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Abstract
This dissertation attempts to extend the classes of halogen-containing systems which
may be studied using solid-state nuclear magnetic resonance (SSNMR).

As line shape

broadening due to the quadrupolar interaction (QI) scales inversely with the applied field, highfield magnet technology is indispensable for this research. Combining advanced radiofrequency
pulse sequences with high-field wideline data acquisition allowed for the collection of very broad
SSNMR signals of all quadrupolar halogen nuclei (i.e., 35/37Cl, 79/81Br and 127I) within a reasonable
amount of experimental time. The initial systems for study were of the MX2 variety (M = Mg,
Ca, Sr, Ba; X = Cl, Br, I). In total, 9 anhydrous compounds were tested. The effects of hydrate
formation were tested on 7 additional compounds. Systematic trends in the observed δiso values
(and to a lesser extent, Ω and CQ) were found to be diagnostic of the extent of hydration in
these materials.

Resolving power was successfully tested using SrBr2, which possesses 4

magnetically unique sites. The composition of CaBr2·xH2O was convincingly determined using
SSNMR data and the hydration trends noted above. The sensitivity of the QI to the local
bonding environment (e.g., bond distance changes of less than 0.05 Å) was used to refine (when
coupled with gauge-including projector augmented-wave density functional theory (GIPAW
DFT) quantum chemical computations) the structure of MgBr2, and was used to correct prior
NMR data for CaCl2 (earlier accounts had been performed upon a CaCl2 hydrate). During NMR
data analysis of certain iodine-containing materials, it was found that standard fitting software
(which uses perturbation theory) could not reproduce the observations. Proper analysis required
the use of exact simulation software and allowed for the observation of high-order quadrupoleinduced effects (HOQIE). This motivated further studies using rhenium-185/187 nuclei, where
it was expected that HOQIE would be more dramatic. The observed rhenium SSNMR spectra
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possessed additional fine structure that had never been observed before experimentally, nor
would be expected from currently-available perturbation theory analysis software.
preliminary results are shown where

Lastly,

127

I SSNMR is used to study important supramolecular

systems, and the composition of the popular synthetic reagent ‘GaI’ is elucidated.
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average internuclear metal-halogen first-coordination sphere distance

T

temperature (in K)

T1

spin-lattice relaxation parameter (a.k.a. longitudinal relaxation parameter)

T2

spin-spin relaxation parameter (a.k.a. transverse relaxation parameter)

T2*

spin-spin relaxation parameter due to the QI and B0-inhomogeneity

T̂PAW

PAW wave function transformation operator

V

unit cell volume
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Vij

electric field gradient tensor matrix elements (i, j = x, y, z)

V11, V22, V33

eigenvalues (principal components) of the electric field gradient tensor

V11, V22, V33

eigenvectors of the electric field gradient tensor

Vɺɺ

electric field gradient tensor

VɺɺPAS

electric field gradient tensor in its principal axis system

A

mass number ‘A’ associated with nuclear species ‘X’

X

Z

integer point charge value

α, β, γ

Euler angles

αC, βC, γC

values associated with unit cell angles

αD, βD,

angles associated with the direct dipolar coupling tensor

α

label for Zeeman eigenstate: I = 1/2, m = +1/2

β

label for Zeeman eigenstate: I = 1/2, m = −1/2

γ

gyromagnetic / magnetogyric ratio

γ∞

Sternheimer antishielding factor

∆c

displacement along the c-axis of a unit cell

∆CQ

error in the CQ value when comparing exact and second-order perturbation
theory simulations

∆cxtal

displacement along the c-axis of a unit cell for the accepted crystal structure

∆HL

HOMO–LUMO gap

∆δiso

error in the isotropic chemical shift value when comparing exact and secondorder perturbation theory simulations

∆ν

offset frequency from some reference point

∆νCT

breadth of the central transition under second-order perturbation theory

- XXXVII -

∆νNMR

breadth of an NMR line shape (transition not specified)

δ

chemical shift value (general)

δKij

Kronecker Delta function

δiso

isotropic chemical shift

δcg

centre of gravity of the central transition

δ+

partial positive electric charge

δ−

partial negative electric charge

δij

chemical shift tensor matrix elements (i, j = x, y, z)

δ11, δ22, δ33

eigenvalues (principal components) of the chemical shift tensor

δzz (Θ)

portion of the chemical shift tensor which is retained under the secular (i.e.,
high-field) approximation

2
δ QIS

second-order quadrupole-induced shift

δ11, δ22, δ33

eigenvectors of the chemical shift tensor

δɺɺ

chemical shift tensor (generic Cartesian reference frame)

δɺɺPAS

chemical shift tensor in its principal axis system

ε0

electric constant (8.854 187 817 × 10−12 F m−1)

ηQ

asymmetry parameter of the electric field gradient tensor

2θ

goniometer axis value (for X-ray apparatus)

θ, φ

polar angles (defined in the usual sense)

Θ

angular dependence symbol (generic)

κ

skew of the chemical shift / magnetic shielding tensor

λ

wavelength (for X-ray source)
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µ

nuclear spin magnetic moment value

µ (µi)

nuclear spin magnetic moment vector (same, but for an individual spin)

ρα , ρβ

eigenstate populations of eigenstates α and β, respectively

νi

fractional unit cell coordinate labels (i = a, b, c)

ν0

Larmor frequency of precession (in units of Hz)

ν1

frequency of precession induced by an applied radiofrequency pulse (onresonance, in units of Hz)

νQ1, νQ2

quadrupolar resonance frequencies for I = 5/2, ordered such that νQ2 > νQ1

νiso

isotropic nuclear spin precession frequency (for shift calculations)

νiso, ref

isotropic nuclear spin precession frequency for a reference sample

ν CT, high

frequency associated with the high-frequency CT discontinuity (second-order
perturbation theory)

ν CT, low

frequency associated with the low-frequency CT discontinuity (second-order
perturbation theory)

2
νCT,
axial

frequency shift of central transition Zeeman eigenstates under second-order
perturbation theory for an axial EFG

νMAS

sample rotation frequency under magic-angle spinning conditions

νQ

quadrupolar frequency (in units of Hz)

νRF

frequency of an applied oscillating radiofrequency pulse (in units of Hz)

σ

magnetic shielding value (general)

σij

magnetic shielding tensor matrix elements (i, j = x, y, z)

σiso

isotropic magnetic shielding value

σiso, ref

isotropic magnetic shielding value for a reference sample
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σ11, σ22, σ33

eigenvectors of the magnetic shielding tensor

σˆ X , σˆ Y , σˆ Z

Pauli matrices (X, Y, and Z components, respectively)

σɺɺ

magnetic shielding tensor

τ1, τ2, τ3, τ4

interpulse delays for echo and multiple-echo pulse sequences

τRF

pulse width (i.e., duration of applied oscillating radiofrequency pulse)

φRF

phase of an applied radiofrequency pulse

φˆi

pseudo partial wave functions (PAW method)

ψ(r)

true electronic wave function

ψɶ( r )

auxiliary electronic wave function

Ω

span of the chemical shift / magnetic shielding tensor

ω0

Larmor frequency of precession (in units of rad s−1)

ω1

frequency of precession induced by an applied oscillating radiofrequency pulse
(on-resonance, in units of rad s−1)

ωQ

quadrupolar frequency (in units of rad s−1)

ωRF

frequency of an applied oscillating radiofrequency pulse (in units of rad s−1)
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Chapter One
General Introduction and Objectives
1.1

The Ubiquity of Nuclear Magnetic Resonance in Chemistry
The spectroscopic technique of nuclear magnetic resonance (NMR) is used every day in

academic, industrial, and governmental research laboratories around the world. From the time
the first commercially-available NMR spectrometer was introduced in 1952 (Figure 1.1),1 there
has been considerable growth in the field (certain advances are outlined in Chapter 2): nowadays
nearly every modern chemistry department has at least one NMR spectrometer,2 and many have
dedicated NMR facilities coordinated by one or more individuals (Figure 1.2).3

Figure 1.1 James Shoolery (left) and Virginia Royden (right) operating the HR-30 prototype (the first
commercial NMR spectrometer). From ref. 4.

From a fundamental physical science perspective, the continuing advances in NMR
spectroscopy benefit not only those directly associated with the field, but also a great many
others. For example, when synthetic chemists perform chemical reactions, they will usually have
a desired product in mind. To establish the identity of the product material, it is subjected to a
number of characterization tests. Liquid-state NMR experiments are often performed during
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this characterization phase, as they are sensitive to the local electronic structure about a
particular nucleus. While liquid-state NMR experiments can provide a great deal of information
through observables such as the isotropic chemical shift (δiso), the isotropic indirect spin-spin ( J )
coupling constant, and the nuclear Overhauser Effect (NOE), these experiments are relatively
insensitive from a signal-to-noise ratio (S/N) standpoint when compared to other forms of
spectroscopy (as will be discussed further in Chapter 2).5 This low sensitivity has somewhat
limited the typical applications of NMR to relatively sensitive nuclides such as 1H, 19F, and 31P.6
Due primarily to the prevalence of carbon and nitrogen in synthetic chemistry and biochemistry,
there also exists a great deal of information on the very insensitive methods of liquid-state 13C
and 15N NMR spectroscopy.7,8

Figure 1.2 Solid-state NMR spectrometers available at the University of Ottawa, as of 2011. Clockwise
from upper left: B0 = 21.1 T; B0 = 11.75 T; B0 = 9.4 T; B0 = 4.7 T. All photos were taken by C. M.
Widdifield during the period from April 2008 to August 2011.
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In comparison to liquid-state NMR, solid-state NMR (SSNMR) spectroscopy is less
developed due to the presence of a variety of anisotropic line shape broadening effects in
microcrystalline powder samples (some of these effects will be detailed in Chapter 2). Many of
the anisotropic effects could be removed by performing single-crystal NMR experiments;
however, the crystal sizes required are an order of magnitude larger than what is required for Xray diffraction (XRD) experiments, which generally makes this approach impractical. While
liquid-state 1H NMR experiments are considered routine, even ‘simple’ 1H SSNMR experiments
are typically not of substantial utility because the anisotropic line shape broadening mechanisms
oftentimes lead one to record broad and somewhat featureless line shapes.9 As could be
anticipated, the poor resolution of SSNMR experiments makes subsequent line shape analysis
difficult. At the same time, while the resolution and sensitivity of SSNMR suffers, these
anisotropic interactions are also dense in valuable information. In favourable scenarios, this
additional information may be used to paint a very detailed picture of the electronic (and
therefore structural) environment about the probe nucleus. It is therefore of significant general
importance to further explore and develop SSNMR methods for a variety of nuclei.

1.2

Quadrupolar Nuclei
Due to the potential wealth of structural information that may be extracted from

accurately modeled SSNMR line shapes, a great number of techniques have been developed
over the past half-century to enhance both the resolution and the sensitivity of SSNMR
experiments (some of which are discussed in detail in Section 2.4). Even with the substantial
improvements that have been made over the past 50 years, many nuclei are still thought of as
being ‘inaccessible’ to observation using SSNMR. Of these inaccessible nuclei, many possess a
nonspherical distribution of electric charge, which leads to a measurable nuclear electric
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quadrupole moment (Q). The Q associated with these nuclei can couple to the external electric
field gradient (EFG), resulting in a quadrupolar interaction (QI). Unless dictated otherwise by
the molecular or lattice symmetry, the QI will produce additional SSNMR signal broadening. Of
course, this broadening further decreases the sensitivity of the SSNMR experiment and requires
additional techniques to be applied to acquire high-quality SSNMR spectra in a timely manner.

1.3

Objectives and Overview
In this dissertation, modern SSNMR techniques are employed and developed in an

effort to characterize the local environments at a variety of insensitive quadrupolar nuclei.
Primarily, the quadrupolar halogen nuclei (i.e.,

35/37

Cl,

79/81

Br, and

127

I) have been selected here

for observation, as SSNMR methods for these probe nuclei are relatively underdeveloped
(especially the

79/81

Br and

127

I nuclides). It is envisioned that the observations, analyses, and

discussions provided in Chapters 3, 4, and 6 will motivate further studies using the quadrupolar
halogen nuclei as sensitive local probes of electronic structure and of crystallographic symmetry.
Particular halide-containing systems are chosen to provide a framework for the discussion of
effects such as hydration and lattice symmetry upon the various SSNMR observables. One
particular aim herein (detailed in Chapter 6) is the use of the observed SSNMR tensor
parameters as restraints in ‘NMR crystallography’ structural refinements, as the QI is expected
to be sufficiently sensitive to the local arrangement of atoms/ions near the probe nucleus.10
Due to the rather large Q values associated with the 79/81Br and 127I nuclides, it might be
expected that the QI would rival the familiar Zeeman interaction, and lead to unforeseen
complications in modeling the observed SSNMR line shapes using standard techniques. As
accurate line shape modeling in this regime has not appeared in the literature for powdered
samples, investigations were performed in order to test the limitations of currently-accepted line
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shape simulation methods. An exact method for the simulation of these line shapes is also
tested using experimental data. The above tests are the primary focus of Chapter 5, where
nuclear quadrupole resonance (NQR) and SSNMR observations using 127I and 185/187Re nuclei are
presented (NMR experiments using rhenium nuclei are particularly rare). It is also desirable to
see if the accurate treatment of the rhenium QI would allow for the observation of more subtle
effects, such as isotropic chemical shifts, which could then be related to rhenium oxidation
states (this is of substantial value, since rhenium can exist in a variety of oxidation states).
Chapter 7 outlines efforts towards understanding the composition of ‘GaI’, which is an
important synthetic precursor for low-valent gallium-containing products, and whose
composition is ambiguous based upon earlier powder XRD (pXRD) and Raman spectroscopy
studies. For the ‘GaI’ study, multiple-field

69/71

Ga SSNMR and

127

I NQR experiments were

chosen. As part of an ongoing project to more generally understand strong QI effects in
SSNMR spectra, Chapter 9 describes current research progress on additional systems where the
SSNMR spectra are greatly influenced by the QI. Brief discussions include
experiments on additional rhenium-containing materials,
moderate-field

81

Br SSNMR on CaBr2.

As well,

181

185/187

Re SSNMR

Ta SSNMR of tantalum oxides, and

127

I SSNMR experiments on industrially-

important iodine-containing materials are briefly discussed in order to comment on the utility of
these experiments at detecting weak solid-state intermolecular interactions, such as halogen
bonding.
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Chapter Two
Introduction to Nuclear Magnetic Resonance
2.1

The Discovery of Spin
On March 12th 1862, Michael Faraday attempted to detect a change in the frequency of

the light emitted from a sample due to the presence of a large magnetic field.1 Unfortunately,
his experiment produced a negative result, and it was therefore believed for many years that
applied forces (of any nature) could not alter the frequency of the light emitted from a particle.
This remained so until Pieter Zeeman (Nobel Prize in physics, 1902) detected a spectral
broadening in the light emitted from a sample of sodium once it was subjected to a magnetic
force.2 In a time that preceded the formal discovery of the electron as a particle, the broadening
mechanism was quickly explained (although incompletely) by Hendrik Lorentz (Nobel Prize in
physics, 1902) as being due to the electric charge of this ‘hypothetical’ entity. After further
studies by Zeeman, however, it was apparent that the Lorentz theory could not fully explain all
of the experimental observations (e.g., the ‘anomalous’ Zeeman effects).3,4
The concept of (electron) spin was put forward publically by Wolfgang Pauli (Nobel
Prize in physics, 1945) in 1925 in an effort to fully explain the additional absorption or emission
lines that appeared when a sample was placed within a sufficiently strong magnetic field.5 Very
striking experimental evidence for the existence of electron spin had actually already been
provided by Otto Stern (Nobel Prize in physics, 1943) and Walther Gerlach (although the
splitting was originally thought to be due to orbital angular momentum),6 as well as George
Uhlenbeck and Samuel Goudsmit (who appear to have correctly interpreted prior experimental
observations).7 Otto Stern would subsequently observe the same behaviour using protons (and
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hence demonstrate the existence of nuclear spin).8,9 Paul Dirac (Nobel Prize in physics, 1933)
illustrated (via a four component wave function) how spin emerged naturally when applying
special relativity to the quantum mechanics of the electron.10,11 Amazingly, Dirac’s treatment
also predicted solutions for a particle exactly analogous to the electron, but which carried a
positive electric charge (although out of “pure cowardice”12 he did not explicitly state this
finding).

Spin angular momentum appears to be a fundamental property of all (non-

hypothetical) elementary particles, and has influenced development in a variety of areas, such as
quantum physics, analytical chemistry, structural biology, cognitive neuroscience, and
information storage.13

2.2

Initial Accounts and Observations of NMR
In 1938, the NMR phenomenon was first illustrated by Isidor I. Rabi (Nobel Prize in

physics, 1944) et al. using the nuclei from a beam of LiCl molecules.14 At this time, NMR was
envisioned as a method to accurately measure the value of nuclear spin magnetic moments (µ).
While the initial attempts to detect NMR in bulk materials did not lead to favourable
outcomes,15,16 improvements in technology and experimental design led to two research groups
observing a bulk NMR effect in late 1945.17,18 By 1951, experimental resolution had improved
to the point that the measured NMR values for a given ground state nucleus appeared to be
sample-dependent.19-23 This ‘sample-dependent shift’ was later termed the isotropic chemical
shift (δiso), which is the parameter most often quoted when reporting the results of NMR
measurements.
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2.3

Introduction to Nuclear Spin Dynamics
The spin dynamics which are believed to govern NMR experiments have been outlined

in detail numerous times;24-28 hence, only the most relevant topics will be considered here.
Specific theoretical background discussions will be included in subsequent Chapters, as required.

2.3.1 The Classical Motion of Isolated *Nuclear Spins
Spins
A nucleus which possesses nonzero nuclear spin angular momentum (I) can be
associated with a nuclear spin magnetic moment (µ). Classically, both may be described as
vector quantities, and they are linearly related through the gyromagnetic (or magnetogyric) ratio
(γ), as µ = γI. Under this classical vector model, both quantities can be pictured as in Figure 2.1.

Figure 2.1 Vector representations of I and µ. If these two vectors are collinear, then γ is positive, while
if they are antiparallel, then γ is negative.

If an electronically diamagnetic sample is not within an externally applied magnetic field
(B0), each µ may individually direct along any spatial direction (i.e., they are randomly
distributed), and the sample does not possess a bulk nuclear spin magnetic moment (M). When
an ensemble of nuclear spins are subjected to B0, contrary to popular belief,28 there is no rel

Isolated will be taken as nuclei which are interacting with, at most, a constant external magnetic field (B0).
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orientation of the magnetic moments of the individual spins into spatial states. Rather, they
begin to precess about the applied field. The sense of the precession is determined by the sign
of γ (Figure 2.2).

Figure 2.2 The precession of µ about B0. The sense of this precession about B0 may be either clockwise
(γ > 0) or counterclockwise (γ < 0).

The frequency of precession (the Larmor frequency, ω0) for a given nuclide may be
specified by the negative of the product of the gyromagnetic ratio and a spatial component of
the applied field (i.e., ω0 = −γB0). Note that ω0 is an angular frequency and therefore carries
units of rad s−1, so in order to determine the frequency value in Hz (i.e., ν0), the value of ω0 must
be divided by 2π rad.

2.3.2
.3.2 The Quantum Mechanical Description of Nuclear Spin Interactions
The previous section discussed using a classical vector model to describe the motion of
isolated nuclear spins when they interact with B0, (it is traditionally assumed that B0 is parallel to
the z-axis, and this will be represented using B0 in all subsequent discussions). This subsection
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uses quantum mechanics to determine the nuclear spin state eigenvalues for both the isolated
situation, as well as when the nuclear spins are subjected to additional coupling interactions.

2.3
2.3.2.1 Coupling to an External Magnetic Field
While the quantum mechanical treatments for spin angular momentum and orbital
angular momentum are somewhat similar,29,30 they should not be thought of in the same sense.
This is because spin angular momentum is usually described as an intrinsic property of a wide
array of particles, including the electron and many nuclei, which contrasts with the conventional
understanding of orbital angular momentum. When isolated nuclear spins of arbitrary nuclear
spin angular momentum quantum number (I ) experience an external B0, there are 2I + 1
possible eigenstates. These are often referred to as Zeeman (or hyperfine) eigenstates. The case
when I = 1/2 is the most commonly encountered, has been treated in numerous introductory
texts,31-35 and will serve as the starting point here. The nuclear spin eigenstates projected along
the axis in which the magnetic field is applied may be reported according to the convention of
Dirac:36
=

state
α

=

I, m ,
1 1
,
2 2

1
=  ,
0 

β

=

1 1
,−
2 2

0 
=  ,
1

(2.1)

where m is the nuclear spin angular momentum quantum number projected along z, and α and

β serve as arbitrary Zeeman eigenstate labels. The Zeeman Hamiltonian ( Hˆ Z ) describes the
dynamics of the nuclear spin states under the conditions outlined above (in this dissertation, a
caret (ˆ) will denote quantum mechanical operators, and ℏ is the reduced Planck constant):
Hˆ Z

= ω0 IˆZ

=
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with IˆZ as the nuclear spin angular momentum operator along the direction of B0 and where σ̂ Z
is one of the conventional Pauli matrices,37 the set of which together with the identity operator
( 1̂ ) forms the basis of the spin space. As an example, for I = 1/2, the spin space basis appears
as below:

σˆ X

0 1 
= 
 , σˆ Y
1 0

 0 −i 
= 
 , σˆZ
i 0 

1 0  ˆ
1 0
, 1 = 
= 

.
0 −1
0 1 

(2.3)

When the Zeeman Hamiltonian operates upon the spin states in (2.1), the relative energies of
these states may be obtained:

ℏ
ω0 α
2

Hˆ Z α

= ω0 IˆZ α

=

Hˆ Z β

= ω0 IˆZ β

ℏ
= − ω0 β
2

ℏ
= − γB0 α ,
2

(2.4)

ℏ
γB0 β .
2

(2.5)

=

It is therefore observed that for I = 1/2, there exists two eigenstates, each of which depends
upon γ and B0. Since the value for γ is a constant for a given nuclide, the energy separation
between the two states will increase with increasing magnetic field strength (Figure 2.3):

Figure 2.3 The interaction between µ and B0 leads to spin states which are no longer degenerate. The
number of available states equals 2I + 1, and the energy difference between adjacent states is ℏγB0. This
Figure depicts I = 1/2 and γ > 0. For γ < 0, the state ordering would be reversed.
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As hinted at earlier when using the classical vector model to describe the motion of
isolated nuclear spins, a given nuclear spin where I = 1/2 is not restricted to being either ‘pure

α ’ or ‘pure β ’; rather, the state is described by the superposition of the Zeeman eigenstates:
A

= ai α

+ bi β ,

(2.6)

where ai and bi are generic weighting coefficients. The above methodology (with appropriate
modifications to the spin space basis for a given I value) can also be used to determine
eigenstate energies for nuclides where I > 1/2, in each case leading to 2I + 1 states (Figure 2.4):

Figure 2.4 Nuclear spin state energy levels for the cases where (a) I = 1 and (b) I = 3/2 are coupled to
B0 (γ is taken as positive).

2.3.2.2
2.3.2.2 The Establishment of Thermal Equilibrium Populations
While the preceding discussions considered isolated nuclear spins, NMR spectroscopy
on condensed matter involves the presence of an ensemble of spins which interact with one
another. If one again considers the case where I = 1/2 and γ > 0, the relative population of
eigenstate α ( ρ α ) is often described using a Boltzmann distribution:28
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ρα

≅

 2 + ℏω0 / kBT 
ρβ 
,
 2 − ℏω0 / kBT 

(2.7)

where ρ β is the population of spin state β, kB is the Boltzmann constant, and T is the
temperature (in K). The above equation assumes that the high-temperature approximation is
valid. As touched on in Section 1.1, relative to other forms of spectroscopy, the energy
separation between adjacent spin states is very small, which leads to very similar populations and
corresponding low experimental sensitivity.

Although not featured predominantly in this

dissertation, under certain conditions, these populations can be manipulated using appropriate
radiofrequency (RF) pulses.38,39

At this point, the effect of these pulses on the bulk

magnetization vector is briefly considered.

2.3.2.3
2.3.2.3 Response of the Magnetization
Magnetization to RF Pulses
The bulk nuclear spin magnetic moment (or magnetization, M) is determined by
summing the ensemble of µi (i.e., M = ∑ µ i ). When the α state is lower in energy and
therefore of higher population relative to the β state, it is understood that M points along the
applied field. If the populations of these two levels are inverted, M would direct anti-parallel to

B0.
The NMR signal for the nuclide under study is typically prepared (i.e., transformed into a
state whose evolution may be monitored) by applying an oscillating RF pulse. This pulse
produces its own magnetic field (B1), which is usually substantially smaller in magnitude than B0.
When the frequency of the oscillating RF pulse (ωRF) matches ω0, the RF field is said to be ‘onresonance’. In a frame of reference rotating at ω0, B0 is constant, which leaves only B1 to
interact with M. As a result, M begins to precess about the B1 axis with a frequency of ω1
(Figure 2.5a). While it is unlikely that the resonance condition will always be precisely matched
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(for reasons outlined in the sections below), it is the case that as long as ω0 ≈ ωRF, M will
interact meaningfully with B1, but will instead precess about an effective field (Beff) (Figure 2.5b):

Beff

=

( B0

+ ωRF / γ ) + B1 .

(2.8)

The amount of precession is determined by B1, as well as the duration of the applied pulse (the
pulse width, τRF). The resonant and time-dependent RF Hamiltonian ( Hˆ RF (t ) ) is as follows:37

Hˆ RF (t ) = − ℏγB1  cos(ωRFt + φRF )IˆX

± sin(ωRFt + φRF )IˆY  ,

(2.9)

where φRF is the phase of the RF pulse. The Hamiltonian in (2.9) represents the component of
the applied RF field which is circularly polarized in the same sense as the Larmor precession
frequency of a given nuclide. Note that during the pulse, another (non-resonant) circularly
polarized component rotates with a frequency of −ω0. The component which interacts with M
clearly depends upon the sign of γ and in fact some sources suggest that (2.9) should be
multiplied by a factor of 1/2, since half of the RF energy does not interact with the system.28

Figure 2.5 Effect of applied RF fields upon M. If ω0 = ωRF, as in (a), the application of an RF pulse
along the y-axis will result in M precession about B1. If ω0 ≈ ωRF, as in (b), the RF pulse will still interact
with M, but the precession will be about Beff, according to (2.8). If ω0 ≠ ωRF, then M will not interact
with the applied RF field.
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2.3.2.4
2.3.2.4 Magnetic Shielding (MS)
In addition to the external interactions outlined in the preceding sections, there exists an
array of internal nuclear spin interactions (although they are not always relevant or measurable).
The magnetic shielding (MS) interaction results from the coupling between the nuclear spin
angular momentum and the local magnetic field which is produced by B0-induced electron
circulation. This additional field augments the total field experienced at the nucleus (Bnuc) such
that it is not equal to B0. The MS effect is commonly observed when studying molecules, with
the local and applied fields being related via a magnetic shielding value (σ):

= (1 − σ )B0 .

Bnuc

(2.10)

The value which σ assumes is usually small for diamagnetic samples, and is therefore
typically denoted in ‘units’ of parts per million (ppm) of B0. Although useful from a theoretical
standpoint, MS is not often measured experimentally,40 but rather, a chemical shift (CS) value (δ )
is measured. The CS values for samples in isotropic media (δiso) can be expressed relative to a
well-characterized (i.e., reference) sample:27

δiso

=

νiso

− νiso, ref
νiso, ref

,

(2.11)

where νiso and νiso, ref are the isotropic nuclear spin precession frequencies (in Hz) of the sample
under study, and the reference sample, respectively. Any measured δiso value may be related to
an isotropic MS (σiso) value if an absolute shielding scale has been established for that nuclide:41

δiso

=

σ iso, ref

− σ iso

1 − σ iso, ref

≅ σ iso, ref

− σ iso .

(2.12)

If δiso > 0, the sample under study is said to be deshielded (or downfield) relative to the
standard, while if δiso < 0, the sample is shielded (or upfield) relative to the standard. The
iso
Hamiltonian for an isotropic chemical shift ( Hˆ CS
) is defined as:
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iso
Hˆ CS

= − ℏγδiso B0 IˆZ .

(2.13)

Thus, it is clear that the amount that the CS Hamiltonian alters the eigenvalue of a given
spin state will depend (to a first approximation, as justified below) linearly on both γ and B0, and
that the change in the energy is small based upon the usual magnitude of δiso. Hence, the effects
iso
of Hˆ CS
may be treated as a first-order perturbation upon the Hˆ Z eigenstates and there is little

evidence that any additional corrections are required for essentially all relevant systems studied
to date (although attempts have been made to determine the magnitude of such corrections).42,43

2.3.2.5
2.3.2.5 The Quadrupolar Interaction
If I > 1/2, then the electric charge distribution within the nucleus is no longer uniform
and it can no longer be adequately described using a sphere. Commonly, an ellipsoid is used
instead (Figure 2.6).

Figure 2.6 Qualitative comparison of the nuclear charge distribution between nuclides where I = 1/2 (a),
and where I > 1/2 (b). Nuclei which possess I = 1/2 do not interact with an EFG, while the nonspherical charge distribution in (b) leads to a Q, which can interact with the local EFG. Regions of
partial positive and partial negative electric charge are denoted using δ+ and δ−, respectively.

Nuclei where I > 1/2 are often called quadrupolar (or quadrupoles). Each quadrupolar
nucleus possesses a Q, which interacts with the EFG at the nuclear site.
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quadrupolar interaction (QI), the set of quadrupolar nuclei serve as sensitive probes of both
local magnetic and electric environments. In the context of SSNMR, the magnitude of the QI is
useful when it is on the order of kHz to MHz, however many cases are known where this
interaction can be hundreds of MHz.44
For the more useful cases, the Zeeman interaction remains the dominant interaction and
hence the QI is treated as a perturbation on Hˆ Z . The quadrupolar Hamiltonian under the firstorder secular approximation ( Hˆ Q1 ) is:26,45

Hˆ Q1

=

hωQ
8π

( 3Iˆ

2
Z

)

− I (I + 1)1ˆ ,

(2.14)

with ωQ representing the quadrupolar frequency, and h being the Planck constant. The firstorder energy augmentation of the Zeeman eigenstates is thus linearly proportional to ωQ. For
small molecules in isotropic media, Hˆ Q1 is averaged to zero (indeed, so too are higher-order
terms); however, the QI will still contribute to nuclear spin relaxation processes. Efficient spin
relaxation results in signals which decay rapidly in the time-domain and in many cases additional
RF pulses must be applied to compensate for these effects.

2.3.2.6
2.3.2.6 Additional Interactions and the Total Spin Hamiltonian
There exists a variety of other interactions which can be observed using NMR
experiments. At this time they are simply enumerated here for completeness, but most of them
will not be the focus of subsequent discussions (Figure 2.7). These additional interactions
include: (i) direct dipole-dipole ( ĤD ), which is derived from the through space coupling
between the nuclear spin angular moments of proximate nuclei; (ii) indirect ( J ) dipole-dipole
( Hˆ J ), which represents the coupling of the nuclear spin angular moments of two nuclei, as
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mediated via bonding electrons; and (iii) spin-rotation ( ĤSR ), which is the coupling between I
and the magnetic field generated by molecular rotation. All of these additional interactions can
be thought of as perturbations upon the Zeeman Hamiltonian, and therefore the total spin
Hamiltonian ( Ĥspin ) can be generated by forming a linear combination of all the timeindependent Hamiltonian terms within the Zeeman frame of reference:

Hˆ spin

= Hˆ Z

+ Hˆ Q

+ Hˆ CS

+ Hˆ D

+ Hˆ J

Figure 2.7 Contributions to the total nuclear spin Hamiltonian.28

+ Hˆ SR .

(2.15)

Definitions for any undefined

Hamiltonian terms can be found in the List of Symbols. *Assumes the system is diamagnetic. The
terms shaded in red are of relevance for the systems studied within this dissertation.
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2.3
2.3.3 Anisotropic NMR Interactions
As noted earlier, NMR experiments which are performed on solid-state systems suffer
from reduced sensitivity and resolution when compared to NMR experiments performed on
liquid-state media. The origin of these reductions stems from the orientation-dependence of
many of the NMR interactions noted above. Within a powdered sample, each crystallite will
typically orient randomly with respect to the applied magnetic field, which leads to a distribution
of the total NMR signal over a range of frequencies (Figure 2.8).

Figure 2.8 Magnetic shielding, one example of an orientation-dependent NMR interaction, manifests as
chemical shift anisotropy (CSA) in solids. Each microcrystalline region (represented above as an octet of
ovals; the ovals themselves being two-dimensional representations of tensors, vide infra) gives rise to a
narrow resonance; however, since each crystallite is randomly oriented in a powdered sample, the total
SSNMR signal is broad as it is a composite of many of these resonances. The vertical scale of the broad
signal, known as a powder pattern, has been increased by a factor of 50.

2.3.3.1
2.3.3.1 Chemical Shift
Shift Anisotropy (CSA)
Unless the chemical environment is of very high symmetry, such as in a tetrahedron or
octahedron, a single δiso value is no longer adequate to describe the observed NMR powder
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pattern for a solid-state sample (analogously, a single σiso value is also insufficient to describe MS
in these situations). When this is the case, a Cartesian tensor is sufficient (in this dissertation,
tensor quantities will be indicated using the diaeresis ( ¨ ) above the symbol), which itself may be
represented using a 3 × 3 matrix:46

 δxx

δɺɺ = δ yx
 δzx


δxy
δ yy
δzy

δxz 

δ yz  ,
δzz 

(2.16)

where each matrix element (δij, i, j = x, y, z) describes the shift which results when an external
magnetic field is applied along the j-axis and induces a magnetic field which possesses a
component along the i-axis of the lab frame. A corresponding magnetic shielding tensor ( σɺɺ )
may be generated by the application of (2.12) for each δij (where δij and σij replace δiso and σiso,
respectively). As B0 is assumed to lie entirely along the z-axis (i.e., B0 → B0) and is very much
stronger than the other interactions, things are simplified when one wishes to determine the
induced magnetic field vector (Bind) using the CS tensor specified in (2.16):

Bind

= δɺɺ ⋅ B0

 δxx

= δ yx
 δzx


δxy
δ yy
δzy

δxz   0 
 δxz B0 
  
δ yz  ⋅  0  = δ yz B0  ,
 δzz B0 
δzz   B0 

(2.17)

where the lab frame of reference has been chosen in order to evaluate the right hand terms. The
induced magnetic field is therefore fully described using a three component column vector,
where each element is proportional to B0. Under the secular approximation (i.e., that the
Zeeman interaction is very much larger than all other interactions), only the element containing
δzz is retained. An appropriate re-casting of (2.13) is thus produced, which is valid for use with

solid-state samples:28
1
Hˆ CS

= − ℏγ ( δzz (Θ) ) B0 IˆZ ,
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1
where Θ indicates that the value for δzz in the first-order shift Hamiltonian (i.e., ĤCS
) is

orientation-dependent. In order to understand the full expression for the δzz (Θ) term, further
discussion is now provided. The matrix which represents the observable part of the CS tensor is
symmetric (i.e., δij = δji) and is diagonalizable. Upon completion of the diagonalization process,
one gains information pertaining to the relative orientation between the Cartesian frame of the
molecule and the principal axis system (PAS) of δɺɺ . When specified within its PAS, only the
diagonal elements of the CS tensor are nonzero (i.e., the eigenvalues), and these elements are
known as the principal components, as shown:

δɺɺPAS

δ 11 0

=  0 δ 22
0
0


0 

0 ,
δ 33 

(2.19)

where popular conventions (detailed below) dictate that δ11 ≥ δ22 ≥ δ33. The δiso value is
necessarily invariant to the reference frame of choice, and therefore the isotropic chemical shift
may be calculated using any set of CS tensor diagonal matrix elements:
δ iso

=

1
( δ11
3

+ δ22

+ δ33 ) =

1
( δxx
3

+ δ yy

+ δzz ) =

( )

1
Tr δɺɺ , (2.20)
3

( )

where δɺɺ is a CS tensor in a general Cartesian reference frame, and Tr δɺɺ denotes that the
matrix trace of the CS tensor is being evaluated. With this in mind, the δzz (Θ) term may be
specified:26
δzz ( Θ ) = δ iso


 δ 11 − δ 22 
 δ 33 − δ iso  
2
2
+ 
3
cos
θ
−
1
+
sin
θ
cos
2
φ

 . (2.21)


(
)
(
)

 δ 33 − δ iso 
2


 



Where θ and φ correspond to the polar angles (defined in the usual sense), and specify the
orientation between the fixed B0-frame and the moving CS tensor PAS frame. Alternative
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specifications of (2.21) are known, where the CS tensor frame is fixed, while the B0-frame is
rotated.41
The parameterization of a given CS (or MS) powder pattern is not unique, and three
conventions are often used in the current literature.47 The Maryland convention (sometimes
referred to as the Herzfeld-Berger convention),48,49 which uses three parameters to specify the
magnitude of a CS tensor, will be used exclusively herein. Beyond the above-mentioned δiso
value, the two additional parameters are:
Ω ≅ δ 11

− δ 33 ;

κ

=

3 ( δ 22

− δ iso )
Ω

,

(2.22)

where Ω is the span, which specifies the breadth of the CS tensor (in ppm) in the frequency
domain, and κ is the skew, which is unitless, ranges between −1 to +1, and can offer insight into
the degree of axial symmetry of the CS tensor. A general CS tensor powder pattern according to
the Maryland convention is provided in Figure 2.9.

Figure 2.9 A schematic highlighting the CS tensor convention used herein.50 In the particular example
considered here, I = 1/2 is assumed, and other potential perturbing interactions are ignored.
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2.3.3.2
2.3.3.2 The Quadrupolar Interaction in Solids
Unless the probe nucleus is within a highly symmetric environment, the local EFG will
couple with the Q to produce a QI. In solids, the EFG tensor can be expressed using a traceless
and symmetric 3 × 3 matrix (Vɺɺ ):

Vxx Vxy Vxz 


Vɺɺ = Vyx Vyy Vyz  ,
Vzx Vzy Vzz 



(2.23)

where Vij (i, j, = x, y, z) are the elements of the EFG tensor. As the matrix represents a traceless
quantity, the sum of the diagonal elements must evaluate to zero in any chosen frame of
reference. The EFG tensor may be diagonalized, which allows for one to determine the relative
orientation of the EFG tensor PAS with respect to the frame of the molecule. When within its
own PAS, the EFG tensor matrix is specified as:

VɺɺPAS

V11 0
0 


=  0 V 22 0  ,
0
0 V 33 


(2.24)

where it is defined such that V33 ≥ V22 ≥ V11 . Regardless of the reference frame, under the
secular approximation, the Vɺɺ component along B0 (i.e., Vzz) is related to the quadrupolar
frequency (ωQ):28
ωQ (Θ) =

3e Q
Vzz (Θ),
2 I (2 I − 1)ℏ

(2.25)

where e is the electric charge of the proton, and Θ again specifies that this interaction bears an
orientation dependence. As the QI is not averaged in many solid-state samples, the quadrupolar
Hamiltonian ( Hˆ Q ) will augment the eigenvalues of the system45 (Figure 2.10 highlights this
effect to first-order). It is important to note here that the central transition (CT) for half-integer
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quadrupolar nuclei (i.e., m = +1/2 ↔ −1/2) is not affected to first-order by the QI, and that the
value of ωQ may be determined from the spacing between the critical points associated with one
of the satellite transitions (ST) (for the systems considered here: m = ±1/2 ↔ ±3/2 and/or
±3/2 ↔ ±5/2, |∆m| = 1) and the CT in a given spectrum. Once ωQ is known, it can be
related to the nuclear quadrupole coupling constant (CQ):

ωQ

=

3πC Q
I (2 I − 1)

= 2πνQ ,

(2.26)

where νQ is the quadrupolar frequency in Hz units (which will be used preferentially in most
subsequent discussions), and where CQ is directly related to the largest component of the EFG
tensor in its own PAS:

CQ

=

e QV33
.
h

(2.27)

Figure 2.10 (a) The effect of the first-order QI upon the Zeeman eigenstates for I = 3/2 and ωQ > 0.
When this description is valid, the resulting NMR spectrum will possess three transitions. The outer two
ST carry an angular dependence, but the CT is unaffected to first-order. (b) Schematic showing the
distribution of the CT and ST under first-order perturbation theory and ηQ = 0 for a powdered sample.
The full extent of one ST is highlighted in grey. Note that the CT has been vertically truncated (~).
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In order to fully specify the EFG tensor, an additional parameter is required, which is
the EFG tensor asymmetry parameter (ηQ):

ηQ

=

V11

− V22
.
V33

(2.28)

Note that the use of first-order perturbation theory is valid for the regime where ν0 >>
νQ, but many situations have been reported where this is not the case.44,45,51 When this occurs,
expansion of the ĤQ must be done to second-order, which produces a more complicated
expression, but allows CQ and ηQ to be determined via analysis of the CT only (Figure 2.11).

Figure 2.11 Analytical (WSolids1)50 simulations (including second-order effects) of theoretical I = 3/2
SSNMR CT powder patterns under static (i.e., stationary sample) conditions, which serve to highlight the
effects that changing CQ (a) and ηQ (b) values have upon the resulting SSNMR line shapes. For all
simulations, ν0 = 100 MHz and 500 Hz of Gaussian line-broadening was used. The vertical scales of the
powder patterns in (a) have been augmented according to the factors shown.
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This potential is of key importance, since it is typically very difficult (or at the very least,
exceptionally time-consuming) to completely observe the ST in this regime, while observation of
the CT is significantly more facile. All analytical line shape simulations in this dissertation used
the program WSolids1,50 which treats the QI as a perturbation up to second-order.
In certain situations,52 it is possible to perform SSNMR experiments within a regime
where the Zeeman and QI are similar to one another. When this occurs, even perturbation
theory to second-order is no longer suitable to simulate the observed ‘NMR’ line shape. A
variety of methods have been proposed to analyse spectra of this nature.53-58 As the observation
and analysis of these sorts of spectra comprise much of the results and discussion in Chapter 5
of this dissertation, further comments will be postponed until then.

2.3
2.3.3.3
.3.3 Euler Angles
As both the CS and EFG tensors can be diagonalized, the orientation of each interaction
tensor PAS with respect to the molecular frame may be determined, at least in principle. Most
simply, this information may be determined directly by using a large single-crystal and
performing many SSNMR experiments at a variety of crystal orientations with respect to B0.59,60
If certain knowledge about the system is known a priori, microcrystalline samples coupled with
multidimensional double-quantum filtered experiments may be used in favourable cases.61 More
generally, when performing SSNMR experiments upon microcrystalline samples where both
CSA and the QI contribute significantly to the total powder pattern, it is often only possible to
determine the relative orientation between the CS and EFG tensor PASs.62

This relative

orientation is specified using three parameters (α, β, γ), which are collectively known as the
Euler angles.63 These three angles specify the degree of positive (i.e., counterclockwise) rotation
about certain rotational axes, and depend upon the convention chosen. For all scenarios
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considered herein, the ‘ZYZ’ convention is used.64 Under a popular NMR implementation of
this convention, the EFG PAS is chosen as the static frame of reference, while the CS tensor
frame is actively subjected to a series of three successive rotations, the end result of which
produces coincident CS and EFG tensor frame PASs (Figure 2.12).

Figure 2.12 Schematic highlighting the relationship between the Euler angles (i.e., α, β, γ), and the
relative orientation between the CS and EFG tensor PASs (illustration inspired by Eichele50). The angle
of each rotation is determined by the value of each of the Euler angles and occurs in the order α → β →
γ. The convention used here assumes the EFG tensor PAS is static, while the CS tensor PAS is active.
The eigenvectors shown (i.e., V11, δ11, etc.,) are associated with the tensor eigenvalues defined earlier.

2.3.4
2.3.4 Nuclear Quadrupole Resonance (NQR)
For any system that possesses a QI, in principle it is possible to perform an NQR
experiment. Within the context of the systems studied herein, NQR experiments are performed
to confirm, or to give greater confidence to, the SSNMR measurements. As no B0 is applied, all
effects due to the Zeeman interaction and CSA are absent. While this greatly simplifies data
analysis, much of the useful NMR data are lost. Depending upon the value of I, the magnitude
of the EFG tensor (i.e., CQ, ηQ) may be fully determined. In the specific case of I = 3/2, NQR
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experiments alone are unable to provide information regarding CQ and ηQ, as there exists only
one NQR transition (Figure 2.13a). For other I values, the presence of multiple allowed single
quantum transitions enables unambiguous measurements of both Vɺɺ parameters (Figure 2.13b).

Figure 2.13 Spacing of the nuclear spin eigenstates under only the QI for (a) I = 3/2, and for (b) I =
5/2. For simplicity, the EFG tensor in (b) has been assumed to possess axial symmetry (i.e., ηQ = 0), and
CQ > 0. For cases where CQ < 0, the ordering of the eigenstates is reversed (e.g., the ±5/2 eigenstates
would be the lowest in energy in (b)).

2.3.5 NMR/NQR Line Shape Fitting and Parameter Determination
The SSNMR spectra were typically modeled (i.e., unless specified otherwise) using
analytical simulation software (WSolids1),50 and included contributions from the QI to secondorder and CSA under the high-field approximation. Other contributions (i.e., J, dipole-dipole,
etc.) can be safely ignored for all of the systems studied herein. In cases where the high-field
approximation was not obviously valid (vide infra), line shape analysis was performed using a
simulation program that incorporates QI effects exactly.58 In nearly all cases, the observed
SSNMR signals primarily correspond to the CT (i.e., m = +1/2 ↔ −1/2), but effects due to the
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ST (m = ±3/2 ↔ ±1/2 and ±5/2 ↔ ±3/2, |∆m| = 1, as appropriate) were included in all static
line shape simulations. While the observation of the full ST is generally time consuming,
portions were collected in certain cases. As magnetic shielding and QI effects on the SSNMR
line shape scale differently with B0, SSNMR spectra were often acquired at multiple fields, when
possible, to improve the accuracy of the extracted parameters. In many cases considered in this
dissertation, there existed two NMR-active isotopes for a particular atomic species (e.g.,
69/71

Ga,

79/81

Br,

35/37

Cl,

185/187

Re). As each nuclide possesses unique values for Q and γ, SSNMR spectra

were recorded using both isotopes, when possible, to enhance accuracy.
Due to the large spectral regions sampled (often, many MHz), the spectra were
simulated heuristically, without automated iteration, with special emphasis placed on fitting the
positions of the spectral discontinuities, rather than the intensities. Estimation of the errors in
the spectral parameters was performed by systematically altering, in turn, each of the parameters
derived from the best-fit, until the point where the simulated spectrum deviated from the
experimental spectrum at one of the discontinuities by an amount comparable to the inherent
point-by-point resolution of the spectrum. Additional aspects of SSNMR line shape fitting (e.g.,
inclusion of CSA, justification of nonzero Euler angles, etc.) are outlined over the course of this
dissertation, as deemed relevant.
To determine the Vɺɺ parameters using NQR data for I = 5/2 nuclides, the closed-form
solutions to the secular equations, recently outlined by Semin,65 were employed. The values
obtained via this procedure were shown to produce results identical to numerical simulations.66

2.4

Experimental Background
As in any scientific discipline, SSNMR has many specialized experimental procedures

which may be used in order to efficiently collect data. As noted before, the most substantial
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challenges to the further development of SSNMR are poor experimental sensitivity and
resolution. A number of techniques have been developed in order to enhance experimental
efficiency, sensitivity and resolution: only those that were used within the studies discussed
herein are outlined at this time. In addition to these enhancement techniques, when acquiring
the SSNMR spectra of quadrupolar nuclei, it is often the case that broad line shape data
acquisition techniques are required, and one such approach will be discussed.

2.4
2.4.1 The Utility of Echo Experiments
When performing SSNMR experiments upon quadrupolar nuclei, the initial time-domain
signal decay produced after appropriate preparation will lose coherence (T2* decay) rather
rapidly due to the QI and (to a much smaller extent) B0-inhomogeneity. In certain cases, the
NMR signal will decay in such an efficient manner that it cannot be meaningfully analyzed.
Although a variety of advanced pulse sequences now exist to acquire SSNMR data, it is often the
case that traditional echo experiments (especially when the experiments are performed in very
high B0) are acceptable to produce high S/N spectra in a reasonable amount of time. This is
even generally true in the case of exceedingly broad (∆νNMR > 1 MHz) line shapes, as long as the
nuclei under observation are not substantially dilute. Pulse sequences such as the quadrupolar
Carr–Purcell–Meiboom–Gill (QCPMG) may be of use (see Section 2.4.5.1) in those particular
cases. The general echo sequence is rather straightforward: after a π/2 pulse, M is allowed to
evolve for a period of time (τ1 ), after which a refocusing pulse is applied. Subsequently, an
additional delay (τ2 ) is used to wait until the echo has completely refocused. The 90/90 or
‘solid/Solomon echo’ experiment67,68 (Figure 2.14a) may be used in situations where a somewhat
strong NMR signal is being observed, as it can produce more uniform excitation for a given B1
field relative to the Hahn echo (or 90/180) experiment (Figure 2.14b).69 The relative increase in
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the uniform signal excitation afforded by using the solid echo experiment comes at the expense
of reduced signal intensity (by roughly a factor of 2) relative to the Hahn echo experiment; it is
important to note that the exact factor will depend on the phase cycling and coherence pathway
selection. A theoretical and experimental discussion of the optimal conditions for echo pulse
sequences for various half-integer quadrupolar nuclei has been provided by Bodart et al.70
Recently, these echo sequences have been thoroughly discussed and classified according to their
transition pathway symmetries.71

Figure 2.14 Pulse sequence diagrams of the solid/Solomon echo (a), and Hahn echo (b) experiments.
Under a simple vector model, the pulse lengths are such that π/2 causes a 90 degree rotation of M, while
the π pulse causes a 180 degree rotation. Interpulse delays (τ1/τ2) are selected such that the echo top (i.e.,
the point of maximum signal amplitude, as shown) may be experimentally observed.

2.4.2
2.4.2 VariableVariable-Offset Cumulative Spectrum (VOCS) Data
Data Acquisition
To acquire meaningful SSNMR spectra for many quadrupolar nuclei, data acquisition
will often be carried out using multiple RF transmitter settings. Failure to uniformly excite the
entire CT powder pattern (recall (2.8)) may potentially result in incorrect spectral analysis and
erroneous CS/EFG tensor parameters. Unless high site symmetry (e.g., tetrahedral, octahedral)
at the nucleus of interest is known a priori, it is advisable to obtain two SSNMR spectra using at
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least two different transmitter frequencies to confirm that the entire CT has been acquired. To
observe the full CT powder pattern when it is clearly broadened beyond what can be uniformly
excited using a single transmitter frequency, the variable-offset cumulative spectrum (VOCS)
method is useful.44,72 This protocol involves collecting a set of SSNMR spectra, with each
individual spectrum (sometimes referred to as a ‘sub-spectrum’) being acquired at a unique, but
uniformly offset, transmitter frequency (Figure 2.15). Each sub-spectrum is to be collected
using the same number of scans and should be processed individually. Once the entire set of
SSNMR spectra has been processed, they are co-added in the frequency domain, thereby
producing the final VOCS spectrum.

Figure 2.15 Example of VOCS data acquisition and co-addition for an arbitrary sample (partial 81Br
SSNMR spectrum of SrBr2 acquired at B0 = 21.1 T) using a uniform offset value of 300 kHz. The
transmitter frequency offset values (∆ν) are displayed for three of the sub-spectra (i.e., purple, brown,
and red traces), while the transmitter location for the blue trace is located outside of the current spectral
window (∆ν = −600 kHz). After the completion of the data acquisition, each sub-spectrum is processed
individually, and then co-added in the frequency domain to yield the final VOCS spectrum (black trace).
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2.4.3
2.4.3 Using MultipleMultiple-Field Data Acquisition
As noted above, many of the SSNMR interactions relevant to this dissertation are
anisotropic. In addition to this, the line shape broadening contributions from CSA and the
second-order QI (the dominant perturbing interactions considered herein) scale differently with
B0. In units of Hz, the scaling of the CSA interaction is linear with B0, while the second-order

QI effects on the CT will scale inversely with B0 (since ν0 ∝ B0):26

∆νCT

 3C Q 
= 

 2 I (2 I − 1) 

2

(η

2
Q

+ 22 ηQ + 25 ) ( I (I + 1) − 3 / 4 )
144 ν0

,

(2.29)

where ∆νCT specifies the breadth of the CT line shape due solely to the second-order QI on a
stationary powdered sample.

Because of these drastically different B0-dependent scaling

behaviours, multiple-field data acquisition can greatly facilitate the quantitative line shape
analysis for a great variety of half-integer quadrupolar nuclides.

2.4.
2.4.4 Resolution Enhancement Methods
2.4
2.4.4.1 MagicMagic-Angle
Angle Spinning (MAS)
In liquid-state NMR experiments, isotropic molecular tumbling will render unobservable
the anisotropic portion of the interactions that are observed in SSNMR experiments. Several of
these interactions, including MS, direct dipole-dipole, and the first-order QI, possess the same
orientation dependence73 and can therefore be averaged to their isotropic values via the rapid
mechanical rotation of a solid-state sample at the so-called ‘magic-angle’ (Figure 2.16). The
value for this angle is found by solving for the root of 3cos2θ = 1, where θ represents the angle
between the direction associated with the secular component of a given interaction tensor (e.g.,
σzz for magnetic shielding) and B0. Thus, if θ can be set to 54.74°, the corresponding anisotropy
will average and result in significant line shape narrowing.74-76
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Figure 2.16 Analytical simulations highlighting the effect of MAS conditions on CSA-dominated (a – e),
and QI-dominated (f – g) spectra. If I = 1/2, the low resolution static powder pattern that is produced
due to CSA (a) is partitioned into an isotropic peak, plus a number of spinning sidebands (b – d),
assuming MAS conditions and νMAS < Ω. These sidebands flank the isotropic peak at integer multiples
of νMAS (highlighted in (d)). If νMAS >> Ω, a liquid-like peak is observed (e). When the QI is significant
and cannot be truncated at first-order, MAS will only narrow the CT powder pattern by a factor of about
2 – 3 (f – g). This is due to the complex angular dependence of the second-order QI under MAS
conditions. Note the various vertical scale enhancements used in the above spectra. Parameters used in
the simulations: (a – e) I = 1/2, ν0 = 100 MHz, δiso = −16.7 ppm, Ω = 200 ppm, κ = −0.5; (f – g) I =
3/2, ν0 = 100 MHz, CQ = 2.8 MHz, ηQ = 0.2. All simulations include 200 Hz of Gaussian linebroadening.

Unfortunately, due to the microcrystalline nature of powdered samples, it is not possible to
simultaneously set θ to the magic-angle for all crystallites. Rather, the rotation axis of the entire
sample is set to the magic-angle, and the rapid mechanical rotation causes the secular portion of
the interaction to become time-dependent. Likewise, rotation causes the tensor components
perpendicular to the rotation axis to time-average to zero, while only the tensor component

Chapter Two – Introduction to Nuclear Magnetic Resonance

- 35 -

parallel to the rotation axis remains. As the parallel component is fixed at the magic-angle, it will
necessarily equal zero.73 Most conventional SSNMR probe designs can achieve sample rotation
frequencies (νMAS) of approximately 10 – 25 kHz,77 although a number of more specialized
probes have been able to realize frequencies of 70 and even 80 kHz.78,79

2.4
2.4.4.2 Heteronuclear Decoupling
In most of the systems considered here, the QI and CSA contribute nearly all of the
observed line shape broadening. In certain cases (i.e., somewhat small QIs), the effects of
heteronuclear dipole-dipole coupling (where one of the spins is 1H) may become important.
Although very advanced heteronuclear 1H decoupling solutions are known,80,81 due to the
relatively weak nature of this interaction for the samples studied in this dissertation, only the
simple ‘continuous-wave’ (CW) decoupling method is used presently. Briefly, heteronuclear CW
1

H decoupling involves the application of a fixed phase RF field at the 1H Larmor frequency

while a second channel is used for the detection of the desired quadrupolar nuclide NMR
signal.82

2.4
2.4.5 Sensitivity Enhancement Methods
2.4
2.4.5.1 The QCPMG Experiment
While the echo sequences outlined in Section 2.4.1 allow for the acquisition of a variety
of broad SSNMR signals, a number of situations exist where those solutions are not terribly
useful. The lack of utility is generally due to poor experimental sensitivity, perhaps as would be
expected.
The QCPMG pulse sequence was first presented in the 1950’s, and is a modified variant
of the Hahn echo sequence that includes additional acquisition and delay periods (Figure
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2.17).83,84 While the (Q)CPMG pulse sequence was initially used to measure spin-spin relaxation
(T2 ) values, and to address such issues as homonuclear dipolar couplings85-87 and dynamics,88-92 it
was not expressly applied with the goal of experimental sensitivity enhancement in mind. This
changed when Larsen et al. presented very convincing QCPMG-based SSNMR signal
enhancement studies near the turn of the last century.93 This sequence will increase sensitivity if
the individual T2* decays are much shorter than the natural T2 decay of the sample. Additional
details regarding this sequence may be found elsewhere,83,84 but it enhances sensitivity by
acquiring what is often referred to as an echo ‘train’, as opposed to a single echo (as is the case
in the solid/Solomon/Hahn echo pulse sequences) during each recycle delay.

Figure 2.17 (a) The QCPMG pulse sequence is a modified Hahn echo experiment that includes
additional delays (i.e., τ3 and τ4), π pulses, and acquisition periods. The portion within the brackets is
termed a Meiboom-Gill (MG) loop, and is repeated N times. (b) Qualitative illustration of single echo
and QCPMG system responses in the time-domain. The single echo sequence collects one system
response (determined by T2*), while the QCPMG sequence collects many (shown by the number of
spikelets and determined by T2).
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2.5
2.5

Quantum Chemical Computations
The use of calculation methods which are based on some flavour of ab initio quantum

mechanics principles is well-established in the field of SSNMR, as well as in spectroscopy in
general.94 In the context of the calculation of NMR parameters, it has usually been the case that
atom-centered basis sets or molecular orbitals (MOs) were employed as part of a cluster model
approach. In microcrystalline solids, where lattice effects are generally non-negligible, these
local methods can suffer in the calculation of properties which possess non-local character, such
as EFGs (i.e., they possess a 1/r3 dependence, where r is the distance from a given probe
nucleus). In addition, the scaling behaviour of the more popular cluster models is polynomial
(roughly NB3 to NB4, where NB is the number of basis set functions), which means that a modest
increase in the number of atoms considered in the calculation can lead to order of magnitude
increases in the computational resources required. Thankfully, quantum chemical calculations
using plane wave basis set expansions (which are valid electronic wave function expansions
according to Bloch’s theorem,95 who later shared in the 1946 Nobel Prize for the demonstration
of condensed phase NMR) with periodic boundary conditions and pseudopotentials have
recently appeared in the literature. Calculations of this class can thus mimic the infinite crystal
lattice, and have shown great promise in the calculation of NMR tensor properties for a diverse
range of solid-state systems.96-99

2.5.1 GaugeGauge-Including Projector AugmentedAugmented-Wave Density Functional Theory
(GIPAW DFT)
All of the quantum chemical calculations presented herein utilize a non-local plane wave
basis set with pseudopotentials being used to model the core electron states.

While the

computational resources required when using a plane wave basis scale linearly with the unit cell
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volume,100 it was noted many years ago that properties which were sensitive to the core electron
wave functions would not be adequately modeled using a computationally feasible number of
plane waves (i.e., magnetic shielding).101 One solution to this problem was found by removing
the core electrons, replacing them with an effective potential, which when combined with the
nuclear potential, generates a core region pseudopotential function.102 This procedure, however,
resulted in the loss of the ‘true’ electronic wave function (ψ(r)).103 In order to regain ψ(r), an
additional approach was to use atomic-like ‘augmented-waves’ to treat the core, while using
plane waves to treat the valence regions.104 The augmented-wave method allowed for the
regeneration of the core ψ(r). The combination of certain aspects of both solutions (i.e., one for
the core electrons and one for the valence) resulted in the projector augmented-wave (PAW)
method, which is used exclusively for the quantum chemical results presented in this
dissertation.
Very briefly, the PAW method introduces a wave function transformation operator
( T̂PAW ), which can relate the true wave function to an auxiliary wave function (ψɶ ( r ) ) that is
smooth in the core region (Figure 2.18). Beyond a defined core region distance (Rcore), the
auxiliary wave function is identical to the true wave function. A set of projector functions ( pɶ i )
are then defined, which, when combined with an appropriate set of pseudo partial wave
functions ( φˆi ), allows one to relate ψɶ ( r ) to expansions within the core:105
To calculate the total electronic energy of a particular system, the ψ(r) are calculated at a
finite number of so-called k-points within reciprocal lattice space.100 This operates under the
assumptions that the ψ(r) is locally continuous and rather similar between very proximate kpoints, and therefore the electronic wave function over a region of k space is assumed to be
well-represented by the ψ(r) at a single k-point. In order to obtain an accurate approximation of
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the true electronic potential, the electronic states are calculated at certain special sets of k-points
in what is known as ‘the Brillouin zone’ (i.e., a primitive cell within reciprocal space).106,107

Figure 2.18 Qualitative description of the relationship between ψ(r) and the auxiliary wave function, as
related via the PAW transformation operator. The design of the operation is to yield a smooth core
region wave function, and to match the true wave function beyond a given cutoff distance (i.e., Rcore).

The sampling algorithm used by the Cambridge Serial Total Energy Package (CASTEP)
quantum chemical software (the software used herein) works well for systems with nonzero
Fermi gaps (e.g., insulators and semiconductors), but will often fail if metallic systems are
considered, as metallic systems require a very dense set of k-points to be sampled. Errors in the
total energy may be simply overcome by choosing a denser array of k-points. Once the total
electronic energy of the system is known, many of the relevant properties for the system under
consideration may be calculated (such as Vɺɺ ). This does not extend to the computation of σɺɺ ,
however, and it was long thought that pseudopotential methods would never be able to calculate
MS.94 For the computation of σɺɺ , the GIPAW method is used, which extends the PAW
methodology by including magnetic field dependent phase factors in a fashion similar to other
approaches, such as the gauge-including atomic orbitals (GIAO) method.108 In effect, this
allows for the restoration of the spatial translational invariance, which was lost upon the
application of a magnetic field.
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Chapter Three
SolidSolid-State 79/81Br NMR and GIPAW DFT Study of Structure,
Symmetry, and
and Hydration State in Alkaline Earth Metal Bromides
3.1

Introduction
Bromine is found naturally in seawater, brines, and various bromide salts.1 In addition

to their ubiquitous presence in synthetic organic chemistry, organic bromine-containing
materials are applied as flame retardants, dyes, drilling fluids, fuel additives, nematocides, and
fumigants.

Silver bromide is the most commonly applied inorganic bromide-containing

compound, primarily in photography.

While the above are important applications, recent

evidence suggests that there is a negative environmental impact associated with using certain
bromine-containing materials, and their future use is being reduced.2 Similarly, a recent editorial
has noted the negative effects that halides have during the production of biomass fuels, as they
corrode the steam lines of production facilities.3 In light of these accounts, methods must be
further developed to (i) quantify the presence of bromine and bromides and (ii) comment upon
bromine/bromide chemical environments.
demonstrated that

79/81

As will be detailed in Chapter 6, it has been

Br SSNMR line shapes are very sensitive to the local environment about

the bromide ions in MgBr2. Presently, the power of 79/81Br SSNMR in the characterization and
understanding of additional bromide-containing systems is established and demonstrated, with a
particular emphasis on the extraction of structural information.
Both naturally occurring isotopes of bromine (79Br and

81

Br) possess NMR-active

quadrupolar nuclei (I(79Br) = I(81Br) = 3/2)), that are present in high natural abundance (~50 %).
However, recent literature reviews report that 79/81Br SSNMR data are sparse.4,5 Considering the
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relatively large Q values6 and Sternheimer antishielding factors (γ∞, vide infra)7,8 possessed by the
79/81

Br nuclei, it is clear why

79/81

Br SSNMR spectroscopy is underdeveloped (recall that when a

quadrupolar nucleus experiences a nonzero EFG, the EFG will couple with the Q, leading to a
QI which can produce substantial SSNMR line shape broadening in powdered samples, often to
the extent that the SSNMR signal cannot be detected).
Most of the

79/81

Br SSNMR literature accounts involve alkali metal bromides or other

cubic salts (e.g., AgBr, CuBr, and TlBr), as the QI in these compounds is zero by symmetry and
therefore the spectral acquisition is straightforward.9-15 Over the past 20 years, a few

79/81

Br

SSNMR studies have been carried out on systems where the bromide experiences a small but
nonzero QI. For example, inquiries using microcrystalline samples include perbromates,16-19
oxygen-doped BaFBr,20 and bromide-containing sodalites.21-24 Investigations using single crystals
have characterized bromide environments with more substantial QIs, such as in
K2Pt(CN)4Br0.3·3.2H2O,25,26 tris-sarcosine CaBr2,27,28 and deuterated glycyl-L-alanine HBr·H2O.29
Recently, the ‘slow turning reveals enormous quadrupolar interactions’ (STREAQI) method was
applied to measure the bromine QIs in L-leucine HBr and L-tyrosine HBr,30 and 14N and 81Br
SSNMR was used to study several polycrystalline CxH2x+1(CH3)3NBr samples.31,32
Current reviews pertaining to the NMR-active quadrupolar halogen nuclides4,5,33
underscore the significant ongoing advances in 35/37Cl SSNMR spectroscopy. Recent progress is
primarily due to the increasing availability of ultrahigh magnetic fields (i.e., B0 > 18.8 T) and the
development of advanced pulse sequences.34-41 Prior to these developments,

35/37

Cl SSNMR

studies were limited to systems where the chlorine environment was known to be nearly
octahedral or tetrahedral.14,42-50 Hence, the chlorine environments in the systems traditionally
investigated using 35/37Cl SSNMR are similar to the bromine environments of those studied using
79/81

Br SSNMR. In the last several years, new insights into the relationship between
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SSNMR parameters and local molecular and electronic structure have been obtained for a range
of interesting compounds, including amino acid hydrochlorides,51-54 alkaline earth metal
chlorides,55-57 hydrochloride pharmaceuticals,58 group 4 and 13 metal chlorides,59-61 halidecontaining ionic liquids,62,63 and antiferromagnetic/superconducting materials.64-68 Most of these
recent studies featured chlorides that were not present at a position of high symmetry; hence,
these characterizations were made for systems where the QI is nonzero. It is therefore believed
that 79/81Br SSNMR spectroscopy may be developed in a similar fashion as 35/37Cl SSNMR.
To provide an experimental basis for understanding the relationship between local
structure and symmetry at the bromine and the observable
systematic

79/81

Br SSNMR parameters, a

79/81

Br SSNMR study of several alkaline earth metal bromides and corresponding

stable hydrates is presented in this Chapter. While these systems possess relatively simple
structures, a variety of bromide environments are represented. These compounds (i) contain
different numbers of magnetically unique bromide sites, ranging from 1 to 4; (ii) exhibit distinct
bromine QIs, both in terms of magnitude and symmetry; and (iii) form stable hydrates, which
allows for an investigation of the relationship between hydration (sometimes incorrectly referred
to as ‘pseudopolymorphism’) and the

79/81

Br SSNMR parameters. These systems are also more

than simply of academic interest: CaBr2 is used in oil drilling brine solutions, as a desiccant, a
food preservative, and a fire retardant. Eu(III)-doped CaBr2-based aluminoborate glasses are
candidate materials for use in lasers, optical amplifiers and optical storage devices.69 Strontium
bromide has been used as a vapour-phase laser.70 Barium bromide single-crystals are excellent
X-ray storage phosphors when doped with lanthanide ions such as Eu(II)71 or Ce(III)72 and have
recently been proposed for use in X- and γ-ray scintillation applications.73,74 By combining
multiple field 79/81Br SSNMR experiments with GIPAW DFT quantum chemical computations,
it is shown that significant insight is available regarding the bromide environments in the alkaline
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earth metal bromides and corresponding hydrates. It will also be shown that hydration may be
easily distinguished and characterized, and that the composition of a simple mixture may be
determined using 79/81Br SSNMR experiments.

3.2

Experimental Details

3.2.1 Sample Preparation
CaBr2 (99.98 %), SrBr2 (99.995 %), and BaBr2 (99.999 %) were purchased from Aldrich
as anhydrous beads. All the above compounds are hygroscopic and were stored and prepared
for use under either dry N2 or Ar. MgBr2·6H2O (99 %), SrBr2·6H2O (99 %), and CaBr2·xH2O
(98 %) were purchased from Aldrich in either polycrystalline or microcrystalline powder form.
BaBr2·2H2O (99.3 %) was purchased from Alfa Aesar as a microcrystalline powder. All of the
hydrates are air stable. For all

79/81

Br SSNMR experiments, the samples were powdered and

tightly packed into 4 mm outer diameter (o.d.) Bruker MAS zirconia rotors.

3.2.2 SolidSolid-State 79/81Br NMR
Bromine-79/81 SSNMR data were acquired at the University of Ottawa using a Bruker
AVANCE spectrometer operating at B0 = 11.75 T (ν0(1H) = 500.13 MHz) and at the National
Ultrahigh-field NMR facility for Solids in Ottawa using a Bruker AVANCEII spectrometer
operating at B0 = 21.1 T (ν0(1H) = 900.08 MHz). At 11.75 T, all experiments used a Bruker 4
mm HXY MAS probe (ν0(81Br) = 135.076 MHz; ν0(79Br) = 125.310 MHz).

At 21.1 T,

experiments performed on stationary samples used a Bruker 4 mm HX MAS probe (ν0(81Br) =
243.093 MHz; ν0(79Br) = 225.519 MHz), while MAS NMR experiments on BaBr2·2H2O used
Bruker 3.2 mm and 2.5 mm HX MAS probes for the detection of 81Br and 79Br SSNMR signals,
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respectively. Due to the known heating effect of MAS on the sample, and as the loss of H2O in
powdered BaBr2·2H2O occurs upon heating above 323 K,75 all MAS experiments were carried
out while passing cooled N2 gas through the probe. Bromine π/2 pulse widths were determined
using the 79/81Br NMR signal of KBr powder. The same compound also served as the chemical
shift reference (δiso(KBr(s) = 0.00 ppm). The values reported in this Chapter may be converted
to the suggested IUPAC standard scale, which is relative to 0.01 mol/dm3 NaBr in D2O, by
adding 54.51 ppm.76 As the ion lattice of solid KBr is cubic, the CT selective (i.e., ‘solid π/2’)
pulse widths used for the alkaline earth metal bromides were scaled by 1/(I + 1/2) = 1/2.
Bromine-79/81 SSNMR signals were primarily acquired using the Solomon echo pulse
sequence77,78 with the phase cycling suggested by Kunwar et al.79

For all samples except

BaBr2·2H2O and SrBr2·6H2O, long T2 values (estimated using the QCPMG pulse sequence, vide
infra) allowed for whole echo data acquisition, thus increasing the S/N of the echo experiment
by

79/81

2 per scan. Typical

Br Solomon echo parameters (for full details, see Appendix A,

Table A.1) were the following: π/2 = 1.0 to 3.0 µs, spectral window = 250 to 2000 kHz, τ1 =
100 to 500 µs (whole echo acquisition) or 26 µs to 100 µs (half echo acquisition), recycle delay =
0.3 to 0.8 s, collection of 1 024 to 4 096 data points per transient and 1 000 to 65 536 transients.
MAS NMR data were acquired under rotor-synchronized conditions. The QCPMG pulse
sequence34,80,81 was used at B0 = 11.75 T to enhance the

79/81

Br SSNMR signals and thus reduce

experiment times. For typical QCPMG parameters, see Appendix A, Table A.1. For all
hydrates of known composition, the effects of CW 1H decoupling were tested. Typical ν1(1H)
values were 40 to 100 kHz.
For most of the samples studied, the VOCS data acquisition method82-84 was used to
collect the very broad

79/81

Br CT SSNMR signals. Offsets varied from 200 to 400 kHz for
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Solomon echo experiments, and from 86.31 to 95.90 kHz for QCPMG experiments. Each subspectrum was processed normally and then combined in the frequency-domain by co-addition.

3.2.3 Quantum Chemical Computations
GIPAW DFT computations were carried out using the NMR module associated with
version 4.1 of the CASTEP program,85-88 and input files were generated from Materials Studio
3.2. Bromine on-the-fly generation (otfg) pseudopotential files were obtained directly from
Accelrys Inc. (San Diego, CA). Geometry optimizations, as well as NMR calculations (i.e., of
the Vɺɺ and σɺɺ tensors), used the Perdew-Burke-Ernzerhof (PBE) exchange-correlation (XC)
functional,89,90 under the generalized gradient approximation (GGA).

Additional NMR

parameter computations employed the Perdew-Wang-91 (PW91) XC functional,91-95 and yielded
computed values that were similar to the PBE calculations. NMR parameter convergence was
tested by varying both the Monkhorst-Pack96 k-point sampling of the Brillouin zone and the
plane wave basis set energy cutoff (Ecut). All NMR calculations used the ‘precise’ setting, as
defined by Materials Studio, for the fast-Fourier transformation (FFT) grid, except MgBr2·6H2O,
where the ‘standard’ FFT grid setting was used due to computational resource limitations. All
geometry optimizations used the standard FFT grid setting. Conversions of calculated MS
tensor element values (σij) into δij values used the following procedure: the bromine σiso value for
the secondary reference compound KBr (i.e., σiso, ref) was computed using Ecut = 800 eV, a 6 × 6
× 6 k-point grid, and the same XC functional as for a given sample. This was followed by
application of (2.12). The Ecut and k-point grid used for each system are in the footnotes to
Tables 3.5 and 3.7. Computed energies, structure references, and additional computational input
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details are in Appendix A, Table A.2.

The crystal structure parameters used for NMR

computations are in Appendix A, Table A.3.
For MgBr2·6H2O and SrBr2·6H2O, two structural models were used for subsequent
NMR parameter computations, and are labeled as ‘model A’ and ‘model B’. For model A of
MgBr2·6H2O, the heavy atom positions from Andress and Gundermann97 and the unit cell from
Sorrell and Ramey98 were used. Hydrogen atoms were added using Gaussview 3.0 and then
optimized using CASTEP. For model B, the heavy atom positions were adjusted slightly, while
remaining within the error bounds of the structural parameters reported in the original sources.
For SrBr2·6H2O, model A, the heavy atom positions and unit cell from Abrahams and
Vordemvenne were used.99 Hydrogen positions were initially placed according to those of
SrCl2·6H2O,100 whose structure was determined using neutron diffraction and should be
isomorphic to SrBr2·6H2O. The hydrogen positions were then optimized computationally. For
model B, the procedure used was nearly identical, but the c unit cell position values of the
bromides were changed to −c in order to agree with the halogen atom positions in the
isomorphic SrCl2·6H2O, CaBr2·6H2O, and CaCl2·6H2O compounds.101 After computational
optimization of the hydrogen positions, NMR parameter calculations were performed.

3.2.4 Point Charge Model Calculations
Calculations were semi-automated using Microsoft Excel, using full integer charges for
the ions in the lattice. For all anhydrous compounds, the point charge lattices corresponded to
an 8 × 8 × 8 super cell (except for SrBr2, where a 6 × 6 × 6 super cell was used). This amounted
to 3 435, 6 792, and 6 143 point charges and super cell volumes of 100.57 nm3, 208.77 nm3, and
208.30 nm3 for CaBr2, SrBr2, and BaBr2, respectively.
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antishielding effects by using (1 − γ∞) = 81.102 To assess the influence of ionic charge on
CQ(81Br), the partial ionic charge values (i.e., q(Ca) and q(Br)) for CaBr2 were also varied.

3.3

Results and Discussion

3.3.1 BromineBromine-79/81 SSNMR Experiments
3.3.1.1 Anhydrous Alkaline Earth Metal Bromides
The measured

79/81

Br SSNMR parameters for the anhydrous alkaline earth metal

bromides CaBr2, SrBr2, and BaBr2 are presented in Tables 3.1 and 3.2. As these systems are
highly ionic, the EFG at the Br nuclei, while nonzero, is not so large that it renders

79/81

Br

SSNMR experiments impossible: CQ(79Br) values range from a low of 12.3 MHz for one site in
SrBr2 to a high of 75.1 MHz for CaBr2.

Table 3.1 Experimental 79/81Br EFG tensor parameters: alkaline earth metal bromidesa
compound

site label

|CQ(81Br)|b / MHz

|CQ(79Br)| / MHz

ηQ

νQ(79Br)c / MHz

CaBr2

―

62.8(4)

75.1(5)

0.445(20)

38.76(0.08)

SrBr2

Br(1)

10.3(3)

12.3(3)

0.07(4)

―

Br(2)

18.10(10)

21.65(20)

0.03(2)

―

Br(3)

25.6(2)

30.6(2)

0.695(15)

16.54(0.10)

Br(4)

53.7(6)

64.2(6)

0.33(2)

32.90(0.12)

Br(1)

23.5(3)

28.1(4)

0.17(2)

Br(2)

27.2(3)

32.5(3)

0.070(15)

BaBr2

13.96(0.3)/23.36(0.35)

a

Error bounds are in parentheses (e.g., 0.445(20) ↔ 0.445 ± 0.020). Parameter definitions are in Section 2.3.3.2.
While CQ may take any real value, |CQ| is measured using conventional SSNMR experiments.
c
From literature.103 All 79Br NQR measurements were at T = 300 K, except for BaBr2, which was at T = 209 K.
b

3.3.1.1.1

CaBr2: An Example of a Significant Bromine QI and CSA

The static

79/81

Br SSNMR spectra acquired at B0 = 21.1 T are broadened due to a

nonzero EFG at the bromine, as the signals span several MHz and feature line shapes that are
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characteristic of second-order quadrupolar broadening (Figure 3.1). While the

79/81

Br SSNMR

signals are distributed over a large frequency range, they were acquired using the Solomon echo
pulse sequence77 and VOCS data acquisition methods82-84 in about 8 hours. Data acquisition was
facilitated by efficient

79/81

Br quadrupole-dominated spin-lattice (T1) relaxation.104

A

81

Br

SSNMR spectrum of CaBr2 was also acquired at 11.75 T under static conditions (see Appendix
A, Figure A.1); however, the QCPMG pulse sequence34,80,81 and about two days of experiment
time were required to obtain a spectrum with a reasonable S/N ratio (74 sub-spectra).

Table 3.2 Experimental bromine CS tensor parameters: alkaline earth metal bromidesa
compound

site label

δisob / ppm

Ω / ppm

κ

α, β, γ / °

CaBr2

―

280(50)

250(150)

0

270c, 90(20), 180c

SrBr2

Br(1)

422(5)

50(20)

−1d

90c, 90(15), 180(5)

Br(2)

410(8)

85(25)

−1d

90c, 90(10), 180(8)

Br(3)

320(10)

110(30)

0.3(4)

42(8), 90(10), 235(20)

Br(4)

300(50)

―

―

BaBr2

―
c

Br(1)

280(10)

200(20)

−0.6(2)

0 , 47(7), 180c

Br(2)

480(15)

170(30)

0.1(2)

180c, 18(7), 180c

a

Includes Euler angle values. Error bounds are in parentheses. Parameter definitions are in Sections 2.3.2.4,
2.3.3.1, and 2.3.3.3.
b
With respect to solid KBr (δiso = 0.00 ppm).
c
Simulated NMR line shape is insensitive to parameter variation; the value is assigned based on computational
results.
d
Assumed based on crystallographic site symmetry.

The ambient temperature and pressure structure of CaBr2 is believed to be isomorphic
to CaCl2,105 and belongs to the orthorhombic Pnnm space group.106,107 The bromide ions are
located at m symmetry sites and coordinate to three Ca2+ ions in a distorted trigonal planar
fashion (Figure 3.2). The shortest Br-Br distance is 3.79 Å, which is slightly greater than twice
the accepted value for the bromine van der Waals (vdW) radius (i.e., 3.66 Å).108,109 Calcium-43
MAS SSNMR measurements exist for this compound,110 and while 79Br NQR data collected at
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300 K determined the νQ value to be 38.76 MHz,103 insight into the Vɺɺ tensor symmetry (as well
as any comment on the σɺɺ tensor) was not obtained, as standard 79Br NQR experiments are
insensitive to this property.

Figure 3.1 Best-fit analytical simulations (a, c), and experimental static VOCS Solomon echo

79/81Br

SSNMR spectra of powdered CaBr2 acquired at B0 = 21.1 T (b, d). Partially excited ST are denoted using
‘†’.

The line widths of the 79/81Br SSNMR spectra in Figure 3.1 imply a substantial QI at the
bromide ions. The measured values of CQ(81Br) = 62.8(4) MHz and CQ(79Br) = 75.1(5) MHz are
by far the largest measured using

Br SSNMR spectroscopy.4,5,33 The nonaxial Vɺɺ tensor (ηQ

79/81

= 0.445(20)) underscores the low site symmetry at the bromide, and restricts the rotational
symmetry at this point to a maximum of C2, in agreement with the accepted site symmetry.
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Figure 3.2 POV-ray rendering of the CaBr2 unit cell. The calcium ions are denoted in grey. Solid lines
denote ions within the sum of the Ca and Br vdW radii (i.e., rCa-Br < 4.14 Å).108,109

The value of νQ measured using NQR spectroscopy may be related to CQ when ηQ and I are also
known:111

νQ

=

3C Q 1 + ( ηQ2 / 3 )
2 I (2 I + 1)

.

(3.1)

Using the 79Br EFG tensor parameters measured with SSNMR, νQ(79Br) is calculated to be 38.8
MHz, in perfect agreement with the earlier NQR data. Quantitative agreement between NQR
and NMR observations provides an experimental basis for an earlier assertion,4 based on exact
QI theoretical modeling,112,113 that substantial CQ(79/81Br) values may be accurately measured
while remaining within the high-field approximation (often stated as when 10νQ < ν0). Further
testing of the high-field approximation is discussed more thoroughly in Chapter 5.
Using a series of M[BPh4] salts (M = Na, K, Rb, Cs), Wu and Terskikh illustrated a linear
relationship between measured CQ(M) values and the quantity eQ(1 − γ∞)/V, where V is the unit
cell volume and other terms have been defined previously (note that the γ∞ are empirical
corrections attributed to core electron polarization due to external EFGs. They may be applied
to estimate the true EFG at a nuclear site, relative to the EFG which would be produced by the
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ionic charges themselves).114 In the present context, it is interesting to compare the CQ(81Br)
value for CaBr2 measured here with the CQ(35Cl) value measured for CaCl2.55

Using the

parameters in Table A.4 of Appendix A, it is calculated that |CQ(81Br)/CQ(35Cl)| should be 7.12.
This is in severe disagreement with the value established from experimental SSNMR data, which
is 29.9. Indeed, Sandland et al. seemed rightfully surprised that the CaCl2 structure, with its
distorted trigonal planar geometry about the chloride and relatively short Cl-Ca distances, should
exhibit such a small CQ(35Cl). It is emphasized that CaBr2 possessed the largest CQ(81Br) value
measured in the current study (vide infra). During their

35/37

Cl SSNMR study of alkaline earth

metal chloride compounds, Bryce and Bultz57 noted that among the anhydrous compounds, the
accepted CQ(35Cl) value55 for CaCl2 was the smallest, if one neglected the cubic SrCl2 system.
Further discussion on this topic will be provided in Chapter 6.
The bromine chemical shift of solid CaBr2 (δiso = 280(50) ppm) lies between the alkali
metal bromides and the perbromates (although it is much closer to the bromides). Precise line
shape analysis (see Figures A.2 and A.3 in Appendix A) allows for the first determination of
bromine CSA in a powdered sample using a multiple field and multiple nuclide data set, Ω =
250(150) ppm. Prior accounts of bromine CSA are limited to a single-crystal study on NaBrO3
(Ω = 90 ppm)115 and a recent study of several powdered CxH2x+1(CH3)3NBr systems.31 This
recent account reported 81Br MAS SSNMR data at a single magnetic field and multiple MAS
frequencies, followed by numerical line shape fitting routines which incorporate QI/CSA
interplay under MAS. The values of Ω were found to range from 23 to 80 ppm; however, error
bounds were not reported. Modest CQ(81Br) values (6.03 to 8.08 MHz) were also measured.
The simulated

79/81

Br SSNMR line shapes for CaBr2 were relatively insensitive to the κ

value, which is assumed to be near 0 as a result of GIPAW DFT computations (vide infra). The
simulations shown in Figure 3.3 clearly demonstrate the presence of bromine CSA, as well as the
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noncoincidence of the Vɺɺ and σɺɺ tensor PASs. These present findings are consistent with the
known m site symmetry at the bromide ion, which only restricts one principal axis of Vɺɺ and σɺɺ
to be collinear. The 79/81Br NMR line shape is also found to be sensitive to β, while α and/or γ
variation leads to very subtle line shape changes.

Figure 3.3 Illustration of the necessity of considering the effects of noncoincident bromine Vɺɺ and σɺɺ
tensor frames for CaBr2. Analytical simulations are provided and use identical values as the best-fit
simulation in Figure 3.1a (reproduced here as (a)) except: (b) β = 0°; (c) β = 45°; (d) β = 45° and α = 0°.
In each case (b – d), there exists additional fine structure (regions within the dashed boxes or circles),
which disagree with the best-fit spectrum in (a).

3.3.1.1.2

SrBr2: A Test of the Resolving Power of 79/81Br SSNMR

The static

79/81

Br SSNMR spectra of SrBr2 are complex (Figures 3.4 and 3.5) due to

several overlapping signals.

Accurate line shape simulations were enabled by having four
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experimental data sets from which to draw. The measured

79/81

Br SSNMR parameters are

reported above, in Tables 3.1 and 3.2.

Figure 3.4 Best-fit analytical simulations (a, c), and experimental static VOCS Solomon echo

79/81Br

SSNMR spectra of three of the four unique bromine sites in powdered SrBr2 acquired at B0 = 21.1 T (b,
d).

Preliminary accounts regarding the ambient crystal structure of SrBr2106,116,117 appeared in
the literature prior to it being established that the structure belongs to the tetragonal space group
P4/n.118 The four crystallographic bromine sites in SrBr2 offer a clear test of the resolving power
of 79/81Br SSNMR spectroscopy. Two of the sites, labeled as Br(1) and Br(2) (Figure 3.6) occupy
4 lattice sites, while the remaining two sites (Br(3) and Br(4)) are found at 1 lattice positions.
Bromine-79 NQR data exist,103 albeit for only two of the four sites (Table 3.1). After deconvoluting the

79/81

Br SSNMR line shapes (Figure 3.5c,f), and considering the relationships
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between observed SSNMR parameters and the known bromine crystallographic site symmetries,
it is clear that the two sites which possess ηQ near 0 and κ = −1 (indicative of axial Vɺɺ and σɺɺ
tensors) must be due to the bromide ions at 4 sites.119

Figure 3.5 Best-fit analytical simulations (a, d), and experimental static VOCS Solomon echo

79/81Br

SSNMR spectra of three of the four unique bromine sites in powdered SrBr2 acquired at B0 = 11.75 T (b,
e). In (c) and (f), a deconvolution of the three sites is provided.

With respect to one another, the Br ions at 4 sites possess very similar δiso values (410(8)
ppm and 422(5) ppm), although they are quite distinct from the third site (δiso = 320(10) ppm).
As a result of GIPAW DFT computations (vide infra), the sites with CQ(81Br) = 10.3(3) and
18.10(20) MHz are assigned to Br(1) and Br(2), respectively. The remaining signal (Br(3)) is
assigned to a bromide ion at a 1 site in the lattice. The νQ(79Br) values for SrBr2 observed using

Chapter Three – Solid-State 79/81Br NMR

- 61 -

NQR are too large to be assigned to either Br(1) or Br(2). For Br(3), however, using the
measured CQ(79Br) = 30.6(2) MHz and ηQ = 0.695(15) values in (3.1) leads to an NMR-derived
νQ(79Br) value of 16.5 MHz, which is in excellent agreement with the smaller of the two

previously reported νQ(79Br) values for SrBr2 (Table 3.1).

Figure 3.6 POV-ray rendering of the SrBr2 unit cell. The strontium ions are denoted in grey. The
following colour and labeling scheme is used to distinguish the four magnetically inequivalent bromides:
Br(1) = turquoise; Br(2) = green; Br(3) = orange; and Br(4) = gold.

The three resolved sites have appreciable bromine CSA, although each is more modest
than in CaBr2. For Br(1) and Br(2), the rather small spans (Ω(Br(1)) = 50(20) ppm; Ω(Br(2)) =
85(25) ppm) are reflective of the small distortions from tetrahedral symmetry about these ions.
This is consistent with observations of small chlorine CSA for nearly tetrahedral chlorine
environments, e.g., for LiAl2(OH)6ClO4·nH2O, Ω = 32 ppm.120 As Br(3) is at a 1 position, it is
therefore expected that the measured Ω value would be larger relative to Br(1) and Br(2).
Indeed, this is in agreement with the observations (Ω(Br(3)) = 110(30) ppm). As with CaBr2,
line shape fits for SrBr2 indicate noncoincident Vɺɺ and σɺɺ PASs (see Appendix A, Figure A.4 for
some of the models considered when fitting the 79/81Br SSNMR line shapes of SrBr2). Variation
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of β again produces significant changes in simulated 79/81Br SSNMR line shapes, while variation
in α or γ leads to more subtle changes.
The ratio of the integrated intensities between the Br(1), Br(2), and Br(3) NMR signals is
0.25 ± 0.01 : 0.25 ± 0.02 : 1, in agreement with the accepted crystal structure; however, a fourth
site is expected based upon the accepted structure. Due to the broad 79/81Br SSNMR line shapes
of SrBr2, the additional signal may simply not be resolved, although if this was the case, then
quantitative agreement between the experimental integrated intensities and those predicted from
the crystal structure would not be expected. As well, an additional signal, associated with a large
νQ, was observed using 79Br NQR. Hence, 79/81Br SSNMR experiments were performed at B0 =

21.1 T, this time scanning a greater frequency range. An additional site (Br(4)) possessing a large
(CQ(79Br) = 64.2(6) MHz), nonaxial (ηQ = 0.33(2)) QI, is observed (Figure 3.7). The observed Vɺɺ
tensor symmetry is consistent with a Br at a 1 lattice position. Using (3.1) and the above values
of CQ and ηQ, νQ(79Br) is calculated to be 32.7 MHz for Br(4), in very good agreement with one
of the νQ(79Br) values measured previously using NQR. Due to interference from the other
three bromine sites in the 79/81Br SSNMR spectra of Br(4), a reliable experimental estimate of the
bromine CS tensor magnitude could not be obtained for this site.
Although four sites have been observed, and while they have been grouped into Br
belonging to 4 sites and those at 1 sites, it is difficult to assign them conclusively to individual
crystallographic sites without considering additional information.

Further discussion is

postponed until Section 3.3.2, when the GIPAW DFT computational results are considered.
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Figure 3.7 Best-fit analytical simulations (a, c), and experimental static VOCS Solomon echo

79/81Br

SSNMR spectra of the broadest of the four unique bromine sites in SrBr2 acquired at B0 = 21.1 T (b, d).
Partially excited ST are denoted using ‘†’. The spectral region corresponding to the three other SrBr2
sites (partially cut off vertically) is denoted using ‘~’.

3.3.1.1.3
Static

BaBr2: Deficiencies in 79Br NQR Data
79/81

Br SSNMR experiments on BaBr2 at B0 = 11.75 T and B0 = 21.1 T yield well-

defined spectra which exhibit many discontinuities (Figures 3.8 and 3.9). After line shape
analysis was performed using all four datasets, the two expected crystallographic sites are
resolved (Figure 3.9b,d) and the 79/81Br SSNMR parameters are precisely determined (Tables 3.1
and 3.2).
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Figure 3.8 Best-fit analytical simulations (a, c), and experimental static VOCS Solomon echo

79/81Br

SSNMR spectra of powdered BaBr2 acquired at B0 = 11.75 T (b, d).

Refined pXRD data have established that the stable orthorhombic form of BaBr2 is
isomorphic to BaCl2 and crystallizes in the Pnma space group.106,121 One unique Br site is
surrounded by Ba2+ ions in a highly distorted tetrahedral arrangement (Figure 3.10), while the
second unique Br site has five Ba2+ ions within the sum of the Br and Ba vdW radii (i.e., rBr-Ba <
4.51 Å).109 Both crystallographic bromines are at m sites, which requires one principal axis (i.e.,
eigenvector) of Vɺɺ to be collinear with one principal axis of σɺɺ . A 79Br NQR study measured
two νQ values (in agreement with the proposed crystal structure) and highlighted the temperature
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dependence of νQ(79Br).122

Bromine-79/81 SSNMR experiments have been carried out

previously on this system,123 but the second-order QI-broadened line shapes were not resolved,
the crystallographic sites were not distinguished, and discussion pertaining to the σɺɺ and Vɺɺ
tensors was not provided.

Figure 3.9 Best-fit analytical simulations (a, c), experimental static Solomon echo 81Br SSNMR spectrum
(b), and experimental static VOCS Solomon echo 79Br SSNMR spectrum (d) of powdered BaBr2 acquired
at B0 = 21.1 T. In each of (b) and (d), a deconvolution of the two sites is provided.

As with CaBr2 and SrBr2, although the dominant features of the

79/81

Br SSNMR line

shapes for BaBr2 are due to second-order quadrupolar broadening, additional fine structure is
clearly present in all spectra. This additional structure cannot be reproduced by analytical
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simulations that consider only the QI. Spectral fits yield bromine CS tensor parameters and are
also indicative of noncoincident σɺɺ and Vɺɺ PASs (Table 3.2). The measured CQ(79/81Br) values
for the two bromine sites in BaBr2 are quite similar.

Figure 3.10 POV-ray rendering of the BaBr2 quadruple unit cell, viewed nearly along b (rotated 10°
counterclockwise about the positive a axis). The barium ions are denoted in grey. The following colour
and labeling scheme is used to distinguish the two inequivalent bromides: Br(1) = green; Br(2) = gold.
Solid lines denote ions within the sum of the Ba and Br vdW radii (i.e., rBa-Br < 4.51 Å), while dotted lines
denote homoatomic contacts slightly beyond twice the Br vdW radius (i.e., slightly > 3.66 Å).

While the SSNMR observation of two sites agrees with all prior data, the ratio between the 79Br
CQs determined using NMR, and the

79

Br CQs (calculated using (3.1)) from NQR are in

disagreement (Table 3.1). For example, for the Br(1) site in BaBr2 (site label as a result of
GIPAW DFT computations, vide infra), CQ(79Br) = 28.1(4) MHz and ηQ = 0.17(2); hence νQ(79Br,
Br(1)) = 14.1 MHz, in good agreement with one of the 79Br NQR signals. Using the same
procedure for Br(2), νQ(79Br) = 16.3 MHz, in poor agreement with the NQR data. While the
temperature variation in νQ(79Br) for Br(2), measured with NQR experiments, is significant (−20
kHz/K over the range T = 77 to 209 K), this alone cannot account for the discrepancies
between the 79Br SSNMR and NQR data. It is believed that the NQR datum is in error, as
GIPAW DFT calculations do not support substantially different 79/81Br CQs at the two Br sites in
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BaBr2, in agreement with the current SSNMR experimental results. After extensive searching
for an additional broad 81Br SSNMR signal at both 11.75 and 21.1 T, it was concluded that only
two magnetically unique Br sites were present. According to the authors of the NQR study in
ref. 122, the “signal-to-noise ratio with maximum sensitivity of the instrument did not exceed
1.5 – 2”. Hence, it is entirely possible that the two sites were not resolved via 79Br NQR, and
that the larger νQ signal was due to an impurity. As well, a 35Cl SSNMR study on the isomorphic
BaCl2 system resolved two sites with similar CQ(35Cl) values.124

If one considers the

|CQ(81Br)/CQ(35Cl)| value for both sites using the approach outlined earlier for CaBr2, it is
calculated (see Appendix A, Table A.4, for the parameters used) as 7.09 for both sites.
Experimentally, |CQ(81Br)/CQ(35Cl)| = 6.71 and 6.89 for sites 1 and 2, respectively, which is in
good agreement, especially when noting that chlorine CSA was not considered in the

35

Cl

SSNMR fits.124 In addition, for both BaCl2 and BaBr2, the site with the larger halogen CQ value
is associated with a much greater δiso. Likewise, when comparing measured halogen ηQ values, it
is observed that within experimental error, the value for Br(1) agrees with that for ‘Cl(1)’ and the
value for Br(2) agrees with that for ‘Cl(2)’, as expected by symmetry.

3.3.1.2 Stable Hydrates of the Alkaline Earth Metal Bromides
Using a series of alkaline earth metal chloride hydrates, it has been shown that

35/37

Cl

SSNMR spectroscopy is sensitive to the degree of sample hydration.57 Presently, the results of
79/81

Br SSNMR experiments at multiple applied fields on BaBr2·2H2O, MgBr2·6H2O, and

SrBr2·6H2O, are discussed. The data are summarized in Tables 3.3 and 3.4.
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Table 3.3 Experimental 79/81Br EFG tensor parameters: alkaline earth metal bromide hydratesa

a
b

compound

site label

|CQ(81Br)| / MHz

|CQ(79Br)| / MHz

ηQ

νQ(79Br)b / MHz

MgBr2·6H2O

―

19.0(2)

22.7(2)

0.23(3)

―

SrBr2·6H2O

―

27.7(3)

33.2(3)

< 0.01

―

BaBr2·2H2O

―

7.32(3)

8.74(4)

0.76(2)

4.58(5)

CaBr2·xH2O

Br(1)

―

―

―

―

Br(2)

12.8(4)

15.4(5)

0.32(4)

―

Br(3)

23.0(4)

27.6(5)

0.25(3)

―

Error bounds are in parentheses. Parameter definitions are in Section 2.3.3.2.
From literature.122 The measurement occurred at T = 209 K.

Table 3.4 Experimental bromine CS tensor parameters: alkaline earth metal bromide hydratesa
compound

site label

δisob / ppm

Ω / ppm

κ

α, β, γ / °

MgBr2·6H2O

―

57(7)

50(20)

0.7(3)

170(10), 57(10), 180c

SrBr2·6H2O

―

95(15)

70(30)

−1d

210c, 90(20), 180(10)

BaBr2·2H2O

―

218.2(1.0)

86(5)

−0.20(15)

70(5), 95(8), 253(5)

CaBr2·xH2O

Br(1)

−55(4)

―

―

―

Br(2)

205(15)

―

―

―

Br(3)

170(15)

―

―

―

a

Includes Euler angle values. Error bounds are in parentheses. Parameter definitions are in Sections 2.3.2.4,
2.3.3.1, and 2.3.3.3.
b
With respect to solid KBr (δiso = 0.00 ppm).
c
Simulated NMR line shape is insensitive to parameter variation; the value is assigned based on computational
results.
d
Assumed based on crystallographic site symmetry.

3.3.1.2.1

BaBr2·2H
2H2O: An Example of 79Br MAS NMR

Static 79/81Br{1H} SSNMR experiments at B0 = 11.75 and 21.1 T reveal relatively narrow
(~100 kHz) bromine line shapes (Figures 3.11 and 3.12). The relatively small QI (CQ(81Br) =
7.32(3) MHz) allowed for

79/81

Br MAS NMR experiments to be performed at B0 = 21.1 T

(Figure 3.13), which represents the first report of 79Br MAS SSNMR of a spectrum broadened
by a second-order QI. As the CT centreband under MAS conditions depends only upon δiso,
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CQ, and ηQ, the measurement errors associated with the

79/81

Br SSNMR parameters are greatly

reduced relative to the anhydrous samples.

Figure 3.11 Best-fit analytical simulations (a, c), and experimental static Solomon echo

79/81Br{1H}

SSNMR spectra of powdered BaBr2·2H2O acquired at B0 = 11.75 T (b, d).

Single-crystal XRD125,126 and neutron diffraction127 studies confirm that BaBr2·2H2O
belongs to the monoclinic C2/c space group. The bromide ions are at 1 lattice positions, which
place no symmetry restrictions on the Vɺɺ and σɺɺ tensor parameters. The closest three contacts
to each bromide ion are hydrogen atoms, two of which are located at a distance of ca. 2.44 Å,
and one at ca. 2.96 Å. Single-crystal 1H NMR studies on this system have focused on the
location and dynamics of the H atoms,128-131 and IR spectroscopy has been used to establish the
presence of H2O librational motions at room temperature.132
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Figure 3.12 Best-fit analytical simulations (a, d), and experimental static Solomon echo

79/81Br{1H}

SSNMR spectra of powdered BaBr2·2H2O acquired at B0 = 21.1 T (b, e). The spectrum in (c) was
acquired under identical conditions as (b), except that 1H decoupling was not applied.

The difference in CQ(79/81Br) values between the hydrated and anhydrous forms of BaBr2
shows that

79/81

Br SSNMR spectroscopy is a very sensitive method to determine the hydration

state of this system. As well, these spectra may be acquired in a reasonable amount of time: a
high quality static

81

Br{1H} SSNMR spectrum of the hydrate can be obtained in under 15

minutes at 11.75 T. The bromine σɺɺ and Vɺɺ tensors in the dihydrate are nonaxial (ηQ = 0.76(2);
κ = −0.20(0.15)) and their PASs are noncoincident. As shown in Figure 3.12c, due to (i) the

proximity of the 1H and

79/81

Br nuclei and (ii) the relatively narrow signal, 1H decoupling is

essential to observe the fine structure in these 79/81Br SSNMR line shapes. A 79Br NQR study at
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T = 209 K measured νQ(79Br) = 4.58(0.05) MHz.122 Using the NMR-based CQ(79Br) and ηQ
values and applying (3.1), it is found that νQ(79Br) = 4.77 MHz, which is in fair agreement with
the NQR finding, especially when noting that the librational motions of the water molecules are
not equivalent at 209 K and room temperature.

Figure 3.13 Best-fit analytical simulations (a, c), and experimental MAS Solomon echo

79/81Br{1H}

SSNMR spectra of powdered BaBr2·2H2O acquired at B0 = 21.1 T with (b) νMAS = 20.000 kHz; (d) νMAS
= 26.318 kHz.

In addition to the significant change in the QI at the Br nuclei, the bromine chemical
shift of BaBr2·2H2O is reduced relative to either Br site in BaBr2. In fact, it is more shielded
than any anhydrous bromide site by at least 60 ppm. This decrease in chemical shift upon
hydration is consistent with the trend observed in the
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Cl SSNMR spectra of the analogous
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alkaline earth metal chloride systems.55,57,124

The decreased shift upon hydration is also

corroborated by GIPAW DFT computations (vide infra). Hence, it appears that the bromine δiso
is also a reliable indicator of the presence of hydration for alkaline earth metal bromide systems.

3.3.1.2.2
MgBr2·6H
6H2O and SrBr2·6H
6H2O: On the Relationship between Bromine NMR Parameters
and Hydration State
Static

79/81

Br SSNMR spectra for both these compounds were collected at B0 = 11.75

and 21.1 T. The spectra exhibit similar line shape features as the systems discussed above
(Figures 3.14, 3.15, and Appendix A, Figure A.5) and were precisely fit (Tables 3.3 and 3.4). The
space group (C2/m), unit cell parameters, and atomic positions of MgBr2·6H2O were initially
reported in 1934,97,133 and a precise determination of the unit cell was later carried out.98 There is
one unique bromine crystallographic site, which possesses m symmetry. Neutron diffraction
data do not exist for this compound; hence, the H positions are unknown. However, they
should be very similar to the H positions in the isomorphic MgCl2·6H2O compound, the
structure of which was determined using neutron diffraction.134 There are no prior 79/81Br NQR
data for MgBr2·6H2O, but 25Mg NQR135 and 1H SSNMR136 measurements have been reported.
As with BaBr2·2H2O, MgBr2·6H2O is observed to have a relatively small, nonaxial Vɺɺ
tensor (CQ(81Br) = 19.0(2) MHz; ηQ = 0.23(3)) and is significantly more shielded (δiso = 57(7)
ppm) than its anhydrous form (see Chapter 6).137 The observed bromine NMR line shapes,
especially the 81Br SSNMR signal acquired at 21.1 T, clearly exhibit noncoincident σɺɺ and Vɺɺ
tensors (Figure 3.14). The feature in the low frequency portion of Figures 3.14b, 3.14c, and
3.14e indicates that β is not equal to 0° or 90° (β = 57(10)°), while variation of α or γ does not
significantly alter the simulated line shapes. All findings are consistent with the known Br
crystal site symmetry and are in fair agreement with GIPAW DFT calculations (vide infra).
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Finally, the calculated ratio |CQ(81Br)/CQ(35Cl)| for the MgBr2·6H2O and MgCl2·6H2O
isomorphs is found to be 6.73 (see Appendix A, Table A.4, for the parameters used), in
reasonable agreement with the experimentally observed ratio of 6.29.57

Figure 3.14 Best-fit analytical simulations (a, d, f), experimental static Solomon echo (b, c, e), and
experimental static VOCS Solomon echo (g)

79/81Br{1H}

SSNMR spectra of powdered MgBr2·6H2O

acquired at B0 = 21.1 T (b, c), and 11.75 T (e, g). Low power 1H decoupling (ν1(1H) ≈ 40 kHz) is applied
to acquire (e) and (g) and does not lead to significant line shape augmentations, while high power 1H
decoupling (ν1(1H) ≈ 100 kHz) causes sample heating, which alters the QI at the Br nuclei in (c).
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Figure 3.15 Best-fit analytical simulations (a, c), experimental static Solomon echo (b), and experimental
static VOCS Solomon echo (d) 79/81Br SSNMR spectra of powdered SrBr2·6H2O acquired at B0 = 21.1 T.
High power 1H decoupling (ν1(1H) ≈ 100 kHz) does not alter the 79/81Br SSNMR signals significantly (i.e.,
within experimental error).

The crystal structure of SrBr2·6H2O has been solved using XRD data,99,138 and belongs to
the same space group (P321) as SrCl2·6H2O, CaCl2·6H2O, and CaBr2·6H2O.100,101 In all these
systems, the metal environment is a distorted octahedron of the form [M(H2O)6]2+, while there is
one magnetically unique halide located on a C3 axis. Bromine-79/81 NQR data are not available
for SrBr2·6H2O. According to 1H SSNMR, the H2O molecules in SrBr2·6H2O are thought to be
stationary at room temperature.139 Presently, the static Solomon echo 79/81Br SSNMR spectra at
11.75 and 21.1 T were fit using axially symmetric (i.e., ηQ < 0.01; κ = −1.0) EFG and CS tensor
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parameters (Figure 3.15 and Appendix A, Figure A.5). The observation of axially symmetric
tensors is fully consistent with the accepted crystal structure.

Relative to the magnesium

bromide hydrate, the bromine QI for SrBr2·6H2O is larger (CQ(81Br) = 27.7(3) MHz), but once
again for a hydrate, δiso is much lower than for the corresponding anhydrous compound (δiso =
95(15) ppm). The bromine CSA in this compound is relatively small (Ω = 70(30) ppm), and the
simulated line shape is particularly sensitive to the β value. The ratio |CQ(81Br)/CQ(35Cl)| for the
SrCl2·6H2O and SrBr2·6H2O isomorphs was calculated to be 6.55 (using the parameters in
Appendix A, Table A.4), in fair agreement with the experimentally observed ratio of 7.08.57

3.3.1.3 CaBr2·xxH2O: Characteriz
Characterization of a Mixture of Unknown Composition
Calcium bromide is hygroscopic and hence it is commercially available as a ‘hydrated’
mixture of unknown composition, CaBr2·xH2O, where x ≈ 1. A VOCS Solomon echo 81Br
SSNMR spectrum of the mixture, acquired at B0 = 21.1 T, (Figure 3.16) resolves four
components. The broadest signal is fit to 81Br SSNMR parameters characteristic of CaBr2 (i.e.,
CQ(81Br) = 62.7(5) MHz). A VOCS QCPMG

81

Br SSNMR experiment performed on this

mixture at B0 = 11.75 T also resolves this broad signal (see Appendix A, Figure A.6). The
remaining three sites are observed in Solomon echo 81Br SSNMR spectra acquired at 21.1 T and
11.75 T (Figure 3.16b,e), as well as the

79

Br SSNMR spectra acquired at both fields (see

Appendix A, Figure A.7). The three narrow signals were deconvoluted and fit using the
parameters in Tables 3.3 and 3.4.
Due to its bromine chemical shift, and lack of significant QI and CSA, site 1 is assigned
to NaBr.4 This assignment is further supported by the observation of a narrow 23Na SSNMR
signal, which was serendipitously measured while acquiring the QCPMG 81Br SSNMR spectrum
of the mixture at 11.75 T (Appendix A, Figure A.6), since the Larmor frequencies of 23Na and
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81

Br are similar to one another (% difference = 2.1 %). The remaining two sites are due to

CaBr2 hydrates. By observing the δiso values, it is suspected that the hexahydrate form101 is not
present. This is due to the observations made earlier in this Chapter, where the values of δiso for
the hexahydrates are all below 100 ppm. Likewise, GIPAW DFT computations using the
known CaBr2·6H2O crystal structure101 predict an axial QI and low chemical shift (Tables 3.7
and 3.8), which does not agree with any of the experimentally observed NMR parameters.
Hence, the presence of CaBr2·6H2O in this mixture is very unlikely.

Figure 3.16 Best-fit analytical simulations (a, g), and experimental static VOCS Solomon echo

81Br

SSNMR spectra of powdered CaBr2·xH2O acquired at B0 = 21.1 T (b, h). Best-fit analytical simulation
(d) and experimental static VOCS Solomon echo

81Br

SSNMR spectrum of the three central signals

acquired at B0 = 11.75 T (e). In (c) and (f), a deconvolution of the central three sites is provided.

In addition to the hexahydrate, a detailed study by Paulik et al. established the existence
of mono-, di-, and tetrahydrates of CaBr2.140 According to the current literature, the crystal
structures for these hydrates are not known. Using 79Br NQR, Smirnov and Volkov reported
that νQ(79Br) = 19.09 MHz at T = 300 K for CaBr2·H2O.103 Using the current 79Br SSNMR
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parameters and (3.1), νQ(79Br) = 7.88 and 14.1 MHz for sites 2 and 3, respectively. Both these
values are in significant disagreement with the accepted value for CaBr2·H2O, and hence the
presence of the monohydrate is unlikely. The remaining known hydrates of CaBr2, namely
CaBr2·2H2O and CaBr2·4H2O, are therefore the likely additional components in the mixture.
Integrated intensity measurements of the

79/81

Br SSNMR signals at two fields establish

that 61(2) % of the bromine signal intensity is due to CaBr2, 24(2) % is due to site 2, and 15(2)
% is due to site 3. Incidentally, the integrated intensity of the NaBr signal is < 1 %, hinting that
79/81

Br SSNMR experiments are a sensitive method for the detection of cubic bromide

impurities. If site 2 is assigned to the dihydrate and site 3 to the tetrahydrate, then x ≈ 1.08,
which is in fair agreement with the value listed by the manufacturer (i.e., x ≈ 1). If the opposite
assignment is made, then x ≈ 1.26, which is in relatively poor agreement. Similarly, it has been
established in the above sections, and for the corresponding chlorides,57 that a negative
correlation exists between δiso(X, X = Cl, Br) and the degree of hydration (i.e., a decreased δiso(X)
is observed with increased hydration). Thus, the assignment of CaBr2·2H2O to the site with a
greater δiso value is consistent with this correlation.

3.3.2 GIPAW DFT Quantum Chemical Computations
To complement the experimental

79/81

Br SSNMR observations, all pure systems were

subjected to GIPAW DFT quantum chemical calculations, the results of which are presented in
Tables 3.5 to 3.8. Norm-conserving141 and ‘ultrasoft’ pseudopotential (usp)88,142 GIPAW DFT
methods85 have been used to calculate σɺɺ tensors in a variety of systems for several NMR-active
nuclei.86,143-146 For the calculation of Vɺɺ , modified PAW DFT methods147,148 have been applied to
oxygen-containing systems such as SiO2 polymorphs,86 sodium silicates,149 metal oxides, and
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aluminosilicates.150 Recent studies employing the GIPAW DFT method include aluminumcontaining oxides,151 inorganic calcium materials,152,153 alkaline earth metal chlorides,57 and amino
acids.51 The first reported GIPAW DFT calculations of

79/81

Br NMR parameters were used as

part of the structural refinement of MgBr2 (see Chapter 6).137 This prior account demonstrated
that the Vɺɺ tensor at the bromide could be accurately calculated in MgBr2, and that the bromine
EFG was extremely sensitive to structure.

Table 3.5 GIPAW DFT 79/81Br EFG tensor parameters: alkaline earth metal bromidesa
compound

functional

site label

CQ(81Br)b / MHz

CQ(79Br) / MHz

ηQ

νQ(79Br) / MHz

CaBr2

PBE

―

−69.15

−82.60

0.496

42.96

PW91

―

−69.53

−83.07

0.498

43.21

PBE

Br(1)

−9.80

−11.71

0.000

5.85

Br(2)

−17.72

−21.17

0.000

10.58

Br(3)

−27.16

−32.45

0.827

17.98

Br(4)

−60.43

−72.20

0.297

36.62

Br(1)

−9.83

−11.74

0.000

5.87

Br(2)

−17.82

−21.29

0.000

10.64

Br(3)

−27.22

−32.52

0.837

18.06

Br(4)

−60.86

−72.71

0.298

36.89

Br(1)

−20.49

−24.48

0.093

12.26

Br(2)

31.52

37.65

0.082

18.85

Br(1)

−20.60

−24.61

0.098

12.32

Br(2)

31.71

37.88

0.082

18.96

SrBr2

PW91

BaBr2

PBE

PW91

a

Parameter definitions are in Section 2.3.3.2. CaBr2 calculations used Ecut = 800 eV and a 5 × 5 × 8 k-point grid;
SrBr2 calculations used Ecut = 500 eV and a 3 × 3 × 5 k-point grid; BaBr2 calculations used Ecut = 600 eV and a 3 ×
5 × 3 k-point grid. For further details, see Appendix A, Table A.5.
b
To convert V33(81Br) and V33(79Br) into frequency units, conversion factors of 61.56077 MHz/a.u. and 73.54397
MHz/a.u. were used, and the unit EFG is 9.71736166 × 1021 J C−1 m−2.

Chapter Three – Solid-State 79/81Br NMR

- 79 -

Table 3.6 GIPAW DFT bromine CS tensor parameters: alkaline earth metal bromidesa
compound

functional

site label

δiso / ppm

Ω / ppm

κ

α, β, γ / °

CaBr2

PBE

―

390.4

351.1

0.06

270.0, 89.5, 180.0

PW91

―

398.4

354.1

0.07

270.0, 89.5, 180.0

PBE

Br(1)

487.3

58.0

−1.00

90.0, 90.0, 180.0

Br(2)

462.7

110.2

−1.00

90.0, 90.0, 180.0

Br(3)

366.4

132.6

0.11

43.3, 88.4, 231.9

Br(4)

352.4

182.5

−0.19

242.4, 72.5, 214.5

Br(1)

486.0

56.7

−1.00

90.0, 90.0, 180.0

Br(2)

460.7

107.5

−1.00

90.0, 90.0, 180.0

Br(3)

364.2

128.8

0.13

44.3, 88.3, 233.3

Br(4)

349.1

181.0

−0.18

242.4, 72.5, 213.8

Br(1)

333.3

252.3

−0.48

0.0, 49.6, 180.0

Br(2)

532.8

208.3

0.18

180.0, 19.2, 180.0

Br(1)

336.3

253.0

−0.47

0.0, 49.6, 180.0

Br(2)

537.4

209.3

0.19

180.0, 19.4, 180.0

SrBr2

PW91

BaBr2

PBE

PW91

a

Includes Euler angle values. Parameter definitions are in Sections 2.3.2.4, 2.3.3.1, and 2.3.3.3. Selected calculation
details are given in Table 3.5. For further details, see Appendix A, Table A.6.

Table 3.7 GIPAW DFT 79/81Br EFG tensor parameters: alkaline earth metal bromide hydratesa
compound

functional

model label

CQ(81Br) / MHz

CQ(79Br) / MHz

ηQ

νQ(79Br) / MHz

MgBr2·6H2O

PBE

A

26.37

31.50

0.014

15.75

PW91

A

26.02

31.09

0.018

15.54

PBE

B

25.68

30.68

0.137

15.54

PW91

B

25.34

30.27

0.133

15.18

PBE

―

−34.44

−41.14

0.000

20.57

PW91

―

−34.38

−41.07

0.000

20.53

PBE

A

−18.42

−22.00

0.000

11.00

PW91

A

−18.39

−21.97

0.000

10.99

PBE

B

−40.97

−48.94

0.000

24.47

PW91

B

−41.01

−48.99

0.000

24.50

PBE

―

−8.73

−10.43

0.395

5.35

PW91

―

−9.09

−10.86

0.411

5.58

CaBr2·6H2O

SrBr2·6H2O

BaBr2·2H2O

a

MgBr2·6H2O calculations used Ecut = 750 eV and a 2 × 3 × 4 k-point grid; CaBr2·6H2O calculations used Ecut =
610 eV and a 4 × 4 × 6 k-point grid; SrBr2·6H2O calculations used Ecut = 800 eV and a 4 × 4 × 6 k-point grid;
BaBr2·2H2O calculations used Ecut = 800 eV and a 3 × 3 × 3 k-point grid. See also footnote b of Table 3.5. For
further details, see Appendix A, Table A.7.
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Table 3.8 GIPAW DFT bromine CS tensor parameters: alkaline earth metal bromide hydratesa
compound

functional

model label

δiso / ppm

Ω / ppm

κ

α, β, γ / °

MgBr2·6H2O

PBE

A

3.0

59.4

0.46

0.0, 58.1, 0.0

PW91

A

3.7

60.2

0.44

0.0, 57.9, 0.0

PBE

B

8.6

64.0

0.31

270.0, 55.2, 180.0

PW91

B

9.4

64.8

0.29

270.0, 55.1, 180.0

PBE

―

62.1

41.0

−1.00

247.2, 89.8, 180.2

PW91

―

62.0

40.8

−1.00

223.1, 89.9, 180.3

PBE

A

68.2

31.5

−1.00

224.3, 89.9, 180.4

PW91

A

67.2

31.2

−1.00

226.6, 89.9, 180.4

PBE

B

41.1

80.7

−1.00

210.9, 90.0, 180.2

PW91

B

40.3

80.6

−1.00

212.2, 90.0, 180.2

PBE

―

199.5

94.1

−0.24

61.0, 84.1, 240.7

PW91

―

202.5

94.4

−0.23

64.0, 84.5, 240.6

CaBr2·6H2O

SrBr2·6H2O

BaBr2·2H2O

a

Includes Euler angle values. Parameter definitions are in Sections 2.3.2.4, 2.3.3.1, and 2.3.3.3. Selected calculation
details are given in Table 3.7. For further details, see Appendix A, Table A.8.

3.3.2.1 Calculation of Bromine Vɺɺ and σɺɺ Tensor Magnitudes and Symmetries
The agreement between experimental and GIPAW DFT computed

79/81

Br NMR

parameters is very good for several parameters (Figure 3.17). Relative to the experimental
values, computed CQ(81Br) values are slightly higher in most cases, while the computed Ω values
are higher in all cases.

Only the computed and experimental Ω values for BaBr2 are in

disagreement with one another, after considering the errors associated with the measurement of
Ω.

The consistent overestimation of computed span values suggests the possibility of

nonnegligible relativistic contributions to bromine MS, as is generally observed in diatomic
systems.154 Rather good agreement is also seen between experimental and computed δiso and ηQ
values. With respect to the experimental values of δiso, all computed data for the anhydrous
compounds are overestimated, while all computed values for the hydrates are underestimated.
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For all compounds except BaBr2·2H2O, the agreement between the calculated and experimental
ηQ values is very good.

Figure 3.17 Plots of GIPAW DFT computed versus experimental values (a) for CQ(81Br); (b) for ηQ; (c)
for δiso; (d) for Ω. Experimental data are from Tables 3.1 to 3.4, while the calculated data are from
Tables 3.5 to 3.8. All computed values are from PBE XC functional calculations. Values for MgBr2 are
included, from Chapter 6. For MgBr2·6H2O and SrBr2·6H2O, the computed values used model B. Solid
lines are of best linear fit, while dashed lines denote an ideal fit (i.e., y = x): CQ(81Br,calc) =
1.1235(CQ(81Br,expt)), R2 = 0.982, rmsd = 5.55 MHz; ηQ(calc) = 1.0737(ηQ(expt)), R2 = 0.946, rmsd =
0.0649; δiso(calc) = 1.1395(δiso(expt)), R2 = 0.946, rmsd = 57.7 ppm; Ω(calc) = 1.2921(Ω(expt)), R2 =
0.981, rmsd = 42.2 ppm. In (b), the line of best fit and rmsd omit the data point for BaBr2·2H2O (▲).
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Where experimental Euler angles were measured, agreement between computation and
experiment is excellent: for all the anhydrous compounds and SrBr2·6H2O, the differences are
within experimental error, while for BaBr2·2H2O, the differences lie just outside the
experimental error bounds.

The slightly increased discrepancy between experimental and

computed NMR parameters for BaBr2·2H2O could be due to the librational motions of the H2O
molecules.155

Only the α value computed for MgBr2·6H2O cannot be reconciled with

experiment, but it should be noted that the XRD data used to solve for the structure of this
compound carried large measurement errors.97 An additional structural model can be proposed
that remains within the XRD measurement errors, while resulting in somewhat better agreement
between the GIPAW DFT computed and experimental bromine SSNMR parameters, most
notably the clearly nonzero experimental value for ηQ (Table 3.7).
The reported structure for SrBr2·6H2O99 should be isomorphic to SrCl2·6H2O; however,
the reported structure places Br atoms at (a, b, −c), while (a, b, c) would place them in positions
isomorphic to SrCl2·6H2O (see Section 3.2.3 for details). Hence, computations using both sets
of Br atomic values, optimizing the H positions for each prior to NMR parameter
computations, were carried out. Although inconclusive, NMR parameter agreement is slightly
better for the model which places the bromide ions in positions isomorphic to SrCl2·6H2O (i.e.,
model B). This is primarily due to the drastic increase in the computed Ω value, as one goes
from model A to model B.
Finally, due to the high level of correlation between calculation and experiment, and as
their crystal structures are known, for BaBr2 and SrBr2 full assignments of the measured

79/81

Br

SSNMR signals to specific crystallographic sites can be made (see Figures 3.6 and 3.10, and
Table 3.1 for the labeling scheme used).
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3.3.2.2 Calculated Bromine Vɺɺ and σɺɺ Absolute Tensor Orientations

The relative orientation of the Vɺɺ and σɺɺ tensor PASs may be measured in powdered
samples and, under certain conditions, their absolute orientation may also be inferred.57,156
Computational methods generally offer insight regarding the absolute orientations of these
PASs. As noted in Section 3.3.1, it is the local symmetry at the nuclear site which restricts the
relative orientation of the Vɺɺ and σɺɺ tensor frames. In all pure samples studied in this Chapter,
evidence of noncoincident tensor frames was observed and quantified (Tables 3.2 and 3.4), and
it was observed that

79/81

Br SSNMR spectra are sensitive to the β value (i.e., the angular

separation between the σ33 (or equivalently, δ33) and V33 eigenvectors, see also Figure 2.12).
The local symmetry at the Br ions in CaBr2 is m, with the mirror plane lying
perpendicular to the c crystal axis.

As expected, the computed Vɺɺ and (symmetric) σɺɺ

eigenvectors at the Br are either parallel or perpendicular to this mirror plane (Figure 3.18a).
The eigenvector associated with the direction of the smallest EFG (V11) orients along c, directly
towards a neighbouring bromide ion. As the EFG magnitude bears a 1/r3 dependence, and as
the bromide-bromide distance along the c axis is greater (4.34 Å) than the corresponding
distance parallel to the mirror plane (3.80 Å), the orientation of V11 is perhaps unsurprising. The
Vɺɺ tensor eigenvalues are similar for the eigenvectors parallel to the mirror plane (hence, the

large computed ηQ value of 0.496). With regards to bromine MS in CaBr2, there is no unique
component (κ ~ 0) and σ22 orients perpendicular to the mirror plane. Halogen chemical shifts
in ionic systems are largely determined by the degree of ion orbital overlap with nearest
neighbours (NN) and next-nearest neighbours (NNN).11 From the perspective of the Br ions in
CaBr2, the NN are the three calcium ions, each located at essentially the same distance (2.88 to
2.92 Å) and hence the contributions to magnetic shielding from the NN are likely to be rather
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similar. Considering the NNN, several bromide ions are found between 3.80 to 4.34 Å. Due to
this spread in distance, the shielding should be slightly greater in the direction of the shortest
NNN internuclear distance. Indeed, σ33 is oriented very nearly along (i.e., < 10° away) the
shortest Br-Br internuclear vector. There are no proximate bromide ions near the σ11 direction,
where reduced ion orbital overlap is expected.

Figure 3.18 POV-Ray renderings of computed bromine Vɺɺ (Vii, i = 1, 2, 3, in blue) and symmetric σɺɺ
(σii, red) tensor eigenvectors in the crystal frames of (a) CaBr2 and (b) BaBr2. For each, the metal cation
is in grey, and the orientation is such that the mirror plane lies parallel to the page. CaBr2: Ecut = 800 eV,
and a 5 × 5 × 8 k-point grid; BaBr2: Ecut = 600 eV, and a 3 × 5 × 3 k-point grid. Both employed the
PBE XC functional. For (b), the unique bromine sites are Br(1) (green) and Br(2) (gold). Eigenvectors
are displayed once per unique Br and were placed using Diamond 3.2.

As stated earlier, there are two magnetically unique Br sites in BaBr2. Each possesses
local m symmetry, with the mirror plane orienting perpendicular to the b crystal axis. The
calculated eigenvector orientations associated with the Vɺɺ and σɺɺ tensors at each distinct
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bromide lie either perpendicular or parallel to the mirror plane. Considering Br(1), V11 and V33
lie parallel to the mirror plane, with V22 orienting perpendicular to it (Figure 3.18b). The V33
eigenvector orients very nearly towards the nearest Ba2+ ion (∠(V33–Br–Ba) = 5.8°), while V22
points directly at an adjacent Br ion. The σ33 and σ11 eigenvectors lie parallel to the mirror plane,
with σ22 orienting parallel to b. As with CaBr2, σ33 directs not towards a metal cation, but rather
roughly towards a somewhat distant (r = 5.58 Å) Br(2) ion. Likewise, σ22 points directly at the
most local bromide in the b direction. With regards to the Br(2) sites in BaBr2, the Vɺɺ tensor
orients very similarly as that for the Br(1) site. In fact, the directions of the V22/σ22 eigenvectors
are equivalent. The σ33 eigenvector for Br(2) nearly bisects the angle that the Br(2) ion makes
with the two most proximate Br(1) ions, while σ11 for Br(2) points roughly toward a fairly
remote (r = 5.43 Å) Br(2) ion.
Considering the Vɺɺ and σɺɺ tensor orientations across all samples (Figure 3.18 and
Appendix A: Figures A.8 – A.11, and Table A.9), beyond simple symmetry constraints (i.e., that
the site symmetry will constrain the tensor eigenvectors to be directed along rotational axes,
parallel or perpendicular to mirror planes, etc.) it is not straightforward to rationalize their
orientation in a general manner. In a number of cases, V33 orients toward a nearby M2+ ion (e.g.,
both BaBr2 sites; the Br(3) and Br(4) sites in SrBr2), but it is also seen that V33 can orient towards
a nearby bromide ion (e.g., CaBr2 and sites Br(1) and Br(2) in SrBr2). The situation is similar
when looking at the orientation of σ33. Among all compounds studied, it appears that the local
ions dictate the tensor orientation; hence, the resultant tensors typically possess eigenvectors
that are oriented at or near either NN or NNN ions.
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3.3.3 Calculation of Bromine Vɺɺ Tensors Using a Point Charge Model
To determine the effect of the ionic lattice upon the resultant Vɺɺ tensor at the Br nuclei,
calculations using a point charge model157 were carried out for the anhydrous compounds, the
results of which are shown in Table 3.9. After the inclusion of Sternheimer antishielding
factors, small QIs are reproduced rather well (e.g., the Br(1) and Br(2) sites in SrBr2). For
moderate CQ values (e.g., Br(3) in SrBr2), the agreement between observation and calculation
becomes worse, with the point charge model overestimating the experimental CQ(81Br) values.
Agreement is very poor in cases of a substantial bromine QI (e.g., CaBr2 or Br(4) in SrBr2).

Table 3.9 Calculated 81Br EFG tensor parameters: point charge modela
compound

site label

CQ(81Br) / MHz

ηQ

CaBr2

―

−143.4

0.70

SrBr2

Br(1)

−10.9

0.00

Br(2)

−15.0

0.00

Br(3)

39.3

0.61

Br(4)

−105.9

0.59

Br(1)

−17.8

0.40

Br(2)

50.4

0.03

BaBr2

The following equation was used to calculate the ijth (i, j = x, y, z) component of Vɺɺ : Vij =
((Ze)/(4πε0r3))((3rirj)/(r2) − δKij), where Z is the integer value associated with a point charge (i.e., −1 for Br and +2
for the alkaline earth metal) located a distance r away from the probe nucleus, ε0 is the electric constant, and δKij is
the Kronecker Delta function. See also footnote b of Table 3.5.
a

It is postulated that this overestimation is due to reduced ionicity, which would decrease the
effective ionic charges at all ion sites and hence reduce the bromine CQ values (see Appendix A,
Figure A.12, for a plot demonstrating this relationship within the point charge model). Similarly,
there should be increasing point dipole effects,158 which are neglected in the point charge model
used here. It therefore appears that a more sophisticated approach, such as GIPAW DFT, is
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essential to obtain an accurate bromine Vɺɺ tensor in simple ionic bromide systems that possess
significant QIs.

3.4

Conclusions
Chapter 3 has presented the first systematic

79/81

Br SSNMR study relating

79/81

Br EFG

and CS tensor parameters to local structure in noncubic inorganic solids. The large range of
values observed for the various parameters (e.g., CQ(79/81Br) values) clearly demonstrates the
sensitivity of such experiments to the notable differences in local structure and symmetry for the
bromide-containing systems studied.

Advantages over bromine NQR include ease of

measurement (e.g., no need for powdered samples in gram scale quantities or large single
crystals), the opportunity to observe the full Vɺɺ tensor, and the opportunity to measure CS
tensors. Indeed, deficiencies in the 79Br NQR data for BaBr2 and SrBr2 have been explained and
corrected. Measurement of bromine Vɺɺ and δɺɺ tensors, as well as their relative orientations, has
been found generally useful across the samples studied: by quantifying the contributions that
each tensor makes to the observed

79/81

Br SSNMR line shape, local site symmetry can be

constrained (e.g., as demonstrated in the case of two of the four Br sites in SrBr2), or, in
favourable situations (either very high or very low site symmetry), it can be unambiguously
specified (e.g., the

79/81

Br SSNMR data clearly show that the Br ions in BaBr2·2H2O must be

located at crystal lattice positions possessing 1 site symmetry).
As a result of the state-of-the-art high magnetic field used in this study (i.e., 21.1 T),
bromine CSA has been measured in a series of powdered samples for the first time using both
NMR-active bromine isotopes. These measurements establish bromine CSA as a new tool for
characterizing bromide sites in diverse materials.

Chapter Three – Solid-State 79/81Br NMR

The resolving power of

79/81

Br SSNMR

- 88 -

spectroscopy has been established on samples containing up to four magnetically inequivalent
sites. Rare examples of 79/81Br MAS NMR spectra have been presented for a sample possessing
a noncubic crystal lattice and hence exhibiting second-order quadrupolar line shape broadening.
With the development of commercially-available MAS probes capable of sample rotation
frequencies of nearly 70 kHz,159,160 additional applications of 79/81Br MAS NMR spectroscopy can
be anticipated.
The sensitivity of the isotropic bromine chemical shift and CQ values to the degree of
sample hydration has been demonstrated. This sensitivity has been exploited to characterize the
composition of CaBr2·xH2O. It is seen that the bulk of this mixture is anhydrous CaBr2, but
substantial amounts of the dihydrate and tetrahydrate pseudopolymorphs have also been
quantified. Bromine SSNMR thus holds promise for the characterization of unknown solid
mixtures containing ionic bromides.
The point charge model, after appropriate Sternheimer antishielding corrections, has
been found to qualitatively reproduce trends in CQ(81Br), but is in poor quantitative agreement
with many of the experimental observations. For this reason, first-principles calculations (e.g.,
GIPAW DFT) are preferable. Agreement between experimentally measured and GIPAW DFT
computed 79/81Br SSNMR parameters has been found to be very good to excellent in most cases.
This has allowed for the unambiguous assignment of experimentally observed

79/81

Br SSNMR

signals to unique sites in the crystal lattices for SrBr2 and BaBr2.
On the basis of the range of observed tensor parameters, it appears that 79/81Br SSNMR
may be applied as a general spectroscopic tool for the study of bromide-containing systems.
The development of larger applied magnetic fields (e.g., Bruker’s 1 GHz)161 and advanced pulse
sequences (e.g., ‘wideband uniform-rate and smooth truncation’-QCPMG (WURST-QCPMG)
and ‘direct enhancement of integer spin magnetization’ (DEISM))162,163 will facilitate future
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studies on more challenging materials. As correctly noted recently by Alonso et al., bromine
SSNMR should be applicable to the study of complex interfaces, such as mesoporous
materials.31,32 Additional opportunities for

79/81

Br SSNMR can also be envisioned: molecular

systems, such as those containing anion-π interactions;164 biological systems, such as the bromide
mimic of photosystem II (recently shown to have oxygen-evolving capacity);165 chemical
catalysts;166 and layered photocatalysts, such as BiOBr.167 Bromine SSNMR could also provide
key data in an effort to quantify the role of halogen bonding in supramolecular chemistry.168
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Chapter Four
SolidSolid-State 127I NMR and GIPAW DFT Study of Metal Iodides
Iodides and
Their Hydrates: Structure and Symmetry
4.1

Introduction
Introduction
Iodine, found naturally in seawater, minerals, kelp, and the brines associated with oil and

gas wells, finds use in a number of industrial and consumer products (e.g., food stabilizers,
animal feed supplements, disinfectants, inks, dyes, and pharmaceuticals).1 Likewise, numerous
important chemical compounds contain the iodide anion (I−). For example, NaI promotes
amine carbonylation reactions,2 bis(trimethylammonium) alkane diiodides can resolve mixtures
of key intermediates which are used in the synthesis of fluorochemicals and fluoropolymers,3
and SmI2 has recently been touted as “one of the premier single-electron reducing agents in
synthetic chemistry”.4

Substantial effort has been expended with the aim of developing

hypervalent I(III) and I(V) reagents. One example of an important I(V) reagent is orthoiodoxybenzoic acid, which finds use in the synthesis of α-aminoaldehydes and carbonheteroatom oxidations.5 The ‘Togni reagent’, used in the mild electrophilic addition of CF3
moieties to carbon- and sulfur-centered nucleophiles, owes its selectivity to a hypervalent I(III).6
While many chemical properties of the halogens are similar, their nuclear properties
differ significantly; hence, the development of their corresponding SSNMR methods is rather
distinct. Fluorine-19 SSNMR spectroscopy is a highly developed characterization tool with wellestablished applications.7-9

While the SSNMR spectroscopy of the remaining halogens is

substantially less developed relative to

19

F, several recent applications of

35/37

Cl and

79/81

Br

SSNMR spectroscopy towards the study of chlorine- and bromine-containing systems have been
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published (as outlined in Section 3.1). Unlike 35/37Cl and 79/81Br, the development of 127I SSNMR
has nearly reached a standstill. Other than a study on the dynamical structure of γ-AgxCu1-xI,10
and brief mentions within reports on ionic liquids11 and pulse sequence advances,12 there have
been no applications of

127

I SSNMR since 2001.13 As no substantial

127

I SSNMR account has

been published in about a decade, a systematic 127I SSNMR study employing modern techniques
and apparatus does not exist. In fact, aside from the trivial cases involving cubic environments,
no iodide site has ever been fully characterized (i.e., quantification of both the CS and EFG
tensors) using 127I SSNMR.
The

127

I nucleus is 100 % naturally abundant, possesses a γ value slightly less than 13C,

and is quadrupolar (I(127I) = 5/2). The primary experimental challenge associated with using the
127

I nucleus as a SSNMR probe is its moderately large nuclear electric quadrupole moment

( Q(127I) = −6.96 × 10−29 m2).14 As outlined in earlier sections, this QI serves to broaden the
SSNMR signal in powdered samples.15

In cases where the QI is moderately small, this

broadening provides significant information regarding the local electronic structure in molecules
and crystalline materials.16 For cases where the QI is large, the broadening may be such that the
SSNMR signal is undetectable. Of the naturally occurring isotopes where the atomic number is
less than 61, only the 113/115In nuclides possess Q values larger than 127I; hence, the acquisition of
high-quality

127

I SSNMR spectra is a particular challenge. As second-order quadrupolar line

shape broadening scales inversely with B0 (Section 2.4.3), a potential remedy is to conduct the
SSNMR experiments within a very large B0 (i.e., B0 > 18.8 T).
In Chapter 4, an

127

I SSNMR study of a variety of MI2 and MI2 hydrates is presented,

and the information that can be gained by conducting 127I SSNMR experiments in both standard
and high fields is highlighted. Unlike

127

I NQR experiments, isotropic chemical shift values, as

well as CSA, are potential observables in

Chapter Four – Solid-State 127I NMR

127

I SSNMR spectra; hence, the SSNMR spectra are

- 100 -

potentially richer in information.

Discussion is provided on the ability of

127

I SSNMR

experiments to probe hydration states in alkaline earth metal hydrates, and several halogen
SSNMR parameter trends across the alkaline earth metal halides and corresponding hydrates are
detailed. Experimental observations are complemented with GIPAW DFT calculations and the
ability of these computations to reproduce the observed NMR parameter values is documented.

4.2

Experimental Details

4.2.1 Sample Preparation
MgI2 (99.998 %), CaI2 (99.95 %), BaI2 (99.995 %), CdI2 (99.999 %), SrI2·6H2O (> 99.99
%), and BaI2·2H2O (98 %) were purchased from Sigma–Aldrich. All anhydrous compounds
were received as beads, while all hydrates were received as powders.

Sample purity was

confirmed for each compound by the manufacturer (see Appendix B, Section B.1.1). As all
compounds are hygroscopic and light sensitive, they were stored and prepared for use in
minimal light conditions under either dry N2 or Ar, except CdI2, which was stored in a dry, dark
cabinet. BaI2·2H2O was found to be air-stable for an extended period under low humidity
conditions. Prior to

127

I SSNMR experiments, samples were powdered and tightly packed into

either 3.2 mm or 4 mm o.d. Bruker MAS ZrO2 rotors.

4.2.2 SolidSolid-state 127I NMR
Data were primarily acquired at the National Ultrahigh-field NMR Facility for Solids in
Ottawa using a standard bore (54 mm) Bruker AVANCEII spectrometer operating at B0 = 21.1
T (ν0(1H) = 900.08 MHz). Additional

127

I SSNMR data were acquired at the University of

Ottawa using a wide bore (89 mm) Bruker AVANCE spectrometer operating at B0 = 11.75 T
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(ν0(1H) = 500.13 MHz). At 21.1 T, experiments used 3.2 mm or 4 mm Bruker HX MAS probes
(ν0(127I) = 180.08 MHz), while at 11.75 T, experiments used a 4 mm Bruker HXY MAS probe
(ν0(127I) = 100.06 MHz). All spectra were referenced to 0.1 mol/dm3 KI in D2O at 0 ppm17
using NaI or KI as secondary standards (δiso(NaI(s)) = 226.71 ppm, δiso(KI(s)) = 192.62 ppm).18
Iodine π/2 pulse widths were established using the 127I SSNMR signals of powdered KI or NaI
under 10 kHz MAS. NaI and KI are cubic salts; hence, the CT selective (i.e., solid π/2) pulse
widths used for all samples under study were scaled by 1/(I + 1/2) = 1/3, relative to the π/2
pulse width determined using the cubic salts.
Iodine-127 SSNMR signals were primarily acquired using either Solomon echo19-21 or
Hahn echo22 pulse sequences. Typical parameters were as follows: π/2 = 1.0 µs (π = 2.0 µs);
spectral window = 2 MHz; τ1 = 18.6 to 30 µs; τ2 = 4.3 to 20 µs; recycle delay = 0.25 s; and 512
or 1 024 complex time-domain data points were collected per transient. For all experiments,
between 4 000 to 18 800 transients were acquired. For BaI2·2H2O, CW 1H decoupling was
tested (ν1(1H) ~ 85 kHz). Due to the line width associated with the

127

I SSNMR signal of

SrI2·6H2O at 21.1 T (i.e., ∆νNMR > 3 MHz), 1H decoupling was not required.

For full

experimental details, see Appendix B, Section B.1.2, and Table B.1. VOCS data acquisition
methods23-25 were usually required to acquire the 127I SSNMR signals. Offsets were typically 200
to 300 kHz for Solomon/Hahn echo experiments. Each sub-spectrum was combined in the
frequency-domain by co-addition to produce the total spectrum.

4.2.3 SolidSolid-State 127I NQR
Experiments used either a 4 mm Bruker HXY MAS probe or a 7 mm Bruker HX static
probe, and were performed to confirm the measured
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compounds. Spectra were acquired using the Hahn echo pulse sequence. Short (τRF < 2 µs),
high-power pulses were used as the transmitter frequency was varied until the resonances were
found. Typical offsets while searching for the NQR signals were 200 kHz. For further details,
see Appendix B, Table B.1.

4.2.4
4.2.4 Quantum Chemical Calculations
GIPAW DFT computations used CASTEP-NMR (v. 4.1),26-29 with input files generated
using Materials Studio 3.2, and either usp27,30 or otfg pseudopotentials.

The iodine otfg

pseudopotential was obtained from Accelrys Inc. (San Diego, CA). All geometry optimizations
and NMR calculations (i.e., Vɺɺ and σɺɺ tensors) used the GGA, along with either the PBE XC
functional,31,32 or the PW91 XC functional.33-37 Computed σij values are expressed as δij values
using the following procedure: the iodine σiso for the reference (NaI) was computed using Ecut =
1000 eV, a 6 × 6 × 6 k-point grid and the same XC functional as the sample of interest. Using
the calculated σiso and the known δiso value of 226.71 ppm for NaI(s),18 the calculated σij values
were placed on an experimental δ scale using (2.12). The Ecut and k-point grid used for each
system are in the footnotes to Tables 4.5 and 4.7. Computed structure energies, structure
references, pseudopotentials used, and additional details are in Appendix B, Table B.2. The
structural parameters used for NMR computations are in Appendix B, Table B.3.
The SrI2·6H2O crystal structure has not been fully determined, but the unit cell, Sr, (fully
determined) and I (a, b coordinates) atomic positions have been reported.38 It is thought that
SrI2·6H2O is isostructural to SrCl2·6H2O, whose structure has been determined using neutron
diffraction techniques.39 For the geometry optimization of SrI2·6H2O, the unit cell and Sr
atomic positions were frozen to the reported values. For the I, O, and H atoms, the initial guess
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was set to the analogous atomic positions in SrCl2·6H2O. For BaI2·2H2O, no structural data
exist, but based upon prior 127I NQR data,40,41 it is suspected to be isostructural to BaBr2·2H2O,
the structure of which is known.42 Hence, the BaBr2·2H2O crystal structure was used as the
starting point when optimizing the BaI2·2H2O crystal structure.

4.3

Results and Discussion

4.3.1 IodineIodine-127 SSNMR Experiments
4.3.1.1 Anhydrous Alkaline Earth Metal Iodides
The parameters extracted from line shape analysis of the

127

I SSNMR spectra for

stationary (i.e., static) samples of MgI2, CaI2, SrI2, BaI2, and CdI2 (4H) are summarized in Tables
4.1 and 4.2.

Table 4.1 Experimental 127I EFG tensor parameters: alkaline earth metal iodides and CdI2a
compound

site label

|CQ(127I)|b / MHz

ηQ

notes

MgI2

―

79.8(5)

0.02(2)

―

CaI2

―

43.5(3)

0.02(2)

―

I(1)

105.2(7)

0.467(12)

―

I(2)

214.0(1)d

0.316(2)d

NQR: νQ1 = 35.415(15); νQ2 = 62.980(15)e

I(1)

96.2(8)

0.175(15)

―

I(2)

120.9(2)d

0.015(15)d

NQR: νQ1 = 18.13(2); νQ2 = 36.26(2)e

CdI2 (4H)

―

95.7(1.0)

0f

one-site model

CdI2 (4H)

I(1)

95.7(1.0)

0f

I(2)

97.5(1.0)

0f

c

SrI2

BaI2

two-site model

a

Error bounds are in parentheses. Parameter definitions are in Section 2.3.3.2.
While CQ may take any real value, |CQ| is measured using conventional SSNMR experiments.
c
Formal discussion of the observed 127I SSNMR parameters for SrI2 is postponed until Chapter 5.
d
Established with the aid of 127I NQR experiments.
e
All 127I NQR frequencies are in MHz, νQ1 and νQ2 refer to quadrupolar resonance frequencies for I = 5/2, and are
ordered such that νQ1 (m = ±1/2 ↔ ±3/2 transition) < νQ2 (m = ±3/2 ↔ ±5/2 transition).
f
Assumed, based upon crystallographic site symmetry.
b
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Table 4.2 Experimental iodine CS tensor parameters: alkaline earth metal iodides and CdI2a
compound

site label

δisob / ppm

Ω / ppm

κ

α, β, γ / °

MgI2

―

920(50)

120(80)

–1c

90d, 90(20), 0d

CaI2

―

755(10)

< 50

―

―

SrI2e

I(1)

880(70)

―

―

―

f

I(2)

720(150)

―

―

―

I(1)

650(70)f

300(100)

< –0.5

0d, 45(20), 180d

I(2)

1 000(80)f

―

―

―

CdI2 (4H)

―

1 450(100)

―

―

―

CdI2 (4H)

I(1)

1 420(100)

―

―

―

I(2)

1 420(100)

―

―

―

BaI2

a

Includes Euler angle values. Error bounds are in parentheses. Parameter definitions are in Sections 2.3.2.4,
2.3.3.1, and 2.3.3.3.
b
With respect to 0.1 mol/dm3 KI in D2O (δiso = 0.00 ppm).
c
Assumed based on crystallographic site symmetry.
d
Simulated NMR line shape is insensitive to parameter variation; the value is assigned based on computational
results.
e
Formal discussion of the observed 127I SSNMR parameters for SrI2 is postponed until Chapter 5.
f
Established with the aid of exact simulation software.

4.3.1.1.1

CaI2: Iodide Ions at High Symmetry Lattice
Lattice Positions

Iodine-127 SSNMR experiments were performed on powdered CaI2 at B0 = 11.75 and
21.1 T (Figures 4.1 and 4.2). The CaI2 crystal structure belongs to the P 3 m1 space group and
CdI2 (2H polytype) structure class (Figure 4.3a).43 There is one crystallographically unique iodide
ion (3m symmetry), which forms hexagonal close-packed layers with other iodide ions (Figures
4.3b and 4.3c). The local Ca–I coordination is trigonal pyramidal with rCa-I = 3.12 Å, while the
closest iodide-iodide approach is 4.34 Å. The observed

127

I CT SSNMR signals possess, within

experimental error, axially symmetric second-order quadrupolar-broadened line shapes (ηQ(127I)
= 0.02(0.02)). The observed

I Vɺɺ tensor symmetry implies a threefold (or greater) rotational

127

axis at the iodide,44 in agreement with the crystal structure. Due to the strong

127

I CT SSNMR

signal of CaI2, the Vɺɺ tensor was precisely characterized by collecting most of the ST at 11.75 T.
The full m = ±3/2 ↔ ±1/2 ST and the high intensity portion of the m = ±5/2 ↔ ±3/2 ST were
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observed (Figure 4.2b). While the VOCS Hahn echo spectrum in Figure 4.2b required the
collection of 50 sub-spectra, each experiment lasted ca. 20 minutes; hence, the composite
spectrum was acquired in only ~17 hours.

Figure 4.1 Best-fit analytical simulations (a, c), experimental static Solomon echo (b), and experimental
static VOCS Hahn echo (d) 127I CT SSNMR spectra of powdered CaI2 acquired at (b) B0 = 21.1 T (ν0 =
180.08 MHz) and (d) B0 = 11.75 T (ν0 = 100.06 MHz).

Analytical fits of all observed spectra establish CQ(127I) as 43.5(0.3) MHz and δiso as 755(10) ppm.
Using analytical simulations, it is estimated that Ω < 50 ppm for CaI2, in agreement with
quantum chemical calculations (vide infra).
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Figure 4.2 Best-fit analytical simulation (a), and experimental static VOCS Hahn echo (b)

127I

SSNMR

spectrum of powdered CaI2 acquired at B0 = 11.75 T. Much of the spectral region shown corresponds to
the ST. The CT is located roughly within the region from ∆ν = +0.3 to −0.4 MHz (gold), the inner ST
(m = ±3/2 ↔ ±1/2) contribute most significantly from ca. ∆ν = +3.7 to +0.3 MHz and from ∆ν = −0.4
to −3.4 MHz (aqua), and the outer ST (m = ±5/2 ↔ ±3/2) contribute most significantly above ∆ν =
+3.7 MHz and below ∆ν = −3.4 MHz (purple).

4.3.1.1.2

MgI2: Clear Evidence of Iodine Chemical Shift Anisotropy
Anisotropy

Iodine-127 SSNMR experiments were carried out on MgI2 powder at B0 = 11.75 and
21.1 T (Figure 4.4), and all the observed signals were fit analytically using identical parameters
(Tables 4.1 and 4.2). Powder43 and single-crystal45 XRD data confirm that MgI2 belongs to the
same space group ( P 3 m1 ) and structure class as CaI2. In the iodide first coordination sphere,
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MgI2 has three equivalent Mg–I contacts at internuclear distances of 2.9183(5) Å. However,
unlike CaI2, there exist numerous inequivalent I–I distances (Figure 4.5) as the unique I in MgI2
is located at z/c = 0.24237, rather than z/c = 0.25 as in CaI2.

Figure 4.3 POV-ray renderings of the local structure of CaI2. The unit cell is shown in (a). For the
unique I, solid lines connect ions within the sum of the Ca and I vdW radii (i.e., rCa-I < 4.29 Å).46,47 In (b
– c), the local iodide environment (within 4.5 Å) for CaI2 is shown. Six equivalent contacts (blue dashed
lines) arrange hexagonally in the ab plane. A second set of equivalent contacts (black dashed lines) is
related by a reflection in the ab plane.

The qualitative features of the

127

I SSNMR spectra of MgI2 (Figure 4.4) are similar to

those observed for CaI2. The axial Vɺɺ tensor (ηQ = 0.02(0.02)) supports the XRD-determined
local site symmetry of the iodide ions (3m). It is interesting to note that the measured CQ(127I)
value of 79.8(0.5) MHz is nearly twice that of CaI2, despite the very similar crystal structures of
CaI2 and MgI2. This finding demonstrates the pronounced sensitivity of the 127I QI to the iodide
environment. To understand the origin of the drastically different Vɺɺ tensor magnitudes in CaI2
and MgI2, quantum chemical calculations were carried out (vide infra, Section 4.3.2.3).
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Figure 4.4 Best-fit analytical simulations (a, c), and experimental static VOCS Solomon echo (b, d)

127I

CT SSNMR spectra of powdered MgI2 acquired at (b) B0 = 21.1 T and (d) B0 = 11.75 T. Partially excited
ST are denoted using †.

The measured iodine δiso value of 920(50) ppm is significantly greater than that for CaI2.
This can be understood by considering the Mg–I distances in the first coordination sphere of
MgI2, which are less than the corresponding distances in CaI2. Relative to CaI2, this should lead
to enhanced occupied-virtual wave function mixing in MgI2, which in turn results in more
significant paramagnetic shielding contributions to the σɺɺ tensor.48 Although the QI in MgI2
contributes to most of the observed

127

I SSNMR line width, effects due to iodine CSA in MgI2

were observed (Ω = 120(80) ppm; see also Appendix B, Figure B.1). According to the current
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literature, this represents the second reliable measurement of iodine CSA (the first for an
iodide). It is roughly an order of magnitude larger than the only other precisely measured iodine
Ω value, which is 18(4) ppm for CsIO4.13 In addition, it has been experimentally observed that β
= 90(20)° for MgI2, which is the first experimental observation of noncoincident iodine δ33 and
V33 eigenvectors. Information describing the ‘interplay’ between the Vɺɺ and δɺɺ tensors has been
useful in the determination of crystallographic information, even in cases where conclusive
diffraction studies are absent.49

Figure 4.5 POV-ray rendering of the local structure of MgI2. The local iodide environment (within 4.5
Å) is shown. The iodide environment in MgI2 is similar to CaI2 (compare with Figure 4.3c), but
possesses inequivalent I–I close contacts both above and below the plane defined by the hexagonallyarranged iodides (red/orange and purple dashed lines, respectively).

4.3.1.1.3
BaI2: Resolution of Iodide Sites Possessing Similar QIs
QIs, and Observation of HighHigh-Order
Quadrupole
Quadrupoleadrupole-Induced
Induced Effects When the HighHigh-Field Approximation Is Not Clearly Valid at a Standard
Field
Iodine-127 SSNMR experiments were carried out on powdered BaI2 at B0 = 11.75 and
21.1 T, and the measured parameters are in Tables 4.1 and 4.2. All observed 127I SSNMR signals
were fit to identical parameters using analytical simulations, except for the chemical shift of site
I(2), as analytical simulations at the two applied fields produced two different apparent chemical
shift values. Exact simulations (i.e., those which employ full matrix diagonalization, rather than

Chapter Four – Solid-State 127I NMR

- 110 -

treating the QI as a perturbation upon the Zeeman states)50,51 were performed and confirm the
δiso value for site I(2) measured at B0 = 21.1 T (Appendix B, Figure B.2). BaI2 belongs to the

Pnma space group and possesses two unique I− within the crystal lattice, which are labeled I(1)
and I(2), as in Figure 4.6.52 Both I sites possess m symmetry, which constrains the potential
Euler angle values. The primary difference between the two I− sites in BaI2 is that I(1) is
coordinated by 5 Ba2+ ions, while I(2) is coordinated by 4 Ba2+ ions.

Figure 4.6 POV-ray rendering of the BaI2 quadruple unit cell, as viewed nearly along b (10°
counterclockwise rotation about the +a axis). For the unique I, solid lines connect heteroatoms within
the sum of the Ba and I vdW radii (i.e., rBa-I < 4.66 Å). For each I site, numerous additional homoatomic
contacts exist within the I first coordination sphere.

Inspection of the

127

I SSNMR spectra of BaI2 (Figures 4.7 and 4.8) clearly reveals that

the Vɺɺ tensor magnitudes for both I sites are similar, as the corresponding

127

I SSNMR signal

line widths are comparable. Relative to SrI2 (vide infra, Chapter 5), BaI2 represents a more
stringent test of the resolving power of 127I SSNMR. The CQ(127I) value for the 5-coordinate I(1)
site is slightly smaller than that for the 4-coordinate I(2) site (i.e., 96.2(0.8) MHz vs. 120.9(0.2)
MHz). While the

127

I EFG tensor at the I(1) site is not axially symmetric (ηQ = 0.175(0.015)),

the Vɺɺ tensor at the I(2) site is observed to be axial (ηQ = 0.015(0.015)). The Vɺɺ tensor is not
constrained here to be axial by the lattice symmetry. Likewise, quantum chemical calculations
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using the accepted crystal structure do not predict an axial EFG tensor (vide infra) for either site,
in disagreement with the

127

I SSNMR data for I(2). For the I(2) site, however,

127

I NQR

experiments were performed and confirm the Vɺɺ tensor parameters determined using analytical
fits to the 127I SSNMR signals (see Appendix B, Figure B.3 for the 127I NQR spectra of site I(2)).

Figure 4.7 Best-fit analytical simulation (a), and experimental static VOCS Solomon echo (b)

127I

CT

SSNMR spectrum of powdered BaI2 acquired at B0 = 21.1 T. A de-convolution is shown using the
dotted line traces in (c). Partially excited ST are denoted with “†”.

Definitive evidence of iodine CSA is present in the

127

I SSNMR spectrum of site I(1),

due to the characteristic broadening of the low-frequency ‘horn’ discontinuity, which often
results from β deviating from either 0° or 90° (β = 45(20)°; see Appendix B, Figure B.4). The
measured iodine Ω value for the I(1) site is the largest reported (Ω = 300(100) ppm). While
analytical line shape simulations at both B0 lead to the same δiso value for the I(1) site, this is not
the case for the I(2) site, which possesses the larger CQ(127I) value. An analytical simulation of
the I(2) signal acquired at B0 = 21.1 T leads to δiso = 1 000(80) ppm, while the same simulation
method using the signal acquired at B0 = 11.75 T produces an apparent chemical shift of 650
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ppm.

As detailed in Chapter 5, this type of behaviour is clear evidence of high-order

quadrupole-induced effects (HOQIE) for the I(2) site at 11.75 T only. It is interesting that the
HOQIE are only detectable at the lower applied field, and only for the site with the larger CQ
value. This behaviour should be expected, as HOQIE are anticipated for lower ν0/νQ ratios. Of
course, one may easily rule out iodine CSA effects as the source of the seemingly fielddependent chemical shift for site I(2) in BaI2, as CSA effects scale directly with the applied field,
rather than inversely.

Figure 4.8 Analytical simulation using the known correct parameters (a), best-fit analytical simulation
(b), and experimental static VOCS Solomon echo (c)

127I

CT SSNMR spectrum of powdered BaI2

acquired at B0 = 11.75 T. The spectra inset above (a) correspond to the regions in the dotted boxes.
They highlight the detectable deviation in the apparent chemical shift when comparing analytical
simulations at 11.75 and 21.1 T. This discrepancy is due to orientation-dependent HOQIE (see main
text and Appendix B, Figure B.5 for details). The spectra in (a) and (b) employ identical parameters, but
for (a), δiso = 1 000 ppm (i.e., the same value as in Figure 4.7a, and also shown to be correct using exact
theory simulations), and for (b), δiso = 650 ppm.
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4.3.1.2 Hydrated Alkaline Earth Metal Iodides: The
The Effects of Hydration upon Iodine SSNMR
Parameters
Iodine-127 SSNMR experiments were carried out on two alkaline earth metal iodide
hydrates to observe if there is an effect on the
Previously, 35/37Cl and

79/81

127

I SSNMR parameters as a result of hydration.

Br SSNMR experiments on several MX2·nH2O systems (M = alkaline

earth metal, X = Cl or Br, n = 2, 4, 6) have established that a decrease in the halogen chemical
shift correlates with an increasing degree of hydration (see also Chapter 3).53,54 It has also been
observed in many cases (but not always) that an increase in hydration leads to a decrease in the
value of the halogen CQ. The observed NMR parameters are summarized in Tables 4.3 and 4.4.

Table 4.3 Experimental 127I EFG tensor parameters: alkaline earth metal iodide hydratesa
compound

|CQ(127I)| / MHz

ηQ

notes

BaI2·2H2O

53.8(3)

0.53(1)

T = 295 K

52.4(3)

0.56(1)

T ≈ 243 K

53.7(3)

0.532(0.004)

ref. 41

133.6(1)b

< 0.01

NQR: νQ1 = 20.034(15); νQ2 = 40.068(15)c

SrI2·6H2O
a

Error bounds are in parentheses. Parameter definitions are in Section 2.3.3.2.
Established with the aid of 127I NQR experiments.
c
All 127I NQR frequencies are in MHz.
b

Table 4.4 Experimental iodine CS tensor parameters: alkaline earth metal iodide hydratesa
compound

δisob / ppm

Ω / ppm

κ

α, β, γ / °

notes

BaI2·2H2O

630(20)

60(15)

> 0.5

45(15), 45(15), ―

T = 295 K

630

60

> 0.5

45, 45, ―

T ≈ 243 K

―

―

―

―

SrI2·6H2O

c

440(25)

a

Includes Euler angle values. Error bounds are in parentheses. Parameter definitions are in Sections 2.3.2.4,
2.3.3.1, and 2.3.3.3.
b
With respect to 0.1 mol/dm3 KI in D2O (δiso = 0.00 ppm).
c
Established with the aid of exact simulation software.
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4.3.1.2.1

BaI2·2H
2H2O

The crystal structure of BaI2·2H2O has not been determined; however, using
135/137

127

I and

Ba NQR data, it has been suggested that BaI2·2H2O is isostructural to BaBr2·2H2O.40,41

Further comments will be provided on their isostructural nature and a proposal for the solid
state structure of BaI2·2H2O will be presented in the quantum chemical calculations section (see
Section 4.3.2.1).

Figure 4.9 Best-fit analytical simulations (a, c), experimental static VOCS
(b), and experimental static VOCS

127I

127I{1H}

CT Solomon echo

CT Hahn echo (d) SSNMR spectra of powdered BaI2·2H2O

acquired at (b) B0 = 21.1 T and (d) B0 = 11.75 T.
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Using powdered BaI2·2H2O, identical 127I EFG and CS tensor parameters were extracted
from the 127I SSNMR spectra measured at B0 = 11.75 and 21.1 T (Figure 4.9). It is interesting to
note that grinding the sample, even under an inert atmosphere, creates a second phase
(Appendix B, Figures B.6 and B.7). The Vɺɺ tensor parameters measured using the

127

I SSNMR

line shapes in Figure 4.9 (i.e., CQ(127I) = 53.8(3) MHz; ηQ = 0.53(1)) match quantitatively with
those measured using

127

I NQR.40 Perhaps surprisingly, 1H decoupling was essential to resolve

the fine spectral detail at 21.1 T (Appendix B, Figure B.6), and allows for the quantification of
Vɺɺ and σɺɺ tensor noncoincidence. It has also been confirmed, using variable temperature

127

I

SSNMR experiments (Appendix B, Figure B.7), that the temperature dependence of the Vɺɺ
tensor parameters is identical to that observed using 127I NQR. As expected, the iodine chemical
shift (δiso = 630(20) ppm) is low relative to the anhydrous compounds discussed earlier.

4.3.1.2.2

SrI2·6H
6H2O

While the unit cell and select heavy atom positions of SrI2·6H2O were determined many
years ago,38 the full crystal structure remains unpublished.

It is currently accepted that

SrI2·6H2O is isostructural with SrCl2·6H2O.39 Iodine-127 SSNMR experiments were carried out
using powdered SrI2·6H2O at B0 = 21.1 T (Figure 4.10), and the measured parameters may be
found in Tables 4.3 and 4.4. The observed

127

I SSNMR signal provides evidence for a single I

environment, which is within an axial EFG (ηQ = 0). Using analytical simulation software, the
measured iodine shift (δ = 390(25) ppm) is shielded relative to all the other compounds studied,
consistent with the expected trend for halogen δiso values upon increasing hydration (Chapter 3).
As the iodine QI in SrI2·6H2O is rather significant (CQ(127I) = 133.6(1) MHz, hence,
ν0/νQ ≈ 9),

127

I NQR experiments were also performed for this compound and confirmed the
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Vɺɺ tensor parameters extracted from modeling the 127I SSNMR spectrum. In addition, since the
127

I SSNMR spectrum possessed very sharply defined ‘horn’ discontinuities, exact simulations

were carried out for this compound in the hopes of finding HOQIE. Using exact theory
simulations in tandem with

127

I NQR measurements (Appendix B, Figures B.8 and B.9), the

above CQ(127I) and ηQ values are confirmed, but it is also found that δiso = 440(25) ppm, which is
evidence of HOQIE for this compound. Due to the large QI, iodine CSA could not be
conclusively measured in SrI2·6H2O.

Figure 4.10 Best-fit analytical simulation (a), best-fit exact simulation (b), and experimental static VOCS
Solomon echo (c) 127I CT SSNMR spectrum of powdered SrI2·6H2O acquired at B0 = 21.1 T.

4.3.1.3 CdI2 (4H)
(4H) : Application of IodineIodine-127 SSNMR to a Semiconducting Material
Cadmium iodide is a polytypic semiconducting material.55 In general, polytypic materials
result from one-dimensional disorder due to stacking faults. The common polytype of CdI2,
denoted as 4H, belongs to the P63mc space group and possesses a stacking fault along the c axis,
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which doubles the c value relative to the CdI2 (2H) polytype.56 There are two unique iodide sites
per unit cell (Figure 4.11). Both 127I NQR57-59 and 113Cd NMR60-62 data exist for CdI2 (4H).

Figure 4.11 POV-ray rendering of the CdI2 (4H) unit cell, as viewed along b.

Iodine-127 SSNMR experiments were performed at 11.75 and 21.1 T on a powdered
sample of CdI2 (4H) (see Tables 4.1 and 4.2 for the relevant SSNMR parameters). The observed
127

I SSNMR signals at both fields exhibit very broad ‘horn’ discontinuities (Figure 4.12); hence, it

is not possible to resolve the two expected I sites in this material. According to prior 127I NQR
data, the νQ values for the two sites differ by only 2 %;58 thus, the inability to resolve the sites
using

127

I SSNMR is not surprising. Using a one-site model (Figures 4.12a and 4.12d), a

moderately large (CQ(127I) = 95.7(1.0) MHz), axial QI is observed, in very good agreement with
prior 127I NQR measurements. The breadth of the horn discontinuities hints at a second iodine
site, which has a similar EFG tensor (see Figures 4.12b and 4.12e for fits using a two-site
model). Although CSA was neglected in the line shape simulations, the observed δiso value of
1450(100) ppm (one-site model) is very significantly deshielded relative to the other compounds
studied. This effect could be expected, as semiconducting materials have a relatively reduced
HOMO–LUMO gap (∆HL).

According to Ramsey’s model of magnetic shielding,63-65

paramagnetic shielding contributions are enhanced by a smaller ∆HL, which generally leads to
reduced nuclear shielding (i.e., a more positive chemical shift value).
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Figure 4.12 One-site analytical simulations (a, d), two-site analytical simulations (b, e), and experimental
static VOCS Solomon echo (c, f) 127I CT SSNMR spectra of powdered CdI2 (4H) acquired at B0 = 21.1 T
(c) and B0 = 11.75 T (f).

4.3.1.4 Discussion of Halogen SSNMR Parameters
Parameters across the Alkaline Earth Metal
Metal Halides
4.3.1.4.1

Nuclear Quadrupole Coupling Constants

Earlier (including in Chapter 3), it was observed that the alkaline earth metal chloride
and bromide hydrates nearly always possessed smaller CQ(X) values when compared to their
anhydrous analogs.53,54 This appears to also hold true for the alkaline earth metal iodides. As
each quadrupolar halogen nucleus possesses a unique Q, direct comparisons of interhalogen
CQ(X) values should not be made. Clearly, when one compares similar systems, it is typically
observed that CQ(127I) ≫ CQ(79Br) > CQ(81Br) ≫ CQ(35Cl) > CQ(37Cl).
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As noted in Chapter 3, it has been demonstrated that a linear relationship exists when CQ
is plotted against Q(1 − γ∞)/V.66 Within the alkaline earth metal halide compounds that have
been

studied,

many

isostructural

compounds

are

known

(i.e.,

MgBr2/MgI2,

MgCl2·6H2O/MgBr2·6H2O, CaCl2/CaBr2, BaCl2/BaBr2/BaI2, SrCl2·6H2O/SrBr2·6H2O), while
others are suspected (i.e., BaBr2·2H2O/BaI2·2H2O, Sr(Cl/Br)2·6H2O/SrI2·6H2O). From the
known isostructural series where sufficient data exist, the linear relationship between CQ and Q(1
− γ∞)/V is again observed (Figure 4.13).

Figure 4.13 A plot of observed halogen CQ versus calculated Q(1 − γ∞)/V for the unique halide sites in
the known isostructural BaX2 (X = Cl, Br, I) series. Data for the site possessing generally larger CQ
values across this series, corresponding to a 4-coordinate halide ion, are fit to the following equation
(black): CQ(X) = 5.4606[Q(1 − γ∞)/V] − 1.478 (R2 = 1.0). Data for the site possessing generally smaller
CQ values, corresponding to a 5-coordinate halide ion, are fit to the following (blue): CQ(X) = 4.2891[Q(1
− γ∞)/V] + 0.4246 (R2 = 0.9994). Observed data points correspond to 35Cl (●), 81Br (■), 79Br (—), and
127I

(▲) SSNMR measurements. Source data for all relevant parameters are in Appendix B, Table B.4.

Where data are sparse, observed CQ ratios (e.g., CQ(81Br)/CQ(35Cl) in CaBr2/CaCl2)
should closely agree with the corresponding calculated Q(1 − γ∞)/V ratios.54 Input data for
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these computations, as well as the ratios, are summarized in Appendix B, Tables B.4 and B.5.
Overall, there is fair agreement between the CQ and Q(1 − γ∞)/V ratios (average difference =
20.1 %). On the basis of the above results, it is likely that the relationship between CQ and Q(1
− γ∞)/V could help confirm whether two compounds are isostructural. Simple calculations have
been carried out, using literature values (see Appendix B, Tables B.4 and B.5) for the relevant
parameters (except the unit cell volume for BaI2·2H2O, which was computationally optimized
(vide infra)) to establish if Sr(Cl/Br)2·6H2O and BaBr2·2H2O are isostructural to SrI2·6H2O and
BaI2·2H2O, respectively. By plotting CQ versus Q(1 − γ∞)/V for the suspected isostructural
series of SrX2·6H2O (X = Cl, Br, I), a linear relationship is observed (Figure 4.14).

Figure 4.14 A plot of observed halogen CQ values versus calculated Q(1 − γ∞)/V for the suspected
isostructural SrX2·6H2O (X = Cl, Br, I) series. The data are fit to the following linear equation: CQ(X) =
3.1868[Q(1 − γ∞)/V] − 0.596 (R2 = 0.9999). Observed data points correspond to 37Cl (×), 35Cl (●), 81Br
(■), 79Br (—), and 127I (▲) SSNMR measurements. Relevant source data are in Appendix B, Table B.4.

This finding adds support to the argument that SrI2·6H2O belongs to this isostructural
series. Similarly for BaBr2·2H2O and BaI2·2H2O, the CQ(127I)/CQ(79Br) ratio is 6.16, whereas the
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calculated (Q(127I)[1 − γ∞(I)]/VI)/(Q(79Br)[1 − γ∞(Br)]/VBr) ratio is 3.71 (% difference = 49.6 %).
The CQ/[Q(1 − γ∞)/V] relationship therefore cannot confirm the postulated isostructural nature
between BaBr2·2H2O and BaI2·2H2O; rather it hints that they are not exactly isostructural.

4.3.1.4.2

Halogen Chemical Shifts

If the halogen chemical shift values of the alkaline earth metal halides can be understood
in a similar fashion as the alkali metal halides, then it is the orbital overlap between the halogen
ion and both its NN and NNN which largely determines the observed chemical shifts.67,68 As
with the alkaline earth metal chlorides and bromides, a significant decrease in the observed
iodine chemical shift results upon increasing the degree of hydration for the alkaline earth metal
iodides. Structurally, it is also generally seen that increasing hydration increases the average
internuclear metal-halogen first-coordination sphere distance ( r ( M − X ) ), and/or decreases the
number of M2+ species in the halogen first-coordination sphere. Neglecting polarization effects,
an increase in r ( M − X ) must lead to reduced M–X orbital overlap, which in turn decreases
paramagnetic shielding contributions to σɺɺ .48 As paramagnetic shielding normally corresponds
to positive chemical shifts, a reduced contribution to this shielding mechanism would lead to
reduced chemical shifts, as typically observed.
It has also been observed that there is some overlap in the halogen CS regions
corresponding to anhydrous, dihydrate, and hexahydrate compounds for the chlorides,53 while
this overlap is not observed for the heavier halogens (see also Chapter 3). The reason for the
decreased overlap for the heavier nuclides may be rationalized using the arguments of Jameson
and Gutowsky: they noted that the CS ranges for the main group elements correlates with the
value of 〈1 / r 3 〉 np , which is the average value of 1/r3 over the valence p electrons for a free
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atom.69 As diamagnetic shielding strongly depends upon the core electrons,48 its value is largely
invariant with respect to the chemical environment. Hence, the observed variation in the δiso
ranges across the main group nuclides is primarily due to differences in paramagnetic shielding.
According to a recent review of the quadrupolar halogen nuclei, the total known chlorine,
bromine, and iodine δiso ranges are roughly 1 100, 2 700, and 4 050 ppm, respectively.18
Corresponding δiso ranges for the alkaline earth metal chlorides, bromides, and iodides (including
hydrates) are ca. 185, 420, and 560 ppm.53,54,70 When these ranges are plotted as functions of

〈a 03 / r 3 〉 np (a0 is the atomic Bohr radius), linear relationships with high correlation coefficients
(both R2 > 0.997) are observed (Figure 4.15). According to the above relationship, the δiso
ranges for particular groupings of compounds should exhibit less spectral overlap for bromine
and iodine, relative to chlorine, as observed.

Figure 4.15 Plot of observed halogen CS ranges versus 〈 a 03 / r 3 〉 np for all compounds (■ series), and for
the alkaline earth metal halides (— series). The lines of best-fit are as follows: — series, y = 31.399x –
77.42, R2 = 0.9976; ■ series: y = 244.72x – 1013.4, R2 = 0.9978. All 〈 a 03 / r 3 〉 np values are from ref. 71.
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4.3.
4.3.2 GIPAW DFT Quantum Chemical Comput
Computations
omputations
GIPAW DFT26 quantum chemical calculations have recently proven to be accurate for
the calculation of NMR parameters for a variety of nuclei in inorganic systems.53,54,72-78 As crystal
structures exist for all the anhydrous compounds studied here, the GIPAW DFT method was
used to calculate energies and σɺɺ / Vɺɺ for these compounds. Computed energies and the crystal
structures used can be found in Appendix B, Tables B.2 and B.3, while the calculated iodine
SSNMR parameters are in Tables 4.5 – 4.8.

Table 4.5 GIPAW DFT 127I EFG tensor parameters: alkaline earth metal iodides and CdI2a
compound

functional

site label

CQ(127I) / MHz

ηQ

νQ(127I) / MHz

MgI2

PBE

―

80.97

0.000

12.14

PW91

―

81.42

0.000

12.21

PBE

―

42.21

0.000

6.33

PW91

―

43.19

0.000

6.48

PBE

I(1)

−107.92

0.326

16.47

I(2)

231.34

0.321

35.29

I(1)

−108.59

0.325

16.57

I(2)

232.83

0.319

35.51

I(1)

84.60

0.176

12.76

I(2)

−151.19

0.078

22.70

I(1)

84.73

0.180

12.78

I(2)

−151.86

0.077

22.80

I(1)

90.09

0.000

13.51

I(2)

93.30

0.000

14.00

I(1)

92.05

0.000

13.81

I(2)

95.37

0.000

14.30

CaI2

SrI2

PW91

BaBr2

PBE

PW91

CdI2 (4H)

PBE

PW91

a

Parameter definitions are in Section 2.3.3.2. MgI2 calculations used Ecut = 1000 eV and a 9 × 9 × 6 k-point grid;
CaI2 calculations used Ecut = 1200 eV and a 9 × 9 × 6 k-point grid; SrI2 calculations used Ecut = 550 eV and a 2 × 4
× 4 k-point grid; BaI2 calculations used Ecut = 600 eV and a 4 × 6 × 3 k-point grid; CdI2 (4H) calculations used Ecut
= 1000 eV and a 9 × 9 × 2 k-point grid. For further details, see Appendix B, Table B.6.
b
To convert V33(127I) into frequency units, a conversion factor of −163.535487 MHz/a.u. was used, and the unit
EFG is 9.71736166 × 1021 J C−1 m−2.

Chapter Four – Solid-State 127I NMR

- 124 -

Table 4.6 GIPAW DFT iodine CS tensor parameters: alkaline earth metal iodides and CdI2a
compound

functional

site label

δiso / ppm

Ω / ppm

κ

α, β, γ / °

MgI2

PBE

―

1189.8

145.1

−1.00

89.3, 90.0, 0.0

PW91

―

1192.8

144.0

−1.00

89.3, 90.0, 0.0

PBE

―

1076.8

5.8

1.00

90.0, 0.0, 90.0

PW91

―

1099.6

6.0

1.00

90.0, 0.0, 90.0

PBE

I(1)

1034.1

221.3

0.39

138.7, 36.3, 259.1

I(2)

947.6

460.5

0.63

104.6, 89.8, 333.7

I(1)

1043.5

217.0

0.40

137.1, 35.5, 257.7

I(2)

953.9

458.4

0.63

104.2, 89.7, 333.2

I(1)

889.4

493.8

−0.63

0.0, 47.1, 180.0

I(2)

1230.6

239.4

0.48

180.0, 36.4, 180.0

I(1)

906.0

496.4

−0.63

0.0, 47.2, 180.0

I(2)

1250.7

242.6

0.49

180.0, 36.5, 180.0

I(1)

2078.2

171.8

−0.99

273.1, 90.0, 180.0

I(2)

1937.5

428.0

−1.00

273.0, 90.0, 180.0

I(1)

2169.6

181.7

−0.99

273.0, 90.0, 180.0

I(2)

2023.8

449.1

−1.00

273.0, 90.0, 180.0

CaI2

SrI2

PW91

BaI2

PBE

PW91

CdI2 (4H)

PBE

PW91

a

Includes Euler angle values. Parameter definitions are in Sections 2.3.2.4, 2.3.3.1, and 2.3.3.3. Selected calculation
details are as given in Table 4.5. For further details, see Appendix B, Table B.7.

Table 4.7 GIPAW DFT 127I EFG tensor parameters: alkaline earth metal iodide hydrates
compound

functional

CQ(127I) / MHz

ηQ

νQ(127I) / MHz

SrI2·6H2Oa

PBE

191.37

0.000

28.70

PW91

191.17

0.000

28.68

PBE

65.86

0.408

10.15

PW91

66.67

0.429

10.30

BaI2·2H2O

b

a

Geometry optimization used Ecut = 700 eV, while NMR parameter calculations used Ecut = 800 eV. All
calculations used a 5 × 5 × 8 k-point grid.
b
Geometry optimization used Ecut = 450 eV, while NMR parameter calculations used Ecut = 650 eV. All
calculations used a 2 × 3 × 3 k-point grid. See also footnote b of Table 4.5. For further details, see Appendix B,
Table B.8.
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Table 4.8 GIPAW DFT iodine CS tensor parameters: alkaline earth metal iodide hydratesa
compound

functional

δiso / ppm

Ω / ppm

κ

α, β, γ / °

SrI2·6H2O

PBE

352.9

14.3

−0.99

357.7, 90.0, 180.1

PW91

362.9

14.9

−0.99

358.8, 90.0, 180.1

PBE

663.6

82.5

−0.38

250.4, 86.4, 325.0

PW91

681.0

84.1

−0.36

251.7, 86.4, 324.7

BaI2·2H2O

a

Includes Euler angle values. Parameter definitions are in Sections 2.3.2.4, 2.3.3.1, and 2.3.3.3. Selected calculation
details are as given in Table 4.7. For further details, see Appendix B, Table B.9.

4.3.2.1 Structure Proposals
Proposals for BaI22H2O and SrI26H2O
As noted earlier, fully refined structural data are not available for SrI2·6H2O and
structural data do not exist for BaI2·2H2O. Earlier studies have assumed that SrI2·6H2O and
BaI2·2H2O are isostructural to their analogous metal bromide hydrates.38,40,41 GIPAW DFT was
successfully used to generate optimized structures for both, the coordinates of which can be
found in Appendix B, Table B.3. These optimized structures were used for subsequent SSNMR
parameter calculations.

4.3.2.2 Calculated Iodine
Iodine σɺɺ and Vɺɺ Tensor Magnitudes, Symmetries, and Orientations
Orientations
As with the alkaline earth metal chlorides and bromides studied earlier (see also Chapter
3),53,54 the GIPAW DFT method reproduces the experimental halogen SSNMR parameters
rather well in several cases (Figure 4.16), as quantified by R2 values of near unity. Calculated and
experimental CQ(127I) values are in very good to excellent agreement (rmsd = 13.8 MHz,
excluding the SrI2·6H2O datum) in most cases (Figure 4.16a), although the computed
magnitudes are typically slightly greater than those observed (this is rather notably so for the
optimized hydrate structures). Quantitative agreement between calculated and experimental ηQ
values (Figure 4.16b) is observed in all cases where the local site symmetry constrains the EFG
tensor to be axial (i.e., MgI2, CaI2, CdI2 (4H), SrI2·6H2O) and in select cases when the EFG is
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not constrained to be axial (i.e., SrI2, site I(2), BaI2, site I(1)). On the basis of the very good
agreement between the experimental and computed values for CQ and ηQ, it can be stated that
relativistic effects on the Vɺɺ tensor appear to be minimal in these systems. Calculated δiso values
are typically overestimated relative to experiment (Figure 4.16c), but reproduce the observed
trend in δiso (i.e., δiso(CdI2 (4H)) >> δiso(MI2) > δiso(BaI2·2H2O) > δiso(SrI2·6H2O)).

Figure 4.16 Plots of GIPAW DFT computed versus experimental values for (a) CQ(127I); (b) for ηQ; (c)
for δiso. Experimental data are from Tables 4.1 to 4.4, while calculated data are from Tables 4.5 to 4.8.
All computed values are from PBE XC functional calculations. Solid lines are of best linear fit, while
dashed lines denote an ideal fit (i.e., y = x). The lines of best fit are as follows: (a) CQ(127I,calc) =
1.135(CQ(127I,exp)) – 3.127, R2 = 0.9755; (b) ηQ(calc) = 0.758(ηQ(exp)) + 0.016, R2 = 0.9457; (c) δiso(calc)
= 1.537(δiso(exp)) – 227.48, R2 = 0.9581.
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For the remaining parameters, experimental data exist for only three compounds; hence,
definitive conclusions cannot be made. The Vɺɺ and σɺɺ eigenvectors have been calculated and
are presented in their respective crystal frames in Figures B.10 to B.16 of Appendix B, while
normalized eigenvector components are in Table B.10 of Appendix B. As with the alkaline
earth metal bromides,54 the tensor eigenvectors often (but not in general) point towards a nearby
ion.

4.3.2.3 Understanding the Dramatically Different CQ(127I) Values
Values for MgI2 and CaI2

Here, the substantial difference in the observed CQ(127I) values for MgI2 and CaI2, two
compounds which were long considered to be isostructural, is rationalized. In 2003, it was
revealed that while both belong to the P 3 m1 space group and place the halide anions at 2d
Wyckoff sites (i.e., x/a = 0, y/b = 0, z/c = u, where u is variable), they possess slightly different u
values (u = 0.25 and 0.24237 for CaI2 and MgI2, respectively).45 As demonstrated above for
several isostructural compounds, if MgI2 and CaI2 were isostructural, they should possess similar
CQ(127I) values, likely scaled by the ratio of their unit cell volumes. As the halogen u value is the
only clear difference between these two structures, a quantum chemical study was undertaken
where the u value for each of MgI2 and CaI2 was incremented. A summary of the CQ(127I) and
system energy variation as a result of small displacements (i.e., ±0.07 Å) from the
crystallographic positions parallel to the c crystal axis (i.e., ∆c) is provided in Figure 4.17. It is
immediately clear that very subtle alterations in u result in a substantial augmentation of the
calculated CQ(127I) value for both compounds. For MgI2, the total variation in the calculated
CQ(127I) values is from 140 to 19.6 MHz (Figure 4.17a). Similar behaviour is seen for CaI2
(Figure 4.17b). In light of the sensitivity of CQ(127I) to structure, it is remarkable that the values
calculated for CaI2 and MgI2 using the known crystal structures agree nearly quantitatively with
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experiment.

It is clear that

127

I SSNMR observations, when coupled with GIPAW DFT

calculations, may be applied to further refine crystal structures of inorganic iodide-containing
materials, which echoes earlier findings for other nuclides.49,70 This may also explain why the
computed CQ(127I) values for the GIPAW DFT optimized BaI2·2H2O and SrI2·6H2O crystal
structures differ more from the observed values, relative to the cases where XRD or neutron
diffraction structures were available.

Figure 4.17 Plots of GIPAW DFT computed CQ(127I) (left vertical axis, —) and relative system energies
(right vertical axis, ■) as functions of the iodide c-axis displacement in (a) MgI2 and (b) CaI2. Relative
energies are such that the energy associated with the accepted crystal structure (Extal) = 0 kJ mol−1. The caxis displacements are such that the accepted crystal structure c displacement (∆cxtal) = 0.0 Å. All
calculations used Ecut = 800 eV, 9 × 9 × 6 k-points, and the PBE XC functional. The lines of best fit are
as follows: (a) CQ(127I) = −861.0(∆c) + 80.58, R2 = 0.9999; ∆E = 543.6(∆c)2 – 6.358(∆c) – 0.0005, R2 =
0.9998; (b) CQ(127I) = −421.9(∆c) + 41.51, R2 = 0.9988; ∆E = 407.7(∆c)2 – 21.08(∆c) – 0.0004, R2 =
0.9999. For each series, the data point corresponding to (∆cxtal, Extal) is in red.

4.4
4.4

Conclusions
Iodine-127 SSNMR has been established as a useful tool for probing the environment of

iodide ions in inorganic solids. The pronounced sensitivity of the
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to local symmetry elements and structure has been demonstrated and holds a potential
application in crystallographic structure refinement.

As ultrahigh magnetic fields become

increasingly accessible, it is clear that SSNMR experiments on ‘exotic’ quadrupolar nuclei like 127I
will be able to provide useful information regarding the structure and electronic environment
about iodide ions. It has been found that multiple field data acquisition can be used to aid in the
extraction of iodine CSA data; however, due to the extreme CT signal breadths in several of
these systems, one is not always able to perform the experiments at a lower field due to
sensitivity issues.
High-order quadrupole-induced effects have been observed using NMR spectroscopy in
tandem with exact QI simulation software. While for the systems considered in this Chapter,
these effects produced only minor changes in the observed SSNMR line shapes, the proper
consideration of these effects will be essential for the correct interpretation of SSNMR spectra
for a variety of quadrupolar nuclei which experience a large quadrupolar interaction (as will be
demonstrated in Chapter 5).
A number of pertinent trends have been observed. Using CQ values, halogen SSNMR
spectroscopy is shown to be useful in confirming isostructural series, and its predictive power in
this regard is illustrated using the SrX2·6H2O (X = Cl, Br, I) series. There is a clear trend in
decreasing halogen δiso values as the hydration level of the alkaline earth metal halide structure is
increased, which is primarily due to the increase in the r ( M − X ) value upon hydration. Finally,
quantum chemical computations which employ the GIPAW DFT method reproduce the iodine
Vɺɺ tensor parameters in these systems with a high degree of accuracy. These calculations also

provided reasonable estimates of iodine δiso values, although the computed values are generally
greater than those observed.
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While the prohibitively large EFGs associated with covalent halides are likely to preclude
their routine observation using SSNMR experiments, it is nevertheless exciting to ponder the
array of systems that halogen SSNMR experiments may be applied to when a halogen anion is
present. For example, halogen anions may be intercalated into mesoporous materials, and the
utility of 81Br SSNMR experiments at probing these environments has very recently appeared in
the literature.79 Perhaps the most interesting area of application for halogen NMR involves
anion receptors80 (whether biological,81 biomimetic,82 organic,83 etc.), where a number of weak
interactions, such as X−H (hydrogen bonding), X−X (halogen bonding) and X− π work
either individually or in tandem to stabilize the host anion(s). It will be interesting to see if
halogen SSNMR experiments can serve as useful probes of the weak interactions experienced in
these systems.

4.5
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Chapter Five
Definitive SolidSolid-State 127I and 185/187Re NMR Spectral Evidence for
and Analysis of the Origin of High
Highigh-Order QuadrupoleQuadrupole-Induced Effects
for I = 5/2
5.1

Introduction
Introduction
As noted earlier in this dissertation, the Q of a quadrupolar nucleus can couple with the

local EFG at the nucleus.1

The resulting QI provides information that can be used to

complement other SSNMR observables, such as δiso. Unfortunately, this QI may also drastically
broaden the SSNMR signal in powdered samples, sometimes to the extent that the experiment
becomes impractical. Despite this potential drawback, SSNMR experiments using quadrupolar
nuclei are valuable, as these nuclei can be found in many important areas of chemical research,
including biochemistry (e.g., 2H, 14N, 17O, 23Na, 25Mg, 43Ca, 67Zn), and materials science (e.g.,
6/7

Li, 11B, 17O, 27Al).2 A method for the precise determination of the QI is of critical importance

to correctly characterize a wide variety of systems using SSNMR spectroscopy. Until now, it
was most common to use second-order perturbation theory to model SSNMR line shapes. The
fashion in which first-order perturbation theory modifies the Zeeman eigenstates may be found
in Figure 2.10, while the resulting anisotropic CT line shape broadening associated with the
second-order QI is depicted in Figure 2.11.

Although second-order perturbation theory

modeling has been very successful to date, as the sensitivity of SSNMR experiments continues
to increase, experiments probing previously ‘inaccessible’ nuclei are becoming more common
and additional care needs to be taken when analyzing the SSNMR spectra of quadrupolar nuclei
that experience a very large QI.
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A brief overview of the importance of iodine and iodine-containing materials in
chemistry, as well as prior 127I SSNMR literature accounts, can be found in Chapter 4. Likewise,
several recent literature reviews on iodine SSNMR have been published.3-5 Rhenium, a group 7
transition metal, was first detected in 1925, occurs naturally within molybdenum sulfide ores in
the earth’s crust (~10−7 % abundance), and may exist in at least nine oxidation states (ranging
from −1 to +7).6,7 Compounds containing rhenium in a relatively reduced oxidation state, such
as Re(III), exhibit metal-metal bonding interactions: for example, K2Re2Cl8 is recognized as
containing the first example of a metal-metal quadruple bond.8 Rhenium metal possesses very
high thermal stability, and is present within the high-temperature alloys used to make jet engine
parts.7 In addition, rhenium-containing compounds have been used as catalysts in many types
of organic reactions.9-11 The nuclei of the two stable isotopes of rhenium (185Re/187Re) are
NMR-active, are present in high natural abundance (37.398(16) % and 62.602(16) % for
and

185

Re

187

Re, respectively),12 and are quadrupolar (I(185/187Re) = 5/2). In addition, they possess

relatively high magnetogyric ratios (γ(185Re) = 6.1057 × 107 rad s−1 T−1; γ(187Re) = 6.1682 × 107
rad s−1 T−1).13 Despite the potential wealth of diagnostic information that could be extracted
using

185/187

Re SSNMR experiments, very few literature reports exist, and they are nearly

exclusively restricted to compounds that exhibit very high symmetry,14-16 or are from
measurements carried out at liquid helium temperatures.17-19 The paucity of

185/187

Re SSNMR

studies may be attributed to the very large Q for both NMR-active nuclides (Q(185Re) = 2180(20)
mb; Q(187Re) = 2070(20) mb).20 In fact, the line width factor for 185Re is the highest of the stable
elements (1.5 × 104 relative to 1H).13 As such, even a very small EFG can result in a rhenium QI
that broadens the SSNMR powder pattern to the point that it is undetectable. As demonstrated
earlier in this dissertation, by performing the SSNMR experiments within as high a B0 as
possible, a partial remedy to this problem is found.
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Thankfully, as high magnetic fields (i.e., B0 > 18.8 T) are becoming increasingly available,
SSNMR experiments on previously inaccessible nuclei are now potentially feasible, but remain
technically challenging as they often require sensitivity-enhancing pulse sequences21,22 and/or
VOCS data acquisition.23-25 In Chapter 4, it was shown that rather subtle HOQIE are present in
the SSNMR spectra for

127

I at B0 = 11.75 T and 21.1 T for some alkaline earth metal iodides.26

In those cases, the observed HOQIE manifested as very slight non-uniform frequencydependent shifts in the

127

I SSNMR spectrum, and appeared to influence ones ability to

determine the value for δiso. While high-order (i.e., greater than second-order) perturbation
theory would have been useful for modeling these

127

I SSNMR line shapes, a simulation code

that included Zeeman and QI effects exactly,27,28 as well as 127I NQR experiments, were used to
precisely measure the EFG tensor magnitude, as well as the isotropic iodine chemical shift.
In order to more generally and completely understand the origin and ramifications of
HOQIE on SSNMR spectra for I = 5/2 nuclides, reported in this Chapter are

127

I

SSNMR/NQR spectra for SrI2, and 185/187Re SSNMR/NQR spectra for NH4ReO4 and NaReO4.
The motivation behind the choice of these systems is rather simple. According to quantum
chemical calculations presented earlier (see Table 4.5), the iodine QI for one of the two sites in
SrI2 should be the largest of the alkaline earth metal iodides. Hence, one must anticipate more
substantial HOQIE in the

127

I SSNMR spectrum of SrI2 when compared to the compounds

studied earlier. Likewise, prior

185/187

Re SSNMR measurements on NH4ReO4 and NaReO4

highlighted some of the largest QIs ever measured using NMR, although quantitative EFG
tensor information could not be extracted for NaReO4.25 Indeed, while repeating the prior
185/187

Re SSNMR measurements on NaReO4 at 11.75 T, unexpected and previously unobserved

fine structure was detected.

Using both second-order perturbation theory and exact QI

simulations, discussion is provided upon the origin of this fine structure, and some general
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guidelines are outlined that are applicable when modeling the SSNMR spectra for any I = 5/2
nucleus which experiences a large and axially symmetric QI.

5.2

Experimental
Experimental Details

5.2.1 Sample Preparation
SrI2 (≥ 99.99 %), NaReO4 (99.99 %), and NH4ReO4 (99.999 %) were purchased from
Sigma-Aldrich and received as powders. Sample purity was confirmed by the manufacturer (See
Appendix C, Section C.1.1). As SrI2 is hygroscopic and light sensitive, a sample of this material
was stored and prepared for use in minimal light conditions under dry Ar. Both Re-containing
compounds are stable under normal conditions, and hence did not require any special storage or
preparation considerations. Prior to experiments, all samples were gently powdered and tightly
packed into 3.2 or 4 mm o.d. Bruker MAS ZrO2 rotors.

5.2.2 SolidSolid-State 127I and 185/187Re NMR
Experimental data were primarily acquired at the National Ultrahigh-field NMR Facility
for Solids in Ottawa using a standard bore (54 mm) Bruker AVANCEII spectrometer operating
at B0 = 21.1 T (ν0(1H) = 900.08 MHz). Additional

185/187

Re SSNMR data were acquired at the

University of Ottawa using a wide bore (89 mm) Bruker AVANCE spectrometer operating at B0
= 11.75 T (ν0(1H) = 500.13 MHz). At 21.1 T,

127

I SSNMR experiments used either a 3.2 mm

Bruker HX MAS probe (ν0(127I) = 180.08 MHz) or a 4 mm Bruker HX MAS probe, while all
185/187

Re SSNMR experiments (ν0(185Re) = 202.738 MHz, and ν0(187Re) = 204.781 MHz) used a 4

mm Bruker HX MAS probe. At 11.75 T,

185/187

Re SSNMR experiments used a 4 mm Bruker

HXY MAS probe (ν0(185Re) = 112.652 MHz, and ν0(187Re) = 113.787 MHz).
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The

127

I SSNMR spectra were referenced to 0.1 mol/dm3 KI in D2O at 0 ppm29 using

solid NaI or KI as secondary standards (δiso(NaI(s)) = 226.71 ppm, δiso(KI(s)) = 192.62 ppm).5
Iodine π/2 pulse widths were established using the 127I SSNMR signals of powdered KI or NaI
under 10 kHz MAS. The 185/187Re SSNMR signals were referenced to a 0.1 mol/dm3 solution of
NaReO4 in D2O at 0.0 ppm. The 185/187Re pulse lengths used for experiments on NH4ReO4 were
established using the solution reference. All calibrated pulses include a scaling of the optimized
cubic solid/solution pulse by 1/[I + 1/2] = 1/3 to selectively excite the CT of the solid under
study. Due to the excessive width of the

185/187

Re SSNMR signals of NaReO4 (vide infra), the

high- and low-frequency pulse lengths were calibrated using the high- and low-frequency CT
and ST discontinuities of the actual sample. For further details on the frequency-dependence of
the pulse lengths used to acquire the 185/187Re SSNMR signals of NaReO4, see Appendix C, Table
C.1.
SSNMR signals were primarily acquired using either Solomon echo30-32 or Hahn echo33
pulse sequences. Typical parameters were as follows: π/2 = 1.0 to 1.7 µs (π = 2.0 to 3.4 µs);
spectral window = 2 MHz; τ1 = 13.2 to 30 µs; and 512 or 1 024 complex time-domain data
points were collected. For all experiments, between 4 000 and 17 500 transients were acquired
with a recycle delay of typically 90 to 100 ms (for

185/187

Re) and 0.25 s (for

127

I). For full

experimental details, see Appendix C, Table C.1. VOCS data acquisition methods23-25 were
always required to acquire the SSNMR signals presented in this Chapter. Offsets were typically
200 to 300 kHz for Solomon/Hahn echo experiments. Each processed sub-spectrum was
combined in the frequency-domain by co-addition to produce the total VOCS spectrum. In
order to rapidly acquire the

127

I SSNMR spectrum for site I(2) in SrI2, WURST echo

experiments34 were employed. The WURST echo used a 1 MHz sweep bandwidth via a 50 µs
WURST pulse shape,35,36 and the VOCS method offset was optimized to 848 kHz (limited by
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the probe bandwidth). Due to the temperature dependence of the

185/187

Re QI for the Re-

containing compounds, all 185/187Re SSNMR experiments were performed at T = 291.8(0.2) K, as
monitored via a Bruker ‘type-T’ thermocouple and regulated using a standard Bruker variable
temperature unit.

5.2.3 SolidSolid-State 127I and 185/187Re NQR
All NQR experiments were carried out at the University of Ottawa using the AVANCE
spectrometer outlined above. All NQR experiments used either a 4 mm Bruker HX or a 4 mm
HXY MAS probe, and all 185/187Re spectra were acquired using the Hahn echo pulse sequence at
T = 291.8(0.2) K. Non-optimized, short (≤ 2 µs), high-powered pulses were used as the RF was
varied until a particular resonance was detected. The offset used while searching for NQR
signals was 200 kHz. For further details, see Appendix C, Table C.1.

5.2.4 Details Pertaining to the Generation of Figure 5.1
5.11
To generate Figure 5.11, additional line shape broadening effects, such as rhenium CSA,
dipole-dipole, J, etc., were not included. In addition, only the case where I = 5/2 and ηQ = 0 is
considered. Under these assumptions, a model which includes the QI exactly will give the
correct results for the parameters δiso and CQ, while second-order perturbation theory will
produce values that are somewhat in error. It is noted that only the relative value between ν0
and νQ are important, and only the CT frequencies are considered. For an axial EFG, the highfrequency CT discontinuity corresponds to a crystallite orientation such that V33 is perpendicular
to B0, and the low-frequency CT discontinuity corresponds to a crystallite such that V33 makes
an angle of ca. 41.81° (i.e., the solution to cos(θ) = 51/2/3) with respect to B0.37 The central (i.e.,
‘step’) discontinuity corresponds to a crystallite where V33 is parallel to B0 and hence its position
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is unaffected by the QI. Under the current conditions, one needs only to calculate the transition
frequencies at these three ‘critical’ orientations. These critical orientation CT frequencies may
be simply calculated under second-order perturbation theory for I = 5/2 and ηQ = 0:38

νCT, high

νCT, low

= ν0

= ν0

−

+

(ν )
Q

2ν0

(8 / 9)

2

,

(ν )
Q

ν0

(5.1)
2

,

(5.2)

where (5.1) specifies the position of the high-frequency CT discontinuity ( νCT, high ) and (5.2)
specifies the position of the low-frequency CT discontinuity ( νCT, low ). Recall that the step
discontinuity position is unaffected by the QI.
For the exact QI simulations, while it remains true that the high-frequency CT
discontinuity corresponds to the case where V33 is perpendicular to B0, and that the step
discontinuity corresponds to the crystallite where V33 is parallel to B0, the crystallite orientation
corresponding to the low-frequency CT discontinuity will vary as a function of ν0/νQ. For large
ν0/νQ values (i.e., strong Zeeman interaction), it is such that the angle roughly corresponds to
41.81°, but as the ν0/νQ value decreases, the V33/B0 angle will change such that its value is
reduced. A plot of this dependence is shown in Appendix C, Figure C.1. In any event, three
critical points also exist for the exact QI simulations of the CT. The CT frequencies were
calculated at these critical orientations using both the exact and second-order perturbation
theory models assuming a variety of ν0/νQ values.
Once the transition frequencies at these critical points are known, the CQ and δiso values
may be determined from second-order perturbation theory line shape models in a relatively
straightforward fashion: νQ is related to the spread in frequency between the high- and low-
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frequency CT discontinuities (∆νCT) using the following equation (i.e., by taking the difference
between (5.1) and (5.2)):

∆νCT = νCT, high

− νCT, low =

( 25 / 18 )

(ν )
Q

ν0

2

.

(5.3)

After the application of (5.3), CQ can be determined as CQ = 20νQ/3 under the conditions
considered here.
In general, it is observed that for a given CQ value, second-order perturbation theory will
give a line width that exceeds the true value. Hence, to fit the data using second-order
perturbation theory would require the apparent CQ value to underestimate the real value. The
amount by which an apparent CQ value deviated from the true CQ value (i.e., from exact QI
theory) was used to calculate the percentage errors in Figure 5.11a. After adjusting the width of
the line shape due to the error in CQ, the line shape generated using second-order perturbation
theory will still be shifted in the positive frequency direction. The correction required to match
the frequencies of the high- and low-frequency CT discontinuities is related to the error in the
extracted δiso value (Figure 5.11b). To determine the apparent δiso value using second-order
perturbation theory, a simple frequency shift is applied (always in the negative direction).
Hence, the chemical shift arrived at using second-order perturbation theory will always be
negative relative to the true value. After these two corrections are implemented, the secondorder perturbation theory and exact theory simulations will have high- and low-frequency CT
discontinuities that match. As a result of this procedure, it must be noted that the step
discontinuity will not match between the second-order and exact theory models. Indeed, there
exists no meaningful case where all three discontinuities would exactly match between the
second-order perturbation theory and exact theory simulations.

Selected data from these

calculations can also be found in Appendix C, Table C.2.
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5.3

Results and Discussion

5.3.1 IodineIodine-127 and RheniumRhenium-185/187 SSNMR Experiments
5.3.1.1
5.3.1.1 SrI2: Moderate HOQIE Manifest as NonNon-Uniform, FrequencyFrequency-Dependent
Dependent Shifts
Due to the very large

127

I QIs observed in SrI2 (Figures 5.1 and 5.2),

experiments were performed at B0 = 21.1 T only. The extracted

127

I SSNMR

127

I SSNMR parameters were

presented in Tables 4.1 and 4.2. The SrI2 crystal structure belongs to the Pbca space group.39
There are two inequivalent I sites, labeled as I(1) and I(2) (Figure 5.3), which are present in equal
proportions in the lattice. The primary differences between the two I sites are the number and
geometric arrangement of the Sr2+ about each unique iodide: I(1) is coordinated by four Sr2+,
forming a distorted tetrahedron, while I(2) is coordinated by three Sr2+ in a distorted trigonal
planar fashion. Symmetry elements do not pass through either I site; hence, both possess 1
symmetry and the σɺɺ / Vɺɺ parameters are not restricted to particular values based upon the lattice.

Figure 5.1 Best-fit analytical simulation (a), and experimental static VOCS Solomon echo (b)

127I

CT

SSNMR spectrum of site I(1) in powdered SrI2 acquired at B0 = 21.1 T. † = Signal due primarily to the
partially excited CT of site I(2).
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Figure 5.2 Analytical simulation (a), best-fit exact simulation (b), and experimental static VOCS WURST
echo (c)

127I

SSNMR spectrum of powdered SrI2 acquired at B0 = 21.1 T. In (d), the two I sites are

deconvoluted (I(1) = long dash; I(2) = short dash). ST inclusion from I(1) is essential to reproduce the
total spectrum. Experimental 127I NQR spectra of site I(2) in SrI2 are in (e) (m = ±1/2 ↔ ±3/2) and (f)
(m = ±3/2 ↔ ±5/2), and the 127I NQR transition frequencies (in MHz) are listed above (e) and (f).

Figure 5.3 POV-ray rendering of the SrI2 unit cell. For the unique I, solid lines connect heteroatoms
within the sum of the Sr and I vdW radii (i.e., rSr-I < 4.47 Å). For each I site, numerous additional
homoatomic contacts exist within the iodide first coordination sphere.
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Data acquisition and analysis were carried out using conventional methods for the I(1)
site; however, data collection and line shape analysis for the I(2) site required more care. For
I(1), VOCS Solomon echo experiments and analytical line shape simulations (Figure 5.1) of the
127

I SSNMR signal establish a substantial (CQ(127I) = 105.2(0.7) MHz), non-axial (ηQ =

0.467(0.012)) QI. The measured δiso value of 880(70) ppm lies between CaI2 and MgI2; hence,
the measured iodine δiso values should not be used as direct probes of the number of
heteroatomic contacts in the I first coordination sphere. For I(2), although WURST pulses were
used to uniformly excite broad regions of each sub-spectrum, moderate line shape distortions
(Figure 5.2c) were still observed, and are attributed to the finite bandwidth of the NMR probe.
According to a recent survey of the literature, this appears to be the first time that the WURST
echo pulse sequence has been used in tandem with VOCS data acquisition, although VOCS
WURST-QCPMG experiments have been reported.40 The total spectrum depicted in Figure
5.2c was acquired in 5 h; hence, the choice of acquisition parameters reflects a balance between
uniform line shape excitation and efficient data acquisition.
For the I(2) site in SrI2, it was also realized that the available analytical line shape fitting
software41 may not be able to accurately extract Vɺɺ and δɺɺ tensor parameters. This analytical
simulation software assumes the data are collected under high-field conditions (typically taken to
be satisfied if ν0 > 10νQ) and includes the QI as perturbations to the Zeeman states to secondorder. Using simulation software that exactly combines the Zeeman and QI states (provided by
Prof. A. D. Bain, McMaster University), it is suggested that as a rule of thumb for I = 5/2, the
high-field approximation is valid for the extraction of Vɺɺ parameters if ν0/νQ > 5 (Figure 5.4).4
Analytical line shape fits to the observed 127I SSNMR signal for the I(2) site produce the
following parameters: CQ(127I) = 213(1) MHz; ηQ = 0.32(1); δ = 300(150) ppm. As might be
expected, the origin of this ‘shift’ is not specified, but it is not a pure chemical shift (vide infra).
Chapter Five – Analysis and Origin of HOQIE for I = 5/2

- 146 -

To determine if the high-field approximation is valid for the I(2) site in SrI2 at B0 = 21.1 T, ν0/νQ
must be determined. As

127

I NQR experiments can be used to independently and precisely

measure νQ, they were performed on powdered SrI2. The expected two signals for site I(2) were
observed at 35.415 (m = ±1/2 ↔ 3/2) and 62.980 (m = ±3/2 ↔ ±5/2) MHz (Figures 5.2e and
5.2f). These

127

I NQR transition frequencies establish that CQ(127I) = 214.0(0.1) MHz and ηQ =

0.316(0.002).42 It is important to note that these values are in quantitative agreement (i.e., within
experimental error) with the Vɺɺ tensor parameters extracted from the

127

I SSNMR data by way

of analytical simulations, despite the low ν0/νQ ratio (i.e., ν0 < 10νQ).

Figure 5.4 Comparison between analytical second-order perturbation theory (solid black line) and exact
theory (red squares) approaches for the calculation of the CT resonance frequency (left vertical axis)
corresponding to a fictitious single crystal sample, as V33 is rotated about an axis perpendicular to B0.
The angle between V33 and B0 is represented by θ. The blue diamonds correspond to the difference
(right vertical axis) between the perturbation theory and exact theory values for a particular crystal
orientation. The case considered here is as follows: I = 5/2, CQ = 150 MHz, ν0 = 100.8 MHz, and is
intended to model somewhat typical QI parameters for ionic

127I.

As well, ηQ = 0 and CS effects are

neglected. In this regime, it is believed that the error between the two models is similar to the associated
measurement errors; hence, any stronger QI at this applied field should lead to detectable HOQIE.

Chapter Five – Analysis and Origin of HOQIE for I = 5/2

- 147 -

Using the above Vɺɺ tensor parameters determined from NQR experiments and (3.1), it
is rather easily determined that νQ = 32.6 MHz and hence ν0/νQ ≈ 5.5. This is near the estimate
of where the high-field approximation should no longer be valid, as outlined in Figure 5.4.
Using the Vɺɺ tensor parameters determined from

127

I NQR experiments, a simulation using the

exact QI software was generated. After adding a chemical shift (δiso = 720(150) ppm) to this
simulated spectrum (Figure 5.2b), the agreement between it and the experimental spectrum is
excellent. The

127

I SSNMR signal associated with the I(2) site in SrI2 has thus provided a strict

test of the earlier assertion that ν0/νQ needs only to be greater than 5 for the high-field
approximation to be valid, at least for the determination of CQ and ηQ for I = 5/2 nuclei.
However, considering the large difference in the ‘shifts’ obtained for the I(2) site in SrI2
(i.e., second-order perturbation theory gives an apparent shift of 300(150) ppm, while exact
theory gives 720(150) ppm), it is clear that the extraction of a chemical shift in this regime is not
possible using second-order perturbation theory. Using the

I Vɺɺ tensor parameters which

127

127

were determined from

I NQR experiments and neglecting chemical shift effects, the line

shape generated using second-order perturbation theory is compared with one from an exact
calculation (solid red and blue traces, respectively, in Figure 5.5). While the pattern widths and
shapes are approximately identical, it is particularly interesting to note that they are offset slightly
in the frequency domain (Figure 5.6). Importantly, all of the horn and edge discontinuities of
the exact QI simulation lie to lower frequency, relative to these same points generated using
second-order perturbation theory. Only the central step discontinuity lacks this effect (Figure
5.6iii, red and blue traces) as it corresponds to crystallites where V33 and B0 are collinear (i.e., θ =
0°) and thus it is necessarily not affected by angular QI terms (see also Figure 5.4):43
2

2
CT, axial

ν

1  3C Q 
2
2
= −

 (1 − cos θ )( 9cos θ − 1) ,
2ν0  20 
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2
where νCT,
axial is the frequency shift of the CT Zeeman eigenstates under second-order

perturbation theory. Note that in (5.4) it has been assumed that I = 5/2 and ηQ = 0.

Figure 5.5 Comparison of

127I

SSNMR powder patterns generated using second-order perturbation

theory (red and black traces) with one calculated using exact theory (blue trace). All were generated using
the Vɺɺ parameters obtained independently from 127I NQR experiments (i.e., CQ = 214 MHz; ηQ = 0.316);
however, CS effects are ignored in the red/blue traces. Iodine CSA is included in the black trace
simulation using the GIPAW DFT computed parameters in Table 4.6 (PBE method). Relative to the
second-order perturbation theory simulation, the exact simulation is nonuniformly shifted to lower
frequency. The origin of this difference is attributed to frequency-dependent HOQIE, as outlined in the
main text. Low-frequency discontinuities (‡) are from the ST, and highlight the drastic difference in the
computed position of one of the ST discontinuities, which are affected by third-order QIE.

To explain further, note that for quadrupolar nuclei with an appreciable CQ, there is a
well-known measurable shift in the SSNMR signal to lower frequency, which is known as the
second-order quadrupole-induced shift (QIS). The second-order QIS for the CT of a spin-5/2
2
nucleus ( δ QIS
, in ppm) is quantified using the following equation:44
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2

δ

2
QIS

ηQ2 
3  CQ  
6
1
+
= −
 ×10 .

 
500  ν0  
3 

(5.5)

For modest CQ values, the chemical shift of the CT is adequately represented as:
2
δ iso = δcg − δQIS
, where δcg is the measured position of the CT centre of gravity. While third-

order effects on the CT spectra for half-integer quadrupolar nuclei are zero,45 they are nonzero
for the ST and contribute to the observed line shapes in 2D experiments which involve the ST.46
Fourth-order (and greater even-ordered) effects on the CT have not been quantified (they are
thought to be nonzero); however, methods which incorporate the QI exactly are known.27,47-49

Figure 5.6 Horizontal expansions of the regions in Figure 5.5, as denoted by the dashed boxes. These
illustrate that the incorporation of a large iodine CSA (i.e., Ω = 460 ppm) generally influences the
positions of the critical discontinuities to a lesser extent than the HOQIE in this case. The notable
exception is the discontinuity in (ii), where the CSA effects are comparable to HOQIE. In (iii), the
discontinuity is minimally affected by QIE, as described by (5.4) and in the main text.
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Returning to Figures 5.5 and 5.6, the differences in the positions of the discontinuities
between the two simulated spectra can be attributed to HOQIE. Due to the dependence of
these effects upon the crystallite orientation in a powder (i.e., the angle between V33 and B0 for
each crystallite), one is not able to assign a single value to describe this effect for the total line
shape. What is clear, however, is that in this regime there are differences between the calculated
positions of the discontinuities in the frequency domain (Figure 5.6) and that second-order
perturbation theory consistently predicts the frequencies of these discontinuities to be too high,
relative to the exact theory simulations. Hence, one cannot use second-order perturbation
theory to obtain an accurate measure of the chemical shift in this ν0/νQ regime due to these
frequency-dependent shifts. It is also expected that as the ν0/νQ ratio decreases (i.e., ν0/νQ < 5
for I = 5/2), the ability to reliably extract Vɺɺ tensor parameters using second-order perturbation
theory will also diminish (this scenario will be addressed as part of the discussion provided in
Section 5.3.1.2). It is precisely because this is a borderline case that there exists the ability to
properly extract CQ and ηQ using the second-order simulation (within experimental error).
In addition, an example is provided of what impact typical CSA effects would have on
the line shape (black traces in Figures 5.5 and 5.6).

Although it was not possible to

experimentally measure iodine CSA in SrI2, in the black simulated spectrum the σɺɺ values were
set equal to the computed values which were presented in Table 4.6 (PBE method). Clearly, for
the edge discontinuities, inclusion of even Ω = 460 ppm leads to minimal differences as
compared to simulations which do not include CSA (i.e., contrast the black and red traces in
Figure 5.6). Only the high-frequency horn discontinuity (Figure 5.6ii) appears to be appreciably
influenced by including iodine CSA, but this lies within the measurement errors for the ca. 56
000 ppm (∆νNMR ~10 MHz) broad line width for the I(2) site in SrI2. It has been additionally
verified that HOQIE for the 127I SSNMR signal of I(1) in SrI2 are below the measurement errors
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(Appendix C, Figure C.2). This is expected, as the fourth-order term (i.e., the leading nonzero
term not included in second-order perturbation theory) that would influence the CT should
possess roughly a ( C Q4 / ν03 ) dependence.

5.3.1.
.3.1.2
1.2 NaReO4: NeverNever-Before Observed NMR Spectral Fine Structure
Under ambient conditions, this material crystallizes in the scheelite-type tetragonal
structure class (space group, I41/a).50 The oxygen atoms in the ReO4− cluster arrange themselves
in a distorted tetrahedral fashion about the central Re: there are four equivalent Re-O bond
distances (rRe–O = 1.728 Å); however, the O-Re-O bond angles range from 108.5° to 111.4°.51
As the structure is not perfectly tetrahedral, the expected EFG at the Re nucleus is nonzero.
Indeed, prior

185/187

Re NQR measurements on this system highlight a substantial, axially

symmetric (i.e., ηQ = 0) and temperature-dependent rhenium QI.52,53 Previous 185/187Re SSNMR
measurements are consistent with a large rhenium QI, but were not used to precisely determine
the rhenium EFG/CS tensor magnitudes (estimated values: CQ(185Re) ~ 278 MHz and CQ(187Re)
~ 268 MHz).25 Prior rhenium NQR data collected at T = 296 K found that νQ(185Re) =
44.997(0.005) (CQ(185Re) = 299.98(0.04) MHz) and νQ(187Re) = 42.606(0.005) MHz (CQ(187Re) =
284.04(0.04) MHz) for NaReO4 (see the footnotes to Table 5.1 for the definition of νQ used
here).54 It is clear that there exists a large discrepancy between the previously reported NQR
and SSNMR results for the rhenium QI of NaReO4. This compound was chosen for study in
order to investigate the possible impact of HOQIE in the

185/187

Re SSNMR spectra and to

potentially observe rhenium CS effects.
Rhenium-185/187 NQR experiments were performed (Appendix C, Figure C.3) and the
resulting transition frequencies (Table 5.1) clearly confirm that ηQ(185/187Re) = 0. As the ratio
between the m = ±3/2 ↔ ±5/2 and m = ±1/2 ↔ ±3/2 transition frequencies (|∆m| = 1) is
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exactly 2 within experimental error, it is concluded that there is no evidence of a nuclear electric
hexadecapole interaction (HDI).55 Briefly, the HDI is the electric 16th-pole interaction that is
supposed to exist between the nuclear electric hexadecapole moment for a given nucleus and the
second derivative of the EFG at the nucleus. The HDI is theoretically nonzero for any I > 3/2,
although according to current literature accounts, its effect has been too subtle to be
convincingly measured using NMR methods, even after careful experimental design.56,57 There
does however appear to be evidence of the HDI in the high inertia rotational bands of certain
molecules, as observed via high-resolution gas-phase spectroscopy.58,59 As a general rule of
thumb, the strength of a given HDI is about six orders of magnitude less than the analogous
QI.55

Using the newly-measured NQR data, it is therefore established that CQ(185Re) =

300.68(0.02) MHz and CQ(187Re) = 284.54(0.02) MHz at 291.8 K. The slight discrepancy
between the current CQ(185/187Re) values and those measured earlier can be fully attributed to the
difference in the respective measurement temperatures.60

Table 5.1 Experimental 185/187Re EFG tensor parameters and δiso values for rhenium-containing
systemsa
compound

νQ1/νQ2(185Re) /
MHz

νQ1/νQ2(187Re)
/ MHz

|CQ(185Re)|
/ MHz

|CQ(187Re)|
/ MHz

ηQ

δiso /
ppm

NaReO4

45.102(6)/90.204(9)

42.681(5)/85.362(8)

300.68(2)

284.54(2)

<0.003

70(40)

NH4ReO4

―/35.068(10)

―/33.186(8)

116.90(4)

110.62(3)

<0.003

0(40)

a

All values are extracted via the exact modeling of the QI. Error bounds are in parentheses. When I = 5/2 and ηQ
= 0, νQ1 = νQ = 3CQ/20 and νQ2 = 2νQ = 3CQ/10. All measurements were carried out at T = 291.8(2) K. EFG
tensor parameters established using NQR data were determined using the procedure outlined by Semin.42 While CQ
may take any real value, |CQ| is measured using conventional NQR/SSNMR experiments. On the basis of the
data presented, it is found that the maximum possible value for the 185Re nuclear electric HDI in NaReO4 is ca. 750
Hz.55 Rhenium chemical shifts are reported relative to 0.1 mol/dm3 NaReO4 in D2O (δiso(185/187Re) = 0 ppm).

To measure the rhenium EFG and CS tensors for this sample using SSNMR,

185/187

Re

SSNMR experiments were carried out on powdered NaReO4 at B0 = 11.75 and 21.1 T (Figures
5.7 and 5.8). In the present study, the

185/187

Re SSNMR signals from each NMR-active nuclide
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typically overlap one another due to their similar Larmor frequencies. After careful line shape
analysis using exact QI simulation software27 (it is noted again that other exact QI models exist4749,61

), quantitative agreement between the rhenium EFG tensor parameters determined using

185/187

Re NQR and SSNMR measurements was established. In addition, it was possible to

measure for the first time an isotropic rhenium CS in a solid sample (δiso = 70(40) ppm relative
to 0.1 mol/dm3 NaReO4 in D2O).

This opens up the possibility that

185/187

Re SSNMR

experiments could be used to report on the local rhenium bonding environment or the
oxidation state (under favourable conditions) in solid samples. Selected aspects of the current
progress on assessing rhenium oxidation states via rhenium SSNMR chemical shifts will be
briefly outlined as part of the topics covered in Chapter 9. Indeed, the sparse solution

185/187

Re

NMR literature data highlight a chemical shift range of ~6 800 ppm.62,63 Unfortunately, it was
not possible to measure rhenium CSA for this sample.
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Figure 5.8 Analytical simulation (a), best-fit exact simulation (b), and experimental static VOCS
Solomon echo (c) 185/187Re SSNMR spectrum of powdered NaReO4 acquired at B0 = 21.1 T (ν0(187Re) =
204.781 MHz; ν0(185Re) = 202.738 MHz) and T = 291.8 K. Below (c), the exact simulation signals
associated with each of 185Re and 187Re are deconvoluted: the dotted green trace is 187Re, while the dotted
brown trace is

185Re.

Low-frequency splittings are not observed (as were seen in Figure 5.7); however,

the expected positions of the discontinuities in the analytical simulation are subject to a nonuniform,
frequency-dependent shift, which is evidence of HOQIE. All simulations used identical EFG tensor
parameters, which were also measured independently via

185/187Re

NQR experiments. The inset (top,

middle) corresponds to the region within the dashed box, and is meant to highlight the significant
difference between the exact and second-order perturbation theory models.

For the inset, the

deconvolution traces have been omitted to enhance clarity.

After inspection of Figures 5.7 and 5.8, it is immediately clear that the predominantly CT
line shapes at both applied fields are very broad (~16 and 25 MHz for the spectra acquired at B0
= 21.1 and 11.75 T, respectively). The most striking aspect of the spectrum at 11.75 T is the
presence of unexpected high-intensity discontinuities (i.e., not predicted using second-order
perturbation theory, see Figure 5.7f). It is intriguing that these extra discontinuities do not
appear in the 185/187Re SSNMR spectrum acquired at 21.1 T. This B0-dependent system response
is consistent with the expected behaviour of a second-order (or greater) QIE, and can be fully
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attributed to HOQIE (vide infra). While it is perhaps clear that up to two additional lowfrequency discontinuities could be due to the inner (m = 1/2 ↔ 3/2, assuming CQ(185/187Re) > 0)
ST (one from each of

185

Re and

187

Re), second-order perturbation theory still fails rather

spectacularly when one applies the correct

187

Re EFG tensor parameters (as from NQR and

exact line shape simulations) and includes the ST within the model (Figure 5.7a and 5.7d). The
high-frequency

187

Re CT discontinuity position is overestimated by ~1 MHz, as are both the

position of the corresponding low-frequency CT discontinuity and that of the m = 1/2 ↔ 3/2
ST. Line shape modeling using exact QI software leads to both the correct number and
frequency positions for all eight observed discontinuities for NaReO4 using the parameters in
Table 5.1. Most importantly, the exact QI model predicts the experimentally observed fine
structure in the low-frequency spectral region for both

185

Re and

187

Re (Figure 5.7e). These

additional features are field-dependent, are attributed to the m = 1/2 ↔ 3/2 ST (vide infra), and
do not interfere with the 185/187Re CT SSNMR spectra at 21.1 T (Figure 5.8).
Although second-order perturbation theory does not predict the correct placement of
the 185/187Re CT discontinuities for NaReO4, even at 21.1 T (Figure 5.8a), this model predicts the
correct number of discontinuities at the higher applied field. At 21.1 T, the additional fine
structure observed at 11.75 T is not present and it appears that HOQIE manifest as a nonuniform frequency-dependent shift in the positions of the discontinuities (with a notable bias
towards a negative-frequency shift; the effective parameters determined using second-order
perturbation theory are summarized in Appendix C, Table C.3). It is therefore clear that the
unusual B0-dependent behavior is due to HOQIE, and that the fine structure observed at 11.75
T must be due to a third-order QIE on the ST and/or a fourth-order QIE on the CT and ST (as
third-order effects on the CT are known to be zero).45 Beyond fourth-order effects are also
potentially significant, but are expected to be much smaller than the leading-order contributions.
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It is possible that fourth-order perturbation theory would be able to produce accurate line shape
models in the regime where the value of νQ becomes somewhat comparable to ν0. Overall, it is
seen that second-order perturbation theory cannot lead to the correct values for either δiso or
CQ(185/187Re) under these conditions, and in fact both quantities will be underestimated relative to
their true values (vide infra).

5.3.1.
5.3.1.3
1.3 NH4ReO4: Large QI, But Still Within the HighHigh-Field Approximation
As with NaReO4, NH4ReO4 has the tetragonal scheelite-type structure (space group,
I41/a).65 Due to the anomalous dependence of its

185/187

Re NQR transition frequencies with

respect to temperature and pressure, NH4ReO4 has been featured in numerous rhenium NQR
studies52,66-71 and one rhenium SSNMR25 account. All prior reports suggest a large and axially
symmetric rhenium QI. Relative to NaReO4, the [ReO4]− cluster in NH4ReO4 is significantly
less distorted from tetrahedral: there are four equivalent Re–O bond distances (rRe-O = 1.734 Å)
and the unique O-Re-O bond angles are 108.8 and 110.8°. Based upon this information, one
would expect the rhenium QI in NH4ReO4 to be reduced relative to that of NaReO4 and indeed
this is the case (vide infra). This compound has been chosen for study to establish potential
HOQIE in the SSNMR spectra for the case of a very significant, yet relatively more modest
rhenium QI, and to observe chemical shift effects.
To provide a second independent measure of the

185/187

Re EFG tensor parameters in

NH4ReO4, rhenium NQR experiments were performed (see Appendix C, Figure C.4) and the
measured NQR transition frequencies are summarized in Table 5.1. Using the rhenium NQR
data in tandem with multiple field

185/187

Re SSNMR measurements (Figure 5.9) (SSNMR data

analyzed using exact QI line shape modeling), it is observed that CQ(185Re) = 116.90(4) MHz,
CQ(187Re) = 110.62(3) MHz, and ηQ(185/187Re) = 0 at T = 291.8 K for this sample. After adjusting
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for the well-known temperature dependence of the rhenium QI in NH4ReO4, these
measurements are fully consistent with prior NQR findings. Unlike the 185/187Re SSNMR spectra
of NaReO4 recorded at 11.75 T, there is no evidence of unexpected additional fine structure in
the 185/187Re CT SSNMR spectrum of NH4ReO4.

Figure 5.9 Best-fit exact simulations (a, c), experimental static VOCS Hahn echo (b), and static VOCS
Solomon echo (d) 185/187Re SSNMR spectra of powdered NH4ReO4 acquired at (b) B0 = 11.75 T and (d)
B0 = 21.1 T. Below (b) and (d), the exact simulation signals associated with each of 185Re (dotted brown
traces) and

187Re

(dotted green traces) are deconvoluted. All experiments were performed at T = 291.8

K.

Using exact QI simulation software, it was possible to measure the isotropic rhenium
chemical shift for this sample as 0(40) ppm. At the lower applied field, the extracted isotropic

Chapter Five – Analysis and Origin of HOQIE for I = 5/2

- 159 -

chemical shifts using second-order perturbation theory and exact theory do not agree with one
another. As was the case with the

127

I SSNMR data presented in Section 5.3.1.1, and with the

185/187

Re SSNMR spectral simulations of NaReO4 at 21.1 T, the second-order simulation

produces a chemical shift that is smaller than the true value (for the values extracted using
second-order perturbation theory, see Appendix C, Table C.3). Unlike the rhenium SSNMR line
shape simulations for NaReO4, however, the rhenium EFG tensor parameters extracted for
NH4ReO4 using both second-order perturbation theory and exact theory match, within
experimental error, when modeling the spectrum acquired at 11.75 T. At 21.1 T, quantitative
agreement is found between second-order and exact theory for all the reported parameters in
Table 5.1. Hence, there is no evidence of HOQIE in the spectra for NH4ReO4 at 21.1 T and
second-order perturbation theory is sufficient to model this SSNMR line shape.

The

quantitative agreement for this final case is sensible, as at 21.1 T, the ratio between ν0 and νQ for
NH4ReO4 exceeds 10 to 1, which is a regime where HOQIE are not expected to be significant
(i.e., the high-field approximation is valid).
As the two CT

185/187

Re SSNMR signals for NH4ReO4 are separated at 21.1 T (Figure

5.9d), and as the central step discontinuity is clearly defined for both isotopes, attempts were
made to include rhenium CSA in the line shape models for this sample. Unfortunately, the
rhenium CS tensor span was too small to be measured and it is noted that the span must be less
than ca. 80 ppm for this to be the case. A small tensor span is consistent with the nearly
tetrahedral local symmetry about the rhenium atoms.

5.3.2 Fine Structure Origins in the 185/187Re SSNMR Spectrum of NaReO4 at 11.75 T
At this point, it is clear that the fashion in which HOQIE will manifest in an SSNMR
spectrum will depend upon the v0/vQ ratio. While it appears as though the onset of these effects
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leads to a non-uniform frequency-dependent shift in the resulting SSNMR powder pattern, the
185/187

Re SSNMR spectrum of NaReO4 acquired at 11.75 T presents previously unobserved fine

structure. This fine structure was attributed to HOQIE and at this point its origin is briefly
outlined. Discussions are also presently provided upon the v0/vQ regime where HOQIE may
manifest in an SSNMR spectrum where I = 5/2 and ηQ = 0.
In Figure 5.10, line shape simulations are presented which were generated using an exact
treatment of the QI. The regime examined included all of the v0/vQ ratio values from 4.0 to 2.0
in steps of −0.2. As comments upon the origin of the fine structure will be provided for this
particular case, the value for ν0 has been set to 113.787 MHz (i.e., the value of the NMR
resonance condition for the

187

Re solution standard at 11.75 T). At v0/vQ = 4, it is noted that

the inner ST discontinuity (i.e., m = 1/2 ↔ 3/2) is expected to have a relatively high intensity,
and there is no additional fine structure. However, as the v0/vQ value is further decreased, this
inner low-frequency ST splits into two discontinuities. Eventually, the discontinuities shift to
such an extent that they will both occur within the spectral region which is normally (using
second-order perturbation theory) attributed to the CT. For the experimental case of

185/187

Re

SSNMR of NaReO4 at 11.75 T, the v0/vQ value is roughly 2.6:1, which closely resembles the
ratio used to generate the trace indicated using a dagger in Figure 5.10. Hence, it is concluded
that the experimentally observed fine structure is due to a high-order splitting in the m = 1/2 ↔
3/2 ST for each of the

185

Re and

187

Re nuclides. One can expect this type of fine structure to

exist (although it will not likely interfere with the CT signal until v0/vQ < 3) once v0/vQ becomes
less than 4. This effect on the ST appears to be similar in nature to the splittings observed in
certain STMAS experiments, which were attributed to a third-order QI effect.72 Fine structure
due to third-order QI effects is also predicted to arise in 14N (I = 1) MAS spectra when the value
of CQ becomes large, although it appears that this has not been experimentally validated.73
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Figure 5.10 Exact simulations of the low-frequency spectral region (part of the CT and m = 1/2 ↔ 3/2
satellite transition discontinuities only), which highlight the onset and origin of the HOQIE fine structure
for NaReO4. For this figure, the 187Re nucleus at 11.75 T has been assumed; hence ν0 = 113.787 MHz.
By adjusting νQ, the ν0/νQ ratio is varied from 4.0 (top trace) to 2.0 (bottom trace) in steps of −0.2. The
dashed line trace clarifies the evolution of the low-frequency CT discontinuity as a function of ν0/νQ.
The spectrum corresponding closely to the best-fit spectrum in Figure 5.7 is demarked with a dagger
above it.

5.3.3 General Guidelines for NMR Spectral Analysis When An
An I = 5/2 Nucleus
Experiences a Very Large,
Large, Axial, QI
It is well known that second-order perturbation theory is a valid method to model many
SSNMR line shapes associated with half-integer quadrupolar nuclei; however, care must be
taken to ensure that the high-field condition is satisfied (often taken as ν0 > 10νQ). For a large
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enough QI (i.e., ν0 < 4νQ), it was established above, using experiment and theory, that additional
fine structure is present in the SSNMR spectrum.

Under these conditions, second-order

perturbation theory does not even predict the correct number of discontinuities, and it is not
meaningful to quantify the differences in the extracted NMR parameters between perturbation
theory and exact theory. Between these two cases, however, there exists a region where the
high-field approximation is not clearly valid, but the additional fine structure is not observable.
Here, comments are provided upon the errors in the SSNMR parameters extracted (namely CQ
and δiso) in this intermediate regime when using second-order perturbation theory as compared
to exact theory. Methodology details for this section can be found in Section 5.2.4.

Figure 5.11 Illustrations of the errors associated with using second-order perturbation theory to model
SSNMR line shapes for the case where I = 5/2 and ηQ = 0, relative to an exact simulation. (a) Error in
the CQ value as a function of the ν0/νQ ratio, and (b) error in the δiso value as a function of the ν0/νQ
ratio. High-field conditions are traditionally assumed to be satisfied if ν0/νQ > 10. The lines connecting
the data points are meant as guides for the eyes only.

Considered here is the case where a nuclear spin having I = 5/2 is subjected to an axial
EFG and B0. The inclusion of additional effects, such as ηQ ≠ 0, CSA, dipole-dipole, etc., is
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beyond the scope of the current study.

For cases where the high-field approximation is

traditionally viewed as being valid, it is found that the error in the extracted CQ value is at most
ca. 0.1 % (Figure 5.11a). However, the error in the isotropic chemical shift value, even within
the high-field condition, can be as large as 40 ppm (Figure 5.11b). For a fictitious example
where ν0 = 100 MHz and νQ = 10.0 MHz (i.e., CQ = 66.7 MHz), this would mean an error in the
CQ value of ~67 kHz, while the error in the shift frequency would be 4.0 kHz. As the value of
the ratio between ν0 and νQ is decreased (i.e., increasing CQ or decreasing ν0), a point is reached
where the error in the extracted CQ and δiso values would exceed typical experimental
measurement errors. The point at which this would occur is of course highly dependent upon
the measurement conditions and the sample. As an additional example, for the case where ν0 =
4νQ, the error in the chemical shift extracted using second-order perturbation theory exceeds
1500 ppm (Figure 5.11b). At the onset of the additional fine structure (ν0 ≈ 4νQ), the error in
the CQ value determined using second-order perturbation theory will be slightly in excess of 0.6
% (Figure 5.11a). These findings echo the observations noted previously for spin-5/2 nuclei
(although not restricted to ηQ = 0): when using second-order perturbation theory to model
SSNMR line shapes, the error in the chemical shift value becomes detectable at a relatively
greater ν0/νQ value, as compared to the error in CQ.4,26 Importantly, it is observed and calculated
that the errors in both parameters will always be such that second-order perturbation theory
underestimates the true value of the parameter.

5.4

Conclusions
In this Chapter, unambiguous evidence of HOQIE in SSNMR spectra is presented and

it is shown that they can manifest in unexpected ways (i.e., not always as simple shifts in the
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frequencies of the spectral discontinuities). For example, the

185/187

Re SSNMR spectrum of

NaReO4 at B0 = 11.75 T displays additional fine structure in the low-frequency region, which is
not predicted by second-order perturbation theory, but which is predicted using an exact QI
model. At 21.1 T, this fine structure is not observed experimentally, and is not predicted to be
present using exact QI line shape simulations. This is in accord with the expected behaviour of
a quadrupole-induced effect on a SSNMR line shape (i.e., higher B0 leads to smaller QI spectral
effects). All of the observed Vɺɺ tensor parameters have been confirmed with corresponding
NQR measurements.

While the QIs within all systems studied in this Chapter are very

significant, it was not possible (within experimental error) to quantify HDI effects. Exact QI
simulations have been used to establish that the fine structure will potentially become
observable when the ν0/νQ value drops below 4, and that the fine structure originates from the m
= 1/2 ↔ 3/2 satellite transition, which also happens to overlap with the CT. For ν0/νQ values
greater than 4, it has been both observed and calculated that the true values of δiso and CQ will be
underestimated when the spectra are modeled using second-order perturbation theory.
Knowledge of HOQIE are of critical importance for the accurate line shape analysis of SSNMR
spectra of many quadrupolar nuclei that may experience large QIs, including

63/65

Cu, 67Zn, 75As,

79/81

Br, 91Zr, 93Nb, 105Pd, 115In, 127I, 209Bi, and others.
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Chapter Six
Aspects of ‘NMR Crystallography’ Using Quadrupolar Halogen
Nuclei
6.1

Introduction
Introduction
As demonstrated in Chapters 3 – 5, SSNMR spectroscopy is an important tool which

may be used to probe structure and dynamics within a range of chemical systems. To obtain a
more complete picture of a given solid state system, however, it is often desirable to
complement the SSNMR data with information acquired using other methods. In the earlier
Chapters, GIPAW DFT methods1 were used to calculate a number of relevant NMR
observables at the nuclei in solid materials. This approach is not limited to the class of
compounds studied here, and a number of recent accounts have illustrated that NMR tensor
parameter calculations using GIPAW DFT can provide additional insights in the study of a
variety of chemical systems.2-12
Similarly, XRD measurements are also routinely paired with SSNMR data when
discussing solid state structures. It is well-known that single crystal XRD experiments may be
performed in order to determine the crystal structures of various materials, but when suitable
crystals are not available or other complicating effects are present, so-called ‘NMR
crystallography’ methods may be potentially superior for crystal structure determination.13
Indeed, there is an increasing interest in NMR crystallography, which in a general sense pertains
to obtaining molecular-level and crystal structure information for solid materials using SSNMR
data.13

Although there have been a number of exciting recent advances in this area of

research,14-21 one cannot currently convert SSNMR data into a unique solid state structure in a
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completely generalized manner. However, these earlier accounts, which typically rely upon spin1/2 probe nuclei observations under MAS conditions, have demonstrated the ability to gain
information such as asymmetric units, molecular symmetry, and space groups.22,23 Likewise, with
even a small amount of a priori knowledge, NMR crystallography methods have been applied to
solve and refine the structures related to certain classes of materials, such as zeolites,24-26 which
are sometimes subject to crystal twinning and typically do not possess enough long range order
to produce crystals that would be considered suitable for XRD studies. As well, SSNMR data
acquired for spin-1/2 nuclei have been used to solve or refine structures (with the aid of
computational modeling) for organic molecules such as β-L-aspartyl-L-alanine21 and thymol.17
Similar approaches have also been used to propose structures for host-guest complexes,27
biomolecules,28,29 and 14N-containing (I = 1) compounds.30 Thus, while there appears to be a
broad range of applications for NMR crystallography methods when I = 1/2, there is
substantially less literature evidence of using quadrupolar nuclei. As demonstrated in a variety of
cases in Chapters 3 – 5, the parameters associated with the Vɺɺ tensor are highly sensitive local
probes of molecular structure and are not potential observables for I = 1/2 nuclei.
As noted in Chapters 3 and 4, a recent focus of our SSNMR research group has been
SSNMR spectroscopy of the quadrupolar halogen nuclides (i.e., 35/37Cl, 79/81Br, and 127I).7,9,31-38 It
is clear that the

79/81

Br and

127

I SSNMR spectra associated with these nuclei are useful reporters

of the EFG produced by the ions and molecules of the surrounding environment. At this point,
attention is placed on the remaining stable quadrupolar halogen nuclides: 35Cl and 37Cl. Both
NMR-active chlorine nuclides (I(35/37Cl) = 3/2) are of moderately high abundance (75.779(46) %
for 35Cl, 24.221(46) % for 37Cl).39 The Q associated with these nuclei are moderate (Q(35Cl) =
−81.65(80) mb; Q(37Cl) = −64.35(64) mb);40 however, their corresponding γ values are rather
low (i.e., below 15N). Complications such as probe ringing and second-order QI line shape
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broadening may be reduced by performing the SSNMR experiments in a high B0. A variety of
chlorine environments have been probed using

35/37

Cl SSNMR spectroscopy, as outlined in

Section 3.1. As a result of these recent studies, a number of trends in the halogen SSNMR
parameters have been observed and rationalized. For example, for the alkaline earth metal
halides studied to date, it has been observed that sample hydration will: (i) generally result in a
decrease in the halogen δiso value; and (ii) nearly always lead to a decrease in the halogen CQ
value.7,9,41 It was noted in Section 3.3.1.1.1, however, that the currently available 35Cl SSNMR
data for CaCl2, collected by Sandland et al.,42 seem to indicate that this system does not follow
the latter trend: the data suggest rather that upon hydration the CQ value increases substantially.
Additional SSNMR studies on CaCl2 should therefore be performed to confirm or refute the
prior 35Cl SSNMR data.
In the first portion of this Chapter, an example of a combined SSNMR and GIPAW
DFT crystallographic structure refinement is provided, which relies primarily on the EFG tensor
data that are unavailable for spin-1/2 nuclei. Compared to I = 1/2 nuclei, quadrupolar nuclei
have the potential to provide additional long range crystallographic information, due to the fact
that contributions to the EFG from the lattice decrease relatively slowly as a function of the
distance from the probe nucleus (i.e., 1/r3). MgBr2 is an excellent test case, due to the small
number of degrees of structural freedom and the resulting lack of ambiguity in the interpretation
of the NMR data. From a technical standpoint, there are particular challenges associated with
25

Mg and 79/81Br SSNMR experiments and computations; hence, MgBr2 represents a rigorous test

case in these respects.
In the second portion of this Chapter, results of 35Cl SSNMR measurements for CaCl2
and CaCl2·6H2O are outlined. The 37Cl and 43Ca SSNMR spectra of anhydrous CaCl2 are also
discussed. The results of GIPAW DFT computations on CaCl2 and all of its known stable
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crystalline hydrates (i.e., CaCl2·2H2O, (α/β/γ)–CaCl2·4H2O, and CaCl2·6H2O) are presented in
an attempt to understand the prior 35Cl SSNMR measurements for CaCl2, to refine the hydrogen
positions for CaCl2·2H2O, and to complement the experimental SSNMR data.

6.2

Experimental Details

6.2.1 Sample
Sample Preparation
MgBr2 (98 %), CaCl2 (99.99 %), and CaCl2·6H2O (98 %) were purchased from SigmaAldrich and received as powders. Sample purity for all compounds was confirmed by the
manufacturer or by using pXRD (See Appendix D, Section D.1.1). As MgBr2 and CaCl2 are
hygroscopic, samples of these materials were stored and prepared for use under dry N2 or Ar.
CaCl2·6H2O was handled for short periods of time in a low humidity atmosphere to avoid
further hydration. Prior to SSNMR experiments, all samples were powdered and tightly packed
into either 4 mm or 7 mm o.d. Bruker MAS ZrO2 rotors. For pXRD experiments upon MgBr2,
the sample was packed into a 1.0 mm o.d. thin wall (10 micron) borosilicate glass capillary,
which was then sealed with epoxy and sent for external analysis at Université de Montréal.

6.2.2 SolidSolid-State 25Mg and 79/81Br NMR
Experimental data were acquired at the National Ultrahigh-field NMR Facility for Solids
in Ottawa using a standard bore (54 mm) Bruker AVANCEII spectrometer operating at B0 =
21.1 T (ν0(1H) = 900.21 MHz) and at the University of Ottawa using a wide bore (89 mm)
Bruker AVANCE spectrometer operating at B0 = 11.75 T (ν0(1H) = 500.13 MHz). At 21.1 T,
SSNMR experiments used a 4 mm Bruker HX MAS probe (ν0(25Mg) = 55.098 MHz; ν0(79Br) =
225.519 MHz; ν0(81Br) = 243.093 MHz). At 11.75 T, SSNMR experiments used a 4 mm Bruker
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HXY MAS probe (ν0(25Mg) = 30.615 MHz; ν0(79Br) = 125.309 MHz; ν0(81Br) = 135.075 MHz).
The bromine π/2 pulse widths were established, and the

79/81

Br SSNMR spectra were

referenced, using solid KBr (δiso(KBr(s)) = 0.0 ppm). Magnesium chemical shifts and π/2 pulse
widths were determined using the

25

Mg NMR signal of 1.0 mol/dm3 aqueous MgCl2

(δiso(MgCl2(aq)) = 0.0 ppm). For the non-cubic solid samples under study, CT selective (i.e.,
solid π/2) pulse widths included a scaling of the optimized cubic solid/solution pulses by 1/[I +
1/2] (i.e., 1/2 for 79/81Br and 1/3 for 25Mg).
Bromine-79/81 SSNMR signals were primarily acquired using the Solomon echo43-45
pulse sequence; however, the QCPMG pulse sequence46-48 was also used at B0 = 11.75 T to
enhance the bromine NMR signal and thus reduce experiment times. The QCPMG sequence
was also used at both applied fields to estimate T2 values. The estimated T2 values were such
that whole echo data acquisition could be carried out, thereby increasing the S/N of the
Solomon echo experiment by

2 per scan. Typical

79/81

Br Solomon echo parameters (for full

details, see Appendix D, Table D.1) were the following: π/2 = 1.0 to 1.2 µs; spectral window =
1 000 to 2 000 kHz; τ1 = 250 to 300 µs; recycle delay = 0.4 to 0.6 s; collection of 2 048 to 4 096
data points per transient and 2 048 to 12 000 transients were collected per experiment.
Magnesium-25 SSNMR signals were acquired using a Bloch decay (i.e., ‘pulse-acquire’) sequence
under MAS conditions. Full experimental details, including those used for 25Mg SSNMR and
79/81

Br QCPMG SSNMR experiments, can be found in Appendix D, Table D.1. VOCS data

acquisition methods49-51 were required to acquire the

79/81

Br SSNMR signals at B0 = 11.75 T.

Offsets were 300 kHz for Solomon echo experiments, while QCPMG experiments used offsets
ranging from 87.8 to 95.9 kHz. Each sub-spectrum was combined in the frequency-domain by
co-addition to produce the total VOCS spectrum.
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6.2.3 SolidSolid-State 35/37Cl and 43Ca NM
NMR
All data were acquired using the two spectrometers denoted in Section 6.2.2. For 35/37Cl
SSNMR experiments at 21.1 T (ν0(35Cl) = 88.189 MHz; ν0(37Cl) = 73.408 MHz), home-built
static probes (single-channel 7 mm or 4 mm HX) were used. Calcium-43 SSNMR experiments
at the same field (ν0(43Ca) = 60.575 MHz) employed a single-channel 7 mm Bruker MAS probe.
All 35Cl SSNMR experiments at 11.75 T (ν0(35Cl) = 49.002 MHz) used a 4 mm Bruker HX MAS
probe. The

35/37

Cl SSNMR spectra were referenced to 0.1 mol/dm3 NaCl in D2O at 0.0 ppm52

using solid KCl as a secondary reference (δiso(KCl(s)) = 8.54 ppm).32 Calcium-43 SSNMR
spectra were referenced to a 2 mol/dm3 aqueous solution of CaCl2 (δiso = 0.0 ppm).53 Chlorine
and calcium pulse widths were established using the 35/37Cl and 43Ca SSNMR signals of solid KCl
and saturated CaCl2(aq), respectively. As above, CT selective pulse widths included a scaling of
the optimized cubic solid/solution pulses by 1/[I + 1/2] (i.e., 1/2 for 35/37Cl and 1/4 for 43Ca).
All

35/37

Cl SSNMR signals were acquired using the Solomon echo43-45 pulse sequence.

Typical 35/37Cl SSNMR experimental parameters were as follows: CT selective π/2 pulse width =
2.4 to 3.2 µs; spectral window = 200 to 1 000 kHz; τ1 = 27.5 to 78.8 µs; and 1 024 to 2 048
complex time-domain data points. All 43Ca SSNMR signals were acquired using the Bloch decay
experiment (typical parameters: π/2 ~ 1.0 µs; spectral window = 20 kHz; 512 to 1 024 complex
time-domain data points). The recycle delays used, as well as the number of scans required for
the collection of the spectra, may be found in Appendix D, Table D.1. For 35Cl SSNMR
experiments on CaCl2 at 11.75 T, VOCS49,50 data acquisition was used (offset = 110 kHz). After
VOCS data acquisition, each sub-spectrum was combined in the frequency-domain by coaddition to produce the total VOCS spectrum. For CaCl2·6H2O, CW 1H decoupling was tested
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at both applied fields (ν1(1H) ~ 50 kHz at 11.75 T and ~ 85 kHz at 21.1 T). For additional
experimental details, see Appendix D, Table D.1.

6.2.4 Powder XX-Ray Diffraction
Experiments were carried out with an APEX-II single-crystal diffractometer using a
MoKα radiation source (λ = 0.7093 Å) equipped with a charge-coupled device (CCD) area
detector. Data were collected over the range 4.96° < 2θ < 46.78° and clearly demonstrate that
the MgBr2 sample had not formed the hexahydrate (see Figure 6.5 for the pXRD pattern).

6.2.5 Quantum Chemical Computa
Computations:
omputations: General
GIPAW DFT calculations employed the CASTEP-NMR (v. 4.1) software,1,54-56 while the
input files were generated using Materials Studio (v. 3.2.0.0). Computations used either usp57 or
otfg pseudopotentials and GGA XC functionals. The magnesium, bromine, chlorine, and
calcium otfg pseudopotentials were obtained directly from Accelrys Inc. (San Diego, CA).
Further details pertaining to the relevant otfg pseudopotentials may be found in Appendix D,
Table D.2. Geometry optimizations, as well as σɺɺ and Vɺɺ tensor calculations were performed
using the PBE XC functional.58,59 Selected additional σɺɺ / Vɺɺ tensor parameters were calculated
using the PW91 XC functional60-64 and yielded similar values.

6.2.5.1
6.2.5.1 Specific Computational
Computational Details:
Details: MgBr2
NMR parameter convergence was established by varying both the Monkhorst-Pack65 kpoint sampling of the Brillouin zone, as well as Ecut (Appendix D, Figures D.1 to D.3). All
calculations used the ‘precise’ setting, as defined by Materials Studio, for the FFT grid. It was
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found that both the system energy and relevant SSNMR parameters were satisfactorily
converged at Ecut = 400 eV, using a 10 × 10 × 6 k-point grid (i.e., E1200 – E400 = –0.35 kJ mol−1;
CQ(81Br1200) – CQ(81Br400) = 0.02 MHz; δiso(81Br1200) – δiso(81Br400) = 0.20 ppm, where the subscripts
specify the Ecut value used). Usage of a 15 × 15 × 8 k-point grid, relative to a 10 × 10 × 6 kpoint grid (using Ecut = 610 eV) resulted in no change in the bromine EFG tensor parameters
and a ~0.1 ppm change in the calculated isotropic MS values. The ‘fully optimized’ geometry,
Ecut = 400 eV, and a 10 × 10 × 6 k-point grid were used for computations that simulated the

movement of the bromide ions parallel to the c unit cell direction (Figure 6.4 and Appendix D,
Figure D.4). To convert calculated σɺɺ tensor elements into corresponding δɺɺ tensor elements,
the following procedure was used: the bromine σiso value for the reference compound, KBr (i.e.,
σiso, ref), was determined using Ecut = 800 eV, a 6 × 6 × 6 k-point grid, and the same XC

functional (i.e., either PBE or PW91) as MgBr2. Then, (2.12) was used, where σiso is the
isotropic bromine MS value for MgBr2 and δiso is the isotropic bromine CS value for MgBr2.

6.2.5.2 Specific Computational Details:
Details: Chlorine
Chlorineorine-Containing Systems
Computed chlorine MS tensor elements were transformed into CS tensor elements using
the following procedure: the chlorine σiso for NaCl was determined using Ecut = 1200 eV, a 4 × 4
× 4 k-point grid, and the same XC functional as the sample of interest. Using the above
calculated σiso value and the known chlorine CS of solid NaCl relative to 0.1 mol/dm3 NaCl in
D2O (i.e., δiso(NaCl(s)) = −41.11 ppm),32 the σiso value for 0.1 mol/dm3 NaCl in D2O could be
calculated using (2.12); hence, all computed σij values could be placed on an experimental δ
scale. The Ecut value and k-point grid used for the GIPAW DFT calculations on each system are
in the footnotes to Tables 6.3 and 6.4. For computed structure energies, structure references,
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optimized structure parameters, the pseudopotentials used, and selected additional
computational details, see Appendix D, Tables D.2 and D.3.

6.3

Results and Discussion

6.3.1 Structure Refinement of MgBr2 Using SSNMR Data
6.3.1.1
.3.1.1 Bromine
Bromineomine-79/81 SSNMR
SSNMR Experiments
For over 100 years, MgBr2 has been of great importance in synthetic chemistry as part of
various Grignard reagents.66 In addition, it has been used to treat nervous system disorders,67 as
a catalyst in esterification reactions,68 and exhibits luminescence when doped with Ti(II).69
Using pXRD data, its crystal structure under ambient conditions was proposed in 1929;70 As a
result of this pXRD account, the space group was found to be P 3 m1 (№. 164) with the Mg and
Br ions being located at 1a and 2d Wyckoff sites, respectively. Additional structural details can
be found in Appendix D, Table D.3. While it is believed that the space group and Wyckoff sites
are correct, it is anticipated that the atomic positions in the crystalline lattice can be further
refined using NMR crystallography methods.
The

79/81

Br SSNMR spectra of a stationary powdered sample of MgBr2 exhibit

characteristic second-order QI-broadened powder patterns whose line widths exceed the
uniform excitation bandwidth of the probe (Figures 6.1 and 6.2). At the lower applied field, the
spectra were thus acquired in a piecewise fashion using VOCS methods. Without recourse to
simulations or calculations, the spectra indicate that the Vɺɺ tensor magnitude at the bromine
nuclei is nonzero. Bromine-81 SSNMR spectra acquired at B0 = 21.1 T (Figure 6.1b) and B0 =
11.75 T (Figures 6.2b and 6.2c) are complementary, and analytical line shape simulations
produce the following EFG tensor parameters: |CQ(81Br)| = 21.93(20) MHz; ηQ = 0.02(2). As
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noted in Chapter 3, the 79Br and 81Br nuclei possess similar γ, but different Q values. Hence, a
79

Br SSNMR spectrum should be similar to its corresponding 81Br SSNMR spectrum, except for

a scaling factor in the measured line width.34

Figure 6.1 Best-fit analytical simulations (a, c), and experimental static Solomon echo

79/81Br

SSNMR

spectra of powdered MgBr2 acquired at B0 = 21.1 T (b, d).

The experimentally measured value for CQ(79Br) matches, within experimental error, the
a priori estimated value (Figures 6.1d, 6.2e, and 6.2f). While bromine CSA is expected in MgBr2,
it is beneath detection limits (i.e., Ω < 50 ppm), even at 21.1 T. As the extracted 79/81Br SSNMR
parameters are consistent amongst all six experimental bromine NMR spectra, it is clear that the
EFG at the Br nucleus is nearly axially-symmetric and conclusively nonzero. While the axial
symmetry is fully expected as the bromide anions are on 3m lattice positions, the distinctly
nonzero CQ(79/81Br) values are in marked disagreement with prior calculations based on the
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currently accepted crystal structure,70 and indicate rather that the EFG at the bromine nuclei
should be very close to zero.71

Figure 6.2 Best-fit analytical simulations (a, d), experimental static VOCS Solomon echo (b, e), and
experimental static VOCS QCPMG (c, f)

79/81Br

SSNMR spectra of powdered MgBr2 acquired at B0 =

11.75 T.

6.3.1.2 MagnesiumMagnesium-25 SSNMR Experiments
25

Mg SSNMR experiments were performed to provide further structural information.

Magnesium-25 possesses a smaller Q value (i.e., 199.4(20) mb),40 but has a low γ, and is only
10.03 % abundant; hence, conducting meaningful
abundance is often challenging.

25

Mg SSNMR experiments at natural

Recent accounts (many involving expensive isotopic
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enrichment) have used

25

Mg SSNMR to study inorganic alloys,72 organometallic materials,73

magnesium-containing organic compounds,74 and bio-inorganic systems.75 The observed 25Mg
MAS SSNMR spectra of MgBr2 (Figure 6.3) possess several key features which allow for the
discussion of the local electronic environment about the

25

Mg nuclei.

First, line shape

simulations which assume an axially symmetric 25Mg EFG tensor (i.e., ηQ(25Mg) = 0) are in
excellent agreement with the observed spectra. This finding is consistent with the accepted site
symmetry. The derived Vɺɺ tensor magnitude, CQ(25Mg) = 850 kHz, highlights a rather small QI
at the magnesium (nearly three orders of magnitude smaller than that of 185Re in NaReO4!). The
magnesium isotropic chemical shift is highly shielded (δiso = −16.25(15) ppm), which hints that
contributions to the paramagnetic shielding mechanism are minor.76,77 This is consistent with
the highly ionic bonding character in MgBr2.

Figure 6.3 Best-fit analytical simulations (a, c), and experimental MAS

25Mg

SSNMR spectra of

powdered MgBr2 acquired at B0 = 21.1 T (b) and B0 = 11.75 T (d). In (b) and (d), νMAS = 5.000 kHz.
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6.3.1.3 GIPAW DFT Quantum Chemical Computations
GIPAW DFT calculations1,54-56 of the σɺɺ and Vɺɺ tensors, carried out using the accepted
crystal structure, are in clear disagreement with the experimental

79/81

Br and 25Mg SSNMR data

(Table 6.1). Most striking are the calculated CQ(79/81Br) values, which are almost an order of
magnitude smaller than observed, while the calculated CQ(25Mg) overestimates experiment by a
factor of four. When this research was initially performed and presented in 2009, GIPAW DFT
calculations of NMR parameters had not been published for either 25Mg or

79/81

Br, although

examples now exist for 25Mg.78 Recall that as part of the comprehensive study of the alkaline
earth metal bromides presented in Chapter 3,

79/81

Br SSNMR experiments and GIPAW DFT

calculations were performed on a variety of compounds. As a result, excellent correlation
between experimental and GIPAW DFT computed

Br Vɺɺ tensors has been demonstrated.

79/81

At the same time, it is noted that universal agreement between experimental and computed 25Mg
EFG tensors has not been established.

As GIPAW DFT computed bromine Vɺɺ tensor

parameters generally display excellent agreement with experimental observations for the alkaline
earth metal bromides, the bromine SSNMR parameters can be reasonably used as tools for the
further refinement of the accepted crystal structure of MgBr2.
As noted earlier, according to the accepted crystal structure, MgBr2 belongs to the
trigonal space group P 3 m1 , with the Br− and Mg2+ ions at 3m and 3m sites, respectively. As all
observed SSNMR line shapes were precisely fit using an axially-symmetric EFG tensor, the
point symmetry at all NMR-active nuclei must be at least C3. If one remains within the space
group that was assigned previously (i.e., CdI2 (2H) packing), then mirror site symmetry must be
present at all ion sites. Hence, it can be reasonably concluded that the Wyckoff positions, as
originally assigned using pXRD data, are correct. Under these assumptions, it is realized that

Chapter Six – Aspects of NMR Crystallography

- 182 -

there is one freely adjustable structural parameter: the position (as expressed in fractional unit
cell coordinates) of the Br ions parallel to the c unit cell axis (c(Br)).

Table 6.1 Experimental and GIPAW DFT 25Mg/79/81Br NMR tensor parameters for MgBr2a
A

X

|CQ(AX)| / MHz

ηQ

σiso / ppm

δiso / ppm

experimental from SSNMR spectra
81Br

21.93(20)

0.02(2)

―

285(10)

79Br

26.25(20)

0.02(2)

―

285(15)

25Mg

0.85(20)

0

―

−16.25(15)

computed using fully optimized structure (‘full opt.’)
81Br

21.81b

0.00

2306.8

320.9

25Mg

2.74

0.00

553.9

―

computed using previously accepted pXRD structure (‘XRD’)
81Br

3.90

0.00

2274.7

353.1

25Mg

3.47

0.00

552.9

―

a
Error bounds (where applicable) are in parentheses. Parameter definitions are in Chapter 2. GIPAW DFT
computations of the SSNMR parameters shown here used the PBE XC functional, Ecut = 1200 eV and a 10 × 10 ×
6 k-point grid, while geometry optimizations used the same XC functional and k-point grid, but Ecut = 800 eV. For
further details, see Appendix D, Tables D.4 and D.5.
b
Calculated |CQ(79Br)| = 26.06 MHz.

In the prior pXRD study, it was assumed that c(Br) = 0.25.

By computationally

optimizing only c(Br) and holding the unit cell constant, greatly improved agreement between
the computed and observed bromine CQ values is achieved (i.e., |CQ(81Br)| increases from 3.90
to 14.89 MHz), and the computed system energy decreases (Figure 6.4 and Appendix D, Table
D.2). When the MgBr2 structure is subjected to a full geometry optimization (i.e., both the unit
cell and c(Br) were optimized), an energy minimum is found near c(Br) = 0.21, with an
accompanying increase in the c value for the unit cell. For this ‘fully optimized’ structure, the
measured and calculated CQ(79/81Br) values agree within experimental error (Table 6.1) and the
calculated δiso(Br) and CQ(25Mg) values are also in better agreement with the experimental
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SSNMR values. By performing GIPAW DFT calculations where the c(Br) value is incremented
in a stepwise fashion, a linear correlation between the calculated CQ(79/81Br) and c(Br) values is
established (R2 = 0.9998) (Figure 6.4).

Figure 6.4 GIPAW DFT calculated CQ(81Br) vs. ∆c(Br) for MgBr2. For comparison, CQ(81Br) calculated
using: (V) the accepted pXRD structure, (▲) partially optimized geometry (i.e., unit cell is held fixed, but
c(Br) is allowed to vary). The CQ(81Br) value calculated from the fully optimized geometry (i.e., ∆c(Br) =
0.00 Å) and the experimental value are indistinguishable from one another (■). (— series, best fit:
CQ(MHz) = 223.01(∆c) − 21.71). Inset: schematic of the fully optimized MgBr2 unit cell, as viewed along
a. Vectors originating at the Br− represent the displacement direction when moving (as shown) along the
positive c axis.

This extreme sensitivity of the EFG at the Br nuclei to the structure (notably, for a fixed
cell, that a change in the Br position of ca. 0.04 Å can increase |CQ(81Br)| by ~11 MHz), and the
experimental observation that CQ(79/81Br) is nonzero, clearly shows that c(Br) is not at the
previously assumed value of 0.25, but is rather very likely to be near 0.21. It is also clear that the
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c unit cell length should be larger than previously determined. Both these findings are consistent
with new pXRD data that were collected with modern equipment (Figure 6.5).

Figure 6.5 The experimental pXRD pattern of the sample used for 25Mg/79/81Br SSNMR experiments
(middle) agrees qualitatively with the database entry for MgBr2 (bottom). Agreement is poor; however,
between the experimental pXRD pattern and the database entry for MgBr2·6H2O (top). It is concluded
that SSNMR experiments have been performed upon anhydrous MgBr2. The dip around 2θ = 32° is due
to a detector defect. As noted in Section 6.3.1, the pXRD data acquired here agree with the main
conclusions regarding the modified structure of MgBr2, as explained below. The peaks at 2θ = 6.32° and
12.84° belong to the (001) and (002) lattice planes. By a simple application of Bragg’s Law, c = 6.43 Å
and 6.34 Å, both of which are greater than the currently accepted value (6.26 Å), in agreement with the
findings above. Also, it is noted that the (001) peak intensity is highly dependent on the c(Br) value (see
inset for a plot of the (001) peak intensity vs. c(Br) for a constant unit cell; note that the intensity of the
point where c(Br) = 0.25 has been arbitrarily normalized to one). Working within the space group of the
accepted structure, as c(Br) increases, the (001) peak intensity decreases, becoming vanishingly small for
c(Br) > 0.26. Thus, based upon only the pXRD data, if c(Br) = 0.25, the (001) peak intensity would be
very weak (perhaps below detection). If one changes c(Br) to be progressively less than 0.25 (see inset),
the (001) peak intensity increases steadily.

The observed pXRD data are thus in support of the

SSNMR/GIPAW DFT conclusions of a c(Br) value less than the accepted value of 0.25.
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6.3.2 SSNMR Study of CaCl2 and Selected
Selected Hydrates
6.3.2.1 ChlorineChlorine-35/37 and CalciumCalcium-43 SSNMR Experiments on CaCl2
The

Cl Vɺɺ tensor parameters reported previously42 for CaCl2 appeared to be

35

inconsistent with the trends observed for other alkaline earth metal halides (as detailed in
Chapter 4),7,41 which prompted a reinvestigation of this system using SSNMR spectroscopy.
Chlorine-35 SSNMR spectra were obtained for CaCl2 at two applied fields (B0 = 11.75 and 21.1
T), and analytical modeling of all observed line shapes (Figures 6.6 and 6.7) resulted in identical
Vɺɺ and σɺɺ tensor parameters. Additional 37Cl SSNMR experiments were performed at 21.1 T,

and the spectra were modeled using the same parameters as the 35Cl SSNMR line shapes, after
appropriate scaling of CQ by the Q(37Cl)/Q(35Cl) ratio of 0.788 (Figure 6.8).

Extracted

parameters are summarized in Table 6.2. It is immediately clear that the observed

35/37

Cl

SSNMR line shapes and corresponding EFG tensor parameters are inconsistent with the prior
literature account for CaCl2.42
The presently measured CQ(35Cl) value of 8.82(8) MHz is more than twice as large as the
values observed for other anhydrous and hydrated alkaline earth metal chlorides.41,42,79 This is
primarily attributed to the arrangement of the Ca2+ ions within the first coordination sphere of
each chloride, which forms a distorted trigonal plane.80 The measured ηQ(35/37Cl) value of
0.383(15) confirms the absence of any high-symmetry rotational axes (i.e., Cn where n > 2), in
support of the local symmetry for this site determined using XRD data, which is m.80 The
observed chlorine chemical shift value (δiso = 105(8) ppm; or 146 ppm with respect to solid
NaCl) is deshielded by 36 ppm relative to CaCl2·2H2O, which is consistent with the general
trend observed for halogen chemical shift values upon hydration in the alkaline earth metal
halides (see also Chapter 4).7

Chapter Six – Aspects of NMR Crystallography

- 186 -

Figure 6.6 Analytical simulations (a, b, c), and experimental static Solomon echo (d)

35Cl

SSNMR

spectrum of powdered CaCl2 acquired at B0 = 21.1 T (ν0 = 88.189 MHz). In (a), the PAS orientations of
the Vɺɺ and σɺɺ tensor frames are assumed to be equivalent (i.e., α = β = γ = 0°), while in (b), CSA effects
are ignored completely (i.e., Ω = 0 ppm). The best-fit spectrum presented in (c) is simulated with the
parameters in Table 6.2.

Experiments at 21.1 T were essential to characterize chlorine CSA and the
noncoincident Vɺɺ / σɺɺ tensor PASs in this sample. The prior 35Cl SSNMR study on CaCl2 was
carried out under MAS conditions only and CSA information was therefore not reported.42 The
presently measured chemical shift tensor span of 135 ± 15 ppm is by far the largest measured
for an alkaline earth metal chloride system (72 ppm for CaCl2·2H2O being the second largest
value reported).41 The span value measured by modeling the 35Cl SSNMR spectrum is identical
to the one extracted from the 37Cl SSNMR signal at 21.1 T (Figure 6.8). As expected, the 35Cl
SSNMR line shape of CaCl2 acquired at 11.75 T was not particularly sensitive to CSA effects,
and nearly all of the broadening could be attributed to the QI.81 The measured Euler angle
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values for CaCl2 (i.e., α = 90(20)°, β = 90(5)°, γ = 0(5)°) are consistent with the presence of
mirror plane symmetry at the chloride anion, in agreement with the accepted crystal structure.80

Figure 6.7 Best-fit analytical simulation (a), and experimental static VOCS Solomon echo (b)

35Cl

SSNMR spectrum of powdered CaCl2 acquired at B0 = 11.75 T (ν0 = 49.002 MHz).

Natural abundance 43Ca SSNMR experiments were also performed at B0 = 21.1 T to
more completely characterize the sample. The resonance observed in the 43Ca MAS SSNMR
spectrum (Figure 6.9e) of CaCl2 (i.e., δcg = 54.1(0.2) ppm relative to 2 mol/dm3 CaCl2(aq)) can
not, unfortunately, be rigorously compared with that reported previously by Lin et al. (δcg =
53.1(2.0) ppm relative to saturated CaCl2(aq)).82 This is because the reference solution used in
the earlier account (i.e., ‘saturated’ CaCl2(aq)) shows a highly variable resonance position which
depends on the preparation method (ca. ± 10 ppm).53,83 Analytical modeling of the 43Ca MAS
SSNMR line shape is used to establish approximate 43Ca Vɺɺ tensor parameters, as well as the
isotropic calcium CS for CaCl2: CQ(43Ca) = −0.95(0.20) MHz; ηQ = 0.7(0.2); δiso = 54.8(0.5) ppm,
where the sign of CQ is assigned based upon the results of GIPAW DFT computations (vide
infra).
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Figure 6.8 Best-fit analytical simulation (a), and experimental static Solomon echo

37Cl

SSNMR

spectrum (b) of powdered CaCl2 acquired at B0 = 21.1 T (ν0 = 73.408 MHz).

Calcium-43 SSNMR experiments were also carried out under stationary conditions
(Figure 6.9b) and the parameters measured from the 43Ca MAS NMR spectrum were used to
estimate the static line shape broadening that could be attributed to the 43Ca QI (Figure 6.9c). It
is clear that the QI does not dominate the line shape for this sample under static conditions at
21.1 T and that additional line broadening due to calcium CSA is present. Analytical line shape
modeling of the static 43Ca SSNMR spectrum allows for the measurement of a calcium CS
tensor span of 31(5) ppm (Figure 6.9a), which represents the fifth measurement of calcium CSA
in the literature84 and the first where oxygen atoms are not coordinated to calcium. The calcium
CS tensor span for CaCl2 is moderate, as calcium CS tensor spans range from 8(2) ppm in the
calcite polymorph of CaCO3 to 70(20) ppm in the vaterite polymorph of CaCO3.83

The

remaining calcium SSNMR parameters for CaCl2 are summarized in Table 6.3.
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Table 6.2 Experimental 35/37Cl EFG and CS tensor parameters: CaCl2 and selected hydratesa
compound
CaCl2

|CQ(37Cl)| |CQ(35Cl)|
/ MHz
/ MHz

ηQ

δisob /
ppm

Ω/
ppm

κ

α, β, γ / °

notes

―

2.1(1)

0.7(1)

122(5)

―

―

―, ―, ―

ref. 42

6.96(7)

8.82(8)

0.383(15)

105(8)

135(15)

0.0(3)

90(20), 90(5), 0(5)

this study

CaCl2·2H2O

―

4.26(3)

0.75(3)

69(2)

72(15)

0.6(2)

90(10), 82(5), 0(20)

ref. 41

CaCl2·6H2O

―

4.33(3)

< 0.01

57(3)

40(8)

−1

N/A, 90(7), 0(8)

this study

a
b

Error bounds are in parentheses. Parameter definitions are in Chapter 2. N/A = not applicable.
With respect to 0.1 mol/dm3 NaCl in D2O (δiso(35/37Cl) = 0.0 ppm).

Figure 6.9 Analytical simulations (a, c, d) and experimental Bloch decay (b, e) 43Ca SSNMR spectra of
powdered CaCl2 acquired at B0 = 21.1 T (ν0 = 60.575 MHz) under static (a, b, c) and MAS (d, e)
conditions. In (c), the effects due to calcium CSA are ignored (i.e., Ω = 0 ppm), while the best-fit
simulation in (a) includes calcium CSA. The spectrum in (e) was acquired using νMAS = 4.000 kHz.
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Table 6.3 Experimental and GIPAW DFT 43Ca EFG and CS tensor parameters for CaCl2a
experimental/ |CQ(43Ca)|
computed
/ MHz
experimental
computed

d

0.95(20)
0.98

ηQ

δisob /
ppm

Ω/
ppm

κ

α, β, γ / °

notes

0.7(2)

54.8(5)

31(5)

−0.5(3)

90c, 90c, 0c

―

52.7

−0.24

90.0, 89.4, 0.0

X-ray structure, ref. 80

0.541

67.7

e

a

Error bounds are in parentheses. Parameter definitions are in Chapter 2. The calculated results in this table used
the PBE XC functional. Additional computational results and details can be found in Appendix D, Tables D.8 and
D.9.
b
With respect to dilute CaCl2(aq) (δiso(43Ca) = 0.0 ppm), as established using 2 mol/dm3 CaCl2(aq), which possesses
an identical calcium CS as the primary standard.
c
Value assigned as a result of crystal symmetry and GIPAW DFT results.
d
Calculation used Ecut = 800 eV and a 4 × 4 × 6 k-point grid.
e
The calculated isotropic calcium MS value (i.e., σiso) was used as input into the empirical formula developed by
Moudrakovski et al.: δiso = (1129.1 – σiso)/1.1857. This method was shown to be reliable for generating GIPAW
DFT computed calcium chemical shifts for calcium-containing inorganic systems.3

6.3.2.2 Chlorine6H2O and Other Hydrates
Chlorine-35 SSNMR Experiments on CaCl2·6H
It is well known that CaCl2 is a strongly hygroscopic material, and as such it finds wide
use as a desiccant. In this section, the known experimental data for CaCl2 and selected hydrates
are discussed in order to ensure that the spectral data above have been correctly interpreted.
CaCl2·6H2O has been characterized using 35Cl SSNMR experiments at 11.75 and 21.1 T (Figures
6.10 and 6.11), and analytical line shape modeling of both spectra yields identical parameters, as
summarized in Table 6.2.
Discussion of the 35/37Cl SSNMR data for the CaCl2 hydrates begins by noting that 35/37Cl
SSNMR data were recently reported for CaCl2·2H2O,41 and that this dihydrate possesses
distinctly different Vɺɺ and σɺɺ tensor parameters compared with anhydrous CaCl2 (Table 6.2).
According to the current literature, two other hydrated forms of CaCl2 are stable under typical
laboratory conditions: α–CaCl2·4H2O85 and CaCl2·6H2O.86 Additional polymorphic forms of the
tetrahydrate (β–CaCl2·4H2O87 and γ–CaCl2·4H2O88) may be prepared under normal conditions,
but appear to slowly convert to the α-form.89 As the hexahydrate is commercially available in a
high purity form, 35Cl SSNMR experiments were carried out on this material.
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Figure 6.10 Analytical simulations (a, b), and experimental static Solomon echo

35Cl{1H}

SSNMR

spectrum of powdered CaCl2·6H2O acquired at B0 = 21.1 T (c). The spectrum in (b) is the best-fit to the
experimental spectrum, while the spectrum in (a) does not include chlorine CSA (i.e., Ω = 0 ppm).

By observing the 35Cl SSNMR line shapes associated with CaCl2·6H2O (Figures 6.10 and
6.11), it is clear that it possesses a distinct line shape with respect to both anhydrous CaCl2 and
CaCl2·2H2O. The measured 35Cl EFG tensor parameters (CQ(35Cl) = 4.33(3) MHz; ηQ < 0.01)
strongly suggest that each chloride anion in CaCl2·6H2O is located on a C3 (or higher) rotational
axis. Relative to CaCl2, the smaller value of CQ(35Cl) for this sample is consistent with earlier
observations for the alkaline earth metal halides, which nearly always exhibit smaller halogen CQ
values upon hydration (see Chapters 3 and 4). It is also important to note that CaCl2·2H2O, as
well as all the polymorphs of CaCl2·4H2O, place the chloride anions at positions lacking any
local symmetry elements and hence the axial 35Cl EFG observed is unique to the hexahydrate. It
is also observed that there is a clear broadening of the discontinuities (Figure 6.11b) when 1H
decoupling is not applied, which indicates that the sample is hydrated.
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Figure 6.11 Best-fit analytical simulations (a, c), and experimental static Solomon echo

35Cl

SSNMR

spectra of powdered CaCl2·6H2O acquired at B0 = 11.75 T (b, d). The spectrum in (b) did not employ
proton decoupling during signal acquisition, while the spectrum in (d) was acquired using proton
decoupling. The simulation parameters used in (a) and (c) are identical, except for the addition of 1 000
Hz of dipolar line broadening in (a) (αD = βD = 0°), due to the expected 1H-35Cl distances of ~2.27 Å.

The observed chlorine chemical shift for CaCl2·6H2O (δiso = 57(3) ppm) is smaller than
that of both CaCl2 and CaCl2·2H2O, which is in agreement with earlier observations that the
halogen shift value decreases (i.e., shielding increases) upon increasing hydration (see Chapters 3
and 4). The observed 35Cl SSNMR line shape of CaCl2·6H2O was best modeled when including
CSA effects (Ω = 40(8) ppm; κ = −1; also see Figure 6.10). The observed chlorine Ω value is
quite similar to that measured for other alkaline earth metal chloride hydrates.41 Based on the
above discussion, it is clear that the anhydrous CaCl2 sample presented in this study cannot be
CaCl2·2H2O nor CaCl2·6H2O, and is very unlikely to be a CaCl2·4H2O polymorph, due to the
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observed large positive chlorine chemical shift value, the large CQ(35Cl) value, and the mirror site
symmetry implied by the EFG/CS tensor interplay observed in the

35/37

Cl SSNMR spectra of

CaCl2.

6.3.2.3 GIPAW DFT Quantum Chemical Computations
GIPAW DFT quantum chemical calculations were carried out using the accepted crystal
structures of CaCl2,80 CaCl2·2H2O,90 α–CaCl2·4H2O,85 β–CaCl2·4H2O,87 γ–CaCl2·4H2O,88 and
CaCl2·6H2O,86 although for the hydrates (excepting CaCl2·6H2O, whose structure was solved
using neutron diffraction data), the H positions were optimized computationally (vide infra). The
computed

Cl Vɺɺ and σɺɺ tensor parameters are presented in Table 6.4, while more detailed

35/37

computational results can be found in Appendix D, Tables D.6 and D.7.

6.3.2.3.1
Agreement Between Experimental and GIPAW DFT Computed Chl
Chlorine Vɺɺ and σɺɺ
Tensor Parameters
For nearly all of the relevant

35/37

Cl SSNMR tensor parameters, excellent agreement

between the present experimental observations and GIPAW DFT computations is seen for
CaCl2 and CaCl2·6H2O.

The calculated CQ(35Cl) values for these compounds are slightly

overestimated relative to experiment (~1 MHz), which appears to be a general feature for
chloride anions when using this computational method and pseudopotential.91 In addition,
while there is a lack of quantitative agreement between the quantum chemical and experimental
δiso values, the pertinent experimental trend is reproduced computationally (i.e., as hydration

increases, δiso decreases). The quantitative disagreement in δiso extends to the computational
reference standard used in this study (i.e., NaCl(s)). According to the absolute shielding scale
established previously,92 the experimental absolute shielding at the chlorine nuclei in solid NaCl
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is 1015(4) ppm, while the present GIPAW DFT calculations furnish a value of 975.06 ppm.
These data therefore suggest the presence of a systematic error in the calculation of chlorine σiso
values using the GIPAW DFT method and the current pseudopotential. It is noted that all
quantum chemical shift values reported in Table 6.4 used the computational shielding standard
(i.e., σiso(NaCl(s)) = 975.06 ppm).

Table 6.4 GIPAW DFT 35/37Cl EFG and CS tensor parameters: CaCl2 and hydratesa
compound

site |CQ(35Cl)|
label
/ MHz

ηQ

δisob
/ ppm

Ω/
ppm

κ

α, β, γ / °

notes

CaCl2

―

9.66

0.419

179.0

200.9

0.12

90.0, 89.7, 0.0

X-ray structure from
ref. 80

CaCl2·2H2O

―

6.69

0.04

114.0

141.4

0.36

―, ―, ―

from ref. 41, nonoptimized H

―

4.43

0.520

109.3

140.7

0.49

118.3, 80.8, 2.7

this study, optimized
H

Cl(1)

3.70

0.405

76.1

73.6

0.39

15.4, 1.4, 18.8

Cl(2)

5.97

0.944

78.7

77.9

−0.47

118.1, 77.3, 178.1

Cl(1)

3.75

0.947

92.9

123.5

0.70

183.1, 3.2, 269.3

Cl(2)

2.16

0.828

78.9

83.6

0.59

135.5, 73.6, 199.5

Cl(3)

3.97

0.776

104.6

125.6

0.45

65.3, 82.6, 357.7

γ–CaCl2·4H2O

―

3.59

0.149

48.5

77.1

0.12

111.1, 47.7, 190.6

optimized H

CaCl2·6H2O

―

5.48

0.000

43.3

46.4

−1

N/A, 90.0, 0.3

neutron structure from
ref. 86

α–CaCl2·4H2O

β–CaCl2·4H2O

optimized H

optimized H

a

Parameter definitions are in Chapter 2. CaCl2 and CaCl2·6H2O calculations used Ecut = 800 eV and a 4 × 4 × 6 kpoint grid; CaCl2·2H2O calculations used a 4 × 3 × 2 k-point grid, but a different Ecut depending on the type of
calculation: for hydrogen optimization, Ecut = 500 eV, while for EFG and MS tensor parameter calculations, Ecut =
600 eV; α–CaCl2·4H2O calculations used Ecut = 650 eV and a 4 × 4 × 3 k-point grid; β–CaCl2·4H2O calculations
used Ecut = 500 eV and a 3 × 3 × 2 k-point grid; γ–CaCl2·4H2O calculations used Ecut = 650 eV and a 4 × 3 × 3 kpoint grid. All calculated results in this table used the PBE XE functional. Additional computational results and
details can be found in Appendix D, Tables D.6 and D.7. N/A = not applicable.
b
For the computational reference, NaCl(s), σiso(35/37Cl) was calculated to be 975.06 ppm (Ecut = 1200 eV and a 4 ×
4 × 4 k-point grid). Additional details can be found in Section 6.2.5.2 and footnote b to Table D.7.

There is also clear disagreement between the chlorine quantum chemical results for
CaCl2 and the earlier 35Cl MAS NMR experimental observation:42 for example, the computed
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CQ(35Cl) is too large by roughly a factor of 4. Therefore, the quantum chemical result for CaCl2
provides independent evidence that the earlier 35Cl MAS NMR experimental measurements were
either not correctly interpreted, or were inadvertently carried out on a material other than CaCl2.
The GIPAW DFT result for CaCl2·6H2O confirms the local symmetry (i.e., C3) for the chloride
anions, as ηQ = 0.0 and κ = −1.0. It is also rather interesting to note the quantitative agreement
between the calculated and experimental Euler angle values for each of CaCl2 and CaCl2·6H2O.
While there typically exists very good agreement between experimental and computed
values for the 35/37Cl Vɺɺ and σɺɺ tensors in CaCl2 and CaCl2·6H2O, relatively poor agreement was
observed for CaCl2·2H2O in a previous study.41 Inspection of the source data for the accepted
crystal structure of CaCl2·2H2O revealed that it was generated using XRD data, rather than
neutron diffraction data and hence the hydrogen positions are not precisely known. Out of all
the alkaline earth metal chloride hydrates where

35

Cl or

37

Cl SSNMR data are available,

CaCl2·2H2O represents the only structure for which neutron diffraction data are unavailable.
The H positions in CaCl2·2H2O were therefore optimized using the GIPAW DFT method.
Subsequent GIPAW DFT calculation of the EFG and magnetic shielding tensor parameters
using this optimized structure produces markedly different tensor parameters as compared to
the prior study (Table 6.4). Relative to the earlier computational results, there is a decrease in
the computed CQ(35Cl) value by about 34 % (6.69 MHz to 4.43 MHz), and a substantial increase
in the ηQ value (0.04 to 0.520). Both of these significant changes result in better agreement
between the experimental and computed Vɺɺ tensor parameter values. This present result echoes
earlier findings for chloride-containing materials,91 therefore, it can be reasonably stated that the
optimization of hydrogen atomic positions should be performed if sufficient computational
resources are available.
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6.3.2.3.2

GIPAW DFT Computations of EFG and MS Tensors for the CaCl2·4H2O Polymorphs

Good agreement between the observed and computed 35/37Cl NMR tensor data was seen
for the compounds above; hence, it was explored whether GIPAW DFT computations would
predict that chlorine SSNMR experiments could be used to differentiate between the α, β, and γ
polymorphs of CaCl2·4H2O. The differentiation of polymorphs using chlorine SSNMR has
been demonstrated previously for chlorine-containing pharmaceuticals,93 and as seen in Table
6.4, 35Cl SSNMR experiments should also be able to distinguish the polymorphs of CaCl2·4H2O.
Each polymorph will present a different number of magnetically unique chloride sites (ranging
from 1 to 3). In addition, there exists significant disparity in the other relevant SSNMR
parameters (notably ηQ, which ranges from 0.149 in γ–CaCl2·4H2O to above 0.776 for all three
sites in β–CaCl2·4H2O). It is noted that a similar ability (i.e., polymorph distinction) is also
predicted to exist if one prefers to use 43Ca SSNMR (see Appendix D, Tables D.8 and D.9), but
these experiments are very challenging relative to 35Cl SSNMR experiments.

6.3.2.4 Are CaCl2 and CaBr2 Isostructural?

Based on prior XRD data, the ambient condition structures of both CaCl2 and CaBr2
belong to the same space group, and place the halogen anions at the same Wyckoff positions.80,94
As reported in Chapter 3, the |CQ(81Br)| value for CaBr2 is the largest amongst the alkaline earth
metal bromides (CQ(81Br) = 62.8(4) MHz). At the same time, the previously measured CQ(35Cl)
value for CaCl2 was among the smallest measured relative to the other alkaline earth metal
chlorides (i.e., CQ(35Cl) = 2.1 MHz).42 The above sections in this Chapter have provided ample
evidence that the earlier report was in error, likely caused by the formation of a CaCl2 hydrate, or
the neglect to acquire spectral data using VOCS (or equivalent) methods. In addition, reliable
CQ(35/37Cl) measurements for CaCl2 have been provided.
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As noted in earlier Chapters, Wu and Terskikh95 demonstrated that for a series of
isostructural compounds, a linear relationship exists between the measured CQ values and the
quantity Q(1 − γ∞)/V.96-99 This finding has been extended by observations made for the
chlorine-35/37,41,42,79 bromine-79/81,9,33 and iodine-1277 nuclides within several isostructural
series of the alkaline earth metal halides and selected hydrates thereof. This linear relationship
between CQ and Q(1 − γ∞)/V is therefore useful for both confirming and predicting isostructural
series within classes of analogous compounds. Although enough data do not exist in this case to
construct a meaningful plot of CQ(X) vs. Q(1 − γ∞)/V, it is possible to compare the respective
CQ(81Br)/CQ(35Cl) and [Q81Br(1 − γ∞(Br))/V]/[Q35Cl(1 − γ∞(Cl))/V] ratios, which should be equivalent
according to the above model if these two compounds are isostructural. Using the experimental
SSNMR data for CaCl2 and CaBr2, the CQ(81Br)/CQ(35Cl) ratio is ~7.12. Using additional known
information, and the volumes of the unit cells established with X-ray diffraction80,94 the [Q81Br(1
− γ∞(Br))/V]/[Q35Cl(1 − γ∞(Cl))/V] ratio is found to be 5.19 (a 31.4 % difference). This percentage
difference is comparable to what has been calculated previously for pairs of alkaline earth metal
halide compounds which are understood to be isostructural. In fact, for the isostructural
alkaline earth metal chlorides and bromides studied to date, it is observed that CQ(81Br)/CQ(35Cl)
ratios range between 6.30 and 7.08, while the calculated [Q81Br(1 − γ∞(Br))/V]/[Q35Cl(1 − γ∞(Cl))/V]
ratios for these same systems vary between 5.48 and 5.64.7

A likely contributor to the

disagreement between the calculated [Q81Br(1 − γ∞(Br))/V]/[Q35Cl(1 − γ∞(Cl))/V] ratios and the
experimental CQ(81Br)/CQ(35Cl) ratios lies in the uncertainty associated with the γ∞ values. These
values for the quadrupolar halogens are not known to high precision, unlike the alkali metal
atom γ∞ values used in the study by Wu and Terskikh. At this time it is noted that, using the
accepted structures for CaCl2 and CaBr2, the GIPAW DFT calculated CQ(81Br)/CQ(35Cl) ratio is
~7.16, which is in excellent agreement with experimental observations (a difference of 0.56 %).
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Likewise, upon consideration of the fine details associated with the CaCl2 and CaBr2
crystal structures, two points are clear: (i) the structure of CaCl2 is rather old (published in 1935),
and (ii) the placement of the halide anions is, in fact, not equivalent for the two structures (in
CaBr2 the bromide is at x/a = 0.2636(29); y/b = 0.3417(26); z/c = 0; whereas in CaCl2 the
chloride is at x/a = 0.275(8); y/b = 0.325(8); z/c = 0).80,94 It is therefore probable that this
discrepancy in the halide positions within their respective crystalline lattices would contribute to
the difference between the [Q81Br(1 − γ∞(Br))/V]/[Q35Cl(1 − γ∞(Cl))/V] ratio and the
CQ(81Br)/CQ(35Cl) ratio. Indeed, as was demonstrated earlier (including in this Chapter), even
very small displacements of the halide anion (typically < 0.05 Å) can dramatically alter the
calculated halogen CQ value for several similar systems.7,33 Therefore, while it is clear that the
CQ/[Q(1 − γ∞)/V] relationship appears to be of general use for the alkaline earth metal halides,
the precision of the halogen γ∞ values is very likely a limiting factor, and the compounds must be
rigorously isostructural to obtain exactly equal ratios.

6.4

Conclusions
This Chapter presented an example of an experimental and computational structural

refinement approach for a simple inorganic material composed solely of quadrupolar nuclei,
namely MgBr2.

Qualitative information was first obtained by briefly considering the

experimental data, and a quantitative change in structure was substantiated using experimental
SSNMR data to cross-validate the GIPAW DFT results. Incidentally, the

79/81

Br SSNMR

spectra in Section 6.3.1.1 were the first literature examples for bromine in a non-cubic
environment acquired using modern variable-offset techniques. The sensitivity of the method
to crystal lattice EFGs is advantageous, as this represents additional parameters that are not
available for spin-1/2 nuclei (e.g., CQ and ηQ), and because the EFG is generally more sensitive
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to long-range crystallographic features (e.g., intermolecular contacts) than are chemical shifts.
Indeed, the CS tensor parameters in the present study appear to be less sensitive to structural
changes than were the EFG tensor parameters.

The general approach is expected to be

important in other purely inorganic systems, as the more extensively developed methods for 1H
NMR crystallography often cannot be used.

For more complex structures with multiple

crystallographic sites, one could envision the use of iterative refinement algorithms, such as
those developed for CS tensors in zeolites.100
In addition, 35/37Cl SSNMR experiments are clearly sensitive probes of the local structure
of inorganic materials and have allowed for the differentiation between selected hydrates of
CaCl2. By performing chlorine SSNMR experiments in two applied magnetic fields, both the Vɺɺ
and δɺɺ tensor parameters could be accurately measured in CaCl2 and CaCl2·6H2O.

The

measurement of these tensor parameters allowed for the correction of the 35Cl SSNMR literature
data for CaCl2 and illustrate that this species conforms to the established quadrupolar halogen
NMR trends for the alkaline earth metal halide systems (i.e., that both the halogen CQ value and
the halogen δiso value will decrease upon hydration).

GIPAW DFT quantum chemical

calculations have provided complementary data for the CaCl2 hydrates where experimental
SSNMR data exist and predict that 35/37Cl SSNMR experiments should be able to distinguish the
three known polymorphs of CaCl2·4H2O. It is seen that optimization of the H positions for
CaCl2·2H2O, whose structure has been determined using XRD data, is necessary to obtain good
agreement between the quantum chemical and experimental EFG tensor parameter values. By
carrying out 43Ca SSNMR experiments at B0 = 21.1 T, the fifth calcium CS tensor anisotropy has
been measured, which is expected to prove useful in future SSNMR studies that correlate
calcium CS tensor information to local structure and symmetry in other calcium-containing
materials. Lastly, although it has been demonstrated that comparing CQ/[Q(1 − γ∞)/V] ratios
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can provide evidence that a series of compounds are isostructural when using alkali metal nuclei
as probes, additional problems (i.e., uncertainly in halogen γ∞ values and a requirement that the
compounds be rigorously isostructural) present themselves when the quadrupolar halogen nuclei
are used.

6.5
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Chapter Seven
Application of 69/71Ga SSNMR
SSNMR and 127I NQR Experiments to
Elucidate the Composition of ‘GaI’
GaI’
7.1

Introduction
Introduction
In the preceding Chapters, many examples have been provided which serve to

demonstrate the utility of SSNMR experiments that probe quadrupolar halogen nuclei. In
essentially all of the cases considered in Chapters 3 – 6, rather simple systems with known
structures and compositions were considered (one important exception being CaBr2·xH2O).
Studies on such well-established systems are critical, since very little prior SSNMR literature
exists where chlorine, bromine, or iodine serve as the probe nuclei. At the same time, while
these initial studies on systems of known composition and structure are useful, SSNMR
methods are by no means restricted to the study of such materials. It would therefore be
interesting to attempt to probe chemically- and industrially-relevant systems of unknown
structure or composition.
Over the past decade or so, there has been a significant amount of interest in low-valent
group 13 element-containing complexes.1-5 The synthesis of these materials may be achieved by
the careful selection of the supporting ligand, and relies on a subsequent reduction, or
preferentially the use of a low-valent element-halide precursor. Most of the chemistry for the
group 13 elements occurs primarily in the +3 oxidation state, although due to relativistic effects,
the chemistry of the heavier group 13 elements, such as indium and thallium, presents many
examples where the metal is in the +1 oxidation state. For the lighter members of group 13, the
synthesis of stable +2 or +1 oxidation state materials is both synthetically challenging, as well of
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fundamental interest. To date, the only crystallographically authenticated solid gallium(I)-halides
have been reported by the group of Schnöckel.6 Unfortunately, in order to prepare these
materials, a complex high temperature reactor is required, which is not available to the average
research group.6 Alternatively, ‘GaI’, as reported by Green in 1990,7 has become a popular lowvalent gallium precursor due to its ease of synthesis and broad applicability in organic synthesis,
coordination chemistry, and cluster fabrication. Both the synthetic applications and the history
of ‘GaI’ have been thoroughly discussed in the literature.8-10
As noted above, although many synthetic applications of ‘GaI’ have been discovered, its
structure and full composition have not been elucidated. Based on a Raman spectroscopic
analysis of ‘GaI’ (as prepared by the method of Green), the composition is currently postulated
to be a mixture of gallium-subiodides, consisting predominantly of Ga2I3 (i.e., [Ga]2[Ga2I6]).8,10
Unfortunately, the Ga2I6 compound appears to have many Raman (as well as IR) signatures that
are consistent with [Ga]+[GaI4]− (i.e., GaI2),11 which makes the attribution to Ga2I3, rather than
GaI2, somewhat ambiguous. In this Chapter, a

69/71

Ga SSNMR and

127

I NQR study of ‘GaI’

powder obtained using Green’s ultrasonic synthesis approach is presented. After the analysis of
the observed SSNMR/NQR line shapes, new insights into the components of the bulk complex
are provided.

7.2

Experimental Details

7.2.1 Sample Preparation
A sample of ‘GaI’ was provided for this study by the group of Prof. D. Richeson
(University of Ottawa). The sample was synthesized according to standard literature methods,7
and its purity was confirmed using reactivity studies, as well as pXRD experiments.12 As ‘GaI’ is
both air and moisture sensitive, samples were stored and prepared for use under either dry N2 or
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Ar. Prior to SSNMR and NQR experiments, all samples were gently powdered and tightly
packed into 4 mm o.d. Bruker MAS ZrO2 rotors.

7.2.2 SolidSolid-State 69/71Ga NMR
Experimental data were acquired at the National Ultrahigh-field NMR Facility for Solids
in Ottawa using a standard bore (54 mm) Bruker AVANCEII spectrometer operating at B0 =
21.1 T (ν0(1H) = 900.08 MHz; ν0(69Ga) = 216.03 MHz; ν0(71Ga) = 274.49 MHz).
Complementary

69/71

Ga SSNMR data were acquired at the University of Ottawa using a wide

bore (89 mm) Bruker AVANCE spectrometer operating at B0 = 11.75 T (ν0(1H) = 500.13 MHz;
ν0(69Ga) = 120.04 MHz; ν0(71Ga) = 152.52 MHz). At 21.1 T, SSNMR experiments used a 4 mm
Bruker HX MAS probe, while SSNMR experiments at 11.75 T used a 4 mm Bruker HXY MAS
probe. MAS experiments were attempted at 21.1 T, but due to the metallic content of the
sample (vide infra), they were unsuccessful.
Based upon recent IUPAC recommendations,13

69/71

Ga π/2 pulse lengths were

determined, and chemical shifts were referenced, using a 1.1 mol/kg Ga(NO3)3 solution in D2O
(δiso(69/71Ga) = 0.0 ppm). For SSNMR experiments where the QI at the Ga site was nonzero,
CT selective pulse lengths were used, and were determined by scaling the nonselective solution
π/2 pulse length by the factor 1/(I + 1/2) = 1/2. Gallium-69/71 SSNMR signals were typically
acquired using the Solomon echo pulse sequence,14-16 but the Hahn echo17 pulse sequence was
also used (data not shown). Typical acquisition parameters were as follows: for the shielded (i.e.,
upfield) Ga site exhibiting a significant QI, π/2 = 1.6 to 2.4 µs, τ1 = 17.6 to 50 µs, τ2 = 4.8 to 30
µs, spectral window = 250 to 1000 kHz, 512 to 2 048 data points, recycle delay = 1.0 s, and the

collection of 1 024 to 7 000 transients; for the deshielded (i.e., downfield) Ga site, π/2 = 11.0 µs,
spectral window = 50 kHz, 1 024 data points, recycle delay = 0.35 s, and the collection of 1 024
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transients. For complete experimental details, see Appendix E, Table E.1. Subsequent to data
collection and processing, SSNMR line shape analysis was carried out using WSolids1.18

7.2.3 SolidSolid-State 127I NQR
All NQR experiments were carried out at the University of Ottawa using a Bruker
AVANCEIII spectrometer, a 4 mm Bruker HXY MAS probe, and were performed using the
Hahn echo pulse sequence. Non-optimized, short (~ 1 µs), high-powered pulses were used as
the transmitter frequency was varied until the suspected resonances were detected. Typically,
the offset used while searching for NQR signals was 150 kHz. For further details, see Appendix
E, Table E.1.

7.3

Results and Discussion

7.3.1 Gallium
Galliumllium-69/71 SSNMR Experiments
As the 69Ga and 71Ga nuclei are quadrupolar (I(69/71Ga) = 3/2), each possesses a nonzero
Q value, and may serve as probes of the local EFG. As noted in prior Chapters, in addition to
the usual δiso value, SSNMR experiments using quadrupolar nuclei may, in favourable situations,
provide information on CSA and the QI. Solid-state 69/71Ga NMR experiments were performed
in two applied magnetic fields (i.e., B0 = 11.75 and 21.1 T) to confirm the observed SSNMR
tensor parameters, as the contributions to the total observed line shape from CSA and the QI
differ individually as a function of B0 (see Section 2.4.3). The observed spectra may be found in
Figures 7.1 and 7.2, and the extracted gallium SSNMR tensor parameters are summarized in
Table 7.1.
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Table 7.1 Experimental 69/71Ga EFG/CS tensor parameters and Euler Angles for ‘GaI’a

a
b

assigned chemical
species

|CQ(69Ga)|
/ MHz

|CQ(71Ga)|
/ MHz

ηQ

δisob
/ ppm

Ω
/ ppm

κ

α, β, γ / °

Ga(0)

―

―

―

4488.1(3)

―

―

―, ―, ―

[Ga(III)I4]−

4.95(9)

3.11(8)

1

−424(5)

137(7)

−0.07(7)

42(5), 133(5), 23(5)

Error bounds are in parentheses. Parameter definitions are in Chapter 2.
With respect to 1.1 mol/kg Ga(NO3)3 in D2O (δiso(69/71Ga) = 0.0 ppm).

Figure 7.1 Best-fit analytical simulation (a), and experimental static Solomon echo (b)

71Ga

SSNMR

spectrum for the most shielded (i.e., upfield) site observed in ‘GaI’, as acquired at B0 = 11.75 T. Inset:
downfield site.

Two

69/71

Ga SSNMR signals were consistently observed in each spectrum. One signal

possesses a very high shift (δiso = 4488.1(0.3) ppm), and does not possess an appreciable gallium
QI, as the

69/71

Ga SSNMR line shapes for this site are relatively narrow (the line width of the

71

Ga NMR resonance at half-maximum is ca. 1 kHz at 11.75 T). The value of this shift is

independent of the gallium isotope and B0.

Based upon its exceptionally deshielded (i.e.,

‘downfield’) chemical shift, this signal is easily attributed to gallium metal. The EFG at the
gallium nuclei in solid gallium metal is known to be nonzero, and to possesses a chemical shift
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of ca. 1300 ppm;19 hence, the observed signal cannot be due to solid Ga(0). Interestingly, both
the observed gallium chemical shift value, and very small QI for this site indicate that the
gallium metal is present in a ‘liquid-like’ state: the measured shift value is within 2 ppm of the
value measured by Knight in his seminal paper.20 MAS experiments were attempted at B0 = 21.1
T, but failed, as stable spinning speeds could not be maintained and sample degradation
occurred. This fortuitous observation lends additional support to the prior statements that the
‘GaI’ sample contains Ga metal, as a rapidly rotating metallic species within a magnetic field is
expected to generate inductive (Joule) heating. This heating also likely provided the mechanism
by which the sample degraded, as ‘GaI’ is thermally unstable above room temperature.

Figure 7.2 Best-fit analytical simulations (a, c), and experimental static Solomon echo (b, d)

69/71Ga

SSNMR spectra for the most shielded site in ‘GaI’, as acquired at B0 = 21.1 T.
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The second signal possesses a line shape which is broadened by both a QI and CSA.
The observed δiso for this site (−424(5) ppm) lies in a region of the Ga shift range that belongs
to tetraiodogallate (i.e., [GaI4]−).21,22 If the [GaI4]− units were perfect tetrahedrons, one would
expect to measure no QI for this site, in contradiction with the SSNMR data, where a nonzero
(CQ(71Ga) = 3.11(8) MHz; CQ(69Ga) = 4.95(9) MHz) QI is observed. If one considers the
structurally similar [GaCl4]−, a nonzero gallium QI was also recently experimentally observed.23
As well, in structures where this unit is present as a counter ion (i.e., (NH4)[GaCl4]), it has been
shown via XRD that these units are not perfectly tetrahedral;24 hence, the presence of a distorted
[GaI4]− unit is not terribly surprising. Over the course of the present study, it was established
that there existed some variability in the QI and CS tensor parameters for this site as a function
of the sample preparation conditions used; however, both the Ga(0) and [GaI4]− species are
consistently observed. In addition, a pronounced gallium chemical shift anisotropy in the signal
associated with the [GaI4]− units (Ω = 137(7) ppm) has been quantified, and it has been possible
to clearly establish noncoincidence between the EFG and CS tensor PASs, as evidenced by
Euler angle values distinct from zero. As there is no signal in the −600 to −900 ppm region,
there do not appear to be any

69/71

Ga SSNMR signals associated with the high symmetry Ga+

species.23 The lack of the Ga+ cation is surprising, as Ga2I4 is known to exist as Ga+[GaI4]−.25
From the 69/71Ga SSNMR data alone, however, one cannot rule out other gallium iodide species,
such as GaI3, which experience a very large QI and would therefore be difficult to detect using
SSNMR experiments.26 In fact, even at 21.1 T, any species of this nature could not be detected.

7.3.2 Iodineodine-127 NQR
NQR Experiments
From the

69/71

Ga SSNMR data, there is clear evidence that metallic gallium is present,

due primarily to the diagnostic Knight-shifted signal that is consistently measured at +4488.1
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ppm. While there is strong evidence for the [GaI4]− unit, any additional conclusions based upon
the NMR data alone cannot be made. As
local electronic structure,27 and as prior

127

127

I NQR experiments are very sensitive probes of

I NQR measurements have been performed on both

solid GaI2 and GaI3 at room temperature,28,29 iodine-127 NQR experiments were performed to
establish the presence of either GaI2 or GaI3 in ‘GaI’. After searching exhaustively for the

127

I

NQR signal in GaI3 (and corresponding negative results for the 69Ga NQR signal), it can be
reasonably stated that there does not appear to be a significant amount of GaI3 in ‘GaI’. As
GaI3 is one of the main constituents in Ga2I3 (i.e., Ga2I3 = [Ga]2[Ga2I6]) this casts doubt on
earlier interpretations of Raman spectra, which hinted at its presence.8 It is again noted that
many of the Raman peaks from Ga2I3 can also be attributed to GaI2. Indeed,

127

I NQR

measurements on ‘GaI’ were able to very rapidly (experiment times < 5 minutes) confirm the
presence of three of the four expected 127I NQR signals in GaI2 (see Table 7.2 and Figure 7.3).

Table 7.2 Experimental 127I NQR parameters for ‘GaI’a
compound

site label

νQ1b / MHz

‘GaI’

A

113.69(1)

assigned to site I(1) of GaI2

B

132.03(1)

assigned to site I(2) of GaI2

C

134.375(15)

assigned to site I(3) of GaI2

I(1)

133.687

I(2)

173.650

I(3)

174.589

Ga

21.45

I(1)

113.65

I(2)

131.94

I(3)

134.27

I(4)

163.71

GaI3

GaI2

notes

ref. 28

ref. 26, 69Ga isotope

ref. 29

a

Error bounds are in parentheses. Parameter definition is in the footnotes to Table 4.1. It is noted here that there
were negative results when attempting to detect both the 69Ga and 127I NQR signals of GaI3.
b
All listed 127I NQR transitions correspond to the m = ±1/2 ↔ ±3/2 transition. For 69Ga, νQ1 = νQ. Higher
frequency transitions could not be observed due to probe tuning limitations.
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Figure 7.3 Experimental Hahn echo 127I NQR spectra of ‘GaI’. (a) νRF = 132.0 MHz; (b) νRF = 134.37
MHz; (c) νRF = 113.75 MHz. For additional experimental details, see Appendix E, Table E.1.

Due to probe tuning limitations, it was not possible to detect the fourth expected iodine
site in GaI2, which is suspected to be located at ~163.7 MHz.29 Hence, the

127

I NQR data

conclusively demonstrate the presence of GaI2, and cast significant doubt on the presence of
Ga2I3.
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7.4

Conclusions
Using multiple-field

69/71

Ga SSNMR experiments and

127

I NQR measurements, further

discussion as to the full nature of ‘GaI’ has been provided. This is of importance, as ‘GaI’ is an
often-used synthetic reagent whose exact composition and structure are unknown. Both 69Ga
and 71Ga NMR measurements consistently indicate the presence of ‘liquid-like’ gallium metal, as
evidenced by its lack of QI and very distinct chemical shift value. In addition, a second 69/71Ga
site is observed for this sample, which is attributed to a [GaI4]− fragment that is slightly distorted
from perfect tetrahedral symmetry about the central Ga(III). Using

127

I NQR, it is conclusively

seen that a significant portion of ‘GaI’ is actually GaI2, which is present as [Ga]+[GaI4]−. In
addition, the presence of GaI3 (and therefore also Ga2I3) could not be verified, which casts
significant doubt on the earlier conclusions reached using Raman spectroscopy.
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Chapter Eight
General Conclusions
As enumerated in the individual conclusions to Chapters 3 – 7, it is clear that solid-state
NMR experiments using quadrupolar nuclei as probes possess several distinct advantages over
similar experiments performed upon spin-1/2 nuclei. Due in part to their relatively small Q
values, quadrupolar nuclei such as 2H,

6/7

Li, 11B, and 27Al have been used for decades to probe

solid state structures and dynamic processes in molecules.

Because of the substantial

developments in high-field magnet technology, SSNMR probe design, and the composition of
efficient broadband pulse sequences, the sensitivity of SSNMR experiments is consistently being
enhanced.

As such, more advanced systems are being pursued for study using SSNMR

experiments (e.g., surfaces and porous materials). As well, many nuclei which were thought to
be far too ‘exotic’ for detection using SSNMR are now able to be studied.
In this dissertation, it has been clearly demonstrated that all of the quadrupolar halogen
nuclei (i.e.,

35/37

Cl,

79/81

Br, and

127

I) are reasonably amenable to the SSNMR experiment, if one

makes intelligent choices about the applied field strength, the pulse sequence used, and the
system under study. There does not appear to be any restriction for the study of all the above
nuclei using SSNMR experiments, if the bonding environment at the halogen is known to be
sufficiently ionic. Although recently-developed pulse sequences, such as WURST-QCPMG,
should enable the detection of even covalently-bound chlorine environments using SSNMR, it
does not appear that the same statement can be made for the heavier members of this chemical
group. The primary reason for this lies in the larger nuclear electric quadrupole moments for
the

79/81

Br and

127

I nuclides. With that said, it is clear that SSNMR experiments upon these
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probe nuclei still have much to offer. For example, these nuclei have been demonstrated to be
effective probes of sample hydration, as well as local lattice symmetry. The sensitivity of the
quadrupolar interaction as a function of the atomic/ionic positions in the lattice is pronounced
to such an extent that for simple systems (e.g., MgBr2, CaI2, and MgI2), ionic displacements of
less than 0.05 Å may lead to drastic augmentations in the observed halide CQ values. These
types of experiments may also be used to provide evidence that compounds are isostructural
(e.g., the BaX2 series, where X = Cl, Br, I). The ability to complement several experimental
techniques, such as SSNMR and pXRD, with advanced quantum chemical calculations (e.g.,
GIPAW DFT) has allowed for some basic structural refinements to be performed (i.e., MgBr2)
and for the correction of prior errors in the literature (i.e., 35Cl SSNMR data for CaCl2). Nuclear
quadrupole resonance experiments have proven to be very useful in providing independent
measures of the quadrupolar interactions, and clearly demonstrated that a major component of
‘GaI’ is indeed GaI2, in contrast with earlier findings based upon rather complex Raman
datasets.
During the course of this work, it was found that high-order quadrupole-induced effects
(i.e., HOQIE) were present in several of the

127

I SSNMR spectra, and persisted even at the

highest available applied magnetic field of 21.1 T. Subsequent studies using the 185/187Re nuclides
(which possess some of the largest Q values known) allowed for the observation of additional
spectral fine structure which had never been observed before previously, and which was
attributed to HOQIE. It is clear that the inclusion of these effects will be necessary as other
research groups pursue the SSNMR study of systems containing nuclei which experience very
large quadrupolar interactions (e.g., systems which contain 63/65Cu, 75As, 93Nb, 181Ta, 209Bi, etc.).
In closing, based on these many successes, a substantial amount of follow-up work is
ongoing within the Bryce lab. One particular area of research involves studying the effects of
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halogen bonding interactions upon halogen nuclide NMR observables. As such, collaborations
have been established with world-leaders in halogen bonding to study these halogen bonding
interaction effects in important industrial materials (see Chapter 9). Additional experiments are
being performed to probe HOQIE in a more general sense (i.e., any spin quantum number and
no restrictions on the EFG tensor symmetry, see Chapter 9). Others in the group are authoring
efficient SSNMR line shape simulation software which will be able to treat any combination of
Zeeman and QI simultaneously. It is expected that over the course of the next several years,
many of these quadrupolar nuclei will lose their ‘exotic’ labels and join the many others already
within the ever-expanding SSNMR toolkit.
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Chapter Nine
Ongoing and Future Research Directions
9.1

Further Comments on the Utility of 185/187Re SSNMR
As briefly mentioned in Chapter 5, if rhenium chemical shift information could be

reliably extracted, it would potentially offer insight into the Re oxidation state. Indeed, liquidstate rhenium NMR studies document a chemical shift range of about 6 800 ppm.1,2 As part of
an ongoing study, several different rhenium-containing compounds have been chosen in order
to comment upon the ability of

185/187

Re SSNMR to probe Re oxidation states. A selection of

these systems is briefly discussed at this time.

9.1.1 ReO3: Suggested Rhenium Chemical Shift Reference
As demonstrated previously (i.e., Chapters 3 – 7), methods which probe the EFG tensor
can offer insight into the local molecular/lattice symmetry. Unfortunately, this tensor cannot be
used to infer Re oxidation states. NMR experiments using metal nuclei such as 59Co are known
to potentially probe the metal oxidation state via substantial differences in δiso values.3-6
However, one of the first challenges one faces when performing any

185/187

Re SSNMR

experiment is the poor sensitivity associated with the accepted chemical shift reference material.
According to a recent IUPAC publication, a 0.1 mol/dm3 solution containing the ReO4− group
in D2O is to be taken as the chemical shift reference.7 It is perhaps counterintuitive that the
observation of this NMR reference signal is somewhat time-consuming (often needing on the
order of 1 000 transients to be obtained to arrive at a modest S/N). Keeping this in mind, a
search was initiated with the goal of finding a new reference material. A potential candidate
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reference compound has been found in Re(VI)O3. This material packs in a cubic lattice8 and
therefore it would be expected that the EFG at the Re nuclei would be negligible. By removing
QI line shape broadening effects, a sharp signal could be rapidly obtained, as Re T1 values are
necessarily very small (although not to the extent that lifetime broadening effects are important)
due to the excessively large Q associated with each Re nuclide. Indeed, initial observations bear
this out (Figure 9.1). Very high S/N spectra can be obtained using ~512 scans (~2 minutes
experimental time). The measured rhenium isotropic chemical shifts at both B0 = 11.75 and
21.1 T have been calibrated relative to the accepted solution standard as −2940(8) ppm (Table
9.1). This δiso value appears to be field independent, and tests of its temperature dependence are
ongoing.

Figure 9.1 Experimental static Solomon echo 187Re (a) and 185Re (b) SSNMR spectra of powdered ReO3
acquired at B0 = 11.75 T. Analogous results have been obtained at B0 = 21.1 T.

Chapter Nine – Ongoing and Future Research Directions

- 222 -

9.1.2 KReO4: New and Useful HOQIE
The local rhenium environment in KRe(VII)O4 is that of a distorted tetrahedron, and as
such it is similar to that of NH4ReO4 and NaReO4. Prior rhenium NQR experiments have been
performed upon KReO4, and established the following EFG tensor parameters near room
temperature: CQ(185Re) = 188.68 MHz; CQ(187Re) = 178.76 MHz; and ηQ < 0.02.9 The present
185/187

Re NQR measurements confirm these findings (see Figure 9.2 and Table 9.1), with the

slight discrepancy being attributed to the differences in the respective measurement
temperatures.

Figure 9.2 Experimental Hahn echo

187Re

(a, b) NQR spectra of powdered KReO4 acquired at T =

291.8 K. The transition frequencies are specified in the Figure. (a) m = ±3/2 ↔ ±5/2; (b) m = ±1/2 ↔
±3/2, where for all transitions |∆m| = 1. Analogous 185Re NQR spectra have been acquired.
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Table 9.1 Experimental 185/187Re EFG tensor parameters and δiso valuesa
compound

νQ1/νQ2(185Re)
/ MHz

νQ1/νQ2(187Re)
/ MHz

ReO3

―

―

|CQ(185Re)| |CQ(187Re)|
/ MHz
/ MHz

ηQ

δisob
/ ppm

―

―

―

−2940(8)

KReO4

28.380(10)/56.754(15) 26.860(10)/53.718(15)

189.18(6)

179.06(6)

<0.003c

0(50)

Re2(CO)10

29.287(15)/39.876(12) 27.720(12)/37.742(12)

142.06(6)

134.46(6)

0.642(2)

−4375(75)

a

All values are extracted via exact modeling of the QI. Measurement errors are within parentheses.
measurements were carried out at T = 291.8(2) K, except for ReO3, which was at room temperature.
b
With respect to 0.1 mol/dm3 NaReO4 in D2O (δiso(185/187Re) = 0 ppm).
c
Value constrained as a result of modeling the 185/187Re m = 1/2 ↔ 3/2 SSNMR signals.

After precisely measuring the

All

Re Vɺɺ tensor parameters, rhenium SSNMR

185/187

experiments were performed at B0 = 11.75 and 21.1 T (see Figures 9.3 and 9.4) in order to
establish the isotropic rhenium chemical shift value for this compound, and to comment upon
the presence of any rhenium CSA effects (something which has never been conclusively
measured). The

185/187

Re CT SSNMR spectra at both 11.75 and 21.1 T are well-described using

exact QI simulation software (‘Quadrupolar Exact Software’ (QUEST), generated in-house,10 as
opposed to the software used in prior Chapters) that utilizes the EFG tensor parameters in
Table 9.1, and δiso = 0(50) ppm.

Figure 9.3 Best-fit QUEST exact simulation (a), and experimental static VOCS Solomon echo (b)
185/187Re

CT SSNMR spectrum of powdered KReO4 acquired at B0 = 21.1 T and T = 291.8 K.
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Figure 9.4 Best-fit QUEST exact simulations (a, c), and experimental static VOCS Hahn echo (b, d)
185/187Re

CT SSNMR spectra of powdered KReO4 acquired at B0 = 11.75 T and T = 291.8 K. In (a, b)

the high-frequency CT discontinuities are depicted, while in (c, d) the low-frequency CT discontinuities
are shown. Please note that the horizontal scaling is not equivalent between (a, b) and (c, d), but the
vertical scaling has been maintained.

While there is little evidence of HOQIE at 21.1 T, a very striking observation is made at
the lower applied field if one includes one of the ST. Typically, for cases where ηQ is near zero,
it is well known that the CT discontinuities are of significantly higher intensity than the
individual satellite transition discontinuities. Hence, it was rather surprising to find that the
discontinuities associated with the m = 1/2 ↔ 3/2 ST were of comparable intensity to the CT
discontinuities at 11.75 T. At 21.1 T, partial observation of the same ST discontinuities lead to
the expected result (i.e., much lower relative intensity for the ST) and is hence not discussed
further. Due to this effect only being present at the lower applied field, it can be reasonably
stated to be due to a HOQIE. It is also noted that these ST discontinuities are exceptionally
sensitive to even small deviations in the ηQ value from zero (Figure 9.5). This allowed for a very
precise determination of ηQ(185/187Re) for KReO4 (i.e., ηQ < 0.003). It is also established that
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SSNMR observations allow for the ηQ value to be determined even more precisely than if only
185/187

Re NQR experimental data were used. When using only the

185/187

Re NQR data for

KReO4, the ηQ value can only be constrained to < 0.02. Proper line shape modeling of the
185/187

Re ST SSNMR spectra under these conditions thus offers nearly an order of magnitude

gain in the measurement precision for ηQ relative to analogous NQR measurements.

Figure 9.5 QUEST exact simulations (a – f), and experimental static VOCS Hahn echo 185/187Re SSNMR
spectrum (m = 1/2 ↔ 3/2 transition) of powdered KReO4 acquired at B0 = 11.75 T and T = 291.8 K (g),
which highlight the effect of ηQ variation upon the 185/187Re SSNMR line shape. The following values are
used for ηQ, while all other parameters remain as reported in Table 9.1: (a) ηQ = 0.015; (b) ηQ = 0.012; (c)
ηQ = 0.009; (d) ηQ = 0.006; (e) ηQ = 0.003; (f) ηQ = 0.

9.1.3 Re2(CO)10: Using 185/187Re SSNMR to Probe MetalMetal-Metal Bonds
The above two examples demonstrate the potential existence of a relationship between
the rhenium chemical shift value and the Re oxidation state. In order to further assess this
possibility, a Re(0) compound was chosen, which also possesses a Re-Re bond. This second
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characteristic is rather interesting from both a chemical bonding perspective, as well as an
SSNMR perspective.

Figure 9.6 Experimental Hahn echo

187Re

(a, b) NQR spectra of powdered Re2(CO)10 acquired at T =

291.8 K. The transition frequencies are specified in the Figure. (a) m = ±3/2 ↔ ±5/2; (b) m = ±1/2 ↔
±3/2, where for all transitions |∆m| = 1. Analogous NQR spectra have also been acquired using the
185Re

nuclide.

As with KReO4,

185/187

Re NQR measurements have previously been carried out on Re2(CO)10,11

and the rhenium NQR parameters isolated here are complementary to this earlier report (Figure
9.6 and Table 9.1). Preliminary

185/187

Re SSNMR data have been acquired at B0 = 21.1 T and
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modeled with exact theory using the EFG tensor parameters arrived at from the NQR
measurements (Figure 9.7).

Figure 9.7 Tentative best-fit QUEST exact simulation (a), and experimental static VOCS Solomon echo
(b)

185/187Re

SSNMR spectrum of powdered Re2(CO)10 acquired at B0 = 21.1 T and T = 291.8 K. A

deconvolution is provided below (b): brown = 187Re signal; green = 185Re signal.

The best-fit exact QI simulation requires the inclusion of a substantial amount of MS, leading to
the very low observed δiso value of −4 375(75) ppm. This observed δiso value is over 1 400 ppm
more shielded than that in ReO3. Overall, it can be stated that there appears to be a relationship
between the rhenium isotropic chemical shift value and the oxidation state of the Re atom, but
further examples would be required to make definitive statements of this sort. Attempts to
acquire

185/187

Re SSNMR spectra of higher quality, which might allow for the measurement of

rhenium CSA, are ongoing.
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9.2

Attempts
Attempts to Detect HOQIE for I = 3/2 and I = 7/2
All prior HOQIE discussions pertained to cases where I = 5/2 (Chapters 4 and 5). Of

course, it would be of greater utility to characterize these effects in a more general fashion, and
hence extensions to other values of I must be made. At this time, some preliminary accounts
for I = 3/2 and I = 7/2 are given.

9.2.1 ModerateModerate-Field 81Br SSNMR and 81Br NQR on CaBr2 (I
(I = 3/2)
In Chapter 3, it was observed that for the bromide-containing materials studied, CaBr2
possessed the largest bromine CQ values. As such, this material was chosen in an attempt to
observe HOQIE for I = 3/2. To enhance the chances of observing HOQIE, 81Br SSNMR
experiments were conducted in a relatively low magnetic field (i.e., B0 = 9.4 T), as compared to
the prior study. To begin,

81

Br NQR experiments were used to confirm the EFG tensor

parameters at the Br nuclei (i.e., νQ(81Br) = 32.39(1) MHz, Figure 9.8a), and indeed the NQR
observations are fully consistent with CQ(81Br) = 62.8(4) MHz and ηQ = 0.445(20) after the
application of (3.1). Second, a 81Br SSNMR line shape using the known 81Br EFG and CS
tensor parameters was generated using second-order perturbation theory and compared to the
observed 81Br SSNMR spectrum at 9.4 T (Figure 9.8b). It can be immediately stated that the
second-order perturbation theory simulation using the known correct parameters from Tables
3.1 and 3.2 is slightly broader than the experimental spectrum, and is also nonuniformly shifted
to a lower frequency. When attempting to fit the data using second-order perturbation theory, it
is seen that the CQ(81Br) value is somewhat underestimated (just below the lower boundary of
the measurement error), while the chemical shift is actually overestimated by nearly 200 ppm
(Table 9.2). While the former observation is consistent with that observed for the I = 5/2 cases
considered earlier, the later observation is opposite to what is normally seen for modest HOQIE
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on the spectra for I = 5/2. Line shape modeling using exact theory (Figure 9.8c) yields a
spectrum that is in quantitative agreement with the observed spectrum at B0 = 9.4 T (Figure
9.8d) when one uses the known correct SSNMR parameters (i.e., within the experimental
measurement errors reported in Tables 3.1 and 3.2).

Figure 9.8 Experimental 81Br NQR spectrum of CaBr2 (a). The transition frequency is listed above the
spectrum. Analytical simulation (b), best-fit QUEST exact simulation (c), and experimental static VOCS
Solomon echo (d) 81Br SSNMR spectrum of powdered CaBr2 at B0 = 9.4 T. Please note in (b – d) that
only the low-frequency portion of the total VOCS spectrum is shown, in order to highlight the modest
HOQIE for I = 3/2 at this applied field (i.e., the deviation from the dashed guide line).
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Table 9.2 Experimental 81Br EFG tensor and δiso values for CaBr2 at B0 = 9.4 Ta
method

|CQ(81Br)|
/ MHz

ηQ

δisob
/ ppm

2nd-order perturbation

62.35(30)

0.445

470(100)

exact theory

62.75(30)

0.445

280(100)

62.8(4)

0.445(20)

280(50)

c

known correct values
a

Error bounds are in parentheses. Values correspond to the best-fit parameters extracted from line shape modeling
using the method specified in column 1. All parameters not specified here remain as disclosed originally in Tables
3.1 and 3.2.
b
With respect to solid KBr (δiso(81Br) = 0.00 ppm).
c
As reported in Chapter 3 and consistent with 81Br NQR measurements.

9.2.2 TantalumTantalum-181 SSNMR (I = 7/2)
181

Examples of
literature on the

Ta SSNMR are very few, even when compared to the scant prior

185/187

Re nuclides.12 It can be reasonably assumed that this is due to the very

large Q value for tantalum-181 (Q(181Ta) = 3170(20) mb),13 as well as the somewhat low γ
value,14 although fortunately the 181Ta nuclide is nearly 100 % naturally abundant. Indeed, 181Ta
SSNMR experiments are expected to remain highly challenging at even very high applied fields.
However, perhaps with carefully selected samples, important observations and insights may be
made.
Presently, the only

181

Ta SSNMR spectrum with reasonable S/N has been acquired on

KTaO3 (Figure 9.9), which is known to possess a cubic structure. Additional

181

Ta SSNMR

experiments have been performed on LiTaO3 (not shown), but the line shape associated with
the latter species was rather featureless and therefore could not be interpreted. According to
some literature reports,15 LiTaO3 is substantially disordered, which would lead to a distribution
of CQ values and greatly aids in the rationalization of the observed

181

Ta SSNMR line shape.

Additional tantalum-containing oxide materials are being considered for study using

181

Ta

SSNMR experiments.
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Figure 9.9 Experimental static Hahn echo 181Ta SSNMR spectrum of powdered KTaO3 acquired at B0 =
11.75 T.

9.3

Probing Important Supramolecular Structures via 127I SSNMR
As enumerated in Chapter 7, while rather simple systems are used during the initial

development phases of a particular nuclides’ SSNMR spectroscopy methods, it would be very
interesting to perform SSNMR experiments upon systems which are of commercial/industrial
importance. A recent area of much interest has been that of halogen bonding,16,17 which is
loosely defined as the intermolecular interaction between a halogen atom and some electron
donating species. One particular example of an electron donating species is a halide anion.
Early evidence of the importance of halide-halogen interactions was provided by Metrangolo et
al. in a very high-impact publication.18 They demonstrated that bis(trimethylammonium) alkane
diiodides could encapsulate certain types of diiodoperfluoroalkanes and that the organization of
the resulting product material was driven by the formation of a “I−I(CF2)nII− superanion”
which involves halogen bonding interactions.18
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As part of a more general study in the Bryce lab on the importance of these halogen
bonding interactions in directing supramolecular structures,19 a collaboration has been
established with the group of Metrangolo and co-workers. They have provided several samples
for study, and very preliminary findings are presented, which clearly establish that the
observation of the iodide anions involved in these halogen bonding interactions is possible via
127

I SSNMR experiments (Figure 9.10 and Table 9.3).

Figure 9.10 Tentative best-fit analytical simulations (a, c), and experimental static VOCS Solomon echo
127I{1H}

SSNMR spectra of the supramolecular complexes (1) (b) and (2) (d) acquired at B0 = 21.1 T.

Complex specifications can be found in Table 9.3.
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Table 9.3 Experimental
supramolecular materialsa

127

I EFG tensor parameters and δiso values for iodide-containing

compoundb

|CQ(127I)|
/ MHz

ηQ

δisoc
/ ppm

[IN(CH3)3(C10H20)(CH3)3NI][C6F4Br2], (1)

48.3(5)

0.98(2)

250(25)

[IN(CH3)3(C10H20)(CH3)3NI][C6H4I2], (2)

84.8(6)

0.04(2)

380(40)

a

Error bounds are in parentheses.
The observed species are denoted in italics.
c
With respect to 0.1 mol/dm3 KI in D2O (δiso(127I) = 0.0 ppm).
b

Briefly, the availability of a very high B0 (i.e., 21.1 T) has greatly facilitated the
observation of the

127

I SSNMR spectra where iodide anions are involved in important halogen

bonding interactions. Although not fully understood at the present time, it is highly interesting
to note the drastic change in the value of ηQ between the two examples provided, especially as
the structural changes should be somewhat modest (i.e., in both cases there is a
bis(trimethylammonium) alkane diiodide and a C6X4Y2 (X = H, F; Y = Br, I) unit assembled in a
1:1 stoichiometry, see Figure 9.11 for the unit cell and local iodide environment of (2)).20
Clearly, the identity of the halogen involved in the halogen-halide bonding interaction is of
critical importance (i.e., I vs. Br). In addition, as some of the X atoms of the C6X4Y2 ring and
the iodide are nearby, it is fully possible that the augmentation in the observed 127I EFG tensor
parameters between these two compounds is due to the exchanging of F atoms for H atoms,
which would allow for the presence of hydrogen bonding interactions in the latter. This delicate
balance between halogen and hydrogen bonding is of substantial significance in the organization
of many supramolecular structures;21 however, the ability of SSNMR experiments to make clear
distinctions between the two (if it is even possible‽) remains a tremendous challenge and is of
ongoing interest in the Bryce group.
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Figure 9.11 POV-ray renderings of (a) the unit cell of (2), and (b) the local structure about the iodide
anions in (2). The following colour and labeling scheme is used: I = green; N = blue; C = black; H =
white. In (b), the black dashed lines highlight some of the important interactions within 3.52 Å of the
iodide anion (internuclear distances are specified near the dashed lines, in Å). Within this distance, there
are 10 H contacts (3 are shown) and 1 halogen bonding interaction with the iodine atom from the
diiodobenzene molecule. The crystal structure for (1) is currently unknown.

9.4
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Appendix A
Appendix to Chapter Three
Table A.1 Detailed 79/81Br SSNMR experimental acquisition parametersa
B0 /
T

A

X

windowb
/ kHz

pointsc

π/2d
/ µs

scans

recycle
delay / s

τ1;τ2e / µs

details

CaBr2
11.75

81Br

625

26 598

1.7

2 176

0.3

60;60;60;60

static; VOCS QCPMG; 201 MG
loops; 74 pieces; offset = 86.31 kHz

21.1

79Br

2 000

2 048

1.2

4 000

0.5

150;10

static; VOCS Solomon whole echo;
20 pieces; offset = 250 kHz

21.1

81Br

2 000

2 048

1.0

4 096

0.5

100;10

static; VOCS Solomon whole echo;
14 pieces; offset = 300 kHz

SrBr2
11.75

79Br

2 000

2 048

1.0

16 384

0.3

150;10

static; VOCS Solomon whole echo;
broadest signal not acquired; 8
pieces; offset = 300 kHz

11.75

81Br

2 000

2 048

1.1

14 400

0.3

150;10

static; VOCS Solomon whole echo;
broadest signal not acquired; 8
pieces; offset = 200 kHz

21.1

79Br

2 000

2 048

1.2

4 096

0.4

250;10

static; VOCS Solomon whole echo;
16 pieces; offset = 250 kHz

21.1

81Br

2 000

2 048

1.0

4 096

0.4

250;10

static; VOCS Solomon whole echo;
9 pieces; offset = 300 kHz

BaBr2
11.75

79Br

2 000

2 048

1.0

52 000

0.4

250;10

static; VOCS Solomon whole echo;
5 pieces; offset = 300 kHz

11.75

81Br

2 000

2 048

1.2

32 768

0.4

250;10

static; VOCS Solomon whole echo;
4 pieces; offset = 325 kHz

21.1

79Br

2 000

4 096

1.2

4 096

0.5

500;1

static; VOCS Solomon whole echo;
2 pieces; offset = 250 kHz

21.1

81Br

1 000

2 048

1.0

32 768

0.5

500;1

static; Solomon whole echo

MgBr2·6H2O
11.75

79Br

2 000

2 048

1.1

65 536

0.7

250;10

static; VOCS Solomon whole echo;
2 pieces; offset = 400 kHz; ν1(1H)
= 40 kHz

11.75

81Br

2 000

4 096

1.1

53 400

0.7

400;10

static; Solomon whole echo; ν1(1H)
= 40 kHz

21.1

79Br

2 000

2 048

1.0

2 048

0.4

200;10

static; Solomon whole echo

21.1

81Br

2 000

2 048

1.0

2 000

0.8

200;10

static; Solomon whole echo; ν1(1H)
= 100 kHz
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B0 /
T

A

X

windowb
/ kHz

pointsc

π/2d
/ µs

recycle
delay / s

scans

τ1;τ2e / µs

details

SrBr2·6H2O
11.75

79Br

2 000

2 048

1.1

16 384

0.4

40;20

static; VOCS Solomon half echo; 5
pieces; offset = 300 kHz

11.75

81Br

2 000

1 024

1.2

14 400

0.5

40;20

static; VOCS Solomon half echo; 5
pieces; offset = 300 kHz

21.1

79Br

2 000

2 048

1.2

4 096

0.5

100;10

static; VOCS Solomon half echo; 2
pieces; offset = 280 kHz

21.1

81Br

2 000

2 048

1.0

1 024

0.5

100;0

static; Solomon half echo; ν1(1H) =
100 kHz

BaBr2·2H2O
11.75

79Br

400

1 024

2.1

8 192

0.4

60;50

static; Solomon half echo; ν1(1H) =
40 kHz

11.75

81Br

400

1 024

3.0

4 096

0.4

50;40

static; Solomon half echo; ν1(1H) =
40 kHz

21.1

79Br

500

1 024

1.9

2 048

0.5

26;0

static; Solomon half echo; ν1(1H) =
100 kHz

21.1

79Br

250

2 048

1.6

4 096

0.75

36.4;6.4

21.1

81Br

500

1 024

2.0

1 000

0.5

26;0

21.1

81Br

200

2 048

1.5

1 024

0.5

48.5;0

MAS; Solomon half echo; νMAS =
20.000 kHz; ν1(1H) = 100 kHz

MAS; Solomon half echo; νMAS =
26.318 kHz; ν1(1H) = 100 kHz
static; Solomon half echo; ν1(1H) =
100 kHz

CaBr2·xH2O
11.75

79Br

2 000

2 048

1.0

18 700

0.5

250;10

static; VOCS Solomon whole echo;
broadest signal not acquired; 5
pieces; offset = 350 kHz

11.75

81Br

625

19 866

1.7

800

0.8

45;45;45;45

static; VOCS QCPMG; 150 MG
loops; 52 pieces; offset = 95.90 kHz

11.75

81Br

2 000

2 048

1.2

15 028

0.5

250;10

static; VOCS Solomon whole echo;
broadest signal not acquired; 3
pieces; offset = 350 kHz

21.1

79Br

2 000

2 048

1.2

2 048

0.5

250;10

static; VOCS Solomon whole echo;
broadest signal not acquired; 2
pieces; offset = 250 kHz

21.1

81Br

2 000

4 096

1.0

4 000

0.5

300;10

static; VOCS Solomon whole echo;
12 pieces; offset = 300 kHz

a All static experiments were carried out at room temperature. For MAS experiments, cooled N2 gas was passed through the
probe to compensate for the frictional heating due to sample rotation.
b Acquisition parameters are for each sub-spectrum, where applicable.
c Number of complex time-domain data points acquired.
d CT selective pulses.
e For QCPMG experiments, this column corresponds to τ1; τ2; τ3; τ4.
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Table A.2 GIPAW DFT computations: computed energies and structure referencesa
compound
CaBr2
SrBr2
BaBr2
MgBr2·6H2O

CaBr2·6H2O
SrBr2·6H2O

BaBr2·2H2O

functional

energy / eV

PBE

−3970.290480

PW91

−3980.612732

PBE

−18201.749028

PW91

−18265.265086

PBE

−6733.787958

PW91

−6759.176405

PBE

−9670.271689

PW91

−9683.751346

PBE

−9670.128969

PW91

−9683.603160

PBE

−4810.061381

PW91

−4816.525411

PBE

−4645.028833

PW91

−4654.985229

PBE

−4645.330842

PW91

−4655.291209

PBE

−10500.220328

PW91

−10530.421271

structure references and notes
Brackett et al.1
Smeggil & Eick.2
Brackett et al.3
Model A: heavy atom positions taken from Andress and
Gundermann;4 unit cell taken from Sorrell and Ramey;5 H
positions optimized computationally.
Model B: heavy atom positions adjusted slightly (but within
measurement errors) from Andress and Gundermann;4 unit cell
taken from Sorrell and Ramey;5 H positions optimized
computationally.
LeClaire & Borel.6
Model A: heavy atom positions and unit cell taken from
Abrahams and Vordemvenne;7 H positions optimized
computationally, starting from those in SrCl2·6H2O, as reported
by Agron and Busing.8
Model B: heavy atom positions and unit cell taken from
Abrahams and Vordemvenne,7 except the c value for the
bromide is altered to −c; H positions optimized
computationally, starting from those in SrCl2·6H2O, as reported
by Agron and Busing.8
Kellersohn et al.9

a Crystal structure parameters used for GIPAW DFT NMR computations can be found in Table A.3. Information on the
bromine otfg pseudopotential: (i) core states include 1s22s22p63s23p63d10; valence states include 4s24p5; (ii) the local channel is
chosen to be d; (iii) the pseudisation radius for local and non-local channels is 2.0 a.u.; (iv) the pseudisation radius for
augmentation functions is 1.4 a.u.; (v) augmentation charge and partial core correction are 1.401 a.u.; (vi) the string used for the
generation of the pseudopotential, in the format used by Materials Studio is “2|2.0|2.0|1.4|3|4|5|40:41(qc=4)#[]”
(see http://www.tcm.phy.cam.ac.uk/castep/usp-string-notes.txt and http://www.tcm.phy.cam.ac.uk/castep/otfg.pdf for
further explanation).
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Table A.3 GIPAW DFT computations: crystal structure parameters used for NMR parameter
computations
compound
CaBr2b

c

SrBr2

BaBr2d

MgBr2·6H2O

e

(model A)

MgBr2·6H2O
(model B)

CaBr2·6H2Of

SrBr2·6H2O

g

e

Wyckoff site

local symmetry

νaa

νb a

νca

Ca

2a

..2/m

0.0000

0.0000

0.0000

Br

4g

..m

0.2636

0.3417

0.0000

Br

4g

..m

0.7364

0.6583

0.0000

Sr

8g

1

0.8545

0.8356

0.2476

Sr

2c

4..

0.0000

0.5000

0.8483

Br(1)

2b

4..

0.0000

0.0000

0.5000

Br(2)

2a

4..

0.0000

0.0000

0.0000

Br(3)

8g

1

0.0888

0.7072

0.0963

Br(4)

8g

1

0.9031

0.7090

0.6258

Ba

4c

.m.

0.2447

0.2500

0.1149

Br(1)

4c

.m.

0.0284

0.2500

0.8401

Br(2)

4c

.m.

0.1422

0.2500

0.4272

Mg

2a

2/m

0.0000

0.0000

0.0000

Br

4i

m

0.3180

0.0000

0.6150

O

4i

m

0.2000

0.0000

0.1100

O

8j

1

0.9600

0.2000

0.2250

H

8j

1

0.5222

0.7943

0.2807

H

8j

1

0.3861

0.6956

0.3183

H

4i

m

0.7695

0.5000

0.0078

H

4i

m

0.7397

0.5000

0.2588

Mg

2a

2/m

0.0000

0.0000

0.0000

Br

4i

m

0.3200

0.0000

0.6150

O

4i

m

0.2000

0.0000

0.1150

O

8j

1

0.9600

0.2050

0.2300

H

8j

1

0.5230

0.7986

0.2853

H

8j

1

0.3868

0.7007

0.3245

H

4i

m

0.7697

0.5000

0.0112

H

4i

m

0.7395

0.5000

0.2620

Ca

1a

32.

0.0000

0.0000

0.0000

Br

2d

3..

0.3333

0.6667

0.4435

O

3f

.2.

−0.2065

0.0000

0.5000

O

3e

.2.

0.3021

0.0000

0.0000

H

6g

1

−0.2192

0.1131

0.4925

H

6g

1

0.4233

0.1039

−0.0791

Sr

1a

32.

0.0000

0.0000

0.0000

atom
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Wyckoff site

local symmetry

νaa

νb a

νca

Br

2d

3..

0.3333

0.6667

−0.4405

O

3f

.2.

0.7874

0.0000

0.5000

O

3e

.2.

0.3112

0.0000

0.0000

H

6g

1

0.4324

0.0974

−0.0884

H

6g

1

−0.2326

0.1090

0.4699

SrBr2·6H2Og

Sr

1a

32.

0.0000

0.0000

0.0000

(model B)

Br

2d

3..

0.3333

0.6667

0.4405

O

3f

.2.

0.7874

0.0000

0.5000

O

3e

.2.

0.3112

0.0000

0.0000

H

6g

1

0.4310

0.0954

-0.0987

H

6g

1

−0.2320

0.1097

0.4822

Ba

4e

2

0.0000

0.1009

0.2500

Br

8f

1

0.2171

0.4710

0.3492

O

8f

1

0.0098

0.7608

0.4428

H

8f

1

0.0880

0.6855

0.4552

H

8f

1

0.9302

0.6871

0.3739

compound
(model A)

BaBr2·2H2Oh

atom

The values within these columns are in fractional unit cell coordinates.
Pnnm (№. 58); orthorhombic; a = 6.584 Å; b = 6.871 Å; c = 4.342 Å; αC = βC = γC = 90°.
c P4/n (№. 85); tetragonal; a = b = 11.630 Å; c = 7.146 Å; αC = βC = γC = 90°.
d Pnma (№. 62); orthorhombic; a = 8.276 Å; b = 4.956 Å; c = 9.919 Å; αC = βC = γC = 90°.
e C2/m (№. 12); monoclinic; a = 10.290 Å; b = 7.334 Å; c = 6.211 Å; αC = γC = 90°; βC = 93.25°. H positions are
computationally optimized.
f P321 (№. 150); trigonal; a = b = 8.164 Å; c = 4.016 Å; αC = βC = 90°; γC = 120°.
g P321 (№. 150); trigonal; a = b = 8.204 Å; c = 4.159 Å; αC = βC = 90°; γC = 120°. H positions are computationally optimized.
h C2/c (№. 15); monoclinic; a = 10.429 Å; b = 7.195 Å; c = 8.375 Å; αC = γC = 90°; βC = 113.60°.
a
b
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Figure A.1 Best-fit analytical simulation (a), and experimental static VOCS QCPMG

81Br

SSNMR

spectrum of powdered CaBr2 acquired at B0 = 11.75 T (b). Partially excited ST are denoted using “†”.
CSA was neglected in the line shape simulation, but the Vɺɺ tensor parameters agree quantitatively with
those measured at B0 = 21.1 T.

Table A.4 Input parameters for calculations involving isomorphic bromides and chlorides
compound A compound B
CaCl2
BaCl2
MgCl2·6H2O
SrCl2·6H2O

Q(35Cl) /
× 10−29 m2

Q(81Br) /
× 10−29 m2

(1 − γ∞)
(35Cl)

(1 − γ∞)
(81Br)

VA /
Å3

−0.8165a

2.62

43.0b

81

168.52c

196.43

81

d

406.84

e

467.97

f

242.42

CaBr2
BaBr2
MgBr2·6H2O
SrBr2·6H2O

−0.8165
−0.8165
−0.8165

2.62
2.62
2.62

43.0
43.0
43.0

81
81

VB /
Å3

350.55

424.74

226.29

All Q values are from ref. 10.
All (1 − γ∞) values are from ref. 11.
c From ref. 12.
d From ref. 3.
e From ref. 13.
f From ref. 8.
a
b
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Figure A.2 Analytical simulations (a – d), and experimental static VOCS Solomon echo 81Br SSNMR
spectrum of powdered CaBr2 acquired at B0 = 21.1 T (e), which highlight the effect of Ω variation upon
the 81Br SSNMR line shape. The following values are used for Ω, while all other parameters remain as
reported in Tables 3.1 and 3.2: (a) Ω = 0 ppm; (b) Ω = 500 ppm; (c) Ω = 750 ppm; (d) Ω = 250 ppm.
Dashed lines highlight key line shape features which are dependent upon the Ω value.

Figure A.3 Analytical simulations (a – g), and experimental static VOCS Solomon echo 81Br SSNMR
spectrum of powdered CaBr2 acquired at B0 = 21.1 T (h), which highlight selected effects of β variation
upon the 81Br SSNMR line shape. The following β values are used, while all other parameters remain as
in Tables 3.1 and 3.2: (a) β = 0°; (b) β = 15°; (c) β = 30°; (d) β = 45°; (e) β = 60°; (f) β = 75°; (g) β =
90°. The dashed lines and boxed region highlight line shape features which depend upon the β value.
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Figure A.4 Analytical simulations (a – c; e – g), and experimental static VOCS Solomon echo (d, h)
79/81Br

SSNMR spectra of three of the four magnetically unique bromine sites in powdered SrBr2

acquired at B0 = 21.1 T. To highlight the importance of including both CSA and nonzero Euler angles
within the line shape fitting analysis, (a) and (e) set α = β = γ = 0°, (b) and (f) neglect CSA entirely (Ω =
0 ppm), while (c) and (g) include both CSA and nonzero Euler angle effects.
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Figure A.5 Best-fit analytical simulations (a, c), and experimental static VOCS Solomon echo (b, d)
79/81Br

SSNMR spectra of powdered SrBr2·6H2O acquired at B0 = 11.75 T. As a test, the experimental

spectra were acquired without 1H decoupling and therefore 2 100 Hz of dipolar broadening has been
applied to the simulated spectra (since rH-Br = ca. 2.5 Å). The differences between simulations including
dipolar broadening, versus those which did not, are within measurement errors.
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Figure A.6 Analytical simulation (a), and experimental static VOCS QCPMG (b) 81Br SSNMR spectrum
of powdered CaBr2·xH2O acquired at B0 = 11.75 T. The † and ‡ symbols denote NMR signals from
63Cu

within the receiving coil, and from

23Na

from NaBr, respectively. Inset: central region of the

spectrum, highlighting the loss in resolution relative to the VOCS Solomon echo 81Br SSNMR spectrum
of the same mixture (see Figure 3.16).
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Figure A.7 Analytical simulations (a, c), and experimental static VOCS Solomon echo (b, d)

79Br

SSNMR spectra of the three central signals in powdered CaBr2·xH2O. Spectra were acquired at (b) B0 =
21.1 T and (d) B0 = 11.75 T.
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Table A.5 GIPAW DFT 81Br EFG tensor parameters: MBr2 systems, additional informationa
compound

functional

site
label

V11
/ a.u.

V22
/ a.u.

V33
/ a.u.

CQ(81Br)
/ MHz

ηQ

CaBr2

PBE

―

0.2829

0.8403

−1.1232

−69.15

0.496

PW91

―

0.2837

0.8458

−1.1295

−69.53

0.498

PBE

Br(1)

0.0796

0.0796

−0.1592

−9.80

0.000

Br(2)

0.1439

0.1439

−0.2878

−17.72

0.000

Br(3)

0.0381

0.4031

−0.4412

−27.16

0.827

Br(4)

0.3453

0.6364

−0.9817

−60.43

0.297

Br(1)

0.0799

0.0799

−0.1597

−9.83

0.000

Br(2)

0.1448

0.1448

−0.2895

−17.82

0.000

Br(3)

0.0360

0.4062

−0.4422

−27.22

0.837

Br(4)

0.3471

0.6415

−0.9886

−60.86

0.298

Br(1)

0.1509

0.1819

−0.3329

−20.49

0.093

Br(2)

−0.2350

−0.2770

0.5120

31.52

0.082

Br(1)

0.1509

0.1837

−0.3346

−20.60

0.098

Br(2)

−0.2365

−0.2786

0.5151

31.71

0.082

SrBr2

PW91

BaBr2

PBE

PW91

a

Parameter definitions are in Section 2.3.3.2. Additional details may be found in Table 3.5.

Table A.6 GIPAW DFT bromine CS tensor parameters: MBr2 systems, additional informationa
compound

functional

site
label

σ11
/ ppm

σ22
/ ppm

σ33
/ ppm

CaBr2

PBE

―

2065.77

2229.95

2416.84

390.4

PW91

―

2055.78

2220.68

2409.78

PBE

Br(1)

2102.24

2160.20

Br(2)

2091.93

Br(3)

SrBr2

PW91

BaBr2

PBE

PW91

a

δiso
Ω
/ ppm / ppm

κ

α, β, γ
/°

351.1

0.06

270.0, 89.5, 180.0

398.4

354.1

0.07

270.0, 89.5, 180.0

2160.20

487.3

58.0

−1.00

90.0, 90.0, 180.0

2202.13

2202.13

462.7

110.2

−1.00

90.0, 90.0, 180.0

2197.55

2256.57

2330.15

366.4

132.6

0.11

43.3, 88.4, 231.9

Br(4)

2178.37

2287.01

2360.85

352.4

182.5

−0.19 242.4, 72.5, 214.5

Br(1)

2103.62

2160.34

2160.34

486.0

56.7

−1.00

90.0, 90.0, 180.0

Br(2)

2095.06

2202.52

2202.52

460.7

107.5

−1.00

90.0, 90.0, 180.0

Br(3)

2201.35

2257.40

2330.10

364.2

128.8

0.13

44.3, 88.3, 233.3

Br(4)

2182.08

2288.69

2363.12

349.1

181.0

−0.18 242.4, 72.5, 213.8

Br(1)

2148.09

2334.74

2400.42

333.3

252.3

−0.48

0.0, 49.6, 180.0

Br(2)

1997.72

2082.59

2206.05

532.8

208.3

0.18

180.0, 19.2, 180.0

Br(1)

2144.34

2330.55

2397.37

336.3

253.0

−0.47

0.0, 49.6, 180.0

Br(2)

1991.99

2077.10

2201.30

537.4

209.3

0.19

180.0, 19.4, 180.0

Parameter definitions are in Sections 2.3.2.4, 2.3.3.1 and 2.3.3.3. Additional details may be found in Table 3.6.
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Table A.7 GIPAW DFT 81Br EFG tensor parameters: MBr2 hydrates, additional informationa
compound

functional

model
label

V11
/ a.u.

V22
/ a.u.

V33
/ a.u.

CQ(81Br)
/ MHz

ηQ

MgBr2·6H2O

PBE

A

−0.2112

−0.2171

0.4283

26.37

0.014

PW91

A

−0.2075

−0.2152

0.4227

26.02

0.018

PBE

B

−0.1800

−0.2372

0.4172

25.68

0.137

PW91

B

−0.1784

−0.2332

0.4116

25.34

0.133

PBE

―

0.2797

0.2797

−0.5594

−34.44

0.000

PW91

―

0.2792

0.2793

−0.5584

−34.38

0.000

PBE

A

0.1496

0.1496

−0.2992

−18.42

0.000

PW91

A

0.1494

0.1494

−0.2988

−18.39

0.000

PBE

B

0.3327

0.3327

−0.6655

−40.97

0.000

PW91

B

0.3331

0.3331

−0.6662

−41.01

0.000

PBE

―

0.0429

0.0989

−0.1418

−8.73

0.395

PW91

―

0.0435

0.1042

−0.1477

−9.09

0.411

CaBr2·6H2O

SrBr2·6H2O

BaBr2·2H2O

a

Parameter definitions are in Sections 2.3.3.2. Additional details may be found in Table 3.7.

Table A.8 GIPAW DFT bromine CS tensor parameters: MBr2 hydrates, additional informationa
compound

functional

model
label

σ11
/ ppm

σ22
/ ppm

σ33
/ ppm

MgBr2·6H2O

PBE

A

2598.85

2614.76

2658.22

3.0

PW91

A

2596.80

2613.57

2657.01

PBE

B

2589.62

2611.83

PW91

B

2587.46

PBE

―

PW91

CaBr2·6H2O

SrBr2·6H2O

BaBr2·2H2O

a

κ

α, β, γ
/°

59.4

0.46

0.0, 58.1, 0.0

3.7

60.2

0.44

0.0, 57.9, 0.0

2653.60

8.6

64.0

0.31

270.0, 55.2, 180.0

2610.54

2652.26

9.4

64.8

0.29

270.0, 55.1, 180.0

2537.60

2578.57

2578.58

62.1

41.0

−1.00 247.2, 89.8, 180.2

―

2537.11

2577.88

2577.90

62.0

40.8

−1.00 223.1, 89.9, 180.3

PBE

A

2537.94

2569.36

2569.36

68.2

31.5

−1.00 224.3, 89.9, 180.4

PW91

A

2538.28

2569.50

2569.53

67.2

31.2

−1.00 226.6, 89.9, 180.4

PBE

B

2532.15

2612.80

2612.83

41.1

80.7

−1.00 210.9, 90.0, 180.2

PW91

B

2532.29

2612.85

2612.88

40.3

80.6

−1.00 212.2, 90.0, 180.2

PBE

―

2377.13

2435.31

2471.25

199.5

94.1

−0.24

61.0, 84.1, 240.7

PW91

―

2373.36

2431.53

2467.77

202.5

94.4

−0.23

64.0, 84.5, 240.6

δiso
Ω
/ ppm / ppm

Parameter definitions are in Sections 2.3.2.4, 2.3.3.1 and 2.3.3.3. Additional details may be found in Table 3.8.
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Figure A.8 POV-Ray rendering of the computed bromine Vɺɺ (Vii, i = 1, 2, 3, in blue) and symmetric σɺɺ
(σii, red) tensor eigenvectors in the crystal frame of SrBr2. Sr ions are in grey. The computations used
Ecut = 500 eV, a 3 × 3 × 5 k-point grid, and the PBE XC functional. Where the Vɺɺ and σɺɺ tensor

eigenvectors are coincident, a purple vector represents both. The unique bromine sites are Br(1)
(turquoise), Br(2) (green), Br(3) (orange), and Br(4) (gold). Eigenvectors are displayed once per unique
Br and were placed using Diamond 3.2. The Br(2) ion located at (1/2, 1/2, 1) has been removed to
better show the tensor orientations for Br(1). The tensor orientations are identical for Br(1) and Br(2);
hence, labels have been omitted for Br(2) to enhance clarity.
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Figure A.9 POV-Ray rendering of the computed bromine Vɺɺ (blue) and symmetric σɺɺ (red) tensor
eigenvectors in the crystal frame of MgBr2·6H2O (model B). The computation used Ecut = 750 eV, a 2 ×
3 × 4 k-point grid, and the PBE XC functional. Eigenvectors were placed using Diamond 3.2.

Figure A.10 POV-ray rendering of the computed bromine Vɺɺ (blue) and symmetric σɺɺ (red) tensor
eigenvectors in the crystal frame of SrBr2·6H2O (model B). The computation used Ecut = 800 eV, a 4 × 4
× 6 k-point grid, and the PBE XC functional. Where the Vɺɺ and σɺɺ eigenvectors are coincident, a purple
vector represents both. Eigenvectors were placed using Diamond 3.2.
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Figure A.11 POV-ray rendering of the computed bromine Vɺɺ (blue) and symmetric σɺɺ (red) tensor
eigenvectors in the crystal frame of BaBr2·2H2O. The computation used Ecut = 800 eV, a 3 × 3 × 3 kpoint grid, and the PBE XC functional. Eigenvectors were placed using Diamond 3.2.
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Table A.9 Bromine-79/81 Vɺɺ and σɺɺ tensor eigenvectors, normalized and in their respective
crystal framesa
compound

site label

eigenvector label

νab

νb b

νcb

CaBr2

―

V11

0.0000

0.0000

1.0000

V22

0.7071

0.7071

0.0000

V33

−0.7071

0.7071

0.0000

σ11

−0.7011

0.7130

0.0000

σ22

0.0000

0.0000

−1.0000

σ33

0.7130

−0.7011

0.0000

V11

1.0000

0.0000

0.0000

V22

0.0000

1.0000

0.0000

V33

0.0000

0.0000

1.0000

σ11

0.0000

0.0000

1.0000

σ22

1.0000

0.0000

0.0000

σ33

0.0000

1.0000

0.0000

V11

1.0000

0.0000

0.0000

V22

0.0000

1.0000

0.0000

V33

0.0000

0.0000

1.0000

σ11

0.0000

0.0000

1.0000

σ22

1.0000

0.0000

0.0000

σ33

0.0000

1.0000

0.0000

V11

0.1623

0.0186

0.9866

V22

0.9698

−0.1874

−0.1561

V33

0.1820

0.9821

−0.0485

σ11

−0.3683

0.7253

0.5816

σ22

−0.4927

−0.6828

0.5395

σ33

0.7884

−0.0879

0.6088

V11

−0.7485

−0.5131

0.4201

V22

0.6353

−0.3733

0.6760

V33

−0.1901

0.7729

0.6054

σ11

0.4466

0.6265

0.6388

σ22

0.8550

−0.0885

−0.5110

σ33

−0.2636

0.7744

−0.5752

V11

0.8873

0.0000

−0.4613

V22

0.0000

1.0000

0.0000

V33

0.4613

0.0000

0.8873

σ11

−0.2246

0.0000

0.9745

σ22

0.0000

−1.0000

0.0000

σ33

0.9745

0.0000

0.2246

SrBr2

Br(1)

Br(2)

Br(3)

Br(4)

BaBr2

Br(1)
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compound

MgBr2·6H2O

c

site label

eigenvector label

νab

νb b

νcb

Br(2)

V11

0.9088

0.0000

−0.4172

V22

0.0000

1.0000

0.0000

V33

0.4172

0.0000

0.9088

σ11

0.9955

0.0000

−0.0942

σ22

0.0000

1.0000

0.0000

σ33

0.0942

0.0000

0.9955

V11

0.0000

0.1364

0.0000

V22

−0.0608

0.0000

0.1200

V33

0.0760

0.0000

0.1077

σ11

0.0278

0.0000

0.1569

σ22

0.0000

−0.1364

0.0000

σ33

0.0933

0.0000

−0.0372

V11

0.1218

0.0000

0.0000

V22

0.0703

0.1407

0.0000

V33

0.0000

0.0000

0.2404

σ11

0.0000

0.0003

0.2404

σ22

−0.0023

0.1207

−0.0007

σ33

−0.1408

−0.0724

0.0001

V11

0.0965

−0.0391

0.0798

V22

0.0398

0.0747

−0.0700

V33

0.0072

0.1105

0.0755

σ11

0.0562

−0.0098

0.1284

σ22

0.0329

−0.1262

−0.0167

σ33

0.0819

0.0574

−0.0148

―

(model B)

SrBr2·6H2O

c

―

(model B)

BaBr2·2H2Oc

―

Orientations were determined from GIPAW DFT computations using the PBE XC functional.
The values within these columns are fractional unit cell coordinates.
c Belongs to a lattice which requires the use of the general form of the vector norm (i.e., for non-orthogonal, non-Cartesian basis
a
b

vectors). Hence, v =

2

2

2

2

2

2

va a + vb b + vc c + 2 va vb a b cos γC + 2va vc a c cos βC + 2vb vc b c cos αC .

The input parameters used can be found in the footnotes to Table A.3.
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Figure A.12 Plot of CQ(81Br) versus q(Br) for CaBr2 using the point charge model described in the main
text of Chapter 3. Linear equation of best fit: CQ(81Br) = 143.37q(Br), R2 = 1.00.
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Appendix B
Appendix to Chapter Four
B.1 Additional Experimental Details
B.1.1 Confirmation
Confirmation of Sample
Sample Purity
Sample purity was confirmed for each compound by the manufacturer based primarily on trace
metal analysis using inductively coupled plasma mass spectrometry (ICP-MS), except BaI2·2H2O, which
was confirmed via titration with AgNO3. Detailed results of the ICP-MS experiments may be obtained
by visiting www.sigmaaldrich.com and noting the appropriate lot number: MgI2 (19170LH); CaI2
(06459HE); BaI2 (10754CE); CdI2 (07335HD); SrI2·6H2O (MKAA0436); BaI2·2H2O (02211HH).

B.1.2 Choice of Hahn Echo or Solomon Echo
Echo Pulse Sequence
Relative to the Hahn echo pulse sequence, and assuming adequate probe bandwidth, the
Solomon echo pulse sequence allows for more uniform excitation of a static SSNMR spectrum for a halfinteger quadrupolar nucleus.1 This comes at the expense of signal intensity, where the Hahn echo
sequence is superior by a factor of 2. Hence, as sufficient

127I

signal was often available at 21.1 T, the

Solomon echo was used. At 11.75 T, it was deemed in certain cases that the increased signal would be
preferred; hence, the Hahn echo pulse sequence was chosen.

B.1.3 Quantum Chemical
Chemical Calculations – Additional Information
The ‘precise’ setting, as defined by Materials Studio, was used for the FFT grid, except NMR
tensor calculations for SrI2 and BaI2·2H2O, where the ‘fine’ setting was used due to computational
resource limitations.
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Table B.1 Detailed 127I SSNMR/NQR experimental acquisition parametersa
B0
/T

windowb
/ kHz

pointsc

π/2d
/ µs

scans

recycle
delay / s

τ1;τ2 / µs

details

MgI2
11.75

2 000

1 024

1.0

18 800

0.25

30;10

Solomon echo; 8 pieces; offset = 300
kHz; 4 mm probe

21.1

2 000

512

1.0

8 192

0.25

30;10

Solomon echo; 7 pieces; offset = 300
kHz; 3.2 mm probe

CaI2
11.75

2 000

512

1.0

4 992

0.25

30;10

Hahn echo; 50 pieces; offset = 300
kHz; 4 mm probe

21.1

2 000

1 024

1.0

6 000

0.25

30;10

Solomon echo; 3.2 mm probe

BaI2
11.75

2 000

1 024

1.0

14 400

0.25

30;10

Solomon echo; 17 pieces; offset = 300
kHz; 4 mm probe

21.1

2 000

512

1.0

6 000

0.25

30;10

Solomon echo; 11 pieces; offset = 300
kHz; 3.2 mm probe

0.0

2 000

512

2.0

1 500

0.35

30;25

site I(2); Hahn echo; 7 mm probe; m
= ±1/2 ↔ ±3/2 transition

0.0

2 000

512

2.0

1 500

0.35

30;25

site I(2); Hahn echo; 7 mm probe; m
= ±3/2 ↔ ±5/2 transition

CdI2 (4H)
11.75

2 000

512

1.0

18 000

0.3

30;20

Solomon echo; 11 pieces; offset = 300
kHz; 4 mm probe

21.1

2 000

1 024

1.0

8 192

0.4

30;10

Solomon echo; 7 pieces; offset = 300
kHz; 3.2 mm probe

BaI2·2H2O
11.75

2 000

1 024

1.0

8 000

0.25

28.5;10

Hahn echo; 11 pieces; offset = 200
kHz; 4 mm probe; T = 295

11.75

2 000

1 024

1.0

3 000

0.25

28.5;10

Hahn echo; 8 pieces; offset = 250
kHz; 4 mm probe; T ≈ 243 K

21.1

2 000

1 024

1.0

3 000

0.25

30;5

Solomon echo; 5 pieces; offset = 300
kHz; 3.2 mm probe

21.1

2 000

1 024

1.4

4 000e

0.25

18.6;4.3

Solomon echo; 6 pieces; offset = 300
kHz; ν1(1H) ~ 85 kHz; 4 mm probe

Solomon echo; 16 pieces; offset = 250
kHz; 4 mm probe

SrI2·6H2O
21.1

2 000

1 024

1.4

5 000

0.25

18.6;4.3

0.0

2 000

512

3.0

512

0.2

30;20

Hahn echo; 7 mm probe; m = ±1/2
↔ ±3/2 transition

0.0

2 000

512

2.5

1 000

0.2

30;20

Hahn echo; 7 mm probe; m = ±1/2
↔ ±3/2 transition

All experiments were carried out at room temperature. b Acquisition parameters are for each sub-spectrum, where applicable.
Number of complex time-domain data points acquired. d CT selective pulses. e The spectrum in Figure B.6b was acquired
using similar parameters as that in Figure 4.9b, except that it used 4 096 scans, 9 pieces, and offset = 200 kHz.

a
c
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Table B.2 GIPAW DFT computations: pseudopotentials, energies and structure referencesa
compound functional
MgI2
CaI2
SrI2
BaI2
CdI2 (4H)

BaI2·2H2O

SrI2·6H2O

pseudopotential files
usedb

energy / eV

PBE

Mg_00.otfg, I_00.otfg

−2369.392311

PW91

Mg_00.otfg, I_00.otfg

−2374.230972

PBE

Ca_00PBE.usp, I_00.otfg

−2345.200635

PW91

Ca_00.usp, I_00.otfg

−2352.075263

PBE

Sr_00PBE.usp, I_00.otfg

−17441.069319

PW91

Sr_00.usp, I_00.otfg

−17505.568054

PBE

Ba_00PBE.usp, I_00.otfg

−8173.788719

PW91

Ba_00.usp, I_00.otfg

−8205.999024

PBE

Cd_00PBE.usp, I_00.otfg

−5248.652457

PW91

Cd_00.usp, I_00.otfg

−5265.218784

PBE

H_00.otfg, O_00.otfg,
Ba_00PBE.usp, I_00.otfg

PW91

H_00.otfg, O_00.otfg,
Ba_00.usp, I_00.otfg

PBE

H_00.otfg, O_00.otfg,
Sr_00PBE.usp, I_00.otfg

PW91

H_00.otfg, O_00.otfg,
Sr_00.usp, I_00.otfg

structure references and notes
Brogan et al.2
Blum3
Rietschel & Bärnighausen4
Brackett et al.5
Mitchell6

Unit cell and all atomic positions were
−11940.988506 optimized computationally, starting from
the known structure of BaBr2·2H2O, as
determined by Kellersohn et al.,7 and
under the initial assumption that
−11977.973431 BaBr2·2H2O
and
BaI2·2H2O
are
isostructural.
Using the unit cell parameters of
Herrmann,8 the H, O, and I atomic
−5005.464730
positions were optimized computationally.
The initial placement of the atoms was at
the corresponding positions in the known
structure of SrCl2·6H2O, as determined by
9
−5017.135767 Agron and Busing, and under the initial
assumption
that
SrCl2·6H2O
and
SrI2·6H2O are isostructural.

Crystal structure parameters used for GIPAW DFT NMR computations can be found in Table B.3.
File extensions identify the type of pseudopotential used: .otfg = on-the-fly generation; .usp = ultrasoft. The .usp
pseudopotentials were used for atoms containing nuclei that were not directly probed using SSNMR, while the .otfg
pseudopotentials were used on the relevant NMR-active nuclei, and were generated during each calculation starting from the
input string specified below. File names are as specified in Materials Studio 3.2.0.0. Information on the iodine otfg
pseudopotential: (i) core states include 1s22s22p63s23p63d104s24p64d10; valence states include 5s25p5; (ii) the local channel is
chosen to be d; (iii) the pseudisation radius for local and non-local channels is 2.0 a.u.; (iv) the pseudisation radius for
augmentation functions is 1.6 a.u.; (v) augmentation charge and partial core correction are 1.602 a.u.; (vi) the string used for the
generation of the pseudopotential, in the format used by Materials Studio is “2|2|2|1.6|6|7.3|9.9|50U=-0.65U=+0:51U=0.265U=+0[]”
(see http://www.tcm.phy.cam.ac.uk/castep/usp-string-notes.txt and http://www.tcm.phy.cam.ac.uk/castep/otfg.pdf for
further explanation).
a
b
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Table B.3 GIPAW DFT computations: crystal structure parameters used for NMR parameter
computations
Wyckoff site

local symmetry

νaa

νb a

νca

Mg

1a

3m

0.0000

0.0000

0.0000

I

2d

3m

0.3333

0.6667

0.2424

Ca

1a

3m

0.0000

0.0000

0.0000

I

2d

3m

0.3333

0.6667

0.2500

Sr

8c

1

0.1105

0.4505

0.2764

I(1)

8c

1

−0.0341

0.2682

0.0054

I(2)

8c

1

0.2020

0.1077

0.1630

Ba

4c

m

0.2366

0.2500

0.1215

I(1)

4c

m

0.0290

0.2500

0.8387

I(2)

4c

m

0.1393

0.2500

0.4265

Cd

2b

3m

0.3333

0.6667

0.0000

I(1)

2b

3m

0.3333

0.6667

0.3750

I(2)

2a

3m

0.0000

0.0000

0.6250

h

h

0.2500h

compound
MgI2b
c

CaI2

d

SrI2

e

BaI2

f

CdI2 (4H)

BaI2·2H2O

SrI2·6H2Oi

g

atom

Ba

4e

2

0.0000

0.0992

I

8f

1

0.2108h

0.4841h

0.3474h

O

8f

1

0.0052h

0.7808h

0.4418h

H

8f

1

0.0804h

0.7072h

0.4508h

H

8f

1

0.9304h

0.7071h

0.3764h

Sr

1a

32.

0.0000

0.0000

0.0000

I

2d

3

0.3333

0.6667

0.4411h

O

3f

2

−0.2036h

0.0000h

0.5000h

O

3e

2

0.3008h

0.0000h

0.0000h

H

6g

1

0.4164h

0.0914h

−0.0964h

H

6g

1

−0.2228h

0.1054h

0.4815h

The values within these columns are in fractional unit cell coordinates.
P 3 m 1 (№. 164); trigonal; a = b = 4.1537 Å; c = 6.862 Å; αC = βC = 90°; γC = 120°.
c P 3 m 1 (№. 164); trigonal; a = b = 4.48 Å; c = 6.96 Å; αC = βC = 90°; γC = 120°.
d Pbca (№. 61); orthorhombic; a = 15.22 Å; b = 8.22 Å; c = 7.90 Å; αC = βC = γC = 90°.
e Pnma (№. 62); orthorhombic; a = 8.922 Å; b = 5.304 Å; c = 10.695 Å; α = β = γ = 90°.
C
C
C
f P63mc (№. 186); hexagonal; a = b = 4.24 Å; c = 13.67 Å; αC = βC = 90°; γC = 120°.
g C2/c (№. 15); monoclinic; a = 11.260 Å; b = 7.642 Å; c = 8.734 Å; αC = γC = 90°; βC = 112.32°.
h Position optimized computationally, as described in Section 4.2.4 and Table B.2.
i P321 (№. 150); trigonal; a = b = 8.51 Å; c = 4.29 Å; αC = βC = 90°; γC = 120°.
a
b
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Figure B.1 In (a – e), analytical simulations highlight the importance of including iodine CSA in the line
shape fits for powdered MgI2 at B0 = 21.1 T. The following Ω values were used in the simulations, while
all other parameters remain as listed in Tables 4.1 and 4.2: (a) 0 ppm; (b) 60 ppm; (c) 180 ppm; (d) 240
ppm; (e) 120 ppm. The experimental static VOCS Solomon echo

127I

CT SSNMR spectrum is in (f).

*Values in this column represent the residuals extracted from rmsd calculations using all points depicted
in the above spectral regions, and are in ppm. The rmsd values were calculated for each simulation by
taking the difference between the experimental spectrum and each simulation in a point-by-point fashion,
followed by an rms calculation. The rmsd values were then normalized to (e), which is the best-fit
spectrum (this yields normalized rmsd values for each simulation equal to 1.001419, 1.000141, 1.000702,
1.002531 and 1 for (a – e), respectively). Residual rmsd values were determined by taking the positive
difference between the normalized rmsd of the best-fit spectrum in (e), and those of the other
simulations in (a – d).
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Figure B.2 Comparison of

127I

SSNMR powder patterns generated using second-order perturbation

theory (red traces), with those calculated using exact theory (blue traces). The 127I Vɺɺ parameters used in
these simulations correspond to those for (a) site I(1), and (b) site I(2) of BaI2 at B0 = 21.1 T. Chemical
shift effects are ignored. The insets are horizontal expansions of the regions contained within the dashed
boxes. In both cases, any HOQIE are less than the reported δiso measurement errors.
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Figure B.3 Experimental 127I NQR spectra of site I(2) in BaI2. (a) m = ±1/2 ↔ ±3/2 transition; (b) m =
±3/2 ↔ ±5/2 transition. The transition frequencies (in MHz) are listed at the top of each signal.

Figure B.4 In (a – f), analytical simulations highlight the importance of including CSA in the line shape
fits for powdered BaI2 at B0 = 21.1 T. The following Ω values were used in the simulations, while all
other parameters remain as listed in Tables 4.1 and 4.2: (a) 0 ppm; (b) 100 ppm; (c) 200 ppm; (d) 400
ppm; (e) 500 ppm; (f) 300 ppm. The experimental static VOCS Solomon echo 127I CT SSNMR spectrum
is provided in (g).
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Figure B.5 Comparison of a

127I

SSNMR powder pattern generated using second-order perturbation

theory (red trace), with one calculated using exact theory (blue trace). The

127I

Vɺɺ parameters used in

these simulations correspond to those for site I(2) in BaI2 at B0 = 11.75 T. Chemical shift effects are
ignored. Relative to the second-order perturbation theory simulation, the exact simulation is shifted in a
slightly orientation-dependent manner to a lower frequency, which is attributed to HOQIE at 11.75 T.
The inset is a horizontal expansion of the region contained within the dashed box.
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Figure B.6 Analytical simulation (a), and experimental static VOCS Solomon echo (b, c) 127I CT SSNMR
spectra of powdered BaI2·2H2O acquired at B0 = 21.1 T after sample grinding. Spectrum (b) was
acquired with 1H decoupling, while (c) was acquired without 1H decoupling. The inset highlights a
change in the spectral region contained within the dashed box, which is dependent upon 1H decoupling,
and aids in the accurate measurement of Vɺɺ / σɺɺ noncoincidence.
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Figure B.7 Analytical simulations (a, c), and experimental static VOCS Hahn echo (b, d) 127I CT SSNMR
spectra of powdered BaI2·2H2O acquired at B0 = 11.75 T after sample grinding. Spectrum (b) was
acquired at T = 295 K, while (d) was acquired at T ≈ 243 K. The dashed lines highlight key temperaturedependent spectral features. Note that the line shape associated with the impurity phase does not
significantly change in this temperature interval.

Figure B.8 Experimental

127I

NQR spectra of SrI2·6H2O. (a) m = ±1/2 ↔ ±3/2 transition; (b) m =

±3/2 ↔ ±5/2 transition. The transition frequencies (in MHz) are listed at the top of each signal.
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Figure B.9 Comparison of a

127I

SSNMR powder pattern generated using second-order perturbation

theory (red trace), with one calculated using exact theory (blue trace). The

127I

Vɺɺ parameters used in

these simulations correspond to those for SrI2·6H2O at B0 = 21.1 T. Chemical shift effects are ignored.
The inset is a horizontal expansion of the region contained within the dashed box.

Table B.4 Input parameters for calculations involving isostructural halidesa
Clcontaining
compound
―
CaCl2

BrIC (35/37Cl) CQ(79/81Br)b CQ(127I)c
containing containing Q
/ MHz
/ MHz
/ MHz
compound compound
MgBr2
CaBr2

79.8

―

78.70d

102.52e

8.8/6.95f

75.1/62.8

―

168.52g

196.43h

―

28.1/23.5

96.2

350.55j

406.84j

506.11j

32.5/27.2

120.9

22.7/19.0

―

424.74l

467.97m

―

o

p

269.06q
695.24s

3.5

BaCl2/site 2 BaBr2/site 2 BaI2/site 2
SrCl2·6H2O
―

SrBr2·6H2O

―
SrI2·6H2O

n

VI
/ Å3

26.25/21.93

BaCl2/site 1 BaBr2/site 1 BaI2/site 1
MgCl2·6H2O MgBr2·6H2O

VBr
/ Å3

―

MgI2
―

VCl
/ Å3

i

3.95

i

3.02/2.36

k

3.91/3.05

k

BaBr2·2H2O BaI2·2H2On

―

33.2/27.7

133.6

226.29

242.42

8.74/7.32

53.8

―

575.87r

Q(35Cl) = −0.8165 × 10−29 m2, Q(37Cl) = −0.6435 × 10−29 m2, (1 – γ∞(Cl)) = 43.0, Q(79Br) = 3.13 × 10−29 m2, Q(81Br) = 2.62 ×
10−29 m2, (1 – γ∞(Br)) = 81, Q(127I) = −6.96 × 10−29 m2, (1 – γ∞(I)) = 163. All Q values are from ref. 10, and (1 – γ∞(X)) values
are from ref. 11. b Within this column, data are from Chapters 3 or 6. c Within this column, data are from Chapter 4. d From
ref. 12. e From ref. 2. f Data are from Chapter 6. g From ref. 13. h From ref. 14. i From ref. 15. j From ref. 5. k From ref. 16. l
From ref. 17. m From ref. 18. n Suspected member of an isostructural series. o From ref. 9. p From ref. 19. q From ref. 8. r
From ref. 7. s Optimized as part of Chapter 4.

a
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Table B.5 Observed halogen CQ ratios and calculated Q(1 – γ∞)/V ratios for known
isostructural compoundsa
isostructural
compounds

nuclei
considered

observed CQ ratio

calculated
Q(1 – γ∞)/V ratio

%
difference

MgI2/MgBr2

127I

/ 79Br

3.04

3.43

12.1

CaBr2/CaCl2

79Br

/ 35Cl

8.53

6.20

31.6

MgBr2·6H2O/MgCl2·6H2O

79Br

/ 35Cl

7.52

6.55

13.8

SrBr2·6H2O/SrCl2·6H2O

79Br

/ 35Cl

8.49

6.74

23.0

a

The input values used for these calculations are taken from Table B.4.

Table B.6 GIPAW DFT 127I EFG tensor parameters: MI2 systems, additional informationa
compound

functional

site
label

V11 /
a.u.

V22 /
a.u.

V33 /
a.u.

CQ(127I) /
MHz

ηQ

MgI2

PBE

―

0.2475

0.2475

−0.4951

80.97

0.000

PW91

―

0.2489

0.2489

−0.4979

81.42

0.000

PBE

―

0.1291

0.1291

−0.2581

42.21

0.000

PW91

―

0.1320

0.1320

−0.2641

43.19

0.000

PBE

I(1)

−0.2223

−0.4377

0.6599

−107.92

0.326

I(2)

0.4805

0.9341

−1.4146

231.34

0.321

I(1)

−0.2240

−0.4400

0.6640

−108.59

0.325

I(2)

0.4848

0.9390

−1.4237

232.83

0.319

I(1)

0.2132

0.3041

−0.5173

84.60

0.176

I(2)

−0.4263

−0.4962

0.9245

−151.19

0.078

I(1)

0.2123

0.3058

−0.5181

84.73

0.180

I(2)

−0.4285

−0.5001

0.9286

−151.86

0.077

I(1)

0.2754

0.2754

−0.5509

90.09

0.000

I(2)

0.2852

0.2852

−0.5705

93.30

0.000

I(1)

0.2815

0.2815

−0.5629

92.05

0.000

I(2)

0.2916

0.2916

−0.5832

95.37

0.000

CaI2

SrI2

PW91

BaI2

PBE

PW91

CdI2 (4H)

PBE

PW91

a

Parameter definitions are in Section 2.3.3.2. Additional details may be found in Table 4.5.
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Table B.7 GIPAW DFT iodine CS tensor parameters: MI2 systems, additional informationa
compound

functional

site
label

σ11 /
ppm

σ22 /
ppm

σ33 /
ppm

MgI2

PBE

―

3756.08

3901.05

3901.19

1189.8 145.1 −0.998

89.3, 90.0, 90.0

PW91

―

3763.39

3907.21

3907.34

1192.8 144.0 −0.998

89.3, 90.0, 90.0

PBE

―

3963.28

3963.29

3969.10

1076.8

5.8

1.00

90.0, 0.0, 90.0

PW91

―

3950.00

3950.01

3956.02

1099.6

6.0

1.00

90.0, 0.0, 90.0

PBE

I(1)

3911.25

3979.19

4132.56

1034.1 221.3

0.386

138.7, 36.3, 259.1

I(2)

3912.08

3996.46

4372.58

947.6

460.5

0.634

104.6, 89.8, 333.7

I(1)

3914.00

3978.57

4131.00

1043.5 217.0

0.405

137.1, 35.5, 257.7

I(2)

3915.80

4000.97

4097.00

953.9

458.4

0.628

104.2, 89.7, 333.2

I(1)

3852.62

4255.95

4346.45

889.4

493.8 −0.633

I(2)

3711.80

3773.54

3951.15

1230.6 239.4

I(1)

3844.61

4248.52

4340.99

906.0

I(2)

3700.10

3762.31

3942.75

1250.7 242.6

I(1)

2854.60

3025.67

3026.37

2078.2 171.8 −0.992

273.1, 90.0, 180.0

I(2)

2823.75

3251.00

3251.77

1937.5 428.0 −0.996

273.0, 90.0, 180.0

I(1)

2766.62

2947.59

2948.32

2169.6 181.7 −0.992

273.0, 90.0, 180.0

I(2)

2733.34

3181.66

3182.46

2023.8 449.1 −0.996

273.0, 90.0, 180.0

CaI2

SrI2

PW91

BaI2

PBE

PW91

CdI2 (4H)

PBE

PW91

a

δiso /
ppm

Ω/
ppm

α, β, γ / °

κ

0.484

496.4 −0.627
0.487

0.0, 47.1, 180.0
180.0, 36.4, 180.0
0.0, 47.2, 180.0
180.0, 36.5, 180.0

Parameter definitions are in Sections 2.3.2.4, 2.3.3.1 and 2.3.3.3. Additional details may be found in Table 4.6.

Table B.8 GIPAW DFT 127I EFG tensor parameters: MI2 hydrates, additional informationa
compound

functional

V11 /
a.u.

V22 /
a.u.

V33 /
a.u.

CQ(127I) /
MHz

ηQ

SrI2·6H2O

PBE

0.5851

0.5851

−1.1702

191.37

0.000

PW91

0.5845

0.5845

−1.1690

191.17

0.000

PBE

0.1192

0.2835

−0.4027

65.86

0.408

PW91

0.1165

0.2912

−0.4077

66.67

0.429

BaI2·2H2O

a

Parameter definitions are in Section 2.3.3.2. Additional details may be found in Table 4.7.
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Table B.9 GIPAW DFT iodine CS tensor parameters: MI2 hydrates, additional informationa
compound

functional

σ11 /
ppm

σ22 /
ppm

σ33 /
ppm

δiso /
ppm

Ω/
ppm

κ

α, β, γ / °

SrI2·6H2O

PBE

4675.98

4690.16

4690.25

352.9

14.3

−0.988

357.7, 90.0, 180.1

PW91

4675.15

4689.94

4690.02

362.9

14.9

−0.988

358.8, 90.0, 180.1

PBE

4329.91

4386.80

4412.43

663.6

82.5

−0.379

250.4, 86.4, 325.0

PW91

4321.43

4378.83

4405.52

681.0

84.1

−0.365

251.7, 86.4, 324.7

BaI2·2H2O

a

Parameter definitions are in Sections 2.3.2.4, 2.3.3.1 and 2.3.3.3. Additional details may be found in Table 4.8.

Figure B.10 POV-Ray rendering of the computed iodine Vɺɺ (Vii, i = 1, 2, 3, in blue) and symmetric σɺɺ
(σii, red) tensor eigenvectors in the crystal frame of MgI2. For all eigenvector figures in this Appendix,
the metal cation is in grey, the eigenvectors are displayed once for each unique I, and were placed using
Diamond v. 3.2d. When a Vɺɺ eigenvector overlaps with a σɺɺ eigenvector, they are displayed in purple.
This calculation used Ecut = 1000 eV, a 9 × 9 × 6 k-point grid, and the PBE XC functional. Note: as ηQ
= 0, V11 and V22 are interchangeable; indeed, these eigenvectors span a plane of equivalent EFG.
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Figure B.11 POV-Ray rendering of the computed iodine Vɺɺ (blue) and σɺɺ (red) tensor eigenvectors in
the crystal frame of CaI2. When a Vɺɺ eigenvector overlaps with a σɺɺ eigenvector, they are displayed in
purple. This calculation used Ecut = 1200 eV, a 9 × 9 × 6 k-point grid, and the PBE XC functional.
Notes: as ηQ = 0, V11 and V22 are interchangeable; as κ = 1, σ11 and σ22 are interchangeable.

Figure B.12 POV-Ray rendering of the computed iodine Vɺɺ (blue) and σɺɺ (red) tensor eigenvectors in
the crystal frame of SrI2. This calculation used Ecut = 550 eV, a 2 × 4 × 4 k-point grid, and the PBE XC
functional. The colour and labeling scheme for the iodine atoms remains as in Figure 5.3.

Appendix B – Appendix to Chapter Four

- 271 -

Figure B.13 POV-Ray rendering of the computed iodine Vɺɺ (blue) and σɺɺ (red) tensor eigenvectors in
the crystal frame of BaI2. This calculation used Ecut = 600 eV, a 4 × 6 × 3 k-point grid, and the PBE XC
functional. The colour and labeling scheme for the iodine atoms remains as in Figure 4.6.

Figure B.14 POV-Ray rendering of the computed iodine Vɺɺ (blue) and σɺɺ (red) tensor eigenvectors in
the crystal frame of BaI2·2H2O. This calculation used Ecut = 650 eV, a 2 × 3 × 3 k-point grid, and the
PBE XC functional.
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Figure B.15 POV-Ray rendering of the computed iodine Vɺɺ (blue) and σɺɺ (red) tensor eigenvectors in
the crystal frame of SrI2·6H2O. When a Vɺɺ eigenvector overlaps with a σɺɺ eigenvector, they are displayed
in purple. This calculation used Ecut = 800 eV, a 5 × 5 × 8 k-point grid, and the PBE XC functional.
Note: as ηQ = 0, V11 and V22 are interchangeable.

Figure B.16 POV-Ray rendering of the computed iodine Vɺɺ (blue) and σɺɺ (red) tensor eigenvectors in
the crystal frame of CdI2 (4H). When a Vɺɺ eigenvector overlaps with a σɺɺ eigenvector, they are displayed
in purple. This calculation used Ecut = 1000 eV, a 9 × 9 × 2 k-point grid, and the PBE XC functional.
Notes: the eigenvector orientations are equivalent for both the I(1) (green) and I(2) (aqua) sites, and as
ηQ = 0, V11 and V22 are interchangeable.
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Table B.10 Iodine-127 Vɺɺ and σɺɺ tensor eigenvectors, normalized and in their respective crystal
framesa
compound

site label

eigenvector label

νab

νb b

νcb

MgI2c

―

V11

−0.1419

0.1361

0.0000

V22

−0.2390

−0.2424

0.0000

V33

0.0000

0.0000

0.1457

σ11

0.0000

0.0000

0.1457

σ22

0.1390

−0.1390

0.0002

σ33

−0.2408

−0.2407

0.0000

V11

0.2223

0.2242

0.0000

V22

0.1305

−0.1272

0.0000

V33

0.0000

0.0000

−0.1437

σ11

0.2232

0.2232

0.0000

σ22

0.1289

−0.1289

−0.0004

σ33

−0.0001

0.0001

−0.1437

V11

0.9914

−0.0233

0.1291

V22

−0.1107

0.3791

0.9187

V33

−0.0703

−0.9251

0.3732

σ11

0.8343

−0.1562

−0.5287

σ22

−0.4335

−0.7783

−0.4542

σ33

0.3405

−0.6081

0.7171

V11

−0.0908

−0.5853

0.8057

V22

0.7823

0.4587

0.4214

V33

−0.6162

0.6686

0.4162

σ11

−0.5015

0.4007

0.7667

σ22

0.3699

−0.7018

0.6088

σ33

0.7821

0.5889

0.2038

V11

−0.8829

0.0000

−0.4695

V22

0.0000

1.0000

0.0000

V33

−0.4695

0.0000

0.8829

σ11

0.2575

0.0000

0.9663

σ22

0.0000

−1.0000

0.0000

σ33

0.9663

0.0000

−0.2575

V11

−0.8765

0.0000

0.4814

V22

0.0000

1.0000

0.0000

V33

0.4814

0.0000

0.8765

σ11

−0.9910

0.0000

−0.1336

σ22

0.0000

1.0000

0.0000

σ33

−0.1336

0.0000

0.9910

c

CaI2

SrI2

―

I(1)

I(2)

BaI2

I(1)

I(2)

Appendix B – Appendix to Chapter Four

- 274 -

compound

site label

eigenvector label

νab

νb b

νcb

CdI2 (4H)c

I(1)

V11

0.1235

−0.1484

0.0000

V22

0.2425

0.2286

0.0000

V33

0.0000

0.0000

0.0732

σ11

0.0000

0.0000

0.0732

σ22

−0.1364

0.1359

0.0001

σ33

−0.2354

−0.2363

0.0000

V11

0.1240

−0.1480

0.0000

V22

0.2423

0.2288

0.0000

V33

0.0000

0.0000

0.0732

σ11

0.0000

0.0000

0.0732

σ22

−0.1364

0.1359

0.0001

σ33

−0.2354

−0.2363

0.0000

V11

0.0275

−0.1175

0.0516

V22

0.0942

0.0166

0.0295

V33

0.0006

0.0385

0.1097

σ11

0.0322

−0.0253

0.1213

σ22

0.0556

−0.0952

−0.0149

σ33

−0.0876

−0.0480

−0.0223

V11

−0.1205

−0.1143

0.0000

V22

−0.0624

0.0731

0.0000

V33

0.0000

0.0000

−0.2331

σ11

0.0005

−0.0001

−0.2331

σ22

0.0673

−0.0684

0.0003

σ33

−0.1178

−0.1172

−0.0001

I(2)

BaI2·2H2O

c

SrI2·6H2Oc

―

―

Orientations were determined from GIPAW DFT computations using the PBE XC functional.
The values within these columns are fractional unit cell coordinates.
c Belongs to a lattice which requires the use of the general form of the vector norm (i.e., for non-orthogonal, non-Cartesian basis
a
b

vectors). Hence, v =

2

2

2

2

2

2

va a + vb b + vc c + 2 va vb a b cos γC + 2va vc a c cos βC + 2vb vc b c cos αC .

The input parameters used can be found in the footnotes to Table B.3.
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Appendix C
Appendix to Chapter Five
C.1

Additional Experimental Details

C.1.1 Confirmation
Confirmation of Sample
Sample Purity
In addition to the

127I

NQR and

185/187Re

NQR experiments presented here, sample purity was

confirmed for each compound by the manufacturer based primarily on trace metal analysis using ICPMS.

Purity was also confirmed for the Re-containing materials using gravimetric analysis (with

tetraphenylarsonium chloride) and pXRD (NH4ReO4 only). Detailed results of the pXRD and ICP-MS
experiments may be obtained by visiting www.sigmaaldrich.com and noting the appropriate lot numbers:
SrI2 (04453JJ); NH4ReO4 (MKBB7440); NaReO4 (17920CH).

C.1.2 Regarding the WURST Pulse
Pulse Bandwidth
The WURST pulse sweep bandwidth used was not fully optimized, but it was observed that
more severe line shape distortions resulted when using larger sweeps (i.e., 2 MHz versus 1 MHz). A
smaller WURST sweep bandwidth would minimize the line shape distortions due to having a finite probe
bandwidth, but would also reduce the benefit of rapid data acquisition afforded by the WURST pulses, as
compared to traditional echo experiments.
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Table C.1 Detailed 127I and 185/187Re SSNMR/NQR experimental acquisition parametersa
B0 /
T

A

X

windowb
/ kHz

pointsc

π/2d
/ µs

scans

recycle
delay / s

τ1;τ2
/ µs

details

30;10

site I(1); VOCS Solomon echo; 11
pieces; offset = 300 kHz; 3.2 mm
probe

SrI2
21.1

127I

2 000

512

1.0

7 000

0.25

21.1

127I

2 000

512

50.0

4 000

0.25

―

VOCS WURST echo; 1 MHz
bandwidth sweep from high to low
frequency; 16 pieces; offset = 848
kHz; 4 mm probe

0.0

127I

2 000

512

1.5

2 000

0.2

30;20

site I(2); Hahn echo; 4 mm probe;
m = ±1/2 ↔ ±3/2 transition

0.0

127I

2 000

512

1.2

2 000

0.2

30;20

site I(2); Hahn echo; 4 mm probe;
m = ±3/2 ↔ ±5/2 transition

NH4ReO4
21.1

185/187Re

2 000

1 024

1.2

8 192

0.1

13.8;9.4

VOCS Solomon echo; 20 pieces;
offset = 300 kHz; 4 mm probe

11.75

185/187Re

2 000

1 024

1.2

17 500

0.1

13.2;5.0

VOCS Hahn echo; 31 pieces;
offset = 200 kHz; 4 mm probe

0.0

185Re

1 000

512

1.6

4 096

0.1

12.6;10.0

Hahn echo; 4 mm probe; m =
±3/2 ↔ ±5/2 transition

0.0

187Re

1 000

512

1.6

4 096

0.1

12.6;10.0

Hahn echo; 4 mm probe; m =
±3/2 ↔ ±5/2 transition

NaReO4
VOCS Solomon echo; 56 pieces;
offset = 300 kHz; 4 mm probe

21.1

185/187Re

2 000

1 024

e

8 192

0.09

e

11.75

185/187Re

2 000

512

f

17 500

0.09

f

0.0

185Re

1 000

512

1.1

256

0.1

13.35;4.5

Hahn echo; 4 mm probe; m =
±1/2 ↔ ±3/2 transition

0.0

185Re

1 000

512

1.1

256

0.1

13.35;4.5

Hahn echo; 4 mm probe; m =
±3/2 ↔ ±5/2 transition

0.0

187Re

1 000

512

1.5

256

0.1

12.75;4.5

Hahn echo; 4 mm probe; m =
±1/2 ↔ ±3/2 transition

0.0

187Re

1 000

512

1.1

256

0.1

13.35;5.0

Hahn echo; 4 mm probe; m =
±3/2 ↔ ±5/2 transition

VOCS Hahn echo; 71 pieces;
offset = 200 kHz; 4 mm probe

All 127I experiments were carried out at room temperature, while all 185/187Re experiments were at T = 291.8(2) K.
Acquisition parameters are for each sub-spectrum, where applicable.
c Number of complex time-domain data points.
d CT selective pulses were used for NMR experiments.
e Experiments used a variety of pulse lengths and delays, which were optimized at several different transmitter frequencies, as
follows: for 207.483 – 209.583 MHz sub-spectra, π/2 = 1.7 µs and τ1 = 13.3 µs; for 205.983 – 207.183 MHz sub-spectra, π/2 =
1.5 µs and τ1 = 13.5 µs; for 202.383 – 205.683 MHz sub-spectra, π/2 = 1.3 µs and τ1 = 13.7 µs; for 199.983 – 202.083 MHz subspectra, π/2 = 1.4 µs and τ1 = 13.6 µs; for 193.083 – 199.683 MHz sub-spectra, π/2 = 1.5 µs and τ1 = 13.5 µs.
f Experiments used a variety of pulse lengths and delays, which were optimized as above: for high frequency (117.687 – 121.287
MHz) sub-spectra, π/2 = 1.2 µs and τ1 = 13.2 µs; for low frequency (93.887 – 104.087 MHz) sub-spectra, π/2 = 0.8 µs and τ1 =
13.8 µs.
a
b
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Figure C.1 Angle between V33 and B0, which corresponds to the low-frequency CT discontinuity, as a
function of the ν0 to νQ ratio using exact QI simulations. The dashed red line highlights the constant
value (i.e., independent of the ν0 to νQ ratio) of 41.81° arrived at using second-order perturbation theory.
The points in the graph are connected using a line that is meant to serve as a guide for the eyes only.
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Table C.2 Table of values used to construct Figure 5.11a
ν0/νQ

CQ / MHz

vQ / MHz

∆CQb / MHz

∆CQ / %

∆δisoc / kHz

∆δiso / ppm

20

37.929

5.6894

−0.0095

−0.0250

−0.28444

−2.4998

19

39.927

5.9890

−0.0111

−0.0278

−0.34929

−3.0697

18

42.143

6.3215

−0.0130

−0.0309

−0.43354

−3.8101

17

44.620

6.6934

−0.0155

−0.0347

−0.54480

−4.7879

16

47.413

7.1117

−0.0186

−0.0392

−0.69454

−6.1039

15

50.573

7.5860

−0.0225

−0.0446

−0.89907

−7.9013

14

54.187

8.1280

−0.0277

−0.0512

−1.1849

−10.413

13

58.353

8.7530

−0.0347

−0.0594

−1.5935

−14.004

12

63.213

9.4820

−0.0441

−0.0698

−2.1944

−19.285

11

68.960

10.344

−0.0573

−0.0831

−3.1079

−27.313

10

75.860

11.379

−0.0764

−0.1007

−4.5510

−39.996

9

84.287

12.643

−0.1049

−0.1245

−6.9353

−60.950

8

94.820

14.223

−0.1497

−0.1579

−11.107

−97.610

7

108.367

16.255

−0.2241

−0.2068

−18.946

−166.50

6

126.430

18.964

−0.3576

−0.2828

−35.092

−308.40

5

151.713

22.757

−0.6225

−0.4103

−72.724

−639.13

4

189.647

28.447

−1.2320

−0.6496

−177.36

−1558.7

a For these calculations, the ν0 value was kept constant at 113.787 MHz. Any set of values for ν0 and νQ could have been
chosen, as the important quantity is their ratio with respect to one another.
b Error in the CQ value obtained if using second-order perturbation theory. Details are given in Section 5.2.4.
c Error in the δiso value obtained if using second-order perturbation theory. Details are given in Section 5.2.4.
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Figure C.2 Comparison of a

127I

SSNMR powder pattern generated using second-order perturbation

theory (red trace), with one calculated using exact theory (blue trace). The

127I

Vɺɺ parameters used in

these simulations correspond to those for site I(1) in powdered SrI2 at B0 = 21.1 T. Chemical shift
effects are ignored. The second-order perturbation theory simulation is essentially identical to the exact
simulation, and there is no clear evidence of HOQIE on the CT. The inset is a horizontal expansion of
the region within the dashed box. Low-frequency features (‡) are from the ST, and highlight the slight
breakdown of the high-field approximation for these transitions, where third-order QIE are known to be
nonzero.
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Figure C.3 Experimental 187Re (a, b) and 185Re (c, d) NQR spectra of powdered NaReO4 acquired at T =
291.8 K. The transition frequencies are specified in the Figure. (a, c) m = ±1/2 ↔ ±3/2; (b, d) m =
±3/2 ↔ ±5/2, where for all transitions |∆m| = 1.

Figure C.4 Experimental 187Re (a) and 185Re (b) NQR spectra (m = ±3/2 ↔ ±5/2, where |∆m| = 1) of
powdered NH4ReO4 acquired at T = 291.8 K. The transition frequencies are specified in the Figure.
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Table C.3 Experimental 185/187Re EFG tensor parameters and δiso values obtained via secondorder perturbation theory modeling of the QIa
compound

B0 / T

|CQ(185Re)|b
/ MHz

|CQ(187Re)|
/ MHz

ηQ

δiso(185Re)c
/ ppm

δiso(187Re)c
/ ppm

NaReO4

21.1

299.8(4)

283.9(4)

~0

−870(50)

−650(50)

NH4ReO4

11.75

116.8(4)

110.6(3)

~0

−210(50)

−170(50)

a Note that this table is for comparison purposes only (i.e., with Table 5.1). These values are not the correct parameters for the
systems under study. They serve to highlight the errors associated with using second-order perturbation theory to model the
SSNMR line shapes when there is a very large QI. Error bounds are in parentheses and parameter definitions are in Section 2.3.
All measurements were carried out at T = 291.8(2) K. Second-order perturbation theory line shape simulations were performed
using WSolids1.1
b While CQ may take any real value, |CQ| is measured using conventional SSNMR experiments.
c Rhenium chemical shifts are reported relative to 0.1 mol/dm3 NaReO4 in D2O (δiso(185/187Re) = 0 ppm).

C.2
1

Reference
K. Eichele and R. E. Wasylishen, WSolids1: Solid-State NMR Spectrum Simulation Package, v.
1.19.11, Universität Tübingen: Tübingen, 2009.
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Appendix D
Appendix to Chapter Six
D.1 Additional Experimental Details
D.1.1 Confirmation
Confirmation of Sample
Sample Purity
Sample purity for CaCl2 and CaCl2·6H2O was confirmed by the manufacturer based primarily on
trace metal analysis using ICP-MS. Purity for MgBr2 was confirmed using pXRD (Figure 6.5). Detailed
results of the ICP-MS experiments may be obtained by visiting www.sigmaaldrich.com and noting the
appropriate lot number: CaCl2 (12370DH).

Table D.1 Detailed 25Mg, 35/37Cl, 43Ca, and 79/81Br SSNMR experimental acquisition parametersa
B0 /
T

A

X

windowb
/ kHz

pointsc

π/2d
/ µs

scans

recycle
delay / s

τ1;τ2
/ µs

details

static; VOCS QCPMG; 201 MG
loops; 11 pieces; offset = 95.9 kHz

MgBr2
11.75

81Br

625

26 598

1.7

1 152

0.4

60e

11.75

81Br

2 000

2 048

1.2

12 000

0.4

250;10

11.75

79Br

714.286

30 118

1.8

1 920

0.45

60e

11.75

79Br

2 000

2 048

1.1

12 000

0.4

250;10

11.75

25Mg

10

2 048

4.5

560

90

―

21.1

81Br

1 000

2 048

1.0

2 048

0.6

300;10

static; Solomon whole echo

21.1

79Br

2 000

4 096

1.2

2 048

0.6

300;10

static; Solomon whole echo

21.1

25Mg

10

4 096

4.2

104

60

―

MAS; pulse-acq; νMAS = 5 kHz
static; VOCS Solomon echo; 6
pieces; offset = 110 kHz

static; VOCS Solomon whole
echo; 3 pieces; offset = 300 kHz
static; VOCS QCPMG; 203 MG
loops; 11 pieces; offset = 87.8 kHz
static; VOCS Solomon whole
echo; 3 pieces; offset = 300 kHz
MAS; pulse-acq; νMAS = 5 kHz

CaCl2
11.75

35Cl

1 000

1 024

2.4

40 000

1.0

50;20

21.1

43Ca

20

512

0.9

25 648

5.0

―

static; pulse-acq

21.1

43Ca

20

1 024

1.0

4 313

5.0

―

MAS; pulse-acq; νMAS = 4 kHz

21.1

37Cl

500

1 024

3.0

960

10.0

37.0;23.5

static; Solomon echo; 7 mm X
static probe
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B0 /
T
21.1

A

X

35Cl

windowb
/ kHz

pointsc

π/2d
/ µs

scans

recycle
delay / s

τ1;τ2
/ µs

500

1 024

3.2

400

10.0

36.8;23.4

details
static; Solomon echo; 7 mm X
static probe

CaCl2·6H2O
11.75

35Cl

250

1 024

2.4

16 000

3.0

78.8;37.4 static; Solomon echo

11.75

35Cl

250

1 024

2.4

5 616

3.0

78.8;37.4

static; Solomon echo; ν1(1H) ~ 50
kHz

21.1

35Cl

200

2 048

2.5

272

5.0

27.5;3.75

static; Solomon echo; 4 mm HX
static probe; ν1(1H) ~ 85 kHz

All experiments were carried out at room temperature.
Acquisition parameters are for each sub-spectrum, where applicable.
c Number of complex time-domain data points acquired.
d CT selective pulses.
e All four τ values were set to 60 µs.
a
b
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Table D.2 GIPAW DFT computations: pseudopotentials, energies and structure referencesa
compound
MgBr2
(XRD)

XC
PBE

pseudopotential files usedb
Mg_00.otfg, Br_00.otfg

PW91 Mg_00.otfg, Br_00.otfg
MgBr2
(fixed cell)
MgBr2
(full opt.)
CaCl2

PBE

Mg_00.otfg, Br_00.otfg

PW91 Mg_00.otfg, Br_00.otfg
PBE

Mg_00.otfg, Br_00.otfg

PW91 Mg_00.otfg, Br_00.otfg
PBE

Cl_00.otfg, Ca_00.otfg

PW91 Cl_00.otfg, Ca_00.otfg
CaCl2·2H2O

α–CaCl2·4H2O

β–CaCl2·4H2O

γ–CaCl2·4H2O

CaCl2·6H2O

energy / eV

structure references and notes

−2009.410406 Ferrari & Giorgi.1 EFG/MS tensor
calculations used the ‘precise’ setting,
−2012.541456 as defined by Materials Studio, for the
FFT grid.
−2009.429912 Fixed unit cell geometry optimization.
EFG/MS tensor calculations used a
−2012.561001 ‘precise’ FFT grid.
−2009.481718 Fully-optimized structure. EFG/MS
tensor calculations used a ‘precise’
−2012.614200 FFT grid.
−3739.393763 van Bever & Nieuwenkamp.2
EFG/MS tensor calculations used a
−3742.799297 ‘precise’ FFT grid.
LeClaire & Borel.3 Optimization of H
atomic positions used a ‘standard’
FFT grid, while EFG/MS tensor
−11258.718022 calculations used a ‘fine’ FFT grid.

PBE

H_00PBE.usp, O_00PBE.usp,
Cl_00.otfg, Ca_00.otfg

PW91

H_00.usp, O_00.usp,
Cl_00.otfg, Ca_00.otfg

PBE

H_00PBE.usp, O_00PBE.usp,
Cl_00.otfg, Ca_00.otfg

PW91

H_00.usp, O_00.usp,
Cl_00.otfg, Ca_00.otfg

PBE

H_00PBE.usp, O_00PBE.usp,
Cl_00.otfg, Ca_00.otfg

PW91

H_00.usp, O_00.usp,
Cl_00.otfg, Ca_00.otfg

PBE

H_00PBE.usp, O_00PBE.usp,
Cl_00.otfg, Ca_00.otfg

PW91

H_00.usp, O_00.usp,
Cl_00.otfg, Ca_00.otfg

PBE

H_00.otfg, O_00.otfg,
Cl_00.otfg, Ca_00.otfg

−4694.442249

PW91

H_00.otfg, O_00.otfg,
Cl_00.otfg, Ca_00.otfg

−4699.752940

−11234.737111

LeClaire & Borel.4 Optimization of H
atomic positions used a ‘standard’
FFT grid, while EFG/MS tensor
−7515.610715 calculations used a ‘fine’ FFT grid.
−7495.075838

LeClaire & Borel.5 Optimization of H
atomic positions used a ‘standard’
FFT grid, while EFG/MS tensor
−22545.390279 calculations used a ‘fine’ FFT grid.
−22483.877481

LeClaire et al.6 Optimization of H
atomic positions used a ‘standard’
FFT grid, while EFG/MS tensor
−7515.969910 calculations used a ‘fine’ FFT grid.
−7495.399755

Agron & Busing.7,8 EFG/MS tensor
calculations used a ‘precise’ FFT grid.

Crystal structure parameters used for GIPAW DFT NMR computations can be found in Table D.3.
File extensions identify the type of pseudopotential used (defined previously). File names are as specified in Materials Studio
3.2.0.0. Information on the magnesium otfg pseudopotential: (i) core states include 1s22s2; valence states include 2p63s2; (ii) the
local channel is d, (iii) the pseudisation radii for the local, nonlocal, and the augmentation functions and pseudo-core charge are
1.601, 2.005, 1.401 a.u., respectively; (iv) the string used for the generation of the pseudopotential, in the format used by
Materials Studio is “2|1.6|2|1.4|6|7|8|30NH:21U:31UU:32LGG{qc=4.5}[]”.
Information on the chlorine otfg
pseudopotential: (i) core states include 1s22s22p6; valence states include 3s23p5; (ii) the local channel is d; (iii) the pseudisation
radii for the local, nonlocal, and the augmentation functions and pseudo-core charge are 1.705, 1.705, and 1.191 a.u.,
respectively; (iv) the string used for the generation of the pseudopotential is “2|1.7|5.88|7.35|9.187|30UU:31UU:32LGG[]”.
Information on the calcium otfg pseudopotential: (i) core states include 1s22s22p6; valence states include 3s23p64s2; (ii) the local
channel is f; (iii) the pseudisation radii for the local, nonlocal, and the augmentation functions and pseudo-core charge are 1.601,
2.005, and 1.401 a.u., respectively; (iv) the string used for the generation of the pseudopotential is
“3|1.6|2.0|1.4|7|9|10|30U:40U:31:32U=0U=1.0”.
a
b
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Table D.3 GIPAW DFT computations: crystal structure parameters used for NMR parameter
computations
compound

atom

Wyckoff site

local symmetry

νaa

νb a

νca

MgBr2b

Mg

1a

3m

0.0000

0.0000

0.0000

(XRD)

Br

2d

3m

0.3333

0.6667

0.2500

c

0.0000

c

0.0000c

MgBr2

b

Mg

1a

3m

0.0000

(fixed cell)

Br

2d

3m

0.3333c

0.6667c

0.2424c

MgBr2d

Mg

1a

3m

0.0000c

0.0000c

0.0000c

(full opt.)

Br

2d

3m

0.3333c

0.6667c

0.2125c

CaCl2e

Ca

2a

2/m

0.000

0.000

0.000

Cl

4g

m

0.275

0.325

0.000

Ca

4c

2

0.0000

0.2157

0.2500

Cl

8d

1

−0.2725

0.4509

0.1380

O

8d

1

0.2645

0.2107

0.1082

c

0.2713

c

0.1138c

CaCl2·2H2O

f

α–CaCl2·4H2Og

β–CaCl2·4H2Oh

H

8d

1

0.4124

H

8d

1

0.2606c

0.1500c

0.0358c

Ca

2i

1

0.1189

−0.0139

0.2614

Cl(1)

2i

1

0.2909

−0.2776

0.0503

Cl(2)

2i

1

−0.2496

−0.2394

0.4133

O

2i

1

−0.1821

−0.1868

0.0440

O

2i

1

−0.0153

0.2890

0.2718

O

2i

1

0.4792

0.2413

0.2668

O

2i

1

0.2482
c

−0.2529

0.4149

c

0.0738c
0.0054c

H

2i

1

−0.3248

H

2i

1

−0.2070c −0.3487c

H

2i

1

0.0789c

0.4459c

0.3217c

H

2i

1

−0.0918c

0.3006c

0.1723c

H

2i

1

0.5464c

0.4014c

0.3204c

H

2i

1

0.5468c

0.2347c

0.1675c

H

2i

1

0.4019c

−0.2393c

0.4117c

H

2i

1

0.2252c

−0.2346c

0.5276c

Ca(1)

2a

1

0.0000

0.0000

0.0000

Ca(2)

4e

1

−0.2582

0.0468

0.3633

Cl(1)

4e

1

0.1734

0.0036

0.2332

Cl(2)

4e

1

0.2435

0.1410

−0.0272

Cl(3)

4e

1

−0.1577

0.2266

0.0090

O

4e

1

−0.1545

−0.1389

0.3016

O

4e

1

−0.4568

−0.0293

0.1659
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compound

γ–CaCl2·4H2Oi

CaCl2·6H2Oj

Wyckoff site

local symmetry

νaa

νb a

νca

O

4e

1

−0.4472

−0.0863

0.4091

O

4e

1

−0.2015

0.1940

0.2407

O

4e

1

−0.5018

0.1809

0.3141

O

4e

1

−0.0897

−0.0661

0.5530

c

c

0.2243c

atom

H

4e

1

−0.1581

−0.1496

H

4e

1

−0.0566c −0.1869c

0.3555c

H

4e

1

−0.5524c

0.1204c

H

4e

1

−0.4045c −0.0515c

0.1140c

H

4e

1

−0.5666c −0.0746c

0.3675c

H

4e

1

−0.4260c −0.1768c

0.4361c

H

4e

1

−0.1945c

0.1856c

0.1662c

H

4e

1

−0.1897c

0.2885c

0.2579c

H

4e

1

−0.6160c

0.1490c

0.2812c

H

4e

1

−0.5059c

0.2768c

0.3152c

H

4e

1

−0.1088c −0.0372c

0.6202c

H

4e

1

−0.1181c −0.1598c

0.5465c

Ca

2a

1

0.0000

0.0000

0.0000

Cl

4e

1

0.2990

0.2790

0.0738

O

4e

1

0.3111

−0.1965

0.0766

O

4e

1

0.0043

−0.0015

0.2622

c

−0.2089

c

0.1895c

0.0256c

H

4e

1

0.4168

H

4e

1

0.4079c

−0.2265c

0.0128c

H

4e

1

0.1065c

0.0684c

0.3544c

H

4e

1

Ca

1a

32.

0.0000

0.0000

0.0000

Cl

2d

3

0.3333

0.3333

0.4249

O

3e

2

0.3114

0.0000

0.0000

O

3f

2

−0.2132

0.0000

0.5000

H

6g

1

0.4326

0.0988

−0.0926

H

6g

1

−0.2330

0.1113

0.4835

−0.0979c −0.0670c

0.3047c

The values within these columns are in fractional unit cell coordinates.
P 3 m 1 (№. 164); trigonal; a = b = 3.81 Å; c = 6.26 Å; αC = βC = 90°; γC = 120°.
c Position optimized computationally, as described in Section 6.2.5 and Table D.2.
d P 3 m 1 (№. 164); trigonal; a = b = 3.887 Å; c = 7.108 Å; αC = βC = 90°; γC = 120°.
e Pnnm (№. 58); orthorhombic; a = 6.24 Å; b = 6.43 Å; c = 4.20 Å; αC = βC = γC = 90°.
f Pbcn (№. 60); orthorhombic; a = 5.893 Å; b = 7.469 Å; c = 12.070 Å; αC = βC = γC = 90°.
g P 1 (№. 2); triclinic; a = 6.5932 Å; b = 6.3673 Å; c = 8.5606 Å; αC = 97.83°; βC = 93.50°; γC = 110.58°.
h P21/c (№. 14); monoclinic; a = 8.923 Å; b = 10.221 Å; c = 12.787 Å; αC = γC = 90°; βC = 114.68°.
i P2 /c (№. 14); monoclinic; a = 6.1387 Å; b = 7.6669 Å; c = 8.9014 Å; α = γ = 90°; β = 111.00°.
1
C
C
C
j P321 (№. 150); trigonal; a = b = 7.8759 Å; c = 3.9545 Å; αC = βC = 90°; γC = 120°.
a
b
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Figure D.1 MgBr2 system energy versus Ecut demonstrates convergence of the computations with
respect to energy. Calculations used the GIPAW DFT fully optimized geometry and the PBE XC
functional. Inset: zoom of the higher Ecut region, highlighting the slow rate of further convergence.

Figure D.2 CQ(81Br) versus Ecut for MgBr2 demonstrates convergence with respect to this parameter.
Calculations used the GIPAW DFT fully optimized geometry and the PBE XC functional.
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Figure D.3 Bromine magnetic shielding tensor parameters versus Ecut for MgBr2 demonstrates
convergence with respect to these parameters. Calculations used the GIPAW DFT fully optimized
geometry and the PBE XC functional.

Figure D.4 MgBr2 system energy versus the displacement of the bromide anion parallel to the c unit cell
axis. The optimized zero position (i.e., ∆c = 0.00 Å) is from the GIPAW DFT fully optimized geometry.
Computations used the PBE XC functional.
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Table D.4 GIPAW DFT 25Mg and 81Br EFG tensor parameters: MgBr2, additional informationa
nuclide

structure

functional

V11 /
a.u.

V22 /
a.u.

V33 /
a.u.

CQ(X) /
MHz

ηQ

25Mg

XRD

PBE

0.0370

0.0370

−0.0741

−3.47

0.000

25Mg

XRD

PW91

0.0373

0.0373

−0.0747

−3.50

0.000

81Br

XRD

PBE

0.0316

0.0316

−0.0633

−3.90

0.000

81Br

XRD

PW91

0.0335

0.0335

−0.0671

−4.13

0.000

25Mg

fixed cell

PBE

0.0318

0.0318

−0.0635

−2.98

0.000

25Mg

fixed cell

PW91

0.0321

0.0321

−0.0643

−3.01

0.000

81Br

fixed cell

PBE

0.1209

0.1209

−0.2418

−14.89

0.000

81Br

fixed cell

PW91

0.1229

0.1229

−0.2459

−15.14

0.000

25Mg

full opt.

PBE

0.0292

0.0292

−0.0584

−2.74

0.000

25Mg

full opt.

PW91

0.0296

0.0296

−0.0593

−2.78

0.000

81Br

full opt.

PBE

0.1771

0.1771

−0.3543

−21.81

0.000

81Br

full opt.

PW91

0.1823

0.1823

−0.3647

−22.45

0.000

Parameter definitions are in Section 2.3.3.2. Additional details may be found in Table 6.1. Q(25Mg) = 1.994 × 10−29 m2;
Q(81Br) = 2.62 × 10−29 m2. To convert V33(81Br) and V33(25Mg) into frequency units, conversion factors of 61.56077 MHz/a.u.
and 46.85197 MHz/a.u. were used for 81Br and 25Mg, respectively, and the unit EFG is 9.71736166 × 1021 J C−1 m−2.
a

Table D.5 GIPAW DFT magnesium and bromine CS tensor parameters: MgBr2, additional
informationa

a

nuclide

structure

functional

σ11 /
ppm

σ22 /
ppm

σ33 /
ppm

δiso /
ppm

Ω/
ppm

κ

25Mg

XRD

PBE

549.75

554.43

554.46

―

4.71

−0.987

25Mg

XRD

PW91

550.38

555.05

555.07

―

4.69

−0.990

81Br

XRD

PBE

2264.05

2279.96

2280.09

353.11

16.0

−0.985

81Br

XRD

PW91

2265.97

2282.48

2282.60

350.06

16.6

−0.985

25Mg

fixed cell

PBE

547.92

552.92

552.97

―

5.05

−0.983

25Mg

fixed cell

PW91

548.52

553.48

553.52

―

5.00

−0.982

81Br

fixed cell

PBE

2264.26

2293.54

2293.66

343.97

29.41

−0.992

81Br

fixed cell

PW91

2266.09

2295.96

2296.09

341.01

30.00

−0.992

25Mg

full opt.

PBE

549.97

555.78

555.84

―

5.86

−0.982

25Mg

full opt.

PW91

550.74

556.49

556.53

―

5.78

−0.989

81Br

full opt.

PBE

2271.29

2324.59

2324.69

320.88

53.40

−0.996

81Br

full opt.

PW91

2273.93

2328.14

2328.24

316.89

54.31

−0.996

Parameter definitions are in Sections 2.3.2.4, 2.3.3.1 and 2.3.3.3. Additional details may be found in Table 6.1.
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Table D.6 GIPAW DFT
informationa

35

Cl EFG tensor parameters: CaCl2 and hydrates, additional

compound

functional

site
label

V11 /
a.u.

V22 /
a.u.

V33 /
a.u.

CQ(35Cl) /
MHz

ηQ

CaCl2

PBE

―

0.1463

0.3571

−0.5035

9.66

0.419

PW91

―

0.1468

0.3597

−0.5065

9.72

0.420

PBE

―

0.0554

0.1755

−0.2309

4.43

0.520

PW91

―

0.0524

0.1775

−0.2299

4.41

0.544

PBE

Cl(1)

−0.0574

−0.1354

0.1927

−3.70

0.405

Cl(2)

0.0087

0.3024

−0.3111

5.97

0.944

Cl(1)

−0.0567

−0.1360

0.1927

−3.70

0.412

Cl(2)

0.0091

0.3054

−0.3145

6.03

0.942

Cl(1)

−0.0052

−0.1903

0.1955

−3.75

0.947

Cl(2)

0.0097

0.1031

−0.1128

2.16

0.828

Cl(3)

0.0231

0.1835

−0.2067

3.97

0.776

Cl(1)

−0.0018

−0.1934

0.1952

−3.74

0.982

Cl(2)

0.0103

0.1051

−0.1154

2.21

0.821

Cl(3)

0.0273

0.1810

−0.2083

4.00

0.738

PBE

―

0.0796

0.1074

−0.1870

3.59

0.149

PW91

―

0.0825

0.1092

−0.1918

3.68

0.139

PBE

―

0.1429

0.1429

−0.2858

5.48

0.000

PW91

―

0.1437

0.1437

−0.2873

5.51

0.000

CaCl2·2H2O

α–CaCl2·4H2O

PW91

β–CaCl2·4H2O

PBE

PW91

γ–CaCl2·4H2O

CaCl2·6H2O

Parameter definitions are in Section 2.3.3.2. Additional details may be found in Table 6.4. Q(35Cl) = −8.165 × 10−30 m2.9 To
convert V33(35Cl) into frequency units, a conversion factor of −19.1848743 MHz/a.u. was used, and the unit EFG is 9.71736166
× 1021 J C−1 m−2.

a
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Table D.7 GIPAW DFT chlorine CS tensor parameters: CaCl2 and hydrates, additional
informationa
compound

functional

site
label

σ11 /
ppm

σ22 /
ppm

σ33 /
ppm

δisob /
ppm

CaCl2

PBE

―

658.69

747.07

859.61

PW91

―

656.36

745.11

PBE

―

765.95

PW91

―

PBE

CaCl2·2H2O

α–CaCl2·4H2O

κ

α, β, γ / °

179.03 200.92

0.120

90.0, 89.7, 0.0

858.44

181.87 202.07

0.122

90.0, 89.7, 0.0

801.71

906.66

109.32 140.71

0.492

118.3, 80.8, 2.7

765.40

801.33

907.24

110.44 141.84

0.493

119.5, 80.8, 3.4

Cl(1)

825.85

848.44

899.49

76.12

73.64

0.386

15.4, 1.4, 18.8

Cl(2)

810.27

867.46

888.21

78.74

77.94

−0.468

118.1, 77.3, 178.1

Cl(1)

826.44

849.07

899.90

76.60

73.46

0.384

9.7, 1.6, 26.3

Cl(2)

810.54

867.66

888.87

79.38

78.33

−0.458

118.3, 77.1, 178.9

Cl(1)

793.89

812.30

917.42

92.87

123.53

0.702

183.1, 3.2, 269.3

Cl(2)

821.54

838.62

905.19

78.94

83.65

0.592

135.5, 73.6, 199.5

Cl(3)

776.02

810.77

901.60

104.62 125.58

0.446

65.3, 82.6, 357.7

Cl(1)

793.83

812.23

918.25

93.65

124.42

0.704

185.5, 3.4, 267.3

Cl(2)

821.87

838.55

906.32

79.49

84.45

0.605

137.5, 73.3, 199.9

Cl(3)

775.15

809.75

902.01

106.13 126.86

0.454

64.6, 82.4, 357.7

PBE

―

848.47

882.59

925.58

48.48

77.11

0.115

111.1, 47.7, 190.6

PW91

―

850.02

883.17

927.24

48.24

77.22

0.141

110.8, 46.7, 190.9

PBE

―

859.79

906.13

906.14

43.34

46.35

−1.000

N/A, 90.0, 0.3

PW91

―

859.46

905.82

905.82

44.67

46.36

−1.000

N/A, 90.0, 0.3

PW91

β–CaCl2·4H2O

PBE

PW91

γ–CaCl2·4H2O

CaCl2·6H2O

Ω/
ppm

Parameter definitions are in Sections 2.3.2.4, 2.3.3.1 and 2.3.3.3. Additional details may be found in Table 6.4.
Computed chlorine absolute shielding values, σiso, for NaCl(s) were 975.06 ppm (4 × 4 × 4 k-point grid and Ecut = 1200 eV)
for PBE XC calculations and 976.07 ppm (4 × 4 × 4 k-point grid and Ecut = 1200 eV) for PW91 XC calculations. The absolute
chlorine MS for 0.1 mol/dm3 NaCl in D2O was found by solving: δiso(NaCl(s)) = −41.11 ppm = [σiso(NaCl(0.1 mol/dm3)) −
σiso(NaCl(s))]/[1 − σiso(NaCl(0.1 mol/dm3))] using the σiso values for NaCl(s) noted directly above.
a
b
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Table D.8 GIPAW DFT
informationa

43

Ca EFG tensor parameters: CaCl2 and hydrates, additional

compound

functional

site
label

V11 /
a.u.

V22 /
a.u.

V33 /
a.u.

CQ(43Ca) /
MHz

ηQ

CaCl2

PBE

―

−0.0235

−0.0788

0.1023

−0.98

0.541

PW91

―

−0.0222

−0.0787

0.1008

−0.97

0.561

PBE

―

0.1297

0.1912

−0.3209

3.08

0.192

PW91

―

0.1323

0.1942

−0.3265

3.13

0.190

PBE

―

−0.0237

−0.1798

0.2035

−1.95

0.767

PW91

―

−0.0230

−0.1804

0.2035

−1.95

0.773

PBE

Ca(1)

−0.0296

−0.1316

0.1611

−1.54

0.633

Ca(2)

−0.0018

−0.0308

0.0327

−0.31

0.887

Ca(1)

−0.0299

−0.1330

0.1628

−1.56

0.633

Ca(2)

−0.0032

−0.0296

0.0328

−0.31

0.805

PBE

―

−0.1118

−0.1759

0.2877

−2.76

0.223

PW91

―

−0.1168

−0.1766

0.2935

−2.81

0.204

PBE

―

−0.0178

−0.0178

0.0356

−0.34

0.000

PW91

―

−0.0169

−0.0169

0.0338

−0.32

0.000

CaCl2·2H2O

α–CaCl2·4H2O

β–CaCl2·4H2O

PW91

γ–CaCl2·4H2O

CaCl2·6H2O

Parameter definitions are in Section 2.3.3.2. Additional details may be found in Table 6.3. Q(43Ca) = −4.08 × 10−30 m2.9 To
convert V33(43Ca) into frequency units, a conversion factor of −9.58656303 MHz/a.u. was used.

a
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Table D.9 GIPAW DFT calcium CS tensor parameters: CaCl2 and hydrates, additional
informationa
compound

functional

site
label

σ11 /
ppm

σ22 /
ppm

σ33 /
ppm

δisob /
ppm

Ω/
ppm

κ

α, β, γ / °

CaCl2

PBE

―

1020.37

1053.07

1073.10

67.68

52.72

−0.240

90.0, 89.4, 0.0

PW91

―

1018.81

1051.84

1072.00

68.78

53.19

−0.242

90.0, 89.3, 0.0

PBE

―

1042.09

1050.97

1067.98

63.61

25.89

0.314

180.0, 84.4, 180.0

PW91

―

1041.30

1051.16

1068.34

63.67

27.05

0.270

180.0, 84.8, 180.0

PBE

―

1085.30

1111.91

1121.86

19.18

36.56

−0.456

60.1, 73.0, 18.7

PW91

―

1087.14

1113.59

1123.91

17.62

36.77

−0.438

60.6, 72.2, 19.6

PBE

Ca(1)

1115.06

1140.07

1151.40

−5.41

36.34

−0.377 273.5, 70.1, 326.4

Ca(2)

1017.32

1024.03

1029.54

88.95

12.22

−0.099

Ca(1)

1117.21

1142.49

1153.91

−7.40

36.70

−0.377 273.5, 69.7, 326.7

Ca(2)

1015.59

1022.74

1028.02

90.23

12.43

−0.150

80.7, 88.6, 349.2

PBE

―

1058.07

1058.39

1087.24

51.62

29.17

0.978

325.6, 1.8, 162.7

PW91

―

1058.95

1059.35

1088.87

50.64

29.92

0.974

316.6, 1.9, 164.6

PBE

―

1155.47

1164.67

1164.68

−27.42

9.20

−0.999

29.8, 90.0, 178.7

PW91

―

1155.28

1164.49

1164.50

−27.26

9.22

−0.999

29.8, 90.0, 178.7

CaCl2·2H2O

α–CaCl2·4H2O

β–CaCl2·4H2O

PW91

γ–CaCl2·4H2O

CaCl2·6H2O

80.1, 89.2, 349.1

Parameter definitions are in Sections 2.3.2.4, 2.3.3.1 and 2.3.3.3. Additional details may be found in Table 6.3.
To convert computed MS values into chemical shift values, the procedure developed by Moudrakovski et al. was used. The
presently calculated isotropic calcium MS values (i.e., σiso) were used as input into their empirically-determined formula: δiso =
(1129.1 – σiso)/1.1857.10

a
b
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Appendix E
Appendix to Chapter Seven
Table E.1 Detailed 69/71Ga SSNMR and 127I NQR experimental acquisition parametersa
B0 /
T

window /
kHz

pointsb

π/2c
/ µs

scans

recycle
delay / s

τ1;τ2
/ µs

21.1

250

512

1.6

1 024

1.0

18.4;5.2

shielded site; 71Ga NMR; Solomon
echo; 4 mm HX probe

21.1

250

512

2.4

1 024

1.0

17.6;4.8

shielded site; 69Ga NMR; Solomon
echo; 4 mm HX probe

11.75

1 000

2 048

1.7

7 000

1.0

50;30

shielded site; 71Ga NMR; Solomon
echo; 4 mm HXY probe

11.75

50

1 024

11.0

1 024

0.35

50;35

deshielded site; 71Ga NMR; Solomon
echo; 4 mm HXY probe

0.0

1 000

1 024

1.0

512

0.5

40;20

0.0

1 000

1 024

1.0

512

0.5

40;20

0.0

1 000

1 024

1.0

512

0.5

40;20

details

127I

NQR; Hahn echo; 4 mm HXY
probe; νRF = 132.0 MHz
127I

NQR; Hahn echo; 4 mm HXY
probe; νRF = 134.37 MHz
127I

NQR; Hahn echo; 4 mm HXY
probe; νRF = 113.75 MHz

All experiments were carried out at room temperature, and under static conditions.
Number of complex time-domain data points acquired.
c CT selective pulses were used for SSNMR experiments, where applicable.
a
b

Appendix E – Appendix to Chapter Seven

- 297 -

Vita Auctoris
Cory M. Widdifield was born on October 8th, 1981 in Windsor,
Ontario, Canada.

He graduated from St. Thomas of Villanova

Secondary School in June of 2000. He obtained B.Sc.[H] and M.Sc.
degrees (both in chemistry) from the University of Windsor in June
of 2004, and September of 2006, respectively, under the supervision
of Prof. Robert W. Schurko. He also obtained a B.Ed. degree
(chemistry & physics) in June of 2007 and was a chemistry instructor at St. Clair College
(Windsor) in the fall of 2007. He is expecting to complete the requirements for his Ph.D.
degree at the University of Ottawa during winter 2011-12, under the supervision of Prof. David
L. Bryce. He is currently seeking a postdoctoral appointment.

Academic Honours and Awards
NSERC Alexander Graham Bell CGS D2 – 2008 to 2010
Poster Prize – OCCI Day – 2008
NSERC PGS M – 2004 to 2006
Ontario Graduate Scholarship (two times) – 2004, 2006
NSERC USRA (three times) – 2002, 2003, 2004
Poster Prize – 87th CSC Conference – 2004
Presentation Award – 32nd SOUSCC – 2003
Governor General Bronze Medal – 2000
University Entrance Award – 2000 to 2004

Vita Auctoris – Cory Widdifield

- 298 -

Manuscripts Published During Ph.D.
Ph.D. Period
R. J. Attrell, C. M. Widdifield, I. Korobkov and D. L. Bryce. Weak Halogen Bonding in Solid
Haloanilinium Halides Probed Directly via Chlorine-35, Bromine-81, and Iodine-127 NMR
Spectroscopy. Cryst. Growth Des., 2012, in press.
C. M. Widdifield, T. Jurca, D. S. Richeson and D. L. Bryce. Using 69/71Ga Solid-State NMR and
127
I NQR as Probes to Elucidate the Composition of ‘GaI’. Polyhedron, 2012, 35, 96 – 100.
C. M. Widdifield, A. D. Bain and D. L. Bryce. Definitive Solid-State 185/187Re NMR Spectral
Evidence for and Analysis of the Origin of High-Order Quadrupole-Induced Effects for I =
5/2. Phys. Chem. Chem. Phys., 2011, 13, 12413 – 12420. Cover Article.
D. L. Bryce, C. M. Widdifield, R. P. Chapman and R. J. Attrell. Chlorine, Bromine, and Iodine
Solid-State NMR in NMR of Quadrupolar Nuclei in Solid Materials, R. E. Wasylishen, S. E.
Ashbrook, and S. Wimperis, Eds. (in press). Invited Contribution.
C. M. Widdifield and D. L. Bryce. A Multinuclear Solid-State Magnetic Resonance and GIPAW
DFT Study of Anhydrous Calcium Chloride and its Hydrates. Can. J. Chem., 2011, 89, 754 – 763.
C. M. Widdifield and D. L. Bryce. Solid-State 127I NMR and GIPAW DFT Study of Metal
Iodides and Their Hydrates: Structure, Symmetry, and Higher-Order Quadrupole-Induced
Effects. J. Phys. Chem. A, 2010, 114, 10810 – 10823.
C. M. Widdifield and D. L. Bryce. Solid-State 79/81Br NMR and Gauge-Including ProjectorAugmented Wave Study of Structure, Symmetry, and Hydration State in Alkaline Earth Metal
Bromides. J. Phys. Chem. A, 2010, 114, 2102 – 2116.
T. Pathmalingham, F. Habib, C. M. Widdifield, F. Loiseau, T. J. Burchell, S. I. Gorelsky, A. M.
Beauchemin, D. L. Bryce and M. Murugesu. Combining Oximes with Azides to Create A Novel
1–D [NaCoIII2] System: Synthesis, Structure and Solid-State NMR. Dalton Trans., 2010, 39, 1504
– 1510.
R. P. Chapman, C. M. Widdifield and D. L. Bryce. Solid-State NMR of Quadrupolar Halogen
Nuclei. Prog. Nucl. Magn. Reson. Spectrosc., 2009, 55, 215 – 237. Invited Contribution.
C. M. Widdifield and D. L. Bryce. Crystallographic Structure Refinement with Quadrupolar
Nuclei: A Combined Solid-State NMR and GIPAW DFT Example using MgBr2. Phys. Chem.
Chem. Phys., 2009, 11, 7120 – 7122.
C. M. Widdifield, R. P. Chapman and D. L. Bryce. Chlorine, Bromine, and Iodine Solid-State
NMR Spectroscopy in Annual Reports on NMR Spectroscopy, G. A. Webb, Ed., Chapter 5, 2009, 66,
195 – 326. Invited Contribution.

Vita Auctoris – Cory Widdifield

- 299 -

Oral Presentations at Conferences During Ph.D.
Ph.D. Period
C. M. Widdifield, A. D. Bain and D. L. Bryce. High-Order Quadrupole-Induced Effects in
Solid-State NMR Spectra for I = 5/2 via Iodine-127 and Rhenium-185/187 Nuclei. The 94th
Conference of the Canadian Society for Chemistry, June 5th – 9th, 2011, Palais des Congrès de
Montréal, Montréal, Québec, Canada.
C. M. Widdifield and D. L. Bryce. Solid-State 127I NMR Spectroscopy and GIPAW DFT
Calculations of Inorganic Iodide Systems: Structure, Symmetry, and ‘Beyond Second-Order’
Quadrupole-Induced Shifts. The 5th Annual Solid-State NMR Workshop, May 29th, 2010, Metro
Toronto Convention Centre, Toronto, Ontario, Canada. Invited presentation.
C. M. Widdifield and D. L. Bryce. Applications of 79/81Br and 127I Solid-State Nuclear Magnetic
Resonance. The MOOT XXI NMR Symposium, October 4th – 5th, 2008, Canterbury College,
Windsor, Ontario, Canada.

Poster Presentations at Conferences During Ph.D.
Ph.D. Period
C. M. Widdifield and D. L. Bryce. Advances in the Acquisition of Solid-State 43Ca NMR Spectra:
Applications to Organic and Inorganic Systems. The 7th Alpine Conference on Solid-State
NMR, September 11th – 15th, 2011, Chamonix-Mont Blanc, France.
C. M. Widdifield and D. L. Bryce. Solid-State Iodine-127 NMR Spectroscopy and GIPAW DFT
Study of Inorganic Iodine-Containing Systems. The 93rd Conference of the Canadian Society for
Chemistry, May 29th – June 2nd, 2010, Metro Toronto Convention Centre, Toronto, Ontario,
Canada.
C. M. Widdifield and D. L. Bryce. Characterization of 79/81Br Magnetic Shielding and Electric
Field Gradient Tensors in a Series of Alkaline Earth Metal Bromides and Hydrates Thereof.
The 50th Rocky Mountain Conference on Analytical Chemistry, July 27th – 31st, 2008,
Breckenridge, Colorado, USA.
C. M. Widdifield and D. L. Bryce. Characterization of 79/81Br Magnetic Shielding and Electric
Field Gradient Tensors in a Series of Alkaline Earth Metal Bromides and Hydrates Thereof.
Ottawa-Carleton Chemistry Institute (OCCI) Day, May 15th, 2008, Ottawa, Ontario, Canada.
Award: Poster Competition

.
Vita Auctoris – Cory Widdifield

- 300 -

