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Abstract

NMR spectroscopy has evolved into one of the most important characterization
techniques in chemistry with which it is possible to obtain valuable structural, dynamical,
and mechanistic information. Most applications of NMR have however been limited to the
use of nuclei having spin quantum numbers of 1/2. This thesis discusses the developments
that have been advanced in order to extract quantitative structural information from the
NMR spectroscopy of quadrupolar nuclei (spin, 1>1/2) which account for the vast majority
of the NMR-active nuclei. In a first part of the thesis, a NMR crystallographic method is
developed which uses the electric field gradient tensor measured at the nuclear sites as an
experimental constraint in DFT-based crystal structure refinements. This inclusion of
experimental data into crystal structure refinements enables the determination of higher
quality, and experimentally-relevant, structures. We apply this new methodology in order to
determine higher quality crystal structures for the non-linear optical material Na>B2Al>07,
sodium pyrophosphates, and the near-zero thermal expansion material ZrMgMo3012. In a
second part of this thesis, experimental techniques are developed for the measurement of
spin-spin coupling between pairs of quadrupolar nuclei; the measurement of spin-spin
coupling carries with it extremely valuable distance and connectivity information. Using
DOR NMR, heteronuclear residual dipolar coupling as well as homonuclear J coupling
multiplets can be observed. Notably, the J coupling between quadrupolar nuclei can still be
measured in A spin systems, unlike in the case of pairs of spin-1/2 nuclei. The theory that
was developed for the characterization of these multiplets was extended for the general

simulation of exact NMR spectra of quadrupolar. This program, known as QUEST, is now




free to use by anyone in the scientific community. Pulsed J-resolved NMR experiments are
then described which enable the facile measurement of J and dipolar coupling in
homonuclear pairs of quadrupolar nuclei. Notably, the J splitting is greatly amplified in A
spin systems which provides strong structural information and enables the precise detection
of smaller J coupling constants. These techniques are applied towards directly studying
gallium metal-metal bonding interactions as well as boron-boron bonds in diboron

compounds of importance in g-boration chemistry.
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Part I: Introduction and Objectives

Chapter 1.1: A General Introduction to Nuclear

Magnetic Resonance

Nuclear magnetic resonance (NMR) spectroscopy had a humble beginning in the
study of the structure of atomic nuclei. Like the electron, it was known that atomic nuclei
also possessed spin and that a nuclear magnetic absorption signal could be detected due to
the splitting of the different magnetic energy levels in the presence of a large applied
magnetic field, known as the Zeeman effect.! This absorption signal was first detected by
Rabi using a molecular beam of LiCI? and, after much hard work by Gorter,® the NMR
phenomenon was eventually discovered independently by Purcell, Torrey, and Pound* as
well as by Bloch, Hansen, and Packard.® At the time, the new spectroscopic technique was
purely of interest to fundamental physicists; the only use which was proposed for the new
method was for the standardisation of magnetic fields and the measurement of nuclear

magnetic moments.

The discovery of the chemical shift, in NHsNO3,° and later the discovery of the J
coupling interaction, in NaSbFg,” demonstrated the rich structural information that could be
obtained with the method. Discovering that the resonance frequencies were affected by the
structure of the molecules disappointed physicists, who couldn’t use the technique to
measure accurate magnetic moments, but sparked interest amongst chemists which are

largely responsible for the development of modern NMR spectroscopy.




Today, NMR spectroscopy has become an integral part of any academic,
government, or industrial chemistry research centre. NMR spectroscopy is routinely used to
solve the structures of small organic molecules for which a vast array of powerful NMR
experiments, such as DEPT,® COSY,® HMQC,® and INADEQUATE?! have been developed.
With the advent of ever more powerful magnetic fields, NMR spectroscopy has also been
expanded to solving the complex 3D structures of large macromolecules such as proteins?14
and RNA.®®> NMR spectroscopy has also been expanded for medical imaging purposes!®-8
(i.e., nuclear magnetic resonance imaging (NMRI)). The letter ‘N’ from NMRI was,

however, soon dropped since the word ‘nuclear’ may cause anxiety for some patients.

NMR spectroscopy of solid samples is largely less developed than that of liquid
samples due to the presence of anisotropic broadening that is not averaged in a powdered
sample.’® The presence of this broadening is both a blessing and a curse since it makes it
possible to access a wealth of chemical information that is inaccessible in solution, but at the
expense of spectral resolution. Although molecular species such as organic molecules are
better studied in solution, some samples, such as large proteins,?® glasses,?* heterogeneous
catalysts,?? pharmaceuticals,?® and porous materials,?* may only be studied in solid forms.
Since NMR spectroscopy does not require any long range periodicity, it can also be applied
to powdered or amorphous samples for which diffraction experiments cannot yield atomic-
level structural information.?® Solid-state NMR also has a distinct advantage over liquid-
state NMR for studying quadrupolar nuclei (nuclei with spin | > 1/2), which correspond to
3/4 of the NMR-active nuclei in the periodic table, due to the slower nuclear-spin relaxation

in the solid state, which often broadens the NMR lines beyond detection in the liquid state.?®




In this first chapter, the main principles of NMR spectroscopy will be introduced.
The quantum mechanical description of NMR spectroscopy will also be discussed and the
theory and experiments used for solid-state NMR spectroscopy will be presented. For much
of the work discussed in this thesis, density functional theory (DFT) calculations were used
to complement the results obtained using NMR spectroscopy. The DFT methods of

relevance to this thesis are also introduced in this chapter.

1.1.1 The Zeeman Interaction

The nucleus at the heart of the atom is composed of protons, which possess a positive
charge, and neutrons, that do not possess a charge; both particles have a spin quantum
number of 1/2. Nuclides with an odd number of either neutrons, protons, or both possess a
non-zero nuclear spin quantum number and magnetic moment; these are known as NMR-
active nuclei. Nuclides with an odd number of protons or neutrons have a half-integer spin
quantum number and those with an odd number of protons and neutrons have an integer spin

quantum number.?’

Nuclei with a non-zero spin have an intrinsic angular momentum (1) that is rigidly
tied to the magnetic moment (u) of the nucleus. A given nucleus with a spin quantum
number of | has 2I + 1 energy levels with magnetic quantum numbers (m) ranging from | to
—I. These quantum states are normally degenerate; however, the degeneracy of the states is
lifted in the presence of an applied external magnetic field; this is known as the Zeeman
interaction.?® This interaction is described by the Zeeman Hamiltonian (Hz) below and is

depicted in Figure 1.1.%°




Energy
E
&

b, b,

Figure 1.1. Depiction of the Zeeman splitting for hypothetical spin-1/2 and spin-3/2 nuclei
with identical magnetogyric ratios. Note that in the presence of a non-zero quadrupolar
interaction, the Zeeman energy levels for the spin-3/2 nucleus are not degenerate in the

absence of a magnetic field.
@y H, =22,
2

In the above expression Bo is the strength of the applied magnetic field, y is the
magnetogyric ratio of the nucleus (y = p/1), and T, is an angular momentum operator which
simply returns the value of m when operating on a spin wave function. The properties of the
most common spin angular momentum operators are listed below. The Dirac bra-ket

notation will be used throughout this thesis.®
(1.3) 1,|m)=m/m)

(1.4) 1?|m)=1(1 +1)|m)




(1.5) T,|m)=(T, +il,))m)=/1(1 +1) —m(m+1)|m+1)

(1.6) 1_|m)=(T, —il,))m)=/1(1 +1) —m(m-1)|m-1)

The size of the splitting between the Zeeman energy levels is known as the Larmor

frequency (vo).?’

_ B
17 v, = .

NMR spectroscopy involves the excitation and detection of transitions between the
various energy levels that are separated by the Zeeman splitting and resonate at the Larmor
frequency. This interaction is very weak and appears in the radio frequency (rf) part of the
electromagnetic spectrum. Nuclei with a spin quantum number of 0, such as '?C, 1°0, and

325, do not couple with applied magnetic fields and are thus NMR-silent.

1.1.2 Pulsed NMR Spectroscopy

When atomic nuclei are exposed to an applied magnetic field they begin to precess at
the Larmor frequency since the force to align the spins with the field is countered by the
angular momentum of the nucleus. This is analogous to the precessional motion of a
gyroscope, for which there is macroscopic angular momentum as opposed to spin. The

sense of the precession is dependent on the sign of p and is depicted in Figure 1.2.%

The fluctuations in the local magnetic field of the nucleus perturb its precession and
eventually leads to the alignment of the spin polarization axis of the nuclei with the applied
magnetic field. This is known as spin-lattice relaxation and the rate at which thermal

equilibrium is reached is characterized by the relaxation time constant T1. The nuclei with a

S|




positive product of x and m will have their spin polarization axes aligned parallel with Bo
whereas those with a negative product of x and m will have spin polarization axes aligned

antiparallel with the magnetic field.

o0 /0

<

n>0 n<o

Figure 1.2. Directions of the precession of nuclear spins in the presence of a large applied

magnetic field (Bo).

The minute excess of nuclei in the lower energy level will lead to the formation of a
bulk magnetization (M) which is aligned with Bo; only this excess population of the lower
energy level(s) can be detected using NMR spectroscopy. If we consider a set of one million
H nuclei (1 = 1/2) in a magnetic field of 9.4 T, such that their Larmor frequency is of 400
MHz, at room temperature, the lower energy level will only contain 32 more spins than the
other energy level (see equation 1.8). In principle, only these 32 out of one million *H nuclei

are detectable using NMR.

(1.8)

PW2) _, (E(—l/Z)—E(l/Z)]:e ( 400M Hz

= = j —1.000064421
P(-1/2) kT 2.0836618x10°Hz/K - 298K
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This bulk magnetization also precesses about the large applied magnetic field at the
Larmor frequency. It is then useful to introduce a rotating frame of reference that precesses
about By at the Larmor frequency.'® In this rotating frame of reference, the effects of the
large Zeeman interaction are completely removed and thus the theoretical description only

needs to focus on the smaller perturbations to the Zeeman interaction. The Hamiltonian

describing the system is then simplified from H =H, + H®, where A® corresponds to a

small perturbation, to H =H®; this is pictorially represented in Figure 1.3. All further

discussions in this thesis will assume a rotating frame of reference.

—/ D >

H=H, +H" H=H{),

Figure 1.3. Depiction of the rotating frame of reference: on the left the bulk magnetization
is shown precessing about Bg at the Larmor frequency and on the right the observer is also
rotating at the Larmor frequency. In this frame of reference M is no longer precessing and

the effects of Az are removed.




The magnetization may be manipulated by the use of rf pulses which resonate at the
Larmor frequency. The interaction of M with the rf pulses is described by the rf

Hamiltonian (Hr).%°
(1.9) H, ()= _2—7Bl[MX cos(wyt—4)— M, sin(w,t - g)]
T

In the above expression By corresponds to the strength of the magnetic field component of
the rf pulse, Mx and My are the components of the magnetization along x and y, respectively,

wrf 1S the offset of the rf pulse from the resonance, and ¢ is the phase of the pulse.

The impact of the rf pulse is to momentarily introduce an oscillating magnetic field
(B1) that can be decomposed into components that rotate about Bo at the Larmor frequency.
In the rotating frame of reference, this is seen as a small static magnetic field in the

transverse plane with a phase of ¢. In the rotating frame of reference, M then precesses

about By until the pulse is turned off, as depicted in Figure 1.4.

A basic pulsed NMR experiment uses a single 90° pulse, meaning that the
magnetization vector is rotated by 90° such that it is left in the transverse plane,
perpendicular to the magnetic field. In this plane, the magnetization will precess at the
Larmor frequency and this precession can be detected by the induction it creates in a coil
oriented perpendicularly with respect to the magnetic field. This signal is known as the free
induction decay (FID). A Fourier transform of the cosine-modulated FID can then be
performed to obtain the NMR spectrum.3 Several more complex pulse sequences can be
performed in order to extract additional information or increase the sensitivity of the

experiment, some of these shall be discussed later in the text.
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Figure 1.4. Depiction of the effect of an rf pulse on the bulk magnetization of a sample. On

the top, a vector diagram shows the bulk magnetization vector at different time points of
the pulse sequence. Prior to the application of a rf pulse, the magnetization is aligned with
the magnetic field. A rf pulse then rotates the bulk magnetization onto the transverse

plane and is then turned off to allow the free precession of the magnetization.

1.1.3 NMR Interactions

The main NMR interaction, the Zeeman interaction, vide supra, only depends on the
physical properties of the nucleus and the applied magnetic field and does not discriminate
between nuclei in different chemical environments. Luckily, the other atomic nuclei and
electrons in a molecule or material also interact with the nuclei, albeit much more weakly.
The internal NMR interactions affect the Zeeman energy levels, and thus the resonance
frequency, making it possible to discriminate between different NMR signals and gain

insight into the chemical structure of a material.®




1.1.3.1 Magnetic Shielding

The electrons in a molecule respond to the application of a magnetic field and can
partially shield a nucleus from the magnetic field. The Zeeman Hamiltonian, when the
effects of magnetic shielding (MS) are taken into consideration, can be rewritten as

follows:?’

(110) H,.o =@-o) 22 ],
27

where o is the magnetic shielding constant which is, in principle, different for every
chemically distinct nucleus in a sample. o can be either negative or positive and thus the
magnetic field can be either reduced or amplified at the nuclear site, depending on its
chemical environment. According to Ramsey’s theory for nuclear shielding, there are two
mechanisms that are responsible for the MS of a nuclear site, the diamagnetic shielding (oaq)
and paramagnetic shielding (op) mechanisms. Diamagnetic shielding involves the shielding
of nuclei by the electrons in the ground state wave function and is usually smaller than the
paramagnetic shielding, with the exception of some of the lightest elements. The following

expression describes the diamagnetic shielding.

(111) off = ( j{ J |Z rk“rk“|o>

In this expression <O| represents the ground state wave function, k is an index for an

electron, r is the distance between the electron and the nucleus, a and g are indices

representing a Cartesian direction, and d.p is the Kronecker delta.

10



Since there is a dependence on « and f, it can be seen that MS is in fact anisotropic.
The electron distribution along a Cartesian axis «a is different than it is along g and thus,

unless there is some sort of symmetry, the MS will also be different along « and .

The paramagnetic shielding is usually the dominant shielding mechanism and

involves the promotion of electrons from the ground state electronic wave function (<O|)

into an excited state wave function ((n|).

(0 h]0)+ O hyl o LT 0)

1
&y~ &y

4z | 2m?

) o> i,
o or- {2 ]

The operators fki are angular momentum operators that effectively rotate a ground state

atomic orbital that can then overlap with an unoccupied orbital.>*** This rotation increases
the magnitude of the magnetic field in the direction of the rotation and ‘deshields’ the
nucleus. For this mechanism to be significant, the difference in energy between the ground

state (eo0) and excited state (en) wave functions needs to be small.

The orientation dependence of the MS interaction, as seen in equations 1.11 and 1.12,
IS not evident in the Hamiltonian written in equation 1.10. The Zeeman-shielding

Hamiltonian can then be rewritten as:%°

1_Gxx ny Oy, 0

~ y v (¢ ¢ ¢
(1.13) HZ+S:gl-(l—c)-BO:z(lx,ly,lz o, 1-c, o, |0
O O-zy 1_622 BO
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where ¢ is a second rank tensor representing the shielding interaction. o can have up to nine
independent components; however, this number can be reduced to six if the antisymmetric
part, which doesn’t affect the NMR spectrum, is ignored.®* This simplification is also
known as the secular approximation, or the first-order perturbation, since only the terms that
commute with the larger Zeeman interaction are maintained. The secular Zeeman-shielding
Hamiltonian is the following:

(114) I:I élzs = (1_ Gzz)& IAz
21

where a3 is the shielding along the direction of the applied magnetic field and is typically

calculated as follows:3¢
(1.15) o, =o,,sinfcosg+o,,sindsing+ o, cos* O

where gii are the principal components (eigenvalues) of the magnetic shielding tensor and ¢
and @ are the polar angles that define the orientation of the MS tensor in the Cartesian
coordinate system. The principal components of the MS tensor are ordered as: o33 > 022 >

o011.

MS cannot, unfortunately, be measured directly. Instead we can only measure the
shielding of a substance with respect to reference compound, this is known as the chemical

shift (CS, ¢) and is defined as follows.*°

(1.16) &, =‘71f—_‘7

ref
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In equation 1.16, orr is the shielding constant of a reference sample, for example
tetramethylsilane is used for *H, °C, and 2°Si NMR, aii is a MS tensor component and dii is
the corresponding CS tensor component. The CS, as well as MS, are expressed in units of

parts per million (ppm). The CS of a primary reference is set to 0 ppm.

The CS is importantly used to solve molecular structures since it is extremely
sensitive to the chemical environment. Signals from different functional groups in a

molecule appear in different CS ranges and the effects of varying groups are largely additive.

In solution, the rapid isotropic tumbling of the molecules averages the anisotropy of
the chemical shift interaction such that only the isotropic part of 8 can be measured, the

isotropic chemical shift (Jiso).
(1.17) igo = (811 + 83, +635) 13

In solids, however, molecular tumbling is highly restricted and molecules can usually
be approximated as being immobile. The anisotropic interactions then aren’t averaged and
the spectral resonance appears at J,; as opposed to diso. Typically, experiments are also
performed on powdered samples as opposed to single crystals; very large crystals are
necessary for NMR experiments due to the low sensitivity of the technique (see equation

1.8). Powders are composed of a large number of small crystallites whose 6 and ¢ angles

relating the orientation of the CS tensor to the magnetic field are different. It is then
necessary to perform what is known as a powder average and sum over the chemical shifts of
all possible crystallite orientations and scale the intensity by the probability of finding a

crystallite with that orientation.®” The NMR spectrum for a powdered sample is then given

by:

13



(1.18) Spectrum = LZHL”@Z (8,9)sinEdgd o

where the intensity of a given orientation in the sum is scaled by siné in order to take into
consideration the fact that orientations with ¢ near 90° are more probable than those at 0°;

this is illustrated in Figure 1.5.

(a)

B
20

o/ ppm

Figure 1.5. (a) The probability of finding 633 at different orientations is depicted; more
circles can be lined along the equator than at the poles and thus a polar angle 6 of 90° is
more probable than 0°. (b) Powder pattern broadened by chemical shift anisotropy.

Arrows are used to indicate the critical points of the powder pattern and illustrate the &iso,

Q, and k parameters.

The NMR spectrum is a broad line shape, as opposed to a single resonance, that has
some fine features which can be fit to determine the principal components of the CS tensor
(see Figure 1.5). diso can however be easily determined using magic angle spinning (MAS)

experiments, vide infra, and thus it is useful to define the Jiso, the span (Q2), and the skew (k)

14



of the CS tensor instead of using the eigenvalues exclusively.® The Q is used to quantify

the breadth of the powder pattern:
(1.19) Q=0y-0y, 76, — 05

and « is used to characterise the asymmetry of the CS tensor.

(1.20) =

3(Giso _622) ~ 3(522 B 5iso)
Q Q
A x of 1 or -1 represents CS tensors that are axially symmetric; however, the
equivalent tensor element differ depending on the sign of x. Axial symmetry requires that

the atom in question possesses a rotation symmetry axis of order three or higher.*

1.1.3.2 Quadrupolar Interaction

Nuclei with a spin quantum number greater than 1/2 are quadrupolar. These nuclei
have an asymmetric charge distribution and thus an electric quadrupole moment (Q).%® A
positive Q indicates that the nucleus is prolate whereas Q is negative when the nucleus is
oblate. The Q can also couple with the electric field gradient (EFG) that is generated by the
electrons and the nuclei in a molecule. Unlike the Zeeman interaction, which is a magnetic
interaction, the quadrupolar interaction is an electrostatic interaction and can be quite strong.
Additionally, since the Q is aligned with I, the quadrupolar interaction affects the Zeeman
energy levels, and thus, the NMR spectrum. The Hamiltonian describing this interaction can

be written as follows.*°

—_—

v
XX Xy Xz X

@21) Hy=—2 povia=—2 (i i.i]v, v, v,|i
61(21 —1) 61(21 —1) :

VZX VZy VZZ IZ
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In the preceding expression, V is the EFG tensor which, like o, is a second-rank tensor,
however V is symmetric and traceless and can thus only have a maximum of five
independent elements. V can be easily calculated using the charge distribution of the
electrons and the nuclei as follows.*

ne(3af—S,r%)

5

(1.22) V=

r

In equation 1.22 r represents the distance between a charged particle and the nucleus, « and
p are Cartesian indices, dup IS the Kronecker delta and n is the charge of the particle

generating the EFG.

Like the MS (or CS) tensor, the EFG tensor is typically diagonalised and
parameterised using its eigenvalues which are ordered as Vi3 > V22 > V11. However, since

the EFG tensor is traceless, according to the Laplace equation:
(1.23) V,; +V,,+V,; =0

only two parameters are necessary to characterize the magnitude and asymmetry of the EFG

tensor: the quadrupolar coupling constant (Cq) and the asymmetry parameter (7).

\

(L24) Cq = EVas
h

(L25) y=uVe
V33

The asymmetry parameter can take values ranging from 0 to 1 where a » of zero represents

an axially symmetric EFG tensor.
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The secular part (or first-order perturbation) of Hq can be written as follows:*

RO T
1.26) HO =222~ MN3c0s0—1) +1sin? @ cos 2
(126) AY ==l )+ 4]

Since the T, operator, which returns the value of the quantum number m (see equation
1.3), is squared, the first order quadrupolar perturbation of the 1/2 and -1/2 states is equal.
Of the allowed single quantum transitions (selection rule of Am = 1), the m = 1/2 to -1/2
transition is unaffected by the quadrupolar interaction to first order. This transition, known
as the central transition (CT), is then much sharper than the other single quantum transitions,
which are known as the satellite transitions (ST). This is depicted in Figure 1.6. The CT
may also be manipulated independently when using low-power rf pulses if the pulse

durations are scaled by 1/(1 + 1/2); these are known as CT-selective pulses.*

CT

.......

B ST
S C e —

12—
Fop T ST1 ST1

VR ek T - ST2 ST2
ST1
3/2 S

sT2 T I
Av / MHz

5/21__.---""_ -------- - ! T T

Figure 1.6. (left) Energy level diagram for a spin-5/2 nucleus in a magnetic field, the various
single-quantum transitions are outlined. The effect of the inclusion of the first and second-
order quadrupolar interaction are shown. On the right the NMR spectrum for a spin-5/2
nucleus is shown where a sharp CT resonance is flanked by the four quadrupole-broadened

STs.
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Since the quadrupolar interaction is often very strong, the first-order approximation
is usually insufficient and a second-order perturbation needs to be evaluated. Recently it
was demonstrated experimentally that higher perturbation orders are necessary to accurately
reproduce the NMR spectra of some quadrupolar nuclei.®#  Unlike the first-order
quadrupolar Hamiltonian, the second-order quadrupolar Hamiltonian does affect the central
transition of a quadrupolar nucleus which is then broadened by the quadrupolar interaction.
The STs are broadened to first-order and thus have a breadth that increases linearly with Cq
whereas the breadth of the CT (Av°T) depends on the square of Cq and depends inversely on
vo (See equation 1.27).

C2(25+22n+n*)(1(1 +1) -3/4)
9, (21(21 —1))°

(1.27) AVET =

There is then a significant advantage in using the highest possible magnetic fields
when performing NMR experiments on half-integer quadrupolar nuclei since the breadth of

the CT will be reduced.*®

The effect of the asymmetry parameter is to change the appearance of the line shape.

Theoretical CT and ST line shapes are shown in Figure 1.7 as a function of the value of 7.
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Figure 1.7. Theoretical CT line shapes (a) as well as the corresponding ST line shapes (b) of

a spin-3/2 nucleus as a function of the value of .

Of course, the chemical shift anisotropy can also have a significant impact on the line
shape. In this case, the contributions from the second-order quadrupolar interaction only

need to be summed with the contribution from equation 1.15. The polar angles (6 and ¢)

are however, in principle, different for the CS and EFG tensors, unless molecular symmetry
forces them to share the same principal axis frames.*’*® The orientation of the CS tensor is
then related to that of the EFG tensor by a series of rotations about the z, y, and z axes by
angles of a, f, and y, respectively; these are known as the Euler angles. The angles « and y
can take values ranging from 0 to 360° whereas £ can range from 0 to 180°. The definition

of these angles is shown pictorially in Figure 1.8.
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Figure 1.8. Definition of the Euler angles relating the orientation of the CS tensor with

respect to the EFG tensor.

1.1.3.3 Spin-Spin Coupling

Nuclei can magnetically couple with each other, much like the coupling with an
applied magnetic field caused by the Zeeman interaction. There are two spin-spin coupling
interactions, the direct dipolar interaction and the indirect nuclear spin-spin coupling (J)
interaction. Dipolar coupling involves the coupling of the magnetic dipoles directly through
space. This interaction depends only on the motionally averaged inverse cube of the
internuclear distance between the spins and thus measuring dipolar coupling can be used to
obtain strong distance restraints.*>>! The dipolar coupling Hamiltonian, in its principal axis

frame (the internuclear vector), is written as follows.>?

-1 0 O0)I,
(128) Hy =—Rpp(S-D-1)=—Rp(§,.8,.6,] 0 -1 0 }
0 0 2)I
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In equation 1.28 Rpp is the dipolar coupling constant and S and | are the two coupled nuclei.

Rop is defined as:

_ [ Ho | 7S -3
(1.29) Rpp —( 47[}( > j<rs,.>

where ys and y; are the magnetogyric ratios of nuclei S and | and rs, is the internuclear

distance between S and 1. The secular part of Hp is the following, assuming a heteronuclear

spin pair.
(1.30) HY® =-R_,(3cos?6-1)S,1I,

The 3cos?6-1 dependence in equation 1.30, where @ is the angle between the
magnetic field and the internuclear vector, averages to zero in the isotropic motions of a
liquid and thus the dipolar coupling information is inaccessible in solution. In the solid state,

however, dipolar coupling leads to the formation of the Pake doublet (see Figure 1.9).5

J coupling involves the coupling of two nuclei through the electrons and is
particularly large when a covalent interaction connects the atoms. There are four
mechanisms responsible for J coupling: the diamagnetic spin-orbital (DSO), paramagnetic
spin-orbital (PSO), spin dipole (SD), and Fermi contact (FC) mechanisms. DSO and PSO
are analogous to the diamagnetic and paramagnetic shielding and involve the coupling of
two nuclei through the orbital angular momentum of the electrons. SD involves the direct
dipolar interaction of a nucleus with an electron and FC involves the interaction of the nuclei
with an electron situated on the nuclei.>* Only orbitals with orbital angular momentum can
contribute to DSO and PSO and only orbitals with a significant s-character can contribute to

FC since only those orbitals have a finite probability of finding the electron on the nucleus.
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Figure 1.9. (left) Energy level diagram for a two-spin system displaying the allowed
transitions for both of the coupled nuclei in red and blue. On the right, the powder pattern
known as the Pake doublet is shown which is a combination of two powder patterns (a and

b) for the cases when the nucleus is coupled to the m = 1/2 or -1/2 state of the other

nucleus.

The J coupling Hamiltonian is very similar to the dipolar coupling Hamiltonian;

however, the J coupling tensor can have up to nine independent tensor elements.>®
131 H,=-3-0=(,.5,.5,]3,, 3, 3,.|T,

Unlike the dipolar coupling tensor, the J coupling tensor isn’t traceless and thus has
an isotropic component (Jiso) that remains measurable in solution NMR experiments and

leads to the characteristic multiplets of the NMR signals. The Jiso can be used to gain insight
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into the bonds in the molecule and forms the basis for many NMR experiments such as

DEPT,® COSY,°* HMQC,* and INADEQUATE.!!

The J coupling tensor can be diagonalised to obtain the three principal components
(J11, J22, and Ja3) of the tensor and their orientations. These are ordered as |Jzz-Jiso| > |J11-Jiso|
> |J22-Jiso| and are usually parameterised using the isotropic J coupling constant (Jiso), the

anisotropy (AJ), and asymmetry ;.
(1.32) Jiso = (311 +J,+ ‘]33)/3
(1.33) AJ=J,,—(J3,;,+3,,)/2

(1.34) 17, =035, —31)/(J3—Jis)

The largest principal component of J is however usually oriented along the
internuclear vector and it is often reasonable to assume an #; of zero.>® In that case, the
anisotropic part of the J coupling tensor cannot be separated from the dipolar coupling tensor

and only an effective dipolar coupling constant (Reff) can be measured.

(1.35) Ry =Ry, —AJ/3

1.1.4 The Wave Function Method in NMR

The previous sections discussed many of the interactions which are encountered
when performing solid-state NMR experiments, the solutions to which were obtained by
using the secular approximation or perturbation theory. Much of the work in this thesis
involves cases for which the use of perturbation expansions is unreasonable or impractical.

The wave function method for NMR will be introduced in this section and provides one of
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many, and perhaps the simplest, exact solutions to solving an arbitrary spin Hamiltonian and

simulating an NMR spectrum.

A complete basis set for a spin system can be obtained from the possible values of m

for a given system. For example, the basis set for a single spin-3/2 nucleus is as follow:®’

|-3/2)
|-1/2)
|1/2)

3/2)

(1.36) Basis set =

If multiple spins make up the spin system, then products of the single spin basis
functions can be used. For example, if there are two spin-1/2 nuclei, the basis functions are
the following.®®
|—1/2,—1/2>

|-1/21/2)

11/2,-1/2)
11/21/2)

(1.37) Basis set =

Note that the size of the basis set grows exponentially with the size of the system and
that it is currently unfeasible to perform exact simulations of spin systems on the order of 20
spin-1/2 nuclei, although new approximative methods show promise in performing nearly

exact simulations of hundreds of spins.*

The Hamiltonian can then be expressed in matrix form by evaluating the expectation

value of the Hamiltonian for every pair of two basis functions.
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If the basis functions correspond to the true wave functions of the system, then the
Hamiltonian will be diagonal and its diagonal elements would correspond to the energy
levels. Note that these diagonal elements correspond to the energy levels calculated using
the secular approximation. If the off-diagonal elements are non-zero, then the matrix needs

to be diagonalised by performing a unitary transformation as follows.
(1.39) P'HP=E

In equation 1.39, P is a matrix whose columns correspond to the eigenvectors and E is a
diagonal matrix whose diagonal elements are the eigenvalues (energy levels). The
eigenvectors correspond to the wave function associated to a given energy level (eigenvalue)

that is expanded in the selected basis set:°

(1.40) |m) =" (b, +iC,,)|n)

where n is an index for a basis function and bnm and cnm correspond to the real and
imaginary components of the eigenvector. Since the Hamiltonian is Hermitian, the energy
levels are always real however the wave functions are often imaginary. The eigenvalues can
be used to determine the NMR resonance frequencies and the eigenvectors can be used to
calculate other properties. For example, the intensity of a given resonance between states m;

and m, can be calculated as follows using equations 1.3-1.6:%
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(1.41) Intensity ocKml I, + f_|m2>‘ :

1.1.5 The Density Matrix

The wave function method can be applied to simulate simple, time-independent,
problems, however that is often insufficient. If the result of a sequence of rf pulses needs to
be calculated, or if we are dealing with a spinning sample, then the time dependence of the
Hamiltonian needs to be taken into consideration explicitly. The most common method for
solving the time-dependent Schrodinger equation in NMR experiments is with the use of the
density matrix (p). The density matrix, expressed in a Zeeman basis set (see equations 1.36
and 1.37), is a matrix whose diagonal elements represent the relative population of a given
state and the off-diagonal elements are known as coherences (transitions). For example, for
a single spin-3/2 nucleus, the density matrix is written as:*®

~3/2 ST DQ TQ

ST -1/2 CT DQ
(1.42) p=
DQ CT 1/2 ST

TQ DQ ST 3/2
In the p above, the coherences for the central transition (CT), satellite transitions (ST),
double-quantum coherences (DQ) and triple quantum coherences (TQ) are indicated. At

thermal equilibrium p is diagonal since none of the coherences have been excited.

In order to simulate the time dependence of an NMR experiment it is useful to
introduce the propagator (U) which is simply the imaginary exponential of the Hamiltonian

(equation 1.38).
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(1.43) U() = exp(-i H(1))

Note that the exponential of a matrix is simply the exponential of all its elements. The
propagator for the application of an on resonance rf pulse, that induces a rotation of the
magnetization of ¢, to a spin-1/2 nucleus is the following. During delays in the pulse
sequence, the system evolves according to the relevant internal spin Hamiltonians (equations

1.14,1.21, 1.28, and 1.31).

(L.44) U :[ cos(p/2) —isin((p/Z)}

—isin(p/2) cos(p/2)

If the Hamiltonian is not diagonal, then the propagator is given by the following,
where P is the matrix of eigenvectors of H and E is the diagonal matrix containing its

eigenvalues (see equation 1.39).°7
(1.45) U(t) = Pexp(—i E(t))P

The calculation of the density matrix under the application of a given propagator is

calculated using the following unitary transformation:

(1.46) p(t) =U(®PO)U (1)

and the expectation value of an operator (Q), such as the signal intensity, according to

equation 1.41, can be calculated according to:
(1.47) (Q)®) =Trip®)Q}.

In 1.47, Tr indicates that the trace (sum of the diagonal elements) is calculated.
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When multiple pulses are applied, or if we have a spinning sample, it is necessary to

separate the propagator into a series of small time increments:®2
(1.48) p(ty) =UO t)U(t;,1,)... Uty 1, ty)p(O)U  (ty 4.ty ). U™ (4, 1,)U (O, 1,).

With the density matrix approach, any NMR experiment can be simulated exactly,

including the effects of rf pulses.
1.1.6 Solid-State NMR Experiments

1.1.6.1 Magic Angle Spinning (MAS)

The technique known as magic angle spinning (MAS) was discovered independently
by Andrew, Bradbury, and Eades® as well as by Lowe®* in the late 1950s. The technique
uses fast mechanical rotations of a sample to average first-order broadening interactions such
as dipolar coupling and CSA to obtain high-resolution, solution-like, NMR spectra of solid

samples.

The rotation of a sample is better described with the use of spherical tensors as
opposed to Cartesian ones. The general form of a spherical tensor Hamiltonian is as

follows:%°
. -
(149) H,=C,> > (-)"RL.T
I m=l

where A is the interaction in question, C* is a fundamental constant, and RY.m and T*' are
the space and spin part of the Hamiltonian, respectively. | represents the rank of the tensor,
the isotropic part has an | of 0, the antisymmetric part has an | of 1, and the anisotropic part

has an | of 2. The space part can be expanded as follows:
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(150) I:zl),bm = Z Drln',m (Of, ﬂ’ 7/)p|%m'

where D'y is @ Wigner rotation matrix and the values of C* T, and p* . are tabulated
elsewhere.®® The Wigner rotation matrix is used to rotate the principal axis frame of the
tensor into the lab frame (the magnetic field) with a set of Euler angles («,5,y). To take into
consideration the rotation of the sample, it is only necessary to include an additional Wigner

rotation matrix:5’

(151) RI},Lm = Z Drlnm (a)Rt’ QR ’O) Drlnm (a’ ﬂ! 7)p|xm

where wr is the spinning frequency, t is time, and 6r is the angle of the rotor with respect to
the magnetic field. The Wigner rotation matrix for the rotation (considering only the

anisotropic, | = 2 part) can be expanded as:

(1.52) D@ (w:t,6,,0)=e""d 2 (6;)

m",

where m’ was set to zero to satisfy the secular approximation. When time averaging over a
rotor cycle, the only remaining term is d@o which is equal to %(3cos?ér - 1). This term is
equal to zero when the spinning axis is set to 54.74° with respect to the magnetic field. d®g,
is also known as the second-order Legendre polynomial of cosdr. All rank 2 (first-order)
anisotropic interactions are then averaged to zero by the technique of magic angle spinning,
yielding solution-like NMR spectra of solids. Simulated MAS NMR spectra are shown in

Figure 1.10.
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Figure 1.10. Theoretical NMR spectra for an arbitrary spin-1/2 nucleus are shown on the
left as a function of the MAS rate. The spinning sidebands change position as the spinning
rate is increased whereas the isotropic peak does not. A scheme of a MAS rotor is shown
on the right where the spinning axis is tilted away from the magnetic field by the magic

angle.

It is shown in Figure 1.10 that the broad powder pattern is split into a series of sharp
resonances that are known as spinning sidebands.®® These are separated from the isotropic
resonance by the spinning frequency. The isotropic peak is usually identified by acquiring
spectra at multiple spinning rates as its position is independent of the spinning frequency,

unlike the spinning sidebands.

The second-order quadrupolar interaction behaves as a spherical tensor of rank 4 and

thus the simplified space part of the Hamiltonian under sample spinning simplifies to:

(153) R/, =R + Z DZ ; (@it 6 ORSG™ + Z Dy o (@it, 0 ORSGM™ .
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There is then a dependency on the second, as well as the fourth-order Legendre
polynomial, which is equal to 1/8(35c0s*ér — 30cos?dr + 3). This term, unfortunately, does
not average to zero when 6r is set to 54.74° and thus MAS cannot fully average the
broadening caused by the second-order quadrupolar interaction. The breadth of the
anisotropic CT line shape is then only reduced by about a factor of 3, as shown in Figure
1.11.%° Also shown in Figure 1.11 is the dependence of the MAS CT line shape as a function

of the n. The effects of CSA are however completely removed by MAS.

(a) (b)
n=1.0
n=0.8 — L_
static n=06 )Ul
n=04 ,/ S
n=0.2 , )
MAS n=0.0 M

Av [ kHz
Figure 1.11. (a) The effect of MAS on the CT powder pattern of a quadrupolar nucleus is

illustrated, showing that the anisotropic broadening is only reduced by a factor of 3. (b)

Appearances of the MAS CT line shapes are shown as a function of the value of n.

1.1.6.2 Double-Rotation (DOR)

As seen in equation 1.53, in order to average the second-order quadrupolar
interaction, it is necessary to spin the samples about two angles simultaneously to eliminate

the dependence on the second- and fourth-order Legendre polynomials whose magic angles
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are of 54.74° and 30.56° or 70.12°, respectively. This extremely mechanically challenging
method has been developed and is known as double-rotation (DOR), see Figure 1.12.79"%
For DOR experiments, the sample is packed in a small rotor, known as the inner rotor, that is
inserted into the larger outer rotor. High pressure gas is fed into the outer rotor from its
extremities in order to spin both rotors simultaneously.”? The newest models can only
achieve outer and inner rotor spinning frequencies of 2.2 and 8 kHz, respectively, whereas
the DOR probe used for this work can be spun at frequencies of 1.1 and 5 kHz for the outer

and inner rotors, respectively.

(a)

DOR

MAS M
static / \

4321012345
Av (¥Al) / kHz

Figure 1.12. (a) A comparison of the ?’Al static, MAS, and DOR NMR spectra are shown. A
scheme of a typical DOR rotor is shown in (b) and a photo of the DOR rotors used for this

work is shown in (c).

DOR makes it possible to acquire high-resolution, solution-like, NMR spectra for
half-integer quadrupolar nuclei in a single dimension. Although other two-dimensional
methods such as multiple-quantum MAS (MQMAS)”® and satellite-transition MAS

(STMAS)™ have been designed to acquire high-resolution NMR spectra using conventional
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NMR equipment, DOR offers tremendous sensitivity advantages”™ and enables the
acquisition of high-resolution 2D correlation spectra.’®’” A comparison of the static, MAS,
and DOR ?’Al (1(¥'Al) = 5/2) NMR spectra of aluminium acetylacetonate are shown in

Figure 1.12.

1.1.6.3 Cross-Polarization

The NMR signals from dilute nuclei can be enhanced with a simple polarization
transfer technique known as cross-polarization (CP), see Figure 1.13."%7° In the CP
experiment, the magnetization from an abundant, high-y, nucleus, which is usually H, is
transferred to a less sensitive nucleus, such as *C. The sensitivity enhancement is two-fold;
the Boltzmann population of the nucleus of interest is increased due to the 'H’s higher
magnetogyric ratio, and the repetition time can be reduced since *H generally has shorter

relaxation times. More scans can then be acquired during a given time period.

(a) (b) 1H 13C (c)1H 13C
H J CP Decoupling ] o o
13C cP \v/\ - T secee  eocee

Figure 1.13. (a) A depiction of the CP pulse sequence is shown. An initial 90° pulse excites
the 'H spins and the magnetization is then transferred to 3C using two contact pulses
(gray). The signal is then detected on the 13C channel while the 'H spins are decoupled. In
(b) and (c) the energy levels are shown at equilibrium and during the contact pulse,

respectively.
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The pulse sequence for the CP experiment is depicted in Figure 1.13 where the
excitation pulse is applied to the abundant spins and long spin locking pulses are then
applied to equalise the resonance frequency of the two nuclei in the rotating frame (i.e.
identical nutation frequency). This is known as the Hartmann-Hahn match. The larger
magnetization of the abundant spins can then be transferred to the dilute spins and the NMR

signal can be acquired.

1.1.6.4 The Spin Echo

The length of the FID, that is acquired after the application of an rf pulse, is inversely
proportional to the line width of the signal in the NMR spectrum. In solid samples, and,
more importantly, static samples, the duration of the FID can be extremely short due to the
very broad anisotropic line shapes that are obtained. The short length of the FID becomes an
issue if one considers that many of the first data points in the FID are lost while the rf pulse
rings down, a period known as the dead time. In order to obtain reliable spectral line shapes,

it is necessary to acquire the beginning of the FID; this is done with the use of a spin echo.®

The spin echo pulse sequence involves the application of two pulses, a 90° and a
180° pulse, that are separated by a certain delay (see Figure 1.14). The 90° pulse excites
single-quantum coherences and rotates the magnetization vector into the transverse plane.
During the delay the signal dephases due to the different resonance frequencies in the
sample. The 180° pulse inverts the magnetization vectors, which maintain their initial
precessional frequencies, and thus lead to an echo when the inter-pulse delay is repeated.®:

This is illustrated in Figure 1.14.
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Figure 1.14. Scheme depicting a spin echo. A 90° pulse (of phase -y) is applied to rotate

the magnetization into the transverse plane (viewed from the z axis). During the delay the
magnetization dephases and a 180° pulse (of phase -y) is used to invert the magnetization.
The signal is refocused after waiting an equal delay and the beginning of the FID can be

recorded.

Echoes may also be formed when two 90° pulses are applied; these are known as
Solomon echoes.®? Solomon echo experiments have broader excitation bandwidths and
produce more reliable line shapes at the expense of a loss of signal since only half of the

signal is refocused by a 90° pulse.®

Multiple echoes may also be acquired with the Carr Purcell Meiboom Gill (CPMG)
pulse sequence®84 in order to increase the signal to noise ratio of an NMR spectrum (see
Figure 1.15). The train of spin echoes acquired with the CPMG method can be Fourier
transformed directly to obtain a spectrum whose intensity is condensed into a manifold of

sharp spikelets that mimics the line shape of the NMR spectrum. The echoes may also be
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summed in order to yield a conventional NMR spectrum with a higher signal to noise ratio.
This method is also referred to as the quadrupolar CPMG (QCPMG) method when it is

applied to a quadrupolar nucleus using CT-selective pulses.®®

90° 180° [~ 180°

|N
0 60
t/ ms
(d)
x15

30 20 10 0 -10 -20 -30 -40 30 20 10 O -10 20 -30 -40
Av | kHz Av | kHz

Figure 1.15. (a) The (Q)CPMG pulse sequence is depicted. An example echo train from a
91Zr QCPMG NMR experiment is shown in (b) and the Fourier transform of the echo train is
shown in (c), forming a spikelet spectrum. The Fourier transform of the first echo
(equivalent to a spin echo experiment) is shown in (d) and has a much lower signal/noise

ratio.
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1.1.6.5 Ultra-Wideline NMR

If the size of the quadrupolar interaction (or CSA) is very large, it may not be
possible to acquire the whole NMR spectrum with a single rf transmitter offset. This is the
case since square rf pulses have a limited excitation bandwidths and the probe itself is only
sensitive to frequencies within a certain range. These ultra-wideline NMR spectra must then
be acquired in pieces using a series of rf transmitter offsets; this is known as the variable
offset cumulative spectrum (VOCS) acquisition method.2® An example spectrum acquired

using the VOCS method is shown in Figure 1.16.
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Figure 1.16. An example 3Cl NMR spectrum acquired using the VOCS method is shown.
The top traces show each of the individual sub-spectra and their sum (on the bottom trace)

shows the full CT powder pattern.

37




Another way to increase the excitation bandwidth is to use chirped (frequency-swept)
rf pulses as opposed to square, monochromatic, rf pulses. Recently it was shown that
wideband uniform rate smooth truncation (WURST)® shaped rf pulses can be used to excite
broad powder patterns.8 WURST pulses generate a linear frequency sweep and can be used
to excite powder patterns as broad as 1 MHz with a single rf transmitter offset. In principle
larger excitation bandwidths are possible; however the probe bandwidth becomes the main

limitation.

Since the pulse produces a linear frequency sweep, all isochromats in a powder
pattern are excited sequentially, as opposed to simultaneously. The WURST echoes are then
frequency dispersed and mimic the shape of the powder pattern.®2° In order to obtain
absorptive NMR spectra acquired using WURST pulses it is necessary to apply either a

second-order phase correction or to calculate the magnitude of the NMR spectrum.®

WURST pulses have also been applied in a QCPMG fashion (the WURST-QCPMG
pulse sequence, see Figure 1.17) in order to excite broad powder patterns and maintain the

sensitivity advantages of the QCPMG method.®!

N

Figure 1.17. The WURST-QCPMG pulse sequence is depicted where a train or WURST

pulses are applied to acquire a series of frequency dispersed echoes.
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1.1.7 Density Functional Theory

Quantum chemical calculations are of tremendous use to complement experimental
NMR parameters and gain insight into the origin of a given NMR parameter in order to
relate it to a feature of the chemical or electronic structure. Density functional theory (DFT)
is an ideal method for this purpose since it is often sufficiently accurate in reproducing NMR
parameters without having the computational demands of higher-level ab initio wave

function methods.

DFT, which expresses the electronic energy of a system as a function of the electron
density, is, in principle, an exact theory;% however, the exact functional is not known. DFT
is then commonly performed using the Kohn-Sham formalism® which, usually, uses atomic-
centered orbitals as basis functions and calculates the kinetic and Coulombic energies as is
done in the Hartree-Fock method. The exchange and correlation energies are then calculated
using an approximate exchange-correlation potential that can use the electron density (local
density approximation, LDA),% the gradient of the electron density (generalised gradient
approximation, GGA),% the kinetic energy density (meta-GGA),*® and the Hartree-Fock
exchange energy (hybrid DFT)®" as input parameters. The Kohn-Sham energy and electron
density can then be used to calculate the EFG, MS, and J-coupling tensors.®® Typically,
these calculations are performed on discrete molecules or cluster models centered around the
atom on interest. Longer range effects, which are important for the calculation of the EFG
tensor, must then be ignored. The projector-augmented wave (PAW) DFT method®® (vide
infra) can be used to efficiently simulate an infinite crystal and include these longer range

effects in accurate calculations of NMR parameters. The use of cluster models however
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makes it possible to include relativistic effects, with the use of the zeroth-order regular
approximation (ZORA),1% which are very important in the calculation of the NMR
parameters for heavy elements. NMR parameters calculated with the use of cluster model
calculations can also be analysed with the use of natural localised molecular orbitals

(NLMO)™* which can shed light into the origins of a given NMR parameter,02-104

1.1.7.1 The Zeroth-Order Regular Approximation

The electrons in the elements of the fourth row and below of the periodic table
kinetic energies that approach the speed of light. For these elements, relativistic effects can
have a large impact on their chemistry and physical properties.’®® For example, relativistic
effects are responsible for the color of gold and the fact that mercury is a liquid at room
temperature. A useful approximate Hamiltonian for the full four-component relativistic

Hamiltonian is the ZORA Hamiltonian.1®

The ZORA method incorporates two components, the scalar and spin-orbit
relativistic components. Scalar relativistic effects contract and stabilise of the s and p
orbitals while destabilising the d and f orbitals. Scalar relativistic effects are, for example,
responsible for the inert pair effect in the heavier main group elements. Spin-orbit
relativistic effects are responsible for the splitting of orbitals due to the coupling of the
electron spin with the angular momentum of the orbitals. Spin-orbit relativistic effects are
known to be particularly important in the calculation of NMR parameters and are the reason
why atoms bound to iodine, for example, are shielded while those bound to the lighter
halogens are deshielded. This effect is known as the heavy atom-light atom (HALA)

effect.106
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1.1.7.2 Natural Localised Molecular Orbitals

The traditional solution to the Fock (or Kohn-Sham) self-consistent field (SCF)
equations use a set of highly delocalised orbitals known as canonical molecular orbitals
(CMOs). The CMOs are the MOs that chemist are most familiar with and are heavily used
to analyse chemical reactions, but they are not the only solution to the SCF equations. Any
combination of the CMOs to form a new orthonormal set of orbitals is also acceptable.
These new MOs would have the same electronic energy, and can be used to calculate any
property, such as NMR interaction tensors. One such set of molecular orbitals are the

natural localised molecular orbitals (NLMOs).

To construct the NLMOs, the electron density is first fit with the use of highly
localised (strictly one or two (rarely more) centers) MOs known as natural bonding orbitals
(NBOs).1%  All possible bonding schemes are trialed to determine the best set of NBOs.
NBOs are arranged to represent a quantum-mechanical description of Lewis-type structures

with orbitals representing the core functions, lone pairs, and bonds.

The NBOs are then relaxed in order to include the delocalisation that is necessary to
represent the electron density in the system. This final change leads to the semi-localised
NLMOs which are very similar to their parent NBOs, but are acceptable solutions to the SCF
equations. A comparison of typical CMOs, NBOs and NLMOs is shown in Figure 1.18,

using cyclohexane as an example.

Using the Amsterdam density functional (ADF) program® it is possible to
decompose contributions to the EFG,'* MS,**® and J-coupling'® tensors in terms of the

NLMOs. This is a very powerful method as it enables us to isolate contributions to the
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observable NMR properties from individual bonds or lone pairs. A greater understanding of
a given NMR observable can then be obtained which can be used to gain insights into the

electronic structures of unknown compounds whose NMR spectra can be measured.

CMO NBO NLMO

R

HOMO
HOMO-1 Occ GOcc

Figure 1.18. A comparison of some CMOs, NBOs, and NLMOs calculated for cyclohexane at
the PBE/DZP level of theory. It can be seen that the CMOs are highly delocalised and
difficult to interpret whereas the NBOs and NLMOs represent bonds as in Lewis structures.
The NLMOs show some degree of delocalisation that is absent in the corresponding NBOs;

this is most clearly seen in the circled regions.
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1.1.7.3 Projector Augmented Wave DFT

Many systems cannot be accurately represented with the use of cluster models since
they form networks in the solid state. Long range effects are also very important when
calculating the EFG tensor since it has an r? dependence (see equation 1.22). The PAW
method® provides a computationally efficient approach to representing infinite solids. The
unit cell (smallest repeating unit in a crystalline system) is used as an input structure and
plane waves (which are periodic 3D functions) are used as basis functions instead of atom-
centered basis sets. Although plane waves are fairly poor basis functions, and a large
number of them are necessary to accurately represent the electron density, the use of fast
Fourier transforms accelerates the solution of the SCF equations. The calculations are also

accelerated with the use of pseudopotentials.

Chemistry is mainly dominated by the valence electrons that participate in bonding
interactions whereas the core electrons remain untouched. The description of the wave
function near the core is however very computationally demanding, necessitating a large
number of plane waves to represent the oscillations associated with the high kinetic energy
of core electrons. In the PAW method, the wave function within a certain radius from the
nucleus is replaced by a smooth function known as a pseudopotential. The smoother profile
of the pseudopotential lowers the demand for a large number of plane waves, and thus the
computational cost. A depiction of a pseudopotential is shown in Figure 1.19. The PAW
methods allows for a reconstruction of the core functions following the SCF which is
important for calculating NMR properties which depend on the electron density near the

core.
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Figure 1.19. A schematic representation of a pseudopotential. The all-electron wave
function is shown in black whereas in the core region (defined by Rcere) also depicts a

pseudopotential (lighter grey).

Both the EFG'® and the MS tensors can be calculated using the PAW method
however the gauge-including PAW (GIPAW) method is necessary to restore the spatial
translational invariance that is lost with the application of a magnetic field. The GIPAW
method is equivalent to the GIAOM! or IGLO'2 methods used in gas-phase DFT
calculations. The GIPAW formalism has also been recently expanded for the calculation of
J coupling tensors®® and the inclusion of scalar relativistic effects, with the use of the ZORA

method;!** however, these options are currently not available to the public.

1.1.8 Objectives

The use of solid-state NMR for the determination or refinement of crystalline
structures, NMR crystallography,**>!® has gained much popularity among the scientific
community. Although the technique is still in its infancy, NMR crystallography can, in
principle, enable one to solve the high resolution crystal structure of a material without
resulting to single-crystal diffraction methods, which cannot be used in cases where large

single crystals cannot be grown.
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It has been shown that the crystal structures of organic molecular species can be
determined with the use of *H spin diffusion rates'’-11® as well as with the explicit use of
chemical shifts.!?® The chemical shifts have also been used as a structure selection
parameter when solving crystal structures with the use of crystal structure prediction
software.'?4122 Anisotropic 3C chemical shift tensors have also been used as a structural

constraint in the refinements of the crystal structures of organic molecules!? and proteins.?*

The crystal structures of framework materials, such as zeolites!?®>'?® and
aluminophosphates, 2”128 have also been solved with the use of through-space correlation
NMR experiments. Similarly to the molecular species, it was additionally demonstrated that
the crystal structures of zeolites could be refined with the use of 2°Si chemical shift
tensors.!2%130 Many NMR crystallographic methods combine NMR with numerous other
techniques such as powder X-ray diffraction, elemental analysis, DFT calculations, and
crystal structure prediction. It is however important to develop methods that make use of
quadrupolar nuclei due to their significant presence in the periodic table, specifically in

materials chemistry.

The first objective of this thesis is to design and implement new NMR
crystallographic methods that can be applied to systems containing quadrupolar nuclei. In
the second part of the thesis, a method developed for the refinements of crystal structures
that uses experimentally-determined EFG tensor components, and those predicted using
PAW DFT, as a constraint is presented. This method is then applied to the refinement of the
crystal structures of the non-linear optical material Na2Al,B.O7 (chapter 2.2), some sodium
pyrophosphates (chapter 2.3), and the near-zero thermal expansion material ZrMgMo3012

(chapter 2.4).
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Spin-spin coupling interactions can be used to characterise the bonding motifs in a
material (J coupling) or measure internuclear distances (dipolar coupling). Measuring spin-
spin coupling then yields very powerful structural information. Spin-spin coupling
interactions are however rather weak, when compared to the quadrupolar interaction, which
has limited the measurement of spin-spin coupling between pairs of quadrupolar nuclei.
Reliable methods have, however, been designed for the measurement of spin-spin coupling

between a spin-1/2 and a quadrupolar nucleus.*3134

The second objective of this thesis is to design new methods to measure spin-spin
coupling in pairs of quadrupolar nuclei that can be used to gain unprecedented structural and
electronic information. In the third part of the thesis, such methods, which are based on
using either DOR NMR (chapters 3.1 and 3.3) or multiple pulse experiments (chapters 3.4
and 3.5), are described. These techniques can be used to provide valuable spin-spin coupling
data that directly yield unambiguous structural information. The technique developed for the
simulation of the DOR spectra is also expanded to produce software capable of simulating
exact static NMR spectra of quadrupolar nuclei at any applied magnetic field (chapter 3.2).
This program, known as the QUadrupolar Exact SofTware (QUEST), is now being widely

distributed to other members of the scientific community.
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Part Il: NMR Crystallographic Structure
Refinements of Materials with the Use of the

EFG Tensor

NMR crystallography, namely techniques designed for obtaining new
crystallographic information with the use of solid-state NMR spectroscopy, has grown
immensely in the past decade.™? It has been demonstrated that the site symmetry® or even
the space group” of a given crystal could be obtained with the use of NMR measurements.
Whole crystal structures of organic compounds,®*° proteins,** and framework materials!>*’
have been determined with the use of NMR data. Crystal structure refinement methods®2
have also been developed which use solid-state NMR data in order to obtain accurate atomic

coordinates for the atoms in a given system.

All these studies, however, make almost exclusive use of the spin-1/2 nuclei in the
sample, such as H, 3C, 2°Si, and *!P. For these nuclei, it is relatively easy to obtain dipolar
coupling information that can be used to solve a structural model, or to obtain chemical shift
anisotropy information to refine the structure. Crystallography is however particularly
important in materials chemistry. High temperature syntheses are often used and only
powdered samples can be obtained. Unlike single-crystal diffraction experiment, it is
unnecessary to have large single crystals in order to perform solid-state NMR experiments.

Unfortunately, many materials do not contain elements with spin-1/2 isotopes and instead
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have a large proportion of quadrupolar nuclei such as °7Li, !B, 'O, #Na, ?’Al, and
transition metal elements (which are mostly quadrupolar nuclei). For these nuclei, it isn’t
possible to apply the previously developed NMR crystallographic methods since it is
generally impossible to measure accurate dipolar or CSA information for these nuclei; that
information is obscured by the dominant quadrupolar interaction. For many nuclei, it is then
only possible to determine the components of the EFG tensor, along with the number of
individual sites of a given element, by using NMR spectroscopy. Most materials have fairly
simple, and high-symmetry, crystal structures and thus the unit cell dimensions and the space
group can typically be determined with the use of powder X-ray diffraction (PXRD).%®
Using software such as FOX?’ or TOPAS? it may also be possible to solve a structural
model using the PXRD data, however it is often necessary to optimize this model in some
way in order to obtain a chemically reasonable structure. The following chapters will
describe a strategy for the refinement of crystal structures using the EFG tensor as a

constraint and its application to a series of different materials.
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Chapter 2.1: Hybrid NMR/DFT Crystal Structure

Refinement Method

2.1.1 Description of Refinement Strategy

2.1.1.1 Introduction

Although limited reports show that the EFG tensor can be used directly in order to
obtain improved atomic coordinates,?®% no general systematic approach for crystal structure
refinement using EFG tensor components has found general applicability. Even though it
cannot be related to the crystallographic structure as directly or simply as the dipolar
coupling interactions, the EFG tensor is extremely sensitive to the local environment
surrounding the atom.?>3? Unlike the chemical shift interaction, the EFG tensor is a ground
state property and is thus very computationally inexpensive to calculate;*® low-level
calculations often yield very accurate results. The calculation of the EFG tensor also does
not significantly increase the computational time of standard single-point DFT calculations.
The addition of an experimentally-determined EFG tensor constraint into standard, DFT-
based, crystal structure refinements wouldn’t therefore increase the computational time and

would lead to more accurate, and experimentally-relevant, crystal structures.

In this chapter, we present a methodology for crystal structure refinement using EFG
tensor components. In our approach, the differences between the empirically corrected
projector-augmented wave (PAW) density functional theory (DFT)**®" calculated EFG
tensor components and those measured experimentally using solid-state NMR are minimized

using a least-squares procedure. The approach is further improved if the lattice energy from
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the PAW DFT calculations is also used as a restraint in the minimization procedure. This
hybrid experimental-theoretical approach is important given that the vast majority of NMR-
active nuclides found in inorganic compounds and functional materials are quadrupolar. We
validate this technique using a-Al,O3 for which high quality single-crystal 'O and #’Al

NMR data exist.

2.1.1.2 Calibration

PAW DFT calculations have been shown to provide highly precise EFG tensor
parameters, yet the data are almost always systematically overestimated or underestimated
by a given factor when compared to experiment.*®3° This may be empirically corrected with
the use of a common scaling factor. This correction implicitly accounts for possible
systematic deficiencies in the computational method, including the nature of the
pseudopotentials used. Since the computations are carried out at 0 K, the calibration also
inherently accounts for small effects due to vibrational averaging of the experimental EFG
tensor parameters, since these data are acquired at room temperature. Fortunately, however,
it is known experimentally for molecules containing second- and third-row elements, such as
those considered here, that vibrational effects on the EFG are typically negligible. For
example, the change in the »*Na quadrupolar coupling constant in NaF(g) undergoing a
transition from the v =0 to v = 1 vibrational state is only 1.3%,*’ and for NaCl(s) this change
is just under 1%.*' We choose these molecules for discussion because the atomic masses are
comparable to those presently under study, and because of the availability of very precise
data for specific vibrational states. While these data are not directly transferrable to solids, it
is nevertheless reasonable to suppose that vibrational corrections to the EFG tensors for

comparable nuclei in the current work will be small (typically less than our experimental
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errors). Recent molecular dynamics studies show that motions can partially average the
EFG tensor*? but this is empirically accounted for in the scaling factors mentioned above, at
least to a first approximation. Incidentally, vibrational corrections to shielding constants
(which are not used as restraints) may be up to several ppm in certain cases (e.g., 2’Mg and
170 in MgO); however, this is over a temperature range of up to 1000°C.** Corrections to

shielding for atoms such as *'P, *C, and 'H can be important to consider over smaller

44,45

temperature ranges. We also note that recent NMR crystallographic refinements of

zeolite structures (where atoms of similar mass to those studied presently are considered, i.e.,

Si, O) neglected vibrational corrections to the 0 K computed >°Si chemical shift tensors and

were nevertheless extremely successful.!*2?

In order to determine the appropriate scaling factors we have performed PAW DFT
calculations (using CASTEP software®®) of the !'B, 170, #*Na, Mg, 2’Al, °'Zr, and **Mo

EFG tensor parameters of some model compounds whose crystal structures are known with

high precision. For !'B, the calibration compounds were: lithium diborate,***’ datolite,***’

49,47 50,47

danburite, colemanite, and sodium tetraborate decahydrate.’’*’ In the case of 70O,

coesite,’>”? a-Al03,°**> and forsterite,”®>’ were used in order to calibrate the PAW DFT

58,59 60,61 62,63

EFG calculations. For **Na, sodium nitrate, zektzerite, and sodium thiosulfate

were used as calibration compounds. a- and B-magnesium sulfate,®® magnesium

acetylacetonate,®® magnesium acetate,®® magnesium molybdate,®” magnesium hydroxide,

69

magnesium vanadate, and magnesium tungstate’’ were used to calibrate the °Mg EFG

tensor calculations.”! 0-AlO3,°*"? topaz,”>"* YAG,”>’® and andalusite’”’ were used in the

case of *’Al. The °'Zr EFG tensor calculations were calibrated using Ba,ZrFs,’s"

81-83

KoZrF6,3%” m- and o-zirconium oxide, sodium zirconate,®**> NayZrSiOs,%6%7

60



79,89 79,90

NasZr,F13,%%7 zirconium chloride, zirconium 1odide, and zirconium silicate.”!

Finally, the PAW DFT calculations of the Mo EFGs were calibrated using the data for

92,93 96,92

potassium molybdate,’>** ammonium molybdate (mP60 and mS60),°* lead molybdate,
and zinc molybdate.’”* These compounds were selected since they all have highly accurate
and precise EFG tensor parameters derived from single-crystal NMR or other techniques.
For all nuclei under study, an excellent linear correlation was observed between the
experimental and calculated EFG tensor parameters. In all cases, the calculated EFG tensor
parameters either overestimated or underestimated the experimental ones by scaling factors
ranging from 0.93 for °'Zr to 1.166 for 'B. This discrepancy likely originates from a
combination of errors in the quadrupole moments that were used’® as well as the frozen core
approximation used in the PAW method. The plots showing the correlation between the
calculated and experimental EFG tensor parameters are shown in Figure 2.1. From the
linear correlation in these plots we can extract the factors by which it is necessary to scale
the calculated EFG tensor parameters for the structure refinement purposes. These scaling

factors, as well as their standard deviations, are given in Table 2.1.

Table 2.1. Scaling factors describing the linear correlations between the PAW DFT
calculated EFG tensor parameters and the experimental ones

nucleus slope

B 1.166 + 0.001
70 1.029 +0.007
Na 1.12+0.08
BMg 1.14+0.04
27Al 1.01 £0.02
Nzr 0.93+0.04
Mo 1.11 +£0.02
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Figure 2.1. Correlations between the calculated and experimental EFG tensor principal
components for a test set of compounds (a.u. are atomic units). The experimental error

bars are within the size of the symbols.

Based upon these data, we can judge the quality of a given crystal structure (which is
not part of the test set) on the basis of the agreement between its EFG tensor components and
those which are predicted using the scaled PAW DFT calculations. The cost function
defining the quality of the structure, ¥?, depends on the square of the difference between the
calculated and experimental EFG tensor parameters, and is scaled by the experimental
uncertainty and the standard deviation from the fits in Figure 2.1. The lattice energy is also
readily available from the PAW DFT calculations and may be added in an attempt to

increase the quality of the refined structure. The expression describing y? is given below.

2
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In this expression, the terms V5, where ‘i’ can take values of 1, 2, or 3, are the
principal components of the EFG tensor for the nucleus denoted °S’, ¢ is the sum of the
experimental uncertainty, which is specific to each measurement, and that from Table 2.1,
o® is the slope from Table 2.1, E is the lattice energy of a test structure, E°' is the lattice
energy of the pure DFT energy-minimized structure, and 1 is a scaling factor which is
determined empirically. This expression contains a single variable parameter, 4. If A tends
towards 0 then the result will be the DFT minimum energy structure. Similarly, if the value
of 1 tends towards infinity, then a purely NMR-optimized structure will result. The
reasoning behind the formulation of eq. 2.1 is that the EFG tensor data alone do not provide
enough information to determine the atomic coordinates: the problem is in general
underdetermined. By incorporating a DFT-computed energy term, it can be ensured that the
experimental data are not over-fitted. The best structures will, of course, require a high
weighting of the experimental data so that they remain experimentally-based structures;
however, it is important not to over-interpret the correlations from Figure 2.1 and “force” the
structure into yielding a perfect agreement with the DFT-computed EFG tensor parameters.
Incorporating the lattice energy then ensures that the structures remain reasonable. In
practice, an adequate starting value for 4 can be deduced logically, if one supposes that near
equal weighting needs to be given to both the NMR and the energy terms of eq. 2.1. The
inclusion of the EFG term (which reflects experimental data obtained at room temperature)
also allows for adjustments of the 0 K pure DFT structure as the refinement progresses.

It should be pointed out that, since E°?" is defined to be representative of the lowest
energy structure obtainable with DFT, one could envisage the possibility that the initial

optimization finds only a local minimum and that the true structure lies at a lower global
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minimum energy, but would be characterized by a higher value of y? because of the
dependence of this term on the square of the difference in energies (eq. 2.1). This could be a
problem for large molecules with many degrees of freedom, e.g., rotable bonds, or for any
system where there is reason to believe that the initial structural model is severely
problematic. Regardless of the above comments, the cost function in eq. 2.1 emphasizes the
fact that the NMR data are refining an initial structural model; appropriate choice of the
parameter A through calibration (vide infra) will allow required changes in the structure to

obtain the lowest overall value of y2, not necessarily the lowest values for each of the two

terms in equation 2.1 independently (i.e. ¥%(EFG) and ¥*(DFT)).

2.1.1.3 Refinement Procedure

For the refinement, an initial “guess” structure is geometry-optimized using PAW
DFT to yield the lowest energy while maintaining the space group and unit cell parameters
determined using XRD. The lattice energy for this structure is taken as £°P'. This structure
is then systematically modified to create an additional 3N crystal structures (N being the
number of crystallographically distinct sites in the crystal structure) where in each of those
3N structures, a single fractional coordinate is increased by a small stepping value, typically
0.0001. The total number of structures can be reduced if certain atoms are located on
crystallographic special positions; this is the case for some of the examples in the following
chapters. PAW DFT calculations of all the EFG tensors are then performed on each of the
new 3N structures, and the value of % for each of these structures is evaluated according to
eq. 2.1. Using these data, the structure will be iteratively refined in order to minimize the

value of y?. Since the number of decimal places given for the EFG tensor components in the
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CASTEP output files is small, an efficient least-squares minimization procedure such as the
Gauss-Newton algorithm could not be applied. Instead, the stepping direction vector (p) was

determined as follows, which corresponds to the method of steepest descent:”’

(2.2) Pu = o= Hues

In this expression, the optimal relative change in a given coordinate (pw), where ‘w’
is a given fractional coordinate value (along either the a, b, or ¢ dimensions), is given as the
difference between the initial structure’s y> and the value of y* of the structure in which a
given coordinate was increased by a value of €. In this fashion, the stepping vector (p), for
which each component is defined as the value of pw for every coordinate, will then point in a
direction towards the structure with the minimum value of 2.

A line search is then performed along the direction of the vector p. The new crystal
structure is then determined as the structure having the lowest value of > along this vector.
In practice this is done by determining a series of new structures which vary in the step
length by a parameter, ¢:

(2.3) W, =W+gp,,

PAW DFT calculations of Vi and E are then performed on each of the resulting
structures in order to evaluate their new ¥>. From this set, the best structure (lowest value of
%) is kept and is passed to the next iteration. This is repeated until self-consistency is
achieved and the value of > does not change by a significant amount. This was determined
to be the case when the value of %> reached a minimum with respect to changes of 0.0001 in

all fractional coordinates. The process is illustrated in Figure 2.2.
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Figure 2.2. Flow chart summarizing the optimization procedure described in this chapter.

Graphs showing the convergence of x> and an example line search are shown in red boxes.

2.1.2 a-Al:03

We decided to test the hypothesis that the incorporation of both NMR parameters and
energy would yield comparable or higher quality structures than either NMR-refined
structures alone, DFT-optimized structures alone, or PXRD structures, as judged by the
agreement with an accepted high-quality single crystal X-ray structure. For this purpose, we
chose to optimize the structure of a-Al,O3 since single crystal NMR data exist for >’Al as
well as for '’0O. We note that due to the crystal symmetry and space group, there are only

two coordinates to be optimized. Several different optimizations were performed using (i)
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only the EFG tensor parameters as restraints, (ii) only the DFT energy, (iii) as well as hybrid
experimental-theoretical optimizations with different values for .. The DFT structure was
used as a starting point for the NMR crystallographic refinements. The results from these
optimizations are summarized in Figure 2.3. An important difference between the present
approach and some of the previously published NMR crystallographic approaches for spin-
1/2 nuclei is that the experimental NMR data are used as restraints in the refinement process,

as opposed to being used to cross-validate purely ab initio or DFT-generated structures.

From these data it may be seen that if only the NMR parameters are used (i.e., L —
o), then we can artificially “force” the structure into perfect agreement with the NMR data.
However, this procedure produces a converged structure which differs from the X-ray
structure as is evident from the brown squares in Figure 2.3. As judged by the root-mean-
square deviation (RMSD) between all the fractional coordinates, the structure which was
optimized using the NMR parameters alone is of higher quality than the DFT-energy
optimized structure which is shown as the dashed red line in Figure 2.3. This immediately
demonstrates the value of incorporating experimental data into purely computational

structure optimization procedures.
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Figure 2.3. Comparison of the x? (filled diamonds, left), along with the relative difference in
fractional coordinates, Are, (filled squares, right) between the X-ray structure and the
intermediate structure at a given optimization step for a-Al,Os using different weightings
for the lattice energy (see eq. 2.1). Dotted lines are used to guide the eye to the A axis,
which indicates the difference between the single crystal X-ray structure (Arel = 0) and the

various optimized structures.

When the DFT lattice energy and EFG tensor data are both included as refinement
restraints, the resulting structure is a compromise between the DFT- and NMR-optimized
structures. In this case it is impossible for ¥ to be 0 since we are forced to compromise and
simultaneously find the best agreement with both the NMR data and the lattice energy. We
observed that y?> converged to some value which is, of course, dependent on A; but, the
resulting ‘hybrid’ structure was in much better agreement with the accepted single-crystal X-
ray structure than with either the pure NMR or the pure DFT energy optimized structures in
all cases. The best structure, as assessed by the RMSD to the single-crystal X-ray structure,

was obtained with a A value of 0.0004 eV. The fractional coordinates of this structure
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differed from those of the single crystal X-ray structure by an RMSD of only 0.002 A. For
remaining discussions, the concept of a ‘best structure’ is that with the lowest overall value

of 17 (eq. 2.1) using the optimized A value of 0.0004 eV .

The robustness of the method was then tested by distorting the crystal structure of a-
AlOj3 and optimizing this structure anew. This was done by rounding all the single crystal
XRD fractional coordinates of the Al and O sites to one significant digit to maintain the
same topology. The final structure, after only 4 iteration steps (4 = 0.0004 eV), was
essentially indistinguishable from that obtained during the first refinement process (see

Figure 2.4), thereby offering some level of validation regarding the reliability and robustness

of the method.
3000 0.05
25001 [ 0.04
2000+ I
L 0.03 [>
. 15001 i D
L 0.02
1000+ i =
500 i B 001
0 T T T T L] O
0 1 2 3 4

Iteration step

Figure 2.4. Graph showing the convergence of the relative difference in fractional
coordinates (Are) of the intermediate structure and those from the single crystal X-ray
analysis (blue diamonds),>* and the convergence of the x? (red squares) for a distorted

starting structure of a-Al;0s.
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2.1.3 Conclusions

A new NMR crystallographic method that incorporates the use of DFT energy and
NMR-determined EFG tensor components as constraints in a crystal structure refinement is
proposed. This hybrid experimental-theoretical method recognizes that often the structure
refinement problem is underdetermined on the basis of only experimental NMR data, and
refines the fractional coordinates in a given crystal structure to yield the highest agreement
between PAW DFT calculated EFG tensor parameters and those which are measured
experimentally. This method is widely applicable and can be applied to any sample
containing quadrupolar nuclei. The methodology is also general and could be implemented

in combined structure refinement protocols using chemical shift, dipolar, and EFG tensors.
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Chapter 2.2: Crystal Structure Refinement and Cross-

Validation of Sodium Aluminoborate

2.2.1 Introduction

Sodium aluminoborate is a compound with the empirical formula Na2Al2B207, which
belongs to the family of non-linear optics materials of the form A2E2B»07, where A and E
can be several combinations of first, second, and third group metal ions.19%-1%4 Na,Al,B,07
was first reported in 1971, although only poor-quality PXRD data were presented and no
attempt was made to solve the structure.!® The structure was later noted as being
isostructural with  Na.Ga,B.O7 and was subsequently refined using Rietveld
techniques;°1%2 however, the result was unfortunately of poor quality. The difficulties of
diffraction techniques at solving this structure mainly arise from the instability of the
crystals!® that lead to stacking faults and crystal twinning. Later studies attempted to
improve the crystal structure of Na2Al.B207 using single-crystal X-ray and Rietveld
techniques while accounting for crystal twinning'® and stacking faults," respectively.
These stacking faults arise since reflections of the unit cell along the ¢ axis leads to small
energy differences and the BOs trigonal planes can arrange either in a staggered or an
eclipsed fashion with each other. The unit cell for the most stable conformation is shown in
Figure 2.5. Even after several reinvestigations of the structure of Na;Al2B207, a high-quality

structure remains elusive due to the limitations of diffraction methods for this sample.

NMR offers a particularly attractive alternative for such systems since NMR

parameters are especially sensitive to the local atomic environment. The effects of the
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stacking faults on the observed NMR data are expected to be negligible since the bulk of the
nuclei in a powder sample will not be located at such interfaces. The EFGs at the various
crystallographic sites 