08 

Al24 50.58 −3.98 0.73 

 

P22 −23.54 

Al25 50.94 5.73 0.85 

 

P23 −31.40 

Al26 50.65 −5.48 1.00 

 

P24 −30.85 

     

P25 −15.45 

          P26 −15.49 

       
      6MR/CAN       

Al site iso (ppm) CQ / MHz Q    P site iso (ppm) 

11,13 

      Al12 44.61 4.55 0.53 

 

P11 −22.94 

Al14 44.92 4.44 0.86 

 

P12 −25.25 

Al15 45.31 −4.49 0.02 

 

P13 −24.95 

Al16 44.38 −3.73 0.82 

 

P14 −21.64 

Al21 49.06 4.92 0.31 

 

P15 −25.90 

Al22 53.75 −4.39 0.38 

 

P16 −23.77 

Al23 51.13 5.98 0.75 

 

P21 −23.75 

Al24 51.79 −3.39 0.11 

 

P22 −22.38 

Al25 52.10 −4.55 0.76 

 

P23 −9.32 

Al26 52.94 2.06 0.35 

 

P24 −21.68 

     

P25 −24.19 

     

P26 −31.74 

11,15 

      Al12 47.13 4.76 0.58 

 

P11 −23.37 

Al13 41.86 −4.80 0.30 

 

P12 −21.42 

Al14 45.44 −5.55 0.24 

 

P13 −23.49 

Al16 43.70 4.38 0.65 

 

P14 −22.32 

Al21 50.88 5.85 0.79 

 

P15 −25.03 
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Al22 51.58 −3.09 0.66 

 

P16 −26.18 

Al23 52.55 4.61 0.92 

 

P21 −12.47 

Al24 54.96 −1.61 0.16 

 

P22 −24.93 

Al25 48.65 5.09 0.31 

 

P23 −20.51 

Al26 52.81 −3.74 0.57 

 

P24 −29.13 

     

P25 −22.70 

     

P26 −24.65 

12,14 

      Al11 43.14 4.16 0.22 

 

P11 −24.70 

Al13 45.68 4.41 0.75 

 

P12 −23.62 

Al15 43.53 −4.77 0.63 

 

P13 −23.11 

Al16 44.56 −4.49 0.33 

 

P14 −23.59 

Al21 53.09 −4.18 0.49 

 

P15 −22.12 

Al22 50.46 4.31 0.45 

 

P16 −24.89 

Al23 51.16 −3.90 0.11 

 

P21 −26.08 

Al24 53.25 −5.66 0.91 

 

P22 −23.29 

Al25 53.18 −1.65 0.81 

 

P23 −20.12 

Al26 51.89 −5.01 0.57 

 

P24 −8.38 

     

P25 −32.32 

     

P26 −24.42 

12,16 

      Al11 46.98 5.07 0.56 

 

P11 −22.20 

Al13 45.32 −5.20 0.29 

 

P12 −22.20 

Al14 42.06 −4.75 0.32 

 

P13 −23.11 

Al15 43.87 4.10 0.42 

 

P14 −22.75 

Al21 51.65 −3.82 0.39 

 

P15 −25.96 

Al22 52.07 5.53 0.90 

 

P16 −25.99 

Al23 53.35 2.14 0.72 

 

P21 −23.67 

Al24 51.95 −5.28 0.48 

 

P22 −10.46 

Al25 53.14 −3.76 0.67 

 

P23 −31.01 

Al26 49.46 4.66 0.48 

 

P24 −20.15 

     

P25 −26.13 

     

P26 −23.12 

13,15 

      Al11 43.96 −4.54 0.22 

 

P11 −24.01 

Al12 43.67 −4.18 0.96 

 

P12 −20.53 

Al14 42.33 4.53 0.18 

 

P13 −24.98 

Al16 45.35 4.65 0.92 

 

P14 −24.88 

Al21 49.35 5.63 0.87 

 

P15 −25.66 

Al22 53.59 2.42 0.80 

 

P16 −22.84 

Al23 49.29 5.18 0.40 

 

P21 −25.25 

Al24 53.17 −4.76 0.46 

 

P22 −34.38 

Al25 51.56 6.01 0.69 

 

P23 −20.82 

Al26 51.88 −3.20 0.60 

 

P24 −27.30 
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P25 −14.24 

     

P26 −25.13 

14,16 

      Al11 43.43 −4.69 0.84 

 

P11 −20.89 

Al12 44.93 −4.61 0.19 

 

P12 −23.69 

Al13 42.78 4.14 0.42 

 

P13 −26.92 

Al15 44.79 4.91 0.67 

 

P14 −23.77 

Al21 52.25 3.30 0.67 

 

P15 −22.76 

Al22 50.39 −5.38 0.56 

 

P16 −25.55 

Al23 53.57 −4.26 0.59 

 

P21 −33.94 

Al24 48.83 4.87 0.36 

 

P22 −23.27 

Al25 51.88 −3.20 0.70 

 

P23 −25.60 

Al26 51.59 5.35 0.88 

 

P24 −21.24 

     

P25 −26.61 

          P26 −11.73 

       
      CAN       

Al site iso (ppm) CQ / MHz Q    P site iso (ppm) 

11,14 

      Al12 45.48 3.67 0.79 

 

P11 −25.15 

Al13 45.27 −5.08 0.32 

 

P12 −26.15 

Al15 45.99 5.19 0.87 

 

P13 −25.04 

Al16 42.83 −3.94 0.85 

 

P14 −22.88 

Al21 50.36 4.87 0.29 

 

P15 −23.30 

Al22 51.45 −5.07 0.22 

 

P16 −25.97 

Al23 51.59 −6.78 0.65 

 

P21 −24.67 

Al24 51.47 −3.01 0.32 

 

P22 −24.22 

Al25 49.88 3.81 0.30 

 

P23 −2.40 

Al26 53.27 −3.35 0.39 

 

P24 −19.09 

     

P25 −29.83 

     

P26 −17.75 

11,16 

      Al12 45.40 −4.64 0.61 

 

P11 −20.79 

Al13 41.81 −3.82 0.98 

 

P12 −24.37 

Al14 45.25 5.80 0.76 

 

P13 −24.88 

Al15 44.66 3.72 0.82 

 

P14 −21.76 

Al21 50.21 3.26 0.85 

 

P15 −26.69 

Al22 52.14 −7.30 0.57 

 

P16 −26.33 

Al23 53.82 −3.42 0.82 

 

P21 −22.77 

Al24 50.68 3.59 0.55 

 

P22 −7.92 

Al25 50.85 −4.86 0.59 

 

P23 −18.82 

Al26 51.19 4.09 0.50 

 

P24 −28.88 

     

P25 −26.81 
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P26 −22.85 

12,13 

      Al11 44.31 4.13 0.97 

 

P11 −26.15 

Al14 43.71 −4.48 0.65 

 

P12 −22.33 

Al15 43.66 −4.13 0.89 

 

P13 −22.50 

Al16 46.49 5.69 0.68 

 

P14 −23.89 

Al21 50.53 −5.03 0.43 

 

P15 −24.43 

Al22 51.54 3.94 0.44 

 

P16 −22.39 

Al23 50.53 3.88 0.36 

 

P21 −24.56 

Al24 51.78 −8.26 0.62 

 

P22 −23.06 

Al25 55.17 −3.46 0.51 

 

P23 −19.89 

Al26 50.77 3.27 0.67 

 

P24 −5.07 

     

P25 −19.96 

     

P26 −30.83 

12,15 

      Al11 46.21 −4.91 0.71 

 

P11 −25.02 

Al13 46.09 6.21 0.80 

 

P12 −18.96 

Al14 40.81 4.42 0.92 

 

P13 −21.76 

Al16 44.48 3.69 0.79 

 

P14 −23.42 

Al21 51.48 −6.71 0.68 

 

P15 −25.84 

Al22 51.63 −2.65 0.94 

 

P16 −28.05 

Al23 51.85 3.49 0.65 

 

P21 −8.42 

Al24 55.06 −3.38 0.45 

 

P22 −23.93 

Al25 53.36 3.73 0.72 

 

P23 −29.24 

Al26 50.63 −5.44 0.33 

 

P24 −15.46 

     

P25 −22.54 

     

P26 −24.72 

13,16 

      Al11 46.27 6.49 0.68 

 

P11 −19.26 

Al12 42.30 −3.72 0.97 

 

P12 −20.92 

Al14 43.30 3.94 0.39 

 

P13 −26.25 

Al15 46.00 3.86 0.67 

 

P14 −26.25 

Al21 50.88 3.61 0.53 

 

P15 −25.05 

Al22 53.52 −3.89 0.60 

 

P16 −21.41 

Al23 52.42 5.48 0.35 

 

P21 −32.38 

Al24 53.05 −4.94 0.35 

 

P22 −19.85 

Al25 53.51 −6.01 0.52 

 

P23 −19.12 

Al26 49.84 3.08 0.53 

 

P24 −22.68 

     

P25 −17.51 

     

P26 −21.87 

14,15 

      Al11 43.05 3.90 0.94 

 

P11 −23.15 

Al12 47.50 6.12 0.74 

 

P12 −20.61 

Al13 44.45 3.98 0.72 

 

P13 −26.49 
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Al16 44.85 −4.22 0.89 

 

P14 −23.86 

Al21 54.59 −3.19 0.83 

 

P15 −21.70 

Al22 51.91 −2.39 0.98 

 

P16 −25.49 

Al23 51.26 −5.43 0.36 

 

P21 −18.14 

Al24 52.51 3.44 0.92 

 

P22 −29.04 

Al25 51.13 3.18 0.91 

 

P23 −22.39 

Al26 52.24 −7.81 0.55 

 

P24 −21.41 

     

P25 −22.69 

          P26 −6.71 

 

Table A.10: Calculated (using CASTEP) 
27

Al NMR parameters (isotropic chemical shift, iso, 

quadrupolar coupling, CQ, quadrupolar asymmetry, Q and quadrupolar product, PQ) and 
31

P NMR 

parameters (isotropic chemical shift, iso) for 2 Mg → 2 Al2 MgAPO STA-2(BQNB) models. 

      d6R       

Al site iso (ppm) CQ / MHz Q 

 

P site iso (ppm)

21,22 

      Al11 44.68 1.85 0.73 

 

P11 −18.87 

Al12 45.64 1.85 0.55 

 

P12 −17.91 

Al13 50.46 −2.29 0.96 

 

P13 −16.72 

Al14 49.83 −2.90 0.71 

 

P14 −16.35 

Al15 49.24 −4.71 0.33 

 

P15 −16.90 

Al16 49.47 −4.02 0.23 

 

P16 −14.83 

Al23 50.25 3.02 0.82 

 

P21 −21.55 

Al24 51.14 2.41 0.81 

 

P22 −19.43 

Al25 50.05 3.90 0.97 

 

P23 −30.49 

Al26 51.13 −3.36 0.79 

 

P24 −30.49 

     

P25 −27.15 

     

P26 −27.35 

23,24 

      Al11 48.88 −4.45 0.27 

 

P11 −17.42 

Al12 50.65 −3.88 0.63 

 

P12 −15.99 

Al13 44.39 1.23 1.00 

 

P13 −20.12 

Al14 43.56 1.38 0.36 

 

P14 −20.44 

Al15 48.53 2.41 0.67 

 

P15 −17.36 

Al16 50.14 2.74 1.00 

 

P16 −17.35 

Al21 50.72 −2.97 0.87 

 

P21 −24.82 

Al22 51.74 −2.61 0.84 

 

P22 −24.95 

Al25 49.41 3.24 0.80 

 

P23 −20.7 

Al26 50.50 2.63 0.75 

 

P24 −19.9 

     

P25 −29.52 

     

P26 −29.5 
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25,26 

      Al11 49.29 2.77 0.75 

 

P11 −16.23 

Al12 49.02 2.47 0.64 

 

P12 −16.61 

Al13 46.68 −3.91 0.25 

 

P13 −18.68 

Al14 46.82 −4.32 0.41 

 

P14 −16.76 

Al15 42.82 −1.15 0.67 

 

P15 −20.66 

Al16 43.70 1.42 0.40 

 

P16 −20.25 

Al21 48.62 3.00 0.95 

 

P21 −32.40 

Al22 49.34 2.02 0.94 

 

P22 −31.14 

Al23 52.09 −3.57 0.58 

 

P23 −24.45 

Al24 52.40 −2.76 0.69 

 

P24 −23.46 

     

P25 −28.14 

          P26 −25.37 

       
      4MR       

Al site iso (ppm) CQ / MHz Q    P site iso (ppm)

21,24 

      Al11 47.09 −4.09 0.51 

 

P11 −11.80 

Al12 45.8 −3.59 0.92 

 

P12 −23.80 

Al13 45.54 2.42 0.52 

 

P13 −24.23 

Al14 45.51 −1.73 0.74 

 

P14 −9.98 

Al15 47.21 −4.69 0.29 

 

P15 −18.05 

Al16 48.23 −4.02 0.80 

 

P16 −17.03 

Al22 52.51 −4.69 0.83 

 

P21 −24.39 

Al23 50.25 3.84 0.91 

 

P22 −24.24 

Al25 52.92 −5.34 0.80 

 

P23 −28.04 

Al26 50.55 −4.23 0.42 

 

P24 −22.79 

     

P25 −30.72 

     

P26 −32.13 

21,26 

      Al11 47.97 2.24 0.91 

 

P11 −12.71 

Al12 44.30 2.78 0.55 

 

P12 −24.35 

Al13 46.85 −3.53 0.74 

 

P13 −18.13 

Al14 45.40 −5.32 0.39 

 

P14 −20.16 

Al15 44.61 −4.91 0.64 

 

P15 −26.49 

Al16 46.86 −5.30 0.82 

 

P16 −13.67 

Al22 48.60 3.14 0.88 

 

P21 −24.60 

Al23 49.60 −4.83 0.62 

 

P22 −26.97 

Al24 52.95 −5.22 0.65 

 

P23 −29.72 

Al25 52.11 −3.63 0.57 

 

P24 −25.34 

     

P25 −19.42 

     

P26 −23.38 

22,23 
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Al11 45.05 −4.05 0.73 

 

P11 −24.07 

Al12 49.41 −4.31 0.63 

 

P12 −9.82 

Al13 45.90 −2.33 0.56 

 

P13 −11.27 

Al14 45.41 3.25 0.79 

 

P14 −25.48 

Al15 49.33 −3.38 0.63 

 

P15 −17.46 

Al16 50.23 −4.73 0.32 

 

P16 −17.55 

Al21 52.38 4.76 0.94 

 

P21 −24.95 

Al24 52.30 3.57 0.72 

 

P22 −21.37 

Al25 49.16 −5.03 0.63 

 

P23 −20.76 

Al26 51.49 −5.84 0.84 

 

P24 −25.16 

     

P25 −30.82 

     

P26 −31.32 

22,25 

      Al11 44.87 2.75 0.36 

 

P11 −22.92 

Al12 45.46 2.44 0.95 

 

P12 −11.53 

Al13 45.38 −4.30 0.51 

 

P13 −18.42 

Al14 46.30 −4.24 0.99 

 

P14 −17.39 

Al15 45.86 −3.76 0.82 

 

P15 −12.97 

Al16 45.62 −3.69 0.91 

 

P16 −26.10 

Al21 48.97 3.97 0.68 

 

P21 −28.95 

Al23 52.19 −5.09 0.94 

 

P22 −24.45 

Al24 50.99 −4.88 0.56 

 

P23 −28.60 

Al26 50.93 −4.02 0.94 

 

P24 −27.91 

     

P25 −28.69 

     

P26 −26.75 

23,26 

      Al11 49.02 −4.32 0.41 

 

P11 −17.12 

Al12 50.27 4.04 0.86 

 

P12 −17.22 

Al13 49.13 −3.81 0.71 

 

P13 −12.23 

Al14 46.24 4.38 0.97 

 

P14 −24.39 

Al15 45.92 2.74 0.28 

 

P15 −26.86 

Al16 46.74 1.96 0.60 

 

P16 −11.12 

Al21 50.23 6.12 0.93 

 

P21 −30.07 

Al22 50.56 −4.99 0.35 

 

P22 −29.91 

Al24 51.11 −4.05 0.71 

 

P23 −19.33 

Al25 49.44 2.97 0.88 

 

P24 −19.27 

     

P25 −28.5 

     

P26 −22.56 

24,25 

      Al11 47.96 3.22 0.83 

 

P11 −17.9 

Al12 49.2 −4.03 0.41 

 

P12 −16.34 

Al13 45.01 −3.85 1.00 

 

P13 −24.23 

Al14 48.3 −3.56 0.81 

 

P14 −12.44 

Al15 46.74 −2.25 0.63 

 

P15 −11.79 
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Al16 46.87 3.23 0.73 

 

P16 −26.7 

Al21 48.71 −5.04 0.53 

 

P21 −33.41 

Al22 52.07 −5.51 0.80 

 

P22 −31.18 

Al23 51.34 −5.10 0.85 

 

P23 −19.09 

Al26 50.31 2.76 0.8 

 

P24 −18.6 

     

P25 −21.77 

          P26 −27.68 

       
      6MR/d6R       

Al site iso (ppm) CQ / MHz Q    P site iso (ppm)

21,23 

      Al11 47.81 3.46 0.39 

 

P11 −20.93 

Al12 45.92 1.95 0.61 

 

P12 −17.35 

Al13 47.21 4.07 0.56 

 

P13 −19.65 

Al14 42.73 2.81 0.79 

 

P14 −16.85 

Al15 47.91 −4.59 0.31 

 

P15 −26.27 

Al16 45.70 1.59 0.63 

 

P16 −8.79 

Al22 49.73 −2.97 0.53 

 

P21 −20.33 

Al24 49.74 3.63 0.41 

 

P22 −30.97 

Al25 51.36 −3.99 0.44 

 

P23 −19.57 

Al26 50.22 3.53 0.67 

 

P24 −29.62 

     

P25 −26.80 

     

P26 −33.49 

21,25 

      Al11 46.19 4.05 0.91 

 

P11 −18.97 

Al12 45.45 −2.70 0.67 

 

P12 −15.42 

Al13 47.18 −4.63 0.22 

 

P13 −24.68 

Al14 45.10 −1.33 0.17 

 

P14 −8.24 

Al15 45.94 2.91 0.66 

 

P15 −21.86 

Al16 45.03 −2.11 0.88 

 

P16 −18.21 

Al22 50.87 3.44 0.76 

 

P21 −21.35 

Al23 52.04 −4.25 0.39 

 

P22 −29.98 

Al24 50.82 3.36 0.79 

 

P23 −21.26 

Al26 49.42 −2.64 0.62 

 

P24 −30.28 

     

P25 −22.75 

     

P26 −33.94 

22,24 

      Al11 46.30 −1.89 0.89 

 

P11 −17.71 

Al12 50.90 1.32 0.85 

 

P12 −18.22 

Al13 43.68 2.62 0.78 

 

P13 −17.51 

Al14 46.27 4.06 0.57 

 

P14 −19.42 

Al15 46.42 1.16 0.38 

 

P15 −8.22 

Al16 50.81 −4.77 0.29 

 

P16 −27.23 
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Al21 50.20 −2.80 0.91 

 

P21 −28.59 

Al23 50.06 4.22 0.61 

 

P22 −19.13 

Al25 50.04 4.48 0.36 

 

P23 −29.70 

Al26 52.71 −3.90 0.40 

 

P24 −15.86 

     

P25 −30.78 

     

P26 −24.43 

22,26 

      Al11 43.23 2.74 0.92 

 

P11 −17.03 

Al12 47.94 3.72 0.88 

 

P12 −20.05 

Al13 45.64 1.13 0.71 

 

P13 −10.56 

Al14 47.86 −4.73 0.26 

 

P14 −24.54 

Al15 43.54 −1.94 0.99 

 

P15 −18.89 

Al16 45.79 3.04 0.65 

 

P16 −22.53 

Al21 49.87 4.04 0.64 

 

P21 −32.97 

Al23 50.04 4.01 0.48 

 

P22 −20.95 

Al24 51.77 −3.60 0.49 

 

P23 −32.18 

Al25 49.77 −3.36 0.82 

 

P24 −22.16 

     

P25 −34.18 

     

P26 −20.95 

23,25 

      Al11 49.21 −4.53 0.39 

 

P11 −25.41 

Al12 48.33 2.48 0.63 

 

P12 −6.06 

Al13 47.52 3.88 0.42 

 

P13 −19.65 

Al14 44.65 1.86 0.04 

 

P14 −19.68 

Al15 49.52 3.11 0.68 

 

P15 −21.22 

Al16 45.46 2.83 0.80 

 

P16 −18.19 

Al21 50.23 −4.12 0.78 

 

P21 −24.38 

Al22 51.19 3.59 0.58 

 

P22 −30.96 

Al24 50.07 −3.24 0.33 

 

P23 −15.04 

Al26 49.82 3.63 0.67 

 

P24 −26.98 

     

P25 −19.00 

     

P26 −31.55 

24,26 

      Al11 46.35 1.42 0.31 

 

P11 −9.92 

Al12 48.91 −3.95 0.38 

 

P12 −24.57 

Al13 45.24 1.73 0.95 

 

P13 −18.96 

Al14 45.98 3.37 0.75 

 

P14 −20.63 

Al15 43.62 −3.01 0.88 

 

P15 −18.64 

Al16 48.60 3.60 0.80 

 

P16 −20.74 

Al21 50.28 3.79 0.42 

 

P21 −33.67 

Al22 51.34 −3.81 0.50 

 

P22 −24.69 

Al23 49.46 −3.72 0.50 

 

P23 −28.61 

Al25 49.85 3.38 0.45 

 

P24 −16.52 

     

P25 −32.15 
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          P26 −19.52 

 

Table A.11: Calculated (using CASTEP) 
27

Al NMR parameters (isotropic chemical shift, iso, 

quadrupolar coupling, CQ, quadrupolar asymmetry, Q and quadrupolar product, PQ) and 
31

P NMR 

parameters (isotropic chemical shift, iso) for 2 Mg → Al1 and Al2 MgAPO STA-2(BQNB) 

models. 

    6MR/CAN (1)     

Al site iso (ppm) CQ / MHz Q 

 

P site iso (ppm)

11,22 

      Al12 46.66 −3.51 0.56 

 

P11 −24.45 

Al13 43.53 2.89 0.74 

 

P12 −21.33 

Al14 46.66 3.93 0.33 

 

P13 −17.44 

Al15 44.42 4.38 0.97 

 

P14 −21.65 

Al16 45.54 −6.31 0.14 

 

P15 −19.23 

Al21 50.47 4.52 0.45 

 

P16 −26.67 

Al23 53.02 3.78 0.52 

 

P21 −21.33 

Al24 51.25 −1.62 0.33 

 

P22 −6.92 

Al25 51.23 −2.97 0.71 

 

P23 −22.09 

Al26 53.50 −3.92 0.62 

 

P24 −24.89 

     

P25 −33.08 

     

P26 −29.41 

12,21 

      Al11 45.56 −4.12 0.68 

 

P11 −20.96 

Al13 46.27 4.02 0.40 

 

P12 −24.52 

Al14 43.08 3.14 0.34 

 

P13 −22.24 

Al15 44.46 −6.92 0.10 

 

P14 −17.00 

Al16 44.78 4.55 0.79 

 

P15 −26.13 

Al22 49.74 4.68 0.41 

 

P16 −17.81 

Al23 50.00 −2.68 0.73 

 

P21 −15.70 

Al24 53.53 4.03 0.46 

 

P22 −20.96 

Al25 52.95 3.97 0.95 

 

P23 −27.49 

Al26 50.08 −3.19 0.36 

 

P24 −22.67 

     

P25 −32.29 

     

P26 −32.45 

13,24 

      Al11 46.65 4.25 0.92 

 

P11 −18.16 

Al12 49.27 −6.72 0.41 

 

P12 −23.34 

Al14 44.97 −3.78 0.37 

 

P13 −25.63 

Al15 44.91 2.93 0.31 

 

P14 −20.89 

Al16 47.09 3.44 0.69 

 

P15 −18.77 

Al21 49.86 −3.42 0.65 

 

P16 −23.48 
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Al22 53.39 −3.85 0.71 

 

P21 −28.63 

Al23 50.01 5.35 0.11 

 

P22 −26.78 

Al25 52.77 3.61 0.74 

 

P23 −19.45 

Al26 51.60 −1.57 0.83 

 

P24 −8.29 

     

P25 −25.75 

     

P26 −29.09 

14,23 

      Al11 46.77 −6.86 0.15 

 

P11 −24.61 

Al12 46.35 4.82 0.65 

 

P12 −17.63 

Al13 45.29 −3.77 0.58 

 

P13 −20.90 

Al15 47.20 3.49 0.46 

 

P14 −25.58 

Al16 45.25 2.75 0.39 

 

P15 −23.40 

Al21 52.59 4.51 0.94 

 

P16 −18.45 

Al22 51.70 −2.93 0.96 

 

P21 −29.67 

Al24 49.69 4.42 0.47 

 

P22 −31.51 

Al25 50.23 2.63 0.76 

 

P23 −7.45 

Al26 52.19 4.02 0.39 

 

P24 −19.54 

     

P25 −29.63 

     

P26 −25.23 

15,26 

      Al11 45.95 −2.51 0.98 

 

P11 −17.71 

Al12 48.53 4.30 0.73 

 

P12 −21.42 

Al13 46.52 −4.24 0.73 

 

P13 −19.77 

Al14 48.36 −6.76 0.34 

 

P14 −24.22 

Al16 47.79 −4.07 0.54 

 

P15 −25.76 

Al21 51.53 4.37 0.30 

 

P16 −20.43 

Al22 51.92 −1.44 0.36 

 

P21 −21.47 

Al23 50.42 −4.02 0.30 

 

P22 −26.30 

Al24 54.02 −4.25 0.50 

 

P23 −26.27 

Al25 48.86 5.30 0.19 

 

P24 −18.08 

     

P25 −22.03 

     

P26 −6.55 

16,25 

      Al11 46.38 4.75 0.33 

 

P11 −20.58 

Al12 44.65 2.86 0.72 

 

P12 −16.66 

Al13 43.40 −6.93 0.05 

 

P13 −26.19 

Al14 42.57 −4.23 0.66 

 

P14 −17.55 

Al15 44.04 −3.39 0.46 

 

P15 −22.76 

Al21 50.06 2.32 0.61 

 

P16 −26.71 

Al22 52.56 3.49 0.69 

 

P21 −29.84 

Al23 53.65 −4.01 0.76 

 

P22 −22.73 

Al24 50.96 −2.79 0.67 

 

P23 −25.89 

Al26 48.75 4.85 0.27 

 

P24 −28.50 

     

P25 −20.94 
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          P26 −22.80 

       
     6MR/CAN (2)     

Al site iso (ppm) CQ / MHz Q    P site iso (ppm)

11,25 

      Al12 45.50 2.88 0.84 

 

P11 −23.90 

Al13 42.91 −3.85 0.76 

 

P12 −18.74 

Al14 47.65 2.32 0.84 

 

P13 −25.29 

Al15 45.54 −3.71 0.81 

 

P14 −13.16 

Al16 43.02 −4.24 0.65 

 

P15 −20.59 

Al21 48.91 6.01 0.34 

 

P16 −25.50 

Al22 51.93 3.65 0.97 

 

P21 −22.79 

Al23 53.96 −4.60 0.99 

 

P22 −25.36 

Al24 51.47 −3.31 0.27 

 

P23 −14.64 

Al26 51.18 2.95 0.52 

 

P24 −29.53 

     

P25 −27.84 

     

P26 −33.31 

12,26 

      Al11 44.38 3.48 0.67 

 

P11 −18.80 

Al13 47.57 −2.16 0.91 

 

P12 −23.81 

Al14 43.33 4.21 0.91 

 

P13 −15.45 

Al15 42.15 −4.69 0.60 

 

P14 −23.96 

Al16 45.24 −3.64 0.98 

 

P15 −25.80 

Al21 51.92 3.59 0.85 

 

P16 −20.14 

Al22 49.64 5.48 0.43 

 

P21 −26.55 

Al23 50.58 −3.88 0.64 

 

P22 −21.71 

Al24 53.26 −4.79 0.85 

 

P23 −29.24 

Al25 51.28 2.57 0.70 

 

P24 −11.61 

     

P25 −32.31 

     

P26 −23.81 

13,21 

      Al11 44.79 −3.97 0.94 

 

P11 −19.53 

Al12 42.05 −4.49 0.55 

 

P12 −23.89 

Al14 43.87 3.34 0.85 

 

P13 −25.22 

Al15 43.77 4.26 0.78 

 

P14 −18.40 

Al16 47.61 −2.97 0.80 

 

P15 −25.02 

Al22 51.79 2.85 0.33 

 

P16 −12.83 

Al23 49.35 6.33 0.46 

 

P21 −25.70 

Al24 52.52 3.73 0.85 

 

P22 −32.48 

Al25 53.64 4.74 0.87 

 

P23 −20.13 

Al26 51.38 −2.81 0.93 

 

P24 −25.68 

     

P25 −19.45 

     

P26 −33.11 
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14,22 

      Al11 42.90 −4.10 0.75 

 

P11 −24.43 

Al12 45.89 3.59 0.94 

 

P12 −19.32 

Al13 44.78 3.56 0.62 

 

P13 −18.59 

Al15 47.11 2.33 0.94 

 

P14 −23.6 

Al16 43.37 3.75 0.91 

 

P15 −13.42 

Al21 51.02 3.54 0.19 

 

P16 −25.59 

Al23 52.19 −3.63 0.73 

 

P21 −33.92 

Al24 51.03 5.28 0.51 

 

P22 −24.63 

Al25 51.50 −3.66 0.96 

 

P23 −25.1 

Al26 53.45 −4.64 0.95 

 

P24 −19.51 

     

P25 −33.19 

     

P26 −16.28 

15,23 

      Al11 46.36 4.50 0.75 

 

P11 −23.39 

Al12 49.53 −3.42 0.69 

 

P12 −12.37 

Al13 44.35 −3.81 0.83 

 

P13 −19.65 

Al14 41.43 −4.67 0.60 

 

P14 −25.29 

Al16 44.86 −3.01 0.99 

 

P15 −26.13 

Al21 52.69 5.43 0.72 

 

P16 −19.87 

Al22 51.33 −3.10 0.40 

 

P21 −16.61 

Al24 51.87 2.88 0.49 

 

P22 −30.84 

Al25 50.81 5.66 0.59 

 

P23 −24.01 

Al26 51.63 3.57 0.84 

 

P24 −30.46 

     

P25 −22.08 

     

P26 −26.79 

16,24 

      Al11 49.55 −2.59 0.98 

 

P11 −12.88 

Al12 46.59 −3.91 0.95 

 

P12 −23.41 

Al13 42.18 −4.70 0.52 

 

P13 −25.49 

Al14 43.97 −4.17 0.71 

 

P14 −18.57 

Al15 44.81 3.31 0.77 

 

P15 −19.39 

Al21 50.64 −3.32 0.83 

 

P16 −26.00 

Al22 53.88 −4.40 0.95 

 

P21 −31.50 

Al23 50.96 2.82 0.94 

 

P22 −14.19 

Al25 51.94 3.31 0.93 

 

P23 −29.19 

Al26 50.68 5.35 0.52 

 

P24 −20.00 

     

P25 −26.76 

          P26 −20.21 

       
     CAN (1)     

Al site iso (ppm) CQ / MHz Q 

 

P site iso (ppm)

11,23 
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Al12 46.00 1.84 0.84 

 

P11 −24.32 

Al13 44.83 −4.28 0.19 

 

P12 −17.34 

Al14 45.90 5.00 0.85 

 

P13 −19.67 

Al15 47.62 5.80 0.73 

 

P14 −22.87 

Al16 44.45 −4.50 0.06 

 

P15 −25.41 

Al21 50.50 5.89 0.17 

 

P16 −18.62 

Al22 52.81 3.51 0.40 

 

P21 −21.57 

Al24 52.24 1.81 0.75 

 

P22 −25.13 

Al25 48.72 −4.52 0.73 

 

P23 −10.11 

Al26 50.48 3.77 0.73 

 

P24 −28.23 

     

P25 −32.14 

     

P26 −33.49 

12,24 

      Al11 45.46 −1.75 0.63 

 

P11 −17.38 

Al13 45.69 4.88 0.89 

 

P12 −23.03 

Al14 44.56 −3.98 0.42 

 

P13 −23.07 

Al15 44.75 −5.03 0.21 

 

P14 −18.30 

Al16 46.70 5.76 0.60 

 

P15 −18.24 

Al21 50.68 2.80 0.81 

 

P16 −25.65 

Al22 51.80 4.61 0.22 

 

P21 −26.95 

Al23 52.25 2.52 0.91 

 

P22 −18.99 

Al25 52.07 −3.80 0.99 

 

P23 −29.24 

Al26 49.70 −3.92 0.49 

 

P24 −8.07 

     

P25 −32.95 

     

P26 −29.21 

13,25 

      Al11 44.82 5.03 0.85 

 

P11 −30.47 

Al12 43.25 −4.56 0.08 

 

P12 −32.67 

Al14 43.13 −1.97 0.48 

 

P13 −19.85 

Al15 45.27 −4.19 0.18 

 

P14 −26.47 

Al16 46.14 5.77 0.82 

 

P15 −11.52 

Al21 47.78 −4.28 0.65 

 

P16 −31.88 

Al22 52.89 −3.64 0.61 

 

P21 −23.94 

Al23 50.73 5.61 0.50 

 

P22 −16.78 

Al24 52.81 3.13 0.42 

 

P23 −25.96 

Al26 51.44 1.82 0.72 

 

P24 −18.84 

     

P25 −19.63 

     

P26 −22.92 

14,26 

      Al11 42.96 −5.04 0.28 

 

P11 −17.09 

Al12 47.00 5.02 0.85 

 

P12 −26.13 

Al13 44.82 1.90 0.91 

 

P13 −19.91 

Al15 45.83 −5.07 0.95 

 

P14 −25.05 

Al16 45.42 −4.10 0.14 

 

P15 −23.13 
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Al21 51.54 −4.65 0.63 

 

P16 −19.68 

Al22 50.85 −3.01 0.42 

 

P21 −32.86 

Al23 52.10 3.57 0.89 

 

P22 −30.57 

Al25 50.83 4.96 0.07 

 

P23 −26.03 

Al26 51.90 1.83 0.67 

 

P24 −18.53 

     

P25 −30.22 

     

P26 −10.52 

15,21 

      Al11 45.78 −5.06 0.37 

 

P11 −19.26 

Al12 45.95 −4.89 0.90 

 

P12 −22.67 

Al13 45.17 6.44 0.68 

 

P13 −24.62 

Al14 44.25 −4.97 0.21 

 

P14 −18.96 

Al16 43.59 1.77 0.67 

 

P15 −24.46 

Al22 51.60 2.24 0.75 

 

P16 −17.50 

Al23 49.48 −4.21 0.69 

 

P21 −11.08 

Al24 52.67 −4.11 0.89 

 

P22 −29.67 

Al25 52.35 4.97 0.39 

 

P23 −29.27 

Al26 51.45 2.58 0.72 

 

P24 −32.12 

     

P25 −21.10 

     

P26 −27.31 

16,22 

      Al11 46.74 −4.96 0.99 

 

P11 −21.22 

Al12 45.78 −4.53 0.28 

 

P12 −18.02 

Al13 44.75 −5.30 0.29 

 

P13 −17.16 

Al14 44.83 5.37 0.81 

 

P14 −23.44 

Al15 44.10 −2.02 0.28 

 

P15 −17.93 

Al21 52.29 2.18 0.87 

 

P16 −26.36 

Al23 52.92 3.60 0.69 

 

P21 −30.71 

Al24 50.47 −3.87 0.38 

 

P22 −8.81 

Al25 50.73 2.97 0.65 

 

P23 −29.34 

Al26 51.72 4.49 0.44 

 

P24 −24.85 

     

P25 −26.72 

          P26 −21.69 

       
     CAN (2)     

Al site iso (ppm) CQ / MHz Q    P site iso (ppm)

11,24 

      Al12 47.81 3.83 0.23 

 

P11 −16.12 

Al13 41.87 2.84 0.27 

 

P12 −24.67 

Al14 47.40 2.43 0.39 

 

P13 −23.66 

Al15 47.05 −4.96 0.27 

 

P14 −15.19 

Al16 46.99 4.02 0.84 

 

P15 −17.93 

Al21 48.86 4.80 0.38 

 

P16 −25.83 
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Al22 52.37 −5.56 0.68 

 

P21 −22.13 

Al23 52.28 4.15 0.87 

 

P22 −14.39 

Al25 49.47 5.29 0.97 

 

P23 −15.73 

Al26 51.88 −2.39 0.89 

 

P24 −19.72 

     

P25 −32.49 

     

P26 −30.87 

12,23 

      Al11 44.85 4.03 0.15 

 

P11 −25.28 

Al13 46.41 3.42 0.72 

 

P12 −14.48 

Al14 41.86 2.93 0.54 

 

P13 −15.21 

Al15 46.37 4.62 0.86 

 

P14 −23.26 

Al16 47.19 −4.52 0.30 

 

P15 −24.36 

Al21 53.04 5.57 0.75 

 

P16 −16.55 

Al22 51.60 4.46 0.71 

 

P21 −22.06 

Al24 52.89 −4.26 0.89 

 

P22 −22.40 

Al25 51.54 3.27 0.82 

 

P23 −24.99 

Al26 49.46 −5.67 0.72 

 

P24 −18.67 

     

P25 −33.28 

     

P26 −32.60 

13,26 

      Al11 46.31 −5.20 0.24 

 

P11 −17.63 

Al12 47.33 −4.17 0.96 

 

P12 −23.88 

Al14 45.87 4.03 0.31 

 

P13 −18.21 

Al15 42.84 2.75 0.49 

 

P14 −25.84 

Al16 46.72 1.98 0.93 

 

P15 −24.10 

Al21 49.18 −5.06 1.00 

 

P16 −15.64 

Al22 52.34 2.21 0.62 

 

P21 −32.55 

Al23 49.13 5.53 0.45 

 

P22 −30.45 

Al24 52.43 −5.89 0.51 

 

P23 −20.05 

Al25 52.69 −3.77 0.87 

 

P24 −13.15 

     

P25 −20.03 

     

P26 −22.07 

14,25 

      Al11 46.98 −4.00 0.71 

 

P11 −23.59 

Al12 47.74 −5.07 0.40 

 

P12 −16.11 

Al13 45.99 4.09 0.28 

 

P13 −25.90 

Al15 46.06 1.91 0.96 

 

P14 −15.85 

Al16 41.91 2.47 0.53 

 

P15 −16.87 

Al21 50.62 −2.79 0.93 

 

P16 −24.80 

Al22 50.73 −5.62 0.58 

 

P21 −32.99 

Al23 51.30 −5.42 0.82 

 

P22 −31.92 

Al24 51.38 4.10 0.60 

 

P23 −12.45 

Al26 51.96 −3.83 0.89 

 

P24 −19.86 

     

P25 −23.87 
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P26 −18.62 

15,22 

      Al11 42.80 3.31 0.35 

 

P11 −22.71 

Al12 47.34 2.89 0.70 

 

P12 −14.75 

Al13 45.16 −5.07 0.44 

 

P13 −15.80 

Al14 44.83 −4.11 0.97 

 

P14 −23.25 

Al16 44.95 3.77 0.16 

 

P15 −17.12 

Al21 52.50 4.14 0.92 

 

P16 −26.37 

Al23 50.43 −5.17 0.96 

 

P21 −19.72 

Al24 51.40 2.31 0.79 

 

P22 −23.82 

Al25 49.77 4.87 0.34 

 

P23 −30.09 

Al26 52.43 −5.34 0.46 

 

P24 −27.47 

     

P25 −24.26 

     

P26 −21.66 

16,21 

      Al11 47.49 3.42 0.91 

 

P11 −14.38 

Al12 43.24 2.81 0.50 

 

P12 −22.73 

Al13 46.08 −4.13 0.92 

 

P13 −23.96 

Al14 45.06 −5.09 0.45 

 

P14 −15.33 

Al15 44.32 4.33 0.24 

 

P15 −25.30 

Al22 52.48 −3.96 0.87 

 

P16 −15.56 

Al23 52.14 2.93 0.97 

 

P21 −24.90 

Al24 50.78 −5.54 0.73 

 

P22 −19.12 

Al25 52.87 −4.71 0.75 

 

P23 −28.16 

Al26 50.88 4.13 0.54 

 

P24 −29.22 

     

P25 −25.37 

          P26 −23.86 

       
     CAN (3)     

Al site iso (ppm) CQ / MHz Q    P site iso (ppm)

11,26 

      Al12 46.18 −2.49 0.68 

 

P11 −18.28 

Al13 43.59 1.80 0.70 

 

P12 −25.02 

Al14 46.28 4.10 0.77 

 

P13 −18.65 

Al15 43.55 4.35 0.93 

 

P14 −21.76 

Al16 42.87 2.83 0.63 

 

P15 −24.31 

Al21 48.53 3.54 0.13 

 

P16 −21.15 

Al22 51.20 4.81 0.61 

 

P21 −23.57 

Al23 51.12 −3.52 0.87 

 

P22 −22.38 

Al24 53.09 3.71 0.72 

 

P23 −19.02 

Al25 48.29 4.40 0.93 

 

P24 −22.65 

     

P25 −32.78 

     

P26 −27.73 
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12,25 

      Al11 45.71 2.85 0.37 

 

P11 −24.05 

Al13 47.28 −3.86 0.99 

 

P12 −14.56 

Al14 43.66 2.36 0.52 

 

P13 −22.85 

Al15 43.72 −3.06 0.93 

 

P14 −15.25 

Al16 44.92 4.34 0.83 

 

P15 −21.46 

Al21 50.54 4.26 0.62 

 

P16 −26.17 

Al22 51.20 1.56 0.42 

 

P21 −25.29 

Al23 52.90 4.06 0.60 

 

P22 −23.99 

Al24 52.68 3.30 0.74 

 

P23 −22.78 

Al26 48.22 −4.28 0.93 

 

P24 −15.76 

     

P25 −27.03 

     

P26 −30.34 

13,22 

      Al11 42.49 4.48 0.94 

 

P11 −23.15 

Al12 43.76 2.76 0.85 

 

P12 −20.58 

Al14 44.16 −2.94 0.61 

 

P13 −18.08 

Al15 42.90 1.90 0.45 

 

P14 −24.48 

Al16 46.19 3.34 0.84 

 

P15 −17.66 

Al21 48.94 4.77 0.84 

 

P16 −22.49 

Al23 49.61 2.83 0.19 

 

P21 −31.58 

Al24 51.32 4.87 0.65 

 

P22 −25.82 

Al25 51.89 −3.39 0.97 

 

P23 −21.81 

Al26 53.04 −3.78 0.86 

 

P24 −21.36 

     

P25 −30.45 

     

P26 −28.54 

14,21 

      Al11 44.30 2.75 0.78 

 

P11 −20.05 

Al12 43.76 −4.22 0.91 

 

P12 −23.87 

Al13 45.31 −2.21 0.83 

 

P13 −25.83 

Al15 47.01 −3.75 0.99 

 

P14 −17.37 

Al16 44.24 −1.74 0.78 

 

P15 −22.33 

Al22 49.87 −3.90 0.60 

 

P16 −17.14 

Al23 51.07 5.49 0.45 

 

P21 −26.44 

Al24 50.87 1.89 0.48 

 

P22 −29.39 

Al25 53.15 3.45 0.78 

 

P23 −20.59 

Al26 52.78 2.68 0.80 

 

P24 −21.70 

     

P25 −27.44 

     

P26 −18.84 

15,24 

      Al11 47.14 1.87 0.94 

 

P11 −16.27 

Al12 50.23 5.28 0.61 

 

P12 −19.98 

Al13 43.06 4.50 0.84 

 

P13 −24.33 

Al14 41.97 2.93 0.88 

 

P14 −19.08 
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Al16 47.00 −2.48 0.94 

 

P15 −18.12 

Al21 51.80 −2.64 0.81 

 

P16 −27.43 

Al22 54.06 −3.03 0.51 

 

P21 −17.54 

Al23 49.22 −4.76 0.71 

 

P22 −25.28 

Al25 50.38 2.65 0.29 

 

P23 −27.99 

Al26 50.96 4.07 0.61 

 

P24 −18.68 

     

P25 −23.37 

16,23 

    

P26 −23.23 

Al11 50.08 4.63 0.83 

   Al12 46.42 1.75 0.92 

 

P11 −21.67 

Al13 44.01 3.01 0.76 

 

P12 −15.59 

Al14 42.27 4.77 0.68 

 

P13 −21.45 

Al15 47.18 2.15 0.97 

 

P14 −24.37 

Al21 52.68 4.09 0.66 

 

P15 −25.95 

Al22 52.1 3.14 0.57 

 

P16 −18.57 

Al24 49.26 −4.19 0.76 

 

P21 −24.66 

Al25 50.55 4.26 0.51 

 

P22 −16.68 

Al26 49.05 2.39 0.30 

 

P23 −22.54 

     

P24 −27.86 

     

P25 −26.53 

          P26 −23.22 

       
    4MR     

Al site iso (ppm) CQ / MHz Q    P site iso (ppm)

11,21 

      Al12 44.16 −3.96 0.95 

 

P11 −21.00 

Al13 43.21 2.86 0.97 

 

P12 −25.20 

Al14 47.15 3.49 0.81 

 

P13 −23.61 

Al15 46.80 −7.14 0.12 

 

P14 −13.38 

Al16 43.56 −2.92 0.96 

 

P15 −25.83 

Al22 52.63 −4.64 0.77 

 

P16 −17.75 

Al23 51.56 4.39 0.60 

 

P21 −15.86 

Al24 52.38 −4.99 0.57 

 

P22 −22.23 

Al25 51.04 −6.10 0.68 

 

P23 −18.82 

Al26 51.23 −2.46 0.80 

 

P24 −30.46 

     

P25 −30.03 

     

P26 −35.46 

12,22 

      Al11 42.68 −4.30 0.99 

 

P11 −24.58 

Al13 47.57 3.48 0.93 

 

P12 −20.81 

Al14 43.26 2.21 0.92 

 

P13 −14.09 

Al15 43.36 −3.33 0.57 

 

P14 −22.02 

Al16 47.65 −6.95 0.09 

 

P15 −18.21 
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Al21 51.79 4.67 0.98 

 

P16 −26.26 

Al23 51.77 4.12 0.95 

 

P21 −24.47 

Al24 52.78 3.82 0.72 

 

P22 −14.83 

Al25 51.68 3.38 0.69 

 

P23 −31.49 

Al26 51.21 −6.19 0.50 

 

P24 −17.45 

     

P25 −35.84 

     

P26 −28.21 

13,23 

      Al11 47.28 −7.05 0.10 

 

P11 −24.55 

Al12 45.34 −2.80 0.99 

 

P12 −16.89 

Al14 42.01 −4.64 0.74 

 

P13 −21.25 

Al15 45.29 2.24 0.94 

 

P14 −25.44 

Al16 46.01 3.08 0.95 

 

P15 −25.04 

Al21 49.92 −5.86 0.70 

 

P16 −14.58 

Al22 51.50 −2.41 0.71 

 

P21 −28.13 

Al24 51.62 −5.21 0.56 

 

P22 −34.50 

Al25 52.25 4.06 0.65 

 

P23 −14.01 

Al26 50.62 −4.80 0.64 

 

P24 −19.65 

     

P25 −22.23 

     

P26 −32.02 

14,24 

      Al11 44.78 −3.18 0.30 

 

P11 −17.32 

Al12 48.95 −6.94 0.05 

 

P12 −24.22 

Al13 42.46 4.16 0.93 

 

P13 −25.69 

Al15 46.93 −3.43 0.80 

 

P14 −21.23 

Al16 44.22 2.21 0.73 

 

P15 −13.81 

Al21 49.91 3.47 0.62 

 

P16 −24.40 

Al22 51.90 −6.14 0.31 

 

P21 −35.61 

Al23 52.15 −4.85 0.78 

 

P22 −26.10 

Al25 52.39 −4.60 0.79 

 

P23 −21.02 

Al26 52.10 3.99 0.62 

 

P24 −12.52 

     

P25 −33.02 

     

P26 −21.27 

15,25 

      Al11 45.27 −2.15 0.92 

 

P11 −22.56 

Al12 46.80 3.46 1.00 

 

P12 −12.33 

Al13 45.17 −7.08 0.13 

 

P13 −25.19 

Al14 42.35 −3.54 0.14 

 

P14 −17.50 

Al16 42.94 −4.60 0.88 

 

P15 −22.56 

Al21 50.71 4.33 0.61 

 

P16 −27.37 

Al22 52.86 −4.57 0.51 

 

P21 −20.80 

Al23 52.16 −6.54 0.49 

 

P22 −31.56 

Al24 53.09 −1.90 0.06 

 

P23 −25.50 

Al26 51.15 −4.41 0.47 

 

P24 −31.60 
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P25 −17.20 

     

P26 −23.71 

16,26 

      Al11 47.45 3.18 0.86 

 

P11 −13.99 

Al12 44.63 −2.00 0.79 

 

P12 −23.66 

Al13 42.59 −3.44 0.54 

 

P13 −19.89 

Al14 44.61 −7.06 0.14 

 

P14 −24.98 

Al15 42.4 −5.00 0.72 

 

P15 −26.22 

Al21 52.13 −4.69 0.66 

 

P16 −22.80 

Al22 51.55 4.28 0.57 

 

P21 −32.10 

Al23 50.49 −3.44 0.50 

 

P22 −18.52 

Al24 51.23 −6.04 0.36 

 

P23 −34.19 

Al25 51.56 −4.53 0.57 

 

P24 −25.39 

     

P25 −25.68 

          P26 −15.54 

 

Table A.12: Differences between calculated 
27

Al isotropic chemical shifts, iso, for Al1 and Al2, 

and 
31

P isotropic chemical shifts, for P1 and P2, in 2 Mg → 2 Al1 MgAPO STA-2(BQNB) 

models. 

 Difference between average iso (ppm) 

Mg 

sites 

Al1 and 

Al2 

P1(4Al) and 

P1(3Al) 

P1(3Al) and 

P1(2Al) 

P2(4Al) and 

P2(3Al) 

P2(3Al) and 

P2(2Al) 

4MR 

     11,12 7.71 3.34 NA 10.55 9.31 

13,14 7.49 2.50 NA 6.88 13.54 

15,16 7.56 3.89 NA 7.32 8.34 

      6MR/CAN 

    11,13 6.99 2.06 NA 8.74 13.68 

11,15 7.37 2.65 NA 5.93 10.73 

12,14 7.94 1.59 NA 8.84 15.10 

12,16 7.38 1.57 NA 7.74 12.81 

13,15 7.65 3.20 NA 9.76 10.39 

14,16 7.44 2.46 NA 9.76 12.45 

      CAN 

     11,14 6.44 2.49 NA 8.40 19.03 

11,16 7.20 4.29 NA 6.07 14.89 

12,13 7.18 1.76 NA 8.96 16.80 

12,15 7.94 5.22 NA 7.58 13.24 

13,16 7.74 4.28 NA 11.5 3.37 

14,15 7.31 3.59 NA 7.88 14.45 
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Table A.13: Differences between calculated 
27

Al isotropic chemical shifts, iso, for Al1 and Al2, 

and 
31

P isotropic chemical shifts, for P1 and P2, in 2 Mg → 2 Al2 MgAPO STA-2(BQNB) 

models. 

 
Difference between average iso (ppm) 

Mg 

sites 

Al1 and 

Al2 

P1(4Al) and 

P1(3Al) 

P1(3Al) and 

P1(2Al) 

P2(4Al) and 

P2(3Al) 

P2(3Al) and 

P2(2Al) 

d6R 

     21,22 2.42 NA NA 8.38 NA 

25,26 4.22 NA NA 1.11 NA 

23,24 2.90 NA NA 6.90 NA 

      4MR 

     21,24 4.99 6.48 6.65 5.19 NA 

21,26 4.82 6.28 5.96 1.37 NA 

22,23 3.78 7.27 6.96 7.00 NA 

22,25 5.19 8.20 5.66 1.48 NA 

23,26 2.45 8.46 5.50 5.99 NA 

24,25 3.26 8.35 5.01 7.66 NA 

      6MR/d6R 

    21,23 4.05 7.58 9.90 10.27 NA 

21,25 4.97 8.14 8.30 6.82 NA 

22,24 3.36 9.02 9.99 10.88 NA 

22,26 4.70 4.92 9.07 9.42 NA 

24,26 3.78 4.83 9.82 11.76 NA 

23,25 2.88 5.73 13.63 11.45 NA 

 

Table A.14: Differences between calculated 
27

Al isotropic chemical shifts, iso, for Al1 and Al2, 

and 
31

P isotropic chemical shifts, for P1 and P2, in 2 Mg → Al1and Al2 MgAPO STA-2(BQNB) 

models. 

 
Difference between average iso (ppm) 

Mg 

sites 

Al1 and 

Al2 

P1(4Al) and 

P1(3Al) 

P1(3Al) and 

P1(2Al) 

P2(4Al) and 

P2(3Al) 

P2(3Al) and 

P2(2Al) 

4MR 

     11,21 6.79 5.51 6.00 11.46 4.67 

12,22 6.94 4.78 5.42 10.89 6.13 

13,23 6.00 5.94 4.49 10.61 6.93 

14,24 6.22 5.50 5.47 10.43 8.63 

15,25 7.49 5.01 7.7 7.30 5.06 

16,26 7.06 3.61 7.36 8.46 6.56 



370 

 

      6MR/CAN(1) 

    11,22 6.53 5.65 NA 7.42 14.79 

12,21 6.43 5.82 NA 8.93 6.12 

13,24 4.95 4.16 NA 5.57 14.31 

14,23 5.11 5.00 NA 7.89 14.94 

15,26 3.92 5.16 NA 1.80 15.2 

16,25 6.99 7.06 NA 5.31 1.83 

      6MR/CAN(2) 

    11,25 6.57 5.23 6.51 8.76 NA 

12,26 6.80 5.05 4.02 9.86 NA 

13,21 7.32 5.75 6.14 10.06 NA 

14,22 7.03 5.59 5.54 12.18 NA 

15,23 6.36 5.18 7.39 8.28 NA 

16,24 6.20 5.99 6.10 10.06 NA 

      CAN(1) 

    11,23 5.19 5.24 NA 7.94 13.24 

12,24 5.87 5.09 NA 7.50 14.90 

13,25 6.61 5.41 NA 8.51 11.64 

14,26 6.24 5.64 NA 8.94 11.76 

15,21 6.56 4.94 NA 6.15 13.125 

16,22 6.39 6.32 NA 4.10 15.40 

      CAN(2) 

    11,24 4.75 7.70 1.84 13.69 NA 

12,23 6.37 8.79 0.31 10.91 NA 

13,26 5.34 6.69 2.28 12.68 NA 

14,25 5.46 8.78 0.89 13.76 NA 

15,22 6.29 7.65 1.71 6.42 NA 

16,21 6.59 8.55 1.07 5.38 NA 

      CAN(3) 

    11,26 5.95 4.54 NA 4.71 NA 

12,25 6.05 6.58 NA 3.54 NA 

13,22 7.06 4.11 NA 5.20 NA 

14,21 6.62 5.63 NA 6.52 NA 

15,24 5.40 7.52 NA 5.93 NA 

16,23 4.74 5.84 NA 4.02  NA 
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The 
31

P and 
27

Al isotropic chemical shift ranges for all the geometry-

optimised structures of dehydrated MgAPO STA-2(BQNB) models are given in 

Figure A.9. The 
27

Al-
31

P correlation plots of the calculated results, akin to MQ-J-

HETCOR experiments, for the geometry-optimised structures of the models of 

dehydrated MgAPO STA-2(BQNB) are shown superimposed over the 

experimental MQ-J-HECTCOR spectrum in Figures A.10 to A.13. These are 

shown superimposed to allow direct visual comparison. The correlation plots from 

the calculated data have been shifted in the 
27

Al dimension as the isotropic 

chemical shifts were seen to be downfield of the experimental values. It can be 

seen that whilst some models do not cover the whole observed experimental peak 

range a combination of models provides good agreement. It should be noted that 

experimental 
31

P resonances were observed downfield, but are absent from the 

experimental 2D experiment. The energies of the geometry-optimised structures 

are given in Table A.15. 

 

 

Figure A.9: Calculated (using CASTEP) 
27

Al (a) and 
31

P (b) isotropic chemical shifts for all 

models of MgAPO STA-2(BQNB). 
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Figure A.10: 
27

Al-
31

P MQ-J-HETCOR spectrum of MgAPO STA-2(BQNB), at 14.1 T, with 

correlation plots of calculated (using CASTEP) parameters, akin to MQ-J-HETCOR, of geometry-

optimised structures of 2 Mg → 2 Al1 models, (a) all, (b) CAN, (c) 4MR and (d) 6MR/CAN, of 

dehydrated MgAPO STA-2(BQNB) [Figure 4.80].  
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Figure A.11: 
27

Al-
31

P MQ-J-HETCOR spectrum of MgAPO STA-2(BQNB), at 14.1 T, with 

correlation plots of calculated (using CASTEP) parameters, akin to MQ-J-HETCOR, of geometry 

optimised structures of 2 Mg → 2 Al2 models, (a) all, (b) d6R, (c) 4MR and (d) 6MR/CAN, of 

dehydrated MgAPO STA-2(BQNB) [Figure 4.81]. 
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Figure A.12: 
27

Al-
31

P MQ-J-HETCOR spectrum of MgAPO STA-2(BQNB), at 14.1 T, with 

correlation plots of calculated (using CASTEP) parameters, akin to MQ-J-HETCOR, of geometry 

optimised structures of 2 Mg → 1 Al1 & 1 Al2 models, (a) 6MR/CAN(1), (b) 6MR/CAN(2) and 

(c) 4MR, of dehydrated MgAPO STA-2(BQNB) [Figure 4.82]. 
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Figure A.13: 
27

Al-
31

P MQ-J-HETCOR spectrum of MgAPO STA-2(BQNB), at 14.1 T, with 

correlation plots of calculated (using CASTEP) parameters, akin to MQ-J-HETCOR, of geometry 

optimised structures of 2 Mg → 1 Al1 & 1 Al2 models, (a) CAN(1), (b) CAN(2) and (c), CAN(3), 

of dehydrated MgAPO STA-2(BQNB) [Figure 4.82].  
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Table A.15: Energies, dispersion corrected, for geometry-optimised structures of dehydrated 

MgAPO STA-2(BQNB) models.  

Model Energy / eV SBU Model Energy / eV SBU 

11,12 −30386.77 4MR 21,24 −30386.59 4MR 

13,14 −30386.27 4MR 21,26 −30386.42 4MR 

15,16 −30386.30 4MR 22,23 −30386.87 4MR 

11,13 −30386.79 6MR/CAN 22,25 −30386.56 4MR 

11,15 −30386.90 6MR/CAN 23,26 −30386.70 4MR 

12,14 −30386.51 6MR/CAN 24,25 −30386.67 4MR 

12,16 −30386.56 6MR/CAN 21,23 −30386.75 6MR/d6R 

13,15 −30386.38 6MR/CAN 21,25 −30386.77 6MR/d6R 

14,16 −30386.42 6MR/CAN 22,24 −30386.80 6MR/d6R 

11,14 −30386.58 CAN 22,26 −30386.70 6MR/d6R 

11,16 −30386.53 CAN 23,25 −30386.85 6MR/d6R 

12,13 −30386.48 CAN 24,26 −30386.78 6MR/d6R 

12,15 −30386.44 CAN 21,22 −30387.10 d6R 

13,16 −30386.53 CAN 23,24 −30387.06 d6R 

14,15 −30386.47 CAN 25,26 −30386.80 d6R 

      
Model Energy / eV SBU Model Energy / eV SBU 

11,21 −30386.49 4MR 11,23 −30386.55 CAN(1) 

12,22 −30386.46 4MR 12,24 −30386.59 CAN(1) 

13,23 −30386.50 4MR 13,25 −30386.52 CAN(1) 

14,24 −30386.46 4MR 14,26 −30386.46 CAN(1) 

15,25 −30386.47 4MR 15,21 −30386.49 CAN(1) 

16,26 −30386.45 4MR 16,22 −30386.62 CAN(1) 

11,22 −30386.61 6MR/CAN(1) 11,24 −30386.62 CAN(2) 

12,21 −30386.54 6MR/CAN(1) 12,23 −30386.47 CAN(2) 

13,24 −30386.49 6MR/CAN(1) 13,26 −30386.61 CAN(2) 

14,22 −30386.58 6MR/CAN(1) 14,25 −30386.54 CAN(2) 

15,26 −30386.65 6MR/CAN(1) 15,22 −30386.51 CAN(2) 

16,25 −30386.55 6MR/CAN(1) 16,21 −30386.50 CAN(2) 

11,25 −30386.59 6MR/CAN(2) 11,26 −30386.56 CAN(3) 

12,26 −30386.62 6MR/CAN(2) 12,25 −30386.64 CAN(3) 

13,21 −30386.61 6MR/CAN(2) 13,22 −30386.53 CAN(3) 

14,23 −30386.6 6MR/CAN(2) 14,21 −30386.60 CAN(3) 

15,23 −30386.6 6MR/CAN(2) 15,24 −30386.73 CAN(3) 

16,24 −30386.7 6MR/CAN(2) 16,23 −30386.68 CAN(3) 

 

 

 

 



377 

 

A.5 References 

 

1. A. Tuel, C. Lorentz, V. Gamlich and C. Baerlocher, C. R. Chim., 8, 531, 2005. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



378 

 

 

 



379 

 

Appendix B 

Supplementary Information for 

Chapter 6 

B.1 DFT Investigation of Ti-Bearing Hibonite 

 

This Appendix provides supplementary material for Chapter 6, “An 

Investigation into the Substitution Sites of Ti-bearing”, specifically with regards 

to the DFT study of Ti-bearing hibonite. The calculated 
27

Al NMR parameters, for 

the optimised structures of Hib-E and Hib-9 models, are given in Tables B.1 to 

B.3 and B.4, respectively. The calculated 
25

Mg NMR parameters, for the 

optimised structures of Hib-E and Hib-9 models, are given in Table B.5. The 
25

Mg 

isotropic chemical shift is overestimated, compared to typical experimental 

isotropic shifts for tetrahedral Mg around 52 ppm (MgAl2O4).
1
 

 

Table B.1: Calculated (using CASTEP) 
27

Al NMR parameters (isotropic chemical shift, iso, 

quadrupolar coupling, CQ, and asymmetry, Q) for M4 substitution site Hib-E models. 

Hib-E 

model 

Al Site 

27
Al NMR parameters 

Number of 

sites in unit cell iso (ppm) CQ / MHz Q

Ti4Mg3_1 1 17.45 2.51 0.00 2 

 2 56.01 11.49 0.00 2 

 3 70.60 4.70 0.00 2 

 4 11.22 3.03 0.00 2 

 5 20.73 −9.06 0.36 6 

 5 16.29 6.79 0.17 6 

      

Ti4Mg3_2 1 16.40 −1.90 0.00 1 

 1 16.06 −2.60 0.00 1 

 2 56.66 18.78 0.00 1 

 2 55.92 11.51 0.00 1 



380 

 

 3 69.89 10.00 0.00 1 

 3 65.73 10.47 0.00 1 

 4 9.92 1.37 0.00 1 

 4 11.58 0.50 0.00 1 

 5 18.23 −2.31 0.08 3 

 5 23.87 −9.18 0.64 3 

 5 22.24 5.56 0.18 3 

 5 16.70 6.86 0.22 3 

      

Ti4Mg3_3 1 16.25 −0.11 0.00 1 

 1 17.83 −4.90 0.00 1 

 2 56.23 10.84 0.00 1 

 2 56.30 10.78 0.00 1 

 3 68.41 3.46 0.00 1 

 3 68.45 3.49 0.00 1 

 4 7.60 1.36 0.00 1 

 4 7.53 1.33 0.00 1 

 5 21.60 5.69 0.91 3 

 5 21.59 5.67 0.90 3 

 5 16.03 2.80 0.92 3 

 5 16.04 2.77 0.94 3 

 

Table B.2: Calculated (using CASTEP) 
27

Al NMR parameters (isotropic chemical shift, iso, 

quadrupolar coupling, CQ, and asymmetry, Q) for M2 substitution site Hib-E models. 

Hib-E 

model 

Al Site 

27
Al NMR parameters 

Number of 

sites in unit cell
 iso (ppm) CQ / MHz Q

Ti2Mg3_1 1 18.25 −2.39 0.00 2 

 3 66.57 1.54 0.00 2 

 4 17.03 3.99 0.00 2 

 4 18.45 4.30 0.00 2 

 5 17.71 8.41 0.05 6 
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 5 18.75 4.06 0.71 6 

      

Ti2Mg3_2 1 15.78 −0.28 0.00 1 

 1 18.31 −4.84 0.00 1 

 3 65.36 2.60 0.00 2 

 4 11.32 2.03 0.00 2 

 4 22.48 6.04 0.00 2 

 5 21.29 5.71 0.25 6 

 5 15.97 4.19 0.47 6 

 

Table B.3: Calculated (using CASTEP) 
27

Al NMR parameters (isotropic chemical shift, iso, 

quadrupolar coupling, CQ, and asymmetry, Q) for mixed substitution site Hib-E models. 

Hib-E model Al Site 

27
Al NMR parameters Number of 

sites in 

unit cell
 iso (ppm) CQ / MHz Q

Ti2Ti4Mg3_1 1 15.94 −0.19 0.00 1 

 1 17.94 −4.85 0.00 1 

 2 55.18 10.44 0.00 1 

 3 65.94 2.57 0.00 1 

 3 67.77 3.37 0.00 1 

 4 11.93 2.29 0.00 1 

 4 7.35 1.23 0.00 1 

 4 22.34 5.92 0.00 1 

 5 21.67 5.85 0.75 3 

 5 21.09 5.43 0.18 3 

 5 15.94 3.91 0.5 3 

 5 15.76 3.00 0.87 3 

      

Ti2Ti4Mg3_2 1 17.84 −2.39 0.00 1 

 1 17.64 −2.54 0.00 1 

 2 54.02 12.07 0.00 1 
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 3 69.08 3.38 0.00 1 

 3 67.95 3.30 0.00 1 

 4 19.47 4.75 0.00 1 

 4 12.16 3.58 0.00 1 

 4 16.38 3.74 0.00 1 

 5 19.71 −8.58 0.35 3 

 5 17.36 8.07 0.09 3 

 5 19.78 4.65 0.82 3 

 5 16.28 7.24 0.12 3 

 

Table B.4: Calculated (using CASTEP) 
27

Al NMR parameters (isotropic chemical shift, iso, 

quadrupolar coupling, CQ, and asymmetry, Q) for Hib-9 models.  

Hib-9 model Al Site 

27
Al NMR parameters Number of sites 

in unit cell
 

iso (ppm) CQ / MHz Q

Ti4Mg3 1 16.61 −0.21 0.00 1 

 1 17.05 −2.94 0.00 1 

 2 55.85 18.68 0.00 1 

 2 55.36 12.02 0.00 1 

 3 68.73 6.51 0.00 1 

 3 69.13 0.57 0.01 1 

 3 67.83 6.69 0.00 1 

 4 8.34 0.48 0.00 1 

 4 9.62 2.19 0.00 1 

 4 13.02 0.97 0.00 1 

 5 20.43 −4.74 0.92 3 

 5 23.92 6.68 0.47 3 

 5 21.17 4.49 0.02 3 

 5 16.97 7.22 0.19 3 

      

Ti2Mg3 1 16.28 −0.24 0.00 1 

 1 17.34 −2.87 0.00 1 

 2 53.93 18.57 0.00 1 
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 3 66.85 −0.63 0.01 1 

 3 67.49 6.94 0.00 1 

 3 66.47 5.47 0.00 1 

 4 14.48 2.84 0.00 1 

 4 8.10 0.36 0.00 1 

 4 13.26 1.25 0.00 1 

 4 20.01 4.67 0.00 1 

 5 24.19 7.04 0.29 3 

 5 19.94 4.46 0.31 3 

 5 17.89 8.54 0.13 3 

 5 20.28 4.24 0.06 3 

 

Table B.5: Calculated (using CASTEP) 
25

Mg NMR parameters (isotropic chemical shielding, iso, 

quadrupolar coupling, CQ, and asymmetry, Q) for Hib-E and Hib-9 models. 
25

Mg iso referenced 

using ref 565.7 ppm.
2
 

Model Mg Site 

25
Mg NMR parameters 

iso (ppm) iso (ppm) CQ / MHz Q

Hib-E      

Ti4Mg3_1 3 327.59 238.1 −1.18 0.00 

 3 321.40 244.3 −1.19 0.00 

Ti4Mg3_2 3 322.80 242.9 −5.32 0.00 

 3 317.94 247.8 −6.29 0.00 

Ti4Mg3_3 3 326.18 239.5 0.13 0.03 

 3 325.69 240.0 0.13 0.04 

Ti2Mg3_1 3 333.54 232.2 1.44 0.00 

 3 327.96 237.7 1.44 0.00 

Ti2Mg3_2 3 329.99 235.7 0.65 0.01 

 3 330.02 235.7 0.65 0.01 

Ti2Ti4_1 3 329.20 236.5 −0.11 0.04 

 3 332.18 233.5 0.99 0.00 

Ti2Ti4_2 3 325.46 240.2 −0.26 0.02 

  3 323.64 242.1 −0.22 0.01 
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Hib-9      

Ti4Mg3 3 319.90 245.8 −2.64 0.00 

Ti2Mg3 3 324.28 241.4 −1.81 0.00 
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