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Abstract

Low-field and benchtop Nuclear Magnetic Resonance (NMR) spectrometers offer signif-
icant advantages in terms of cost and accessibility, but their widespread application is
limited by their inherently low sensitivity. Hyperpolarisation techniques like Signal Am-
plification By Reversible Exchange (SABRE) can overcome this limitation by boosting
NMR signals by several orders of magnitude, creating new opportunities for chemical
analysis and process monitoring outside of specialist laboratories. However, to realise
this potential, methods for generating and measuring hyperpolarised signals must be
robust and reproducible.

This work details the development of an automated para-hydrogen gas flow system to
enable the probing of polarisation transfer and relaxation dynamics in SABRE. The sys-
tem was developed to overcome the limitations of ex situ measurements, with applications
for both in situ ultra-low-field studies and experiments on benchtop NMR spectrometers.
The system provides reproducible para-hydrogen delivery with precise control over ex-
perimental parameters, enabling time-resolved studies of the hyperpolarisation process.

Application of this system to a solution of SABRE catalyst and pyridine enabled the
indirect observation of para-hydrogen spin-order relaxation at the Earth’s field. The decay
of the hyperpolarised signal followed a biexponential model, dominated by a fast relax-
ation process (t � 1�4 s). This relaxation rate appears to be governed by the competitive
exchange of ligands at the iridium catalyst, providing insight into the solution-state dy-
namics of para-hydrogen.

The utility and modularity of the polariser unit were further established by its integra-
tion with a 1.4 T benchtop spectrometer with an integrated motor-driven sample shuttle
and capillary bubbling system. Software was developed for the motor system, spectrom-
eter and user interface to make all components compatible for synchronous motor-driven
polarisation transfer, bubbling and detection. This integrated hardware implementation
demonstrates a viable pathway for performing advanced, automated SABRE experiments
on accessible low-field platforms, moving beyond the limitations of manual sample han-
dling.
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CHAPTER1

Introduction

1.1 NMR

Nuclear Magnetic Resonance (NMR) spectroscopy is a powerful, non-invasive analyti-
cal technique that provides detailed information on molecular structure and dynamics.
Its applications include medical imaging,1 molecular structure elucidation,2{5 reaction
monitoring,6{9 and mixture analysis.10

Relative to other spectroscopy techniques, such as optical spectroscopies and mass
spectrometry, NMR is comparatively insensitive. This limitation arises from the weak
Zeeman interaction between nuclear magnetic moments and an external magnetic �eld,
B0. The very small energy di�erences between the nuclear spin states result in a cor-
respondingly small population di�erence between them, which is the ultimate source of
the NMR signal. For routine 1H NMR experiments, sample concentrations are typically
in the millimolar (mM) range, while quantitative analysis of less sensitive nuclei like13C
can require molar concentrations.

The sensitivity of an NMR experiment is fundamentally governed by the level of
nuclear spin polarisation,P0, which describes the fractional population di�erence between
the spin states. For a spin-I = 1

2 nucleus at thermal equilibrium, this polarisation can be
estimated by the high-temperature approximation (Equation 1.1):

P0 �

B 0~
2kB T

(1.1)

where
 is the gyromagnetic ratio of the target nucleus,~ is the reduced Planck's constant,
kB is the Boltzmann constant, and T is the temperature of the system. This relation-
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Figure 1.1: Plot of 1H thermal polarisation P0/% against �eld strength B0 for �eld
strengths 1� T to 15 T at 298 K. Polarisation levels for detection �elds relevant to this
thesis are shown with dashed lines at 50� T (Earth's �eld, 1 :70� 10� 8 %), 1.4 T (typical
benchtop �eld, 4:8 � 10� 4 %), and 11 T (Typical high �eld, 3:8 � 10� 3 %).

ship is fundamental to NMR, as it shows that polarisation, and therefore the observable
signal strength, is directly proportional to the magnetic �eld strengthB0 and inversely
proportional to the temperature T.

To make NMR more sensitive, a \brute force" approach is therefore often used, which
involves using high-�eld instruments (commonly 7 - 11.2 T), with the strongest �elds
reaching up to 28.2 T.11,12 These spectrometers boost sensitivity and give improved
chemical shift resolution by further separating signals from di�erent chemical environ-
ments. This is illustrated in Figure 1.1, which shows the thermal polarisation against
�eld strength. Marked on Figure 1.1 are the thermal polarisations of nuclei at di�er-
ent detection �elds for NMR instruments discussed in this thesis: Earth's �eld (50� T),
benchtop (1.4 T), and high �eld (11 T).

The highly homogeneous �elds generated by these instruments, when combined with
careful shimming, can yield very sharp spectral linewidths of less than 0.5 Hz, corre-
sponding to a �eld homogeneity of better than 10 ppb on benchtop (1-2 T) or less than
1 ppb for a typical 500 MHz system. These �elds are generated through the use of large,
superconducting magnets. This makes these instruments expensive (with high costs for
the instrument itself and for cryogens), complex to operate, and require a signi�cant
spatial footprint. This expense and complexity makes high-�eld NMR spectroscopy less
than ideal in scenarios where budget, space, or access to specially trained personnel are
limited. Consequently, there is demand for more compact, simpler, and more portable
spectrometers.13
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Benchtop spectrometers ful�l this need, typically operating at �elds of 1-2.4 T with
permanent magnets coupled with sophisticated shimming electronics.13{17 This allows
them to achieve highly homogeneousB0 �elds with homogeneity better than 10 ppb,
yielding narrow spectral linewidths (< 0:5 Hz).18{20 Benchtop spectrometers have found
numerous applications in NMR13,21 and MRI. 22 The reduced size makes benchtop NMR
spectroscopy particularly useful forin situ reaction monitoring to study reaction comple-
tion, pathways and rates, as the instruments can be set up in fume hoods or integrated into
a 
ow system for time-resolved spectroscopy.23{25 Further to this, the external lock used in
benchtop spectrometers also allows the use of standard non-deuterated solvents,26 which
further reduces the cost of consumables. However, the lower magnetic �eld of benchtop
spectrometers introduces two primary challenges: reduced resolution and reduced sensi-
tivity. Regarding resolution, the lower �eld strength results in fewer Hz per ppm in a
spectrum compared to high-�eld counterparts. Consequently,J -coupling e�ects become
dominant relative to chemical shift dispersion, leading to increased peak overlap. As the
spectrum enters the strong coupling regime, second-order e�ects further distort the shape
of coupled peaks. Regarding sensitivity, the lower �eld results in lower thermal polari-
sation (Equation 1.1). Polarisation is �eld-dependent and is very small under standard
conditions, with a value of only 3.5 ppm T� 1 for 1H nuclei at room temperature. (the
equivalent of 3.5 nuclei per million contribute to the observable NMR signal)27 This lim-
itation means that applications of NMR where sample concentration or volume is highly
constrained can bene�t signi�cantly if signal sensitivity is decoupled from �eld strength.

Figure 1.2 shows a comparison of spectra for quinine recorded on high-�eld (top) and
benchtop (bottom) spectrometers. In the high-�eld spectrum, signal dispersion is better
and spectral linewidth on the chemical shift axis is narrower. The benchtop spectrum
still provides clear structural information, albeit with more peak overlap due to the lower
�eld strength.

1.2 Hyperpolarisation

Hyperpolarisation techniques are a class of methods used to enhance nuclear spin po-
larisation, creating a non-equilibrium state with greater polarisation than the thermal
equilibrium at a given magnetic �eld and temperature. Most hyperpolarisation tech-
niques generate this non-equilibrium state by transferring high spin order from a source
to a target molecule. The simplest method is brute force hyperpolarisation, where a
sample is polarised in a strong magnetic �eld and then rapidly moved to a weaker �eld
for detection. The enhanced polarisation persists for a time dictated by the spin-lattice
relaxation (T1), allowing for sensitive detection at low �eld.28 Other methods include Dy-
namic Nuclear Polarisation (DNP)29,30, which uses the thermal polarisation of electrons
as a source of spin order, and Spin-Exchange Optical Pumping (SEOP), which allows
hyperpolarisation of noble gases,31,32 useful especially in imaging applications31,33,34 and
biomedical NMR.33

Other hyperpolarisation techniques usepara-hydrogen (p-H2), a nuclear spin isomer of
H2 as their source of high spin order. These are calledPara-hydrogen- Induced Polarisa-
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Figure 1.2: Comparison of1H NMR spectra of quinine recorded at high �eld (top, blue,
11 T, 1 scan), and low-�eld (bottom, black, 1.4 T, 16 scans). Spectra recorded by Dr.
Daniel A. Taylor.

tion (PHIP) techniques. They are particularly useful asp-H2 is inexpensive and simple to
produce, and can be generated at point of use or stored with a long lifetime. The hyper-
polarisation generated is not dependent on theB0 �eld, allowing the use of less complex
instrumentation.35,36 PHIP can be carried out through hydrogenation reactions37,38 or
reversible catalytic spin exchange.39 Hydrogenation reactions o�er a simple, single-shot
method to give strongly enhanced NMR signals via addition ofp-H2 to an unsaturated
bond, supported by a hydrogenation catalyst such as platinum or iridium.40{42

1.3 SABRE

PHIP can also be performed non-hydrogenatively through a method called Signal Ampli-
�cation By Reversible Exchange (SABRE).43 This technique, like PHIP, relies onp-H2 as
the source of hyperpolarisation, but does not require chemical modi�cation of the target
analyte. Instead, a metal-centred catalyst is used to mediate the transfer of hyperpo-
larisation from p-H2 to the target by simultaneously and reversibly binding them. In
the presence of a weak magnetic �eld, known as the Polarisation Transfer Field (PTF),
Level Anti-Crossings (LACs) occur between the nuclear spin states of thepara-hydrogen-
derived hydrides and the co-bound substrate.44 This allows the transfer of spin order
from p-H2 to the substrate, mediated by the J-coupling network, to give enhanced NMR
signals. The exchange and transfer process is illustrated in Figure 1.3 and explored in
more detail in Chapter 2.

The reversibility of the substrate andp-H2 binding enables replacement of the ther-
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Figure 1.3: The SABRE (Signal Ampli�cation By Reversible Exchange) cycle. The active
SABRE catalyst is [Ir(IMes)(H)2(sub)3]+ ,where IMes = 1,3-Bis(2,4,6-trimethylphenyl)-
1,3-dihydro-2H-imidazol-2-ylidene. High spin orderpara-hydrogen and a target substrate
(sub), commonly pyridine, reversibly bind to the iridium centre on the catalyst. This high
spin-order, highlighted in blue, is transferred from thep-H2 to the substrate through the
J-coupling network. the hyperpolarised substrate dissociates resulting in a build-up of
hyperpolarised substrate in solution, and allowing exchange of freshp-H2 and substrate
to the catalyst.

mally polarised hydrides (depleted of hyperpolarisation due to transfer) and hyperpo-
larised substrate with freshp-H2 and thermally polarised substrate. This process allows
for the continuous build-up of hyperpolarised substrate in solution from a single sample,
provided there is a constant supply ofp-H2. Consequently, SABRE has a broader range
of suitable target molecules compared to PHIP, as they are not required to contain an
unsaturated bond for hydrogenation, but only need the ability to bind reversibly to the
metal catalyst.

SABRE was �rst demonstrated in 2009 by Adamset al.,43 by charging an NMR tube
with para-hydrogen and shaking in the stray �eld of a high �eld magnet before detection.
This method is very e�ective and simple to carry out. Since the initial demonstration,
an improved understanding of the reaction mechanism has driven several developments
including improved catalysts,45,46 dedicated PTF magnet arrays for more e�cient trans-
fer47, and a signi�cant broadening of substrate range through processes such as SABRE-
SHEATH for heteronuclear hyperpolarisation48 and SABRE-Relay, which allows SABRE
hyperpolarisation through labile H exchange without requiring the target to directly bind
to the catalyst.49 The ongoing development of SABRE has allowed it to �nd practical
applicability for reaction monitoring,50,51 and forensics,52,53 and progress towards clinical
imaging.54

Performance of SABRE through the manual shake-and-drop method is limited by
poor control and reproducibility, even if an operator has had signi�cant practice. Au-
tomated systems allow a much more precise level of control, enabling automated, timed
experiments (for example, for 2D NMR) with faster and more reproducible transfer than
manual methods. This includes shuttling systems,55{58 and 
ow systems59,60, which al-
low for integration of SABRE into 
ow chemistry 61. For these systems, with polarisation
transfer outside the detection region of the magnet (ex-situ), travel time (even if rapid)
obscures the observation of very fast relaxation dynamics which occur postp-H2 de-
livery of post transfer. Transfer through inhomogeneous magnetic �eld can potentially
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cause unwanted polarisation transfer or relaxation, such as has been shown in d-DNP62

Polarisation transfer �elds for ex-situ systems can be generated through stray �eld or
permanent magnets as above, or through the use of electromagnets48,52,59,60,63 and mu-
metal shields,48,64,65 which allow a controllable transfer �eld to be applied. With stable,
controllable �elds, �eld-sweep experiments can be performed allowing the optimisation
of the PTF to a target substrate.47

One way of avoiding sample transfer is to recreate the conditions required for SABRE
polarisation transfer in the bore of the magnet using calibrated radiofrequency (RF)
pulses. By manipulating the e�ective �elds, these pulses create a Level Anti-Crossing
(LAC) in the rotating frame, allowing polarisation to transfer. This process, referred
to as RF-SABRE,66 eliminates shuttling entirely, simplifying hardware and allowing for
straightforward implementation of multi-scan experiments. While powerful, RF-SABRE
does not allow direct exploration of the spin dynamics in the native ULF/mT regime
where spontaneous polarisation transfer is most e�cient. Enhancements in RF-SABRE
are lower than those achieved with optimised low-�eld transfer, and the transfer is much
less e�cient than its spontaneous counterpart, reducing the e�ectiveness of these meth-
ods.66,67

To analyse SABRE polarisation transfer occurring spontaneously in its native state,
ultra-low-�eld (ULF) detection methods are required. Low �eld SABRE has been per-
formed by several groups. Barskiyet al.68{70 studied the kinetics of polarisation transfer
and demonstrated SABRE-based imaging at 5.75 mT, at which SABRE transfer oc-
curs. More recent work has focused on detecting SABRE signals directly at zero- and
ultra-low-�eld using magnetometers such as superconducting quantum interference de-
vices (SQUIDs)71,72 or optically pumped magnetometers (OPMs) to observe couplings to
natural abundance heteronuclei,64,71,73 or by using the Earth's magnetic �eld. Hill-Casey
et al.74 used Earth's Field NMR (EFNMR) to study the activation of the SABRE cata-
lyst, the build-up of signal in the polarisation transfer �eld (PTF), the dependence of the
hyperpolarisation level on the strength of the PTF, and the rate of the hyperpolarisation's
decay in the ultra-low-�eld regime. The work in this thesis follows on from Hill-Casey's
developments. These papers use a variety of complex, custom instrumentation forp-H2

delivery for their own particular setups. This thesis aims to develop a simple, 
exible
apparatus forp-H2 delivery, compatible with a variety of instruments. This will allow the
exploration of SABRE mechanics in the Earth's �eld/ultra-low-�eld regime using inex-
pensive, accessible instrumentation. Comparable studies can be conducted on benchtop
instruments, where shuttling mechanisms can be implemented to access homonuclear
chemical shift information. With the instrumentation platform developed in this thesis,
it would also be possible to use in other spectrometers with appropriateB0 �elds to
probe SABRE dynamics while polarisation transfer is occurring. A method forin-situ
exploration of SABRE dynamics is needed, with gas delivery and �eld application as a
controllable part of the NMR experiment, coupled to a low-�eld detector in which the
rapid processes aroundp-H2 interaction and polarisation transfer can be observed. The
ability to directly and systematically observe SABRE dynamics (both polarisation build-
up and subsequent relaxation) in-situ will allow for a deeper understanding of SABRE
mechanisms, kinetics, and relaxation phenomena, essential for optimising the technique
for future applications.
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1.4 Project Goals and Thesis Outline

The primary goal of this project is to develop, implement, and optimise a system for
performing in situ and shuttled SABRE experiments across a variety of NMR systems. It
will be implemented for the direct exploration of SABRE relaxation dynamics in the Ultra
Low Field (ULF) regime. This work aims to improve the fundamental understanding of
SABRE and provide methodologies to more e�ectively implement the technique in a
variety of systems.

Chapter 2 gives a background overview of NMR fundamentals and instrumentation,
hyperpolarisation, and provides a detailed theoretical framework for the SABRE mecha-
nism, including its kinetics and spin dynamics.

Chapter 3 details the design, construction, and validation of the core instrumenta-
tion developed for this research: a versatile and electronically controllable para-hydrogen
delivery system, or \polariser unit". It also outlines the hardware, including thep-H2

generator and electronic valve network, and the software developed to provide precise,
automated gas 
ow in time with an NMR pulse sequence. The system's functionality,
including pressure monitoring and leak testing protocols, is thoroughly characterised to
establish its robustness for subsequent experiments.

In Chapter 4, the polariser unit is integrated with a commercial Earth's Field NMR
(EFNMR) spectrometer to create a complete platform for in-situ SABRE studies. A series
of optimisation experiments are performed to establish a robust methodology for achieving
consistent para-hydrogen concentration and maximum reproducible signal enhancement.
It also details the use of Magnetic Resonance Imaging (MRI) to investigate gas mixing
dynamics within the reaction cell and evaluates strategies, such as an in-line solvent
reservoir and overnight nitrogen pressurisation, to extend sample lifetimes.

With this validated methodology, Chapter 5 applies thein situ SABRE system with
EFNMR detection to investigate the relaxation dynamics of para-hydrogen in a SABRE
solution at the Earth's magnetic �eld. The dependence of this relaxation process on
reactant concentrations is explored to determine the origin of the complex relaxation
dynamics ofp-H2 in solution.

Chapter 6 demonstrates the versatility and modularity of the polariser unit by adapt-
ing it for use with a 1.4 T benchtop NMR spectrometer. This section details the necessary
hardware modi�cations, including a specialised capillary bubbling cell for a 5 mm NMR
tube, and the development of a semi-automated control system for instruments lacking
TTL capability. Furthermore, the design and implementation of a motor-driven shuttling
system is presented, enabling the performance of SABRE with spontaneous polarisation
transfer and benchtop detection.

Finally, Chapter 7 presents the conclusions of this work, summarising the key in-
strumental developments and scienti�c �ndings. It also discusses the implications of the
observed relaxation phenomena and outlines opportunities for future research, including
further development of the shuttling system and its application to higher �eld studies.
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CHAPTER2

Background Theory

2.1 Fundamentals of NMR

Elementary particles have a quantised intrinsic angular momentum, or \spin". Composite
particles, including protons and neutrons, thus also have an intrinsic spin, as do atomic
nuclei, made of protons and neutrons. An atomic nucleus has its spin described by
quantum number I , taking half-integer and integer values. The total intrinsic angular
momentum of a nucleuŝI is a vector which can be decomposed into Cartesian direction
components,Î x ; Î y and Î z.

Î 2 = Î 2
x + Î 2

y + Î 2
z : (2.1)

Nuclei with a non-zero spin (I 6= 0) also have a magnetic moment,̂� . �̂ is proportional
to the spin angular momentumÎ , with the gyromagnetic ratio 
 as the constant of
proportionality. This ratio is a unique property of each isotope with non-zero spin.

�̂ = 
 Î (2.2)

Magnetic moments interact with magnetic �elds. A magnetic moment, placed in
an external magnetic �eld 1B, will precess about the external �eld axis at an angular
frequency ! . The corresponding Larmor frequency,� Larmor (in Hz), is described by
Equation 2.3.

� Larmor =
!
2�

=
j
B j
2�

(2.3)
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Figure 2.1: Zeeman levels of nuclei with various spins. Left: Nucleus with spin quantum
number I = 0, such as12C. Centre: Nucleus with spin quantum numberI = 1

2 , such as
13C. Right: Nucleus with spin quantum numberI = 1, such as2H .

Magnetic �elds cause the spin states to become non-degenerate, and separate into discrete
energy levels. This is called Zeeman splitting. A nucleus with spinI will split into 2 I + 1
discrete energy levels or spin states (hence atI = 0, 2I + 1 = 1, giving one energy level,
and no splitting). Instead of simply aligning with or against the a magnetic �eldB0

(usually B0 denotes the main, static magnetic �eld), each magnetic moment experiences
a torque. Due to their angular momentum, this torque causes them to precess around
the B0 �eld. The energy of each spin state,Em , can be calculated through Equation
2.4, wherem is the magnetic quantum number, taking values from� I to + I (where I
is the spin quantum number),
 is the gyromagnetic ratio,B0 is applied magnetic �eld
strength, and~ is the reduced Planck constant. Figure 2.1 illustrates the splitting of spin
state energy levels for various nuclei asB0 �eld is applied.

Em = � m
B 0~ (2.4)

A spin-1
2 nucleus with positive
 (for example,1H, 13C) therefore has two energy levels

at m = + 1
2 and m = � 1

2 . The lower energy state (m = + 1
2) is aligned with the external

�eld and is commonly referred to as \spin-up" or� . Conversely, the higher energy state
(m = � 1

2) is opposed to the �eld and referred to as \spin-down" or� . The energy
di�erence between these states is
B 0~ (equation 2.5). This is the energy required for a
transition between the two spin states. For nuclei with a negative
 , spin-down (� ) is the
lower energy state.

and the higher energy spin state� . While nuclei with higher spin numbers have
additional transitions, the remainder of this discussion will focus on the spin-1

2 case for
clarity.

� E � ! � = ~
B 0 (2.5)

Planck's equation, equation 2.6, can be used to calculate the frequency of this transition,
as shown in equation 2.7: the Larmor equation. Units of frequency (� /Hz) and angular
frequency (! /radians s� 1), can be interconverted using! = 2�� .

E = h� = ~! (2.6)
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! = 
B 0 (2.7)

The Larmor equation shows that the frequency of a spin-state transition is only de-
pendent on the gyromagnetic ratio of the nucleus and the local magnetic �eld. For nuclei
of the same type, only the local magnetic �eld will impact the frequency of this tran-
sition. Within a molecule, the local magnetic �eld is impacted by shielding e�ects, in
which electrons induce a small, opposing magnetic �eld to an applied magnetic �eld.

2.1.1 Chemical shift

Nuclei of the same isotope at di�erent positions in a molecule are di�erently shielded
depending on the electron density at their nucleus, and so have di�erent Larmor fre-
quencies. For example, proximity to strongly electronegative oxygen or 
uorine (-OH,
-CHF2 groups) reduces electron density. This is de-shielding, and will raise the Larmor
frequency of local H nuclei, while shielding groups, such as long chain alkanes will lower
Larmor frequency. Additionally, shielding is in
uenced by neighbour anisotropy e�ects,
where circulation currents in adjacent bonds create direction-dependent magnetic �elds.
This is expressed in equation 2.83,75, where B local is the local �eld experienced by the
nucleus,B0 is the main magnetic �eld and� is the shielding constant.

B local = B0(1 � � ) (2.8)

Larger values of� correspond to greater shielding. Substituting Equation 2.8 into the
Larmor equation (2.7) gives the relationship between frequency and! and B local :

! = 
B local = 
B 0(1 � � ) (2.9)

This dependency shows that the frequency of nuclei with the same� varies depending
on the applied �eld B0. This means that nuclei observed at di�erentB0 frequencies
will appear di�erently spaced at di�erent B0. To account for this, a chemical shift (� )
scale can be used. Chemical shift expresses resonance frequency relative to a standard
reference compound, making its value independent ofB0. Chemical shift in ppm is
calculated following equation 2.10, where! sample is the taregt nucleus frequency,! ref is
the frequency of the reference, and! spec is the spectrometer frequency. The factor of 106

gives the value in parts per million (ppm).

� (ppm) =
! sample � ! ref

! ref
� 106 (2.10)

This cancels out the dependence onB0 and gives a single� value for a nucleus in
a given chemical environment. Nuclei which are more shielded (larger� ) have larger
positive � values.
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2.1.2 J -coupling

So far, we have been considering an ensemble of independent spins. In practice, nuclei
exist within molecules, connected by bonds. Magnetically active nuclei can in
uence
each other through bonds in an interaction calledJ -coupling or scalar coupling. This
interaction is not a direct through-space e�ect. Instead, the magnetic moment of one
nucleus polarises its surrounding bonding electrons. Because these electrons are shared
in a chemical bond with a neighbouring nucleus, this polarisation is transmitted, slightly
altering the local magnetic �eld experienced by that neighbour. The e�ect is mutual and
its magnitude is given by the coupling constant,J .2,75,76

Take an I = 1
2 nucleusA coupled to n chemically equivalent nucleiX with I = 1

2 ,
while in a magnetic �eld B0. The nucleus in environmentX can be either spin-up or
spin-down. Nuclei in environmentA will experience a small addition to the mainB0

�eld when X is spin-up, and a small reduction whenX is spin-down. Across an entire
sample of molecules containingAX n , the spin-up and spin-down states ofX will be
approximately equally populated. The Larmor frequencies of nucleus A will therefore
be split approximately equally into n + 1 peaks centred at� A , with a separation ofJAX

Hz, with the relative intensity of the lines following Pascal's triangle, due to the di�erent
possible combinations of theX spin states. For example, ifn = 3, A will be split into a
quadruplet (4 peaks) with intensity ratio 1:3:3:1.

This only applies when the chemical shift di�erence (�� ) is much larger than the
coupling constantJ . This is the weak coupling regime. For coupling between two nuclei
A and X the condition for weak coupling is:

j� A � � X j � j JAX j (2.11)

When the chemical shift di�erence (� � ) is on a similar order of magnitude to the cou-
pling constant (J ), the system enters the strong coupling regime. Under these conditions,
the simple �rst-order analysis is no longer su�cient; the simple �rst-order splitting rules
(e.g., the n + 1 rule) are no longer valid, and the relative intensities of peaks no longer
follow simple statistical patterns like Pascal's triangle. Multiplets become more com-
plex, often exhibiting second-order patterns with distorted intensities. A \roo�ng" e�ect
also becomes prominent, where the inner peaks of two coupled multiplets are enhanced
relative to the outer peaks.

This complexity arises because the individual spin states can no longer be considered
independent and the secular approximation, used to simplify the Hamiltonian at high
�eld, breaks down. Under strong coupling, the Zeeman product states (e.g.,j�� i and
j�� i ) become mixed, leading to new eigenstates and allowing for transitions that are
forbidden under weak coupling conditions. These second-order e�ects require analysis
using the full spin Hamiltonian. Because the chemical shift di�erence �� (in Hz) scales
with the external magnetic �eld B0, while J does not, strong coupling e�ects are most
pronounced in spectra acquired at lower �eld strengths.77,78
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2.2 Vector model

While the previous section treats the fundamental interactions that govern individual and
coupled nuclei in magnetic �elds, an approach is needed to treat the millions of nuclei in
a sample as a single ensemble. The vector model is a semi-classical model that achieves
this by considering the vector sum of all individual nuclear magnetic moments. This
yields a single bulk or net magnetisation vector,M .

In the absence of an external magnetic �eld, the individual magnetic moment vectors
are randomly oriented, and thus their vector sum is zero. When an external magnetic
�eld, B0, is applied (conventionally along thez-axis), it becomes slightly energetically
favourable for spins to align with the �eld. This creates a small population excess aligned
with B0, resulting in a net equilibrium magnetisation,M 0, directed along thez-axis.

The individual spins still precess around theB0 �eld at the Larmor frequency, ! 0.
However, at equilibrium, the phase of this precession is random for each nucleus. Con-
sequently, the individual magnetic moment components in the transverse (xy) plane are
randomly oriented and their vector sum is zero. At equilibrium, the net magnetisation has
only a longitudinal component (M z = M = M 0) and no transverse component (M xy = 0).
As there is no rotating transverse component, no signal can be detected.

To generate a detectable signal, a non-zero transverse component (M xy ) must be cre-
ated. This is achieved by applying a second, oscillating magnetic �eld,B1, perpendicular
to B0. This �eld, known as the radiofrequency (RF) pulse, applies a torque to the net
magnetisation vector. This pulse is critical because it not only tips the magnetisation vec-
tor away from the z-axis but also forces the individual spins to begin precessing with the
same phase. This creation of phase coherence is what allows a non-zeroM xy component
to form.

The behaviour ofM under the in
uence of bothB0 and B1 can be di�cult to visualise.
To simplify this, it is convenient to switch from the static \laboratory frame" of reference
to a \rotating frame" of reference. This frame is de�ned by a set of Cartesian axes
(labelled x0; y0; z0) that rotates around the lab frame'sz-axis at the Larmor frequency,! 0.
In this rotating frame, the precessing magnetisation vector appears static, making the
e�ect of the B1 pulse much easier to follow. The two frames are illustrated in Figure 2.2.

The angle of rotation,� , (also called the 
ip angle) is determined by the gyromagnetic
ratio ( 
 ) of the nucleus, the amplitude of theB1 �eld, and the pulse duration, t:

� = 
B 1t (2.12)

For example, a pulse with a 
ip angle of� = �
2 radians, or 90� , is known as a 90� pulse.

If this pulse is applied along they0-axis of the rotating frame, it rotates the magnetisation
vector entirely into the transverse plane. Starting withM z = M 0, after the 90� pulse,
the net magnetisation vector will lie along the� x0 axis. The longitudinal magnetisation
becomes zero (M z = 0), and the magnitude of the transverse magnetisation is now at its
maximum, equal to the initial equilibrium magnetisation, jM xy j = M 0. This rotation is

29



Figure 2.2: Representation of the vector model of net magnetisationM 0 precessing about
B0. Left: Shown in the laboratory frame (x,y,z). Right: shown in the rotating frame
(x0; y0; z0), which rotates at the Larmor frequency. In the rotating frame, the precessing
vector appears stationary.

Figure 2.3: Rotation of the net magnetisation vectorM in the rotating frame under an
applied �eld B1. The B1 �eld is applied along the y0-axis, causing the magnetisation
vector (initially along z') to rotate by an angle � in the z'x' plane.

illustrated in Figure 2.3. The relationship between the transverse component and the 
ip
angle is given by:

jM xy j = M 0 sin(� )

The vector model e�ectively describes the manipulation of the bulk magnetisation
vector to produce a detectable signal. The amplitude of this signal is fundamentally con-
strained by the initial magnitude of the equilibrium magnetisation,M 0. Before this vector
can be manipulated by radiofrequency pulses, it must �rst be established from a sam-
ple of randomly oriented nuclear spins. The following section will therefore examine the
physical process responsible for creating this initial net magnetisation: the polarisation
of nuclear spins within the static magnetic �eld,B0.
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2.2.1 Polarisation

The energy di�erence between nuclear spin states is very small. Consequently, at thermal
equilibrium, both the lower and higher energy states are signi�cantly populated. The
probability pm of a given spin statem being occupied is governed by the Boltzmann
distribution, shown in Equation 2.13, whereEm is the spin state Zeeman energy,kB is
the Boltzmann constant andT is temperature.3

pm = exp
� Em

kB T
(2.13)

The exact polarisation P0 for a spin-12 system can be expressed using the hyperbolic
tangent function:

P0 = tanh
�

� E
2kB T

�
= tanh

�

B 0~
2kB T

�
�


B 0~
2kB T

(2.14)

At temperatures and magnetic �elds typically used in NMR, the magnetic energy is
much smaller than the thermal energy, meaning the argument of the hyperbolic tangent
is very small (j
B 0~j � 2kB T). In this high-temperature regime, we can use the linear
�rst - order Taylor approximation: tanh( x) � x for small values ofx. This simpli�es the
expression for polarisation to the approximation given in the introduction (Chapter 1),
in Equation 1.1.

Equation 2.14 gives the number of nuclei which contribute toM 0, the number of
excess nuclei in the more highly populated state. For example, at 298 K in aB0 �eld of 1
T, P0 = 0.0000035, or 3.5 ppm; this means the observedM 0 is the statistical equivalent
of 3.5 nuclei in every million contribute constructively to the net magnetisation of the
ensemble, with the remainder cancelling out.

2.2.2 NMR Detection

Once the net magnetisation (M 0) has been manipulated to create a precessing transverse
component (M xy ), the �nal step is to understand how this magnetisation is detected and
how it returns to equilibrium. The detection process is governed by Faraday's Law of
Induction, which states that a changing magnetic �eld will induce a voltage in a nearby
coil.

The precessingM xy vector acts as a tiny rotating magnet. As its magnetic �eld sweeps
past a receiver coil, the changing magnetic 
ux induces a small, oscillating voltage. This
is the raw NMR signal, known as the Free Induction Decay (FID). As its name suggests,
the FID is not a continuous wave; it decays over time. This decay is a direct consequence
of two simultaneous relaxation processes, which describe how the spin system releases the
energy it absorbed from the RF pulse and returns to thermal equilibrium. These processes
dictate the shape and duration of the FID and are therefore critical to understanding the
appearance of the �nal NMR spectrum.
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Finally, the spectrometer's electronics amplify this faint FID. A mathematical pro-
cedure, the Fourier Transform, is then applied to convert this time-domain signal (the
FID) into the familiar frequency-domain spectrum, where each unique Larmor frequency
appears as a distinct peak.

2.2.3 Relaxation

The B1 pulse rotates the net magnetisation vector away from thez0 axis. Once the
pulse ends, the vector begins returning to thermal equilibrium. This process involves
two distinct and simultaneous relaxation mechanisms: the spin-lattice recovery of the
longitudinal component (M z) back towards its equilibrium value along thez-axis, and the
spin-spin decay of the transverse component (M xy ) in the xy-plane. Figure 2.4 illustrates
the changing amplitude ofM x , M y and M z following a �

2 nutation of M 0 through a B1

pulse applied alongy (this illustrated in 2.4).

Figure 2.4: Plot of the amplitude of theM x , M y and M z components of the net magneti-
sation vector M in the x, y and z axes, following a 90� pulse along the y-axis, rotating
M 0 from the z-plane into the x-plane, as shown in Figure 2.3. The transverse components
(M x ; M y) exhibit a Free Induction Decay (FID) characterised by the spin-spin relaxation
time T2. The longitudinal component (M z) returns to equilibrium exponentially accord-
ing to the spin-lattice relaxation time T1. Note that for full signal recovery (> 99%), a
delay of approximately 5� T1 is required.

2.2.3.1 Spin-lattice ( T1) relaxation

Over time, the net magnetisation of theM z component relaxes back to alignment with
B0 through exchange of energy with surrounding molecules (the lattice). After a 90�

pulse, there is noM z magnetisation, and both spin states are equally populated. This
recovery occurs as spins in the higher-energy state exchange energy with the lattice and
return to the lower-energy state (� ), thus restoring the slight population excess de�ned
by the Boltzmann distribution at B0.79 This relaxation process is calledT1 relaxation, or
spin-lattice relaxation. The time taken for this decay is characteristic of each nucleus in
its magnetic (chemical) environment. This is described by Equation 2.15, whereM z(t) is
net magnetic moment along the z-axis at timet; M 0 is the equilibrium magnetic moment,
t is time, and T1 is the relaxation constant. This is the same mechanism responsible for
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Figure 2.5: Cartoon ofT2 relaxation of an ensemble of nuclei, following a rotation ofM 0

into the xy plane. Vectors are shown at three arbitrary time points,t(0), t(1), and t(2).
Individual nuclear spin vectors shown in blue and the net magnetisation vector at each
time point (M t ) of the ensemble shown in red. At the initial time pointt(0), immediately
following the B1 pulse, phase coherence is highest. Following a time interval tot(1),
the net magnetisation vector diminshes in magnitude due to loss of phase coherence.
As further time passes tot(2), the phases of individual spins become incoherent, and
net magnetisation in thexy plane diminshes signi�cantly. After a su�cient duration all
phase coherence will be lost andM xy will become 0.

the initial establishment of the net magnetisation (M 0) when the sample is �rst placed
in the magnetic �eld.

dM z(t)
dt

= �
M z(t) � M 0

T1
(2.15)

2.2.3.2 Spin-spin ( T2) relaxation

After the initial RF pulse, the individual nuclear spins that form the transverse magnetisa-
tion are precessing with a shared phase, a state known as phase coherence. This coherence
is lost over time because small, random variations in the local magnetic �eld|caused by
molecular interactions|lead to slight di�erences in the precession rates of individual nu-
clei. As the spins \fan out" and lose their phase relationship, as illustrated in Figure 2.5,
the net transverse magnetisation (M xy ) decays. This process, which represents an irre-
versible loss of order to the molecular environment, is called spin-spin relaxation and is
characterised by the time constantT2. In practice, dephasing is also accelerated by static
spatial inhomogeneities in the main magnetic �eld (B0) across the sample volume. These
spatial variations mean that nuclei in di�erent parts of the sample precess at slightly dif-
ferent, but constant, frequencies, leading to a further, reversible loss of phase coherence.
The combined e�ect of natural T2 relaxation and dephasing from magnet inhomogeneity
is described by the e�ective transverse relaxation time,T �

2 , which is what is actually
observed in an experiment. The relationship between these rates is given by Equation
2.16, where
 is gyromagnetic ratio andB i is the inhomogeneity of the local magnetic
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�eld.
1

T �
2

=
1
T2

+ 
 � B i (2.16)

The loss of phase coherence and decay ofM xy over time occurs with an exponential
decay characterised by theT �

2 constant, described by Equation 2.17.

M xy (t) = M xy (0) exp
�

�
t

T �
2

�
(2.17)

2.3 NMR detection - instrumentation

For a thermally polarised sample, this combination of chemical shift and J-coupling in-
formation allows for the relative populations of nuclei to be quanti�ed through propor-
tionality of signal intensity. In addition, the �ne structure of a peak, induced by splitting
through J -coupling, can be used to infer the connectivity of molecular fragments. For
example, a -CH2- group adjacent to a -CH3 group will appear as a quartet, while the
signal for the -CH3 will appear as a triplet.

To maximise the polarisation and therefore the observed signal (P / B0), NMR
spectroscopy is typically performed at very high magnetic �elds. A typical high-�eld
spectrometer is built around a powerful superconducting electromagnet, which is cooled
by liquid helium and nitrogen to generate a strong and highly stableB0 �eld, commonly
in the region of 7{14 T, with maximum strengths approaching 28 T.80 The sample is
placed within a probe, which is inserted into the bore of the magnet; this probe contains
precisely engineered coils to transmit theB1 pulses and detect the resulting FID. The
entire experiment is controlled by the spectrometer console, which houses the electronics
required to generate precisely shaped RF pulses, amplify the weak NMR signal, and con-
vert it into digital form for processing. The frequency separation between NMR spectral
peaks scales withB0, while, J -coupling splitting (in Hz) is independent of theB0 �eld
strength. Therefore, at higher �elds, overlapping multiplets are better resolved, as can
be seen in Figure 1.2.

2.3.1 Low-Field and Zero-Field NMR

The high cost, large footprint, and operational complexity of high-�eld superconducting
systems have driven demand for more accessible NMR technology.13,35 Recent advance-
ments in magnet technology and electronics have enabled the production of a new class of
compact, lower-�eld spectrometers. While sacri�cing the ultimate sensitivity of high-�eld
systems, these modern instruments bene�t from a comparable level of electronic sophis-
tication, resulting in a signi�cant reduction in instrument cost, size, and operational
complexity.35 Low-�eld NMR can be broadly classed into the benchtop regime (� 0:1 -
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2.4 T), and Ultra Low Field (ULF) regime (pT to mT), which includes the Earth's �eld
(EF) regime at � 50�T , and zero-�eld (ZF) spectroscopy.

The benchtop regime occupies an intermediate space between high-�eld and ultra-low-
�eld NMR. While chemical shift is still resolved, the lower magnetic �eld strength means
that the di�erence between resonance frequencies (in Hz) is reduced, causing spin systems
to frequently enter the strongJ -coupling regime. This results in spectra that retain the
general appearance of their high-�eld counterparts, with recognizable splitting patterns,
but often exhibit signi�cant second-order e�ects such as multiplet distortion, as previously
illustrated in Figure 1.2. At ultra-low �elds, the Zeeman interaction becomes weaker and
can be comparable to, or even smaller than, theJ -coupling interaction. This leads to
spectra that are qualitatively di�erent from their high-�eld counterparts. Advantages of
benchtop NMR include reduced cost, portability, and diminished magnetic susceptibility
artifacts, which are particularly problematic at the interface of di�erent materials.81,82

The external locking system used in some benchtop spectrometers can also allow the use
of protiated solvents, further reducing cost and complexity, as no solvent deuterium signal
is needed to maintain the lock frequency.26,50

2.4 NMR in the Ultra-Low-Field Regime

A distinct spectroscopic environment exists at magnetic �elds substantially weaker than
those of high-�eld or benchtop spectrometers. This is the ultra-low-�eld (ULF) or zero-
�eld (ZF) regime, which includes the Earth's magnetic �eld (EF) (B0 � 50� T), and is
governed by an altered balance of spin interactions.

2.4.1 Sensitivity

The most immediate challenge of ULF NMR is the signi�cant loss of sensitivity. As
established in Equation 1.1, thermal polarisation is directly proportional to the magnetic
�eld strength ( P0 / B0). Moving from the tesla regime of high-�eld and benchtop
instruments to the microtesla regime results in a reduction in polarisation, and thus
signal, by a factor of 105 to 106.

Sensitivity is further limited by the ine�ciency of conventional NMR detection. The
signal is detected via Faraday induction, where the voltage induced in the receiver coil is
proportional to the rate of change of magnetic 
ux.83 At ULF, the Larmor frequencies
are in the low kilohertz range, meaning the magnetisation precesses very slowly. This
slow rate of change induces a very small voltage, rendering the detection of thermally
polarised signals practically impossible. Consequently, the application of hyperpolarisa-
tion techniques is not merely bene�cial in the ULF regime; it is an absolute necessity for
acquiring signals with a usable signal-to-noise ratio.

In the Earth's Field (BE � 50� T) regime and below, chemical shift collapses as fre-
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Figure 2.6: Illustration (not to scale) of Boltzmann and hyperpolarised distribution of
spins under the sameB0. Boltzmann polarisation is typically on the order of parts per
million, while hyperpolarised samples may reach polarisation levels of parts per hundred.

quency di�erences between nuclear environments become narrower than spectral peaks
(1 ppm = 0.002 Hz at 50� T). 74,84 In this regime, all nuclei of the same isotope become
e�ectively magnetically equivalent. This results in spectra that would normally show
complex strong homonuclearJ -coupling resolving into singlet peaks at the Larmor fre-
quency (determined only by the �eldB0.) Couplings to heteronuclei remain visible85 due
to the large di�erence in gyromagnetic ratio, but homonuclear couplings become visi-
ble only if the magnetic equivalence is broken through heteronuclear coupling.86 In this
regime, strongly coupled, second-order spectra of unlike spins are observed.87 Further,
the polarisation at Earth's �eld is incredibly weak, at approximately 175 ppt atBE � 50
� T. As a result, generating a detectable signal from such a small net magnetic moment
requires the use of very large sample volumes (typically 100s of mL compared to 0.6 mL
in a standard NMR tube).

Further, in the ultra-low �eld (ULF) regime below the Earth's Field, and the zero-
�eld (ZF) regime, the nuclear precession frequency is so low that conventional inductive
detection is ine�ective, as the rate of change of magnetic 
ux (d� B

dt ) is too small to induce
a measurable current.72 Detection in this regime relies on highly sensitive instruments,
such as Superconducting Quantum Interference Devices (SQUIDs) or Optical Magne-
tometers (OPMs), which can directly measure the static or slowly oscillating magnetic
�eld produced by the sample.88,89

The low intrinsic sensitivity of all low-�eld techniques, a direct consequence of the low
thermal polarisation, presents a signi�cant challenge. To make these methods practical
for chemical analysis, this limitation must be overcome, which provides the primary
motivation for the development of hyperpolarisation techniques, which allow a signi�cant
increase to sensitivity without changing detection �eld.

2.5 Hyperpolarisation

Conventional NMR experiments use very high magnetic �elds (B0 > 7 T) to increase
the NMR signal. The very high magnetic �eld raises the di�erence in nuclear energy
levels, increasing the population of the lower energy state. High �elds are achieved
using cryogenically cooled superconducting electromagnets. This makes conventional
spectrometers very expensive to purchase and operate, as well as very large in physical
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footprint. Smaller, cheaper and more portable NMR devices are available but these have
lower magnetic �elds (B0 < 3 T) and therefore lower sensitivity. However, signi�cant
signal enhancements can be achieved, even in weaker detection �elds, using alternative
methods called hyperpolarisation techniques. Hyperpolarisation is a general name for
all methods that boost NMR signals by temporarily increasing the population di�erence
beyond thermal equilibrium in the detection �eld.35,37,90,91 Hyperpolarisation techniques
can increase polarisation from parts per million to tens of percent.13

Hyperpolarisation signi�cantly broadens scope of what is possible with NMR: for
example, enabling real-time metabolic imagingin vivo with 13C-labelled substrates,92

allowing for rapid, single-scan acquisition of multidimensional spectra,93 or making low-
cost, portable NMR devices practical for chemical analysis outside of a specialised lab.53,94

This also allows the use of less sensitive equipment without loss of signal.

Hyperpolarisation techniques includepara-hydrogen induced polarisation (PHIP),37,43

and Dynamic Nuclear Polarisation (DNP).30,95 A brief overview of hyperpolarisation tech-
niques is given in Table 2.1

2.5.1 Methods

There are a number of methods in which non-equilibrium spin-order can be reached. The
simplest method is brute force polarisation, in which a sample is subjected to a high �eld
or a low temperature and then transferred to the detector. Both methods reach a new
Boltzmann equilibrium with a higher sample polarisation, and detection is performed
before T1 relaxation following �eld switching and/or sample reheating allows the spins
to return to equilibrium. Brute force hyperpolarisation is very simple to perform, and
retains the (T1 weighted) proportionality of signal in di�erent chemical environments. It
is limited in its applicability: high �eld systems require cryogens and a sample amenable
to freezing, and by �eld switching being only applicable when using low-�eld detection.

Most hyperpolarisation techniques rely on transferring spin order from a more highly
polarised source. There are two common sources of enhanced spin order for hyperpolarisa-
tion: spin-polarised electrons andpara-hydrogen (p-H2). The earliest discovered method
of hyperpolarisation is Dynamic Nuclear Polarisation (DNP), proposed by Overhauser
and implemented by Carver & Slichter in 1953.30,90,95{97 DNP uses unpaired electrons
as a source of spin hyperpolarisation. Electrons have a much higher gyromagnetic ra-
tio 
 than atomic nuclei (
 e � 660
 1H ). DNP provides a mechanism by which this
higher intrinsic polarisation can be transferred to target nuclei for detection. The un-
paired electrons are generally sourced from a stable free radical such as TEMPO ((2,2,6,6-
Tetramethylpiperidin-1-yl)oxyl) which can be mixed with the target. At very low tem-
peratures (� 1 � 2 K) and under application of a moderate �eld (3.4 T) the polarising
agent can reach near-100% polarisation.35 Irradiation of the sample at very low (< 4:2K )
temperature with microwave frequency radiation at the electron paramagnetic resonance
(EPR) transition frequency of the polarising agent then allows transfer of spin polari-
sation from the agent to the target. This can occur via the solid e�ect, cross e�ect, or
thermal mixing, depending on experimental conditions.96{98 The maximum polarisation
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that can be reached by DNP is the ratio between gyromagnetic ratios, 660 for transfer
to 1H and 2615 for13C. DNP using polarisation in the solid state and detection in the
solution state (dissolution DNP, d-DNP) is a much more recent development.30 It uses a
rapid dissolution of the hyperpolarised target in hot solvent, followed by rapid transfer to
a spectrometer and detection, to allow liquid state DNP NMR prior to analyte relaxation
to thermal polarisation. d-DNP gives very large signal enhancements (up to 10 000 fold)
and has broad applicability, with examples of use in materials science99, structural biol-
ogy100, and metabolic imaging101. However, DNP is a complex and expensive technique
to perform, still requiring cryogens, high-�eld NMR magnets and separate high �eld mi-
crowave sources. Samples can also be limited by shortT1 lifetimes, poor interactions
between analyte and polarising agent, or by damage through freezing, particularly for
biological samples.

Spin Exchange Optical Pumping allows for hyperpolarisation of noble gases. To gen-
erate high spin order, alkali metal vapour (Rb or Cs) is optically pumped using circularly
polarised laser light. This selectively excites valence electrons of a speci�c spin state to
higher energy levels to give a spin-polarised population of alkali metal vapour.34,102,103

Following mixing of polarised alkali metal vapour and noble gas, spin exchange from metal
to noble gas can occur through through Fermi-contact interaction during gas-phase col-
lisions.32,103 The subsequently hyperpolarised noble gas can then be used for NMR or
MRI experiments. Hyperpolarisation in this manner is very e�ective and can have very
long polarisation lifetimes, but the target range is limited to only noble gases. Because of
this, SEOP predominantly �nds use in clinical applications, including respiratory disease
imaging.104{109

As discussed in Chapter 1, the other major source of hyperpolarisation is the singlet
nuclear spin isomer of dihydrogen,para-hydrogen, which possesses a unique form of spin
order. This spin isomer can be enriched to create a non-equilibrium population at room
temperature, which serves as the source of hyperpolarisation The focus of this thesis is
on hyperpolarisation usingpara-hydrogen, which will now be explored in more detail.

Table 2.1: A comparison of common hyperpolarisation methods.

Method
Polarisation
Source

Mechanism Advantages Limitations

Brute force

Enhanced
nuclear
polarisation
from
high-�eld
and/or low
tempera-
ture.

Rapid
�eld/temperature
switching
between build-up
and detection.

Retains signal
proportionality;
very simple.

Requires variable
�eld apparatus;
largely limited to
low-�eld detection;
enhancement
factors limited by
strength of
pre-polarising �eld
or temperature
that can be
reached.
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Dynamic
Nuclear
Polarisation
(DNP)

Unpaired
electrons

Microwave
irradiation.

Potential for high
polarisation; broad
range of targets.

Long polarisation
times; d-DNP
requires large,
expensive
instrumentation;
ODNP gives lower
enhancements

Spin-
exchange
optical
pumping
(SEOP)

Optically
pumped
alkali metal
(Rb)
vapour.

Spin exchange
collisions
between noble
gases and
pumped metal
vapour.

Near-100%
polarisation; very
long polarisation
lifetimes.

Only applicable to
noble gas nuclei.

Hydrogenative
PHIP

Para-
hydrogen

Hydrogenation
reaction in
solution.

Room temperature
operation; no high
�elds required.

Requires an
unsaturated target;
chemically modi�es
the sample.

Signal Am-
pli�cation
By
Reversible
Exchange
(SABRE)

Para-
hydrogen

Reversible
exchange
reaction in a
weak polarisation
transfer �eld
(0{10 mT).

Continuous
hyperpolarisation
is possible; no high
T or �eld required.

Limited range of
substrates; requires
rapid exchange on
catalyst.

2.5.2 Para- hydrogen

Molecular hydrogen consists of a pair of1H nuclei each with spin 1
2 . 1H atoms are

fermions: identical particles with half-integer spins. A combination of fermions must
follow the Pauli exclusion principle, that the overall wavefunction must be antisymmet-
ric with respect to exchange of nuclei.110 The Born-Oppenheimer approximation allows
the overall wavefunction to be split into components: electronic, rotational, vibrational,
translational and spin wavefunctions.111

 total =  elec vib rot  trans  spin (2.18)

In H2, the electronic, translational and vibrational wavefunctions are symmetric with
respect to nuclear exchange. For the overall wavefunction to be antisymmetric, the prod-
uct of the rotational and spin wavefunctions must be antisymmetric. This can occur
either through coupling a symmetric rotational wavefunction with an antisymmetric spin
wavefunction, or an antisymmetric rotational wavefunction with a symmetric spin wave-
function. This is shown in Table 2.2. Rotational wavefunctions are symmetric at even
rotational quantum numbers (J = 1,3,5...) and antisymmetric at odd rotational quantum
numbers (J = 0,2,4...).

A spin-1
2 nucleus can exist in� or � spin states. These combine into four product

spin states for a diatomic molecule:�� , �� , �� , and �� . Because the two nuclei are
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Table 2.2: Table showing the coupling of rotational and spin wavefunctions rotational &
 spin to produce an overall antisymmetric wavefunction total .

 total  rotational  spin

antisymmetric symmetric antisymmetric
antisymmetric antisymmetric symmetric

Figure 2.7: Cartoon of energy levels of H2 in the presence of a magnetic �eld, with the
associated nuclear spin eigenstates.J is the rotational quantum number of the states.

indistinguishable, the simple product states�� and �� are not valid eigenstates of the
system. Instead, the true nuclear spin eigenstates must be constructed as normalised
linear combinations which have a de�ned symmetry upon exchange of the two nuclei:
the symmetric 1p

2
(�� + �� ) and the antisymmetric 1p

2
(�� � �� ). Both �� and ��

are inherently symmetric spin states. This gives a set of three symmetric spin states,
with total nuclear spin quantum number I = 1, and one antisymmetric spin state with
total nuclear spin I = 0. The wavefunction is kept antisymmetric through coupling the
symmetric triplet spin states with antisymmetric rotational states, and the antisymmetric
singlet spin state with symmetric rotational states. The rotational states are characterised
by the rotational quantum number, J , where even values ofJ correspond to symmetric
rotational states and odd values ofJ correspond to antisymmetric states. Figure 2.7
illustrates this coupling for the nuclear energy levels at theJ = 0 and J = 1 rotational
states.

Population of the rotational spin states is determined by Boltzmann's distribution
law for rotational states (Equation 2.19).112

NJ = NGJ exp
�

�
J (J + 1) � R

T

�
(2.19)

� R =
~2

2Ik B

At room temperature, the small di�erence in energy between rotational states gives
equal population of all nuclear states, with the triply degenerateortho- state being ap-
proximately three times more abundant than the singletpara- state, splitting the popu-
lation 75% ortho- to 25% para-hydrogen at equilibrium.
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Interconversion between theortho- and para- states is symmetry forbidden, as one of
the 1H nuclei must reverse spin states. Inversion only of spin without a simultaneous
change of rot would result in a forbidden symmetric total .

Interconversion only becomes allowed through perturbation of the molecular symme-
try by providing a locally inhomogeneous magnetic �eld, allowing the mixing of theortho-
and para- spin states through a hyper�ne coupling between the hydride nuclear spins and
catalyst electron spins. This is often achieved through the presence of a paramagnetic
catalyst, which provides a local inhomogeneous magnetic �eld. This allows for simultane-
ous, coupled changes in rot and  spin , conserving the antisymmetric total wavefunction
 total and allowing interconversion.113,114

Iron (III) Oxide 115,116 and activated charcoal117,118are common catalysts. To increase
the population of para-hydrogen, the lower energy singlet state, H2 gas is cooled in the
presence of such a catalyst. As temperature falls, occupation of the lowest energyJ = 0
rotational state becomes increasingly favourable, up to 99.75% occupation at 19 K. Figure
2.8 shows the change in enrichment (p-H2 fraction) as temperature falls. At 77 K, the
temperature of liquid nitrogen, H2 gas is� 51%p-H2. As the transition remains symmetry
forbidden away from the catalyst, moving the enrichedpara-hydrogen gas away from the
catalyst and then allowing temperature to rise allows production ofp-H2-enriched H2 gas.
The forbidden transition allows the gas to be stored for long periods (up to months).119,120

Figure 2.8: The equilibrium fraction ofpara-hydrogen in H2 gas as a function of temper-
ature, across range 0-400 K. Thepara-hydrogen fraction approaches 25% (indicated by
the dashed line) as temperature increases.
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2.5.3 Para- hydrogen Induced Polarisation

Para-hydrogen is highly ordered but has no net angular momentum, and so is NMR
silent. It must be used in a chemical reaction to create hyperpolarisation. This was �rst
demonstrated by Bowers and Weitekamp in 1986-1987, establishing thePara-hydrogen
Induced Polarisation (PHIP) as a technique.37,38 p-H2 has high spin order that can be
transformed into hyperpolarisation by breaking the magnetic symmetry of the two1H
nuclei in the p-H2 molecule. This can be done through hydrogenation, or reversibly
through spin exchange across a catalyst. In hydrogenative PHIP, the irreversible, pair-
wise addition of the two hydrogen atoms across an unsaturated bond allows observation
of strongly enhanced signals.35,38 For SABRE, the two atoms bind to a central metal
catalyst in a reversible, non-hydrogenative process, allowing the target molecule to re-
main chemically unmodi�ed.43 The two 1H nuclei must also be chemically inequivalent
(� � H 1H 2 ) or magnetically inequivalent after they have been added to the target molecule
or catalyst complex. Where no inequivalence is experienced, no enhancement of NMR
signals is observed.

2.6 Signal Ampli�cation by Reversible Exchange

Signal Ampli�cation By Reversible Exchange (SABRE) is a method ofpara-hydrogen-
induced polarisation developed by Adamset al. in 2009.43 It o�ers a reversible, catalysed
alternative to hydrogenation for the generation of hyperpolarised species in solution.

2.6.1 Mechanics of SABRE

Figure 2.9 illustrates the activation of the [Ir(COD)Cl(IMes)] SABRE pre-catalyst to
form the active Ir(IMes) SABRE catalyst, followed by the complete catalytic cycle. IMes
= 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidine; COD = cis,cis-1,5-cyclooctadiene).
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Figure 2.9: The SABRE catalytic cycle. The inactive precatalyst [Ir(IMes)(COD)Cl]
is activated by H2 to form the active catalyst species. The substrate (sub) andpara-
hydrogen reversibly bind to this active catalyst. In a weak magnetic �eld (the PTF),
spin order is transferred from thepara-hydrogen-derived hydrides to substrate nuclei.
The hyperpolarised substrate dissociates into solution, allowing the catalytic cycle to
continue. Hyperpolarised species are indicated in blue.

In SABRE, the transfer of polarisation frompara-hydrogen to the substrate is only
possible when the two hydrides derived frompara-hydrogen have di�erent J -coupling
interactions with the target nucleus on the bound substrate (JH A B 6= JH A 0B

). This is
illustrated in Figure 2.10, using a model Ir(IMes) SABRE catalyst with pyridine substrate.
SABRE catalysts are designed to create this condition.121 The structure ensures that the
two hydrides are positioned asymmetrically with respect to other ligands, making them
magnetically inequivalent. This di�erence in their magnetic environment is what allows
them to couple di�erently to the substrate, enabling the polarisation transfer to occur.39

SABRE achieves continuous, renewable hyperpolarisation through a catalytic cycle,
shown in Figure 2.9. SABRE catalyst activation happens through substrate displace-
ment of the Cl ligand on the Ir catalyst. Oxidative addition of H2 to a vacant site on the
catalyst gives the octahedral complex, and the active catalyst is formed by subsequent
hydrogenation of the unsaturated bonds in the cyclooctadiene (COD) ligand to cyclooc-
tane, which binds weakly and causes its removal from the Ir complex. The active catalyst
is shown in Figure 2.9.122,123

Exposure of the active SABRE catalyst to a weak Polarisation Transfer Field in
the ULF regime (� T or mT, depending on target)44,48,74,124 allows coherent polarisation
transfer between thepara-hydrogen singlet state and the substrate Zeeman states. The
mechanism for this spin order transfer, which occurs at a Level Anti-Crossing (LAC),
is discussed in Section 2.6.2. For transfer to1H nuclei with the Ir(IMes) catalyst, this
LAC generally occurs at approximately 6 mT.123 Spontaneous dissociation of a substrate
ligand from the fully coordinated SABRE catalyst leaves a vacant site. This coordina-
tively unsaturated intermediate is then rapidly trapped by species in the bulk solution,
for which \fresh" p-H2 and substrate compete for addition. This competition drives both
the substrate exchange and hydride replenishment pathways. Oxidative addition of fresh
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Figure 2.10: Schematic of the AA'B spin system in the active SABRE catalyst. The
hydrides are chemically equivalent (� A = � 0

A ) spins A and A' and nucleus B (with Larmor
frequency� B ) is an ortho nucleus on a pyridine substrate. The magnetic equivalence is
broken by the di�erence in scalar coupling:JAB 6= JA 0B )

p-H2 (through its bond) at the vacant site regenerates the dihydride species, replenishing
the source of spin order on the catalyst. Ligand exchange of the substrate allows the hy-
perpolarised ligand to return to solution and be replaced by \fresh", non-hyperpolarised
substrate andp-H2 molecules. Through continuous repetition of this process, hyperpo-
larised substrate can be built up in solution as long as there is availablep-H2. This is
only possible as all binding processes are reversible and the substrate is not chemically
altered by the exchange process.

2.6.2 Level Anti-crossings (LACs) and polarisation transfer con-
dition

In 2012, Pravdivtsevet al.44 developed a theory to explain the magnetic �eld dependence
of SABRE using LACs. The enhancement and sign of SABRE-hyperpolarised NMR
signal was shown to be dependent on the magnetic �eld at which polarisation transfer
occurs. The evolution of the nuclear spins within the active complex is governed by the
spin Hamiltonian. For a simpli�ed model system comprising two hydrides (H1, H2) and
a target ligand nucleus (L), the Hamiltonian in a static magnetic �eld, B0,44,121,125,126

oriented along the z-axis can be written as:

Ĥ = � ! H (Î 1z + Î 2z) � ! L L̂ z + 2�J H 1H 2 (Î 1 � Î 2) + 2 �J H 1L (Î 1 � L̂ ) + 2 �J H 2L (Î 2 � L̂ ) (2.20)

Here,! H and ! L are the Larmor frequencies of the hydride and ligand nuclei, respectively,
and the J terms represent the scalar couplings. A Level Anti-Crossing (LAC), or avoided
crossing, occurs when two energy levels in the system that would otherwise cross as a
function of the magnetic �eld are coupled by an interaction term. This coupling causes
the states to mix and repel each other, preventing them from becoming degenerate. At
high magnetic �elds, the Zeeman Interaction (di�erence in chemical shift) is much larger
than the J -coupling (j� � j � j J j). In this \weak coupling" regime, the spin states are
well-de�ned by their individual Zeeman energies, and there is very little mixing. The
J -coupling only causes splitting of resonance lines. At the LAC, the magnitude of the
energy of the Zeeman interaction becomes very close to or isoenergetic with the energy of
the �eld-independent J -coupling. At the anti-crossing point, the Hamiltonian terms for
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Figure 2.11: Illustration of LAC formation betweenjai (blue) and jbi (red), two nuclear
spin states strongly coupled byJ . This interaction enables coherent polarisation transfer
at the point of closest approach,BP T F

Zeeman andJ -coupling become comparable in magnitude. The pure spin states are no
longer good eigenstates. Instead, the actual eigenstates become superpositions of these
pure states. This allows coherent mixing of the wavefunctions of the two spin states.

Para-hydrogen is in a singlet nuclear spin state (I = 0), meaning its two protons
have antiparallel spins and are in a coherent superposition. When enriched beyond its
thermal equilibrium population, this singlet state represents a source of non-equilibrium
spin order which can be exploited to generate hyperpolarisation. Within the transient
SABRE complex, the two protons frompara-hydrogen become hydride ligands (HA and
HA 0), and the substrate protons (B) are coupled through theJ -coupling network, as
shown in Figure 2.10. If we consider for now only transfer to1H, The J -coupling between
the hydrides and substrate protonsJH A H B is the dominant J -coupling in the network.

The energy levels of the nuclear spins within this coupled system are dependent on
the applied magnetic �eld strength. As magnetic �eld decreases, the relative magnitudes
of the Zeeman interaction and theJ -couplings change. A LAC forms (and e�cient spin
transfer can occur) at a �eldB0 such that the di�erence in Zeeman frequencies (chemical
shift di�erence) between the coupled nuclei is comparable in magnitude to theJ -coupling
interaction. The formation of a LAC in this way is illustrated in Figure 2.11. At a LAC,
the pure singlet character of thepara-hydrogen-derived hydrides can mix coherently with
the Zeeman energy levels of the substrate protons. This coherent mixing allows the non-
equilibrium singlet spin order ofpara-hydrogen to be transferred into Zeeman polarisation
of the substrate protons via theJ -coupling network within the catalyst complex.50,54,91

Polarisation Transfer occurs when at Level Anti-Crossings (LACs) when the Polari-
sation Transfer Condition is met. A simpli�cation of LAC theory allows the formation
of a general equation which allows approximation of the �eld strength at which a LAC
will form between thep-H2 singlet state and the substrate target nuclei. The polarisation
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transfer condition is given in Equation 2.21.48,127

JH A H A 0 = � � H A B H;X (2.21)

Where transfer is to another H atom:

� � H A B H =

 H BP T F (� H A � � B H )

2�
(2.22)

where transfer is to a heteronucleus X:

� � H A B X =
BP T F (
 H � 
 B X )

2�
(2.23)

In general, for transfer to substrate1H nuclei, the dominant J -coupling in the net-
work on the SABRE catalyst isJH A H A 0 � 9 Hz. For e�cient mixing with the substrate,
the hydride and substrate energy levels,
 H BP T F (� H A � B ) must mix. The di�erence in
chemical shift between hydride (-22 ppm) and substrate for most N-heterocycles, includ-
ing pyridine (7-9 ppm), used throughout this thesis, is approximately 30 ppm.BP T F for
transfer to N-heterocycles using the Ir-IMes catalyst is therefore� 6.6 mT.123

2.6.3 SABRE substrate range

SABRE is most e�ective for substrates, such as N-heterocyclic compounds, that exhibit
optimal binding kinetics: strong enough to allow for e�cient polarisation transfer during
the catalyst residence time, but weak enough to ensure rapid exchange with the bulk solu-
tion. This explains the widespread success with molecules like pyridine. SABRE has had
a signi�cant broadening of its substrate range in recent years, particularly focussing on
biological molecules for imaging potential. However, many biologically relevant molecules
are challenging substrates due to poor binding kinetics or steric hindrance.128,129 These
limitations have been addressed through strategies such as SABRE-relay, where polari-
sation is transferred from a primary, easily hyperpolarised substrate (such as a \carrier
amine"130) to a secondary target molecule in solution, or through the rational design of
new catalysts with modi�ed ancillary ligands to accommodate di�erent classes of sub-
strates.49

2.6.4 The SABRE catalyst in solution

The reversible exchange of the substrate (e.g., pyridine (py)) with the active catalyst
[Ir(H) 2(IMes)(py)3]+ (CS3) proceeds via a dissociative,SN 1-type mechanism.131,132 This
pathway is initiated by the rate-limiting dissociation of an equatorial pyridine ligand to
form a transient, coordinatively unsaturated �ve-coordinate intermediate [Ir(H)2(IMes)(py)2]+

(denotedCS2). This reactive intermediate can then either be captured by a free substrate
molecule from the bulk solution to reform the CS3 complex, with fresh substrate, or can
accept a molecule of H2 to initiate hydride exchange.45,131 The rates of these exchanges de-
termine the e�ciency of buildup of hyperpolarised substrate in solution. This mechanism
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is supported by experimental kinetics: work by Cowleyet al.45 showed that the observed
rate of H2 loss from the reactive intermediate catalyst system decreases as the concentra-
tion of free pyridine increases, while it increases with rising H2 pressure. This behaviour
rules out a direct, unimolecular loss of H2 from the saturated [Ir(H)2(IMes)(py)3]+ com-
plex. Instead, it points to a multi-step pathway that is initiated by the dissociation of a
pyridine ligand to form the �ve-coordinate CS2 intermediate. The vacant coordination
site of the intermediate can then bind a molecule of H2 from the solution to form a tran-
sient dihydrogen complex, [Ir(H)2(� 2-H2)(IMes)(py) 2]+ . This facilitates the exchange of
the hydride ligands with the incomingp-H2. Exchange of the� 2-H2 molecule with the
existing hydride ligands within the complex is an extremely rapid process with a very
low activation barrier.133 This shows that H2 replenishment is rate-limited by pyridine
dissociation, not H2 binding.134

The highest signal enhancements are achieved at low substrate-to-catalyst ratios.135

Conversely, increasing the substrate:catalyst ratio by adding an excess of substrate con-
sistently leads to a signi�cant reduction in the observed hyperpolarisation. This phe-
nomenon can be explained by two primary kinetic e�ects.65,135

The most dominant e�ect is the competitive inhibition of the H2 exchange pathway.
The rebinding of a substrate molecule to theCS2 intermediate becomes overwhelmingly
faster than the binding of H2, even if the latter is present at a high concentration. This
e�ectively \starves" the H 2 exchange pathway. This is supported by the rate of H2 loss
decreasing with increasing pyridine concentration. Without e�cient H2 exchange, thep-
H2-derived spin order on the catalyst is not replenished, and the buildup of hyperpolarised
substrate is ine�cient. 45

A second, competing e�ect is the catalyst allowing relaxation of hyperpolarisation as
well as buildup. Binding to the catalyst also allows signi�cantT1 relaxation of hyper-
polarised substrate in solution.136 The observedT1 of the free substrate in solution is
a population-weighted average of its intrinsic, longerT1 in bulk solution and the much
shorter T1 it experiences when transiently bound to the iridium centre, which behaves
like a paramagnetic relaxation agent. At a �xed catalyst concentration, increasing the
substrate concentration dilutes the in
uence of the catalyst on the total substrate pool,
leading to a longer observed bulkT1. This marginal gain in the lifetime of the polarisation
is outweighed by the reduction in polarisation e�ciency caused by the kinetic inhibition
described above.135,137 Studies have shown that the maximum attainable polarisation
(Pmax ) is proportional to the ratio [Catalyst]/[Substrate] when substrate inhibition is the
dominant kinetic limitation. 65

2.6.5 Catalyst deactivation

While a low substrate:catalyst ratio is generally bene�cial, operating at very low absolute
substrate concentrations introduces a route to catalyst instability and deactivation. If
the concentration of free substrate is too low, the lifetime of the reactive �ve-coordinate
CS2 intermediate increases,128,135 providing a larger kinetic window for irreversible side
reactions rather than productive rebinding of substrate or H2.
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The most prominent deactivation pathway is the formation of catalytically inactive
or poorly active iridium dimers and oligomers.131 These species form when two of the
�ve-coordinate intermediates react with each other. A variety of such species, including
chloride-bridged and hydride-bridged dimers, have been spectroscopically and crystal-
lographically characterised. Their formation is often observed over long reaction times
or at low substrate loadings and correlates with a decrease in SABRE activity.138,139

For instance, in systems utilizing sulfoxide co-ligands for pyruvate hyperpolarisation, the
dimerization of the reactive intermediate has been explicitly identi�ed as a key deactiva-
tion route.138,140

2.6.5.1 Para- hydrogen pressure

Numerous studies conducted at conventionalp-H2 pressures (typically 1-10 bar) have re-
ported a direct, often linear, relationship between the applied pressure and the magnitude
of the observed signal enhancement.45,59,141,142 Cowley et al. demonstrated a more than
six-fold increase in the polarisation of pyridine when thep-H2 pressure was increased
from 1 atm to 3 atm.45 In this \hydrogen-limited" low-pressure regime, the rate of the
overall SABRE cycle is limited by the supply ofp-H2 to the catalyst. The concentration
of dissolved H2 in the solvent is governed by Henry's Law and is directly proportional to
its partial pressure. Therefore, doubling the pressure e�ectively doubles the concentra-
tion of this key reactant. This leads to a proportional increase in the rate of thep-H2

replenishment pathway and, consequently, a corresponding increase in the overall signal
enhancement. The system is, in e�ect, \starved" for hydrogen, and any increase in its
supply directly boosts performance.65,141 As the pressure is increased into a \hydrogen-
saturated" high-pressure regime, the signal enhancement reaches a plateau. Although the
concentration of dissolved H2 in the solvent continues to increase linearly with pressure
across the entire 1-200 bar range, at high pressures, the system becomes saturated with
H2. Its availability is therefore no longer the rate-limiting factor.135,136 In this regime
the maximum rate of polarisation is governed by the rate of substrate dissociation, orT1

relaxation on the catalyst complex.132,135

The kinetic landscape of SABRE is de�ned by a dynamic competition between a
productive catalytic cycle and several parasitic loss pathways. The balance between these
is dictated by the precise experimental conditions, primarily the reactant concentrations
and the para-hydrogen pressure.
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CHAPTER3

Development of aPara-hydrogen Polariser Unit

3.1 Introduction

In order to develop in situ Signal Ampli�cation By Reversible Exchange (SABRE), a
device or series of devices are required which can be used cross-compatibly with any
NMR instrument to bubble para-hydrogen through the SABRE reaction cell in time with
an NMR pulse sequence. This requires: an independent supply ofpara-hydrogen, an
electronically controlled valve manifold that can be triggered by the NMR spectrometer,
and a SABRE reaction cell designed to allow in situ bubbling within that instrument
without compromising �eld homogeneity around the sample.

3.2 Para- hydrogen delivery in literature

In situ Signal Ampli�cation By Reversible Exchange (SABRE) experiments have been
successfully implemented across a wide range of magnetic �elds. The instrumentation
varies signi�cantly depending on the detection method, with examples ranging from
conventional high-�eld spectrometers,66 to low-�eld benchtop instruments,143 Earth's
�eld systems,74 and even ultra-low-�eld setups using optically pumped magnetometers
(OPMs) or SQUIDs.64,144 All SABRE-enhanced NMR experiments share two fundamen-
tal instrumental requirements: a means to apply a polarisation transfer �eld to the sample
to facilitate the transfer of spin order frompara-hydrogen to the target substrate; and a
method to detect the resulting hyperpolarised signal, which may involve physically trans-
ferring the sample between the PTF region and the detector. This section will summarise
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key instrumental developments from the literature that address these two core challenges.

SABRE enhanced NMR experiments with both high and low-�eld detection require
instrumentation to generate a SABRE polarisation transfer �eld or meet the SABRE
PTF requirement, and to transfer the sample between the PTF and the detection region
of a spectrometer. This section summarises the key instrumentation developments in this
area from the literature.

3.2.1 Manual polarisation transfer approaches

The majority of work in SABRE has been done usingex-situ polarisation (outside the
detector). In the simplest SABRE system, the head-space of an NMR tube is charged
with para-hydrogen. To dissolve thepara-hydrogen and achieve polarisation transfer, the
sample is shaken in the stray �eld of a large NMR magnet for several seconds before being
introduced into the NMR spectrometer for detection. This `shake-and-drop' approach was
used in the original SABRE experiments43 and is convenient, but di�cult to reproduce
due to inconsistencies in stray �eld. In addition, it cannot be done using magnets that
do not produce a signi�cant stray �eld, for example benchtop NMR spectrometers.

A more rigorous approach is to provide a second controlled �eld for polarisation trans-
fer, to give a reproducible PTF. This is the approach taken by more recent examples in
the literature. 48,52,59,60,63 Richardsonet al. describe a handheld unit that uses a Halbach
array of permanent magnets to provide a �xed PTF during shaking.47 This gives more
e�cient polarisation transfer, and is perhaps the simplest way to achieve a controlled
�eld for polarisation transfer, minimising cost and complexity. Richardsonet al. �nd
their system can generate a 25% increase in SABRE enhancement compared to stray
�eld shaking of a spectrometer.

Similarly, �eld cancelling can be used to apply sub-Earth's �eld PTFs, which are
required for optimal transfer to heteronuclei such as15N. For example, Theiset al. im-
plemented a manual transfer system, wherep-H2 is bubbled through an NMR tube placed
inside a mu-metal shield.48 This shields the sample from all external �elds, including the
Earth's �eld, giving a sub-microTesla PTF. In these experiments, the PTF is controlled
by an electromagnet inside the mu-metal shield. Following polarisation transfer inside the
shield, the sample is manually transported to a benchtop NMR spectrometer for detec-
tion. Theis et al.48 give a manual transfer time of approximately 5s and suggest that this
is limiting the observed level of polarisation, implying that the maximum polarization
achievable by SABRE-SHEATH prior to sample transport is signi�cantly higher than
the 10% observed in practice. This e�ect would be expected to lead to more signi�cant
polarisation loss for faster relaxing heteronuclei polarised in a similar way, e.g.19F. A
system that would allow faster consistent transfer times would thus signi�cantly improve
future observations made with SABRE-SHEATH hyperpolarisation.

Manual sample transfer is limited by the variability in the time taken and �eld expe-
rienced when moving the sample. It is generally only useful for single-shot experiments.
For multi-step experiments, such as 2D spectroscopy, an automated approach is required.
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Figure 3.1: Shake and drop using a handheld Halbach array in the manner described by
Richardsonet al.. An NMR tube with Young's tap is charged with p-H2 (1), shaken in a
6 mT Halbach array (2), and then placed in a spectrometer and detection occurs (3).

3.2.2 Automated polarisation transfer approaches

One approach to automating SABRE is to use a 
ow system to move the sample between
the PTF and the NMR detector. For example, Mewiset al. used a variable power
electromagnet to explore the e�ect of variable PTFs on polarisation transfer to13C in
SABRE, using an apparatus shown in Figure 3.2.59 In these experiments,p-H2 is bubbled
through the sample inside a mixing cell that is surrounded by the electromagnet, which
generates the desired PTF. Following polarisation transfer, helium gas was used to push
the sample from the mixing chamber to the NMR spectrometer for detection. The sample
was returned to the mixing chamber following NMR detection (Figure. 3.2 parts 2 and
4), with a transport time of 2.9 s followed by a 1 s settling time in the probe head. This
transfer and settling time is on a similar order toT1, especially for1H nuclei, allowing
signi�cant relaxation of polarisation generated. The 
ow system will also drive solvent
loss, reducing sample lifetime and potentially impacting sample concentrations.

A sample might also be moved mechanically between PTF and detector. This might
be done pneumatically or mechanically. TomHonet al. show a pneumatic system,60 using
a sealed `shuttling tube', into which N2 can be pumped or vacuum applied to raise and
lower the sample. An illustration of the system by TomHonet al. is reproduced in Figure
3.3.60

Raising and lowering the sample into the spectrometer allows adjustment of the PTF
experienced as a gradient across the sample. Field can be controlled through use of the
stray �eld, which weakens as the sample is lifted further away from the detection region,
and through the addition of magnets above the spectrometer. TomHonet al. show
the option of addition of an electromagnet or mu-metal shield for their system above
the spectrometer, allowing controlled application of homogeneous millitesla or microtesla
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Figure 3.2: SABRE 
ow system with separate electromagnet for PTF as presented by
Mewis et al.59 A solenoid coil surrounds a mixing chamber containing SABRE catalyst
and substrate in solution. Para-hydrogen can be bubbled into this solution through an
inlet (1). Helium gas can be used to push the sample into the NMR probe (2) where
NMR detection is executed (3) before the sample is 
owed out with Helium. (4) Figure
is reproduced without alteration from the publication by Mewiset al.59 under the CC
BY 3.0 license.

Figure 3.3: Bubbling system illustration edited from the graphical abstract of TomHon
et al. (2020)60 Reproduced from Ref. 59 with permission from Elsevier.
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�elds across the sample.60 Kiryutin et al. describe a similar system, which instead uses
a motor to mechanically shuttle the sample between a shielded electromagnet above the
spectrometer, and the detection region.

Sample shuttling allows much faster movement of the sample and minimises solvent
losses. Transfer through the stray �eld still allows some variability in the �elds experi-
enced by the sample during shuttling, which may give rise to some spontaneous polarisa-
tion transfer not driven by placing the sample in the PTF. Use of stray �elds to generate
PTF can give a broad inhomogeneity of transfer �eld across the sample, which may be
mitigated by use of shallower sample depths. Use of electromagnets to generate the PTF
increases the travel time between PTF and detection region, giving increased relaxation
and making rapid processes more di�cult to observe.

3.2.3 In-situ polarisation transfer

If SABRE is performed in-situ, inside the magnet, a transfer strategy is not needed.
Barskiy et al. show a system in which bubbling is done directly into an NMR tube heldin-
situ in the NMR probe, with detection at 5.75mT, at which the spontaneous polarisation
transfer condition is met.68 This eliminates a number of the confounding factors that arise
from changing �eld through use of shuttling methods, butin-situ bubbling at high �eld
prevents the sample meeting the �eld requirement for spontaneous polarisation transfer
via a level anticrossing. This can be overcome through use of RF-SABRE, in which level
anticrossing conditions are met in the rotating reference frame under RF-�eld irradiation.

Pravdivtsev et al. use a similar system to Barskiyet al., adding an RF pulse to the
sequence between bubbling and detection to allow spontaneous polarisation transfer.145

Figure 3.4 shows the illustration of this setup as presented by Pravdivtsevet al..

Put et al.64 and Myers et al.71 give two examples ofin situ polarisation transfer at
ultra low �eld. Put et al. use an optically pumped magnetometer at 15 Hz, Myerset al.
a SQUID which reaches sub-nT �elds.

Put et al. illustrate a simple system forp-H2 delivery using a network of solenoid
valves to control gas 
ow. Gas is delivered into the NMR tube in-situ via a capillary
submerged into the bottom of the sample solution. Gas is allowed to return through a
Te
on tube stretched over the NMR tube. This gives a simple, controllable 
ow ofp-H2

gas into solution which can be performed in time with a NMR pulse sequence

The instrumentation presented by Myerset al. in 2024 is shown in �gure 3.5.71 They
demonstrate a simple 
ow system similar to Mewiset al., with an improved mixing system.
The device is 3D-printed and uses a capillary to deliverp-H2 gas into a Kenics mixer,
using pairs of helices of alternating directions to improvep-H2 dissolution in solution.
The mixer is directly beneath the \sample volume", observed by the detector. A sample
reservoir (d) is situated vertically above the detection reservoir ensures the sample volume
remains full, while allowingp-H2 gas to escape through capillary (c) and out through the
headspace of the sample reservoir. This minimises sample loss while allowing experiments
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Figure 3.4: In-situ high �eld SABRE bubbling system with RF coil for polarisation
transfer as presented by Pravdivtsevet al. (2015).66 An RF coil is inserted into the
NMR probe head of a high �eld instrument, directly around the NMR tube. This allows
application of an RF �eld to generate polarisation transfer conditions. Reproduced from
Ref. 65 with permission from the American Chemical Society.66

to be conducted during or after supply ofp-H2.

3.2.4 Concluison

Several polarisation transfer and bubbling systems have been implemented for SABRE,
using both high and low �eld detection. All systems using external PTFs su�er from
similar limitations, impacted both by the delay in changing from PTF to detection �eld,
which allows for relaxation processes to occur following generation of hyperpolarisation;
and restricting observation of short-lived intermediates. Transport from PTF to detection
�eld exposes the sample to a �eld gradient between the PTF and detection �eld, which
may allow unintended SABRE interactions including polarisation transfer to occur as the
sample passes through �elds in which transfer conditions are met. The former is solved
either by exploration of longer-lived states or by implementing the fastest possible system
of shuttling. The latter is solved exclusively byin situ detection. Either active �eld
switching can be used to change from PTF to detection �eld immediately, or detection
could be performed at the PTF to eliminate the need for change of �eld altogether.

While several suchin situ systems now exist, at the inception of this project, solu-
tions reported in the literature were bespoke developments, custom-built for a speci�c
spectrometer and experiment. The only commercially available option, a Bruker delivery
system, lacked the programming 
exibility required for the pulse sequences planned for
this research. This necessitated the development of our own system. Therefore, the aim
is to create a robust and 
exible solution with 
exible timings for in situ gas delivery
that could be applied to the full range of instrumentation within our group. This chapter
details the development of such apara-hydrogen delivery system, designed to allow the
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Figure 3.5: ZF/ULF SABRE instrumentation as reproduced from Myerset al. (2025).71

© 2025 IEEE. A capillary inlet (a) allowsp-H2 gas 
ow into a Kenics mixer (b).

exploration of the very rapid interactions that follow polarisation transfer which have not
as yet been explored.
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3.3 Para- hydrogen generation and delivery

As described in Chapter 2,para-hydrogen is used as a source of spin-order for PHIP and
SABRE hyperpolarisation experiments.p-H2 can be generated by passing H2 gas over
a paramagnetic catalyst at a low temperature, where the lower energy singlet state is
energetically favoured. Association ofp-H2 onto the surface of the paramagnetic cat-
alyst breaks the symmetry of H2, allowing spontaneous conversion between theortho-
and para- states, enriching the fraction ofpara-hydrogen in the gas.146 For simplicity,
enriched H2 gas is referred to aspara-hydrogen (p-H2). To achieve a continuous supply
of p-H2 a system is required that can achieve a 
ow ofpara-hydrogen at low temperature
across a catalyst. The enrichment ofpara-hydrogen is temperature dependent. In practice
the conversion catalyst can be cooled using liquid nitrogen147 or closed-loop liquid he-
lium 147,148 as a cryogen, generating 51% or 94.3% respectively. The apparatus described
here will use liquid nitrogen cooling, as it is signi�cantly cheaper and less complex to set
up than a closed loop helium system.

3.3.1 Para- hydrogen generation and the conversion manifold

Through all experiments in this thesis,p-H2 was generated using a liquid N2 conversion
manifold. This was built by Dr. Fraser Hill-Casey and has not been altered as part of
this thesis. The design, shown in Figure 3.6, has not been published previously and so is
included here for completeness.

Hydrogen is generated through a commercial hydrogen generator. Both a Peak Sci-
enti�c Precision 100 generator and an Erredue Mars 600N H2 Generator have been used
during this project. The Peak Scienti�c can provide up to 7.0 bar H2 supply pressure at
up to 0.1 L air min� 1. The Mars generator can supply 2 - 10 bar of pressure at up to
650 mL min� 1, and was incorporated into later developments. The higher pressure and

ow rate on the Mars generator allow for more robustp-H2 
ow through the apparatus,
achieved through setting the generator pressure higher than needed and down-regulating
pressure and 
ow rate, but limit the exploration of SABRE processes at very low pres-
sure (Chapter 5). The generator is connected to the manifold through steel gas lines
and Swagelok valves (Figure 3.6). The gas lines on the manifold itself are similarly con-
structed. The manifold is clamped to a �xed clamp stand. This allows the entire system
(shown in the schematic in Figure 3.6, between the dotted lines) to be raised and lowered
relative to the liquid N2 dewar.

The conversion coils are connected via Swagelok to the manifold. The coils consist of
16 turns of copper piping, packed with iron III oxide, stoppered at each end with glass
wool. The iron oxide allows spontaneous conversion betweenortho- and para-hydrogen.
Lowering the manifold via the clamp allows the conversion coils to be submerged in the
dewar of liquid nitrogen (pictured in Figure 3.6). At 77 K, H2 gas passing through the
coils while they are submerged allows enrichment to 50%para-hydrogen.112 An Edwards
E2m28 vacuum pump and external vent line are connected to the manifold through valves
[2] and [3]. Valve [9] leads to a Young's tap, allowingp-H2 to be added to the head-space
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Figure 3.6: (Top) Schematic of thepara-hydrogen conversion rig built by Hill Casey.
(Bottom) Photograph of the conversion rig with values labelled. Inset upper right is the
packed copper coil, pictured shortly after removal from liquid nitrogen.
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of an NMR tube such that shake-and-drop experiments can be performed.

3.3.2 Normal experimental procedure

At the start of each experimental session, thepara-hydrogen rig was set up using the
following general procedure.

ˆ The coil and valve manifold is put under vacuum for 10 minutes, with valve [2] open,
the vacuum pump on, and valves [1], [4], and [6] closed. This step is of importance
because failing to remove contaminants from the rig can result in the condensation
of liquid oxygen in the conversion coils, which presents a safety concern if mixed
with H 2 gas. Furthermore, the presence of any water in the lines will lead to ice
blockages when submerged in liquid nitrogen.

ˆ Valve [2] is closed and valve [1] is opened, �lling the vacuumed coils with H2.

ˆ The manifold is lowered along the clamp stand to submerge the coils in liquid
nitrogen. The top of the liquid nitrogen must be below the join. Submerging the
join itself may cause leaks. Not submerging the coil enough can reduce the level of
p-H2 produced if the iron oxide is not su�ciently submerged for the entire mass to
cool fully to 77 K.

ˆ Valves [6] and [7] or [8] are opened, allowing 
ow ofpara-hydrogen to the electronic
valve manifold.

The system is now set up and can be left for the duration of any experiments.
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3.3.3 Electronic valve layout for gas delivery to cell

Figure 3.7: Diagram of current valve network. Clockwise from top left:p-H2, H2, N2 are
delivered from thep-H2 conversion rig. Electronic valves are labelled S1 - S5 in order of

ow. FR1 is the mass controller, FR2 the 
ow regulator. A solvent reservoir (discussed in
Section 4.8) and an empty reservoir are included either side of the reaction cell. Manual
valves, not numbered here, can be used to restrict 
ow across parts of the system for
further control of gas 
ow.

Para-hydrogen generated in the conversion manifold is passed to an electronic valve net-
work to allow electronic control of gas 
ow through the NMR cell. The schematic of this
board is shown in 3.7 along with a photograph. This board is an adaptation of work
by Dr. Hill Casey. It is designed to be modular, easily adaptable, and easy to identify
problems and repair. Adaptations and improvements made to optimise performance are
discussed in Chapter 4, Section 4.8.

The network is �xed to a laser-cut plastic base board containing a number of holes as
mounting points. The network consists of a series of valves, reservoirs, pressure gauges and

ow regulators, connected by 1

16
th inch PTFE tubing with IDEX connectors. Manually-

operated and one-way valves are also IDEX components. The electronically switchable
valves are NResearch HP225PK032 3-way isolation valves (Figure 3.7, S1-S3), screwed
into the base board. FR-1 is a SMC M5 Pneumatic Regulator, set to limit outlet pressure
at 7 bar. FR-2 is a 
ow regulator, set to 0.1 L air min� 1. Pressure gauges are NXP
MPX5700GP (0 - 7 bar detection range) connected by greased push-�t 3/8" tubing. The
in-line MeOH cell and sample reservoir are 25x25x40 mm blown glass cells with two 40
mm extensions for IDEX connections. The sample reservoir is empty, the solvent reservoir
contains c. 18 mL (approximately 3/4 depth) of solvent. PTFE tubing extends to the
bottom of the reservoir. These adaptations are discussed further in Chapter 4 Section
4.8.
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Para-hydrogen is supplied to the system by thepara-hydrogen generator detailed
in section 3.3.1. H2 can be supplied via the bypass from the generator. N2 can be
supplied from a nitrogen line. Electronically controlled switchable valve S1 allows changes
betweenpara-hydrogen, and hydrogen that has not been passed through the conversion
coil. Switchable valves S2 (inlet) and S3 (outlet) control 
ow in and out of the cell. Flow
regulator 2 (FR2) controls the rate of 
ow of gas immediately prior to exit through the
vent. This is normally set to 0.1 L min� 1, matching the maximum output 
ow of the
Peak Scienti�c hydrogen generator.

The electronic valve network, as illustrated in Figure 3.7, allows for electronic control
of gas 
ow through the reaction cell. Software to control valve openings and additional
functionality is outlined below. The valves have a response time of 5-20 ms (power on)
and 30-5 ms (power o�).149 The 
ow regulator, in combination with the pressure set at
the hydrogen generator, give broad control of the rate of 
ow of gas through the system,
with the pressure capped to prevent damage to glassware.

3.4 Design and construction of electronic control box

A method of delivering controlled gas 
ow in time with a pulse sequence is needed.
This control system must be able to interface between computer, spectrometer, and the
physical valves. This can be done by using a microcontroller, to which information is
passed from the computer and from which valve actuation is driven.

Fast processing speeds on the microcontroller are uninhibited by any peripheral com-
puter operations, giving us highly responsive valve control in reaction to pulse sequence
or spectrometer commands. A microcontroller with dedicated power supplied and digital
outputs can also be used to directly provide power to valves and electronic peripherals in
the electronic valve network such as pressure gauges.

This section details the changes made to a prototype valve controller system originally
built by Dr. Hill-Casey. An Arduino Mega 2560 microcontroller was mounted on a bread-
board, to give controllable gas 
ow in parallel to an NMR experiment or pulse sequence.
The breadboard also housed valve driver cards and digital pressure gauges. Software
written in Labview was used to control the Arduino. A number of improvements were
needed to this prototype, to give improved robustness, moving away from fragile pro-
totype design on the breadboard, improved portability, and improved code adaptability
and responsiveness.

To do this, the prototype was redesigned and built in collaboration with Chris Rhodes
in the Department of Chemistry Electronics workshop. The breadboard wiring was
repackaged into an electronics control box, with improved scope for development and
adaptability. This is detailed in section 3.4.1. New software was developed including
a control script loaded directly onto the Arduino (Section 3.4.2) and a Graphical User
Interface written in MATLAB (Figure 3.10).
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3.4.1 Arduino valve controller unit

The Arduino Mega 2560 microcontroller ("the Arduino") remains the central device in
the valve controller system. This device is shown in Figure 3.8.

The Arduino Mega 2560 microcontroller housing also includes a 24 V power supply,
�ve NResearch CDS-V01 valve driver cards, and 16 programmable status LEDs on the
front panel. The rear panel includes TTL connections, 8 stereo jack ports for valve power,
a Serial connection for the interface to PC, and connections to the three digital pressure
gauges PG1-3 as well as PG-0 on thep-H2 conversion manifold. There is additional space
inside the device to allow for independent control of up to 8 valves.

3.4.2 Valve controller software

All valves are controlled by an Arduino Mega 2560 programmable microcontroller. This
allows observation of the network state and provides rapid response to manual or auto-
mated inputs for automated gas 
ow through cells in time with NMR pulse sequences.
The software developed for this microcontroller allows the user to interface with the pres-
sure sensors and valves via Serial input or through TTL (transistor-transistor logic) input
pulses. The user can interact with the software directly, through the Graphical User In-
terface (GUI) (Section 3.4.3), or indirectly via the NMR spectrometer using either TTL
digital logic inputs (Section 3.4.4) or pre-loaded bubbling sequences (Chapter 6, Section
6.4.1). The Arduino device runs software in two stages: an initial \setup" procedure
followed by a continuous loop, where it waits for user input. Figure 3.9 illustrates the
decision tree the script follows while running.

In this software, setup initialises a connection over a Serial line. The loop then
continuously checks for Serial inputs, followed by TTL inputs when enabled, and can be
asked to output pressures read from pressure gauges. The loop function runs continuously,
as fast as the Arduino is able to process commands at the Arduino's 16 MHz clock
frequency.150 The script has two control modes: a TTL control mode, in which TTL
inputs to the microcontroller determine valve state, and a Serial mode, in which user input
through the User Interface (Figure 3.10) or pre-loaded bubbling sequences (Chapter 6)
are used to determine valve state. The valve states can be output continuously alongside
the pressures when pressure logging is enabled. Measured pressure is shown directly on
the user Interface and can be saved for post-hoc analysis through the UI through user
input or automatically as part of a pulse sequence. Pressure logging may only occur after
a �xed, hard-coded interval t (log) has passed since the previous logging event.

3.4.3 Manual control

The manual control mode of the Arduino script allows the user to change all valve states
through a graphical user interface (GUI). This provides options for testing, debugging,
and running experiments that do not need precise time control in their gas delivery. The
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Figure 3.8: Valve controller unit. Top: Circuit diagram of the internal electronics of
the valve controller unit, centred on the Arduino Electronics schematic. Bottom: Pho-
tographs of the device.
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Figure 3.9: Flow chart illustrating the sequence of processes followed by the Arduino
running the valve controller software. Summaries of input characters are given in Table
3.1, and the characters for switching individual valve states (\Valve Characters") in Table
3.2. The reading and running of pre-loaded sequences is discussed in Chapter 6.t (log) is
the hard-coded elapsed duration after which pressure logging may be executed. The full
script is given in Appendix A
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Table 3.1: Table of Serial input characters to VCU and their e�ects

Character input Function

M Run in Automatic mode, ignoring Serial commands for valve switching
m Run in Manual mode, ignoring TTL inputs
K Record and print gauge pressures over Serial
k Stop recording & printing system pressures
i Initialise semi-automatic sequence; wait for remainder of sequence input.
R Run currently loaded semi-automatic sequence

GUI also provides a live plot of the pressures as recorded by the pressure gauges to
allow a user to monitor the ongoing state of the gas manifold. This interface is shown in
Figure 3.10.

For all GUI functionality, a Serial port must be speci�ed and a Serial connection must
be opened. The UI then provides options to switch between automated TTL control,
pre-loaded sequence control (\Spinsolve control", discussed in Chapter 6), and manual
control. Pressure reporting for all or individual pressure gauges can be toggled. Recorded
pressure data can be recorded manually or automatically at the end of an experiment.
The mode can be toggled over the Serial connection at any time. Pressure logging,
and semi-automated bubbling sequences, can likewise be input to the microcontroller at
any time. These Serial inputs are detailed in Table 3.1. The semi-automated bubbling
sequence procedure is detailed further in Chapter 6 Section 6.4.1.

The input characters and their corresponding function are detailed in Table 3.1. While
accepting manual inputs, the Arduino will not check for TTL inputs. If the Arduino is
set to manual mode, valves will be open and closed in response to the character inputs
laid out in Table 3.2.

Table 3.2: Table of Serial input characters for switching valve states while the Arduino
is in manual control mode.

Character input Function Valve

Z Open Short valve
S5

z Close short valve
C Open inlet valve to cell

S2
c Close inlet valve to cell
V Open cell outlet valve

S3
v Close cell outlet valve
X Open Nitrogen Inlet

S4
x Close Nitrogen inlet
H Switch to non-polarised H2 S1
h Switch to para-hydrogen
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3.4.4 Automatic control

When set to automatic/TTL control, manual control of valves is disabled. The Arduino
instead continually checks for voltage applied to the TTL pins. The response to each pin
is customisable. There are 5 TTL input pins, each assigned a value from 1 - 16 to allow
a maximum of 32 di�erent valve states, according to the sum of the value of the input
pins. The assigned value of each pin combination in the current setup is given in table
3.3, alongside TTL inputs to functions. Valve switching takes up to 30� s.

Table 3.3: Valve state responses to each combination of TTL inputs

sum of pin values Active pins Valves/sequence

0 none All closed
1 0x10 Fill & bubble (inlet open, 3s delay, outlet open)
2 0x20 Open bubble (inlet & outlet open)
3 0x10 and 0x20 Fill cell (inlet open)
4 0x08 Drain cell (outlet open)
5 0x08 and 0x10 Flush with nitrogen (nitrogen, inlet and outlet on)
6 0x08 and 0x20 Available (all closed)
7 0x08, 0x10, 0x20 Available

Manual control of the Arduino is achieved through a custom developed MATLAB
application graphical user interface (GUI). The GUI (version 9.S5) is shown in Figure 3.10.
The left side gives options for managing the Serial connections (blue box), changing
control modes and changing valve state when in manual mode (pink box), and toggling
pressure gauge display (orange box). The system is by default in automatic/TTL control
mode until another control mode is selected.
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Figure 3.10: MATLAB application graphical user interface (version 9.S5)

3.5 Pressure gauge calibration and data-logging

The Arduino reads pressure gauge inputs into the analogue pins as 10-bit digital values.
To convert these inputs into pressures for display, the pressure gauges were calibrated
against the digital pressure gauge PG-0 on the movable conversion manifold, which dis-
plays relative pressure.

Using these calibration data, pressure can be determined from voltage using equation
3.1, whereVobs is the observed voltage,V0 is the o�set voltage at P = 0, and c is the
calibration constant.

Vobs = V0 + cP (3.1)

Voltage is given in arbitrary units as a 10-bit number reported from the Arduino's
analogue input pins. Figure 3.11 shows the calibration plot used to calculate output
pressures for pressure gauges 1-3. The calibration values for each pressure gauge are
given in Table 3.4.

Below 0.5 bar, the relationship between supplied voltage and pressure is no longer
linear. For PG-1, under 0.5 bar of pressure there is a sudden drop away from the linear
pressure voltage relationship, with the pressure gauge recording a voltage value of 25 at
zero pressure instead of the expected 98. This non-linear region has not been characterized
due to the di�culty in supplying pressures under 0.5 bar using the nitrogen regulator
and the H2 generators' minimum supply pressure of 1 bar. The Mars H2 generator has a
minimum supply pressure of 2 bar. For PG2 the residual voltage value at zero pressure
is 80 as expected. To avoid recording spurious negative relative pressures for PG1, the
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Figure 3.11: Pressure gauge calibration plot. Digital input recorded on the Arduino vs
gauge pressure recorded by PG-0 on thep-H2 conversion manifold. Black: PG-0, Red:
PG-1, Blue: PG-2, Green: PG-3. Calibration values are given in Table 3.4.

Table 3.4: Calibration values for pressure gauges.

Pressure gauge V 0/a.u. c/bar � 1

PG-0 194 84.5
PG-1 29.7 125.7
PG-2 41.6 128.6
PG-3 43.2 128.6
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output is set to 0 for any readings below 98. No experiments were conducted with a
supplied pressure below 2 bar. Future iterations of the Valve controller unit may use
upgraded pressure gauges to allow improved recording.

3.5.1 Pressure recording during experiments

Pressure recorded by the Arduino is added to the Arduino's data recording string, which
also monitors changing valve states. This string is returned to the GUI via the Serial
line, where it can be displayed, saved manually, and saved automatically as part of an
experiment. This allows for manual testing of the system, to observe gas 
ow and check
for leaks. Examples of system tests without and with leaks in gas 
ow when the system
is held at pressure are shown in �gures 3.12 and 3.13.

Live pressure monitoring throughout the course of an experiment allows for an accu-
rate calculation of the concentration of H2 in solution in a sample cell, which is required
to understand reaction kinetics (Chapter 5)

Using the UI and manual manipulation of the valves, a SABRE-type gas bubbling
sequence can be mimicked, and the pressure response of the system can be observed.
The state of the switchable valves is reported during the experiment and can be plotted
alongside the pressures.

An example monitoring experiment is presented in Figure 3.12. N2 is used instead of
p-H2, and all cells are empty. In part 0, all valves are closed, and there is no nitrogen
pressure in the system. In Part 1, the N2 supply valve SV-2 is opened, and the inlet
network is pressurized with nitrogen. This is indicated by the sharp rise in pressure
monitored on PG-1. In part 2, the inlet valve is opened, allowing N2 
ow into the cell
network (pink in Figure 10). The drop in pressure in the inlet occurs as gas 
ows into
the cells, resulting in the corresponding rise in pressure in the cell network at PG-2. In
part 3, the N2 supply valve is turned o�, isolating the gas in the inlet and cell networks.
The pressure remains constant until part 4, where the outlet valve SV-4 is opened. This
allows the cell network to drain to vent, causing the observed drop to 0 pressure. In part
5, the inlet valve is opened, exposing the inlet to vent and causing the pressure in the
inlet network to fall. The pressure in the outlet network brie
y rises as the inlet volume
is connected before both falling together to 0. (A summary of these steps is given in
Table 3.5.)

This monitoring experiment demonstrates that the inlet and cell sections of the valve
network can be pressurised and isolated to hold gas without leaking.

3.5.2 Leak testing

A similar monitoring experiment to that described above can be used in conjunction with
manual valve switching to detect and resolve gas leaks in the system. Manual control
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Table 3.5: Valve openings and e�ects.

Stage Valves open E�ect (no leak) e�ect (leak)

0 none no gas movement no gas movement
1 1 inlet network �lls inlet network �lls
2 1, 2 cell �lls cell �lls
3 2 cell holds with supply cell holds with supply
4 none cell holds at pressure pressure in cell falls through leak
5 3 gas drains from cell gas drains from cell
6 2, 3 gas drains from whole network gas drains from whole network

Figure 3.12: A pressure monitoring experiment which can be used to show correct func-
tioning of the gas control system. Pressure (bar) is plotted against time (s) for inlet
pressure (orange) and cell pressure (blue) with Nitrogen (5.2 bar supply). Changes in
valve state are shown above. The e�ects of each change are given in Table 3.5.
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of the valves can be used to pressurise and then isolate a portion of the network. Once
a section of the line has been pressurised, the electronic pressure gauge for that section
of line can be monitored, with falling pressure indicating a leak. Leak location can be
isolated through use of leak detector 
uid, and in some cases through audible hissing.
Once a leak has been repaired the test can be repeated. Figure 3.13 shows an example of
a pressure trace with a leak introduced through loosening a joint in the gas lines at the
connection to the cell, with the e�ects of changing valve states detailed in Table 3.5. The
pressure trace follows similarly to 3.12, being charged sequentially with nitrogen through
the inlet and cell networks. Once the cell is isolated from supply of fresh gas the pressure
inside falls rapidly, before gas is allowed to 
ow out through the outlet. For unknown
leaks, the manual valves in-line can be used to further narrow down the a�ected section
of gas line.

Figure 3.13: Leak test of the outlet region (white in Figure 10). Pressure (bar) is plotted
against time (s) for inlet pressure (orange) and cell pressure (blue) with nitrogen (5.2 bar
supply). Valve switches are shown above. For this test the manual valve immediately
prior to FR-2 (Figure 3.7) was closed initially to prevent the outlet manifold draining to
vent. 1 and 2: The inlet and cell networks are charged with nitrogen. 3: the outlet valve
is opened, pressurizing the phase separator. The large dead volume in the vessel gives
the large pressure drop and long recovery time to stable. 4: The N2 supply is cut, shortly
followed by the inlet valve. This leaves the cell and outlet networks connected while the
inlet is isolated, remaining stable after the initial drop caused by brief exposure to vent
without supply. The cell and outlet networks leak through 4 via the phase separator. 5:
the manual valve is opened exposing the system to vent. 6: the inlet valve is also opened,
exposing the inlet network to vent also and allowing all pressure to return to 0.

3.6 Flow rate and pressure di�erential

The �nal element of the system to be explored is the 
ow regulator situated at the end
of the outlet section. The 
ow regulator is a manually tuned device which can be set to
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allow between 0 and 0.5 L min� 1 air to 
ow out the cell supply manifold to vent, through
a screw-thread valve. This 
ow regulator can be used to controls the pressure di�erential
between the two measuring points, PG-1 and PG-2, hence across the cell. The e�ect
of tuning the 
ow regulator on inlet and cell pressures, and hence pressure di�erential,
is shown in Figure 3.14, with 
ow rate set at 0.1 to 0.5 L min� 1 air. Regulators with
di�erent graduations (0 { 0.1 L min � 1 air for example) can also be introduced into the
system should larger or smaller pressure di�erentials become necessary.

Higher 
ow rates slightly reduce inlet pressure to the cell, and more signi�cantly
reduce outlet pressure. This pressure di�erential varies linearly with 
ow rate, as shown
in Figure 3.14. Pressure di�erential changes by 0.51 kPa L� 1 min air.

Figure 3.14: Plot of pressure against time for the 
ow regulator set at 0.1, 0.2. 0.3 and
0.5 L min� 1 air, at the inlet (blue � ) and cell (black � ) pressure gauges. 5.15 bar of inlet
pressure was set. The 
ow regulator is changed manually at between each setting. The
di�erence in pressure is overlaid (red �), with the pressure di�erence on the right axis.

3.7 Conclusion

A gas 
ow system, including ap-H2 generator, electronic gas valve network, microcon-
troller system were developed, to give controlled, time-precise 
ow ofp-H2 or an alter-
native gas through a cell in an NMR spectrometer. The relevant software has also been
developed for a user interface, automated running of the microcontroller, direct inter-
face of the microcontroller with systems capable of supplying TTL pulses, and partially
automated scripts to allow for time-resolved controlled bubbling when interfacing with
systems that do not have this capability.
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This system allows the performance of several novel capabilities when attempting
SABRE-hyperpolarised NMR experiments. The system can be safety checked and leak-
tested. This allows con�rmation that gas 
ow is one directional through the system, and
to prevent back-
ow of sample out of a sample cell. Sample volume forced into the outlet
in handling errors or due to excessively vigorous bubbling can be trapped in a small
reservoir before it reaches electronics.

NMR experiments can be performed with bubbling added as part of the pulse se-
quence, allowing control of gas delivery in time with NMR pulses and control over timing
of SABRE hyperpolarisation generation relative to acquisition.

2D experiments, or multiple-scan 1D experiments which include a bubbling step can
be performedin situ in an NMR spectrometer, with timing and pressure delivery to give
consistent concentration of gas into solution. This allows for SABRE experiments in
low-�eld (Chapter 4) instruments. Performance of SABRE with polarisation transfer at
the PTF using a high-�eld instrument will require a �eld cycling/shuttling mechanism.
The development of such a system is shown in Chapter 6.

The system can be interfaced with a variety of instrumentation. Instruments capa-
ble of outputting TTL pulses can be connected directly, and any other device can be
directed through its software to delivery gas in time-controlled sequences over a Serial
connection, allowing the potential to interface with any spectrometer. The adaptations
made to enable this automated Serial control are detailed in Chapter 6. The live pressure
monitoring system allows forp-H2 concentration monitoring during experiments. The
system will be demonstrated on an Earth's �eld and benchtop spectrometer. Chapter 4
will illustrate this bubbling system being interfaced with a Magritek Terranova Earth's
Field spectrometer, demonstrating the bubbling capability o�ered and using the system
to optimise p-H2 delivery for performance of SABRE in the Earth's �eld.

Some improvements to this system could be made should future work necessitate them.
For example, the 
ow regulators and the system pressure, driven by the generator, are set
manually and cannot in this setup be adjusted electronically; hypothetical experiments
which require mid-sequence changes in gas discharge would require an alternative system.
No need for such a system was identi�ed during this project, though software control of
supplied H2 pressure would o�er reductions overall experiment time and potential for
further control should it be needed.
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CHAPTER4

EFNMR optimisation

4.1 Introduction

The previous chapter established a delivery system forpara-hydrogen to a reaction cell
in time with an NMR pulse sequence. In this chapter, the e�ectiveness of the new in-
strumentation will be demonstrated throughin situ SABRE hyperpolarised experiments
using an Earth's Field spectrometer, facilitating the exploration of SABRE dynamics in
the low-�eld (LF) and ultra-low-�eld (ULF) regimes. Following this initial demonstra-
tion of capability, the instrumentation is then used to develop methodology for reaching a
consistent, reproducible concentration ofp-H2 in solution, which will allow deeper studies
of the dynamics of the SABRE reaction in controlled conditions not otherwise possible.
This work focusses in particular on detection in the Earth's magnetic �eld. Packard and
Varian in 1954151 o�ered the �rst suggestion that the Earth's �eld could be used for
detection of nuclear precession, making Earth's �eld NMR (EFNMR) almost as old as
NMR itself. The Earth's �eld o�ers a number of advantages for the performance of NMR
spectroscopy, being highly homogeneous, globally available, and free. However, Earth's
�eld spectroscopy is limited by its insensitivity even in the context of already insensitive
NMR. With a �eld of around 50 � T, a sample in the Earth's �eld would have a thermal
polarisation well under 1 ppb. This very low �eld also makes EFNMR very susceptible to
interference from ferrous and magnetic objects, and sources of ultra-low frequency noise
such as electronic devices.152 Further, at ultra-low �eld, chemical shift collapses, which
results in spectra showing only heteronuclearJ -coupling.

To overcome the extremely low sensitivity, EFNMR is almost always coupled with
hyperpolarisation techniques to allow generation of su�cient polarisation to be readily
detectable. The most common approach involves using a much stronger, temporary pre-
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polarising �eld to increase the initial magnetisation before detection in the Earth's �eld.
When coupled to brute force pre-polarisation, the Earth provides a very homogeneous
B0 �eld over relatively large sample volumes, (hundreds of mL vs. hundreds of� L for
standard NMR) allowing for sub-Hz line-widths that are stable over the timescale of an
NMR experiment. This is di�cult to achieve using, for example, an electromagnet to
provide the main magnetic �eld.

Practical uses of EFNMR are very limited. It has proved useful for educational pur-
poses but has found little further application. The Magritek Terranova EFNMR spec-
trometer was released in 2005, based on work in Antarctica measuring brine in sea ice152

as a portable device which could be easily operated in harsh, remote environments. Foun-
dational studies soon established its utility for complex experiments beyond simple de-
tection. For instance, Robinsonet al.85 demonstrated the viability of two-dimensional
NMR at Earth's �eld by observing magnetisation transfer from heteronuclear J-couplings.
This work was also signi�cant because it showed that EFNMR instruments could be used
indoors in lab settings, provided adequate screening was used to work around interfer-
ence from electronics. In studies closer to its original design purpose, Callaghanet al.152

used EFNMR spin echoes and CPMG trains to analyse molecular di�usion. This was
applied to studies of brine volume and di�usivity in Antarctic sea ice for climate and
ecology modelling, where the minimal ULF interference made the technique particularly
e�ective. Pushing the instrumentation further, Halse et al.153 demonstrated 3D MRI
using the Terranova to take low-resolution 3D images of a capsicum. This was achieved
through the use of pre-polarisation and ULF noise shielding to allow broad applicability,
less limited by noise sources or interference from ferrous magnets, as might be found
indoors in the laboratory setting.

Beyond pre-polarisation, the Terranova has also served as a platform for other ad-
vanced hyperpolarisation methods. Early experiments by Halse and Callaghan,154 for ex-
ample, coupled the instrument with Dynamic Nuclear Polarisation (DNP). They achieved
signal enhancements of 3100 compared to thermal equilibrium on 100 mL water samples
doped with TEMPO. This work demonstrates the viability of applying more complex
hyperpolarisation techniques at ULF, the successful implementation ofPara-hydrogen
Induced Polarisation (PHIP) in the Earth's �eld soon followed,155 setting a precedent for
the subsequent exploration of the related SABRE technique in the same regime.

The �rst implementation of in situ SABRE on the Terranova spectrometer was re-
ported by Hill-Casey et al. in 2019.74 This work adapted a commercialp-H2 delivery
system originally developed for high-�eld NMR 
ow applications59 for use in the low-
�eld regime. Using this setup, the activation of the SABRE catalyst was observed and
the dependence of signal enhancement on the Polarisation Transfer Field (PTF) strength
was explored.

However, the adapted commercial system presented signi�cant limitations for study-
ing SABRE dynamics, as it does not allow bubbling to be switched during the pulse
sequence. Rossetto describes the system as prone to blockage, and with inconsistent
pressures and 
ow rates.156 These challenges formed the primary motivation for devel-
oping the bespoke instrumentation detailed in this thesis. The work presented here is
therefore a direct development of the instrumentation detailed by Rossetto and Hill-
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Casey156, designed speci�cally to overcome these previous limitations and enable a more
controlled exploration of SABRE dynamics in the Earth's Field.

All Earth's �eld NMR experiments in this thesis were conducted on a Magritek Ter-
ranova MRI spectrometer programmed through the manufacturer's controlling software,
Prospa (Magritek Ltd, Aachen, Germany). This chapter will demonstrate integration of
the custom-built para-hydrogen delivery system (detailed in Chapter 3) with the Terra-
nova EFNMR spectrometer to create a platform forin situ SABRE studies. Key experi-
mental parameters, including gas pressure, bubbling duration, and Polarisation Transfer
Field (PTF) application time, are optimised. This allows a robust methodology to be
established for achieving maximum, reproducible signal enhancement. The e�ectiveness
of gas mixing to generate even hyperpolarisation throughout solution is explored, using
MRI to visualise the spatial distribution of hyperpolarisation. Finally, methods for ex-
tending sample lifetime by minimising solvent loss and catalyst degradation are explored
and validated.

4.2 The Terranova Earth's �eld NMR Spectrometer

4.2.1 Terranova components

The Terranova system consists of two main components: a box of control electronics,
typically referred to as the \spectrometer" or \Digital Signal Processor" (DSP), and a
set of concentric coils for exciting and detecting the NMR signals, into which the sample
is inserted, called the \probe". The DSP performs signal acquisition, supplies power to
the probe coils, and is the interface to the controlling PC. The probe is centred inside a
set of 3 Helmholtz coils, oriented along the x', y', and z'-axes of the laboratory frame of
reference, as shown in Figure 4.1(a).

The three coils that make up the probe are shown in Figure 4.1(b). The largest, outer
coil is the BP polarising coil, which generates a magnetic �eld down the bore, along the
x-axis, ranging from 0 to 18.8 mT. The purpose of this polarising coil is to generate a
pre-polarising pulse for brute-force polarisation, generating much larger bulk polarisation
than exists thermally in the Earth's �eld. The inner coil is the B1 transmit-receive coil.
This coil generates the RF pulses and detects the NMR signal. The middle part is a set of
gradient coils. These are used to apply linear magnetic �eld gradients along the x, y, and
z axes. Application of gradients can be used to remove magnetic �eld inhomogeneities
from the �eld inside the probe, minimising signal line-width and maximising spectral
amplitude and resolution for higher-quality NMR data. Gradients can also be applied to
a sample to spatially encode frequency across the sample in MRI.
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