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Abstract

Demonstrated in this thesis is a route to directly explore ultra-low-field (ULF) polari-
sation transfer within Signal Amplification by Reversible Exchange (SABRE) without
the need for a sample transfer step. Integration of an Earth’s Field NMR (EFNMR)
instrument that operates in the same field regime as SABRE polarisation transfer, with
external solenoids and an automated p-H, gas flow system allows SABRE polarisation
transfer to occur in situ of the detector. The rapid acquisition of SABRE-polarised
NMR signals under the strong coupling conditions required for polarisation transfer
offers a way to directly probe the transfer mechanism, thus providing a route toward
maximising the efficiency of SABRE for different nuclei. A reproducible flow of p-H,
into the EFNMR probe, combined with precise control over the timing and strength
of the external field during SABRE polarisation transfer and NMR detection led to
the acquisition of reproducible hyperpolarisation on the 'H and °F nuclei of different
fluorinated pyridine derivatives. Of the four different substrates, 3,5-difluoropyridine
and 3-difluoromethylpyridine proved suitable candidates for interrogating the magnetic
field dependence of SABRE polarisation transfer via ULF-cycling experiments, owing
to their large heteronuclear J-coupling interactions of 9 and 55.4 Hz, respectively, that
form hyperpolarised EFNMR signals with fine structure and minimal peak overlap.
This was necessary to observe subtle changes to the signal shape under varying polari-
sation transfer conditions, where strong coupling and the collapse of chemical shift
in the ULF regime led to the formation of complex NMR signals. The very strong
coupling network of 3-difluoromethylpyridine exhibited polarisation transfer mechanics
that differed from what was observed with the other more weakly coupled substrates.
Numerical simulations were also employed to aid in interpreting the complex EFNMR
spectra.
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. 119

.18

The SABRE-polarised 'H and F EFNMR signals of 3.5-DFP, 3,5-

TEMP and 3-DEMP acquired using the mT' SABRE-EFNMR experiment.[121

6.1

The 'H and F mT PTF curves of 3,5-DFP acquired by repeating

the m'T' SABRE-EFNMR experiment with 1 and 16 scans, respectively

and a tprp = 108. The curves illustrate the magnetic field dependence

of the efficiency of SABRE polarisation transfer to the 'H and F

nuclei. Polarisation transfer to 'H is maximal between 8.5 and 9.5mT,

and hyperpolarisation of "’F is maximal between 6 and 12mT. The

efficiency of polarisation transfer to 'H and "'F as a function of the

PTF follows similar trends as '°F receives its hyperpolarisation from

the SABRE-polarised “H nuclei at mT PTFs. The normalised integrals

represented by red circles were acquired from the same sample on a

different day but replicate the shape of the PTF curve demonstrating

good reproducibility in the SABRE results.|. . . . . ... ... ... ..
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62

PTF curves plotted from the SABRE-polarised a) "H and b) *’F signals

ot 3,5-DFP acquired via ex situ m'l' PTF-cycling experiments using

an automated gas flow system for automated transfer from the PTF,

generated by an external solenoid, to the 11.741 detection field within

the NMR spectrometer. Figures are reproduced without alteration from

the SI of the publication by Olaru et al/¥ under the CC BY 4.0 license.|

126

6.3

SABRE-polarised EFNMR spectrum of 3,5-DFP acquired using a)

PTEF =8nT and tprr =15s with the pI' SABRE-EFNMR experiment,

and b) PTF =9mT with the mT SABRE-EFNMR experiment. The

spectra have been phased so that the hyperpolarised signal from the

target nucleus of SABRE polarisation transter is an absorbance signal:

a) PFand b) "H| . . ... ...

129

64

The hyperpolarised EFNMR spectra in b), and the corresponding PTF

curves in a) of 3,5-DFP were acquired with 2 scans for each PTF iteration

of the pT' SABRE-EFNMR experiment. The PTF curves show the same

magnetic field dependency of the efhiciency of SABRE polarisation

transfer to "'F, and the efficiency of indirect polarisation transfer from

YF to 'H across a PTF range of -14- 14 nT. The stacked spectra have

been aligned along the frequency axis for illustrative purposes.| . . . . .
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6.5

PTF curve plotted from the SABRE-polarised F signal of 3,5-DFP

acquired via ex situ p’l PTF-cycling experiments using an automated

gas flow system for automated transter from the PTF, generated by

an external solenoid, to the 11.74°'" detection field within the NMR

spectrometer. Figure is reproduced without alteration from the SI of

the publication by Olaru et al® under the CC BY 4.0 license.| . . . . .

6.6

SABRE-polarised EFNMR, spectrum of 3-DFMP acquired using a)

PTE=51nT and tprpr=12s with the p'I' SABRE-EFNMR experiment,

and b) PTF =6 mT with the mT SABRE-EFNMR experiment. The

spectra have been phased so that the hyperpolarised signal from the

target nucleus of SABRE polarisation transtfer is an absorbance signal:

a) "Fand b) "H| . . ... ...

134

6.7

T'he hyperpolarised EFNMR spectra of 3-DFMP were acquired with

4scans and a tprrp =125 for each PTFE iteration ot the pIT' SABRE-

EFNMR experiment. The magnetic field dependency of the efficiency

of SABRE polarisation transfer to "’F, and the efficiency of indirect

polarisation transfer from "’F to 'H is shown to be the same across a

P'TF range of 1-8u'l. The stacked spectra have been aligned along the

frequency axis for illustrative purposes.| . . . . . . . ... ...
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71

Pulse sequence for the a) SHARPER and b) sel-SHARPER experi-

ment with the corresponding ’F SHARPER spectra of fluorobenzene

and 2-deutero-1,3.4-trifluorophenyl displaying linewidths of 0.14 and

0.31 Hz, respectively. Solid rectangles represent hard 7/2 pulses and

unfilled Gaussian shapes represent soft m pulses. Sine-shaped pulsed

field gradients were applied at Go=1% for the SHARPER and sel-

SHARPER experiments. The phase cycle: ¢ = 2x, 2(-x), 2y, 2(-y);

P2 = 2(y,y), 2(x,-X); 03 =2(-y,y), 2(-x,x); and W = 2x, 2(-x), 2y, 2(-y)

was used for the SHARPER experiment. The phase cycle: ¢; =4x, 4(-x),

4y, 4(-y); ¢ =2y, 2x, 2(-y), 4(-X), 2y, 2%, 2(-y); &3 =4(y,-y), 4(X,-X);

o4 =4(-v,y), 4(-x,x); and ¥ = 2x, 4(-x), 2x, 2y, 4(-y), 2y was used for

the sel-SHARPER experiment. G; was applied at 30 %. Figures a) and

b) have been reproduced with permission from the literature® (https:

//pubs.acs.org/doi/10.1021/acs.analchem.7b02437). Further per-

missions related to the material excerpted should be directed to the

American Chemical Society,| . . . . . . . .. .. ...

72

Schematic illustrating the difference between the excitation profile

shapes (right) of a) rectangular and b) shaped RF pulses, generated from

the Fourier transform of the pulse shapes (left). The difference in the

excitation bandwidth of rectangular (10° Hz) and shaped pulses (10° Hz)

were calculated from typical tzr values of 10 s and 1 ms, respectively.

The sinc pulse shape is used here as the example of a shaped RF pulse.

143

[7.3

(aussian pulse shapes are very simple and easy to synthesise on low-field

NMR systems that are less sophisticated than high-field NMR systems.

The Gaussian pulse produces a Gaussian excitation profile in which

active and passive spins experience only positive RF amplitude values

at a frequency range calculated from the inverse of the pulse duration,

.....................................

!

Calibration curve showing the non-linear power output of the RF am-

plifier on the Spinsolve spectrometer in the a) dB scale and b) linear

scale. Both sets of data were fit to a bth order polynomial to calculate

the amplitude value to be set on the spectrometer, dB,.; or ag,., for

execution of the desired pulse amplitude, dB;j.; or ap;geq. The lowest

5 data points in b) were excluded from the fit because Agp cannot be

accurately defined below a linear attenuation ot 0.01. The equation and

corresponding polynomial coefficients of the fit to the data in plot a)

can be found in Eq. [7.3[and Table[7.1] and in plot b) can be found in

Eq. [7.7and Table [7.2] respectively| . . . . . .. ... ...

[7.5

A plot of Gaussian curves with dB,.; =0 and -12dB plotted with Eq.

[7.4] using 1000 amplitude values and a cut-off amplitude ot b=0.01.

The curves represented by solid and dashed lines depict the ideal and

corrected versions of the Gaussian, respectively, where the corrected

versions involve passing the G, values through the 5" order polynomial

fit in Eq. [7.3] from the [inear correction curve in FIGURE[7.4b .|

15
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Pulse sequence for the SPFGSE experiment, where the filled rectangle

represents a hard 7/2 RF pulse and the unfilled Gaussian shape repre-

sents a selective m RFE' pulse. Repeating this experiment with a range of

amplitude values allows calibration of the selective m pulse for a given

[7.7

Results from the SPFGSE amplitude sweep experiment showing that

-33, -38.5 and -46 dB are required to achieve 7 rad nutations for 2,3 and

4ms Gaussian RF pulses, respectively,| . . . ... ... ... ... ...

[7.8

Excitation profile of the 2, 3 and 4 ms Gaussian pulses showing that the

(Gaussian excitation profiles become narrower as tgp increases which is

in agreement with the time-energy uncertainty relation. The excitation

bandwidths (selectivity) of the Gaussian pulses are approximated from

the FWHM of the Gaussian excitation profiles and are very close to the

theoretical values calculated from the reciprocal of tgp.| . . . . . . . ..
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7.9

Spectra of 3-FP acquired from 8 scans of a) a "’F pulse-acquire ex-

periment and b) a "’F SPFGSE experiment using a 5ms Gaussian 7

pulse that offers a theoretical selectivity of 4.9 ppm. The lack of the

background signal on the "’F SPFGSE spectrum at -72.3 ppm and the

observation of the 3-FP multiplet in both spectra at -127.2 ppm demon-

strates the successtul implementation ot the Gaussian RF pulse which

selectively interacted and refocused the F nuclei in the sample only.|

. 153

[7.10

Pulse sequence for sel-SHARPER on the Spinsolve benchtop NMR

spectrometer. A filled rectangle represents a hard 7/2 pulse and the

unfilled Gaussian shape represents a Gaussian 7 pulse. The experiment

1s run with only one scan using phases of ¢; =W =x, and ¢y =y, where

W corresponds to the phase of the receiver. The homospoil gradients

used for refocusing the active spins are labelled Gy.| . . . . . . . . . ..

711

YF pulse acquire and sel-SHARPER spectra of a) 3-FP, b) 3,5-DFP

and c) 3,5-TFMP acquired with 8 and 1scan, respectively. The sel-

SHARPER spectra show the collapse of the F multiplets at -127.2,

-125 and -63.9 ppm of 3,FP. 3. 5-DFP and 3,5-TFMP, respectively, into

narrow singlets with linewidths below 0.5 Hz. The background signal

was also not observed in the sel-SHARPER spectra which utilised

Gaussian 7 pulses on resonance to the heteronuclear "’F peaks with

a selectivity of 4.9 ppm. Chunking artefacts were observed in the F

sel-OHARPER spectrum ot 3,5-TFMP with separation of 48 Hz due to

1ts stronger signal intensity. . . . . . . . .. ... L.




[7.12 Illustration of a) the pulse sequence for the SHARPER experiment for |

implementation on the Spinsolve NMR spectrometer where a filled thin

and wide rectangle represents a hard 7/2 and 7 pulse, respectively. The

corresponding SHARPER spectrum of 3-FP in b) shows collapse of the

IF mnultiplet into a singlet with linewidth — 1.2 Hz and SNR — 47.7. A

series of intense FID chunking artetacts with a frequency of +48.5 Hz |

were observed between -90 and -60 ppm due to the collapse ot the broad

solid-state-like (background) "F signal at -72.3 ppm. The same FID

chunking artefacts are observed around the "F peak of 3-FP with a

much lower intensity as a consequence of the 48.5 Hz sampling rate of |

each FID chunk. The SHARPER experiment is performed with 1 scan |

using phases ot oy =V =xand ¢po=v|. . . . . . .. ... 157

17



List of Tables

3.1 Table of coil constants, C..| . . . . . .. ... . ... ... .. 51
3.2 Table of 'H and "F V5 values for H,O and TFE acquired from RF |
[ amplitude-sweep nutation curves.| . . . . . . ... ... 65
[4.1 'Table describing the commands and procedures available within the |
[ Bruker polariser interface.| . . . . . . .. ... . 0oL 83
[>.1 Table of J-coupling values ot 3-FP. The optimised J-coupling values |
were acquired using the J-opt 1 experiment, using the measured .J-
coupling values (acquired from high-field ‘H and "”F spectra) as the
[ starting point. The high-field NMR simulation of 3-FP in FIGURE |5.6| |
[ was generated using the optimised J-coupling values.| . . . . . . . . .. 103
(5.2 Table of optimised J-coupling values ot 3-FP acquired from the J-opt |
1 and J-opt 2 experiments. An 1mproved fit to the SABRE-polarised
'H spectrum of 3-FP was seen after the J{H;,H,} interaction (bold and
underlined) was given a negative phase.|. . . . . . . .. ... ... ... 106
(5.3  Table of optimised J-coupling values ot 3.5-DFP.|. . . . . . .. ... .. 110
[>.4 Table of optimised J-coupling values of 3.,5-TFMP,| . . . . ... .. .. 115
[>.5 Table of optimised .J-coupling values of 3-DFMP| . . . .. ... .. . 117
[7.1 Table of coefficients of the 5 order polynomial that is fit to the cal- |
| ibration curve of the RF amplifier defined along a logarithmic (dB) |
[ attenuation scalel . . . . . .. . ..o 147
[7.2  Table of coefficients of the 5* order polynomial that is fit to the cal- |
| ibration curve of the RF amplifier defined along a linear attenuation |
[ scalel . . e e 148
[9.1 Table of values tor the experimental parameters of the m'l' and p'l’ |
| SABRE-EFNMR experiments.| . . . . . .. ... ... ... ... .... 167

18



Acknowledgements

I would first like to thank my supervisor — Dr. Meghan Halse for her invaluable
supervision, constant support and tutelage during the course of my PhD. Her continuous
guidance both in and out of the lab was really influential in providing me with an
excellent research experience, where I learnt much more than I thought I would.
Thanks to her I have gained a stronger interest in, and passion for magnetic resonance
and the desire to continue in the field. I would finally like to express my gratitude
for her treasured guidance and reinforcement during the thesis write-up period, as
I could always rely on her for helpful and detailed feedback, as well as reassurance
that I was on track to finish the thesis, even though I didn’t always believe it myself.
My gratitude extends to EPSRC and the Department of Chemistry for the funding
opportunity to undertake my studies at the University of York, and for Simon Duckett
and the CHyM staff for access to their facilities. I also thank Dr. Fraser Hill-Casey for
his mentorship and pool of knowledge on NMR and gas-flow instruments during his
time with the group. I would like to thank the rest of my friends, lab mates, colleagues
and research team — Alastair Robinson, Aminata Sakho, James McCall, Ana Silva
Terra, Adrian Muller and Tom Guffick. I cherish the time spent together in the lab,
Christmas ice-skating trips, the group trip to Aachen, Thursday nights at Spark and
other good times we shared. A special shout out to Alastair who was always there when
I needed to vent about anything that went wrong with my experiments or code. My
appreciation also goes out in full force to my wonderful family and friends, particularly
my girlfriend Gina and my twin brother Gabriel, whose hard work and dedication to
their own PhDs was a constant source of motivation for me. Without their presence in
my life over the last 4 years during weekends in Manchester, Birmingham or York, as
well as holidays, my PhD experience would not have been one to remember. A special
acknowledgement to my older brother Rodrigo for his major role in my attending
university and pursuing chemistry, his friendship, and decision to have me plan his
stag-do in the weeks leading to my thesis submission deadline, thanks bro! Finally,
a huge thanks to my parents over the thesis write-up months: my Dad for funding
my life during this period of unemployment whilst putting up with a caveman-like
person in his house that resembles his son; and my Mum who, through her positivity
and unwavering faith in me, always provided me with a space to relax, unwind and
overcome periods of self doubt.

19



Declaration

I declare that this thesis is a presentation of original work and I am the sole author.
This work has not previously been presented for an award at this, or any other,
University. All sources are acknowledged as References.

20



1 ‘ Introduction

Nuclear Magnetic Resonance is a powerful, quantitative and non-invasive
analytical technique that is used for applications including structural elucidation of
molecules and determination of the composition of complex mixtures. However, NMR
spectroscopy suffers from poor sensitivity compared to other analytical techniques (e.g.
optical spectroscopies and mass spectrometry) and as a consequence, relatively high
sample concentrations (>mM) are often required for routine detection. Sensitivity in
NMR is proportional to the polarisation of the nuclear spin system. Polarisation arises
from the population difference between nuclear spin states within a magnetic field. It
is dictated by the Boltzmann distribution, and is dependent on the strength of the
external field, BY. Therefore, a brute force approach to enhance sensitivity in NMR is to
use NMR instruments based on strong magnetic fields (7-28.2T), typically generated
using large superconducting magnets. Strong magnetic fields also help to separate
NMR signals from spins in different chemical environments for improved chemical
shift resolution. Careful engineering and shimming of these superconducting magnets
achieves high magnetic field homogeneity within the sample region to maximise signal
resolution.

Despite the many spectroscopic benefits of performing NMR with strong magnetic
fields (high-field regime), there are a few practical drawbacks to this approach. High-
field NMR instruments are extremely expensive to purchase and also expensive to
operate as they must be kept under cryogenic temperatures and require specially
trained personnel for maintenance. High-field NMR systems are heavy and have large
spacial footprints, making them non-portable and complicating their setup inside of
laboratories. As a consequence, there has been a growing demand for the development
of NMR instruments that are cheaper, more compact and portable (benchtop NMR).
However, achieving this requires the use of alternate magnet technologies*® to generate
B?, such as permanent magnets. These magnets are a lot easier and cheaper to maintain
than superconducting magnets; however, they are only capable of generating stable
and homogeneous magnetic fields of approximately 1-2.4T. The drop in field strength
when moving from a high-field to a benchtop NMR instrument leads to a reduction in
sensitivity and chemical shift resolution. Nonetheless, NMR in this regime can still
provide good sensitivity and high spectral and chemical shift resolution, as well as
greater J-coupling resolution, making it especially attractive for applications in an
industrial setting where there may be a lack of NMR specialists and limitations to
budget and/or lab space. Low-field NMR has demonstrated a wide range of applications
in NMR™ and imaging,® including applications in chemical and process monitoring,” 4
due to their ability to be setup inside of fume-hoods and be easily integrated with
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high-pressure flow systems.

Although stronger magnetic field strengths increase the thermal polarisation
of the nuclear spin system to enhance the sensitivity of NMR detection, the extent
of enhancement is small because the nuclear spin energy, hyB°/2, where v is the
gyromagnetic ratio of a nucleus and A is the reduced Plank’s constant, is much
weaker than the thermal energy, kg1, where kg is the Boltzmann constant. Thus
only a slight population difference between the nuclear spin states is established at
thermal equilibrium, even at low temperatures. For example, a thermal polarisation of
3.1 x 1073 % is achieved at 9.4T and 298 K, corresponding to a population difference
of 1 in 32,000. In other words, one spin out of every 32,000 will contribute to the
detected NMR signal.

Therefore, there is great potential for the advancement of NMR as an analytical
technique, especially for applications such as in in-vivo and in-vitro metabolomics*213
that require the detection of very small sample volumes (< nL), if sensitivity can
be decoupled from magnetic field strength. One solution to this is with the use of
hyperpolarisation techniques that allow enhancement of the polarisation of the nuclear
spin system far beyond thermal equilibrium conditions (generally by several orders of
magnitude). Although many hyperpolarisation techniques have been developed over
the last 60 years, most work in the same way, requiring a source of hyperpolarisation
and a method to transfer it to a target molecule. The Dynamic Nuclear polarisation
14’ ' method relies on the very high Boltzmann polarisation of unpaired electrons
at low temperatures and strong magnetic fields as the source of hyperpolarisation, owing
to the large gyromagnetic ratio, 7, of electrons (y[e] 2~ 660v['H|). Polarisation transfer
from the electrons to the nuclei is carried out by continuous microwave irradiation
at a frequency near the Electron Paramagnetic Resonance frequency. Spin-
Exchange Optical Pumping 16 is another hyperpolarisation technique aimed
at hyperpolarising noble gases (*He, 1*Xe, 8Kr, etc.) for applications in biomedical
NMRY and imaging *® This method also relies on electronic spin polarisation, generated
via irradiation of alkali metal vapour with resonant circularly polarized light. The
polarisation is then transferred to the nuclear spins of target noble gas atoms through
gas-phase collisions.™”

Para-Hydrogen Induced Polarisation (PHIP))*"#% is a hyperpolarisation tech-
nique that utilises para-hydrogen (p-Hs), a magnetic spin isomer of Hy, as the source
of hyperpolarisation.** The nuclear spin system of H, becomes hyperpolarised by
the enrichment of the para-state at low temperatures (preferably <77K) and in
the presence of a paramagnetic catalyst (further details given in section 2.3). This
polarisation is transferred to nuclei, usually heteronuclei (X), on the target analyte by
chemical reactions involving both p-H, and the target (see FIGURE [L.1h). PHIP is
an especially attractive hyperpolarisation technique because the extent of hyperpolari-
sation amassed on the analyte is independent of BY. Consequently, this allows for the
effective implementation of PHIP with NMR systems operating in any detection field
regime, from very low to ultra-high fields.****? Furthermore, PHIP is very accessible
because p-Hs is easy and inexpensive to generate and does not require complex and
expensive instrumentation, with many research groups utilising p-Hs generators built
in-house.®=Y Practically speaking, the method for polarisation transfer in PHIP is also
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FIGURE 1.1: Tllustration of a) hyperpolarisation of a heteronucleus X on a target molecule

using PHIP and b) hyperpolarisation of nuclei on a target substrate using SABRE. The red and
blue circles represent hyperpolarised and thermally polarised nuclei and molecules, respectively.

oxidative ? ’ polarisation
addition transfer
‘

b) SABRE

quick and easy to carry out. A hydrogenation catalyst (iridium, platinum, rhodium,
ruthenium, etc.) is used to drive para-hydrogenation of an unsaturated bond on the
starting material. The hyperpolarisation potential of p-Hs is unlocked after its pairwise
addition into the unsaturated bond, leading to enhanced NMR signals.

Relevant to this work is the Signal Amplification By Reversible Exchange!
hyperpolarisation technique, which is a variant of PHIP as it also relies
on p-Hy as the source of hyperpolarisation. Unlike PHIP, SABRE does not achieve
hyperpolarisation by chemically modifying the target molecule. Instead, a metal
catalyst (SABRE-active catalyst) is used to mediate the transfer of hyperpolarisation
from p-Hs to the target by simultaneously and reversibly binding them, a process which
unlocks the latent hyperpolarisation within p-Hy (see FIGURE ) Reversibility
in the binding enables replacement of the thermally polarised hydrides (depleted of
hyperpolarisation due to transfer) and hyperpolarised molecules by fresh p-Hs and
thermally polarised molecules to allow build-up of hyperpolarised analyte in solution.
As there is no chemical modification of the target molecules by the SABRE reaction,
a single sample can be continuously hyperpolarised provided there is a supply of fresh
p-Ho. This broadens the range of SABRE-suitable molecules in comparison to PHIP
because they are not required to contain an unsaturated bond for para-hydrogenation,
but only the ability to bind reversibly to the metal catalyst.

A wide range of N-heterocyclic molecules have been successfully hyperpolarised by
SABRE 256 and a wide range of heteronuclei (1F 2B7 13C 36 31p 38 15 59/ 336 HO 119Gy,
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and #Si*" etc.). SABRE has also been utilised in a wide range of NMR experiments in
both low and high-field regimes, such as pure-shift NMR 2242 reaction monitoring 242
forensic drug chemistry*® and quantitative trace analysis of complex mixtures,” among

others.

The range of suitable molecules for SABRE was further extended by the method
termed SABRE-RELAY ,*® in which ammonia or an amine is hyperpolarised by SABRE,
and the hyperpolarisation is relayed via proton exchange onto a target analyte that
cannot bind to the metal catalyst. Compatible analytes include amides, carboxylic acids,
alcohols, phosphates and carbonates, all of which contain exchangeable protons and
all of which have biological relevance. Combined with the fact that hyperpolarisation
occurs without chemically altering the target molecule, SABRE-RELAY can provide
a route toward advancing the use of NMR and MRI in metabolomics and in-vivo
metabolic imaging (detection of such small sample volumes is significantly improved
with hyperpolarisation). The challenge in these applications is overcoming the toxicity
of the iridium SABRE catalyst which complicates its use within living organisms.
There are ongoing developments on the design of biocompatible SABRE catalysts,**
and on methods to remove the SABRE catalyst from solution,” both of which, when
coupled with the ability to perform continuous SABRE polarisation in solution > will
help to accomplish the implementation of SABRE for improved in-vivo analysis by
NMR. Nevertheless, recent studies have also shown the in-vitro hyperpolarisation of
pyruvate®223 and anticancer agents®® using SABRE.

Of interest to this project is the method of polarisation transfer in SABRE,
occurring between the catalyst bound p-Hs derived hydrides and the catalyst bound
target molecules. The transfer process is mediated by the J-coupling network of the
catalyst and occurs most efficiently in the Ultra-Low-Field regime (nT-mT)
under the strong coupling condition, when the Larmor frequency difference between
two nuclei is comparable to the coupling between them. In a weak magnetic field
denoted the Polarisation Transfer Field , the hyperpolarised singlet (para) state
of Ha, |Sp), experiences Level Anti-Crossings (LACE)* with the nuclear spin states of
the molecule, enabling the transfer of spin polarisation. Moreover, the theory of Level
Anti-Crossing (LAC) shows that homonuclear SABRE polarisation transfer, from the
p-H, derived hydrides to 'H nuclei on the molecule, is maximal at mT PTFs, whereas
heteronuclear SABRE polarisation transfer to heteronuclei on the molecule is maximal
at nT PTFs.

An understanding of the spin physics behind the SABRE polarisation transfer
mechanism is necessary to optimise its efficiency, but to also progress toward directing
the transfer onto target nuclei of different species (*H, F, 13C, 3'P, etc.) on the
analyte. As a consequence, a considerable amount of research®™% has been carried
out with the use of polarisation transfer field-cycling (PTF-cycling) experiments to
investigate and observe the magnetic field dependency of SABRE polarisation transfer.

The majority of research into SABRE polarisation transfer has been conducted
with high-field NMR detection (> 1T), where the fixed nature of the B field generated
by benchtop and high-field NMR instruments prevents exposure of the sample to weak
magnetic fields whilst inside the NMR probe. Therefore, SABRE polarisation transfer
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has to take place outside of the spectrometer (ex situ) and a sample transfer step
is required to transport the sample between the two field regimes. Manual transfer
is commonly employed via the "shake and drop" experiment 2#5%58 which requires
shaking the sample under a p-Hy atmosphere in the presence of the PTF to initiate the
SABRE reaction and drive polarisation transfer to the analyte, before being dropped
into the high-field NMR probe for detection. Automated transfer can also be employed
to improve the reproducibility of sample transfer. One example is with the use of an
automated gas flow system®” 2 to shuttle the liquid SABRE sample from a mixing
chamber, that hosts p-Hy bubbling of the sample in the presence of the PTF, into
an empty cell within the high-field NMR probe. Other examples include automated
pneumatic shuttles® to transport the sample through a vertical path from the bore
of a high-field NMR spectrometer, where the sample is exposed to a strong magnetic
field for detection, to a magnetic shield placed above the bore, where the sample can
be exposed to pT-0T PTFs. This method therefore enables automated magnetic field
cycling between the high-field and ULF regimes.

Minimising the duration of sample transfer is vital to minimise the loss of
molecule hyperpolarisation through relaxation mechanisms such as 7T;. Manual and
automated transfer times are typically between 2-3 and 4-5s, respectively, where
automated transfer must include a short delay (< 1s) to allow settling of the SABRE
sample before the NMR experiment. Although ez situ SABRE with any sample
transfer method has yielded signal enhancements by up to four orders of magnitude,
automated sample transfer is preferred as it provides more control over the polarisation
transfer conditions, such as the rate of dissolution of p-Hy (different dissolution rates
are achieved with the "shake and drop" experiment if the sample is shaken differently
between experiments), transfer time and duration of exposure to the PTF, the result
of which is more reproducible SABRE and signal enhancement. The pathway of the
sample from the PTF to the NMR probe is also important in ez situ SABRE because it
can be exposed to stray position dependent magnetic fields that promote 7} relaxation
and the loss of hyperpolarisation (nonadiabatic sample transfer). While neither manual
nor automated sample transfer removes exposure to these stray fields, the consistent
pathway of the sample in automated transfer allows for a more consistent loss of
hyperpolarisation and helps to achieve more reproducible SABRE results.®*

High-field NMR systems provide good signal and chemical shift resolution,
however, SABRE polarisation transfer cannot be interrogated until the sample reaches
the probe, at which point hyperpolarisation has been lost to T relaxation, and the
transfer of polarisation is already in effect. Methods such as Low-Irradiation Generation
of High Tesla-SABRE (LIGHT-SABRE)** and RF-SABRE" utilise low-power CW
pulses and high-power Radio Frequency pulses, respectively, to drive SABRE
polarisation transfer in the high-field regime, removing the need for sample transfer
by performing SABRE polarisation transfer in situ of NMR detection. Such pulses
are necessary to drive SABRE polarisation transfer in the high-field regime where the
LAC condition cannot be met. Signal enhancements of 480 for °N in free pyridine
were recorded using LIGHT-SABRE** whereas signal enhancements of about 1600 for
15N in free pyridine was recorded with RF-SABRE,®® and in a much shorter transfer
time (0.5s versus 7.5s).
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The goal of this project is to directly probe the SABRE polarisation transfer
mechanism to 'H and heteronuclei under weak magnetic fields by detecting hyper-
polarisation on the target molecule immediately after the polarisation transfer step
without the need to transport the sample to a high-field detector. This is achieved
by detecting the SABRE hyperpolarisation in the ULF regime. Carrying out SABRE
polarisation transfer in situ within the NMR detector will allow us to better understand
the SABRE polarisation transfer mechanism so that it may be optimised and more
effectively directed to target nuclei on the chosen analyte. ULF NMR systems operate
at magnetic fields of pT-mT, and unlike high-field and benchtop NMR systems, do
not require the use of permanent or superconducting magnets to generate a B° field.
These systems are therefore portable and cost efficient and permit the use of external
solenoids to access magnetic fields across the entire PTF range (nT-mT). With NMR
detection and SABRE polarisation transfer occurring in the same magnetic field regime,
control of the current through these solenoids during an NMR experiment allows facile
switching between the PTF and the detection field whilst the sample remains inside
the probe (in situ magnetic field cycling).

The principal driving force for the development and implementation of ULF
detection has been the wide range of applications offered by the ability to perform
NMR and MRI outside of the labS%68 Since sensitivity scales approximately with
(B%)2, NMR signals in the ULF regime are many orders of magnitude weaker than
those acquired with traditional high-field NMR systems, and ULF NMR detection
heavily depends upon the use of hyperpolarisation methods to enhance signal intensity.
The prepolarisation method, which achieves hyperpolarisation by increasing thermal
polarisation of the nuclear spin system, is one of the most common approaches
used in ULF NMR. It was first developed by Packard and Varian® during the early
stages of NMR to enable the detection of a Free Induction Decay signal in the
highly homogeneous, free and naturally available Earth’s magnetic field (~50pnT).
Prepolarisation works by thermally polarising a sample under a stronger (mT) but
not necessarily homogeneous magnetic field (prepolarising field), prior to detection in
the weaker but more homogeneous Earth’s magnetic field. The prepolarising field is
oriented perpendicular to the Earth’s magnetic field and is switched off adiabatically
(slowly on the timescale of NMR evolution; ~ 10 ms) to ensure the induced polarisation
is preserved during alignment of the spin system to the Earth’s magnetic field. After
realignment, the sample is excited by an RF pulse for detection. The implementation of
prepolarisation has enabled the application of Earth’s Field NMR (EFNMR)) to areas
such as diffusion NMR /™ 2D NMR™ and 3D MRI“? Hyperpolarisation techniques such
as DNP M SEOP™ ™ and PHIP ™ that achieve hyperpolarisation of the nuclear
spin system far beyond thermal equilibrium conditions have also been implemented
with ULF NMR instruments to improve detection.

Presented in this report is the implementation of SABRE with EFNMR, not
to enhance the accessibility and applicability of EFNMR as an analytical technique,
but to carry out SABRE polarisation transfer in situ of NMR detection to probe the
process directly and hence more reliably. Along with high signal resolution (linewidths
< 1Hz) provided by the highly homogeneous Earth’s magnetic field (BY) which is not
as easy to achieve on the other ULF systems, EFNMR systems offer easy access to the
bore, making them suitable for integration with an automated gas flow system for in
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situ p-Hy bubbling of the sample. The drop in sensitivity due to low levels of thermal
polarisation at the Earth’s magnetic field is compensated for by hyperpolarisation via
PHIP, as the amassed hyperpolarisation on the target molecule is independent of B°.

First presented in Chapter 3 is an introduction into the commercially available
EFNMR instrument utilised for the in situ detection of SABRE polarisation, covering
methods and built-in procedures to maximise the acquisition of non-SABRE-polarised
signals in the ULF regime. Demonstrated in this chapter is also the implementation
of a triaxial Helmholtz coil array to improve the performance of the EFNMR system.
These external solenoids enable more accurate RF pulse calibration, as well as precise
control over the external magnetic field to maximise signal intensity and permit in situ
magnetic field cycling. Chapter 4 illustrates the automated gas flow system, made-up
of a p-Hy generator, a flow controller and a reaction cell that when integrated with the
EFNMR probe allows in situ p-Hs bubbling of the sample during exposure to the PTF,
the RF pulse experiment and NMR detection. A detailed description of the operation
of the p-Hy generator and Bruker polariser control unit (flow controller) is given,
along with the built-in and designed (in-house) flow procedure macros that ensure
a reproducible flow and pressure of p-H, into the sample for reproducible SABRE,
and help to troubleshoot and diagnose flow problems within the automated gas flow
system due to leaks and blockages in the p-Hs path.

The bespoke EFNMR system, which now offers control over the external magnetic
field across the ULF regime and in situ p-Hs flow into the sample, is implemented
for interrogation of the polarisation transfer mechanism by observing and comparing
homonuclear and heteronuclear polarisation transfer to 'H and °F in N-heterocyclic
substrates. Fluorine is the heteronucleus of choice here because it is 100% abun-
dant in the NMR-active F isotope (I =1/2) with the highest gyromagnetic ratio
(y=40.078 MHz T~ ') behind 'H. Additionally, SABRE polarisation transfer to YF
is well established® using pT PTFs and PTF-cycling experiments. As the focus of
this work is not improving the SABRE reaction for higher signal enhancements, a
model and well documented SABRE catalyst, solvent and molecule combination is
utilised. This ensures the acquired hyperpolarised EFNMR results, which can be hard
to interpret, are a consequence of an ideal SABRE reaction.

The successful acquisition of SABRE-polarised 'H and *F EFNMR signals in
four different fluorinated pyridines using mT PTFs for optimal transfer to 'H, is
shown in Chapter 5. NMR in the ULF is still dominated by the nuclear Zeeman
effect, but there is strong coupling between the nuclei. Coupled with the loss of
chemical shift resolution, EFNMR spectra are complex and challenging to interpret.
NMR simulations are utilised here as a powerful tool in assigning and interpreting the
acquired EFNMR signals as they can be dissected in a way that is not possible with
experimental spectra. With an understanding of the observed hyperpolarised 'H and
YF EFNMR signals, the results from the PTF-cycling experiments demonstrated in
Chapter 6 for two of the four target analytes, can be interpreted for insight into the
magnetic field dependence of SABRE polarisation transfer. Simulations can also offer
insight into the nuclear spin states of the molecule that are involved in the SABRE
polarisation transfer mechanism across varying polarisation transfer conditions, to
further aid in probing the transfer mechanism.
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Presented in Chapter 7 is the design and implementation of a Gaussian RF
pulse on a benchtop NMR spectrometer to perform the sel-SHARPER experiment
on more compact NMR systems. This work was part of a collaborative project with
the Dusan Uhrin group at the University of Edinburgh and was carried out over the
first COVID-19 lockdown when lab access was not permitted, thus preventing the
undertaking of hydrogen flow experiments (required for work related to the thesis).
The design of the Gaussian RF pulse required only a water sample and could therefore
be performed remotely. Illustrated in this chapter is the method used to correct for
the non-linearity of the RF amplifier in the benchtop NMR spectrometer to accurately
synthesise a Gaussian shaped pulse. Methods for the calibration of selective and
non-selective RF pulses is also demonstrated. Successful design of the Gaussian pulse
enabled the acquisition of sel-SHARPER spectra on a range of fluorinated pyridine
derivatives.

Chapter 8 includes a conclusion of the work presented in this thesis with a
discussion about the future of this research. This includes comments on how the work
can be improved, predominantly focusing on maximising the Signal to Noise Ratio
by achieving higher levels of hyperpolarisation. Potential improvements to the
instrumentation is also mentioned to allow further optimisation of the SABRE-EFNMR
experiments as well as the design of new experiments to widen understanding of the
SABRE polarisation transfer mechanism.
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2| Background Theory

2.1 NMR Fundamentals

2.1.1 Nuclei in a Magnetic Field

Nuclei with spin [ > 0 posses spin angular momentum, S, and a magnetic moment, p.
The relationship between the two is shown below:

fi=1S (2.1)

where the proportionality constant, v, is the gyromagnetic ratio of the nucleus and
the hats above the symbols denote a quantum mechanical operator.

The spin state of a nucleus with spin [ is (27 + 1)-fold degenerate. In the
presence of an external magnetic field, B°, the degeneracy is broken by nuclear Zeeman
splitting and 27 + 1 energy levels (m; € {-I, -1 +1...1-1, I}) are formed. FIGURE
illustrates the nuclear Zeeman splitting for nuclei of different spin. Splitting of
the spin states is shown to increase with the strength of B°. The weaker splitting of
13C compared to 'H, both of which are spin / =1/2, is because the latter has a much
larger gyromagnetic ratio (yg/vc ~4) and thus interacts more strongly with BY.

"C(=0 (I=1/2) 13C (I=1/2) 2H (I=1)
E4 =-1/2 4 m, = -1
m, =-1/2
= m,=0
m, = 1/2
m, = 1/2 m =1
,BO

FIGURE 2.1: Tllustration of nuclear Zeeman splitting in nuclei with different spin.

These split spin states can be expressed as wave functions in Bra-Ket notation:
(W) = [I,mp) (2.2)

These wave functions are eigenfunctions of the Zeeman Hamiltonian operator, ﬂz,
such that: R
Hy |I,m;) = E|I,m;) = —yB°L, |I,m;) (2.3)
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where I, is the z-angular momentum operator which projects the z-component of the
angular momentum of a nuclear spin state by the following eigenequation:

L \I,m;) =m|I,my) (2.4)

The m; parameter, denoted the azimuthal quantum number, is therefore an eigenvalue
of the I, operator. Its value represents the magnitude of z-angular momentum and its
sign represents the alignment of z-angular momentum along B°. It is important to
note that Eq. does not include the reduced Plank’s constant, h, as the energy is
being quoted in units of angular frequency (rad s™1).

Magnetic nuclei (I > 0) also undergo Larmor precession about B (conventionally
along the z-axis) with a Larmor frequency, w°, equal to:

w’ = —yB° (2.5)

Taking a single spin-1/2 nucleus (I =1/2) as an example, its interaction with the
external field causes nuclear Zeeman splitting of the degenerate spin states into a
lower energy |a) (]1/2,1/2)) state, and a higher energy |5) (|1/2, —1/2)) state that
represent parallel and anti-parallel alignment of the nuclei to B, respectively (see
FIGURE [2.1). The energy of the |a) and |3) spin state is calculated using Eq.
and Eq. 2.4 to be:

N 1

Hz |a) = §w0 (2.6a)
N 1

Hz|8) = —§w0 (2.6b)

The red arrows in FIGURE [2.2] illustrate the alignment of the nuclear magnetic
moment to BY (along the vertical axis). The Larmor frequency of the nucleus turns
out to be equal to the energy difference between the spin states.

Within a molecule, the Larmor frequency of a nucleus varies depending on its
chemical environment because electrons in the molecule induce local magnetic fields
across a submolecular distance that combine with B°. Therefore, depending on the
molecular location of a nucleus, it will experience an effective field, Beyy, such that:

Begs = B'(1 + dcs) (2.7)
E B> = B’
2
AE = w® = -yB°

0
= - ¥8°
TS
0
Bt
FIGURE 2.2: Nuclear Zeeman splitting of a single spin-1/2 nucleus inside of a magnetic field,

B°.

30



where d¢cg is the isotropic chemical shift. The Larmor frequency of a nucleus is therefore

expressed as:
UJO = ")/Beff (28)

leading to the definition of the chemical shift Hamiltonian operator, Hog:
I:ICS = wofz (29)

The intramolecular magnetic interactions between nuclei has not been considered
thus far, but is necessary to more accurately represent the energy of a nuclear spin
system. In a sample the nuclei in a molecule also interact magnetically with each
other and these interactions are independent of B®. One example is the through-space
interaction between nuclear magnetic fields known as dipole-dipole coupling. Another
example is the indirect through-bond interaction between nuclear spins that is mediated
by the electrons in chemical bonds, known as J-coupling. In an isotropic liquid, the
scalar J-coupling interactions survive the rotational motion of the molecule, but the
orientation-dependent dipole-dipole couplings average to zero.

The magnitude of the J-coupling interaction is proportional to the number of
bonds between the coupled nuclei, becoming stronger when they are separated by
a smaller number of bonds. The J-coupling also has a sign, where a positive sign
indicates that the energy of the interaction between two nuclei is lower if their magnetic
moments are antiparallel, and conversely if the sign is negative. For a coupled pair
of spin-1/2 nuclei the energy of the interaction is calculated from the J-coupling
Hamiltonian operator, H;:

I:IJ == 271'ij ij . I;g (210)

LYo = (Ljodro + Ly lhy + L2 112)
The complete Hamiltonian operator is derived from the sum of the Zeeman and J-
coupling Hamiltonian operators, and for a coupled pair of spin-1/2 nuclei, it is equal

to:
I:I:I:Ics—f—I:IJ :W(l)jlz+w(2)j2z+27r<]12i]_ 'i2 (211)

where the Zeeman Hamiltonian operator must include the Larmor frequency of nucleus-

1 and nucleus-2. If the two nuclei have the same chemical shift, they are said to be

chemically equivalent and the Zeeman term of the complete Hamiltonian simplifies to
o) 4

w (I 1z + [22>

The Hamiltonian operator can be expressed more generally for a nuclear spin
system of n coupled spins as:

H= Zwﬁfm + Z Z or gl - 1y (2.12)

Jjo >k
where j and k refer to groups of magnetically inequivalent spins.

Under strong magnetic fields the J-coupling interactions between nuclei can
become weak. The condition for weak coupling is:

|w§~) — wy| >> |l (2.13)
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As the Larmor frequency scales with B° but the J-coupling does not, strong magnetic
fields can separate the Larmor frequencies of coupled nuclei several orders of magnitude
above the size of their J-coupling interactions. Within this condition, the nuclear spin
interactions are dominated by the Zeeman effect (magnetic field interactions along the
z-axis). As such, the I ]xl ke and I Jy]ky J-coupling terms become very small and hence
have a negligible contribution to the Hamiltonian. Using the secular approximation to
remove low energy terms, the Hamiltonian can be simplified to:

Z WL + > Y 2w LI (2.14)

i >k

In the presence of much weaker magnetic fields (nT-mT) the complete form of
the Hamiltonian (see Eq. is used because while the nuclear spin system is still
dominated by the Zeeman effect, the J-coupling interactions between nuclei have a
much larger contribution to the Hamiltonian and the secular approximation cannot be
employed. The J-coupling interaction between nuclei is considered strong when the
following condition is met:

i — wil 2 17 Tjil (2.15)

Heteronuclear J-coupling interactions are therefore always weak in the high-
field regime because the difference in Larmor frequency arises from the difference in
gyromagnetic ratio between different types of spins. By contrast, for homonuclear
J-coupling interactions, the Larmor frequency difference between coupled nuclei is
due to differences in chemical shift. The strength of the coupling can lie somewhere
in between strongly and weakly coupled, depending on the size of the chemical shift
difference in ppm, the strength of the magnetic field, and the size of their J-coupling
interactions.

Pople nomenclature is a notation proposed by Bernstein and Pople®? to classify
nuclear spin interactions based on the relative strength of the J-coupling interactions
within molecules. In this notation, each spin in the system is denoted by a capital
letter. Spins that are chemically inequivalent, i.e. that have different chemical shift
values, are given different letters. Pairs of nuclei with Larmor frequency differences
comparable to the J-coupling value between them are assigned to adjacent letters in
the alphabet to indicate that they are strongly coupled (e.g. AB). The use of letters
well separated in the alphabet indicates a pair of nuclei that have a difference in
Larmor frequency that is orders of magnitude higher than their J-coupling interaction,
indicating weak coupling (e.g. AX). Chemically equivalent nuclei are labelled with
the same letter; however, the prime symbol is used within Pople nomenclature to
denote magnetic inequivalence between two chemically equivalent nuclei e.g. AA’. A
set of spins are magnetically equivalent if they are chemically equivalent and have
identical J-coupling interactions to the other nuclei in the spin system. Chemical
equivalence combined with non-identical coupling interactions to other nuclei represents
magnetic inequivalence. The nuclear spin systems of molecules such as methane (CHy),
2,2,2-trifluoroethanol (F3C-HyC-OH) and 1-bromo-1-fluoroethene (HyC=CBrF) are
examples of Ay, A3 X35 and ABX in the high-field regime, respectively. The carbon
and bromine nuclei are not included as they are considered to be non-magnetic.
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2.1.2 NMR Relaxation

In a sample containing multiple magnetic nuclei (I > 0), exposure to a magnetic field
generates a net magnetic moment that is aligned parallel to B°. This is because a
thermal equilibrium population difference (thermal spin polarisation), dictated by
the Boltzmann distribution, is established between the spin states, with more spins
populating the lower energy spin states. The direction and strength of the net magnetic
moment is related to the spin state with excess population and the size of the excess,
respectively.

In the absence of a magnetic field the net magnetic moment of a sample is
very close to zero. This is because the nuclear energy levels are degenerate and
therefore equally populated at thermal equilibrium (isotropic distribution of spin
polarisation). As there is no preference for alignment of the nuclear magnetic moment
to any particular direction, the magnetic moments point in all possible directions
and cancel each other out. Sudden exposure of the sample to a magnetic field causes
Zeeman splitting of the degenerate spin states and the spins undergo Larmor precession
about the field. However, initially there is no effect on the population of the energy
levels and the spin polarisation remains isotropic.

Over time, tiny fluctuations in the magnetic environment of the liquid sample
due to thermal motion (e.g. molecular rotation and collisions) leads to the generation
of tiny fluctuating magnetic fields that break the isotropy of the spin states. The
energetic preference for aligning parallel to B° allows the slow build-up of polarisation
and hence longitudinal magnetisation (M, ) until it plateaus to a thermal equilibrium
magnetisation, M,,. This process is known as longitudinal relaxation (more commonly
referred to as Tj relaxation) and is expressed mathematically as:

M.(t) = M., (1 _ exp{;—f}) (2.16)

where T} is an exponential time constant known as the longitudinal relaxation time
constant. The plot of longitudinal magnetisation build-up as a function of time and

BY is illustrated in FIGURE 2.3

Transverse relaxation (more commonly referred to as T5 relaxation) describes the
decay of magnetisation along the transverse plane which is perpendicular to B°. When
a sample at thermal equilibrium with net longitudinal magnetisation (M,,) interacts
with an RF pulse, the vector of the magnetisation is rotated about the axis of the
RF pulse (nutation) and, assuming the pulse is accurately calibrated for a 7/2rad
nutation, is placed along the transverse plane. Transverse magnetisation is essential to
NMR detection as the Larmor precession of nuclei along the transverse plane permits
electromagnetic induction on the B! coil for digitisation of the NMR signal.

The precession of transverse magnetisation can be described in terms of mag-
netisation along the x and y-axis:

M, = M., sin (w°t)

2.17
M, = —M,, cos (w’t) (2.17)
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FIGURE 2.3: The T; relaxation process causes the build-up of longitudinal magnetisation
(M.) in a sample after it is exposed to a magnetic field BY.

The above equations describe Larmor precession of magnetisation that begins along the
-y-axis and precedes to rotate toward the x-axis (-y —x —y —-x). This is achieved by
a m/2 nutation of the net longitudinal magnetic moment with an RF pulse applied along
the x-axis. This description of precession along the transverse plain is not complete
because in practice there is decay of the transverse magnetisation. Just as the strength
of the net magnetic moment along B® depends on the longitudinal polarisation of the
nuclei, the net magnetic moment along the transverse plain depends on the transverse
polarisation of the nuclei. However, the transverse polarisation decays over time due to
the nuclei experiencing slightly different local magnetic fields that shift their Larmor
frequencies. This loss in synchrony between the nuclear magnetic moments over time
occurs with an exponential decay characterised by the exponential time constant, 7},
known as the transverse relaxation time constant.

There are two distinct sources of T5 relaxation: inhomogeneity in B° across the
sample volume due to instrumental imperfections (AB?) and the presence of local
magnetic fields that arise as a consequence of natural intramolecular and intermolecular
interactions within the sample; considered the 'true’ or natural 75 (Th(nar)). 15 is a
combination of both sources of relaxation and is therefore considered as the ’effective’
or ’observed’ Ty, such that:

1 1

= +~vAB° 2.18
TQ* TZ(nat) K ( )

The precession of transverse magnetisation can therefore be more accurately
described as:

—t

M, = M,,sin (w°t) exp (F)

2 (2.19)

—1
M, = —M,, cos (w"t) exp(—*>
Ty

where the exponential term causes damping of transverse magnetisation. The plot of
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FIGURE 2.4: Plot of the x and y-components of the transverse magnetisation as a function of
time, where the exponential damping of both traces is caused by 75 relaxation.

transverse magnetisation as a function of time in FIGURE replicates the form of
an FID.

The magnetisation along the x and y-axis replicates the real and imaginary components
of the FID, respectively. As T5, relaxation manifests in the FID it impacts the shape of
the acquired NMR signal. The linewidth at half-height of the Lorentzian NMR peak
in the frequency domain (Avy/,), after the Fourier transform of the FID in the time
domain, is dictated by Ty (see FIGURE through the following equation:

Al/l/Q = (220)

*
w15

A longer T3 value represents slower 75 relaxation and a weaker damping of the FID.
In turn, a narrower Lorentzian NMR signal is acquired. Minimising the linewidth of
NMR signals is crucial to minimise peak overlap and maximise signal resolution.

i
<«

v
FIGURE 2.5: The linewidth at half-height of an NMR signal is controlled by 75 relaxation.
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2.2 NMR in the Ultra-Low-Field Regime

2.2.1 Sensitivity

The sensitivity of NMR is measured by the strength or intensity of the NMR signal,
which is directly proportional to the polarisation (P) of the nuclear spin system.
Polarisation arises from the population difference between the nuclear spin states, and
for a sample of spin-1/2 nuclei at thermal equilibrium, P is expressed as:

_ Pla) — Py
Play T DP8)

P (2.21)

where p is the Boltzmann population of a spin state:

~exp(—hw /kpT) (2.92)
T exp( el k) |
and where w? refers to the energy of spin state |r). For a spin-1/2 nucleus the energy
of the |a) and |3) spin state is:

Wl =—w’/2

wg = w’/2
Using the high temperature approximation which accounts for the fact that the
magnetic energy (w®) of a nuclear spin system is several orders of magnitude weaker

than the thermal energy of the system (kgT) for temperatures above a few mK, the
Boltzmann distribution (Eq. [2.22)) can be simplified by the following approximations:

(2.23)

SR\ B
exp( T ) ~1— T (2.24)
and

T\
Z exp( T ) =21 +1 (2.25)

to give:
1 hw®
= = 2.26
Py =5+ 1ipT (2.26a)
1 hw®
——_ 2.26b
P =57 TaT (2.26b)

Substituting Eq. [2.26a] and [2.26b] into Eq. produces the the thermal polarisation
of a spin-1/2 system:

0
T 2kgT

The thermal polarisation of 'H nuclei at 11.74 T and 295K is calculated to be
4.0x 1077 (3.5ppm T~') and corresponds to an excess of 40 nuclei in every million that

at high T (2.27)
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populate the lower energy state. Thus, NMR is an insensitive spectroscopic technique
that requires relatively large sample volumes (> pL) even with the use of the strongest
magnetic field strengths available.

Since thermal polarisation of the nuclear spin system is proportional to B,
moving from the high-field to the ULF regime (T — pT) leads to a drop in B by several
orders of magnitude that is accompanied by a significant loss in sensitivity. Furthermore,
traditional acquisition of the NMR signal via Faraday detection (precession of magnetic
spins in a sample induces a voltage in an RF pick-up coil through electromagnetic
induction) becomes significantly less effective since the induced voltage in the RF
coil scales with ~ (B°)'/2. Therefore, while sensitivity is a challenge when working
in the high-field regime (>1T), in the ULF regime it is too low to observe thermal
polarisation without some type of sensitivity enhancement. Alternative acquisition
methods such as those with SQUID devices®!' and atomic magnetometers™ have been

developed to provide an alternative to Faraday detection for the improved acquisition
of NMR signals at ULFs.

2.2.2 Strong Coupling

The exposure of a nuclear spin system to a strong external field leads to satisfaction of
the weak coupling condition (see Eq. by the heteronuclear J-coupling interactions
and also by the homonuclear coupling interactions in some cases. When the nuclear
spin system is exposed to the ULF regime, all J-coupling interactions within it satisfy
the strong coupling condition (see Eq. . The Hamiltonian to describe the energy
of this system cannot be simplified via the secular approximation and retains its

complete form (see Eq. [2.12)).

In the Earth’s magnetic field (~50pnT) the chemical shift collapses. As a
consequence, all nuclei of the same species precess at the same Larmor frequency
and hence become very strongly coupled (|w? -wy| < |7 Jji|). Heteronuclear J-coupling
interactions between 'H and F also become strong as their Larmor frequency difference
drops to ~ 130 Hz at 50 nT in comparison to ~30MHz at 11.74 T. Therefore, for the
example molecules given in section 2.1.1: CHy; F3C-H,C-OH; and HyC=CBrF, they
are labelled in the Earth’s magnetic field as A4, A3Bs and ABC, as opposed to Ay,
A X3 and ABX in the high-field regime, respectively.

As a result of the loss in chemical shift at the Earth’s magnetic field and the
very strong homonuclear couplings, all nuclei of the same species become magnetically
equivalent. For example, pyridine becomes an As nuclear spin system and yields a 'H
EFNMR spectrum that displays only a singlet. Homonuclear J-coupling interactions
can only be observed in a spectrum if the magnetic equivalence of these nuclei is
broken. This requires the use of a heteronucleus as illustrated by Appelt et al®? on
a sample of tetramethylsilane with chemical structure Si(CHjs), and natural
abundance *C (1 %) and silicon #Si (4.7%). A major singlet peak was observed that
corresponds to the 12 magnetically equivalent protons in molecules of TMS that did
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not contain a magnetic isotope of carbon and silicone. Minor peaks from homonuclear
J-coupling interactions were observed for 'H nuclei whose symmetry were broken by
heteronuclear J-coupling interactions to *C and 2Si.

The strength of the J-coupling interaction has a major influence on the shape of
the multiplet produced by each chemical environment, as well as the relative signal
intensities of the split peaks within that multiplet. Under weak coupling conditions the
secular approximation allows the Hamiltonian operator to be defined by the Zeeman
eigenbasis. For a pair of spin-1/2 nuclei the Zeeman basis is written as:

V) = Caa|aa) + cag |af) + cpa |Ba) + cp5|B8) (2.28)
where ¢ are the superposition coefficients for each eigenstate which must be normalised:
1 |* + leal® + fesl* + |ea]* = 1 (2.29)

Under strong coupling conditions the complete Hamiltonian operator is defined
by the singlet-triplet eigenbasis:

W) = cq, [Th) + ey [To) +er, |T-1) + cs, [S0) (2.30)

where,
Ty

Sl- 2

7o |aB) + |Ba))

o)

(
T, > (2.31)
(

I
=
=

Sl

)
)
)
)

5o |aB) = [Ba))

The singlet-triplet eigenbasis is therefore a superposition (or mixing) of the eigenstates
in the Zeeman eigenbasis. For chemically equivalent nuclear spins, the mixing can
break the degeneracy of certain Zeeman states (e.g. |af) and |Sa)) which consequently
leads to more (-1) quantum coherences in the nuclear spin system (refers to the flipping
of one nuclear spin, e.g. |aa) — |af) which is an NMR-observable transition) and the
formation of more complex multiplets with a higher number of split peaks.

The 3-spin difluoromethyl functional group, CHF5, is encountered in this thesis
and is an example of a nuclear spin system that gives rise to drastically different NMR
signals under weak (AX5) and strong (ABs) heteronuclear coupling conditions in the
high-field and ULF regime, respectively. FIGURE illustrates the NMR spectra for
such a spin system at both regimes, where the ULF spectrum corresponds to NMR
detection in the Earth’s magnetic field (~501T). At high-field, the 'H signal is a
triplet due to coupling to two equivalent *F nuclei (2NT + 1 = 3, where I is spin and
N is the number of magnetically equivalent nuclei), and the °F signal is a doublet
due to coupling to a single 'H nucleus (2N1 + 1 = 2). In the Earth’s magnetic field,
the 'H and "F signals each form a multiplet of four peaks, giving a total of eight (-1)
quantum coherences in AB,, in comparison to five in AX5.

The EFNMR spectrum in FIGURE demonstrates the close proximity
(~130Hz) in Larmor frequency of 'H (vg) and F (vr) which allows simultane-
ous excitation of the two nuclei with a single RF pulse, followed by simultaneous
acquisition. This concept will be explored in more detail in Chapter 3.
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FIGURE 2.6: Illustration of the a) high-field AXs and b) EFNMR AB; spectrum of a CHF,
functional group. The high-field '°F and 'H spectra show a doublet and triplet at their
corresponding chemical shifts of w% and wY, respectively. The EFNMR spectrum shows four
19F and 'H peaks at their corresponding Larmor frequencies of vx and vy that are separated
by around ~130Hz at ~50nT.

2.3 Para-Hydrogen

The hydrogen molecule (Hy) is made-up of two spin-1/2 'H nuclei that have four
different combinations of the nuclear spin states:

1S0) = %(Iaﬂ) “|8a))  antisymmetric
|Ty) = \oia> symmetric (2.32)
T = —s(laf) +18a)  symmetric

1T_1) = |BB) symmetric

These can be separated by their nuclear spin state symmetry with respect
to particle exchange; one antisymmetric state, the ’singlet’ state (|Sp)), and three
symmetric states, the 'triplet’ states (|T3), |To) and [T_1)). The subscript represents
the total spin angular momentum of the combined nuclear spin state. The singlet
state of Hy is named the para-state, meaning abnormal, and the triplet state is named
the ortho-state, meaning dominant, referring to their 1:3 degeneracy ratio.

The para and ortho-states populate different rotational energy levels, J (rotational
quantum number), and have different energies. The even (J=0,2,4..) and odd
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FIGURE 2.7: Energy level diagram of He when considering the spin state energies coupled to
the rotational state energies (not drawn to scale). The ground state rotational level (J=0)
corresponds to the para-state and the second rotational level (J =1) corresponds to the ortho-
state.

(J=1,3,5..) rotational energy levels correspond to symmetric and antisymmetric
spatial states with respect to particle exchange, respectively. As Hy is made-up of
fermions (spin-1/2 particles), its total quantum state must be antisymmetric with
respect to particle exchange (Pauli principle). Therefore, the antisymmetric para-state
must populate a symmetric (even) spatial state, and the symmetric ortho-state must
populate an antisymmetric (odd) spatial state (assuming the system is symmetric with
respect to populations of the vibrational and electronic states).

Mlustrated in FIGURE are the energy levels of Hy at J =0 and J =1, where
the black arrows and spheres depict the relative alignment of the magnetic moments of
each 'H nucleus in Hy. Population of the para-state in an Hy molecule represents the
existence of para-hydrogen (p-H,), whereas population of the ortho-state represents
the existence of ortho-hydrogen (0-Hs).

Occupation of the rotational energy levels of a molecule is dictated by Boltzmann’s
distribution law for a rotational state:%3

J(J +1)0
N; = Ngjexp (-%) (2.33)
h2
Op = ———
" 8r2 kg

where N is the occupation of the J** rotational energy state, N is the total number of
states, g7 is the degeneracy of the J™ rotational energy state and 7 is the temperature.
The rotational constant, 0, is also defined in Eq. [2.33] where h is the Plank’s constant,
I is the moment of inertia and kg is the Boltzmann constant. The ratio of p-H, to
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FIGURE 2.8: Temperature dependence of the percentage population of p-Hs. The graph was
plotted using 0 =87.57 K (calculated from Eq. [2.33).

0-H, is therefore calculated as:

J(J+1)0
Npara  2ed=even(2J + 1) excp (— 21500

_ (2.34)
Northo 3 > —oqa(2J + 1) exp (_%>

Using Eq. [2.34] the percentage occupation of p-Hy can be plotted as a function
of temperature (see FIGURE . This trend was reproduced experimentally via
detection of the 'H NMR signal of p-H, enriched Hy gas dissolved in toluene.®

H, gas at 298 K (room temperature) is made-up of 75% o-Hy and 25% p-
H,, indicating a 3:1 ortho to para population dispersion (see FIGURE . The
population of the para-state of Hy drastically increases below 150 K. 94.3 % and 52 % p-
Hy enrichment is achieved at 35 K and 77 K which corresponds to the use of compressed
helium and liquid nitrogen, respectively.

The conversion of o-Hy to p-Hj is symmetry-forbidden because one of the 'H
nuclei must undergo spin reversal. Therefore, conversion requires cooling Hy in the
presence of an inhomogeneous magnetic field to perturb the molecular symmetry.
This was successfully demonstrated using a magnetic dipole as the source of magnetic
field inhomogeneity.®® Paramagnetic species such as iron(III) oxide®®E% or activated
charcoal®®® have been used for many years and work very well. Once conversion is
complete, the attained p-Hy enrichment can be warmed up for use at room temperature
and stored for several weeks, >V provided the gas is not in contact with a paramagnetic
species as this will permit the symmetry forbidden conversion of p-Hs back to o-Hs to
re-establish the thermal equilibrium populations of the rotational energy states. The
para-state is therefore a long-lived state.

Applications of p-H, include rocket fuel” and liquid hydrogen storage”® In
NMR, the spin polarisation of p-Hs enriched Hy gas is exploited. Conversion of o-H,
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FIGURE 2.9: Illustration comparing the population dispersion across a thermally polarised
and hyperpolarised nuclear spin system. The red spheres correspond to the NMR visible nuclei
that contribute to the magnetic moment of the sample, ngampie-

to p-Hy corresponds to population transfer from the H, triplet states to the pure
singlet state Sy, creating a highly polarised nuclear spin system; at compressed helium
temperatures (~35K) 94.3% p-Hy enrichment is achieved, corresponding to almost
100 % spin polarisation. The PHIP hyperpolarisation techniques?*5Y provide a route
toward increasing the spin polarisation of target nuclear spin systems far beyond the
limits of thermal equilibrium, as illustrated in FIGURE 2.9, to massively enhance
SNR and overcome the poor sensitivity of NMR detection.

2.4 Signal Amplification By Reversible Exchange

SABRE is a variant of PHIP that was first demonstrated by Adams et al. in 200921 As
a p-Hy based hyperpolarisation technique, SABRE relies on the transfer of polarisation
from the singlet state Sy of Hy to nuclear spin states on the target analyte. Achieving
this requires breaking the symmetry of the two p-Hs-derived hydrides to unlock their
hyperpolarisation, and requires the introduction of magnetic inequivalence between
them. The conversion process of 0-Hy to p-Hs utilises a paramagnetic species as the
source of magnetic inequivalence. In SABRE, magnetic inequivalence is achieved when
p-Hs binds via oxidative addition to the metal centre of a SABRE catalyst which has
been specially designed to ensure the bound hydrides experience different J-coupling
interactions with neighbouring nuclei (e.g.AA’B or AA'BB’ spin system, where A
corresponds to the p-Hy derived hydrides).

SABRE relies on a catalytic cycle to achieve continuous hyperpolarisation of a
target analyte. FIGURE outlines the SABRE catalytic cycle using the Ir-IMes
(IrC{{CODJH{[Mes]}|, where IMes = 1,3-bis{2,4,6-trimethylphenyl }imidazol-2-ylidine
and COD = cis,cis-1,5-cyclooctadiene) pre-catalyst. Mixing of the pre-catalyst with
p-Hs gas and the substrate of interest in the presence of an organic solvent leads
to the formation of the SABRE-active catalyst. Exposure of this species to a weak
magnetic field in the ULF regime (pT-mT) drives polarisation transfer from the p-H,
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FIGURE 2.10: SABRE catalytic cycle for the production of hyperpolarised substrate in solution
using the Ir-IMes pre-catalyst. Reversible binding of Hy and the substrate (Sub) is necessary to
drive the catalytic reaction, and weak magnetic fields are required to drive SABRE polarisation
transfer to the catalyst bound substrate molecules. Blue font denotes hyperpolarised atoms or
molecules.

derived hydrides to the substrate. At this point, hyperpolarisation of the hydrides
is depleted and the hyperpolarised substrate ligands detach from the SABRE-active
catalyst, leaving behind an empty binding site that p-Hs and the substrate compete
for. When there is oxidative addition of fresh p-Hs into the binding site, the 'old’
hydrides reductively eliminate to form Hy gas and again leave behind an empty binding
site. In the case where this is followed by the binding of a new substrate molecule, the
initial form of the SABRE active catalyst is regained (see FIGURE . Since the
binding of p-Hs and substrate molecules is reversible and the substrate molecule is not
chemically altered over the course of the catalytic cycle, the SABRE reaction can be
continuously repeated with a fresh supply of p-Hs to build hyperpolarised substrate in
solution.

As already stated, the binding of p-Hs to the SABRE pre-catalyst unlocks its
hyperpolarisation. If this occurs in the ULF regime and in unison with the binding of
a substrate molecule, the polarisation on the singlet state, which is NMR silent, can
be efficiently transferred to the substrate (SABRE polarisation transfer) where it can
be detected by NMR for the acquisition of hyperpolarised signals. This is because
in the ULF regime the energy of the nuclear spin states approach each other, and at
certain magnetic fields they cross. The strong coupling interactions (see Eq.
between nuclei in the ULF regime lead to a Level Anti-Crossing (LAC), also known as
an avoided crossing, between the nuclear spin states. The LAC provides a pathway for
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coherent polarisation transfer in the ULF regime.”

The work by Pravdivtsev et al. in 2012°* provided an understanding of the
role of LACs in the experimentally observed magnetic field dependence of SABRE.
The sign and enhancement level of the SABRE-polarised NMR signal for a range of
N-heterocyclic substrates was shown to follow the magnetic field dependence predicted
by the theory of LACs. Since this theory was constructed from a model AA’M M’
4-spin system, it cannot be used to accurately calculate the magnetic fields required
for LACs within the complexity of a real SABRE system that contains many nuclear
spin states from the three substrate molecules and ligand. A major simplification of
LAC theory gives rise to a general equation that provides a good approximation of
the magnetic field strength required for an LAC involving the singlet state and target
nuclei on the substrate. This equation is knows as the Polarisation Transfer Condition
PTC 139455

Jram, = AVHAB(H,X) (2.35)
B 0g, — 0
AVHAB(H) _ YH PTF(27I:A BH)
BPTF('YH — VB )
AVI, B = om .

where Jy,u,, is the dominant J-coupling interaction between the magnetically in-
equivalent p-Hy derived hydrides, Avy, Buu.x, 1s the frequency difference between the
hydride and target nucleus-B which can either be a proton (Bg) or heteronucleus
(Bx), 6g, and dp,, are the chemical shifts of the 'H nuclei containing and receiving
hyperpolarisation, respectively, and vp, is the gyromagnetic ratio of the heteronucleus
receiving hyperpolarisation.

The condition states that the transfer of polarisation from the singlet state on
the hydride to a target nucleus on the substrate is most efficient when the the dominant
J-coupling interaction within the SABRE-active catalyst coupling network, which is
generally Jy, g ,,, is matched to the Larmor frequency difference between the source
and target of SABRE polarisation transfer. Therefore, the magnetic field strength
that satisfies the matching condition, Bprp, is approximated to be the magnetic field
at which an LAC between the singlet state and the target substrate nuclei occurs.
FIGURE demonstrates the occurrence of an LAC between nuclear spin states
|m) and |n) at Bprp.

Relevant to the nuclei investigated in this thesis, the PTC predicts an optimal
PTF of ~6.6mT for coherent homonuclear polarisation transfer to 'H (y5B%{dxz, —
Oy} ~=32ppm, Ju,m,, ~9Hz), and 3.6 pT for coherent heteronuclear polarisation
transfer to F (vg — vp, = 15.7 x 106rads™! T71).

While optimising the PTF is crucial to maximise the efficiency of SABRE
polarisation transfer from Sy to the substrate, optimisation of the chemistry of the
SABRE reaction is first required to ensure p-H, and the substrate molecules can
bind simultaneously and reversibly to the pre-catalyst to drive the SABRE catalytic
cycle. This requires the careful design of a pre-catalyst containing ligands that are
labile enough to dissociate, after which the catalyst must have sufficient vacant sites
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FIGURE 2.11: Illustration of the formation of an LAC between two strongly coupled nuclear
spin states |m) (blue) and |n) (red) to allow coherent polarisation transfer between them. The
strong coupling constant J leads to an avoided crossing between the two states.

to coordinate the substrate and p-Hy, where these must also bind to the catalyst
but be labile enough to dissociate. Reversibility in their binding is dictated by the
catalyst-substrate and catalyst-hydride binding strength, parameters that can be
altered and tuned with the use of ligands on the pre-catalyst of different sizes (steric
hindrance) and electronegativity.

Crabtree’s catalyst, [Ir(COD)(PCys)(Py)|[BF4] (Ir-based hydrogenation catalyst),
was first implemented for SABRE 24 A modified version of Crabtree’s catalyst
containing an N-heterocyclic carbene ligand® was later implemented, where
the Ir-IMes catalyst and slightly different variants of it?® were found to yield the best
SABRE results for a range of target substrates. Ir-IMes (see FIGURE , which has
been employed for SABRE in this work is therefore a well documented pre-catalyst.
The reaction kinetics of reversible binding of the substrates to Ir-IMes is relatively
slow on an NMR timescale and allows for the resolved detection of the hyperpolarised
bound and free forms of the substrate. Two equatorial and one axial position is filled
by substrate molecules in the activated form of the SABRE-catalyst, where they have
different chemical shifts and experience different J-coupling interactions with the
hydrides that are on the equatorial position. The equatorial substrate molecules are
much more strongly hyperpolarised by SABRE in the ULF regime as they have a larger
J-coupling to the hydrides (trans-coupling) than the axial substrate (cis-coupling).
Furthermore, the axial substrate has a much slower exchange rate with free substrate
molecules than the equatorial substrate.

The lifetime of the active SABRE complex is a key parameter that must also
be optimised, and depends on the binding strength of the substrate to the catalyst.
Hyperpolarisation of the substrate requires both it and p-Hy be bound to the catalyst
so that the unlocked hyperpolarisation on the hydride is directed to the substrate.
However, the amount of polarisation that is transferred varies with time and is related
to the strong J-coupling interaction between the hydride and the target nucleus on
the substrate, Jgx, which mediates the transfer. The optimal lifetime of the active
SABRE complex depends on the dissociation rate of the bound substrate, as it is
this step that subsequently drives dissociation (reductive elimination) of the bound
hydrides, and is equal to a 1/2-cycle of the J-evolution (1/2Jyx) 2% If the lifetime
of the active SABRE complex is much shorter than 1/2.J it will not receive sufficient
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polarisation before substrate dissociation, but if it is much longer, the transferred
polarisation will decay via 77 relaxation and also begin transferring back to the singlet
state. The estimated optimal dissociation rate for pyridine is therefore equal to 257!
(500ms) due to the ~1Hz J coupling between the p-H, derived hydride and the
substrate ortho-proton.

N-heterocyclic substrates bind to Ir-IMes with an optimal lifetime for SABRE
polarisation transfer. It has therefore been employed for the hyperpolarisation of
many pyridine derivatives 2B2508499103 Flyoropyridines are the substrates chosen
in this work as they provide an optimal chemical SABRE system to allow focus
on the polarisation transfer mechanisms to 'H and F. The substrates used are 3-
fluoropyridine (3-FP)), 3,5-difluoropyridine , 3,5-bis(trifluoromethyl)pyridine
(3,5-TFMP) and 3-difluoromethylpyridine (3-DFMP).

The choice in solvent for SABRE is also important as the pre-catalyst and
substrate must be soluble in it. The effective Ir-IMes pre-catalyst is compatible with
a wide range of organic solvents, however, it is not soluble in water, thus limiting
its use in bio-compatible hyperpolarised SABRE experimentst% Protio solvents
are generally avoided in the acquisition of thermally polarised spin systems because
they produce very intense 'H signals that saturate the 'H spectrum and can overlap
with analyte peaks. More expensive deuterated solvents are used instead as they
produce significantly weaker 'H solvent signals. Hyperpolarised spin systems that
produce analyte peaks several orders of magnitude stronger than the solvent peak are
compatible with protio solvents, however, the protio solvent can sometimes compete
with the substrate in binding to the catalyst and consequently become hyperpolarised
and generate a SABRE-polarised 'H signal. This was observed using MeOH.# The use
of co-solvents that bind with a higher affinity to the catalyst were shown to prevent
solvent hyperpolarisation and thus increase the efficiency of SABRE. "

Solvents play a role in the relaxation of nuclear spin systems, and can therefore
influence the hyperpolarised lifetimes of the substrate molecules in solution. The use
of deuterated solvents increases the 77 relaxation time of the nuclei on the substrate
to allow an increase in SABRE efficiency 1Y#1% This is because there is a reduction
in the dipole-dipole interactions between the *H nuclei on the solvent and substrate,
where dipole-dipole interactions act as a source of T} relaxation. The same effect was
observed when substrates and pre-catalyst ligands were deuterated 02107

A key aspect of the SABRE experiment is activation of the pre-catalyst to form
the SABRE-active catalyst. A detailed account of the reaction pathways involved in
the activation of the Ir-IMes pre-catalyst via mixing of the precatalyst, substrate and
solvent in the presence of p-Hy pressure (see FIGURE to form the SABRE-active
catalyst, Ir[(IMes)(H)q(sub)s]* Cl7, is given in the literature ®>®%1% Acquisition of
reproducible and comparable SABRE results requires complete activation of the pre-
catalyst since it is the active-catalyst that mediates SABRE polarisation transfer. The
concentration ratio of precatalyst to substrate must be at least 1:3 (3 equivalents of
substrate) to ensure full activation, however, higher equivalents are typically used to
yield stronger hyperpolarised signal intensities as there is more substrate available
for hyperpolarisation, and hence a larger concentration of hyperpolarised substrate in
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solution is established. For this reason, the SABRE experiments in this work have used
relatively large substrate excesses (20 - 50 fold) to maximise the absolute hyperpolarised
signal intensity and achieve sufficient SNR. Nonetheless, whilst increasing substrate
concentration increases the absolute signal intensity, the hyperpolarisation of the

substrate as a fraction of its thermal polarisation decreases, indicating a reduction in
SABRE efficiency 2P
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3| Earth’s Field NMR System

3.1 Introduction

All EFNMR experiments in this work were performed on the commercial Terranova-
MRI system (Magritek, Germany) which was originally designed as a teaching tool
to help users run and understand simple NMR and Magnetic Resonance Imaging
(MRI) experiments. The excellent homogeneity of the Earth’s magnetic field that
leads to longer spin relaxation times and high spectral resolution motivated the use
of the Terranova-MRI system in executing a range of NMR techniques in the ULF
regime MU0 Tt §5 also beneficial in this work for the interpretation of SABRE-
polarised 'H and YF signals in the ULF, where strong coupling between nuclei and
the lack of chemical shift resolution produces EFNMR signals with complex splitting
patterns. The homonuclear couplings in fluorinated pyridines (< 1Hz) therefore
requires sub-hertz spectral resolution to be accurately observed.

As previously mentioned, studying the SABRE polarisation transfer mechanism
and optimising it requires the in situ detection of SABRE-polarised signals without
the need to transfer the sample between the polarisation transfer and detection field.
The Terranova-MRI instrument is crucial to this as the compact and accessible nature
of its probe makes it possible to integrate external solenoids that can provide control
over the magnitude and orientation of the external field to enable switching between
the polarisation transfer and detection fields. The bore can also be easily attached
to an automated p-Hy gas flow system for in situ bubbling of the sample during the
EFNMR experiment. Included with the Terranova-MRI probe is a solenoid (polarising
coil) that was designed to generate mT magnetic fields along the transverse plane
to polarise the sample before EFNMR detection and improve sensitivity. This is no
longer necessary when SABRE is the method of hyperpolarisation as it can induce
a much larger polarisation of the nuclear spin system, thus freeing up the polarising
coil to generate mT PTFs for homonuclear polarisation transfer (~ 6.6 mT). With the
addition of an external solenoid, the Terranova-MRI system will also have control
over the external field in the pT regime for heteronuclear polarisation transfer to
YE (~3.6nT). Together, both coils provide access to the full SABRE PTF range
(nT-mT).

The work presented in section 3.2 briefly describes the technology underpinning

the Terranova-MRI instrument, including the built-in experiments and procedures
involved in setting up the Terranova-MRI probe for the acquisition of EFNMR signals
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with sub-hertz linewidths from hundreds of millilitres of sample. However, in order for
the EFNMR system to successfully carry out in situ SABRE polarisation, a BH600-3-B
triaxial Helmholtz coil array (Serviciencia, S.L, Spain) was added to the Terranova-MRI
setup. The work presented in section 3.3 describes the procedure for aligning the
external field, naturally orientated ~ 23.5° from the vertical axis due to the Earth’s
axial tilt, using the Helmholtz coil array, and how this enables linear shifting of the
detection field to higher magnetic fields for greater conductivity of the B! coil to
improve the efficiency of EFNMR detection. The alignment of the external field was
also taken advantage of to improve RF pulse calibration to optimise an RF pulse that
is able to excite both the 'H and F spins simultaneously. This will be beneficial
for the acquisition of the SABRE polarised 'H and °F EFNMR signals of the target
fluorinated pyridines.

3.2 Terranova-MRI System

3.2.1 Standard Operation and Procedures

‘ B, coil

FIGURE 3.1: The Terranova-MRI probe (left) consists of 3 components (right): the polarising
coil for polarisation of the sample before detection, the transmit-receive coil (B* coil) for RF
pulsing and NMR detection, and the gradient coils for shimming the probe to reduce local
magnetic field inhomogeneities.

The Terranova-MRI probe shown in FIGURE [3.1] is made up of three coils:
the polarising coil on the outside of the probe; the transmit-receive (B') coil and
the gradient coils, where the B! and gradient coils are located inside the bore of the
probe (see FIGURE . The gradient coils consist of x, y and z-coils that generate
magnetic fields along the z-direction whose magnitudes vary linearly along the x, y and
z directions. Such magnetic fields are referred to as magnetic field gradients. Magnetic
field inhomogeneities can be removed from a sample by exposing it to the magnetic
field gradients produced by the gradient coils in a process called ’'shimming’, whereby
the current through the three coils iteratively samples across a user-defined range
until the signal linewidth is minimised. Shimming the probe helps to improve spectral
resolution and hence the quality of the NMR data. The gradient coils can also be
used to create position encoded precession for MRI. The B! coil is a transmit-receive
coil used to transmit Audio Frequency radiation and detect the precession of
magnetisation in the transverse plane.
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Unlike the B! and gradient coils, the polarising coil is generally not found in
standard high-field NMR probes but is essential to detection on the Terranova-MRI
system. Its purpose is to generate a temporary magnetic field that is much stronger
than B¥ to increase the thermal polarisation of the sample nuclear spin system
and improve the sensitivity of EFNMR detection. A current is passed through the
polarising coil to generate a millitesla magnetic field (6 A provides an 18.8 mT field).
It is important to note that the polarising coil lies along the transverse plane, and
since nuclear spins always align with the dominant field, the polarisation produced by
the polarising coil will also lie along the transverse plane. For this reason, the current
through the polarising coil must be switched-off adiabatically to allow the spins to
re-align with B whilst maintaining their hyperpolarisation (see FIGURE SO
that they may be detected with enhanced sensitivity. Pre-polarisation is essential for
EFNMR detection because even samples with large volumes are not observed without
it (e.g. a 500 mL water sample).

pre-polarisation 2

Pulse sequence < =
z z z z

y y Y/ y

X X

X/ X/ X/
FIGURE 3.2: A schematic demonstrating the alignment and strength of the net magnetisation of
the sample, M?, during the pre-polarising step, where a current is applied through the polarising
coil to generate a magnetic field along the x’-axis. The current is turned off adiabatically to
maintain the hyperpolarisation of the spin system as the spins relax in the presence of the

Earth’s magnetic field. This figure has been adapted from a figure in the Terranova-MRI
manualll

x-magnetisation

FIGURE displays the simplest EFNMR experiment that is used for the
acquisition of EFNMR signals. The experiment is initiated with the turning on of
the shims, followed by the pre-polarisation step to hyperpolarise the sample. A 7/2
(90") RF pulse is generated by the B! coil immediately after pre-polarisation and is
used to place the net magnetisation (My) along the transverse plane where NMR
detection is maximised. This is followed by an acquisition delay, t,.,, which allows the
current through the B! coil to dissipate (coil ring down) before the B! coil is used to
detect transverse magnetisation for acquisition of the FID. Without ¢,., the acquired
NMR signal would be saturated by the resultant current in the coil from the RF pulse
because it is significantly larger than the NMR response.

The parameters Ay, and t,, represent the pre-polarising pulse amplitude and
duration and are equal to 6 A and 4s, respectively. An amplitude of 6 A corresponds
to a pre-polarising field of 18.8 mT, calculated using Eq. [3.1] where I is the current
through the coil, B,,,4 is the induced magnetic field and C, is the coil constant, equal
to 3.13mT A~ for the polarising coil (see Table . The parameters Arpr and trp
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FIGURE 3.3: The simplest EFNMR experiment consisting of a pre-polarising pulse generated
using the polarising coil, followed by a 7/2rad nutation of the spins and subsequent detection
of their transverse magnetisation using the B! coil.

represent the RF pulse amplitude and duration, respectively, which must be optimised
to achieve a 7/2rad nutation (see section 3.3.3). The experiment ends with a repetition
delay, t,.p, which, for traditional NMR experiments, is given a duration of 57} to
allow the nuclear spin system to return to equilibrium under B° before the start of
the next experiment. For EFNMR experiments on the Terranova-MRI spectrometer,
the nuclear spin system equilibrates in the presence of the pre-polarising pulse with an
ideal duration, tp,;, of 577. The t,., delay is instead used to prevent over-heating of
the polarising coil as a consequence of a large duty cycle and typically takes values of
5-15s, where stronger currents through the polarising coil to generate stronger fields
require longer t,., delays.

Bunag = C. I (3.1)

Table 3.1: Table of coil constants, C..

Coil Coil Constant, C. (mT A1)
Polarising 3.133
Helmholtz (x,y,z) 0.3224

The sensitivity of EFNMR detection may be further improved via amplification
of the acquired signal. One method of amplification is through tuning of the RLC
circuit within the probe. This requires altering the capacitance of the RLC circuit until
it oscillates at a frequency that resonantes with the precession frequency of the signal
of interest. Eq. describes the relationship between the precession frequency, v, and
capacitance, C, of the Terranova-MRI probe RLC circuit, where L is the inductance
(0.3972 4 0.0007 H) of the B! coil and C), (3.73+0.02nF) is the parasitic capacitance
of the RLC circuit.

C=—""~0C, (3.2)
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FIGURE 3.4: EFNMR spectrum acquired without a sample to observe the amplification range
of the RLC circuit and the unsymmetrical and envelope-like shape of the amplified region. The
data was acquired with a capacitance of 16.15 nF which tunes the RLC circuit to 1797 Hz.

The RLC circuit amplifies a range of frequencies, with the region of largest
amplification being at the tuned frequency v. The amplification of the electrical
signals detected by the B! coil is shown in FIGURE where the RLC circuit is
shown to exhibit an unsymmetrical envelope shape with a rough amplification range
of £285Hz from v. The spectrum corresponds to an RLC circuit tuned to 1797 Hz
with a capacitance of 16.15nF. The range of frequencies amplified is much larger
than + 285 Hz but the level of signal amplification outside this range is minimal.
Amplification is also achieved using a pre-amplifier, found in all NMR spectrometers
that scales up the weak electrical signal to a higher voltage level.

An inherent problem with NMR detection in the Earth’s magnetic field is that
there is a misalignment between the spin and lab frames of reference. The lab frame
is represented in 3D-space by x'y'z’-axes, with the B! coil acting as the point of
reference along the X'y’ (transverse) plane. NMR convention states that B is aligned
positively along the longitudinal plane of the spin frame, represented in 3D-space by
xyz-axes. The misalignment between the two is demonstrated in FIGURE and
occurs because B is tilted away from the longitudinal plane of the lab frame (z’-axis)
by an angle 6, approximately equal to 23.5° which corresponds to the Earth’s axial
tilt. Angle ¢ represents the position of BY along the transverse plane. High-field
NMR spectrometers do not have this issue because they are designed to generate fixed
magnetic fields along the positive z'-axis that create a net longitudinal magnetisation
of the sample at thermal equilibrium.

The issue of misalignment was managed previously in the literature™ by rotating
the probe about the z'-axis so as to place B along the x'z’ plane (¢ = 0). This
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FIGURE 3.5: Due to the Earth’s axial tilt of § ~ 23.5°, the lab-frame and spin-frame axes do
not align. B¥ has a longitudinal and transverse component with respect to the lab frame that
is defined by angles 6 and ¢, respectively.

simplified the picture as the y’ component of B¥ was removed and only the X' and 7z’
components needed to be considered. In this project misalignment was overcome with
the addition of triaxial (xyz) Helmholtz coil pairs to the Terranova-MRI system to
shift B® and position it along the vertical axis. The method is described in section
3.3.1. Alignment of the spin and lab frames creates a system in which there is an
orthogonal (ideal) interaction between the spins in the sample and B! during the RF
pulse which helps to improve RF pulse calibration (see section 3.3.3). This in turn
enables enhancement of the sensitivity of EFNMR detection and the design of more
complex pulse sequences. Alignment also allows linear control of the effective field
by the z-Helmholtz coil which generates magnetic fields along the z'-axis. Positive
magnetic fields generated by the z-Helmholtz coil add onto BY and increase the effective
field experienced by the spins in the sample. This increases the Larmor frequency
of the spins which in turn increases the conductivity of the B! coil and therefore
enhances the efficiency of NMR detection. Negative magnetic fields generated by the
z-Helmholtz coil cancel with B° and decrease the effective field. This is key for probing
SABRE polarisation transfer to '%F, where the transfer is maximised at magnetic fields
below B¥. SABRE polarisation transfer is covered in more detail in Chapter 5. The
process of aligning the effective field with the vertical axis, and the corresponding
improvements in RF pulses and EFNMR detection are covered in section 3.3.

3.2.2 Probe Setup

All experiments during the setup and optimisation of the EFNMR system were
performed on a 14 cm (H) x 7cm (D) bottle of water (500 mL).

The probe makes use of the naturally available Earth’s magnetic field (~50pT)

for polarisation of the spin system and hence detection of the sample as described in
section 3.2.1. Unlike high-field instruments, magnetic shielding cannot be implemented
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on the Terranova-MRI probe as this would block out the Earth’s magnetic field
which acts as the external field (B°). The Terranova-MRI probe is therefore location
sensitive and the quality of the EFNMR experiment will depend on minimising the
effects of local magnetic field inhomogeneity and noise caused by the presence of
magnetic materials and electronic equipment in the vicinity of the EFNMR probe.
Stray magnetic fields and the instability of the Earth’s magnetic field will cause small
shifts in the nuclear Larmor frequencies during and between experiments, as well as
reduce the local magnetic field homogeneity. This leads to broadening of the NMR
signal and hence a loss of spectral resolution. An increase in the electrical noise
picked up by the probe will lead to a lower SNR of the NMR signals further reducing
sensitivity.

Once a location for the Terranova-MRI probe is chosen, it must be kept isolated
from any sources of magnetic and electrical interference. The built-in "Monitor Noise’
experiment is used to help locate a spot for the probe where there is minimal electrical
noise. In this experiment the probe detects the background electrical signal for a
user-defined duration and calculates its Root Mean Square in n1V. The probe
is moved around the lab and rotated horizontally until an RMS noise value of < 10
1V is detected. A signal can then be acquired on the probe to ensure it is located
in a region of local magnetic field homogeneity. Acquiring a signal with a sub-Hertz
linewidth after shimming on the probe indicates the presence of a homogeneous field.
FIGURE shows the 'H peak of water with a linewidth of 0.61 Hz after shimming.
The Terranova-MRI probe is distanced by at least 1 m from sources of stray magnetic
fields so that sub-hertz linewidths can be achieved with the very basic shimming
procedure available to the instrument, utilising a set of x, y and z-gradient coils that
only generate linear shims.

FWHM = 0.61 Hz
—> || —

|
2200 2210 2220
Hz

FIGURE 3.6: A shimmed 'H spectrum of water in a 14 cm (H) x 7 cm (D) bottle displays a well
resolved signal with a Full Width Half Max (FWHM]) of 0.65 Hz.
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3.3 Improvements to Earth’s Field NMR Instrument

3.3.1 Alignment of Spin and Lab Frames of Reference

Using a set of tri-axial Helmholtz coils the Earth’s magnetic field can be directed
away from its natural position and aligned with the z’-axis. The Helmholtz setup
consists of 3 pairs of equidistant and perpendicular coils that form a cage around
the Terranova-MRI probe which sits at the centre (see FIGURE . Applying a
current through the x, y or z-coil pair generates a magnetic field in the x’; y' or 7/
direction, respectively, that will add to the Earth’s magnetic field to generate an
effective magnetic field. The Helmholtz coils therefore offer control over the magnitude
and orientation of the magnetic field experienced by the spins in the sample. The
probe must be placed precisely in the middle of Helmholtz coil array as this is the
region that experiences the best field homogeneity.

FIGURE 3.7: The EFNMR-Helmholtz setup consisting of the Terranova-MRI probe at the
centre of 3 equidistant and perpendicular coils, each producing a magnetic field in the x', y’
and z'-directions, respectively.

To align B° with the 7z/-axis the EFNMR-Helmholtz setup was first rotated
about the 7’-axis to position B¥ perpendicular to the x’-axis so that it lies in the y'z’
plane (¢ = 90° or 270°). The angle, ¢, between B¥ and the x’-axis was calculated by
applying a range of current values through the x-Helmholtz coil to generate varying
magnetic fields, By, , along the x’-axis, while measuring the corresponding *H Larmor
frequency, vy. The effective field, B¢/, experienced by the spins at each iteration
of the current is calculated by dividing vy by the proton gyromagnetic ratio, vy =
42.57TMHz T~'. By, is calculated from the current through the x-Helmholtz coil.
Plotting the data as (B%//)? - B}, against By, exhibits a linear relationship that can
be fit to Eq (derived from the cosine rule), where (B%)? and -2BF cos § represent
the y-intercept and gradient of the fit, respectively. ¢ is extracted from the gradient
and if it is not equal to 90°, the Helmholtz setup is rotated again and the procedure
repeated.

(Beff)2 _ B?Jx = (B¥)* - 2B¥ By, cosf (3.3)
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The data in FIGURE was acquired using current values through the x-
Helmholtz coil of —15-15mA in steps of 5mA. The linear fit of the plot displays a
y-intercept of 1847.8 n'T? and a gradient value of 0.1286 nT, signifying a BF —43.0nT
and an angle # =90 £ 0.3°. The flat nature of the line of best fit indicates that By, is
perpendicular to the effective field, and that BZ;,- B is constant for all values of
BHx-

Once B¥ is along the y'z’ plane, the y-Helmholtz coil can be used to generate
a magnetic field, By, , that is equal in magnitude but opposite in direction to its
y’-component to cancel it out, thus aligning the external field with the z'-axis. A
Magnoprobe™ 3 axis compass determined the direction of the y’-component to be
along the -y’-axis. With the equation: B, = Bgsin, where BF =43 uT (see FIGURE
and § = 23.5° (Earth’s axial tilt), an initial guess of the field along the y’-axis
required to cancel-out the y’-component of B¥ was made. The field required was
estimated to equal -17.15 1T and corresponds to a current of +56.4mA (converted
using the Helmholtz coil constant, C. = 324.4nT A1) through the y-Helmholtz coil.
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FIGURE 3.8: Plot of B, ;- Bf; against By, used to calculate the angle § between the Earth’s
magnetic field and the x’-axis, equal to 90°.

The actual current required to align B° with the z'-axis was calculated by
measuring vy at multiple current values through the y-Helmholtz coil, ranging from
60-85mA. The results were plotted and produced a U-shaped curve that is shown in
FIGURE B.9 The minimum of this curve indicates the current required to cancel-out
the y’-component of B¥ and align B® with the z’-axis because this is the point where
B is weakest. I m, values of 70, 71, 72 and 73mA all gave the lowest vy value of
1586.3 Hz. 70 mA was chosen as the minimum value and corresponds to a By, (B,)
of 21.3pT. All EFNMR experiments were modified to include the implementation of
this B, field throughout the entire experiment so as to maintain a constant alignment
of the spin and lab frames of reference.

Although B° was shifted to the z/-axis in this work from the y'z’ plane, it is also

possible to leave the probe in an arbitrary position and use the x and y-Helmholtz coil
pairs together to cancel out the x’ and y’-components of B in the same way.
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FIGURE 3.9: A plot of the proton Larmor frequency, v;,,, against the current through the
y-Helmholtz coil, If7,. The minimum of the curve shows that alignment of BY with the z/-axis
was achieved using a current of +70mA to generate a magnetic field By, =21.3uT along +y’.
An vy, of 1586.3 Hz indicates an external field of 37.3uT.

3.3.2 Control of External Field

Access to the current through the z-Helmholtz coil offers control over the effective field
experienced by the sample within the Terranova-MRI probe at different stages of an
EFNMR experiment. The sensitivity of EFNMR detection can be slightly improved by
using a positive current through the z-Helmholtz coil during NMR detection to generate
a magnetic field, By, , along the z/-axis that combines with B° to increase the effective
field experienced by the spins in the sample and hence improve the conductivity of the
B! coil (electrical induction increases with higher Larmor frequencies). This is carried
out on a much larger scale in the high-field regime with the use of expensive NMR
spectrometers that generate very strong magnet fields (vy > 300 MHz). A negative
current through the z-Helmholtz coil generates a By, that counteracts B° to weaken
the effective field, and is used during heteronuclear SABRE polarisation transfer
which requires a PTF below B¥. Stronger negative currents produce By, values that
overcome B to produce a negative effective field. This can be used to study how
crossing zero-field from a negative to positive effective field, or vice versa, affects the
non-equilibrium polarisation of a spin system by measuring 77 relaxation across the
zero-field point. For EFNMR experiments that do not rely on SABRE polarisation,
only positive By, values to improve the sensitivity of EFNMR detection are required.

Alignment of B® with the vertical axis simplifies control over the effective field as
it develops a linear relationship with the magnetic field generated by the z-Helmholtz
coil and B°. The plot in FIGURE shows this linear relationship over a By, range
of —53.53-19.46 uT, produced by current values of —165-60 mA in 15mA steps. The
By, values of -43.79, -48.66 and -53.53 pT, corresponding to current values of -165, -150,
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FIGURE 3.10: Plot showing the linear relationship between the effective field, B®, and the
magnetic field along the z-axis, By, generated by the z-Helmholtz coil. This relationship is
only possible if B? is parallel with the z-Helmholtz coil along the vertical axis and enables

control over the effective field from negative to positive values. The line of best fit indicates a
B of 36.7uT.

-135mA, respectively, were strong enough to overcome B of 36.7pT (calculated from
y-intercept of line of best fit in FIGURE and generate a negative B® where the
effective field is pointing along the -z’-axis and the direction of precession is reversed.
The gap in data points is due to difficulties in locating the 'H signal of water at a
Larmor frequency of 113.3Hz (By, =-34.06 pT) and -93.6 Hz (By, =-38.9uT). B°
was calculated from the vy of water at each iteration of By_.

A GW Instek GPP 4323 power supply was used to power the x and y-Helmholtz
coils for alignment of B® with the z’-axis. The minimum timing of the GW Instek
GPP 4323 power supply is 1s and it cannot invert the flow of current to switch
between positive and negative current values. For this reason, an alternative power
supply was used with the z-Helmholtz coil since it requires a supply of both positive
and negative current, as well as the ability to switch between current values with
millisecond precision. These conditions must be met to carry out heteronuclear SABRE
polarisation transfer which requires first generating a negative By, to counteract B°
and produce a PTF below B¥, and then instantly switch to a +z-field that adds onto
B to set the detection field. Millisecond precision is necessary to ensure the switch
occurs before the RF pulse.

Within the Terranova-MRI spectrometer are four power supplies that can carry
out commands on a millisecond time frame. Three of these power supplies are assigned
to the x, y and z-shim coils and one to the offset coil, designed to generate a positive
magnetic field along the z'-axis to increase B® and shift the Larmor frequency of the
nuclei in the sample. Since the z-Helmholtz coil can also do this but with a more
homogeneous field, the offset coil and its power supply were unused. Unlike the power
supply of the offset coil which produces only positive currents at a maximum allowable
current of 2 A, the power supply of each shim coil produces positive and negative
currents at a maximum allowable current of + 200 mA. The power supply of the y-shim
coil was therefore connected to the z-Helmholtz coil and the offset coil power supply
was connected to the y-shim coil where it could now only perform shimming with a
positive field gradient along the y’-axis. Using an internal power supply to power the
z-Helmholtz coil also has the benefit of simplifying the switching of currents during
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FIGURE 3.11: Image of the EFNMR-Helmholtz setup with a thick copper wire wrapped
around it to block out electrical noise and improve the SNR of signals detected by the B! coil.

EFNMR experiments because they can be pre-defined in the pulse program macro
within the Terranova-Expert software that operates the Terranova-MRI spectrometer.

Since NMR detection becomes more efficient at higher Larmor frequencies, a
maximum allowable current of +200mA through the z-Helmholtz coil allows for a
maximum positive By of 65 pT to create an effective field of 108 pT and shift vy
to 4598 Hz. However, detection of signals at this frequency was avoided because the
capacitor in the RLC circuit of the probe is limited to 4.4 nF which is equal to a
maximum tuning frequency of 2800 Hz. Further limitations to increasing vy were
imposed by the EFNMR-Helmholtz setup which became a source of internal electrical
noise for the Terranova-MRI probe after rewiring of the power supplies, especially at
frequencies above 2300 Hz. A thick copper wire was wrapped around the EFNMR-
Helmholtz setup and shorted to create a continuous current path that acts as a Faraday
cage to limit the intensity of the noise introduced into the system by the z-Helmholtz
coil and so improve SNR (see FIGURE. A vy of 2210 Hz was settled on, requiring
a By, of around 14.9pT to generate a B? of 51.9nT (w®=1.39x10%rads™!). Due
to the natural instability of B, the exact current value required to produce a B° of
51.91T changed throughout the day, but was generally around 46 mA. Rewiring of
the internal power supplies and implementation of the Faraday cage was carried out
by James McCall, under the supervision of Dr Meghan Halse, as part of a Master’s
project.

The EFNMR experiment in FIGURE can now be improved on to include
the use of the y-Helmholtz coil pair in generating the y’-cancelling field of 21.3nT
to align the spin and lab frames of reference (see section 3.2.1), and the addition of
the z-Helmholtz coil pair which makes use of the spin and lab frame alignment to
shift BY to 51.9 1T to improve the efficiency of NMR detection (see FIGURE .
Both fields are implemented throughout the entirety of the EFNMR experiment. The
positive By, generated by the z-Helmholtz coil overlaps with the pre-polarising pulse
(18.8mT) but has a negligible effect on the net field experienced by the spins during
pre-polarisation as it is 3 orders of magnitude smaller. The detection field must be set
before the RF pulse, but applying By, at this point is problematic because when a
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FIGURE 3.12: The improved EFNMR experiment contains the addition of the y and z-
Helmholtz coil pairs that generate the y’-cancelling field (21.3 pT) and the z-field (+15nT),
respectively. The y-Helmholtz coil pair aligns the spin-frame with the lab-frame to improve
EFNMR detection. The z-Helmholtz coil makes use of this alignment and produces a field that
constructively interferes with B° to increase the effective field to subsequently increase thermal

polarisation and the signal intensity.

change in current is implemented by the power supply there is always an overshoot
which generates a slightly stronger magnetic field. A few milliseconds is necessary to
allow the current and subsequent field to stabilise to the desired value in a process
referred to as coil ring down. During this time the sample will be exposed to a varying
magnetic field that disrupts the nutation and subsequent detection process. Therefore
it is preferable to apply this field at the start of the experiment at the same time as
the application of the polarising field.

3.3.3 Pulse Calibration

Detection occurs when the B! coil converts precessing transverse magnetisation of
the spins in the NMR sample to an electrical signal via electromagnetic induction
(Faraday detection). Detectable (transverse) magnetisation is created when M, which
is originally positioned along the z-axis, interacts with a magnetic field, B, generated
by the B! coil, and is rotated (nutation) about its axis toward the transverse (x'y’)
plane (see FIGURE . When the spin-frame is aligned to the lab-frame, MY is
orientated along the z’-axis and the interaction with B! is orthogonal, leading to an
ideal (circular) nutation of M°. When the spin and lab-frame are misaligned, M? is
orientated along the z-axis with a smaller z’ component that interacts with B! and
the nutation follows a cone-like trajectory. After nutation, MY precesses along the xy
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FIGURE 3.13: Illustration a) of the nutation of the net magnetisation of the sample, M°
(blue), about B! toward the transverse plane, and b) of the precession of M? about B at a
frequency w®, which is detected by the B' coil also along the transverse plane (detection plane).
The grey arrows represent the magnetic field with which M° rotates about. The precessing
magnetisation generates a stronger NMR signal if it is in parallel with the transverse/detection
plane and the B! coil, a condition that is met when the spin and lab-frames are aligned.

plane about B at a frequency w®. Only the transverse component of M? is picked up
by the B! coil, therefore, NMR detection is maximised when the xy and x'y’ planes
are aligned. A cone like precession of M occurs when the xy and transverse planes
are not aligned and leads to the detection of a weaker NMR signal.

B! is better thought of as a pulse since the duration of its interaction with the
sample is finite. The interaction is most effective when the B! pulse is in resonance
with w®. This means that an RF pulse is used in the high-field regime (MHz) and an
AF pulse in the ULF regime (kHz). Nonetheless, it is convention in NMR to refer to
B! as an RF pulse regardless of its frequency.

The angle of nutation, #,,; in radians, is equal to the product of pulse duration,
trr, and pulse amplitude, Agrp, which can be expressed in terms of the angular nutation

frequency, w; (see Eq. [3.4a]). Eq. shows the relationship of w; and 6,,,; with the
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voltage, Vip, through the B! coil, where Pgp is the power of the RF pulse and « is
the proportionality constant in s~' V=1, Calibrating RF pulses requires experimentally
calculating the values of Vzr and tgrr that produce the desired 6,,,;. This is carried
out on the Terranova-MRI system with an RF amplitude-sweep experiment, where
the improved EFNMR. experiment in FIGURE is repeated under a range of Vzp
values but a fixed tzp. Signal intensity is then plotted as a function of Vi to produce
a nutation curve (see FIGURE .

enut = tRF w1 (34&)

since wy; x \/Pgrr x Vgp,
Onut = tRF VRF (6% (34b)

_VrRF

Soc My =M sin [tgr Vrrpa] e 7 (3.5)

The RF amplitude-sweep experiment tracks the nutation path of MY at each
iteration of Vzpr via acquisition of the signal intensity, S, which is proportional to the
transverse magnetisation, M, , and represents the projection of M onto the transverse
plane. The nutation curve is an exponentially decaying sine curve descried by Eq.
. The first-order relaxation constant, Ti,, describes 7} relaxation of the nutating
magnetisation in the presence of an RF field when in the rotating frame. The nutation
angle that is achieved at each iteration of Vip is read off from the nutation curve
as illustrated by FIGURE . For example, a m/2rad nutation occurs at the first
maximum of the sine curve which was achieved with a particular Vzp value, referred
to as V. Vi is the voltage required for a 7rad nutation and is found at the second
node, V.o is found at the first minimum and so on. Alignment of the spin and lab
frames of reference is key for accurately calibrating RF pulses because the nutation
shown in FIGURE and described by Eq. is dependent on the ideal nutation
of M°, caused by the orthogonal interaction between B!, along the x'y’ plane, and
M?°, along the 7/-axis.

Nutation angles can be more accurately calibrated by fitting the nutation curve
to an exponentially decaying sine curve to acquire a calibration value in Vrad~! that
allows Vgr to be calculated for any 6,,,. EFNMR RF pulses on the Terranova-MRI
system were calibrated by normalising the nutation curve and fitting it to Eq. [3.64]
(see FIGURE [3.14), where a. is the calibration constant in Vrad™!, and V° and C
are offsets in Vzr and S that account for the slow ramping up of the voltage through
the B! coil from 0-0.3V and do not restrict the origin of the fit at coordinates of
(0,0). The Vgp required for a desired 6, is calculated from a., and V° using Eq.
.60 Fitting is performed on Matlab R2020a using the ’Curve Fitting’ tool which
optimises the experimental parameters (V°, C, a., and Tj,) over a user-defined range
until a fit with a minimal R-square value (measures goodness of fit) is achieved.
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FIGURE 3.14: RF amplitude-sweep nutation curves track the nutation angle, 6,,,; of the spins
about the axis of the RF pulse through calculation and plotting of the signal intensity, S, at
each iteration of Vgp. The desired 6,,,; can be read from the sinusoidal nutation curve.

V
S = sin [ (Var — Vo) - l] exp (—ﬂ) +C (3.6a)
ca Tlp
. o 1
since Oy = (Vrr — V7)
el
VRF - VO + (enut acal) (36b)

Choosing a tgrp value for the RF pulse on the Terranova-MRI system requires
consideration of the pulse duration and the accuracy of its implementation by the
spectrometer. RF pulses in high-field NMR have frequencies between 106 — 108 Hz.
In a few microseconds the RF pulse will complete thousands of cycles and hence have
a good interaction with the spins in the sample. ULF RF pulses of 10° Hz require
durations of a few milliseconds to interact with the sample because an RF pulse with a
duration of 10 s at 2000 Hz completes 0.02 cycles, but a pulse with a duration of 1 ms
at 2000 Hz completes 2 cycles and will interact more effectively with the spins. Pulse
durations should be kept as short as possible to minimise relaxation during the NMR
experiment. The accuracy of tzrr depends on the instruments ability to efficiently turn-
on/off the RF radiation from the B! coil. On the Terranova-MRI system, energy from
the B! coil is dissipated very slowly and leads to continued emission of RF radiation for
an indeterminate amount of time, even after the current through the coil is switched
off. During this time the spins in the sample continue to nutate and do so at unknown
frequencies which leads to inaccuracy and unreliability in ¢tzr. Using pulse durations
of integer or half integer cycles of the RF frequency minimises this effect because the
amplitude at these points is zero and energy dissipation is more efficient. Calibrating
the RF pulse with an RF duration-sweep experiment is avoided on the Terranova-MRI
system because of limitations imposed by the requirement of half or integer cycles of
trr that complicate this calibration experiment. It is important to note that when
defining the RF pulse duration in cycles, pulses with different frequencies but the same
number of cycles will have different tgp values (tgr = cycles/vgr).

0, is also proportional to the nuclear gyromagnetic ratio, v, and the B! field
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FIGURE 3.15: Calibration of the 'H 7/2 pulse of water at 2210 Hz was performed by fitting
the nutation curve (black) acquired from an RF amplitude-sweep experiment using a tgp of
8 cycles, to an exponentially decaying sine curve (red). The desired nutation of 7/2rad is
achieved with a Vrp of 0.99V (V;/2), calculated from Eq. [3.6b

(see Eq. . This means that each nucleus type in the sample interacts differently
with the RF pulse and experience different nutation frequencies. It also means that
samples of different sizes and volumes experience different nutation frequencies since
the spins in those samples will experience slightly different B! fields. The RF pulse
therefore has to be calibrated for each nucleus and sample type.

Onut = trr w1 = tgrpy B (3.7)

Calibration of the 7/2 pulse was carried out on water and 2,2,2-trifluoroethanol
samples with 'H and F signals at 2210 Hz and 2078.9 Hz, respectively. The
Vz/2 values shown in Table were calculated by fitting each nutation curve, acquired
through Vizp sweeps of 0.3-2.8V in 0.1V steps using a tgr of 8cycles, to Eq. [3.64]
on Matlab (see 'H HoO example in FIGURE . The nutation curves of HyO were
acquired with 1scan and those of TFE were acquired with 16 scans due to its smaller
volume and more complicated peak patterns that lead to a lower SNR. The fit to
each nutation curve produced V° and oy values that were put into Eq. for the
calculation of V, /. The 8cycle '"H RF pulse at 2210 Hz has a duration of 3.62ms,
whereas the 8cycle 1F RF pulse at 2078.9 Hz has a duration of 3.85ms. The *F
RF pulse is slightly longer and therefore should require a lower V; ; value. However,
the gyromagnetic ratio of F is lower than of 'H which means the F spins have
a weaker interaction with B! and require a higher V, 2 value. Since the difference
in w® of the 'H and F nuclei is due to the differences in their gyromagnetic ratios,
and contributes towards the difference in their pulse duration, the two effects cancel
each other out. This explains the small difference of 0.05V in the V;/, of the 'H
(1.00+0.04 V) and YF (0.95+0.03V) signals in TFE, where the two values are also
within error. The same is true for the difference of 0.04 V in the 'H V, /2 value of water
(1.04£0.04 V) and TFE. The sightly larger V; , of water is due to the difference in
sample volume and sample size. Larger samples occupy more volume across the bore
of the Terranova-MRI probe and experience more inhomogeneity in B* and a reduced
average RF pulse amplitude for the same input voltage.
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Table 3.2: Table of 'H and '°F V5 values for H,O and TFE acquired from RF amplitude-sweep
nutation curves.

Vol Di i t
Sample orme Huensions Nucleus RE Ves2 (V)
(mL) | (HcmxDcm) (cycles | ms)
H,O 500 14x7 " 8| 3.62 1.04£0.04
'H .62 1.00£0.04
TFE 250 10x6 8136 00£0.0
YR 8|3.85 0.95+£0.03

3.3.4 Simultaneous Excitation of Different Nuclei

The time-energy uncertainty relation states that uncertainty in time, AT, is inversely
proportional to uncertainty in energy, AE. In NMR terms, the excitation bandwidth
of an RF pulse, Av is inversely proportional to tgr and may be estimated as 1/tgp
(see Eq. [3.8). The difference in Larmor frequency, dv, between the 'H and '“F
nucleus is proportional to B?, and at 51.9 uT (detection field) is equal to 131.1 Hz
(vg =2210Hz, 119 =2078.9Hz). On a TFE sample, an RF pulse that completes
8 cycles at a frequency of 2210 Hz is on-resonance with the 'H spins and has a duration
of 3.62ms, corresponding to a Av of around 276 Hz or 4+ 138 Hz from the pulse centre.
Av/2 is larger than dv and so the pulse has a broad enough excitation bandwidth to
have an off-resonance interaction with the °F spins at 2078.9 Hz. If the same pulse
is centred at the °F Larmor frequency of 2078.9 Hz, there will be an on-resonance
interaction with the '°F spins and a off-resonance interaction with the 'H spins.

Av~ — (3.8)
trF

The interaction between the spins and the RF pulse can be better understood
from the excitation profile of the pulse. This describes Arr as a function of the offset
frequency and can be calculated by the Fourier transform (FT) of the pulse shape,
which describes Arpr as a function of time. Rectangular pulses have been used thus
far and are generated by the application of a fixed current through the B! coil for
a duration tgr. Shaped pulses are more complicated and require passing a range of
currents through the B! coil for a duration tzr. The implementation of shaped pulses
is further discussed in Chapter 7.

The excitation profile of a rectangular pulse is a sinc function centred at the
pulse frequency and with an approximate Av equal to the inverse of tgr (see FIGURE
[3.16). Therefore, if the pulse is on-resonance with a 'H signal at 2210 Hz, the 'H nuclei
will interact with the maximum of the sinc function where the frequency offset is zero.
The F signal at 2078.9 Hz has an offset frequency of 131.1 Hz to the RF pulse and lies
within + Ar/2 = 138 Hz and will interact with a lower amplitude of the sinc function,
thus experiencing a less efficient nutation with an unknown rad V! value.

Simultaneous excitation of different types of nuclei is not possible in the high-field
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FIGURE 3.16: The excitation profile of an RF pulse describes the RF amplitude with respect
to frequency and is calculated from the Fourier Transform (FT) of the pulse shape which
describes the RF amplitude with respect to time. A rectangular pulse shape of duration tgp
(left) is equivalent to a sinc excitation profile with an approximate excitation bandwidth of

]-/tRF (I‘ight).

regime (> 1T) because ov values are much larger than Av. The RF pulse duration is
typically between 1 — 10 us and corresponds to a Av of 10° — 107 Hz. A nanosecond
RF pulse would be required to interact simultaneously with the 'H and F nuclei
at 9.4 T where a v of 24 MHz (6 x 10 ppm) is observed. High-field NMR probes
therefore contain RF channels that are designed to interact with a specific nuclear
species by emitting RF pulses with frequencies at and around their Larmor frequency.
Access to multiple channels on high-field NMR instruments enables the excitation
of multiple nuclei independently of each other and allows for the design of complex
heteronuclear NMR experiments.

Many of the SABRE experiments in this work required simultaneous /2 rad
nutation of the 'H and F nuclei in fluorinated pyridines (see chapter 5/6). These
experiments had to be carried out with a single RF pulse at a fixed frequency because
the Terranova-MRI probe contains only one channel and the RF frequency cannot
be changed during the experiment. A single RF pulse that simultaneously nutates
the 'H and '"F nuclei by m/2rad was calibrated via a trial and error method. RF
amplitude-sweep nutation curves were acquired for the 'H and '°F nuclei of TFE at a
range of RF frequencies between viy = 2210Hz and visp = 2078.9 Hz (both nuclei
placed off-resonance to the pulse) until the fit of both nutation curves exhibited the
same Vo value. The nutation curves were acquired with 16 scans at a fixed tgp of
8 cycles and a sweep of 0.3-2.8V in 0.125V steps. A capacitance of 10.15nF which
tunes the probe to 2038 Hz was also used to acquire the nutation curves as this is able
to amplify both the 'H and F signals.

The nutation curves at 2160 Hz showed the best synchronicity across Vgp (see
FIGURE and so were fit to Eq. for calculation of V. The fit to the
'H nutation produced an ayy = 0.548 4+ 0.033Vrad~1 and a V°=0.215 + 0.054V,
corresponding to a Vo =1.08 £ 0.07 V. The fit to the nutation of the F nucleus
displayed an o, = 0.480 4 0.027 Vrad~1 and a V°=0.380 £ 0.039V, corresponding
toa Vi =113 & 0.06 V. The V,/, values were within error and so were rounded to
1.1V for future simultaneous excitation experiments of TFE.

The 'H and °F signals of TFE were acquired from the improved EFNMR ex-
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FIGURE 3.17: The 'H and '%F nutation curves of TFE at 2160 Hz were fit to Eq. on
Matlab and produced Vo of 1.08 4+ 0.07V and 1.13 £ 0.06 V for the 'H and 'F nuclei,
respectively. These were rounded to 1.1V for use in future simultaneous excitation experiments.

periment using the three different 7/2 RF pulses that have been calibrated on TFE.
The results are plotted in FIGURE . Spectrum a) shows the TFE spectrum
acquired from the 7/2 pulse on resonance with the 'H signal at 2200 Hz (V 2=1V,
8 cycles), spectrum b) from the 7/2 pulse on resonance with the 'F signal at 2069.5 Hz
(Vz/2=0.95V, 8cycles) and spectrum c) from the 7/2 pulse at 2160 Hz which simulta-
neously nutates the 'H and "F by 7/2rad (V2 =1.1V, 8cycles). The SNR of each
peak was calculated and used to compare the response of the 'H and 'F nuclei to the
RF pulses, where a larger SNR is expected for signals derived from nuclei that have
experienced a 7/2rad nutation. The 'H and F signals have an SNR of 186.1 and
124.7 in spectrum a), and 138.9 and 193.8 in spectrum b), respectively. The lower SNR
of the 1F and 'H signals in spectrum a) and b), respectively, was expected because the
spins that are off-resonance to the 7/2 RF pulse do not experience a 7/2rad nutation
and hence display a lower SNR. Spectrum c) shows much similar SNR values of 195.2
and 185.6 for the 'H and '°F signals, respectively, as both spins experience a near
m/2rad nutation that gives rise to maximal transverse magnetisation.

It is important to note that the SNR of each signal depends heavily on the
amplification by the Terranova-MRI probe’s RLC circuit. Although the range of
amplification spans 570 Hz and can encapsulate the 'H and F signals, the unsymmet-
rical and envelope-shaped nature of the amplification region means that the signals
may not be amplified by the same amount. The three spectra in FIGURE were
therefore acquired with a capacitance of 10.25nF to tune the probe to 2130 Hz, which
is a region in between the two signals that ensures they both experience a near-equal
amplification.

The spectra displayed in FIGURE have been processed with a first-order
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FIGURE 3.18: The 'H (2200 Hz) and 'F (2069.5Hz) signals of TFE were acquired from the
improved EFNMR experiment using a) the TFE 'H pi/2 pulse at 2200 Hz (Vzj2 =1V, 8cycles),
b) the TFE *F pi/2 pulse at 2069.5Hz (V,/» =0.95V, 8cycles) and ¢) the TFE 'H and 'F
pi/2 pulse at 2160 Hz (Vo = 1.1V, 8cycles). The SNR values of each peak is displayed beside
it and shows the off-resonance signals are much weaker than the on-resonance signals apart
from the signals in c¢) where both nuclei were nutated by m/2rad and therefore have very
similar SNRs with a difference of 9.4. Roofing caused by the strong J%, . coupling interaction is
observed on all 'H and '°F signals and points toward the centre of the heteronuclear coupling
pattern.

phase correction shown in Eq. [3.9) where S,(v) and S(v) are the phased and unphased
spectra, respectively, .., is the acquisition delay and (v — 1) is the frequency offset
relative to the pivot point (1°) of the first-order phase correction. This correction was
implemented to remove phase distortions exhibited by the multiplets as a consequence
of the relatively long 20 ms acquisition delay of the EFNMR experiment, during which
the spins complete multiple cycles of precession before acquisition (a *H nucleus with
a Larmor frequency of 2200 Hz completes ~ 44 cycles in 20ms) and gain a linear
first-order phase across the spectrum of ¢ = 27ty 0.

Sp(v) = S(v) exp{i2mtoeq(v — %)} (3.9)
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FIGURE 3.19: Tllustration of the process for correcting the phase distortions displayed by the
EFNMR spectra acquired using the EFNMR experiment that requires a long acquisition delay
of 20ms. A first-order phase of 276.5rad is acquired by the 'H TFE EFNMR signal (red) at
2200 Hz. Correction using Eq. with ©0 = 2202 Hz generates a sinc oscillation in the baseline
of the corrected spectrum (blue). Subtraction of a sinc curve (green) of matching frequency
and amplitude to the oscillation on the baseline from the corrected spectrum yields a residual
spectrum (black) with a well-phased 'H EFNMR signal and improved baseline.

The uncorrected 'H peak of TFE from FIGURE is shown in FIGURE
(red). Application of the first-order phase correction to this signal, where ¢,., =20 ms
and ° = 2202 Hz, corresponding to the centre frequency of the 'H signal, removes the
phase distortions created by the acquisition delay but creates a sinc oscillation in the
baseline of the spectrum (blue). The baseline is then corrected by subtracting a sinc
function of equal frequency and amplitude (green) from the phase-corrected signal to
yield the residual signal that displays first-order phase and baseline correction (black).
The residual spectra in Figures [3.18 and [3.19] still show non-linear baselines meaning
the correction is not perfect, however, a more accurate representation of the signal
shape and multiplicity is observed which is vital for interpretation.

3.4 Conclusion

Integrating the Terranova-MRI probe with the triaxial Helmholtz coil pairs allowed
alignment of the spin and lab frames of reference (from now on the lab and spin frames
of reference will be described using the xyz axes only). This was shown to improve
EFNMR experiments with the Terranova-MRI probe by facilitating the calibration
of EFNMR RF pulses and the design of an RF pulse that simultaneously nutates
the 'H and '°F nuclei in TFE by 7/2rad. Such a pulse provides a starting point
toward simultaneous nutation and detection of SABRE-polarised 'H and °F nuclei in
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fluorinated pyridines.

Linear shifting of the effective field experienced by the spins in the sample was
also made possible with the alignment of B° to the z’-axis. This can be taken advantage
of to shift the Larmor frequency to higher frequencies to improve the sensitivity of
EFNMR, as was demonstrated in this chapter, but more importantly, it provides access
to the entire PTF range via control of the current through the z-Helmholtz coil pair
and polarising coil during an EFNMR experiment. The polarising coil can generate mT
fields to drive homonuclear polarisation transfer to protons on the substrate, whereas
the z-Helmholtz coil pair can generate nT fields to drive heteronuclear polarisation
transfer to °F nuclei on the SABRE substrate. The ability to expose the spins in the
sample to both the PTF and detection field without having to transport the sample
means that the improved EFNMR system is able to carry out SABRE in situ of NMR
detection in the ULF regime.

The EFNMR setup has therefore been optimised and is suited for probing of
the SABRE polarisation transfer mechanism to 'H and F nuclei in situ of NMR
detection. The next chapter discusses the design and optimisation of the automated
gas flow system that introduces p-Hs into the sample containing the SABRE catalyst
and the substrate to initiate the SABRE catalytic cycle.
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4| In situ SABRE with Earth’s Field NMR
Detection

4.1 Introduction

The goal of this chapter is to develop a robust instrument for generating reproducible
SABRE polarisation with in situ NMR detection in the ULF regime. This in situ
approach will provide a novel route toward probing the SABRE polarisation transfer
step as it can be observed, via signal acquisition, immediately after the SABRE
catalyst is exposed to the substrate and p-Hy within the limits of the time required for
the RF pulse and the acquisition delay. The EFNMR-Helmholtz setup described in
Chapter 3 utilises the polarising coil of the Terranova-MRI probe and the z-Helmholtz
coil pair to provide control over the external field experienced by the spins in the
sample and therefore enable access to the desired PTF range (nT-mT), as well as
a common detection field (e.g. 51.9pT) whilst the sample remains fixed inside the
probe. In order to carry out the SABRE reaction inside the Terranova-MRI probe,
the EFNMR-Helmholtz setup must be integrated with an automated gas flow system
for in situ p-Hy bubbling of the sample during the PTF.

A schematic of the SABRE-EFNMR system is presented in FIGURE The
flow of p-Hy into the reaction cell within the Terranova-MRI probe is controlled and
executed by the Bruker polariser control unit. It was first developed as part of a
collaboration between the University of York and Bruker (Massachusetts, United
States) to perform SABRE experiments with high-field NMR detection under an
automated flow of p-Hy PHCUOHILE T these experiments, the SABRE signals were
detected using Bruker NMR systems that use superconducting magnets to generate
very strong but fixed external fields, meaning that the SABRE polarisation transfer
step had to take place outside of the detection field (ez situ). Therefore, as well as
controlling the flow of p-Hs into the SABRE sample, the polariser was also designed
to use high pressure nitrogen gas to quickly transport the sample from a reaction
chamber where SABRE polarisation transfer takes place under a weak magnetic field
generated by an external solenoid, to an NMR flow cell within the Bruker probe for
detection in the high-field regime. Commands to control the flow of p-Hy and nitrogen
through the polariser, by manipulation of the valves and pressure regulators inside it,
were written in macros in the Bruker TopSpin software tool'*® that runs the Bruker
NMR spectrometer, and passed from a controlling PC using Transistor-Transistor
Logic pulses. Introducing p-H, into the reaction chamber required attaching
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the polariser to a p-Hy generator which is also attached to an Hy source (either a
Hs cylinder or an electrolytic Hy generator). The combination of these instruments
made-up the automated gas flow system for performing SABRE with high-field NMR
detection.

The automated gas flow system was later combined with a 1 T (43 MHz) benchtop
NMR spectrometer (Spinsolve Carbon, Magritek).®! This required communicating
with the Bruker polariser control unit via commands written in macros on the Prospa
software tool that operates all Magritek spectrometers, carried out by the controlling
PC through an RS232 serial interface. Adaptation of the Bruker polariser control
unit for use with the Prospa software provided a platform to interface the automated
gas flow system, originally developed for the ex situ detection of SABRE-polarisation
on high and low-field NMR spectrometers, with the Terranova-MRI spectrometer to
achieve SABRE hyperpolarisation with in situ EFNMR detection.

An in situ approach toward the detection of SABRE polarisation required a
modification of the automated gas flow system. The flow cell used on high-field NMR
systems for ex situ polarisation transfer, consisting of an external reaction chamber
linked to an NMR tube, was replaced with a glass reaction cell that can host the
SABRE reaction inside the Terranova-MRI probe during polarisation transfer and
NMR detection. Operation of the polariser was simplified by this change since the
flow of nitrogen gas for sample transfer was no longer needed. Several generations of
the glass reaction cell were developed, the latest of which was used in this work (see
FIGURE . The employed glass reaction cell has dimensions of 2.4 cmx 2.8 cm and
contains an inlet and outlet at the bottom and top of the cell, respectively, for the flow
of p-Hy gas. A porous frit was fitted into a glass capillary which was fused to the cell
inlet to act as a sparger to bubble p-Hs through the liquid sample within the reaction
cell designed to hold a maximum sample volume of 4 mL. p-H, bubbling promotes
the dissolution of the gas into the liquid SABRE sample for a more effective SABRE
reaction.

The in situ detection of SABRE-polarised pyridine on the Terranova-MRI spec-
trometer was published by the Meghan Halse group in 2019* using the glass reaction
cell as part of the modified automated gas flow system. As a co-author on this
publication, I contributed toward the development and optimisation of the EFNMR
experiments designed to detect the SABRE polarisation of pyridine. It is worth noting
that SABRE polarisation transfer could only be carried out under a mT PTF on
this SABRE-EFNMR system since the triaxial Helmholtz coil array had not yet been
integrated with the Terranova-MRI probe.

The SABRE-EFNMR system illustrated in FIGURE is a combination of the
automated gas flow system with the EFNMR-Helmholtz setup to achieve homonuclear
and heteronuclear SABRE polarisation transfer in situ of EFNMR detection. The
access to pT and mT PTFs is necessary for fully probing and optimising the SABRE
polarisation transfer mechanism. The Hy and p-Hs generators, the Bruker polariser
control unit and the glass reaction cell make-up the automated gas flow system, with

all components attached by Fluorinated Ethylene Propylene (FEP) tubing.
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FIGURE 4.1: Schematic of the SABRE-EFNMR system comprised of the automated gas flow
system integrated with the EFNMR-Helmholtz setup used to run SABRE experiments with in
situ EFNMR detection.

Many issues were encountered with the automated gas flow system at the start
of the project, such as blockages and leaks in the p-Hs path toward the reaction cell,
due to uncertainties in the operation of the p-Hy generator and the Bruker polariser
control unit. These issues led to a gradual decay in the production rate of p-Hs, where
the p-Hy generator could not keep up with the p-Hy pressure demands of the SABRE
experiment. A lack of reproduciblity in the flow rate of p-H, into the reaction cell lead
to inconsistent SABRE results. The work presented in the first section of this chapter
provides a detailed description of the p-Hs generator and Bruker polariser control unit
with the help of flow diagrams. The built-in procedures of these instruments that are
used to establish p-Hs bubbling are discussed, together with the changes implemented
for the development of a new and robust operation of the automated gas flow system.
The method behind diagnosing and fixing problems such as leaks, blockages and a
decline in the supply of p-H, is provided in the second section of the chapter, as well
as the boundaries for the experimental parameters required to ensure the Hy and p-H,
generators can keep up with the demands of p-Hy bubbling for the SABRE experiment.

4.2 Automated Gas Flow System

4.2.1 Parahydrogen Generator

The flow of p-H,y begins at the Hy generator which forms Hy gas from the electrolysis
of water and feeds it into the Bruker BPHG 90 p-H, generator. Here the Hy gas is
cooled down in the presence of a paramagnetic catalyst to form p-Hs, which is then
transferred to the Bruker polariser control unit, before making its way to the reaction
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cell.

The flow diagram of the p-Hy generator is displayed in FIGURE [4.2] H, gas
enters at solenoid valve SV1 at the inlet of the generator, and the input pressure is
measure by the pressure gauge, PG. From here there are two paths the Hy can take.
The path through SV2 takes Hy to the conversion chamber where it can be cooled in
order to be enriched with p-Hs. The alternative path through SV7 takes the Hy gas to
the outlet of the p-Hs generator, bypassing the conversion chamber. Conversion of
0-Hs to p-Hs increases at lower temperatures and requires a paramagnetic catalyst
to enable the symmetry forbidden transition of nuclear spins in the higher energy
ortho-state (I =1) to the lower energy para-state (I =0). Generating p-H, requires
passing H, gas through the conversion chamber, which is lined with a paramagnetic
catalyst and cooled to 38 K to produce an estimated p-H, content of 92 % from 25 %
at room temperature. The conversion chamber is attached to a cryocooler cold head
inside of a vacuum enclosure and is cooled down using a closed loop water cooling
circuit.

Before the p-Hy generator is cooled down, all gases other than Hy; must be
evacuated from the internal tubing to prevent them from freezing inside the conversion
chamber when it is operating at 38 K as this blocks it and interrupts the flow of p-Hs.
A gas purifier cartridge is fitted downstream of SV2 (see FIGURE to remove the
undesirable gases from the path toward the reaction chamber. The built-in 'purge’
procedure is also used for this and works by first using the vacuum pump to evacuate
the entire working volume of the p-Hy generator, before refilling the evacuated volume
with Hy gas from the Hy generator to prepare the p-Hs generator for cooling. In the
case where an H, generator that produces Hy gas from the electrolysis of water is
integrated with the p-Hy generator, the gas purifier cartridge helps to remove water
vapour that may travel into the p-Hy generator with the Hy gas.

The purge procedure is automated and lasts about 10 minutes; however, it was
found that it was not effectively evacuating the working volume as the conversion
chamber would be repeatedly blocked by frozen gases after a few days of use, even
when the purge procedure was run at the start of each day. To ensure complete
evacuation of the working volume, a new manual procedure for purging the system was
developed. This procedure requires accessing the generator’s manufacturer settings
to allow for manual opening and closing of the solenoid valves, as well as switching
on and off of the vacuum pump. At the end of each day of experiments the vacuum
pump was turned on and valves SV4, SV3 and SV2 were opened (in the written order,
see FIGURE to allow evacuation of the entire working volume. The procedure
would be left running for a minimum of ~ 15h. At the start of each day, the valves
and vacuum pump are closed and turned off to prepare for cooling. The manual purge
procedure does not need to include filling of the working volume with Hy gas after
vacuum pumping because the cooling procedure already does this.

Cooling of the conversion chamber is initiated by pressing the ’start’ option on
the screen of the Bruker BPHG 90 which becomes available after purging, and takes
around 40 minutes to complete. During cooling, SV1 and SV2 open to allow Hy from
the Hy generator to fill up the p-Hs path. The flow rate of Hy into the p-Hy generator
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FIGURE 4.2: Flow diagram of the automated gas flow system comprised of a Hs generator,
a Bruker BPHG 90 p-H, generator, a Bruker polariser control unit and a glass reaction cell.
The p-Hs generator enriches thermal Hy gas in its lower energy para state with a conversion
chamber operating at 38 K and lined with a paramagnetic catalyst. The p-Hs is then fed into
the Bruker polariser control unit which establishes a flow rate of p-Hs through the reaction cell
and SABRE sample. The polariser is controlled by commands within macros written on the

Terranova-Expert software package (Magritek, Germany) that are delivered by the controlling
PC outside of the EFNMR, pulse sequence.
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is dependant on the output pressure of the Hy generator, however, the flow of Hy
into the conversion chamber is limited to 0.2 Lmin! (at standard temperature and
pressure) by the needle valve located between SV2 and the conversion chamber. The
flow through the needle valve must be slow enough to ensure the retention time of
the Hs in the conversion chamber is long enough to allow optimal p-H, enrichment.
Once the conversion chamber reaches 38 K the cooling procedure terminates and
the ’continuous flow’ procedure can be selected to initiate delivery of p-H, into the
polariser. The procedure begins by opening SV4 and turning on the vacuum pump to
evacuate the space between SV3 and the outlet of the p-Hy generator. This lasts for
approximately 15s and ensures the p-Hy held at SV3 is the first thing to make contact
with the reaction cell once the p-Hs bubbling experiment begins. Finally, SV3 and
SV5 are opened and a continuous flow of p-H, into the polariser is established.

The Bruker BPHG 90 p-Hs generator allows the user to set the maximum output
pressure of p-Hy from SV5, thus providing control over the pressure within the Bruker
polariser control unit. A maximum output pressure of 6 bar was set for the automated
gas flow system as a safety precaution to prevent leaking of p-H, from the plastic
connectors and valves within the polariser, some of which can only handle gas pressures
of 8 bar. The p-Hs generator maintains this output pressure by closing SV5 once the
output pressure, measured by the outlet pressure gauge, PG, reaches 6 bar. This will
stop the flow of p-Hy into the polariser, however, when and if the outlet pressure drops
below 6 bar as the p-Hs is used up, SV5 opens again to re-introduce p-H, into the
polariser.

When the continuous flow procedure is first activated after purging of the p-Hs
generator, the p-Hy pressure reading at the outlet begins to increase as the p-Hy that
was held at SV3 during the cooling procedure flows through it toward the Bruker
polariser. Typically it takes ~120s for the output pressure to reach 6 bar; however, if
the p-Hy flow has been interrupted, due to a block within the reaction chamber for
example, the build-up time is much slower (minutes). Depending on the extent of the
block, the output pressure may not even reach 6 bar. Also, if there is a block, it will get
worse as more p-Hs bubbling experiments are run. In this case the build-up of p-Hy
pressure at the outlet of the p-H, generator between experiments will progressively
get slower. This is discussed further in section 4.3.2. If a slow build-up of output
pressure is observed, it is necessary to immediately stop the continuous flow procedure
in order to warm up the p-Hy generator via the 'warm-up’ procedure. This procedure
initiates the heater within the cryocooler to speed up the warm-up process of the
reaction chamber to 301 K, during which the vacuum pump is activated and valves
SV2, SV3 and SV4 are opened. This process allows removal of the frozen gases within
the reaction chamber as they melt. The improved purge procedure is then left running
until then next working day to make sure that the p-Hy generator has been fully
purged and the reaction chamber will not block again.

The warm-up procedure is also activated at the end of the working day so that
the p-Hy generator can be re-purged and therefore re-cooled at the start of the next
working day. This is a safety precaution to avoid leaving the lab with an unattended
instrument containing pressurised Hy gas.
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4.2.2 Polariser Control Unit

The Bruker polariser control unit is used to dictate the flow of p-H, into the glass
reaction cell by controlling the p-Hy pressure at its inlet (forward pressure) and outlet
(back pressure). A consistent flow of p-Hj into the SABRE sample is key for acquiring
reproducible hyperpolarisation data. Between periods of p-Hs bubbling, the pressure
in the cell is reduced to atmospheric pressure. This allows for an out-gassing of used H,
from solution between experiments, where it is assumed that at the end of a bubbling
experiment there is reductive elimination of the p-Hy derived hydrides from the SABRE
catalyst to give Hy gas which naturally diffuses out of the SABRE solution as thermal
Hy (75% o-Hy and 25 % p-Ha).

There is not much flexibility in when to initiate and terminate p-Hy bubbling
during the SABRE-EFNMR experiment because communication with the Bruker
polariser control unit, via macros written on Prospa, is only possible outside the
operation of the Terranova-MRI spectrometer DSP, which carries out the EFNMR
pulse sequence. Therefore, p-Hy bubbling of the SABRE sample may only be initiated
before the NMR pulse sequence begins and turned off after acquisition of the EFNMR
FID. Bubbling of a sample during NMR detection is generally avoided in the high-field
regime because of magnetic field inhomogeneities introduced into the sample at the
gas-liquid interface due to their differences in magnetic susceptibility. The impact
of magnetic susceptibility on the homogeneity of the local magnetic field scales with
magnetic field strength, such that it becomes negligible in the ULF regime. Therefore,
p-Hs bubbling of the SABRE sample during EFNMR detection does not reduce spectral
resolution.

The polariser’s switchable valves V1, V2 and V3 (see FIGURE operate in
a powered or unpowered state defined by the number 1 or 0, respectively, where the
state of each valve is chosen depending on the desired path of the p-H, through the
polariser. Pressure regulators PR1 and PR2 in the polariser contain a valve on a spring
that reduces the input pressure to a desired output pressure. PR1 is used to restrict
the flow of p-Hy from the p-Hy generator at its inlet and establish a forward pressure
of p-Hs into the reaction cell. PR2 is attached to the flow system in reverse (gas flows
into its outlet and out of its inlet, see FIGURE and is used to restrict the flow of
H, out of the reaction cell to establish a back pressure. The output pressure of PR1
and the input pressure of PR2 is recorded by the adjacent pressure gauges PG1 and
PG2, respectively. The extent of flow restriction by the pressure regulators is defined
by values ranging from 0 to 5. A value of 0 closes the valve in PR1 so that p-Hsy does
not flow through and 0 bar relative output pressure is established. A value of 0 opens
the valve in PR2 so that there is free flow of Hy to achieve 0 bar relative input pressure.
A value of 5 opens the valve in PR1 but closes the valve in PR2. Values between 0 and
5 define the output and input pressures of PR1 and PR2 in units of bar. For example,
if PR1 is set to 3 and PR2 is set to 2, pressure gauge PG1 would read 3 bar and PG2
would read 2 bar and a pressure differential of 1 bar would be established across the
reaction cell.

Together, PR1 and PR2 create and maintain a pressure differential across the

7



reaction cell to initiate p-Hy bubbling of the SABRE sample. A larger pressure at
PR1 than at PR2 is required to flow p-Hs through the porous frit at the inlet of
the reaction cell and out through the outlet. The pressure at PR1 determines the
concentration of p-Hs in the reaction cell and dissolved in the SABRE sample during
bubbling. A higher concentration of dissolved p-Hs leads to a higher concentration of
hyperpolarised substrate in solution and a stronger hyperpolarised signal 2%%P% The
pressure differential determines the flow/bubbling rate of p-Hs through the SABRE
sample, where a faster bubbling rate also improves the dissolution of p-H, into the
SABRE sample to increase the concentration of dissolved p-Hs.

The polariser commences in stand-by mode where valves V1, V2 and V3 are
in their unpowered states (represented as [000]), and pressure regulators PR1 and
PR2 are set to 0. In this state, p-Hy is held at PR1 at the regulated outlet pressure
of the p-Hy generator. The first step of a SABRE-EFNMR experiment is to initiate
p-Hs bubbling of the sample with the built-in 'regenerate’ procedure which is made-up
of 2 stages: the first stage fills the reaction cell with p-Hs to quickly establish the
back pressure and hence the desired pressure differential; the second stage maintains
the pressure differential to achieve reproducible p-Hy bubbling of the SABRE sample.
The back pressure is established in the first stage by setting PR1 and PR2 to the
desired forward and back pressure values, and setting a valve state of [111] (V1=1,
V2=1, V3=1) for a user defined period, typically 1s. This short lived state allows
p-Hs to flow into the cell from its inlet via PR1 and V1, and its outlet via V3, PR2
and V2 (see FIGURE . The back pressure can alternatively be achieved by flowing
p-Hs into the cell through the inlet only and waiting for it to build-up at PR2, but
this is much slower. The second stage maintains the pressure differential across the
reaction cell and creates a continuous flow of p-Hs through the SABRE sample by
changing to a valve state of [110]. The second stage of the regenerate procedure is left
running for the duration of the SABRE-EFNMR experiment, after which the built-in
'stop’ procedure, which returns the polariser to stand-by mode (PR1 =0, PR2=0,
valve state: [000]) is used to terminate p-Hy flow through the reaction cell. At this
point, any gas downstream from V1 is flushed toward the exhaust, which is open to

atmospheric pressure, causing out-gassing of the SABRE sample in preparation for
the next SABRE-EFNMR bubbling experiment.

Due to aggressive bubbling that agitates the sample, small amounts of the SABRE
sample can also flow out from the outlet of the reaction cell. A phase separator (see
FIGURE is used to ensure any liquid that flows out from the cell is transferred
directly to waste, bypassing PG2, PR2 and V3. This is necessary because the SABRE
sample contains solvent which is harmful to the inner mechanics of pressure regulators
and the electronic pressure gauges. The Hy gas from the cell is transferred by the
phase separator toward PR2 (see FIGURE to allow the build-up of back pressure.

When p-Hs bubbling is terminated at the end of a SABRE-EFNMR experiment
and the polariser returns to stand-by mode, some p-Hy becomes trapped between
PR1 and V1. The gas in this region must be removed before the start of the next
experiment to ensure a clear and reproducible path toward the reaction cell for the fresh
p-Hs in the following experiment. When the trapped gas was not removed between
SABRE-EFNMR experiments, the intensity of the acquired hyperpolarised signal was
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seen to vary significantly (£ 5 p V) across delays of a few seconds between experiments.
This occurs because the trapped p-Hs slowly diffuses out through the FEP tubing and
leaks out from the plastic connectors, therefore if the pressure is not cleared, the p-Hy
flowing into the reaction cell from PR1 will experience a different pressure differential
and corresponding flow rate into the SABRE sample as a function of differing delays
between experiments. Removing all the trapped Hy before the start of the next SABRE
experiment ensures identical starting conditions of the EFNMR-SABRE experiment
to attain reproducible hyperpolarisation. After the polariser returns to stand-by mode,
the valve state [100] is set to initiate the 'vent’ procedure which opens a path for the
trapped p-H, towards the exhaust via the reaction cell and V2. The polariser is held at
this state for 0.5, before the ’stop’ procedure is used to return the system to stand-by
for the start of the next SABRE-EFNMR experiment. The vent procedure must also
be included at the start of the SABRE-EFNMR experiment so that the p-Hy bubbling
conditions of the first experiment are consistent with that of subsequent ones.

The plot in FIGURE [4.3] shows the forward and back pressure readings of PG1
(blue) and PG2 (orange), respectively, during a p-Hy bubbling experiment that mimics
the operation of the polariser control unit during a SABRE-EFNMR experiment. The
SABRE-EFNMR experiment is mimicked because the process of reading and printing
pressure values requires communication with PG1 and PG2 by the controlling PC
which, during a SABRE-EFNMR experiment, is only possible outside the operation
of the Terranova-MRI spectrometer. The method by which this data was collected is
described in detail in section 4.3.1.
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FIGURE 4.3: A plot of the pressure values recorded by pressure gauges PG1 and PG2 during
a p-Hs bubbling experiment that mimics the operation of the Bruker polariser control unit
over the course of a SABRE-EFNMR experiment.

The initial pressure reading of 0.27 and 0.03 bar at PG1 and PG2, respectively,
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was recorded immediately after the vent procedure and verifies that there was no gas
inside the polariser at the start of the experiment. The regenerate procedure was then
performed with a forward pressure of 4 bar and a back pressure of 3.75bar (40.25 bar
pressure differential). The second pressure reading shows that within 2.5s the pressure
at PG1 increased to 4.45bar and the pressure at PG2 increased to 4.43 bar which
corresponds to the first stage of the regenerate procedure where the reaction cell is
filled with p-Hs from its inlet and outlet. The first stage lasts for 1s in a standard
SABRE-EFNMR experiment, however it was increased to 2.5s to demonstrate the
build-up in the figure. From this point, the second stage of the regenerate procedure
was initiated, whereby the pressure differential of +0.25 bar was maintained by PR1
and PR2 for 28s to allow p-H, bubbling of the SABRE sample. It can be seen from
the plot that it took around 4.65s from the start of the second stage for PR1 and
PR2 to regulate to their set pressures of 4 and 3.75 bar, respectively. The "V1 hold’
procedure then terminates p-Hy bubbling and holds the p-Hy from the p-Hy generator
at V1. This procedure is identical to the stop procedure, apart from the role of PR1
which is set to 5 instead of 0 to allow the p-Hy flow into V1 where its pressure can be
recorded by PG1. This step is used to observe the output of the p-Hy generator at the
end of a p-Hy bubbling experiment to ensure it is high enough to keep up with the
demand of the next one (4 bar forward pressure and +0.25 bar pressure differential in
this case).

The recovery of the p-Hy generator depends on whether the rate of formation
of p-Hy by the conversion chamber in the p-H, generator (0.2 Lmin~!), which is also
dependent on the rate of production of Hy gas by the Hy generator, can keep up
with the rate of bubbling which is proportional to the pressure differential across the
reaction cell. During the V1 hold procedure the pressure at PG1 immediately rose
to 6.02 bar, and the pressure at PG2 immediately dropped to 0.03 bar. The pressure
of 6.02bar at V1 is equal to the regulated output pressure of the p-Hy generator and
shows that the p-Hy was able to fully recover and very quickly. This suggests that the
rate of production of Hy and the rate of formation of p-Hs were fast enough to keep up
with the bubbling rate associated with the +-0.25bar pressure differential across the
reaction cell, after one experiment. The final data point shows a return of PG1 and
PG2 to 0.27 and 0.03 bar, respectively, after the vent procedure was run to remove
any gas still present within the polariser control unit to ready it for the start of the
next experiment.

4.3 Monitoring Parahydrogen Flow and Diagnosing
Problems

4.3.1 Method

The flow of p-Hy through the polariser can be visualised using the electric pressure
gauges PG1 and PG2, as shown by the example in FIGURE They enable the
recording and printing of pressure readings at the inlet and outlet of the reaction
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cell under the different stages of gas flow, through the incorporation of the necessary
commands into the pulse program macro of the Terranova Expert software. The
pressure values can be saved as Comma Separated Values files for processing
of the pressure data in programs such as Microsoft Excel or Matlab. Printing of
other parameters, including the time and valve state at each pressure reading was
implemented to help with interpreting the pressure data.

Access to these commands during operation of the Bruker polariser allows for
the creation of specially designed gas flow procedures to diagnose issues with the
p-Hy flow into the reaction cell, caused by problems such as blockages and leaks
within the working volume of the Bruker polariser itself, and the p-Hy generator.
Furthermore, these commands were incorporated into the pulse program macros of the
SABRE-EFNMR experiments to keep track of the performance of the automated gas
flow system to aid in the post processing of the SABRE-polarised data and identify
potential problems with the p-H, flow.

A Bruker polariser interface was created in the Terranova-Expert software (see
FIGURE to provide easy access to the gas flow monitoring procedures and
commands available to the user; procedures involve multiple steps and utilise multiple
commands that are sent to the pressure regulators and switchable valves. The red
box in FIGURE [4.4] outlines the commands for communicating with the switchable
valves and the pressure gauges, as well as built-in procedures made up of multiple
steps that involve commands to the polariser to initiate and terminate p-Hs flow into

E Regeneration- Valve/Leak test

Input pressure E Record loops D
Back pressure E‘ Record intervals / s E‘ Status Check mp

Time out / s D Load Pars Check P

Reset Check MP

Rl e e .
Pressure Control S Initialise monitor

Max pressure diff / bar D .. ................

"+t Regenerate Vent
Min pressure diff / bar ,E _______________ :
Stop Full leak test

Valve check 4 Hold

Exit Full bub exp

Working project folder [ |

FIGURE 4.4: Image of the Bruker polariser control unit interface designed on the Terranova
Expert software to facilitate access to the commands and pre-existing flow procedures of the
polariser (red), and the newly designed flow procedures to aid in monitoring the flow of gas into
the reaction cell (blue). The "Monitoring Parameters’ section of the interface offers control over
the number of pressure values recorded by PG1 and/or PG2, and the length of time in seconds
between each recording. The 'Regeneration’ section is exclusive to the regenerate procedure to
communicate to PR1 and PR2 the forward and back pressure, respectively, in bar.
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the reaction cell. The procedures inside of the blue box were developed in this work to
allow monitoring of p-Hs flow through the Bruker polariser to improve the diagnosis
of issues, and therefore the robustness and reproducibility of the SABRE-EFNMR
experiment. The plot in FIGURE was generated from the gas flow procedure
labelled "Full bub exp’ and is an example of the way the recorded data is interpreted.

Information on the commands and procedures within the interface is provided in
Table . The user input parameters labelled 'Record loops’ and 'Record intervals / s’
in the "Monitoring Parameters’ section of the interface control the total number of
pressure values recorded by PG1 and/or PG2 in each step of the chosen flow procedure
and the delay in seconds between each recording, respectively.

The ’Input pressure’ and 'Back pressure’ user-input parameters in the 'Regenerate’
section of the interface are used to set the forward and back pressure of p-Hy through
the reaction cell during the built-in regenerate procedure. All of the SABRE-EFNMR
experiments utilise the regenerate procedure, as well as some of the gas flow monitoring
procedures (see Table . The forward and back pressures of gas through the reaction
cell for the other gas flow procedures are defined explicitly in their pulse program. The
'Time-out / s’ user-input parameter sets the time in seconds to build-up the desired
back pressure at the start of the regenerate procedure. Access to all of the p-Hy flow
parameters during the regenerate procedure is therefore easily accessible within the
Bruker polariser interface.

Access to built-in safety measures is also provided by the interface in FIGURE
via the 'Pressure Control’ section. The "Max pressure diff / bar’ user-input parameter
prevents too large a pressure differential and corresponding flow rate of gas through
the working volume of the polariser from being set. This is done to prevent vigorous
bubbling and spraying of the sample in the reaction cell which will lead to rapid loss
through the outlet. The "Min pressure diff / bar’ parameter ensures there is always a
positive pressure differential through the reaction cell and gas is always flowing from
the polariser inlet to the exhaust. This prevents a build-up of pressure inside the
polariser and the reaction cell which can lead to the damaging of both. Values of
0.7 bar and 0.15 bar were inputted for the max and min pressure differential parameters,
respectively, in this work.
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Table 4.1: Table describing the commands and procedures available within the Bruker polariser

interface.

Command (C) /
Procedure (P)

Description

Check MP (C)

Prints the maximum pressure differential value that has
been set within 'Pressure Control’ onto the CLI.

Check mp (C)

Prints the minimum pressure differential value that has
been set within "Pressure Control’ onto the CLI.

Check P (C) Prints the maximum pressure differential value that has
been set within 'Pressure Control’ onto the CLI.

Reset (P) Forces the unit to perform a soft reset of the application
program.

Status (P) Prints a description of the current operation phase of the

polariser onto the CLI (e.g. Idle, Regeneration Start, Re-
generation Over, etc.).

Load Pars (P)

Loads 'Regeneration’ and "Pressure Control’ parameters
from the Bruker polariser to update the GUI.

Initialise (p)

Update polariser with 'Regeneration’ and "Pressure Control’
parameters from the GUI and write result to a parameter
file in project directory. Parameters must be re-updated
whenever there is a change to the parameters.

Regenerate (P)

Starts regenerate procedure (p-H2 bubbling).

Stop (P) Terminates any running procedure and returns polariser to
stand-by mode.
Exit (P) Close Bruker polariser interface.

monitor (P)

Initiates the regenerate procedure to test how well the
pressure differential is held by PR1 and PR2. Pressure
values at PG1 and PG2, valve state and time are recorded
in intervals throughout the procedure and are printed onto
file pVals(n).csv (n=0,1,2,3...) in the project directory.

Vent (P)

Reaction cell is opened to exhaust for degassing of the
sample and working volume of the Bruker polariser.

Full leak test (P)

Gas pressure is held in different sections of the working
volume of the Bruker polariser to test for leaks. Pressure
values at PG1 and PG2, valve state and time are recorded in
intervals throughout the procedure and are printed onto file
FullLeakTest(n)csv (n=0,1,2,3...) in the project directory.

V4 Hold (P)

PRI is opened and gas pressure is held at V1.

Full bub exp (P)

Replicates the SABRE-EFNMR experiment to test the
performance of the Bruker polariser and the p-Hs generator.
Pressure values at PG1 and PG2, valve state and time
are recorded in intervals throughout the procedure and are
printed onto file fullBubbling test(n).csv (n=0,1,2,3...) in
the project directory.
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4.3.2 Recovery of Parahydrogen Pressure

A consistent flow rate of p-Hs through the SABRE sample is essential in acquiring
reproducible and comparable SABRE polarised data, and depends on the absence of
leaks and blockages in the p-Hs flow path, as well as the correct functioning of all
components of the automated gas flow system (pressure regulators, solenoid valves,
etc.). FIGURE shows the monitoring of p-Hs pressure at PG1 over 15 repetitions of
a SABRE-EFNMR experiment with a pressure differential of +0.25 bar, achieved using
a forward pressure at PR1 of 4 bar and a back pressure at PR2 of 3.75 bar. Pressure
data was not acquired during the first and second stages of the regenerate procedure,
as was done in FIGURE [4.3] because communication with the polariser control unit
is only possible outside the operation of the EFNMR experiment. Therefore, the
plot shows the pressure readings from the point immediately after the second stage
of the regenerate procedure when p-H, bubbling is terminated, to the end of the
SABRE-EFNMR experiment. The pressure readings from the initial and final vent
procedures were ignored.

The p-Hy forward pressure over the course of the V1 hold procedure tracks the
rate of recovery of the p-Hy generator for 32s, after ~ 47s of p-Hy, bubbling. It
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FIGURE 4.5: Plot of forward pressure values of p-Hs into the reaction cell from the end of
the regenerate procedure to the end of the V1 Hold procedure which indicates the end of the
SABRE-EFNMR experiment. The data shows the recovery of the output of p-Hy from the p-Hs
generator across 15 different repetitions of the bubbling experiment. A good recovery of the
p-Hs generator is observed because the output pressure at the end of V1 hold is equilibrating
to a value higher than the input pressure of the experiment of 4 bar, suggesting the Hs and
p-Hy generators are keeping up with the p-Hy demand by the SABRE-EFNMR experiment.
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is important to note that the V1 hold procedure has replaced what would be the
repetition delay between experiments in a standard SABRE-EFNMR experiment.
The recovery of the generator is dependent on a combination of the p-Hy flow rate
through the cell dictated by the pressure differential, the p-Hy formation rate limited
to 0.2 Lmin~!, the Hy gas production rate and the V1 hold duration (repetition delay).
Since the Hy production rate and the p-Hs formation rate are fixed, and the p-H,
bubbling rate is chosen to maximise the SABRE reaction, the repetition delay must
be optimised to ensure the p-Hy generator sufficiently recovers between experiments in
order to maintain the required pressure differential across the cell.

The first data point of the PG1 monitor experiment shows that the forward
pressure was successfully maintained at the set value of 4 bar for all repetitions
indicating that PR1 is correctly regulating the pressure (the same is true for PR2).
The first 3 repetitions of the SABRE-EFNMR experiment show a full recovery of the
output of the p-Hy generator to the regulated value of 6.3 bar (a reading of 6 bar on the
pressure gauge at the outlet of the p-Hy generator is read as 6.3 bar on PG1) by the
end of the V1 hold procedure. The recovery rate of the p-Hy generator was unchanged
for all repetitions of the SABRE-EFNMR experiment, however, its output pressure at
the start and end of the V1 hold procedure consistently decreased with each repetition
until the generator no longer fully recovered after the third repetition. Since the
recovery rate depends on the formation rate of p-Hs which depends on the production
rate of Hy, and the inlet pressure of the p-Hy generator continuously dropped during
the regenerate and V1 hold procedures across all repetitions (observed on the screen
of the p-Hy generator whilst on ’diagram’ view), the production of Hy was concluded
to be the limiting factor in the recovery rate. This means that the production rate of
H, is slowing down the formation of p-Hs required to maintain a +0.25 bar pressure
differential.

When the regenerate procedure is initiated, the output pressure of the p-H,
generator drops rapidly (also observed on the screen of the p-Hs generator whilst on
"diagram’ view) as the reaction cell fills up with p-Hs. Once the pressure differential
is established, the outlet pressure of the p-Hy generator slowly increases, provided
the rate of formation of p-H, is faster than the bubbling rate. This was the case for
the PG1 monitor experiment in FIGURE [4.5 however, the plot shows that although
the p-H, pressure at the start and end of the V1 hold procedure decreases with every
repetition, the amount at which it drops by also decreases. This indicates that the
flow rate of p-Hy through the cell is slower than the 0.2 L min~! formation rate of p-Hs.
It also indicates that the performance of the automated gas flow system is reaching
a state of equilibrium, where the output pressure of the p-Hy generator at the start
and end of the V1 hold procedure appears to be converging toward 5.3 and 5.8 bar,
respectively. The large drop in output pressure of the p-Hy generator, due to the
initial filling of the reaction cell with p-H, also equilibrates to a certain value, and
as long as it is at least 0.5 bar higher than the set forward pressure at PR1, the flow
system can keep up with the p-Hy demand for the SABRE-EFNMR experiment over
many repetitions. If not, the repetition time (or duration of the V1 hold procedure
in this case) must be increased to allow the production rates of Hy and p-Hy to keep
up with the desired pressure differential, as all other parameters that effect the p-Hy
generator’s recovery are fixed.
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For the case when the output pressure of the p-Hy generator drops below the
forward pressure set by PR1 during the SABRE-EFNMR experiment, there will be
more pressure in the reaction chamber than in the polariser control unit and the
p-Hs generator, thus creating an unfavourable pressure differential that forces p-Hs
and small amounts SABRE solution into the p-Hy generator via the polariser. The
SABRE sample contains iridium catalyst and CH3OH/CD3OD solvent which is not
only harmful to valves, pressure gauges and pressure regulators in the polariser control
unit and p-Hs generator, but will also freeze inside the generator causing a block.
Damage to the flow system can be minimised if the experiment is terminated quickly
and the generator is immediately warmed to room temperature and purged. It is
therefore imperative for the person operating the system or someone who understands
it to be close by to continuously check on the recovery of the p-H, generator’s output
in between experiments. This can be done by either keeping an eye on the inlet and
outlet pressures of the p-Hy generator during the SABRE-EFNMR experiment (shown
on its screen when in ’diagram’ view), or by recording and saving the pressure values
at PG1 and PG2 after each repetition of the SABRE-EFNMR experiment, as shown
in FIGURE [4.5

4.3.3 Optimising the Parahydrogen Pressure Differential

The forward pressure of p-Hs into the reaction cell, regulated at PR1, determines the
concentration of p-Hy in the SABRE sample during p-Hs bubbling. The combination
of the forward and back pressure regulated at PR1 and PR2 determines the pressure
differential and corresponding flow rate of p-Hs through the reaction cell. Maximising
the forward pressure and the pressure differential maximises the dissolution of p-Hy
into the SABRE sample and hence the hyperpolarisation of the substrate. However,
the values of these parameters must be chosen in consideration with the limited
production of Hy and limited formation of p-Hy (0.2 Lmin ~!') because too high a
forward pressure and pressure differential will use up too much p-Hs at each repetition
of the SABRE-EFNMR experiment.

A pressure differential of +0.25 bar from a forward and back pressure of 4 and
3.75 bar, respectively, was used in FIGURE which demonstrated sufficient recovery
of the p-Hs generator over 15 repetitions. To observe the effect of the pressure
differential on the output of the p-H, generator, PG1 and PG2 were used to record the
forward and back pressures of p-Hy during the second stage of the regenerate procedure
under pressure differentials of 0.2, 0.25 and 0.3 bar, from a forward pressure of 3.5 bar
(see FIGURE[4.6). When a 0.2 and 0.25 bar pressure differential were used, a consistent
flow of p-Hy through PR1 and PR2 was observed, and the pressure differential was
successfully established and maintained. When a 0.3 bar pressure differential was
set, the flow of p-Hy through PR1 and PR2 was very inconsistent and could not be
regulated to the set pressure of 3.5 bar at PR1 and 3.2 bar at PR2. This result suggests
that the production rate of Hy or the 0.2 L min~! formation rate of p-H, is slower than
the flow rate of p-Hy through the reaction cell that is associated with a 0.3 bar pressure
differential. Therefore, a lower pressure differential must be used for SABRE-EFNMR
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FIGURE 4.6: A plot of the p-Hs forward and back pressure, measured by PG1 and PG2,
respectively, during the second stage of the regenerate procedure with a set pressure differential
of a) 0.2bar, b) 0.25bar and ¢) 0.3 bar, from a forward pressure of 3.5 bar.

experiments to achieve reproducible SABRE hyperpolarisation.

4.3.4 Blockage and Leak Tests

Insufficient vacuuming of the p-Hy generator working volume introduces gases other
than Hy into the conversion chamber which freeze at the operating temperature of
38 K. The frozen gas blocks the path of the p-Hy through the conversion chamber and
reduces its flow rate by an amount that is proportional to the severity of the block.
A block can be diagnosed by observing the generator’s output pressure, displayed
on the screen of the generator in ’diagram’ view, after initiation of the continuous
flow procedure which transfers p-Hy toward a closed PR1 (if polariser is in stand-by
mode) and leads to a pressure build up at the outlet of the generator. If the observed
pressure build-up is significantly slower than under normal operating conditions, the
p-Hy generator is blocked and the continuous flow procedure must be terminated in
order to run the manual purge procedure. In some cases blocking due to freezing
can take time to occur, especially if there is a leak in the generator that is slowly
introducing air into the reaction chamber, where the block may then occur in the
middle of the day and could get worse as more and more p-Hy bubbling experiments
are run.

Leaks in the working volume of the p-Hs generator, as well as faulty components
within it such as solenoid valves, etc., which act as blockages if they are unintentionally
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limiting the flow of p-Hy through them, can disrupt the build-up of pressure at the
outlet of the generator after initiating the continuous flow procedure. This can easily
be tested for by using the path through SV7 (see FIGURE that bypasses the
conversion chamber to flow thermal hydrogen gas into the polariser. A clean flow
through the polariser operating at room temperature means that blockages are only
occurring when its cooled down and must be due to gases freezing within the conversion
chamber. However, if the output of the generator is compromised when warm, the
issue is due to a faulty part or a leak. Manual switching of the solenoid valves in the
p-Hs generator to hold the Hy gas within different sections of the working volume can
help to locate the issue.

Leaks within the Bruker polariser control unit were encountered much more
frequently than on the Bruker BPHG 90 p-H, generator, and occurred due to improper
tightening of its plastic connectors that link the FEP tubing to all of the components.
Therefore, the first form of action if a leak was suspected within the polariser was to
hand tighten all of the accessible connectors, followed by the use leak detector during
gas flow through the polariser. Care should be taken when spraying leak detector on
the inside of the polariser as liquids can damage the circuit board. One could also
visually check for punctures or bends in the FEP tubing that could be affecting the
flow of gas. A more reliable way of testing for leaks was with a leak test experiment
written on the Terranova Expert software that allow gas to be held within different
sections of the polariser’s working volume, and observing how well the gas pressure is
held using PG1 or PG2, as illustrated in FIGURE The procedure is initiated with
the polariser on stand-by mode (PR1 =0, PR2 =0, valve state: [000]), and begins by
first setting PR1 to 5 to build-up gas pressure at V1. The system is left in this state
for a few seconds to allow the pressure at V1 to build-up to the pressure of gas going
into the polariser. The "Hold 1’ procedure is then run which sets PR1 to 0 to hold the
Ny gas between PR1 and V1, and test for gas leaks within this isolated section of the
polariser working volume. After the Hold 1 procedure finishes, the polariser changes
to a valve state of [1 10| and PR2 is set to 5. This allows gas to flow through PR1,
the reaction cell and the phase separator to achieve a pressure build-up at PR2. The
system is held in this state for a few seconds to allow the pressure at PR1 and PR2 to
equilibrate, after which the 'Hold 2’ procedure is run which sets PR1 to 5. This traps
the Ny gas between PR1 and PR2 to test for leaks in the rest of the working volume
of the polariser. The leak test procedure does not test for leaks between the T piece
and V3, but this can be achieved by repeating the first part of the leak test procedure
where gas is allowed to build-up at V1, and then turning off the flow of Ny from the
source. This traps Ny gas between the outlet of the Ny source and V1, which includes
the T piece and V3. At this point, PG1 can be used to track any changes in the Ny
pressure to determine whether there is a leak present.

FIGURE {.7] demonstrates the results from a leak test experiment that was run
with 5.8 bar of Ny gas and with pressure readings from PG1 and PG2 recorded every
2.3s. An instant build-up of Ny pressure at V1 to 5.8 bar is observed at PG1 when
the leak test is initiated. The results from PG1 during the Hold 1 procedure show
that the tubing between V1 and PRI, and the connections to V1 and PR1 themselves
are well sealed as the pressure remained mostly consistent. A negligible loss of Ny
pressure was observed, however this is attributed to the unavoidable escape of Ny gas
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FIGURE 4.7: Plot of Ng pressure during the different stages of the leak test procedure which
aims to test the ability of the FEP tubing and components within the Bruker polariser control
unit to hold pressure. The Hold 1 and Hold 2 procedures used to hold Ny gas in between
PR1 and V1, and PR1 and PR2, respectively, show that there are no leaks present within the
polariser. The numbers in red next to the pressure regulators and switchable valves indicates
their operating state.
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from the plastic connectors. A pressure build-up at PG2 and pressure loss at PG1 was
then observed as the Ny gas is pushed toward PR2. The Ny pressure equilibrated to
5.7 and 5.55 bar at PG1 and PG2, respectively, after 12s. The final pressure results
from PG1 and PG2 for the Hold 2 procedure shows that the tubing, as well as the
connectors to the components, between PR1 and PR2 were also well sealed as there
was no significant change in pressure. The insignificant and unavoidable escape of Ny
gas was again observed.

4.4 Conclusion

Integration of the EFNMR-Helmholtz system with the automated gas flow system
formed the SABRE-EFNMR system which is capable of carrying out SABRE exper-
iments in situ of the polarising and detection fields. This system is an upgrade on
the in situ system published previously by the Meghan Halse group*’® Although the
hyperpolarised pyridine data in the paper demonstrated a good level of reproducibility,
the conversion chamber within the p-Hy generator was prone to blocking, and the
p-Hy flow rate into the SABRE sample was not always consistent across multiple
experiments.

Improvements to the operating procedures of the Bruker BPHG 90 p-Hs generator
and the Bruker polariser control unit meant that SABRE experiments could be
optimised and performed with much more consistency to give a higher reproducibility
of hyperpolarisation. The purge procedure carried out by the p-Hs generator was
enhanced to ensure blocking of the conversion chamber by the freezing of unwanted
gases within it at 38 K did not occur, especially during a SABRE-EFNMR experiment
when a continuous flow of p-Hs into the polariser is required. Macros on the Terranova-
Expert software were written to test for leaks in the polariser’s internal FEP tubing in
order to prevent the escape of Hy gas into the lab and to maintain a consistent flow of
p-Hs into the reaction cell across all experiments. Procedures that monitor the flow of
gas through the Bruker polariser control unit using PG1 and PG2 were also written,
and together with the real-time pressure readings displayed on the screen of the p-H,
generator, the forward pressure of p-H, into the reaction cell and the flow rate of p-Hs
through the SABRE sample could be optimised. Optimal flow conditions are key to
ensuring the automated gas flow system can maintain the desired flow rate of p-Hs
over consecutive SABRE-EFNMR experiments. Finally, the very simple addition of
the vent procedure to the start and end of all repetitions of the SABRE-EFNMR
experiments aided in creating identical starting conditions for the flow of p-Hs into
the reaction cell.

All of the improvements to the automated gas flow system used previously by the
group to perform in situ SABRE with EFNMR detection™® have helped to establish
a reproducible, user-controlled flow of p-Hs into the reaction cell. In addition, the
previous in situ system was also limited by its ability to only perform homonuclear
SABRE polarisation transfer using the built-in polarising coil, however, the EFNMR-
Helmholtz system which has been integrated with the automated gas flow system,
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is able to overcome this. In the next chapter, the SABRE-EFNMR system will be
used to achieve mT and pT SABRE polarisation transfer with in situ detection in the
ultra-low-field regime. The benefits of rapid detection of the SABRE hyperpolarisation
after the polarisation transfer step due to our in situ detection approach will be
explored and demonstrated for a range of fluoropyridines with different J-coupling
properties.
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5| In situ SABRE Polarisation of Fluoropy-
ridines

5.1 Introduction

In chapters 2 and 3, a system for in situ SABRE polarisation with EFNMR detection
was described that provides a robust and reproducible set of experimental conditions
for performing hyperpolarisation measurements. In this chapter, we will use this system
to demonstrate the in situ SABRE polarisation of 'H and F nuclei with EFNMR
detection. The goal is to develop an improved understanding of the spin-physics that
underpins SABRE polarisation transfer in the ULF regime.

Since it is not the chemistry behind the SABRE process that is being probed,
but the spin-physics behind the SABRE polarisation transfer mechanism, a well
documented SABRE catalyst-substrate combination was employed, and involved the
use of N-heterocyclic substrates with the Ir-IMes ([IrCI{COD}{IMes}|) metal complex
as the SABRE precatalyst 2P2084P9103 Pyridine is a well studied SABRE substrate
that is often used with the Ir-IMes precatalyst®>53100IIE1IS (g0 FIGUREB. 1)), however,
its EFNMR spectrum shows only a singlet because the 'H nuclei are magnetically
equivalent in the ULF regime and produce overlapping singlet peaks. Introduction of a
heteronuclear coupling breaks the equivalence, and a J-coupling network comprised of
strong 'H-'H and X-'H interactions is formed, giving rise to complicated peak shapes
that are nonetheless specific to the substrate under investigation. As a consequence,
information about the chemical system of the substrate and the form of the SABRE
polarisation is provided. Further complexity is added to the SABRE-polarised EFNMR
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FIGURE 5.1: Form of the SABRE-active catalyst when using the Ir-IMes SABRE precatalyst
with pyridine as the SABRE substrate.



spectrum by the poor signal resolution due to overlapping peaks with equal chemical
shifts.

The absence of chemical shift resolution combined with strong homonuclear and
heteronuclear coupling, inherent to NMR detection in the ULF regime, presents a
challenge for spectral interpretation. Even so, the complete and successful analyses of
strongly coupled 'H-X spin systems has been demonstrated in the literature in the
Earth’s magnetic field on a range of substrates containing spin-1/2%% and quadrupolartt
heteronuclei. The complex EFNMR spectra produced by these substrates were analysed
using perturbation theory and NMR simulations based on a quantum mechanical
method first proposed by Bernstein and Pople®” The studies show that although
difficult, more structural information can be extracted from signals acquired in the
ULF regime. This is beneficial in regards to probing of the SABRE polarisation
transfer mechanism as the EFNMR signal shape will be more sensitive to changes in
the polarisation transfer pathway.

The SABRE-polarised EFNMR spectra acquired in this report have been analysed
using NMR simulations that represent theoretical spectra for comparison to facilitate
interpretation. Simulations also allow deconvolution of the observed SABRE-polarised
signal with the ability to isolate certain nuclei for detection in order to assign the
hyperpolarised peaks to chemical environments on the substrate. As a consequence
of the SABRE polarisation transfer pathway, many magnetic states in the substrate
spin system receive hyperpolarisation, but it is not obvious by looking at the SABRE-
polarised signals, which states those are. Choosing which magnetic states are allowed
to evolve under the simulated NMR experiment and which are detected is an effective
way to replicate the SABRE-polarised signals to estimate which magnetic states on
the substrate are involved in the SABRE polarisation transfer pathway.

This work has focused on the use of fluorinated pyridine derivatives as the
N-heterocyclic substrates of choice. Fluorine was chosen as the heteronucleus because
it is 100 % abundant in the spin-half °F isotope which has a gyromagnetic ratio that
is close to that of proton. This leads to a difference in Larmor frequency between the
two nuclei of ~131.1 Hz at the preferred EFNMR detection field of 51.9 pT. The two
nuclei can therefore be simultaneously excited and detected (see Chapter 3) which
facilitates the acquisition of their SABRE-polarised signals on the Terranova-MRI
probe. Fluorinated pyridine substrates with a varying number of °F nuclei were used
to maximise the intensity of the SABRE-polarised 'F EFNMR signal. Substrates
with and without symmetry, containing varying magnitudes of YF-'H J-coupling
interactions were also used in order to observe how the substrate J-coupling network
influences the SABRE polarisation transfer mechanism.

The acquisition and observation of SABRE-polarised 'H and F signals in this
chapter have made use of the direct and indirect transfer of polarisation from the p-H,
derived hydrides on the SABRE catalyst to a target nucleus on the substrate. Indirect
transfer refers to the transfer of polarisation to one type of nucleus on the substrate
before being relayed onto the target nucleus which is also on the substrate but is of a
different type (e.g. from the hydrides to a 'H nucleus on the substrate, and then from
the 'H nucleus to a '*C nucleus on the substrate). Both transfer pathways are mediated
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by the J-coupling in the presence of a weak magnetic field. The PHIP method is
heavily dependent on indirect polarisation transfer to hyperpolarise heteronuclei (**C,
YF, etc.) on the hydrogenated substrate. This can occur spontaneously, %7 albeit
not very efficiently. Magnetic field cycling!*® and RF pulse sequences!?*!2l have
been developed with PHIP to improve the efficiency of indirect polarisation transfer.

In a publication by Hill-Casey et al. on SABRE-polarised pyridine derivatives
with EFNMR detection % the monitoring of the activation of the Ir-IMes catalyst,
hyperpolarisation build-up in mT PTFs as a function of p-Hy bubbling time, and
polarisation transfer as a function of mT PTF strength via in situ EFNMR detection
was demonstrated for the first time. PTF sweep experiments in the mT regime,
implemented using the polarising coil, found that a PTF of 6.5mT is optimal for
direct polarisation transfer to the protons on pyridine, pyrazine, and isonicotinamide.
This is in agreement with the PTFs used widely across the literature for mT SABRE
polarisation transfer to protons on a substrate 28>9%101 chosen based on the PT(3%25
derived from the theory of LAC”¥ The SABRE-EFNMR experiments in this work
have been adapted for implementation of the triaxial Helmholtz coil array.

The work by Hill-Casey et al*% also presented a method for quantitatively assess-
ing the level of SABRE polarisation of pyridine. At high field, SABRE enhancements
are calculated by dividing the intensity of the hyperpolarised signal by the intensity of
the same signal, from the same sample, at thermal equilibrium. However, the pyridine
SABRE sample contained too low a concentration of protons (mM) to produce an
observable thermal pyridine 'H signal on the Terranova-MRI system. Therefore, the
pyridine signal intensity at thermal equilibrium was estimated from the extrapolation
of a fit to the plot of signal intensity against the concentration of 'H nuclei in multiple
water samples of different volumes and with pre-polarisation at 18.8 mT. This method
provides an estimate of the polarisation levels achieved, but the precision is poor due
to the high level of uncertainty inherent in this approach. Therefore, in the following
work no estimates of absolute polarisation level were made. Instead, a qualitative
analysis of the SABRE-polarised results is presented. This is suitable because changes
in the shape of the SABRE-polarised signal, as well as relative changes to its signal
intensity under varying experimental conditions (PTF, RF pulse sequence, etc.) is
of more importance to probing the SABRE polarisation transfer mechanism than
measures of the absolute polarisation level.

The first section of this chapter outlines the SABRE-EFNMR experiments that
were developed for the SABRE-EFNMR system to achieve the in situ detection
of SABRE polarisation on the target substrates. The second section displays the
successful hyperpolarisation of 'H and '°F nuclei in target fluorinated pyridines using
the mT SABRE-EFNMR experiment. With the use of NMR simulations to aid in
interpreting the complex EFNMR spectra and qualitatively judge the success of the
mT SABRE-EFNMR experiment, a detailed discussion and comparison of the SABRE-
polarised spectra is given. Hyperpolarisation of the SABRE solvent was observed and
is also briefly discussed in this section.
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5.2 SABRE-EFNMR Experiment

The mT and pT SABRE-EFNMR experiments in FIGURE [5.2| were developed from the
improved EFNMR experiment by the addition of p-Hy bubbling into the NMR pulse
sequence and the replacement of the pre-polarising pulse with the PTF pulse, produced
by either the polarising coil or the z-Helmholtz coil pair. Instead of hyperpolarising
the sample with an 18.8 m'T pre-polarising field, the polarising coil achieves hyperpo-
larisation by satisfying the SABRE PTC for the coherent transfer of polarisation from
the singlet state of the p-H, derived hydride to 'H nuclei on the substrate, equal to
around 6.6 mT (this value is only a prediction, the exact PTF varies depending on
the substrate). The z-Helmholtz coil pair uses negative currents to generate pT PTFs
below Bg (0-501T) to satisfy the SABRE PTC for efficient SABRE polarisation
transfer to °F nuclei on the substrate of around 3.6 nT (also just a prediction). The
role of the B! coil, the shim coils and the y-Helmholtz coil pair coil is unchanged in
the SABRE-EFNMR experiments.

Regardless of the polarisation transfer pathway, a positive current is passed
through the z-Helmholtz coil pair after the PTF to generate the detection field
(~+46 mA shifts v1y5 to 2210 Hz). Therefore, instantaneous switching from negative
to positive currents through the z-Helmholtz coil pair is required. As mentioned in
section 3.2.2, instantaneous changes to the current through a coil leads to an overshoot
which eventually stabilises to the set value, but in the process, generates a fluctuating
magnetic field that is picked up by the B! coil. A delay, tzp, of 20ms is added after
the switch in current to allow the z-Helmholtz coil to ring down to prevent disruption
to RF pulses and EFNMR detection.

p-Hs bubbling of the sample in the reaction cell is initiated and terminated
by the polariser control unit, marking the start of the SABRE-EFNMR experiment
and the end of EFNMR detection. Communication between the controlling PC and
the polariser control unit is external of the operation of the polarising and B! coil,
and means that the SABRE polarisation transfer step, the RF pulse sequence and
NMR detection are encapsulated within p-Hy bubbling. The main contributor to the
duration of p-Hy bubbling, t;,;, is the duration of the PTF, tprr. The longer p-H,
is bubbled through the SABRE solution under the PTF, the greater the build-up
of hyperpolarisation. This is because longer p-Hy bubbling increases the build-up
of hyperpolarised substrate in solution. A plateau is reached when a steady state is
established between the production and relaxation rate (1/77) of the hyperpolarised
substrate. The point at which the plateau is reached is dictated by multiple parameters
such as the concentration of p-Hs in solution and the rate at which the p-Hy and
substrate molecules bind and unbind from the metal centre, as this determines the
lifetime of the active SABRE complex. The plateau point is therefore considered as
the optimal ¢prp, and varies with different substrates since they have different binding
strengths to the SABRE catalyst. The tprpr is optimised by repeating the mT and
pnT SABRE-EFNMR experiments with a linear variation in ¢tprpr. A typical duration
sweep involves ranging tprp from 0-30s.

The repetition time, ¢,.p, is not dictated by 77 relaxation time of the spin system
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FIGURE 5.2: Pulse sequence of the a) mT and b) pT SABRE-EFNMR experiments which
are similar to the pulse sequence of the EFNMR experiment but include the addition of p-Hy
bubbling made possible by integration of the EFNMR-Helmholtz setup with the automated gas
flow system. The polarising coil (0.5-18.8 mT) and the z-Helmholtz coil pair (£ 64.5 uT) are
used to generate the homonuclear and heteronuclear PTF, respectively, where heteronuclear
SABRE polarisation transfer requires switching the current through the z-Helmholtz coil to
generate both the PTF and detection field.
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but by the recovery time of the p-Hs generator. With the automated gas flow system
described in chapter 4, recovery times are typically more than 40s which is much longer
than 57. Whilst long ¢,., times increase experimental times, it also allows time for
the degassing of the sample, where dissolved Hy from the current bubbling experiment
is removed from solution in preparation for the next one. Degassing helps to maintain
consistent starting conditions for each experiment and a maximal dissolution of fresh
p-Hs to increase the efficiency of the SABRE reaction.

The amplitude of the RF pulses for the on-resonance and simultaneous /2
nutation of the 'H and '°F nuclei should ideally be calibrated for each substrate to
maximise EFNMR detection of their hyperpolarised signals. However, only the on
resonance interaction between the RF pulse and 'H nuclei for each substrate could be
calibrated because it was not possible to acquire good quality RF amplitude-sweep
nutation curves from the hyperpolarised F signals. The nutation experiment produced
very weak hyperpolarised °F signals that also exhibited complex splitting patterns.
Both factors made integration of the hyperpolarised F signals challenging. Instead,
the amplitude value from the calibration of the on resonance F 7/2 pulse on TFE
(Va2 =0.95V) was used for the on-resonance m/2rad nutation of the hyperpolarised
YF nuclei. The amplitude value from the calibration of the simultaneous 7/2 pulse on
TFE was also used on all the substrates to simultaneously nutate the hyperpolarised 'H
and F nuclei by 7/2rad (V2 =1.1V). This could be done because the RF amplitude
of the 7/2 'H pulses calibrated on SABRE samples of varying concentrations, were
very close to those calibrated on HyO and TFE. By this logic the same should follow
for the °F pulse and the simultaneous nutation pulse.

A SABRE-polarised 'H spectrum of 25mM pyridine in 4mL of deuterated
MeOH (CD30D) is shown in FIGURE [5.3] It was acquired in 1scan using the mT
SABRE-EFNMR experiment (see |5.2a) with a PTF =6.4mT and a tprp —20s. The
hyperpolarised pyridine singlet is overlaid with the singlet acquired from a 500 mL
water sample in 1scan using the improved EFNMR experiment with pre-polarisation
at 18.8 mT. Linewidths of 0.2 and 0.6 Hz, respectively, were observed. The wider
linewidth of the water signal is attributed to the larger size of the 500 mL water bottle
in comparison to the glass reaction cell, causing the 'H spins of water to experience a
less homogeneous external field and RF pulse across the sample volume. A SABRE
enhancement factor cannot be calculated directly for this sample because 25 mM of
pyridine in 4 mL of solvent cannot be observed with standard EFNMR. However, the
observed SABRE-polarised signal level is of the same order of magnitude as the water
signal, despite the fact that there are ca. 110,000 times more 'H nuclei in the water
sample compared to the pyridine sample. Therefore, the level of signal enhancement
that has been achieved is on the order of 10°-fold.

For each new SABRE sample, the Ir-IMes precatalyst must first be activated,
since it is the active form that is involved in the SABRE catalytic cycle. Catalyst
activation is monitored by repeating the mT SABRE-EFNMR experiment (see FIGURE
and plotting the integral of the acquired 'H EFNMR signal at each repetition
against the p-Hy bubbling time to give the catalyst activation curve. The shape of the
curve is unique to the precatalyst-substrate combination, their relative quantities, and
the pressure and flow rate of p-Hs. An example activation curve is shown in FIGURE
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acquired from a sample containing 5mM Ir-IMes and 250 mM 3,5-DFP. This
catalyst activation experiment is therefore monitoring the conversion of the Ir-IMes to

[Ir(IMes) (H)3 (3,5-DFP)3]* C1-.

— pyridine
............ H,0
—» | «—linewidth=0.2 Hz
. «— linewidth = 0.6 Hz
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FIGURE 5.3: The SABRE-polarised EFNMR 'H signal of 25 mM pyridine in 4 mL CD3;0D
acquired using the mT SABRE-EFNMR experiment overlaid with the less intense EFNMR 'H
signal of water (500 mL) acquired with the improved EFNMR experiment. The larger water
sample experiences more inhomogeneities in the RF pulse and the external field across the
sample volume which contributes to the larger linewidth of the water signal. Both 'H peaks
have equal Larmor frequencies of ~ 2200 Hz because chemical shift is not observed at 51.9uT.
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FIGURE 5.4: Activation curve of 5mM Ir-IMes in 250 mM 3,5-DFP (50 equivalents relative to
the catalyst) and 4mL CD30D showing the build-up of hyperpolarisation of the 'H EFNMR
signal as a function of p-Hs bubbling time and the formation of [Ir(IMes)(H)2(3,5-DFP)3]™ C1~.
Each data point represents a repetition of the mT SABRE-EFNMR experiment and 34.9s of
bubbling (tprr =30s, trr = 3.62ms, tecq = 4915.2 ms, acquisition delay =20ms). Activation
of the precatalyst was achieved at the plateau of the curve after ~560s of p-Hs bubbling. The
consistent intensity of the hyperpolarised 'H signal following catalyst activation indicates good
reproducibility in the hyperpolarisation achieved by the mT SABRE-EFNMR experiment.
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A rapid increase in the intensity of the hyperpolarised 'H signal of 3,5-DFP
is observed at the start of the experiment for the first 3 repetitions (~105s p-H,
bubbling). The next 13 repetitions saw a much slower increase in the hyperpolarised
signal intensity, where the 16" repetition, equivalent to ~560s of p-H, bubbling,
appears to reach a plateau. This indicates that the SABRE catalyst has been fully
activated and an equilibrium has been established between the various parameters
that contribute toward the hyperpolarised signal intensity (e.g. binding/dissociation
rate of p-Hy and substrate to the active catalyst, production and relaxation rate of
hyperpolarised substrate, etc.).

5.3 SABRE Polarisation Transfer using Millitesla
PTFs

5.3.1 In situ SABRE Polarisation of 3-fluoropyridine
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FIGURE 5.5: SABRE-polarised EFNMR spectrum of 250 mM 3-FP (50 equivalents relative
to 5mM of Ir-IMes) in 4 mL CD3O0D acquired with a PTF of 6.4mT and a tprp of 10s with
1scan of the mT SABRE-EFNMR experiment.

The mT SABRE-EFNMR experiment was run using a 6.4 mT PTF to successfully
acquire the SABRE-polarised EFNMR spectrum of 3-FP (see FIGURE . A
complex and unsymmetrical hyperpolarised 'H signal was observed as a consequence
of the multiple homonuclear and heteronuclear strong coupling interactions, however a
hyperpolarised °F signal was not. One of the suspected reasons for this is the presence
of only one F nucleus in 3-FP that is strongly coupled to 4 magnetically inequivalent
'H nuclei, causing significant signal splitting and hence distribution of the signal
intensity. Another reason is that a mT PTF promotes direct SABRE polarisation
transfer to 'H nuclei on the substrate, therefore, the °F nucleus is more likely to receive
hyperpolarisation indirectly from the 'H nuclei which is a less efficient polarisation
transfer pathway. The combination of these factors contributes to a hyperpolarised
YF EFNMR signal that is inherently weak, especially in comparison to the 'H signal,
and may explain why it does not appear.

Simulations are a useful tool to aid in the non-trivial interpretation of SABRE-
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polarised EFNMR spectra that exhibit complex signal shapes due to strong coupling
and a lack of chemical shift resolution, and in this case, can also help to explain the
missing SABRE-polarised F EFNMR signal.

NMR simulations were acquired on Matlab (version R2020a) using the Spinach
library!#? (version 2.4.5157). The product operator terms used to construct the spin
density matrix are first defined from the total number of NMR-~active isotopes within
the molecule of interest. From the species and chemical shift (in ppm) of each nucleus,
the J-coupling interactions between them and the detection field (in tesla), all of which
are supplied by the user, the Spinach library builds the Hamiltonian operator shown in
Eq. . Kinetic and relaxation operators can also be built from relevant user-defined
parameters, and the linear combination of these operators produces the Liouvillian
superoperator, however, only the Hamiltonian was used for the acquisition of NMR
simulations in this work.

n J

>k

The Spinach library allows the user to define the starting state of the spin density
matrix, pp, as a single or sum of product operator terms (e.g. fzj, fzjgxk, fzj + Szk:;
etc.). A Matlab function within the Spinach library that is made-up of elements such
as evolution periods, RF pulses and field gradients, is applied to the py parameter to
simulate an NMR experiment. The Hamiltonian operator is used to evolve py in the
presence of external fields, and rotation operators are used to nutate pg in the presence
of RF pulses, where the angle and axis of the nutation are controllable parameters. The
resultant spin density matrix, p(0), is combined with the observation operator, Ly, as
shown in Eq. [5.2] to calculate the first data-point of the simulated FID, S(0). The
entire simulated FID is constructed by calculating a new S-value for every iteration
of the p parameter as it is repeatedly evolved under the Hamiltonian for a duration
dictated by the dwell-time parameter, t;. This is a replication of the practical NMR
detection process whereby the FID is acquired in intervals as the spins precess about
the B field.

S(ty) = Tr{UObS p(td)} (5.2)

Similarly to the py parameter, the Spinach library allows the user to define the
fobs parameter as a single or sum of product operator term to select which states of
the spin density matrix and which nuclei will be detected in the simulated FID. This
control enables the user to chose which nuclei and which states within the spin density
matrix experience the NMR experiment, and of those, which are detected during
acquisition of the FID. Such selectivity is impossible in practice and is why NMR
simulations are such a powerful tool for interpreting EFNMR spectra and assigning the
SABRE-polarised EFNMR peaks to nuclei on the substrate when there is no chemical
shift and high peak density.

Unless otherwise stated, NMR simulations in this report were acquired with
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Obs ZZ . ,and pp=>, fzi, where the sum is over all NMR-active nuclei in the
simulated molecule. The I~ product operator term represents a (-1) quantum coher-
ence describing the negative precession of the nuclei along the transverse plane as
a combination of the I, and [y product operator terms (f —I,-il ). A simulated
pulse-acquire experiment with a hard 7/2 pulse that interacts with all spins was also
implemented for acquisition of simulations in this work. This experiment is required
to generate transverse magnetisation (f ~) from a starting state of I,.

The Spinach library can also make use of the assumption of weak coupling between
heteronuclei in the high-field regime (|vy -vx|» Ju x/2) to simplify the Hamiltonian
since only the longitudinal J-coupling interactions between nuclei are considered (see
Eq. [5.3), thus simplifying calculations for the evolution of the spin density matrix.
This allows for faster simulation times and was used for all high-field NMR simulations
in this work. In the ULF regime there is strong coupling between heteronuclei (|vy -
vx|Z Ju x/2) meaning J-coupling interactions across all three axes must be considered
and the original form of the Hamiltonian is used (see Eq. [p.1)). EFNMR simulations
in this work were run without the weak coupling assumption to accurately generate
EFNMR spectra. The assumption can be toggled on or off in the Spinach library
through use of the "nmr" or "labframe" input parameter within the function that runs
the simulated NMR experiment (more details provided in Chapter 9).

H = Zwolm +Y O omdpdyl (5.3)

Jj J>k

Before acquiring a simulation of a chosen substrate, the chemical shift of all the
magnetic isotopes and the J-coupling interactions between them must be known to
construct the Hamiltonian. These are the only user-input parameters required to run
the Spinach Matlab script that must be acquired experimentally. This information can
sometimes be found for certain substrates on, for example, online databases, but it is
much more reliable to measure the J-coupling and chemical shift values from high-field
NMR spectra, which provide excellent chemical shift resolution and sufficiently high
SNRs. A 'H and YF spectrum of 3-FP was recorded on a 500 MHz Bruker NMR
spectrometer (see FIGURE[5.6)). The J-coupling interactions between the 'H and 1°F
nuclei were measured from the separation of the split peaks, and the chemical shifts
of all the proton and fluorine environments were read-off from the ppm axis as the
centre frequency of each multiplet. While values for all of the J-coupling interactions
of 3-FP were acquired, manually measuring the separation between split peaks limits
accuracy. To optimise these values, 'H and '°F simulations of 3-FP were carried out
and compared to the experimental spectra to refine the measured J-coupling and
chemical shift parameters.

An optimisation experiment (J-opt 1) that uses the Nelder-Mead method to
fine-tune the measured J-coupling values was written on Matlab. Each J-coupling
interaction within the coupling network of the substrate is varied across a user-defined
range, and at each iteration of the coupling network, a simulated spectrum is acquired.
A goodness of fit, f, to the experimental spectrum is calculated using Eq. where
A,, and A, are the amplitude value of the normalised simulated and experimental
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FIGURE 5.6: 'H and "F NMR spectra of 3-FP acquired on a 500 MHz Bruker NMR spec-
trometer, overlaid with the high-field NMR simulation of 3-FP, generated with the J-coupling
values optimised by J-opt 1. An f-value of 2.10 and 1.03 was calculated from the fit of the
simulation to the 'H and '°F experimental spectra, respectively.

spectra, respectively, at each data point, i, on their trace. The J-coupling values that
give rise to the smallest f-value are considered to be optimal.

=Y (A, —A.,) (5.4)

i

J-opt 1 was carried out on the measured J-coupling values in Table [5.1] by
comparison with the experimental 'H spectrum of 3-FP at 500 MHz in FIGURE .
Small upper and lower bounds of + 0.5 Hz were set for each J-coupling parameter
since the simulation generated from the measured J-couplings already fit quite well
to the experimental 'H spectrum. The output of the optimisation experiment was
the optimised J-coupling values in Table which are only slightly different to the
measured J-coupling values, and produced the simulated 'H spectrum of 3-FP in
FIGURE which has an f-value of 2.10 that perfectly replicates the experimental
'H signals of 3-FP. The simulated F spectrum of 3-FP was then acquired with the
optimised J-coupling values and fit the experimental °F spectrum with an f-value of
1.03, indicating an excellent fit.
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FIGURE 5.7: Comparison between the SABRE-polarised 'H EFNMR signal of 3-FP with
the simulated 'H EFNMR signal using the optimised J-coupling values from the J-opt 1
experiment. The simulation shows a goodness of fit of f=11.19.

The optimised J-coupling values were then used to acquire the EFNMR simula-

tion of 3-FP (chemical shift has a negligible effect on the shape of EFNMR spectra and

is not a necessary parameter). FIGURE shows the SABRE-polarised 'H EFNMR

signal of 3-FP overlaid with the optimised simulation. The fit between the two spectra
has an f-value of 11.19, and it is clear by looking at the spectra that the fit is worse

than what was observed with the high-field data in FIGURE (f =2.10).

Table 5.1: Table of J-coupling values of 3-FP. The optimised J-coupling values were acquired
using the J-opt 1 experiment, using the measured J-coupling values (acquired from high-field
'H and '9F spectra) as the starting point. The high-field NMR simulation of 3-FP in FIGURE
@ was generated using the optimised J-coupling values.

J-Coupling Measured Optimised Couplings

Interaction | Couplings (Hz) w/J-opt 1 (Hz)
J{Hy,H,} 3.00 2.96
J{Hy,Hs} 0.63 0.70
J{Hy,Hg} 0.50 0.50
J{Hy,F} 0.66 1.03
J{H4,Hs} 8.40 8.55
J{H,,Hg} 1.32 1.26
J{H,,F} 8.80 8.75
J{Hs,Hg} 4.60 4.74
J{Hs,F} 4.83 4.88
J{Hg,F'} 2.00 1.76
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Further optimisation of the J-coupling values was attempted by considering
the relative signs of the J-coupling interactions. The sign has no effect on the shape
of signals produced under weak coupling conditions; however, it does play a role in
the shape of signals produced under strong coupling conditions, such as those in the
ULF regime. This optimisation required the design of a different Matlab experiment
(J-opt 2) to generate an EFNMR simulation from the optimised J-coupling values in
Table , and detection of the I~ state, but where a negative sign is introduced into
each interaction in the J-coupling network, until all of the different combinations of
positive and negative phases of the J-coupling interactions have produced an EFNMR
simulation. In the same way as the previous optimisation experiment, an f-value is
calculated to evaluate how well the simulation fits to the SABRE-polarised EFNMR
spectrum.

The number of combinations, N, was calculated from Eq/5.5] where n; is the
number of J-coupling interactions within the J-coupling network of the substrate
of interest. The equation is valid under the assumption that the relative sign of
the coupling values cause a change in the observed multiplicity, e.g. Jax =1Hz,
Jex =-1Hz is equivalent to Jax =-1Hz, Jgx =1Hz, but different to J,x =1Hz and
J BX — 1Hz.

N =2m1 (5.5)

The J-coupling network of 3-FP is made up of ten J-coupling interactions, mean-
ing there are 512 different phase combinations. A plot of f-value against combination
number is shown in FIGURE[5.8| where combinations with f-values above 20 have been
discarded. From the remaining combinations, the spectra with f-values below 10 were
observed individually in order to visually decide on the 'H EFNMR simulation with the
best fit. This brute force approach was taken because the simulated spectrum with the
lowest f-value was not necessarily the one with the best fit to the experimental data.
This is due to the fact that the central region of the SABRE-polarised 'H EFNMR
signal of 3-FP (~2027.5-2030.5Hz) is distorted by the hyperpolarised solvent peak
which appears at the centre of the signal and has a negative phase (discussed later in
this section). Therefore, a good fit to this region has a heavy influence on minimising
the f-value but may not represent a good fit to the rest of the signal shape.

The third phase combination of the J-coupling network of 3-FP corresponds to
the optimised set of J-coupling values from the J-opt 2 experiment (see Table ,
where the sign of the J-coupling interaction between the ortho-protons (J{Hy,Hg})
has been changed. The EFNMR simulation of the 'H signal of 3-FP from this J-
coupling network is outlined in green in FIGURE and has a fit of f =5.31 to the
SABRE-polarised '"H EFNMR signal. The simulation from the 175" phase combination
is outlined in red and represents a bad fit of f =19.15 to the experimental signal,
demonstrating the drastic effect that changes to the relative sign of the J-coupling
interaction has on the form of the signal in the ULF regime. The optimised J-coupling
values from the J-opt 1 and J-opt 2 experiment are slightly different, however the
latter has a better fit to the SABRE-polarised '"H EFNMR signal of 3-FP (see FIGURE

59).
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With the J-coupling values optimised by the J-opt 2 experiment, the simulated
'H and F EFNMR signals of 3-FP were acquired and compared with the SABRE-
polarised EFNMR spectrum of 3-FP in FIGURE . The simulated '°F signal is very
broad (20 Hz) as it splits multiple times due to the extensive J-coupling experienced by
the 1°F nucleus. This significantly reduces its signal intensity as it is heavily distributed
between the split peaks. As a consequence, the simulated "F signal intensity is a
factor of 6 lower than the simulated 'H signal, even though there is a 4:1 ratio of 'H
to F nuclei in the substrate. Combining this information provided by the simulation
with the fact that experimentally, SABRE polarisation of the '°F nucleus occurs via
the less efficient indirect polarisation transfer pathway, in which the SABRE-polarised
'H nuclei spontaneously transfer their hyperpolarisation to neighbouring heteronuclei
through the J-coupling network, it is not surprising that the *F EFNMR signal of
3-FP is not observed from the mT SABRE-EFNMR experiment.

The close fit between the SABRE-polarised 'H EFNMR signal of 3-FP, acquired

from a mT SABRE-EFNMR experiment, and the simulated 'H signal of 3-FP, acquired
with Ips =Y, I for all 'H nuclei, suggests that the SABRE polarisation transfer
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FIGURE 5.8: Graph of f-values for the 512 simulations produced from the J-opt 2 experiment,
where f-values above 20 have been discarded. The EFNMR simulations from the 37¢ (green)
and 175" (red) combinations are included in the figure and represent the best and one of the
worst fits to the experimental spectrum. The change in phase of only the J{H;,H,} interaction
of 3-FP was responsible for the optimal fit to the experimental 'H signal which saw a change
in f-value from 11.19 (see FIGURE to 5.31.
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FIGURE 5.9: Comparison between the SABRE-polarised 'H EFNMR signal of 3-FP with
the simulated 'H EFNMR signal using the optimised J-coupling values from the J-opt 1 and
J-opt 2 experiments, where the change in relative sign to the J{Hs,Hg} coupling interaction
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improves the goodness of fit from f=11.19 to f =5.31.

pathway at 6.4mT is predominantly from the I;-Io (Sp) state of the p-Hs derived
hydrides to the I, state on the protons, which is later transformed into the I~ state
by the 7/2 'H pulse in the mT SABRE-EFNMR experiment (see FIGURE [5.2)).

Table 5.2: Table of optimised J-coupling values of 3-FP acquired from the J-opt 1 and J-opt 2
experiments. An improved fit to the SABRE-polarised 'H spectrum of 3-FP was seen after the

J{H;,H,} interaction (bold and underlined) was given a negative phase.

J-Coupling | Optimised Couplings | Optimised Couplings

Interaction w/J-opt 1 (Hz) w/J-opt 2 (Hz)
J{Hy,Hy} 2.96 2.96
J{Hy,Hs} 0.70 0.7
J{Hy,Hg} 0.50 -0.5
J{Hy,F} 1.03 1.03
J{H4,Hs} 8.55 8.55
J{H,,Hg} 1.26 1.26
J{H,F} 8.75 8.75
J{Hs,Hg} 4.74 4.74
J{H;,F} 4.88 4.88
J{Hg,F} 1.76 1.76
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Since the SABRE-polarised 'F EFNMR signal of 3-FP was not observed from
the mT SABRE-EFNMR experiment, 3,5-DFP, 3-DFMP and 3,5-TFMP were used as
alternate substrates. All three have a higher concentration of *F nuclei and therefore
are likely to boost the SNR of the F signal. 3,5-DFP and 3,5-TFMP have the °F
nuclei and the CF3 functional groups, respectively, in the meta positions (3,5). This
adds symmetry to the substrates which simplifies the J-coupling network, reducing
signal splitting and further increasing the SNR. Although 3-DFMP is not symmetrical,
it makes use of the large ?Jyr coupling of 55.4 Hz (J{H7,F}) between the nuclei in
the methyl group to separate the peaks of the 'H and F EFNMR signals. This
reduces peak overlap and allows the spectra to exhibit more chemical and structural
information. The J{H7,F} coupling also promotes the indirect transfer of polarisation
from the methyl proton to the F nuclei to boost the SNR of the F signal.

A —— simulation
F XA —— experimental
A| Z A A
N
3-FP f=531
|

S ———— R

I I 1
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FIGURE 5.10: SABRE-polarised EFNMR spectrum of 3-FP (50 equivalents relative to 5 mM
of Ir-IMes) acquired with a PTF of 6.4 mT overlaid with the simulated EFNMR, spectrum
of 3-FP. The 'H signal has a good fit to the simulation (f=15.31) but significant splitting of
the 19F signal (backed up by simulations) and an inefficient pathway for its hyperpolarisation
means the SABRE-polarised '"F EFNMR signal of 3-FP was not observed.

T
2040

5.3.2 SABRE-Polarised Solvent

The SABRE polarisation of 3-FP was first carried out on a sample containing protio
methanol (MeOH) solvent. Protio solvents are generally avoided in NMR as they
produce very intense 'H signals that disrupt the interpretation of 'H spectra, however,
the SABRE-EFNMR samples used in this work contain such a low volume of solvent
(4mL) that it is not detected by the Terranova-MRI probe, even when the sample was
pre-polarised at 18.8 mT.

The SABRE-polarised 'H signal of 3-FP in MeOH is displayed in FIGURE
and contains an intense negative singlet peak at its centre, however, comparison to
the simulated 3-FP EFNMR signal shows that it cannot be assigned to the substrate
since it is not observed. When the experiment was repeated on a sample containing
deuterated methanol (CD3OD) the negative singlet peak disappeared (see FIGURE
, indicating that the peak likely corresponds to hyperpolarised methanol in
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FIGURE 5.11: Comparison of the simulated EFNMR, spectrum of 3-FP with the SABRE-
polarised 'H EFNMR signals of 3-FP (50 equivalents relative to 5mM of Ir-IMes) in 4mL
MeOH and CD30D solvent, acquired with 1scan using a PTF of 6.4mT and a tprp of 10s.
The sample containing MeOH displays a hyperpolarised 'H signal with an intense negative
singlet at its centre that is not observed in the simulated signal or in the hyperpolarised 'H
signal of the CD3OD sample.

solution. A SABRE-polarised solvent signal reveals that MeOH is reversibly binding to
the active catalyst and is therefore competing with 3-FP and p-H,; within the SABRE
catalytic cycle.

SABRE polarisation of the OH proton of MeOH was identified by Olaru et al?
at 500 MHz from a mildly acidic sample containing 3-FP and the Ir-IMes pre-catalyst,
as a consequence of the formation of the Ir[(IMes)(H),(sub)o(MeOH)|™ C1™ active
catalyst. The presence of SABRE-polarised OH protons was also seen with samples
containing 3,5-DFP and 2-fluoropyrazine. SABRE polarisation of MeOH with the
Ir-IMes catalyst has also been studied across a range of PTFs and N-heterocyclic
substrates 123

Although the intense negative singlet was not detected in the SABRE-polarised
'H spectrum of 3-FP in CD3;0D, there is a small negative component at the signal centre
which is not replicated by the simulation. This may be observed because of the gradual
exchange between the 2H nuclei in the solvent with the protons in the rest of the sample,
leading to the formation of a small amount of the Ir[(IMes)(H)q(sub)y(MeOH)|t C1~
which produces a very weak hyperpolarised solvent peak that slightly modifies the
signal shape. To avoid disruption of the already complex SABRE-polarised EFNMR
signals of fluorinated pyridines, all subsequent SABRE samples were prepared with
CD30D which has the added benefit of decreasing the relaxation rates of the spins in
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the hydride-metal-substrate complex, leading to an increase in the hyperpolarisation
lifetime of the substrate.

5.3.3 In situ SABRE Polarisation of 3,5-difluoropyridine
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N —— experimental
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FIGURE 5.12: SABRE-polarised 'H and "F EFNMR signals of 3,5-DFP (30 equivalents
relative to 5mM of Ir-IMes) in 4 mL CD30D acquired with a PTF of 9.0mT and a tprr of 20's
with 1 and 16 scans of the mT SABRE-EFNMR experiment, respectively. The experimental
spectra are overlaid with simulated spectra of 3,5-DFP for comparison. The hyperpolarised 'H
and '"°F EFNMR signals have been acquired from different experiments and have been phased
separately. Simulations were acquired with pg=>_ . fzz and fobs = ZZ I ; for all nuclei.

The mT SABRE-EFNMR experiment was run with a PTF of 9.0mT to successfully
acquire the hyperpolarised 'H and YF EFNMR signal of 3,5-DFP (see FIGURE
[5.12)). The hyperpolarised 'H and °F signals were acquired from seperate mT SABRE-
EFNMR experiments because 1 scan was not sufficient to observe the SABRE-polarised
F signal which has a much lower SNR than the 'H signal. Therefore, the F spectrum
of 3,5-DFP was acquired with 16 scans. Running seperate experiments also allowed
the probe to be tuned to the Larmor frequency of the °F nucleus to amplify its signal
and further increase the signal intensity.

The hyperpolarised 'H and 'F EFNMR signals of 3,5-DFP were overlaid with
simulated 'H and 'F EFNMR signals. The values of the J-coupling interactions in 3,5-
DFP are shown in Table [5.3] These were obtained using the optimisation experiments
described in section 5.3.1. Since 3,5-DFP contains the J{F3,F5} coupling interaction
between two magnetically inequivalent '°F nuclei that does not contribute to the 'H
signal, its value could only be obtained and refined by repeating the optimisation
experiments on the SABRE-polarised *F EFNMR signal. Given that the F signal
of 3,5-DFP acquired from the mT SABRE-EFNMR experiment is not an accurate
representation of the *F EFNMR signal, the J-coupling optimisation experiments
were run on the 'YF EFNMR signal acquired from the pT SABRE-EFNMR experiment,
shown and discussed in Chapter 6.

109



Table 5.3: Table of optimised J-coupling values of 3,5-DFP.

J-Coupling Optimised

Interaction | Couplings (Hz)
J{H,H,} 2.33 H,
J{H2,Hs} 3.39 F F
J{H,,Fy} 1.38 3 N0
J{Hy,F5} -0.66 /
J{H4He) 2.33 H; N A
J{Hy,F3} 9.00 3,5-DFP
J{H4,F5} 9.00
J{Hg,F3} -0.66
J{He,F5} 1.38
J{F3,F5} 2.09

The simulated 'H and '°F signals of 3,5-DFP were acquired with py =3, I.; and
fobs => f; for all nuclei. The SABRE-polarised 'H EFNMR signal is in excellent
agreement with the SABRE-polarised 'H EFNMR spectrum. As with 3-FP, it can be
concluded that SABRE polarisation transfer at 9.0 mT occurred mainly between the
I,-I, state of the p-Hy derived hydrides and the fz state of the 'H nuclei in 3,5-DFP.
The SABRE-polarised EFNMR, spectrum of 3,5-DFP is complex, but with EFNMR
simulations and values for all of the J-coupling interactions in the substrate network,
the spectrum can be interpreted and the peaks in the 'H and '°F signals can be
assigned to better understand the form of the hyperpolarised signals.

EFNMR simulations of each 'H chemical environment were acquired to observe
their contributions to the entire '"H EFNMR signal of 3,5-DFP (sece FIGURE [5.13).
This required running a simulation with s = Zi:% I, and another simulation with

Lps—1 1 - These simulations were also acquired with a lower apodisation and a larger
number of points in comparison to the simulated 'H signals of 3,5-DFP in FIGURE
to improve spectral resolution and facilitate interpretation. The relative intensity
of the signals is representative of the number of 'H nuclei in that chemical environment,
therefore, the ortho-proton signal is a factor of two more intense than the para-proton
signal.

The ortho-proton signal is produced from the four strong coupling interactions
between the ortho-proton and the other four magnetically inequivalent nuclei in
3,5-DFP, including the second chemically equivalent ortho-proton. Under Pople
nomenclature this 5-spin coupled system is described as an AA’BC' D system, which
produces a very complicated multiplet. The J-coupling interactions involving the
ortho-proton are all different and small (< 3.39 Hz), leading to numerous but narrow
splitting of the signal, which in turn produces a central multiplet that is 3.5 Hz wide
and exhibits high peak density (see FIGURE [5.13).
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FIGURE 5.13: NMR simulations of the ortho and para-proton signals of 3,5-DFP, acquired with
Lops = i 2.6 IZ and Lps =1 . > respectively at 51.9 y'T. The two signals allow observation of the

individual contribution to the simulated 'H signal by the ortho and para-proton environments.

On the other hand, the para-proton signal is much easier to interpret because
of the symmetry in its strongly coupled interactions with the two °F nuclei and
the two ortho-protons. This 5-spin coupled system is described as an AB>Cy system
under Pople nomenclature, which is much simpler than the AA’BCD spin system.
Consequently, the form of the para-proton signal of 3,5-DFP can be dissected for
further interpretation by observing the contributions to the signal multiplicity by the
individual J-coupling interactions within its coupled system. This was achieved by
zeroing the unwanted J-coupling interactions from the Spinach code so they are not
included into the Hamiltonian operator.

FIGURE [5.14] shows the simulated signal produced from the acquisition of the
para-proton (H,) with a single J{H4,F35} coupling interaction to the two F nuclei.
This interaction is described by a 3-spin A B system which forms a multiplet containing
4 peaks: two overlapping peaks at the signal centre separated by ~ 0.6 Hz (2207.8
and 2208.4 Hz); two outer peaks at 2199 and 2217 Hz. Under weak coupling this
interaction would yield a 1:2:1 triplet due to the degeneracy between two of the 3-spin
product states in the Hamiltonian under the Zeeman basis. Under strong coupling the
Hamiltonian is best described under the singlet-triplet basis, where the degeneracy
between product states is broken and four peaks are observed instead of three. Addition
of the J{Hs¢,H4} coupling interaction between H, and the ortho-protons (Hy and
Hg) into the simulation produces an EFNMR signal corresponding to an AByCs spin
system. This simulation shows that the four ABy peaks undergo splitting, forming the
complete Hy signal seen in FIGURE [5.13] The two central AB, peaks at 2207.8 and
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FIGURE 5.14: Simulated splitting tree of the Hy signal of 3,5-DFP at 51.9 4 T. When considered
separately, the dominant 9Hz J{H,,F3 5} coupling interaction represents an ABj spin system
and forms a multiplet of four peaks. The two outer split peaks (green) are further split by
the 2.33Hz J{H; ¢,H4} coupling interaction forming a set of multiplets of four peaks. The
two central split peaks (grey) are further split by the 2.33Hz J{Hs 6,H4} coupling interaction
forming a complex multiplet of several peaks.

2208.4 Hz split to form a complex multiplet (grey shaded region) with significant peak
overlap, whereas the outer AB; peaks at 2199 and 2217 Hz undergo a 2.33 Hz splitting
to form a set of four peaks (green shaded region). The strong coupling of Hy with Hy
and Hg leads to the breaking of degenerate product states in the 5-spin system and
the formation of a set of four split peaks instead of a set of 1:2:1 triplets.

Since the multiplet in the top Hy signal in FIGURE is caused by the strong
J{H4,F35} heteronuclear coupling interaction in 3,5-DFP, the roofing exhibited by the
multiplet points toward the middle of the complete heteronuclear coupling pattern,
which would also involve four 'F peaks at ~2080Hz. The outer multiplets in the
green shaded region of the bottom Hy signal are caused by the strong J{Hsgs,H4}
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homonuclear coupling interaction and therefore exhibit roofing that points toward
the centre of the homonuclear coupling pattern. This roofing effect is observed in
the experimental 'H signal of 3,5-DFP in FIGURE and is replicated by the
simulations.

Although the form of both the para and ortho-proton signals are complex, the
lower number of interactions that the para-proton has with the other nuclei in 3,5-DFP
leads to a simpler multiplet. Also, the 9.0 Hz J{H,,F3 5} interaction helps to disentangle
the multiplet to increase signal resolution and facilitate signal interpretation.

The SABRE-polarised 'YF EFNMR signal of 3,5-DFP (see FIGURE[5.12)) appears
to be a doublet with a splitting of 9.0 Hz, due to the J{H4,F35} coupling interaction.
The simulated F signal of 3,5-DFP does not replicate this and shows a pseudo-doublet
with a splitting of 9.0 Hz and a fine-structure of multiple split peaks caused by the
small strong coupling interactions involving the °F nuclei of -0.66 to 2.09 Hz (see Table
. The reason for the difference between the experimental and simulated signals is
not known, but it appears that only part of the F signal has been hyperpolarised in
this experiment. A discussion of the SABRE-polarised *F EFNMR signal of 3,5-DFP
is presented in section 6.2.3 where acquisition of the F signal was achieved using pT
PTFs.

It is also worth noting that the hyperpolarised F EFNMR signal is much weaker
than the hyperpolarised 'H EFNMR signal. This is because a mT PTF drives efficient
SABRE polarisation transfer to the *H nuclei and the F nuclei become hyperpolarised
via the transfer of polarisation from the SABRE-polarised 'H nuclei which is not as
efficient. This can also be attributed to faster 7 relaxation of the "F nuclei in
comparison to the 'H nuclei, leading to a quicker decay of ’F hyperpolarisation.
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5.3.4 In situ SABRE Polarisation of 3,5-bis(trifluoromethyl)

pyridine
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FIGURE 5.15: SABRE-polarised 'H and *F EFNMR signals of 3,5-TFMP (50 equivalents
relative to 5 mM of Ir-IMes) in 4 mL CD3OD acquired with a PTF of 6.4mT and a tprp of
30s with 1 and 16 scans of the mT SABRE-EFNMR experiment, respectively, overlaid with the
simulated EFNMR spectrum of 3,5-TFMP. The hyperpolarised 'H and °F EFNMR signals
have been acquired from different experiments and have been phased separately. Simulations
were acquired with po =3, I and I — Do fi_ for all nuclei.

The SABRE-polarised 'H and F EFNMR signals of 3,5-TFMP shown in
FIGURE [5.15 were acquired separately with 1 and 16 scans of the mT SABRE-EFNMR
experiment, respectively, using a 6.4 mT PTF. In each experiment the probe was tuned
to the signal of interest for amplification of the signal intensity. The simulation of the
EFNMR spectrum of 3,5-TFMP, acquired using the J-coupling values in Table [5.4] is
included in FIGURE for comparison and interpretation. The SABRE-polarised 'H
EFNMR signal of 3,5-TFMP is in good agreement with the simulated signals acquired
with po=>_, I;and I, — > fi_ for all nuclei, however, the hyperpolarised °F is not.
The simulation indicates a dominant SABRE polarisation transfer pathway between
the I;-I, state of the p-Hy derived hydrides and the I, state of the 'H in 3,5-TFMP at
6.4mT.

A pseudo-septet with a splitting of 0.7 Hz is observed for the hyperpolarised
'H signal of 3,5-TFMP due to the J{H4,Fg} coupling interaction between the para-
proton and the six F nuclei (see Table . In comparison to 3,5-DFP which is
structurally very similar to 3,5-TFMP but displays a complex 'H EFNMR signal
with numerous split peaks, the experimental and simulated 'H signal of 3,5-TFMP
is simple and exhibits very little peak splitting. This is because the significantly
smaller heteronuclear coupling interactions of 3,5-TFMP, due to the separation of
the F nuclei from the aromatic protons by the methyl carbon bond, reduces the
heteronuclear J-coupling interactions within the coupling network. Since it is the
heteronuclear coupling interactions within the substrate coupling network that breaks
the equivalence of the protons, allowing homonuclear coupling to be observed, it follows
that 3,5-TFMP is below the limit of heteronuclear coupling to break that equivalence,
hence homonuclear coupling is not observed.
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This also helps to explain the lack of chemical structure and multiplicity exhibited
by the hyperpolarised **F EFNMR signal, which displays a broad multiplet with poor
signal resolution. Although the six F nuclei are strongly coupled to three magnetically
inequivalent 'H nuclei with different values (see Table , expected to produce a
complex multiplet, it is likely the similarity in the values means the F nuclei are
effectively coupled to three near-magnetically equivalent protons with a coupling value
that is the average of the individual ones (|14 0.7+ 0.6]/3 =0.75). This interaction
better explains the observed simulated multiplet in FIGURE

A combination of the very small 'H-F coupling interactions (< 1Hz) and the
lack of a J{F7,Fg} coupling produces hyperpolarised 'H and *F EFNMR signals with
minimal chemical information and fine structure, making it hard to analyse further.

Table 5.4: Table of optimised J-coupling values of 3,5-TFMP.

J-Coupling Optimised

Interaction | Couplings (Hz)
J{H,,H,} 2.20
J{H2,Hs} 0.50
J{Hy,F7} 1.00
J{H,,Fs} 0.60
J{H,,He} 2.20
J{H,F7} 0.70 3,5-TFMP
J{H,,Fs} 0.70
J{Hs,F7} 0.60
J{Hs,Fs} 1.00
J{F7,Fs} 0.00

115



5.3.5 In situ SABRE Polarisation of 3-difluoromethylpyridine
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FIGURE 5.16: SABRE-polarised 'H and 'F EFNMR signals of 3-DFMP (50 equivalents
relative to 5mM of Ir-IMes) in 4 mL CD3OD acquired with a PTF of 6.0mT and a tprp of
30s with 1 and 8scans of the mT SABRE-EFNMR experiment, respectively, overlaid with
the simulated EFNMR spectrum of 3-DFMP. The hyperpolarised 'H and °F EFNMR signals
have been acquired from different experiments and have been phased separately. Simulations
were acquired with po =73, I »; and fobs => I ;, for all nuclei. The peaks labeled with a red
and green stars are artefacts from the instrumentation.

All SABRE polarised spectra of 3-DFMP in this chapter and Chapter 6 were acquired
by Adrian Muller, under the supervision of myself and Dr Meghan Halse as part of a
Master’s project.

The SABRE-polarised 'H and F EFNMR signals of 3-DFMP shown in FIG-
URE [5.16| were acquired separately with 1 and 8 scans of the mT SABRE-EFNMR
experiment, respectively, using a 6.0 mT PTF. In each experiment the probe was tuned
to the signal of interest for amplification of the signal intensity. The experimentally
acquired signals have also been overlaid with simulated EFNMR signals for compar-
ison and interpretation. The simulations were acquired with py=>3", fZ, for all 'H
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nuclei, using the J-coupling values in Table which were obtained by running the
J-opt 1 experiment on the high-field 'H and F NMR spectra of 3-DFMP. Coupling
interactions with a separation of five or more chemical bonds could not be retrieved
from the high-field spectra as they do not have a visible influence on the signal shape,
and hence were set to zero.

Table 5.5: Table of optimised J-coupling values of 3-DFMP.

J-Coupling Optimised

Interaction | Couplings (Hz)
J{H,,H,} 0.95
J{H2,H4} 1.00
J{H,,Hs} 1.00
J{H,,He} 1.40
J{H,,F} 1.00
J{H;,H,} 0.30
J{H;,Hs} 0.00
J{H,,Hs )} 0.00
J{H,.F} 55.40 3-DFMP
J{H4,Hs5} 8.00
J{H4,Hs} 0.95
J{H,,F} 0.94
J{H;,Hg} 5.00
J{H,,F} 0.17
J{Hs,F} 0.00

The J-opt 1 procedure was not repeated on the SABRE-polarised 'H and '°F
EFNMR signals of 3-DFMP for the purpose of achieving further refinement of the
J-coupling interactions because the structure of the 3-DFMP spectrum is dictated by
the J{H7,F} coupling interaction between the 'H and two F nuclei in the methyl
group, the value of which was sufficiently refined after running the J-opt 1 experiment
on the high-field data.

The methyl group represents a strongly coupled 3-spin AB, system® which
produces eight peaks: four peaks in the Larmor frequency region of spin A ('H)
and four peaks in the Larmor frequency region of spin B (1°F). The intensity of the
hyperpolarised 'H peak at 2208 Hz, containing contributions from the aromatic and
methyl protons, is a factor of 43 more intense than the hyperpolarised 'H peaks at
2165 and 2230 Hz belonging solely to the methyl proton (see zoomed-out 'H signal
of 3-DFMP in FIGURE . From this observation it is clear that majority of
hyperpolarisation was transferred from the p-Hs derived hydrides to the aromatic
protons at a PTF of 6 mT.

The EFNMR simulation of 3-DFMP in FIGURE shows an excellent repli-
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cation of the form of the experimental spectrum and accurate alignment of the eight
signals. The three experimental 'H peaks at 2157, 2253 and 2257 Hz, labelled with
red and green stars, do not appear in the simulation as they are artefacts. The peak
at 2252 Hz (green star) is a noise peak that comes from the mains electricity and is
observed at multiples of 50 Hz as this is the AC frequency in the UK. The anti-phase
peaks at 2157 Hz and 2257 Hz (red star) are exactly 4 50 Hz from the centre of the 'H
EFNMR signal and are typically observed with any sample that gives rise to a strong
SABRE-polarised spectrum. Therefore, they are likely related to an external source
such as instrument vibration during acquisition of the FID.

The good fit between the SABRE-polarised 'H EFNMR signal of 3-DFMP and
the simulated 'H signal, acquired with py =, I; for all nuclei, suggests a dominant
SABRE polarisation transfer pathway between the I;-I, state of the p-H, derived
hydrides and the I, state of the 'H nuclei of 3-DFMP at 6.0 mT. The structure of the
SABRE-polarised 'F EFNMR signal is also well replicated by the simulation and the
split peaks are well aligned, however, the phases are not. The hyperpolarised °F signal
was more accurately replicated by the simulation acquired with py =, I; for all 'H
nuclei only and I,ps = > fi_ for all nuclei (see FIGURE . Running the simulation
in this way accounts for the fact that mT PTFs drive efficient SABRE polarisation
transfer to 'H, however, its replication of the full SABRE-polarised EFNMR spectrum
of 3-DFMP was unexpected, considering 'H and *F EFNMR signals were generated
from an initial spin density matrix (pg) containing only population of the 'H nuclei.
Nonetheless, this observation can be understood if the nuclear spin system of 3-DFMP
is represented by the singlet-triplet basis instead of the Zeeman basis.

The Zeeman basis, which is the preferred basis set to define the Hamiltonian
operator under weak coupling conditions (for a two spin-1/2 system the Zeeman basis is
made up of a linear combination of the |aa) , |af) , |Sa) and |35) spin states, where the
spin state on the left is assigned to spin 1 and the spin state on the right is assigned to
spin 2.) considers the spins in a spin state separately as they are deemed distinguishable
from each other. This is not the preferred basis set for the representation of a strongly
coupled spin system. That being said, the SABRE polarised EFNMR spectra of 3,5-
DFP and 3,5-TFMP, which represent strongly coupled spin systems in the ULF regime,
were successfully interpreted by assigning the nuclear spin states to different nuclei
(Zeeman-like approach). Spin systems like that of 3-DFMP are much more strongly
coupled owing to the large 55.4 Hz coupling between the methyl nuclei (J{Hz7,F}), and
the Hamiltonian of this system is more accurately defined by the singlet-triple basis set
(for a two spin-1/2 system the singlet-triplet basis is made up of a linear combination
of the singlet spin state |.Sy) = \%ﬂaﬁ) — |Bar)) and the three components of the triplet
spin state |T41) = |aa), |Ty) = \%(\aﬁ} + |Ba)), and |T1) = |33)) which considers
the spin system as a superposition (mix) of the individual spin states because the spins
in the spin states are near equivalent and thus indistinguishable from each other. It is
important to acknowledge that mixing of the nuclear spin states of 3-DFMP is more
significant in the nT regime, during EFNMR detection, and less so during exposure of
the sample to the mT PTF.
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FIGURE 5.17: The EFNMR simulation of 3-DFMP acquired with po =), I.; over all 'H

nuclei and 1,5 = Do I ,over all nuclei fits well to the SABRE-polarised EFNMR spectrum of
3-DFMP F and also replicates the phase of the hyperpolarised peaks at the °F region of the
spectrum.

The SABRE-polarised EFNMR spectrum of 3-DFMP therefore arises from
hyperpolarisation of the I, state of the 'H nuclei, as suggested by the EFNMR
simulation acquired with py =75, I; for all 'H nuclei and I, = > I over all nuclei.
The eight hyperpolarised peaks (four in the 'H region and four in the 19F region of the
EFNMR spectrum) are formed from the single coherence-order transitions between
the mixed nuclear spin states of 3-DFMP in the nT detection field, after the 7/2 RF
pulse.

Although there is accurate replication of the phase and structure of the SABRE-
polarised EFNMR spectrum of 3-DFMP acquired with a PTF of 6 mT by the simulation,
the relative intensity of the split peaks in both regions of the EFNMR spectrum are not
in complete agreement. For example, the hyperpolarised peaks at 2165 and 2230 Hz
have similar intensities experimentally but the simulation shows a more intense peak at
2165 Hz. The simulations also shows similar intensities between the four hyperpolarised
peaks at 2036, 2056, 2098 and 2103 Hz, however the experimental result shows a
weaker peak at 2056 and 2098 Hz. These differences may be a consequence of indirect
polarisation transfer from the SABRE-polarised I, state of the 'H nuclei to other
product states within the mixed nuclear spin system, which may result in the formation
of hyperpolarised peaks in the same positions but with varying phases and intensities
that add to or subtract from the dominant form of the spectrum.

Significant separation of the split peaks within the EFNMR signals of 3-DFMP
compared to those of 3-FP, 3,5-DFP and 3,5-TFMP is caused by the large 55.4 Hz
coupling. Reduced peak overlap improves signal resolution and allows for the obser-
vation of fine-structure on the multiplets that arises from the smaller homonuclear

and heteronuclear J-coupling interactions involving the aromatic protons. The extra
chemical information displayed by the SABRE-polarised 'H and F EFNMR signals is
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beneficial for interrogating the SABRE polarisation transfer mechanism which requires
observing changes in the form of hyperpolarised signals as a function of the SABRE
polarisation transfer condition. The simulation shows a good fit to the fine structure
displayed by the experimental 'H multiplets, but not the F multiplets. The het-
eronuclear couplings in Table [5.5] are therefore not completely accurate. In principle,
refinement of these couplings could be achieved by running the J-opt 1 experiment on
the SABRE-polarised 'F EFNMR signal of 3-DFMP. However, this was found to be
ineffective because the multiplets are noisy due to low SNR.

5.3.6 Conclusion

The SABRE-polarised EFNMR spectra of 3,-FP, 3,5-DFP, 3,5-TFMP and 3-DFMP
were acquired using the mT SABRE-EFNMR experiment. The SABRE-polarised
'H signals of 3,5-DFP and 3,5-TFMP acquired with 1scan exhibited much higher
levels of polarisation than the SABRE-polarised F signals acquired with 16 and
8 scans, respectively, as shown in FIGURE [5.18] This is because the mT PTF directs
SABRE-polarisation transfer from the p-H, derived hydrides to the 'H nuclei on the
substrate, whereas the '°F nuclei become hyperpolarised indirectly via the transfer of
SABRE polarisation from the 'H nuclei; a process that is mediated by the J-coupling
network of the substrate and is inefficient. The combination of inefficient polarisation
transfer to F at mT PTFs and heavy splitting of the hyperpolarised signals due to
strong coupling led to an unobservable 1F EFNMR signal of 3-FP. The higher number
of °F nuclei in 3,5-DFP and 3,5-TFMP, combined with the fact that they are within
simpler coupling networks, due to the symmetry of the substrates which minimises
peak splitting and peak overlap, increases the SNR of the hyperpolarised °F signals
to enable their observation.

SABRE-polarised EFNMR signals in the 'H region of the 3-DFMP spectrum
were also much more intense than the signals in the '°F region (see FIGURE [5.18),
however, this is not related to differences in the efficiency of SABRE and indirect
polarisation transfer, as the source of both sets of signals is SABRE polarisation of
the 'H nuclei (predominantly the aromatic protons) followed by single coherence-order
transitions between the mixed nuclear spin states of 'H and 'F after a 7/2 RF pulse.
The hyperpolarised EFNMR signals of 3-DFMP in the °F region of the spectrum,
acquired with 8scans, are therefore more intense than the 'YF EFNMR signals of
3,5-DFP and 3,5-TFMP, acquired with 16 scans, as the 3-DFMP signals are produced
from optimal SABRE polarisation to 'H and not inefficient hyperpolarisation of *F at
mT PTFs.
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FIGURE 5.18: The SABRE-polarised 'H and 'F EFNMR signals of 3,5-DFP, 3,5-TFMP and
3-DFMP acquired using the mT SABRE-EFNMR experiment.

Indirect polarisation transfer to '°F on 3,5-DFP was shown to be more efficient
than to °F on 3,5-TFMP because both signals displayed comparable SNRs from an
equal number of scans of the mT SABRE-EFNMR experiment, even though the latter
contains 3x as many °F nuclei. This was observed because indirect polarisation
transfer is mediated by the substrate J-coupling network, therefore, the reduced
J-coupling interactions involving the F nuclei in 3,5-TFMP (< 1Hz) versus 3,5-DFP
(<9Hz), due to the added chemical bond (methyl carbon) between F and the other
substrate nuclei reduces the efficiency of transfer.

Comparison of all experimental EFNMR signals acquired from the mT SABRE-
EFNMR experiment in FIGURE with simulated EFNMR signals acquired using
Lps = > I ., showed a dominant polarisation transfer pathway from the hyperpolarised
I,-I, state of the p-H, derived hydrides to the fz state of the protons. The form of
the hyperpolarised 'F EFNMR signals of 3,5-DFP and 3,5-TFMP did not replicate
the simulated F EFNMR signals well. This may be due to poor efficiency of indirect
polarisation transfer to °F in these substrates when using mT PTFs, or may be due
to the hyperpolarisation of different spin states. In any case, the mT SABRE-EFNMR
experiments were not sufficient to understand the simplified form of the *F signals.
Conclusions about the pathway of indirect polarisation transfer from the SABRE-
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polarised 'H nuclei of 3-DFMP in the mT regime could not be made as the form of
the hyperpolarised 'F EFNMR spectrum was dominated by mixing between states in
the Earth’s field following direct SABRE polarisation transfer to the I, state of 'H in
the mT PTF.

Probing the SABRE polarisation transfer process requires hyperpolarised spectra
that provide chemical information on the target substrate by the display of signals
with fine structure. This allows both significant and subtle changes to the form of
the hyperpolarised signals to be observed under variable SABRE conditions. Large
coupling interactions within the substrate coupling network increases splitting of
the EFNMR multiplets to reduce peak overlap and promote acquisition of EFNMR
signals with more fine structure that are easier to interpret. For example, successful
interpretation of the SABRE-polarised 'H signal of 3,5-DFP was made possible by
its clear display of split peaks which enabled the use of simulations to dissect the
signal into contributions from the different 'H environments (para, ortho), as shown
in section 5.3.3. Similarly, the eight main signals of the SABRE-polarised 3-DFMP
spectrum are a consequence of the dominant 3-spin ABs interaction between the two
YEF and 'H nuclei, and are greatly separated thanks to the 55.4 Hz coupling within
the AB; system. This allows improved signal resolution to observe even the small
J-coupling interactions involving the aromatic and methyl protons. Therefore, the
relatively large heteronuclear couplings of 9 and 55.4 Hz in 3,5-DFP and 3-DFMP,
respectively, as well as mixing of the 'H and F spin states of 3-DFMP due to the
fact that it represents a nuclear spin system that is very strongly coupled, make both
substrates prime candidates for more detailed investigations of the magnetic field
dependence of ULF SABRE polarisation transfer in the next chapter.
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6‘ Probing SABRE Polarisation Transfer
with in situ EFNMR Detection

6.1 Introduction

In Chapter 5 the SABRE-polarised 'H and '"F EFNMR signals of 3,5-DFP and
3-DFMP were successfully acquired with mT PTFs using the mT SABRE-EFNMR
experiment. The complex form and multiplicity of the hyperpolarised signals were
interpreted via comparison with simulated EFNMR spectra. In this chapter, methods
to explore the SABRE polarisation transfer to 'H and F in both mT and pT fields,
in situ of NMR detection, will be developed and applied to 3,5-DFP and 3-DFMP.
Both substrates exhibited well resolved hyperpolarised signals that were relatively
straight-forward to interpret as a consequence of the sufficiently large 'H and °F
coupling interactions of 9 and 55.4 Hz in 3,5-DFP and 3-DFMP, respectively.

Generally speaking, polarisation transfer from the p-Hs derived hydrides to a
target nucleus on the substrate is made more efficient when the PTC is met (see Eq.
. The condition requires the frequency difference between the source and target
of polarisation transfer to be matched to the dominant J-coupling interaction in the
coupling network of the SABRE active catalyst (Ir[{IMes}{H}2{sub};]"). SABRE
polarisation transfer to 'H nuclei is therefore more efficient at mT fields, whereas
SABRE polarisation transfer to heteronuclei is more efficient at nT fields.

The use of pT PTFs to direct SABRE polarisation transfer to heteronuclei has
been illustrated on a wide range of isotopes using high-field NMR detection coupled
with the ex situ SABRE polarisation transfer technique titled SABRE in SHield
Enables Alignment Transfer to Heteronuclei*** 2% (SABRE-SHEATH]). This method
utilises a magnetic shield to houses the NMR tube and expose it to nT magnetic fields
during the SABRE polarisation transfer step. The NMR tube within the magnetic
shield is either shaken in the presence of p-Hs (shake and drop experiment) or bubbled
with p-Hy before being transferred to the bore of the high-field NMR probe for
detection. Enhancements of two orders of magnitude at 9.4T have been reported
in the literature for the 'F signals of fluorinated pyridines (up to ~ 200 for the *F
signal of 3-FP*7) using SABRE-SHEATH, however, these values are much smaller than
the 4-5 order of magnitude enhancement of the 'H signals of N-heterocycles using
mT PTFs in traditional SABRE experiments that use mT PTFs and detection in the
high-field regime. The larger number of bonds separating the °F nuclei in the target
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analytes from the p-Hs derived hydrides within the catalyst-bound p-Hs and substrate
species, reduces the strength of the J-coupling interaction between them. Since the
efficiency of SABRE polarisation transfer is proportional to the J-coupling between
the p-Hy derived hydride and the nucleus receiving polarisation, the F nuclei were
less efficiently hyperpolarised. The shorter T} relaxation times of F nuclei (ranging
between 3 and 5 s at 11.74 T#) also contributes to the lower enhancement levels as more
hyperpolarisation is lost during automated sample transfer (~5s) from the magnetic
shield to the NMR probe 144

Demonstrated here is the use of the pT SABRE-EFNMR experiment to directly
and immediately detect SABRE polarisation transfer to °F nuclei. The pT PTF
enables the acquisition of SABRE-polarised 'F signals of 3,5-DFP and 3-DFMP with
higher polarisation levels and hence better signal resolution in comparison to what
was observed using mT PTFs, where the F nuclei were hyperpolarised indirectly
via the inefficient transfer of hyperpolarisation on the SABRE-polarised 'H nuclei.
The focus of this chapter is the implementation of the the SABRE-EFNMR system to
perform in situ mT and pT PTF-cycling experiments, allowing direct observation of
the magnetic field dependence of the SABRE hyperpolarisation across the pT and mT
regimes. Once more, simulations play a vital role in deciphering the product states
responsible for the observed hyperpolarised signal shape to allow insight into, and
compare, the polarisation transfer pathway to 3,5-DFP and 3-DFMP.

6.2 SABRE Polarisation Transfer to 3,5-
difluoropyridine

6.2.1 Millitesla Polarisation Transfer Field Cycling

The mT PTF-cycling experiment was executed by repeating the mT SABRE-EFNMR
experiment with linear increments of the mT field generated by the polarising coil.
FIGURE[6.1]shows the mT PTF curve of 3,5-DFP, produced by plotting the normalised
integral of the 'H and *F EFNMR signals for every increment of the PTF. The data
points in the 'H PTF curve were acquired by integrating the central peak of the
3,5-DFP 'H signal. Low SNR limited the analysis of the contribution to the PTF
curve by the outer peaks of the 3,5-DFP 'H signal.

The PTF curve of the 'H signal shows the magnetic-field dependence of the
efficiency of SABRE polarisation transfer to 'H in 3,5-DFP in the mT regime, where
the broad peak with a maximum between 8.5 and 9.5 mT outlines the optimal PTF
for SABRE polarisation transfer to 'H. The PTF curve of the F signal shows a
similar dependency with a maximum between 6 and 12mT. This is expected under
mT PTFs because the 'F nuclei are hyperpolarised indirectly by the transfer of
hyperpolarisation on the SABRE-polarised 'H nuclei. It is worth noting that the data
point at 0mT in FIGURE corresponds to 0 A through the polarising coil and
therefore more accurately refers to a PTF of ~51.9 nT (detection field). Although
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FIGURE 6.1: The 'H and F mT PTF curves of 3,5-DFP acquired by repeating the mT
SABRE-EFNMR experiment with 1 and 16 scans, respectively and a tprp =10s. The curves
illustrate the magnetic field dependence of the efficiency of SABRE polarisation transfer to
the 'H and 'F nuclei. Polarisation transfer to 'H is maximal between 8.5 and 9.5mT, and
hyperpolarisation of 9F is maximal between 6 and 12mT. The efficiency of polarisation
transfer to 'H and '°F as a function of the PTF follows similar trends as '°F receives its
hyperpolarisation from the SABRE-polarised 'H nuclei at mT PTFs. The normalised integrals
represented by red circles were acquired from the same sample on a different day but replicate
the shape of the PTF curve demonstrating good reproducibility in the SABRE results.

heteronuclear SABRE polarisation transfer is coherent in the pT regime, coherent
SABRE polarisation transfer to 1°F requires ~4nT.

There were no changes observed to the SABRE and indirect polarisation transfer
pathways over the mT sweep experiment as the form of the hyperpolarised EFNMR
signals were unchanged. The signals exhibited the same peak shapes as those presented
in Chapter 5, where the 'H EFNMR signal corresponds to the dominant transfer of
SABRE polarisation from the I;-I5 state on the p-h, derived hydrides to the fz state
on the substrate 'H nuclei. The product state (or states) of 3,5-DFP involving 'F
that receive hyperpolarisation from the I, state of *H could not be deduced as the *F
EFNMR signal exhibited a fraction of the peaks illustrated by simulations. This may
be a consequence of hyperpolarisation transfer to multiple product states that give
rise to split peaks with intensities that cancel out. A dependency of the dominant
pathway of SABRE and indirect polarisation transfer to 'H and '°F, respectively,
was not observed across the sampled PTF range since the form of the hyperpolarised
signals did not change.

A mT PTF curve of the hyperpolarised *H and '°F signals in 3,5-DFP was
previously acquired on an 11.74 T spectrometer by Olaru et al. (see FIGURE [6.2F) via
ex situ SABRE polarisation transfer using an automated gas flow system to transport
the sample from a reaction chamber that hosts SABRE polarisation transfer in a mT
PTF to the NMR probe for detection. Due to chemical shift resolution in the high-field
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FIGURE 6.2: PTF curves plotted from the SABRE-polarised a) 'H and b) '°F signals of
3,5-DFP acquired via ez situ mT PTF-cycling experiments using an automated gas flow
system for automated transfer from the PTF, generated by an external solenoid, to the 11.74T

detection field within the NMR spectrometer. Figures are reproduced without alteration from
the SI of the publication by Olaru et al under the CC BY 4.0 license.

regime and efficient hyperpolarisation of the 'H nuclei (3-4 orders of magnitude), a
PTF curve was acquired for both 'H environments of 3,5-DFP (para and ortho-protons).
This also allowed the acquisition of a PTF curve for the F signals in catalyst-bound
and free substrate.

The PTF curves of 3,5-DFP in FIGURE acquired with an ex situ approach
to PTF-cycling showed similarities to the PTF curves acquired in this work with
an in situ approach. Both sets of curves show a broad range of PTFs for efficient
hyperpolarisation of 'H and *F up to ~ 11 mT. While the in situ results display a
smooth increase in SABRE polarisation transfer up to ~9.5mT and a gradual decrease
beyond 12mT, the ez situ results display more complex features. SABRE polarisation
transfer to 'H was shown to be most efficient at 6 mT, followed by a fall to a rough
plateaus from 7-11mT and then a significant drop at 12mT. SABRE polarisation
transfer to °F in the free substrate was found to be optimal at 0mT, although an
additional broad peak of polarisation transfer efficiency was observed with a maximum
around 5mT, as well as apparent peaks at 3 and 9mT. The PTF dependence of F
hyperpolarisation was therefore quite noisy with ex situ SABRE polarisation transfer.

The ex situ PTF curves include more variability across the PTF values than what
was observed in our in situ experiments. However, the results are difficult to directly
compare because of key differences in the experimental protocol. Carrying out SABRE
polarisation transfer ex situ of the detection field, with a ~5s duration for sample
transfer from the polarisation transfer to detection field using an automated gas flow
system, leads to a loss of hyperpolarisation due to 77 relaxation. In addition, other
aspects of ex situ SABRE polarisation transfer act as sources of variability. For example,
exposure to the magnetic environment of the lab during transfer, which includes the
Earth’s magnetic field and stray magnetic fields from the NMR spectrometer, also
promotes T} relaxation of the hyperpolarised spin system and may be slightly different
for different steps in the experiment, leading to reduced reproducibility. In contrast, in
situ SABRE polarisation transfer is detected without sample transfer and maintains
a consistent 20 ms delay between the polarisation transfer and NMR detection steps,
allowing for the advantageous capturing of the hyperpolarised response before significant
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T, relaxation can occur, and with a higher level of reproducibility. On the other hand,
i situ SABRE experiments suffer from a loss of chemical information due to NMR
detection in the ULF regime, although in the case for 3,5-DFP, no significant differences
were observed in the PTF curves for the different chemical environments (see FIGURE

6.2R).

In summary, while the PTF curves acquired from the two approaches cannot be
directly compared, the enhancement variability displayed by the ex situ PTF curves are
not likely due to variations in the efficiency of SABRE polarisation transfer, but rather
reproducibility issues with the experimental procedure. This conclusion is supported
by the magnetic field dependence of SABRE polarisation transfer displayed by the in
situ PTF curves that do not show any similar structure but exhibit a smoother shape,

which better represents what is expected when gradually moving toward and away
from an LAC.

6.2.2 In situ SABRE Polarisation Transfer using Microtesla
Polarisation Transfer Fields

Where the mT SABRE-EFNMR experiment (see Fig [5.2h) has been used thus far to
coherently transfer polarisation from the p-H, derived hydrides to *H nuclei in 3,5-DFP,
3,5-TFMP and 3-DFMP, this section illustrates the use of the pT SABRE-EFNMR

experiment (see Fig ) to drive coherent polarisation transfer to '9F, as predicted
by the PTC and LAC theory.

FIGURE shows the SABRE-polarised EFNMR spectrum of 3,5-DFP ac-
quired with 1scan of the nT SABRE-EFNMR experiment using a SpT PTF. The
simulated signals are the same as those shown in section 5.3.3, acquired with pg =), L
and fobs => fi_ for all nuclei. The SABRE-polarised '°F signal of 3,5-DFP using a
8T PTF more accurately replicates the form and multiplicity of the simulated signal,
although the relative intensity of the split peaks are not all well matched. This may be
a consequence of SABRE polarisation transfer to other spin states within the nuclear
spin system of 3,5-DFP that give rise to multiplet structures that when combined
lead to peak cancelling and a reduction in peak intensity. As the split peaks of the
YF EFNMR signal are very weak in comparison to the two main and most intense
peaks (separated by 9Hz due to the J{H,,F55} coupling interaction), they are likely
hidden in the noise of the hyperpolarised YF EFNMR signal acquired via the mT
SABRE-EFNMR experiment which had a very low SNR and displayed poor signal
resolution. This may explain why it is only the two main peaks that appear in the
indirectly hyperpolarised 'YF EFNMR signal of 3,5-DFP at 9mT. Nonetheless, the
simulation indicates a dominant polarisation transfer pathway from the I;-I, state of
the p-H, derived hydrides to the I, state of the F nuclei in 3,5-DFP at 5 pT.

The hyperpolarised 'H signal of 3,5-DFP acquired from the pT SABRE-EFNMR
experiment shows a single peak that is antiphase with respect to the SABRE-polarised
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YF EFNMR signal, in the same way that the SABRE-polarised 'H EFNMR signal
of 3,5-DFP acquired from the mT SABRE-EFNMR experiment was also antiphase
relative to the hyperpolarised F EFNMR signal. In FIGURE in section 5.3.3
the SABRE-polarised EFNMR spectra of 3,5-DFP were acquired from seperate mT
SABRE-EFNMR experiments and were therefore phased separately to be displayed as
absorbance signals. In FIGURE the hyperpolarised 'H and F EFNMR spectra
are from single experiments and have been phased so that the signal corresponding
to the nuclei targeted by SABRE polarisation transfer is presented in absorbance
mode. The antiphase nature of the hyperpolarised 'H and "F EFNMR signals is
representative of relayed transfer of hyperpolarisation between the nuclei (polarisation
must be conserved, therefore transfer of polarisation between substrate nuclei leads
to signals with opposite signs) and is therefore evidence of indirect transfer within
the substrate molecule. The F signal hyperpolarised at 8 pT also appears to contain
negative peaks that may correspond to the hyperpolarisation of multiple spin-order
states (more clearly observed on the spectra acquired using negative PTFs in FIGURE
6.4b). These negative peaks are not replicated by the simulation acquired with a
starting state of longitudinal magnetisation on all of the spins in 3,5-DFP (pg=>_, L
for all nuclei) before the 7/2 RF pulse.
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FIGURE 6.3: SABRE-polarised EFNMR spectrum of 3,5-DFP acquired using a) PTF =8nT
and tprp =15 with the p'T SABRE-EFNMR experiment, and b) PTF =9mT with the mT
SABRE-EFNMR experiment. The spectra have been phased so that the hyperpolarised signal
from the target nucleus of SABRE polarisation transfer is an absorbance signal: a) '°F and b)
'H.

Poor signal resolution and low SNR of the hyperpolarised 'H EFNMR signal in
FIGURE is owed to the inefficient transfer of hyperpolarisation from the p-H,
derived hydrides to the 'H nuclei in the target substrate under pT PTFs, producing a
hyperpolarised 'H peak that does not exhibit any fine structure. The 'H signal of 3,5-
DFP is split up into contributions from the para and ortho-protons (see section 5.3.3).
The para-proton is responsible for the 4 split peaks at the signal edges and contains a
singlet-like peak in the centre of the signal, whereas the ortho-protons contribute to
the multiplets at the centre of the signal that resemble a pseudo-triplet. The observed
'H peak from the T SABRE-EFNMR experiment does not resemble a pseudo-triplet
and the outer multiplets are not observed. The lack of pseudo-triplet structure at
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the centre of the 'H EFNMR signal may indicate the indirect polarisation transfer
pathway from the SABRE-polarised *F nuclei is more efficient to the para-proton, and
it is likely that, as with the indirectly hyperpolarised F EFNMR signal in FIGURE
6.3b, the SNR of the 'H EFNMR signal is too low for the outer multiplets of the
para-proton signal to appear above the noise. It is unlikely the 'H peak corresponds
to the SABRE-polarised OH proton on the solvent as this would require mT PTFs for
coherent SABRE polarisation transfer to 'H.

6.2.3 Microtesla Polarisation Transfer Field Cycling

A pT PTF-cycling experiment allows observation of the magnetic field dependence
of the efficiency and pathway of SABRE polarisation transfer to °F on the target
substrate to progress toward improving the efficacy of SABRE. Repeatedly running
the nT SABRE-EFNMR experiment over linear increments of the pT field generated
by the z-Helmholtz coil enables execution of pT PTF-cycling. FIGURE shows
two nT PTF curves produced from the integration of the hyperpolarised *F and
'H EFNMR signals of 3,5-DFP, acquired with 2scans for each iteration of the pT
SABRE-EFNMR experiment. The PTF curves were acquired by sweeping the PTF
from -14 to 14 pT in increments of 2 pT.

A change in the sign of the signal intensity is observed when crossing 0O n'T;
however, both PTF curves appear symmetric about zero which demonstrates good
reproducibility of SABRE polarisation. The change in sign is not accompanied by a
change in the form of the hyperpolarised EFNMR signal as shown by the 3,5-DFP
spectra in FIGURE [6.4p. The similarity in the trends of the 'H and *F PTF curves is
evidence the hyperpolarised 'H signals originate from the transfer of hyperpolarisation
from F and do not correspond to hyperpolarisation of the solvent in this case, as may
be perceived by the acquisition of a singlet-like 'H signal. The trend is also similar to
what was seen with the 'H and *F mT PTF curves of 3,5-DFP in FIGURE [6.1]

SABRE polarisation transfer from the p-H, derived hydrides to °F in 3,5-DFP
is shown by the PTF curves to be a broad peak with a maximum between 6 and 10T,
outlining the optimal PTF range for SABRE polarisation transfer to °F. Significant
changes to the form of the SABRE-polarised *F EFNMR signals were not observed
from -14-14nT. Despite this, the SABRE-polarised °F signals from the pT PTF-
cycling experiment displayed antiphase peaks (relative to the major component of the
signal) with ranging intensities across the PTF sweep, where these peaks were most
intense at -14, -10 and -6 pT. These antiphase peaks also appeared on the SABRE-
polarised 'F EFNMR signal of 3 5-DFP in FIGURE[6.3p acquired using a PTF of 8 uT.
The simulations in FIGURE [6.4b were acquired Wlth Po=2; IZZ and Iobs > ] for
all nuclei in 3,5-DFP and do not show antiphase peaks, suggesting that experimentally
there may be hyperpolarisation of product states other than I.. Regardless, stronger
SNRs are required to provide insight into the cause of these components, as well as
the use of different flip angles (< 7/2).
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FIGURE 6.4: The hyperpolarised EFNMR spectra in b), and the corresponding PTF curves in
a) of 3,5-DFP were acquired with 2 scans for each PTF iteration of the pT SABRE-EFNMR
experiment. The PTF curves show the same magnetic field dependency of the efficiency of
SABRE polarisation transfer to '°F, and the efficiency of indirect polarisation transfer from
9F to 'H across a PTF range of -14- 14 nT. The stacked spectra have been aligned along the
frequency axis for illustrative purposes.
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A gradual shift in the phase of the hyperpolarised 'H EFNMR signal is observed
over the nT PTF-cycling experiment from 2-14pT (see FIGURE ) The reason
for this shift is due to gradual drifting of the external field (B°) over time on account
of the naturally fluctuating Earth’s magnetic field. A shift in B° leads to a shift in the
Larmor frequency of the spins, which will interact differently with the B* field (RF
pulse) of fixed frequency and gain zero-order phase proportional to the shift in Larmor
frequency. The steps in the nT PTF-cycling experiment were acquired sequentially
starting at -14 nT, meaning the hyperpolarised 'H EFNMR signals acquired with
positive PTFs were more significantly affected by the drifting BY (frequency shifts of
up to +1.5Hz were recorded) and hence gained more phase. It is important to note
that the B° shift is not always linear over time as it is not only caused by variation in
the Earth’s magnetic field, but also by temporary magnetic fields in the vicinity of
the EFNMR probe. This makes the use of automated post-processing procedures to
correct for phase shifts more complicated.

A T PTF curve of 3,5-DFP was also acquired by Olaru et al® with an ex
situ PTF-cycling experiment (see FIGURE . The magnetic field dependence of
SABRE polarisation transfer illustrated by the ex situ and in situ PTF curves were
very different. The ex situ PTF curve saw a 10-fold enhancement to the maximum
from 10 to 20 pT and fall to a plateaus of minimum enhancement from 30- 60 T where
it remained until the final sampled PTF of 100 pT. This deviates significantly from the
smooth and broad maximum of the in situ PTF curve at 6- 10pT (see FIGURE [6.4p).
Also, the acquisition of multiple in situ PTF curves of 3,5-DFP all showed a gradual
decay of the 'H and '"F hyperpolarisation away from the maximum toward higher
PTFs, until the signals could not be observed beyond 26 pT' which is not replicated by
the ex situ PTF curve in FIGURE [6.5] The maximal enhancement of the '°F signal
of 3,5-DFP at 20 nT suggested by the ex situ PTF curve is also quite far from the
optimal PTF of ~4pT predicted by the theory of LAC.

As was the case when comparing the ex situ and in situ mT PTF curves of
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FIGURE 6.5: PTF curve plotted from the SABRE-polarised '°F signal of 3,5-DFP acquired
via ez situ pT PTF-cycling experiments using an automated gas flow system for automated
transfer from the PTF, generated by an external solenoid, to the 11.74 T detection field within
the NMR, spectrometer. Figure is reproduced without alteration from the SI of the publication
by Olaru et al# under the CC BY 4.0 license.

132



3,5-DFP, the nT PTF curves cannot be compared directly. The pT PTFs generated by
the z-Helmholtz coil pair within the SABRE-EFNMR system can easily be calibrated
and thus accurately generated. Calibration requires measuring the Larmor frequency
of the spins in a sample across a range of positive and negative current values to
calculate the pTmA~! value and the magnitude of the Earth’s magnetic field, Bg.
Since the pair of y-Helmholtz coils produce a y-field that aligns B® to the z-axis,
the desired magnetic field is achieved by passing the required amount of positive or
negative current through the z-Helmholtz coil to linearly add to or subtract from Bg,
respectively. The instrumentation for ex situ SABRE polarisation transfer uses a
solenoid located within a p-metal shield, where the solenoid generates pT fields and
the pu-metal shield attenuates the Earth’s magnetic field by up to a factor of 300. The
accuracy in the magnetic field exposed to the sample within the p-metal shield depends
on the calibration of the nT field generated by the solenoid and how effectively the
shield has been degaussed. In this case, Larmor frequency cannot be used to measure
the magnetic field strength inside the u-metal shield and a gaussmeter is used instead.
The issue here lies in the fact that the gaussmeter must also be calibrated but requires
a well calibrated p-metal shield.

Furthermore, the power supply attached the Helmholtz coil array allowed the
generation of 1T magnetic fields with a much higher precision than that of the power
supply attached to the solenoid within the p-metal shield (£ 10uT). Consequently, the
in situ approach enables a more reliable interrogation of the magnetic field dependence
of SABRE polarisation transfer in the nT regime.
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6.3 SABRE Polarisation Transfer to 3-
difluoromethylpyridine

6.3.1 In situ SABRE Polarisation Transfer using Microtesla
Polarisation Transfer Fields
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FIGURE 6.6: SABRE-polarised EFNMR spectrum of 3-DFMP acquired using a) PTF =5pT
and tprp =12s with the pT SABRE-EFNMR experiment, and b) PTF =6 mT with the mT
SABRE-EFNMR experiment. The spectra have been phased so that the hyperpolarised signal

from the target nucleus of SABRE polarisation transfer is an absorbance signal: a) '°F and b)
1
H.

SABRE polarisation transfer was directed to *F in 3-DFMP using a 5T PTF
in 16scans of the pT  SABRE-EFNMR experiment, producing the hyperpolarised
EFNMR spectrum in FIGURE . The hyperpolarised 'H and *F EFNMR signals
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of 3-DFMP acquired with a 6 mT PTF in 1 and 8scans of the mT SABRE-EFNMR
experiment (displayed in section 5.3.5) is shown in FIGURE for comparison.
Both spectra have been phased relative to the display of an absorbance signal for the
nucleus targeted by SABRE polarisation transfer. The simulated EFNMR spectrum of
3-DFMP in FIGURE [6.6a was acquired with pg=>_, L; for all F nuclei and Iy, = I
for all nuclei, to account for the fact that SABRE polarisation transfer under nT PTFs
is directed to F. The simulated EFNMR spectrum of 3-DFMP in FIGURE
was run in the same way but with py=>_, fzi for all 'H nuclei since mT PTFs drive
SABRE polarisation transfer to 'H.

As discussed previously, the large 55.4 Hz J{H7,F} coupling interaction between
the nuclei of the methyl group (CHF3) of 3-DFMP leads to a very strongly coupled
nuclear spin system that is more accurately represented by the singlet-triplet basis
which defines the nuclear spin system as a superposition or mixing of the individual spin
states. Therefore, direct SABRE polarisation of the °F nuclei in 3-DFMP produces
hyperpolarised EFNMR signals at the Larmor frequency of F and 'H, where the
observed splitting pattern of the EFNMR spectrum is dictated by the strongly coupled
3-spin ABs; system of the methyl nuclei. The simulation replicating direct SABRE
polarisation transfer to the I, state of 'H in FIGURE fit very well to the SABRE-
polarised spectrum and replicated the phase of the split peaks. The simulation of
direct SABRE polarisation transfer to the I, state of 1°F in FIGURE [6.6h fit well to
the SABRE-polarised absorbance signals in the °F region of the EFNMR spectrum,
but did not replicate the hyperpolarised signals in the 'H region. The simulation shows
an absorbance signal at 2166 Hz, a weak antiphase signal at 2207 Hz and emission
peaks at 2230 and 2273 Hz, whereas the experimental spectrum shows an absorbance
and emission signal at 2166 Hz and 2207 Hz, respectively. The signals at 2230 and
2273 Hz are observed, but their phase and corresponding fit to the simulation cannot
be commented on as they are mostly hidden in the noise.

The differences between the simulated and experimental EFNMR spectra suggests
indirect transfer of hyperpolarisation from the SABRE-polarised I, state of the °F
nuclei to other product states within the mixed nuclear spin system. This would
produce a resultant EFNMR spectrum of 3-DFMP that deviates from the simulation
as it contains contributions from the indirectly hyperpolarised product states that
each give rise to signals with the same splitting pattern but with different phases and
intensities and combine to form a modified SABRE-polarised EFNMR spectrum. The
presence of a hyperpolarised emission signal at 2207 Hz may therefore correspond to
indirect polarisation transfer to the I, state of aromatic 'H nuclei that are known to
produce an in-phase multiplet at this frequency and which would appear antiphase
relative to the signal of the nucleus targeted by SABRE polarisation transfer (1°F in
this case), as already discussed. It is also likely that this emission signal is overlapping
with the much weaker antiphase peak illustrated by the simulation in FIGURE [6.6p.
Low SNR prevents the observation of the peaks at 2230 and 2273 Hz to compare
to the simulation, although the simulation shows that these peaks are very small in
comparison to the peak at 2166 Hz which experimentally also has a low SNR. While the
form of hyperpolarised signals at the F region of the EFNMR spectrum of 3-DFMP is
replicated by the simulation, there appear to be differences in their relative intensities
as the two peaks at 2036 and 2054 Hz are significantly weaker than the two peaks at
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2095 and 2100 Hz. This further indicates indirect hyperpolarisation transfer from the
I, state of the F nuclei to other product states within the mixed nuclear spin system
of 3-DFMP that effects the shapes of the hyperpolarised signals at the F and 'H
region of the EFNMR spectrum.

6.3.2 Microtesla Polarisation Transfer Field Cycling

The magnetic field dependence of the SABRE polarisation transfer to 'H and '°F in
3-DFMP was probed via the implementation of mT and pT PTF-cycling experiments.
The mT PTF curves which have not been presented here showed a broad maximum
for both nuclei at ~6mT without displaying any significant changes in the form of
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FIGURE 6.7: The hyperpolarised EFNMR spectra of 3-DFMP were acquired with 4 scans and
a tprp = 12s for each PTF iteration of the n'T SABRE-EFNMR experiment. The magnetic
field dependency of the efficiency of SABRE polarisation transfer to '°F, and the efficiency
of indirect polarisation transfer from '°F to 'H is shown to be the same across a PTF range
of 1-8uT. The stacked spectra have been aligned along the frequency axis for illustrative
purposes.
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the hyperpolarised EFNMR spectrum across the sweep.

FIGURE shows the SABRE-polarised EFNMR spectra of 3-DFMP acquired
from a pnT PTF-cycling experiment, where the pnT' SABRE-EFNMR experiment was
repeated with 4 scans for each PTF value ranging from 1 to 8 pT. SABRE polarisation
transfer to 19F is seen to be most efficient at 5 pT where the hyperpolarised 3-DFMP
peaks in the F and 'H regions of the EFNMR spectrum have the largest signal
intensity. The intensity of the hyperpolarised peaks are also shown to gradually
decrease at PTFs above and below 51T, in a similar way to the nT PTF curve of
3,5-DFP.

The first key point to note is that the intensity of all of the hyperpolarised
peaks in both the F and 'H regions of the EFNMR spectra show the same trend
in intensity as a function of PTF. This suggests that all peaks, including the peak at
2211 Hz, originate from the substrate and not from the solvent. This supports the
hypothesis that the peak at 2212 Hz arises via indirect transfer of hyperpolarisation
from the SABRE-polarised F nuclei to the aromatic 'H nuclei, in a manner similar to
what was observed from 3,5-DFP. The negative phase of this peak relative to the °F
peaks is also consistent with this hypothesis and with the observations for 3,5-DFP.
However, the phase of this peak does appear to deviate from pure emission, with the
phase distortion becoming more prominent above 4 nT. This cannot be attributed
to a zero-order phase distortion due to drifting of the Earth’s magnetic field and
shifting of the Larmor frequencies (observed with the pT PTF-cycling experiment of
3,5-DFP) because the other peaks in the spectrum do not exhibit the same zero-order
phase shifts. It could be attributed to a PTF dependency of hyperpolarisation of the
antiphase component at 2211 Hz which is illustrated by the simulated signal. The
hyperpolarised peak at 2224 Hz can be seen in FIGURE particularly at PTFs of
5, 6 and 7TnT, whereas the hyperpolarised peak at 2277 Hz can be seen at PTFs of
3,4 and 51nT. Both signals appear in-phase with the signal at 2168 Hz which is not
illustrated by the simulation and would therefore indicate hyperpolarisation of product
states other than I, on the F nuclei.

While changes to the form of the hyperpolarised EFNMR signals of 3-DFMP
were observed across the sampled PTF range, there is insufficient SNR and signal
resolution on the hyperpolarised EFNMR signals to understand the source of those
changes. Furthermore, the dominant form of the SABRE polarised EFNMR spectrum
was consistent across the sampled PTF range which suggests the prominent pathway
of SABRE and indirect polarisation transfer was maintained.

6.4 Conclusions

Execution of SABRE in the nT regime via the nT SABRE-EFNMR experiment was
shown to drive SABRE polarisation transfer from the I;-I, state of the p-Hy derived
hydrides to the I, state of the °F nuclei by comparison of experimental and simulated
spectra (see FIGURE [6.3). The SABRE-polarised '°F EFNMR signal of 3,5-DFP was
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acquired over a range of PTFs (-14-14nT) and exhibited a signal shape that better
replicated the simulated F EFNMR signal acquired with py = > IAZZ and fgbs ~1 ; for
all nuclei in 3,5-DFP (see FIGURE , in comparison to the 'YF EFNMR signal of
3,5-DFP which was hyperpolarised inefficiently and indirectly at 9mT and exhibited
only a fraction of the 1F EFNMR signal.

The pT SABRE-EFNMR experiment was also performed on 3-DFMP using
a PTF of 5pT and gave rise to a SABRE-polarised EFNMR spectrum containing
interesting signal shapes with in-phase and antiphase relationships (see FIGURE .
The nuclei in 3-DFMP are very strongly coupled in the ULF regime due to the 55.4 Hz
coupling between the methyl nuclei. This causes significant mixing of the nuclear spin
states under pT fields and led to the acquisition of SABRE-polarised signals in the 'H
and YF region of the EFNMR spectrum that arise from hyperpolarisation of the I,
state of the F nuclei. Comparison of the experimental EFNMR spectrum of 3-DFMP
acquired from the pT SABRE-EFNMR experiment, with the simulated spectrum
acquired using po =Y, I; for all F nuclei and I, = I, for all nuclei provided some
insight into the potential pathways of indirect polarisation transfer from the I, state
of 1F to, for example, the I, state of the aromatic 'H nuclei. This was speculated
based on the emission signal of 3-DFMP at ~ 2207 Hz which does not appear in the
simulation.

Successful implementation of the mT and pT PTF-cycling experiments by
repetition of the mT and pT SABRE-EFNMR experiments with varying PTF values
allowed the optimisation of SABRE polarisation transfer to 'H and '"F. Maximal
transfer to 'H and 'F in 3,5-DFP and 3-DFMP was read out from the maximum
of the acquired PTF curves. For 3,5-DFP, SABRE and indirect polarisation transfer
was found to be optimal at 8-10mT and 6-10pnT. For 3-DFMP, SABRE and indirect
polarisation transfer was found to be optimal at ~6,mT and ~5pT. The optimisation
of mT and pT SABRE polarisation transfer to 'H and F in 3,5-DFP by Olaru et al
via ex situ SABRE polarisation transfer provided an opportunity for comparison to
the in situ approach performed in this work. The PTF curves could not be compared
directly due to the differences between the experimental methods. However, the
consequence of more accurate and precise field control provided by the EFNMR-
SABRE setup, as well as higher reproducibility of the in situ SABRE results supported
by the ability to immediately detect SABRE polarisation after the PTF, was illustrated
by the in situ PTF curves which displayed less variability in the efficiency of SABRE
polarisation transfer across the sampled PTF range. That being said, both approaches
produced similar mT PTF curves of the 'H and '°F nuclei in 3,5-DFP. Lower reliability
and precision of the ex situ instrumentation in generating pT PTFs led to significantly
different and incomparable pT PTF curves.

In regards to the magnetic field dependency of the pathway of SABRE polarisation
transfer, subtle changes to the form of the SABRE-polarised spectra were observed
for 3,5-DFP and 3-DFMP across the pT PTF-cycling experiments, however much
higher levels of hyperpolarisation of the substrates are required at mT and nT PTFs to
understand and interrogate these. Achieving this will improve interrogation of SABRE
polarisation transfer in order to further probe the mechanism and pathway of SABRE
polarisation transfer to 'H and '°F.
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7| sel-SHARPER. on a Benchtop NMR. Sys-
tem

7.1 Introduction

The work presented in this chapter was undertaken during the first lockdown of the
COVID-19 pandemic as part of a collaboration with the Uhrin group at the University
of Edinburgh. Closure of the University of York from March-July 2020 meant that
all lab work had to be carried out remotely, therefore, research toward probing of
the SABRE polarisation transfer mechanism was suspended as it requires the flow
of pressurised Hy gas. Since the collaborative project involved the design of the
SHARPER experiment on a benchtop NMR spectrometer using a water sample, it
could be carried out remotely.

NMR Reaction monitoring relies on tracking the signal intensity of a reactant
over the course of a chemical reaction for the calculation of reaction rates. This
is well established on high-field NMR systems,*2>20 but also on benchtop NMR
systems”128129 a5 jts compactness and low cost is appealing for reaction and process
monitoring in industrial settings. Sensitive, Homogeneous, And Resolved PEaks in
Real time? (SHARPER) is a pure-shift NMR technique™* ™% that is complementary
to NMR reaction monitoring. Like all pure-shift techniques, SHARPER removes
homonuclear and heteronuclear scalar-couplings to collapse multiplets into singlets, but
requires only one scan, although a second scan helps to improve spectral quality with
the removal of artefacts. Since reaction monitoring depends on the process of reactant
signal integration, peak splitting can be disruptive, and the structural information
provided by multiplets is often not required. Also, the lack of J-coupling information in
the spectrum reduces signal overlap and increases SNR because the signal intensity is
not distributed between split peaks. This enhances the sensitivity of NMR and enables
the use of smaller sample volumes. The faster experiment time of SHARPER enables
the monitoring of faster chemical reactions. SHARPER is especially advantageous
for the monitoring of signals in 'H spectra that exhibit high signal density due to
narrow chemical shift dispersion and extensive proton-proton coupling. Chemical
reactions that involve gas sparging are generally disruptive to NMR acquisition and
hence reaction monitoring because the magnetic susceptibility difference between
spins in the sample at the gas-liquid interface creates inhomogeneities in the local
magnetic field, however, SHARPER is also able to eliminate the effects of magnetic
field inhomogeneity for the acquisition of extremely narrow singlets.
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FIGURE 7.1: Pulse sequence for the a) SHARPER and b) sel-SHARPER experiment with
the corresponding '°F SHARPER spectra of fluorobenzene and 2-deutero-1,3,4-trifluorophenyl
displaying linewidths of 0.14 and 0.31 Hz, respectively. Solid rectangles represent hard 7 /2
pulses and unfilled Gaussian shapes represent soft 7 pulses. Sine-shaped pulsed field gradients
were applied at Gg=1% for the SHARPER and sel-SHARPER experiments. The phase
cycle: ¢ =2x, 2(-x), 2y, 2(-y); ¢2=2(y,-y), 2(x,-X); ¢3=2(-y,y), 2(-x,x); and ¥ =2x, 2(-
x), 2y, 2(-y) was used for the SHARPER experiment. The phase cycle: ¢ =4x, 4(-x),
4y, 4(-y); ¢2 =2y, 2%, 2(-y), 4(-x), 2y, 2%, 2(-y); ¢35 =4(y,y), 4(x%); ¢a=4(-y,y), 4(-x.x);
and ¥ =2x, 4(-x), 2x, 2y, 4(-y), 2y was used for the sel-SHARPER experiment. G; was
applied at 30 %. Figures a) and b) have been reproduced with permission from the literature?
(https://pubs.acs.org/doi/10.1021/acs.analchem.7b02437). Further permissions related
to the material excerpted should be directed to the American Chemical Society.

The implementation of SHARPER and selective-SHARPER (sel-SHARPER])

was reported in 20173 on a 400 MHz Bruker NMR spectrometer, and was shown to

successfully collapse the multiplets of fluorinated heterocycles to singlets with sub-hertz

linewidths (see FIGURE [7.1]). Both experiments begin with the use of a /2 pulse

to place the spins along the transverse plane, followed by a chain of 7 (refocusing)

pulses. Acquisition of the FID occurs in short chunks after each refocusing pulse, and

post-processing is required to stitch the chunked FIDs together.
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The constant refocusing of chemical shift evolution and the short acquisition of
the FID chunk leads to a final FID that is void of J-coupling evolution and the effects of
magnetic field inhomogeneities. This allows for the collapse of heteronuclear couplings
in SHARPER and sel-SHARPER without the need for an X-channel. The collapse
of homonuclear couplings is achieved with the selective 7 pulses in sel-SHARPER.
The SHARPER and sel-SHARPER experiments also make possible the acquisition of
sub-hertz linewidths without prior shimming of the NMR probe.

In contrast to the SHARPER experiment, which utilises hard pulses to achieve
heteronuclear decoupling of all of the signals in the spectrum, the sel-SHARPER
experiment offers the ability to achieve both heteronuclear and homonuclear decoupling
of signals in a band-selective region of the spectrum. This is achieved when a Pulsed
Field Gradient , Go and Gy, is placed either side of the soft 7 pulses (see FIGURE
to ensure the transverse magnetisation of only the active spins is refocused, whilst
causing a loss in coherence of the passive spins.

As is typical of real time pure-shift NMR experiments,’#* the first FID chunk
is half as long as the subsequent ones. The reason for this can be explained by
considering the evolution of the J-coupling during the SHARPER and sel-SHARPER
pulse sequence. The J-coupling is refocused at the centre of the echo FIDs that are
generated after each 7 pulse. By acquiring the FID for a short time before and after
the J-coupling is refocused means the duration of the FID chunk can be doubled
without increasing J-evolution, since the amount of J-evolution either side of the
point of refocusing is the same. This cannot be done with the first FID chunk in
the SHARPER experiment, which comes immediately after a /2 pulse, because the
FID is not an echo and it begins from a point of refocused J-coupling. Increasing the
duration of the FID chunk is beneficial as it means more data points are acquired per
chunk which helps to reduce experimental times whilst maintaining the collapse of
multiplets.

The work presented in this chapter describes the design of Gaussian RF pulses
on a (1T) Magritek Spinsolve Carbon benchtop NMR spectrometer to perform sel-
SHARPER on a low-field NMR system. This is motivated by the push toward NMR
reaction monitoring in more compact and cost-effective NMR systems. Performing
SHARPER on a benchtop NMR spectrometer improves its accessibility and broadens
its range of applications in research and industry. The inherent challenges associated
with reaction monitoring using low-field NMR systems (1-2T), such as the drop in
sensitivity and the reduction of chemical shift resolution, is overcome by sel-SHARPER
as it enables the acquisition of extremely narrow linewidths with significantly increased
SNRs. The sel-SHARPER pulse sequence used in high-field NMR (see FIGURE
was simplified for use on the Spinsolve spectrometer to remove the need for gradient
coils, which are not available on many benchtop NMR spectrometers.

Reaction monitoring of organofluorine compounds plays a major role in the
production of pharmaceuticals’** and agrochemcials,**® and motivated the design
of SHARPER by Jones et al® (2017) who first demonstrated its execution on the
YF signals of fluorinated heterocycles. This collaborative project follows the same
motivation, outlining the performance of sel-SHARPER on the Spinsolve benchtop
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NMR spectrometer when tested on the °F signals of three fluoropyridines: 3-FP,
3,5-DFP and 3,5-TFMP. The application to fluoropyridines was motivated by their
suitability for SABRE hyperpolarisation, as explored in Chapters 5 and 6, and therefore
would provide an opportunity to explore the combined sensitivity enhancement effects
of SABRE and SHARPER for the first time.

The Larmor frequency of 'H and F nuclei at low field is close enough that a
single RF channel is used by the Spinsolve spectrometer to interact with both; however,
the coil is tuned to the 'H Larmor frequency, which leads to a less efficient interaction
between the RF pulse and the F nuclei. Nonetheless, 'F NMR provides broader
chemical shift dispersion of signals to facilitate the development and implementation
of selective excitation.

The first section of this chapter focuses on the methodology that was devised
to allow creation and calibration of Gaussian 7 pulses on the Spinsolve benchtop
NMR spectrometer, required for the selective refocusing of spins in the sel-SHARPER
experiment. The development of the Gaussian pulse was carried out on the 'H signal of
water, but its implementation within the sel-SHARPER experiment was extended to
F NMR. The excitation profile of the Gaussian pulse was then acquired to visualise
and verify the accuracy of its synthesis by the Spinsolve spectrometer. After the
Gaussian 7 pulse was implemented in a selective spin-echo experiment to show the
selective excitation of the active '"F spins in a sample, the acquisition of ¥F sel-
SHARPER spectra was carried out and is discussed in the last section of the chapter,
where sub-Hertz °F singlets of 3-FP, 3,5-DFP and 3,5-TFMP were acquired.

7.2 Selective Pulse Design

7.2.1 Gaussian RF Pulse

RF pulses can be used to manipulate the orientation of the magnetic spins (I > 0) in
an NMR sample through the interaction of the oscillating and finite RF pulse with
the magnetic moments of the spins. This interaction leads to nutation of the net
nuclear magnetization. Just as the spins precess around the static field, B°, of an
NMR spectrometer orientated along the longitudinal plane, the net magnetization also
precess around the magnetic field of the RF pulse, B!, which lies along the transverse
plane due to the positioning of the RF coil in the probe. Nutation of the magnetization
is most efficient when the precession frequency of the spins, w?, is on resonance with
the frequency of the RF field, B!. The difference in these two frequencies is generally
referred to as the offset frequency.

All forms of electromagnetic radiation obey the time-energy uncertainty relation
(Eq. , where AT and AFE are the uncertainties in time and energy, respectively,
and A is the reduced Plank’s constant. In terms of NMR, AF is better interpreted as
the energy bandwidth of the RF pulse, whilst AT is better interpreted as the duration
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of the RF pulse, tgr. According to the time-energy uncertainty relation the two are
inversely proportional. Therefore, short RF pulses have wider energy bandwidths
than long RF pulses and so are less frequency selective. Generally speaking, the
energy bandwidth of a pulse can be estimated from the inverse of its duration, for
example, a 1000 us RF pulse will have an energy (excitation) bandwidth of ~ 1000 Hz

(1/1000 x 107%s). In a 400 MHz NMR spectrometer this corresponds to a selectivity
of 2.5 ppm.

(7.1)

As well as duration, the shape of the RF pulse, dictated by the RF amplitude as
a function of time, is an important factor to be considered when accomplishing the
selective excitation of spins. Long RF pulses are generally shaped (non-rectangular) and
are referred to as selective or ‘soft’. The more common short RF pulses are rectangular
and are referred to as non-selective or ’hard’. A hard pulse is instantaneously turned
on with a fixed amplitude until it is instantaneously turned off after ¢zr, thus depicted
as a rectangular pulse in the time domain, although practically there is a finite rise
and decay time for any switched pulse so it will not resemble a perfect rectangle.
Shaped pulses are not switched on and off instantaneously and instead have a range of
amplitude values along the time axis. The Fourier transform of the pulse shape in the
time domain produces the pulse shape in the frequency domain and is a visualisation
of the pulse excitation profile.
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FIGURE 7.2: Schematic illustrating the difference between the excitation profile shapes (right)
of a) rectangular and b) shaped RF pulses, generated from the Fourier transform of the pulse
shapes (left). The difference in the excitation bandwidth of rectangular (10% Hz) and shaped
pulses (102 Hz) were calculated from typical tzx values of 10 s and 1ms, respectively. The
sinc pulse shape is used here as the example of a shaped RF pulse.
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The Fourier transform of a hard pulse with a very short duration generates
a sinc function with a very broad frequency range. As depicted in FIGURE [7.2] a
10 ps rectangular pulse produces a sinc function with a central peak around 10° Hz
wide. A 'H NMR spectrum is typically 10%-10* Hz wide and would therefore lie
within the tip of the sinc function’s central peak. This means all peaks within the 'H
spectrum effectively experience the same RF amplitude and undergo the same amount
of nutation. For this reason, hard pulses are considered to be non-selective.

Increasing the duration of a hard rectangular pulse to achieve the required
excitation bandwidth is simple but not always practical. A 1000 ps rectangular pulse
will have a sinc excitation profile with a central peak of approximately 1kHz wide.
The NMR spectrum (10-10* Hz) spans across more of the sinc profile in this case
as it is much narrower. Since selective pulses are fundamentally designed to place
the selected (active) spins within their excitation bandwidth, whilst placing the non-
selected spins (passive) outside of the excitation bandwidth, long rectangular pulses
can be problematic for selective excitation. This is because there is little control over
the shape of the sinc profile to ensure the passive spins lie on the nodes of the pulse,
and the spins may instead experience a range of positive and negative RF amplitudes
depending on their offset frequency relative to the RF pulse. Non-rectangular pulses
with specialised shapes can be used to solve these issues. One such example is the
sinc pulse illustrated in FIGURE[7.2] As it corresponds to a rectangular excitation
profile there is a well outlined excitation bandwidth which can be set to the desired
range by changing the pulse length. It is important to note that the RF amplifiers and
spectrometers, even on expensive high-field NMR systems, are not accurate enough to
generate a sinc pulse that produces a perfectly rectangular excitation profile; sinc-like
oscillations are always present at the edges of the pulse in practice.

The Gaussian RF pulse™®® was chosen to perform the selective refocusing of spins
in sel-SHARPER on the Spinsolve Carbon benchtop NMR system due to its simple
shape (see FIGURE . The Gaussian pulse is the easiest selective pulse to synthesise
and was seen as a good starting point for pulse shape design on the benchtop NMR
spectrometer. Also, the Gaussian pulse produces a Gaussian excitation profile after
Fourier transformation, which is an easy shape to design and visualise, thus simplifying

tRF ~1 l tRF
—>

FT

amplitude
amplitude

time frequency

FIGURE 7.3: Gaussian pulse shapes are very simple and easy to synthesise on low-field NMR
systems that are less sophisticated than high-field NMR systems. The Gaussian pulse produces
a Gaussian excitation profile in which active and passive spins experience only positive RF
amplitude values at a frequency range calculated from the inverse of the pulse duration, tzp.
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its optimisation in order to achieve the desired selective excitation. For these reasons,
Gaussian pulses are widely used in standard high-field NMR 15739

7.2.2 Synthesis of Gaussian RF Pulse

a) dB.. . /dB

ideal

- - 0
i —— 5"order polynomial fit L 10 @
©
------ linear output ~
3
_ | m
20 2
_ . - -30
1 1 1 1 1 1 1
b)
1 1 1 1 1 1 1 1 1 1 1
1 - -
0.8 4 B
3 0.6 1 B
[T
© 0.4 - —— 5"order polynomial fit
------- linear output
0.2 % excluded points i

0O 01 02 03 04 05 06 07 08 0.9 1
aFideaI

FIGURE 7.4: Calibration curve showing the non-linear power output of the RF amplifier on
the Spinsolve spectrometer in the a) dB scale and b) linear scale. Both sets of data were fit to
a bth order polynomial to calculate the amplitude value to be set on the spectrometer, dBg,;
Or apget, for execution of the desired pulse amplitude, dB;geq; O apigea;- The lowest 5 data
points in b) were excluded from the fit because Arp cannot be accurately defined below a
linear attenuation of 0.01. The equation and corresponding polynomial coefficients of the fit to
the data in plot a) can be found in Eq. and Table and in plot b) can be found in Eq.
@ and Table @, respectively.

The Spinsolve benchtop NMR spectrometer defines the amplitude of the RF pulse,
Agr, in decibels (dB), a unit based on a logarithmic scale of power ratio rather than
a standard linear scale (e.g. Volts, Amps, etc.). A dB describes power amplification
(dB >0) or attenuation (dB < 0) relative to a reference power value (see Eq. [7.2a)).
An Agp of 0dB is the maximum power output of the RF amplifier on the Spinsolve
spectrometer, and represents the reference power value. This means that the RF pulse
power can only be attenuated and is never amplified (Pout/Prer <1). It can be more
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convenient in NMR to express dB as a ratio of nutation frequencies, wy, instead of a
power ratio, since w; is directly related to the pulse amplitude and power is not (see

Eq. .

PD’[L
dB = 10 log,, (—t) (7.2a)
Pref
. 2 1
since P o wy, where w; o« —,
lrF
wout tre/;
dB = 20 log,, (%) = 20 logy | =2 (7.2b)
wi© Lejo

The RF amplifier of the early-version Magritek Spinsolve 43 Carbon is known
to have a non-linear power output that leads to discrepancies between the Arp value
set on the pulse program macro, and the Arr value that is outputted by the RF
amplifier ¥ The non-linear response of the RF amplifier had to be corrected to
ensure an accurate formation of the selective pulses whose shape is defined by Agp
values. The presence of distortions in the shape of the selective pulse would distort its
excitation profile and the desired selectivity would not be achieved.

Using a water sample, RF duration-sweep nutation curves with hard pulses were
acquired for a range of user-defined Agp values, denoted dB,., using the built in
"1PulseDurationSweep-H’ experiment. The RF pulse duration that corresponds to a
7/2rad nutation of the spins, ¢./2, was calculated for each dB,.; value and is quoted
as tffjg. These values were put through Eq. which describes dB in terms of a ¢,

ratio (t:f/’; —tr/2 at 0dB) instead of a power ratio. The output of the equation is the
experimental Arp experienced by the spins in the sample during the RF duration-
sweep experiment, denoted dB;g.,. The non-linear behaviour of the RF amplifier
was observed when dB,. was plotted against dB;s., in FIGURE . A 5™ order
polynomial represented by Eq. was required to fit the data. The polynomial
coefficients are tabulated in Table [Z.1

y:P5£E’5+P4ZL'4—|—P3!E3+P25L'2+P1£L' (73)

The curve deviated significantly from linearity which is represented by the dashed
black line. Although the fit is non-linear, it allows conversion from the dB;z.; value to
the dB.; value. In other words, the polynomial provides the Agrpr value that should
be set on the pulse program macro in order for the RF amplifier to output the desired
Aprp value, thus correcting for the non-linear behaviour.
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Table 7.1: Table of coefficients of the 5" order polynomial that is fit to the calibration curve
of the RF amplifier defined along a logarithmic (dB) attenuation scale.

Polynomial Coefficient Value
P, 0.7365
Py -8.224x1073
P3 -5.414x1074
Py S7.771x107¢
Ps -3.679x1078
G =b(*"")  between — 0.5 <z < 0.5 (7.4)

The shape of the Gaussian pulse is outlined by tabulated Agp values in the
pulse program macro of the SpinsolveExpert software (version 1.30) that operates the
Spinsolve spectrometer. These values are outputted one at a time by the RF amplifier
over the duration of the pulse. The table of Agrp values were generated in this work
using Eq. which produces a Gaussian curve with a maximum amplitude of G=1
at x =0, and a cut-off amplitude at x ==+ 0.5 determined by the parameter b, which is
quoted as a percentage of the maximum amplitude and controls the width of the curve.
It is important to note that the size of the table of Agp (G) values is dictated by the
number of x values used to describe the Gaussian pulse (see Eq. , where more x
values leads to a more accurate representation of the Gaussian shape. The duration of
the RF pulse is also controlled by the number of x values since the RF amplifier takes
a minimum of 10 ps to step through each tabulated Arpr value. Therefore, a Gaussian
defined by 100 x values has a duration of 1000 us (100 x 10 ps).

out
Wy

out
= ap,, —10(%)  where ap = (wl ) (7.5)

ref
Wy

In order for the RF amplifier to output the Gaussian pulse, the Arp values
must be represented as 14-bit numbers. A value of 0 corresponds to the highest
possible attenuation of the RF pulse, and a value of 2'-1 (16383) corresponds to an
unattenuated RF pulse (0dB). Representation of the Gaussian amplitude values as
14-bit numbers was achieved within the pulse program macro in 3 steps. The first step
required converting the RF attenuation, which is defined by the user in dB (dBy;), into
a linear attenuation factor, ap,,,. This was calculated using Eq. [7.5] which describes
attenuation as a ratio of wy. The Agp values defining the Gaussian shape, G, are then
multiplied by ay,., to attenuate each of them by the desired amount (see Eq. ,
producing a Gaussian curve with a maximum of G, =ap,,, at x=0. For example, a
dBge: of -6 dB is equivalent to an ap,,, of 0.5, and corresponds to the output of an RF
pulse with Agpr values that are half that of the reference pulse at 0 dB.
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Gatt = ar,, G (7.6)

The second step required the correction of the calculated G4 values to overcome
the non-linear output of the RF amplifier. The correction curve in FIGURE [7.4p was
used to correct the Arp values in dB, but cannot be used to correct the G,y values
which are defined along a linear scale. Instead, Eq. was used to convert the dB
attenuation values into linear attenuation factors to produce the correction curve in
FIGURE [7.4p which plots set attenuation, ap,,,, against ideal attenuation, agp,,,,. A
5" order polynomial was fit to this data and is shown in Eq. , where the values of
the polynomial coefficients are tabulated in Table The corrected Agrp values, Geopr,
were acquired by passing the attenuated Arp values, Gy, through the polynomial.
The fit is designed to fix the polynomial to coordinates (1,1), where Gy =1 when
Gt = 1. This is done to ensure the unattenuated reference RF pulse of 0 dB exhibits
a linear power output.

Georr = p5(Gatt—1)5+p4(Gatt—1)4+p3(Gatt—1)3+p2(Gatt—1>2+p1(Gatt—1)+1 (7.7)

Table 7.2: Table of coefficients of the 5" order polynomial that is fit to the calibration curve
of the RF amplifier defined along a linear attenuation scale.

Polynomial Coefficient | Value
P1 0.6281
P2 -0.8736
Ps3 -1.329
P4 -0.8460
Ps -0.0677

The Gaussian curve and its corrected version is illustrated in FIGURE [7.5] for
dB,.; values of 0 and -12dB. All Gaussian curves were generated with 1000 points
in the -0.5 <x<0.5 range, and with a cut-off amplitude of b=0.01. The linear
polynomial correction is seen to have a larger effect on the shape of the Gaussian at
lower amplitudes as this is the region of the correction curve where the RF amplifier

significantly deviated from linearity (see FIGURE .

The third and final step takes the corrected Agp values, G, and multiplies
them by 16383 (2'1-1) to represent them as 14-bit numbers that the spectrometer can
interpret and use to produce the desired Gaussian RF pulse.
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FIGURE 7.5: A plot of Gaussian curves with dB,.; =0 and -12 dB plotted with Eq. using
1000 amplitude values and a cut-off amplitude of b =0.01. The curves represented by solid and
dashed lines depict the ideal and corrected versions of the Gaussian, respectively, where the

corrected versions involve passing the G, values through the 5* order polynomial fit in Eq.
from the linear correction curve in FIGURE [7.4p.

7.2.3 Calibration of Gaussian Refocusing Pulse

The sel-SHARPER pulse sequence requires the use of selective 7 pulses, which means
that the Gaussian pulse must be calibrated for a 7 rad nutation of the spins. The
duration, tgp, and amplitude, Arp, of the Gaussian affects the nutation angle of the
spins when they interact with the RF pulse (see section 3.3.3), however, tgp is chosen
based on the required excitation bandwidth (selectivity) of the RF pulse so only Agp
needs to be considered and calibrated. Whereas nutation curves acquired from RF
amplitude or RF duration sweep experiments are typically used to calibrate hard RF
pulses, the Gaussian 7 pulse was calibrated by a combination of the RF amplitude sweep
experiment with the Single Pulsed Field Gradient Spin Echo (SPFGSE) experiment,
illustrated in FIGURE [Z.6]

The SPFGSE experiment is similar to a spin echo as the pulse sequence follows
the spin echo experiment (90-delay-180-delay), but the rectangular 7 pulse is replaced
with a selective 7 pulse that is bracketed by two homospoil gradient pulses of equal
gradient strength and phase. The first gradient pulse causes a loss in the coherence of
the spins along the transverse plane, produced by the initial 7/2 pulse, and in turn
destroys transverse magnetisation. The selective refocusing pulse inverts the magnetic
moment of the active spins, and the second field gradient reverts the effect of the first
field gradient, thus refocusing the transverse magnetisation but only for the spins that
experienced the selective m pulse. The passive spins that did not experience the 7
pulse are therefore not refocused and are not detected. As is the case for all spin echo
experiments, the delay, t..n,, before and after the refocusing pulse must be exactly the
same to achieve maximal refocusing of the transverse magnetisation, which occurs after
a time tecp, from the moment the 7 pulse is applied (see FIGURE [7.6)). Refocusing
of the transverse magnetisation is most effective when the spins undergo a full 7 rad
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FIGURE 7.6: Pulse sequence for the SPFGSE experiment, where the filled rectangle represents
a hard 7/2 RF pulse and the unfilled Gaussian shape represents a selective 7 RF pulse.
Repeating this experiment with a range of amplitude values allows calibration of the selective
7 pulse for a given trp.

nutation, therefore, the SPFGSE experiment can be repeated with varying Agr values
to produce a curve of signal intensity against Arpr, whereby the value that gives rise
to the strongest signal corresponds to a 7 rad nutation of the spins with the Gaussian
pulse, dB;.

The SPFGSE amplitude sweep experiment was performed on a water sample
with 0.5dB Agp steps for the calibration of 2, 3 and 4 ms m Gaussian pulses (see
FIGURE |7.7)). The calibration curve shows a maximum signal intensity at -33, -38.5
and -46 dB, respectively, and equals the dB, value for each pulse. The data shows that
longer RF pulses require lower amplitudes, or larger attenuation, to achieve the same
nutation angle which is expected since Agp and tgp are inversely proportional.
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FIGURE 7.7: Results from the SPFGSE amplitude sweep experiment showing that -33, -38.5
and -46 dB are required to achieve wrad nutations for 2,3 and 4ms Gaussian RF pulses,
respectively.
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With calibrated 7 pulses the excitation profile and selectivity of the Gaussian
can be visualised to confirm that the shape generated by the RF amplifier resembles a
Gaussian. This was done by performing the SPFGSE experiment with an RF (offset)
sweep, where the offset frequency of the RF pulse relative to the signal of interest is
linearly varied along positive and negative frequencies. The intensity of the signal
at each iteration of the RF offset is integrated and plotted to produce the excitation
profile. Since the pulse amplitude that a spin experiences depends on its Larmor
frequency, and only the spins on-resonance to the shaped pulse experience the dB, RF
amplitude, shifting the RF offset frequency varies the nutation angle of the spins. For
a Gaussian pulse, the further away from the centre of the Gaussian that the signal is,
the lower the RF amplitude and the lower the nutation angle. As the signal intensity
is dependant on the successful inversion of the active spins which is dependent on the
RF amplitude experienced by the spins, the plot of signal integral with respect to
the RF offset provides an outline of the excitation profile of the Gaussian pulse with
a maximum integral at an offset of 0 ppm that decays as the offset increases in the
positive and negative directions.

The Spinsolve spectrometer cannot set different offset frequencies for different
pulses within the same RF sequence, however, this was not a problem for the SPFGSE
experiment because the only other pulse is the rectangular 7/2 pulse which has a
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FIGURE 7.8: Excitation profile of the 2, 3 and 4 ms Gaussian pulses showing that the Gaussian
excitation profiles become narrower as trp increases which is in agreement with the time-
energy uncertainty relation. The excitation bandwidths (selectivity) of the Gaussian pulses are
approximated from the FWHM of the Gaussian excitation profiles and are very close to the
theoretical values calculated from the reciprocal of tpp.

151



broad excitation bandwidth of tens of ppm. Hard pulses with offsets less than 10 ppm
will have a negligible effect on the spin nutations.

FIGURE shows the excitation profile of the 2, 3 and 4 ms Gaussian pulses
acquired from a water sample. The offset sweep experiment was performed in 0.5 ppm
steps. The excitation profiles indicate that the Gaussian pulse has been correctly
synthesised. The shape of all 3 excitation profiles appear Gaussian and also become
narrower as trp increases, indicating that the Gaussian pulse is also becoming more
selective as it has a narrower excitation bandwidth. The FWHM of the Gaussian
excitation profiles, denoted by the dashed line in FIGURE [7.8 can be used as
an approximation of their selectivity. The values are in good agreement with the
approximate selectivity of the pulses, calculated from the inverse of tzp, which are
only slightly narrower.

7.2.4 Selective Excitation of Fluorine

Excitation of F nuclei on the Spinsolve spectrometer required the re-calibration of
the hard and soft (Gaussian) RF pulses, that had previously been calibrated for 'H
nuclei via the RF duration-sweep nutation curve and RF amplitude-sweep SPFGSE
experiments, respectively. This was achieved by adapting '"F variants of the NMR
experiments illustrated thus far for *H. This was simple to do because the Spinsolve
spectrometer uses the same single X-channel to interact with both the *H and '°F nuclei.
Re-calibration of the RF pulse was necessary because of the difference in gyromagnetic
ratio between the 'H (11 = 267.522rads™! T™!) and F (yiop =251.815rads™! T71)
nuclei. The lower gyromagnetic ratio of the 1°F nucleus means it will have a weaker
interaction with the RF pulse in comparison to the 'H nucleus, leading to a slower
nutation frequency, wy.

The F spectrum in FIGURE was acquired from a sample containing
250 mM of 3-FP in deuterated methanol with 8 scans of a pulse-acquire experiment in
which a rectangular 7/2 pulse of duration, ¢gr = 100 pis, and amplitude, Agr =0dB is
used to place the spins along the transverse plane for acquisition of the FID. Although
3-FP contains one F nucleus and hence one F peak at -127.2 ppm, a much broader
signal was observed at -72.3 ppm due to the presence of '°F nuclei in the plastic within
the Spinsolve NMR probe. While this background signal is a disruptive feature of the
probe, it provided an ideal scenario to test the selectivity of the Gaussian RF pulse.
The large chemical shift difference between the background and substrate signals
ensures the selective refocusing and subsequent observation of the sample’s F nuclei
if the Gaussian has been accurately synthesised.

The SPFGSE experiment was run on the same sample with 8scans using a
Gaussian 7 pulse of duration, tgr = 5ms, and amplitude, Arr =-19dB, which offers a
theoretical selectivity of ~4.9ppm. The RF pulse was placed on-resonance to the F
signal at -127.2 ppm and produced the F spectrum shown in FIGURE [7.9b. The *F
signal from the active 3-FP spins was observed in the spectrum but the background
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FIGURE 7.9: Spectra of 3-FP acquired from 8 scans of a) a 1°F pulse-acquire experiment and
b) a F SPFGSE experiment using a 5ms Gaussian 7 pulse that offers a theoretical selectivity
of 4.9 ppm. The lack of the background signal on the 'F SPFGSE spectrum at -72.3 ppm and
the observation of the 3-FP multiplet in both spectra at -127.2 ppm demonstrates the successful
implementation of the Gaussian RF pulse which selectively interacted and refocused the F
nuclei in the sample only.
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signal from the passive spins, which are outside the excitation bandwidth of the 5 ms
Gaussian pulse, was not. This suggests that the 5ms Gaussian 7 pulse within the
SPFGSE experiment was successful at selectively exciting and inverting the active F
spins in the sample whilst not appearing to interact with and nutate the passive spins
55 ppm away.

7.3 sel-SHARPER of Fluoropyridines

The development of the Gaussian 7 pulse on the Spinsolve benchtop NMR spectrometer
is pivotal to the execution of sel-SHARPER on a low-field NMR system for the band-
selective inversion of spins within the SHARPER experiment. This provides the ability
to acquire SHARPER singlets for the selected signals without detecting the signals
associated with the passive spins that do not experience the Gaussian pulse.

The sel-SHARPER experiment in FIGURE was developed for use with
the Spinsolve benchtop NMR spectrometer. The pulse sequence begins with an
SPFGSE which effectively acts as a selective 7/2 pulse, nutating the active spins to
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FIGURE 7.10: Pulse sequence for sel-SHARPER on the Spinsolve benchtop NMR spectrometer.
A filled rectangle represents a hard w/2 pulse and the unfilled Gaussian shape represents a
Gaussian 7 pulse. The experiment is run with only one scan using phases of ¢; =¥ =x, and
¢2 =y, where ¥ corresponds to the phase of the receiver. The homospoil gradients used for
refocusing the active spins are labelled Gj.

the transverse plane. It is followed by an FID chunk of duration 7'/2, and then a train
of Gaussian 7 pulses interweaved with acquisition chunks of duration 7. This version
of sel-SHARPER differs slightly from the version developed for high-field NMR on a
Bruker NMR spectrometer® The low-field NMR version is run with one scan and the
PFGs have been replaced with homospoil gradients produced by the shim coils. Also,
the low-field sel-SHARPER experiment does not utilise any form of gradient pulses
within the train of 7 pulses. This simplification relies on a specialised phase cycle
(¢1 = ¥ =x, ¢o=1y) and on the success of the SPFGSE sequence to effectively execute
selective refocusing of the active spins so that they evolve with coherence throughout
the chain of soft pulses, while the passive spins retain their loss of coherence.

The F sel-SHARPER experiment was run on three different samples containing
250 mM of either 3-FP, 3,5-DFP or 3,5-TFMP in deuterated methanol (see FIGURE
with 10 ms Gaussian 7 pulses, an FID chunk duration of 7= 20.6 ms and n = 159.
A 10ms Gaussian pulse provided a theoretical selectivity of ~2.5ppm. The sel-
SHARPER spectra are overlaid with the spectra acquired from 8scans of the °F
pulse-acquire experiment, for comparison. A collapse of the F multiplets of 3,FP,
3,5-DFP and 3,5-TFMP at -127.2, -125 and -63.9 ppm, into singlets with linewidths,
A s, of 0.39, 0.30 and 0.46 Hz, respectively, was observed from the 'F sel-SHARPER
spectra. Also, the background signal at -72.3 ppm does not appear on the F sel-
SHARPER spectra, but it is clearly visible in the F pulse-acquire experiments of
3-FP, 3,5-DFP and '°F.

The F sel-SHARPER spectrum of 3,5-TFMP shows a singlet with a A, of
0.48Hz, as well as 48 Hz sidebands. These occur due to the chunking of the FID
and are referred to as chunking artefacts. The frequency of the chunking artefacts is
correlated to the sampling rate of acquisition of each FID chunk, equal to the inverse of
T. All of the F sel-SHARPER spectra were acquired with a T’ of 20.6 ms, and hence
an acquisition rate of 48.5s7! (Hz). The presence of sidebands can only be observed
on the YF sel-SHARPER signal of 3,5-TFMP due to its significantly larger SNR
compared to that of 3-FP and 3,5-DFP, as a consequence of the higher concentration
of '9F nuclei, which raises the sidebands above the noise level.
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FIGURE 7.11: F pulse acquire and sel-SHARPER spectra of a) 3-FP, b) 3,5-DFP and c)
3,5-TFMP acquired with 8 and 1scan, respectively. The sel-SHARPER spectra show the
collapse of the '°F multiplets at -127.2, -125 and -63.9 ppm of 3,FP, 3,5-DFP and 3,5-TFMP,
respectively, into narrow singlets with linewidths below 0.5 Hz. The background signal was also
not observed in the sel-SHARPER spectra which utilised Gaussian 7 pulses on resonance to
the heteronuclear '°F peaks with a selectivity of 4.9 ppm. Chunking artefacts were observed in
the 'F sel-SHARPER spectrum of 3,5-TFMP with separation of 48 Hz due to its stronger
signal intensity.

155



One of the many benefits of the SHARPER experiment is the increase in SNR
that is achieved because the signal intensity is no longer distributed between split
peaks (collapse of multiplets) and the linewidths are reduced from the increase in T
relaxation times. This was observed for the F signal of 3-FP (42.4) and 3,5-DFP
(49.2) acquired from 1scan of the sel-SHARPER experiment in FIGURE [7.11], which
showed a larger SNR than the °F signals acquired from 8scans of the pulse-acquire
experiment of 39.9 and 36.4, respectively. For the 3,5-TFMP sample, the SNR of
the F signal acquired from 1scan of the sel-SHARPER experiment of 149.8 was
not larger than the SNR of the °F signal acquired from 8scans of the pulse-acquire
experiment of 191.1, although the values are close. This is not a surprise since the F
sel-SHARPER singlet of 3,5-TFMP exhibited the largest linewidth of A/, =0.46 Hz.

These observations indicate that the sel-SHARPER sequence was successfully
designed and implemented. The collapse of multiplets of varying multiplicity to
very narrow singlets (A;/, < 0.5 Hz) indicates that the successive refocusing of the
spins with the Gaussian 7 pulses, together with the acquisition of short FID chunks,
effectively compiles a full FID that contains a minimal amount of heteronuclear and
homonuclear J-evolution whilst increasing its 75 relaxation time. The removal of
the broad background signal indicates that the selectivity of the 10ms Gaussian
(~2.5ppm) was maintained throughout the entirety of the sel-SHARPER experiment
which consisted of 319 Gaussian 7 pulses. It also indicates that a single PFG is
sufficient to ensure destruction of the magnetisation of the passive spins.

The SHARPER sequence in FIGURE was also implemented on the Spin-
solve spectrometer. It is made up of an initial rectangular 7/2 pulse followed by
an FID half chunk, and a subsequent chain of rectangular 7 pulses accompanied by
FID acquisition chunks. The RF pulses and acquisition chunks are all separated by
an acquisition delay of 20ps. This sequence is similar to the SHARPER sequence
developed on the Bruker NMR spectrometer (see FIGURE , but has been simplified
to not require PFGs and to be carried out with 1scan. The phases of the rectangular
pulses are the same as those used in the benchtop NMR sel-SHARPER sequence (see

FIGURE [7.10), where ¢y =1 =x, and ¢9 =Y.

The SHARPER experiment was run on the 250 mM sample of 3-FP with 1 scan,
an FID chunk duration of 7'=20.6 ms and n = 159. The 7 and 7/2 pulses were pulsed
on resonance to the F signal at -127.2 ppm and run with amplitudes of 0dB, and
durations of 100 and 225 s, respectively. The F SHARPER spectrum in FIGURE
shows the two signals of the F nucleus on 3-FP at -127.2 ppm and the F
background signal at -72.3 ppm. The SHARPER singlet of 3-FP was acquired with a
linewidth of 1.20 Hz and an SNR of 47.7. The background signal also experienced the
hard RF pulses in the SHARPER experiment and was therefore an active spin. While
it seems to display a collapse of the multiplicity and linewidth, it gave rise to multiple
sidebands of £48.5 Hz across a ~ 40 ppm range. These artefacts are also observed
around the F signal of 3-FP but with a much lower intensity, and are correlated to
the sampling rate of the FID chunks of 48.5 Hz.

The SHARPER singlet of 3-FP acquired from 1scan of the *F SHARPER and
sel-SHARPER experiments are also different has an SNR of 47.7 and 42.4, and a
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FIGURE 7.12: Tllustration of a) the pulse sequence for the SHARPER experiment for imple-
mentation on the Spinsolve NMR spectrometer where a filled thin and wide rectangle represents
a hard 7/2 and 7 pulse, respectively. The corresponding SHARPER spectrum of 3-FP in b)
shows collapse of the F multiplet into a singlet with linewidth = 1.2 Hz and SNR =47.7. A
series of intense FID chunking artefacts with a frequency of 4+48.5 Hz were observed between
-90 and -60 ppm due to the collapse of the broad solid-state-like (background) °F signal at
-72.3 ppm. The same FID chunking artefacts are observed around the '°F peak of 3-FP with a
much lower intensity as a consequence of the 48.5 Hz sampling rate of each FID chunk. The
SHARPER experiment is performed with 1scan using phases of ¢; =¥ =x and ¢ =y.

linewidth of 1.20 Hz and 0.39 Hz, respectively. The appreciable increase in the linewidth
of the F SHARPER singlet by a factor of three compared to the sel-SHARPER
singlet suggests that the refocusing of the coherence by the hard RF pulses to nullify
the effects of homogeneous 75 relaxation, was less effective than the Gaussian RF pulses
which were also combined with homospoil gradients pulses for selective refocusing
of the active spins. Nonetheless, the SNR of the YF SHARPER singlet of 47.7 was
higher than that of the '°F sel-SHARPER singlet of 42.4, despite having a larger
linewidth. This could be attributed to some relaxation of the spin system during
the sel-SHARPER pulse sequence due to long Gaussian pulses (10 ms) that are used
multiple times (n=319) in a single scan.

The result of the F SHARPER spectrum of 3-FP clearly demonstrates the
benefit of carrying out the sel-SHARPER sequence which allows the acquisition of
narrower SHARPER singlets on the band-selected region of the spectrum, without
acquiring any signals corresponding to the passive spins in the experiment. This was
observed in FIGURE with the removal of the background signal in the F sel-
SHARPER spectra of all samples. The sel-SHARPER experiment therefore provides
the ability to produce much cleaner spectra which is favourable for procedures such as
reaction monitoring that rely on the accurate integration of signals of interest.
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7.4 Conclusion and Future Work

The collaboration between the Halse and Uhrin research groups involved the design
of Gaussian shaped RF pulses on the Spinsolve benchtop NMR spectrometer to
allow implementation of the sel-SHARPER sequence on a low-field NMR instrument.
Performing the SHARPER experiment on a benchtop NMR system improves its scope
for reaction monitoring in a laboratory and industrial setting due to its ability to
simplify NMR spectra by removing J-coupling information and minimising the effects
of magnetic field inhomogeneity to yield sharp singlets with enhanced SNRs.

The Gaussian RF pulse was successfully generated by the RF amplifier in the
Spinsolve spectrometer through the creation of a table of Agzr values on the pulse
program macro within the Spinsolve Expert software that outlines the shape of the
pulse. The tabulated values are outputted by the RF amplifier in fixed intervals, where
the total number of Agp values dictates the duration of the pulse. The RF amplifier
was found to have a non-linear power output, meaning the attenuation of the RF
pulse that is set by the user on the pulse program is different to the attenuation of
the RF pulse that is outputted by the RF amplifier. This was more pronounced at
higher attenuations. The non-linearity was corrected using a calibration curve that
was produced from a 5t order polynomial fit to a plot of the attenuation value set by
the user, dBy.;, against the outputted attenuation value, dB;s.q;, which was extracted
from pulse calibration data. The fit allowed correction of the tabulated Agrp values
to achieve an accurate synthesis of the desired RF pulse shape in spite of the RF
amplifier’s non-linear behaviour.

An SPFGSE experiment was written for the Spinsolve spectrometer to calibrate
the Gaussian RF pulse by calculating the Agrp value required for a 7 rad nutation. The
duration of the pulse is chosen based on the desired excitation bandwidth, approximated
as the inverse of the pulse duration. The SPFGSE experiment was also used to produce
an excitation profile of the Gaussian pulse to verify its shape and measure its excitation
bandwidth, which was shown to be close to the theoretical excitation bandwidth for
durations of 2, 3 and 4ms. The Gaussian RF pulse was utilised in an SPFGSE
experiment and shown to selectively excite and refocus the °F nuclei of 3-FP, but
not the F nuclei in the plastic of the Spinsolve probe responsible for a broad °F
peak at -72.3 ppm. From this result the Gaussian 7 pulse was implemented on the
sel-SHARPER sequence which was run on 250 mM samples of 3-FP, 3,5-DFP and
3,5-TFMP, where the single F multiplets of all samples were collapsed to singlets
with linewidths < 0.5 Hz.

The success of the sel-SHARPER sequence on the Spinsolve Benchtop NMR
spectrometer was reported to the Uhrin group at the University of Edinburgh and
multiple remote meetings took place to explain the specifics of the method behind
the design and implementation of the Gaussian 7 pulse. This included sharing of
the pulse program macro on the SpinsolveExpert software that enables creation
of the Gaussian shape by the RF amplifier, as well as the procedure to acquire
the calibration curve to correct for the non-linearity of the RF amplifier’s power
output. The collaboration resulted in a joint publication in which I am a co-author,
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demonstrating the implementation of SHARPER on a 60 MHz Spinsolve Ultra NMR
spectrometer for SHARPER-enhanced benchtop NMR of organofluorine compounds 4

Due to the end of the initial COVID lockdown and the return to laboratory
work, my involvement in the development of SHARPER on a benchtop NMR system
was terminated. The project was passed onto another member of the Halse group
who demonstrated the integration of SABRE with the SHARPER and sel-SHARPER
sequences on the benchtop spectrometer to produce hyperpolarised SHARPER signals
from samples containing mixture of fluorinated N-heterocycles. The work has recently
been submitted for publication 3
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8| Conclusions and Future Work

Presented in this thesis is a new approach to directly probe the ULF SABRE po-
larisation transfer mechanism via in situ NMR detection, thus eliminating the need
for sample transfer between the polarisation transfer and detection fields. This was
achieved with an EFNMR instrument (Magritek Terranova-MRI) that, due to its
compact and accessible nature, was integrated with a triaxial Helmholtz coil array and
an automated p-Hy gas flow system, to make a complete SABRE-EFNMR system.

The gas flow system made-up of a p-Hy generator, a Bruker polariser control
unit and a glass reaction cell that hosts the SABRE reaction was employed to carry
out in situ p-Hy bubbling of the SABRE sample (pre-catalyst + substrate + solvent)
required for in situ NMR detection. Optimisation of the gas flow procedures within
the p-Hy generator and the polariser enabled a stable and reproducible flow of p-H,
gas into the reaction cell. This was vital in ensuring the acquisition of reproducible
SABRE results since the hyperpolarisation of the sample is proportional to both p-Hg
pressure and bubbling rate; therefore, variations in the flow of p-Hs lead to variability
in the observed enhancement level of substrates. Gas flow conditions of 40.25 bar
pressure differential at a 4 bar forward pressure were found to yield sufficient sample
hyperpolarisation without significant depletion of the output pressure of p-Hy from the
generator, thus permitting multiple repetitions of p-Hs bubbling experiments, provided
a sufficiently long delay between repeats (t,¢, >40s) is in place to allow recovery of
p-Hs pressure in the generator.

The Helmholtz coil pairs were used to generate a field that combines with
the Earth’s magnetic field, shown to have an axial tilt of ~26° within the local
environment of the lab, to generate a resultant field that is parallel to the vertical
axis of the laboratory frame in order to align the spin (dictated by orientation of B?)
and laboratory (dictated by the B! coil) frames of reference. This alignment led to
improvements on the operation of standard NMR procedures such as spin nutation
via RF pulses and NMR detection, both of which are optimal when By and the B;
field produced by the B! coil are perpendicular. This allowed the calibration of an
off-resonance RF pulse to simultaneously nutate the 'H and °F nuclei by 7/2rad to
achieve simultaneous acquisition of both nuclei which are only separated by ~ 130 Hz
in the Earth’s magnetic field. The alignment was also crucial in providing reliable
control over the external field in the uT regime as linear changes in the current
through the z-Helmholtz coil produced linear changes to BY. The use of internal
power supplies originally designed to power the shim coils allowed precise control
in the positive and negative directions, over the strength of the external field, as
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well as facile control of their timing within an NMR experiment through parameters
defined on the pulse program of the software (Prospa) operating the instrument. This
enables facile switching between the PTF and detection field required to execute the
nT SABRE-EFNMR experiment. Since EFNMR detection is carried out in the same
field regime as the SABRE polarisation transfer process, only small changes in current
were required (< 200mA). The built-in polarising coil designed for pre-polarisation of
the sample provided precise and accurate control over the external field in the mT
regime which is required to execute the mT SABRE-EFNMR experiment. Therefore,
the EFNMR-Helmholtz system offers access to the full SABRE PTF range for probing
of SABRE polarisation transfer to 'H (5-10mT) and F (<50 nT {B¥}).

NMR experiments were designed to incorporate communication with the Bruker
polariser control unit to initiate p-H, bubbling, as well as communication with the
polarising and z-Helmholtz coil pair to generate the mT and nT PTF, respectively,
prior to the NMR experiment, which consisted of an RF pulse to simultaneously
excite 'H and '°F, followed by acquisition of the FID. These were labelled the mT
and pT SABRE-EFNMR experiments, and together demonstrated the successful
hyperpolarisation and in situ detection of the SABRE-enhanced EFNMR signals of
four fluoropyridines: 3-FP, 3,5-DFP, 3,5-TFMP and 3-DFMP.

A hyperpolarised °F EFNMR signal of 3-FP at 6.4 mT was not observed from the
mT SABRE-EFNMR experiment primarily due to the fact that mT PTFs drive coherent
SABRE polarisation transfer to 'H, where °F hyperpolarisation is a consequence of
indirect polarisation transfer from the SABRE-polarised 'H nuclei. However, the lack
of a hyperpolarised F EFNMR signal of 3-FP, which was not the case for the other
substrates, was attributed to the substrate itself as it has only one *F nucleus that
is strongly coupled to four magnetically inequivalent protons. This causes significant

splitting and corresponding distribution of the signal intensity and gives rise to a signal
with low SNR.

NMR simulations acquired on Matlab using the Spinach library'*? were employed
as an interpretation tool for the complex EFNMR signals which lack chemical shift
resolution and are formed from strongly coupled nuclear spin systems. Since the
acquisition of an NMR simulation requires defining a Hamiltonian operator from
which the defined spin density matrix can evolve under throughout the simulated
NMR experiment, the J-coupling interactions within the coupling network of all four
substrates had to be deciphered. Coupling values measured from high-field NMR
spectra that display good chemical shift and signal resolution were used to calibrate
high-field NMR simulations. Comparison of the simulated and experimental high-field
NMR spectra for different J-coupling values across a user defined range via the Nelder-
Mead method allowed refinement of the measured coupling values. Comparison of
simulated and experimental EFNMR spectra then allowed further optimisation of the
J-coupling values by comparing their fit when different relative signs of the coupling
interactions were introduced into the simulation. A single coupling interaction on 3-FP
and 3,5-DFP were found to be negative. This elucidation of the relative signs of the
coupling interactions is a unique feature of the strong coupling regime that exists in
the Earth’s magnetic field.

161



The simulated EFNMR, spectrum of 3-FP supported the hypothesis that the
lack of a hyperpolarised F peak is attributed to heavy splitting of the °F signal.
NMR simulations were also vital in understanding not only the form of the EFNMR
signals of 3,5-DFP, 3,5-TFMP and 3-DFMP by deciphering how the 'H nuclei in
different chemical environments contribute to the complex multiplet observed, but also
in gaining insight into the dominant SABRE polarisation transfer pathway across the
PTF range. The SABRE polarised 'H signals of 3,5-DFP, 3,5-TFMP and 3-DFMP
acquired using a 9, 6.4 and 6 mT PTF, respectively, represented a dominant polarisation
transfer pathway from the I;-I (Sp) state of the p-Hy derived hydrides to the fz state
of the 'H nuclei of the catalyst-bound substrate. The weak heteronuclear J-coupling
interactions of 3,5-TFMP fail to effectively break the magnetic equivalence of the
protons for the observation of homonuclear J-coupling interactions, and therefore gave
rise to a simulated and hyperpolarised EFNMR spectrum that exhibited very little
multiplicity, fine structure and signal resolution, preventing any form of interpretation
or conclusions about potential indirect polarisation transfer pathways to °F. The
relatively large 9 Hz heteronuclear coupling of 3,5-DFP produced a well resolved 'H
EFNMR signal with minimal peak overlap and sufficient fine structure to interpret the
'H multiplet shape, where simulations demonstrated the contributions of the para and
ortho-protons to different regions of the 'H multiplet. The indirectly hyperpolarised *F
EFNMR signal contained only two peaks instead of the complex multiplet illustrated
by the simulation. While the reason for this could not be established definitively, it did
exhibit observable hyperpolarisation. The antiphase nature of the hyperpolarised *F
EFNMR signal of 3,5-DFP and 3,5-TFMP relative to their respective hyperpolarised
'H EFNMR signals, is consistent with the hyperpolarisation of 'H being the source of
hyperpolarisation on F through indirect transfer within the substrate.

The SABRE polarised EFNMR spectrum of 3-DFMP exhibited well resolved
multiplets with good signal resolution owing to the very large 55.4 Hz heteronuclear J-
coupling interaction between the magnetically equivalent °F nuclei and the *H nucleus.
The form of the 3-DFMP spectrum resembled that of an ABs spectrum, indicating
the strongly coupled 3-spin AB; system of the CHF; functional group in 3-DFMP is
the dominant interaction. The NMR simulation of 3-DFMP acquired with py=>_, IAZZ
and Iy, = > ]Ai_ for all nuclei replicated the hyperpolarised 'H EFNMR signal and
emphasised the greater efficiency of SABRE polarisation transfer to the aromatic *H
nuclei over the methyl 'H nucleus. The F EFNMR signal was not replicated by
the aforementioned simulation because it exhibited antiphase peaks. Simulations run
with po=>_, I; for all 'H nuclei only and Loy = > f[ for all nuclei were shown to
replicate the entire experimental spectrum of 3-DFMP, suggesting that while it is
accurate to assume mT PTFs drive SABRE polarisation transfer to the I, state of
the 'H nuclei only, the observed signals at the 'H and '°F regions of the EFNMR
spectrum are associated with single (-1) quantum coherences between highly strongly
coupled and heavily mixed nuclear spin states (more accurately described under the
singlet-triplet basis), where the signals can no longer be assigned independently to a
particular nuclear species.

Successful hyperpolarisation and in situ EFNMR detection of 3,5-DFP at 8 T

was achieved using the pT SABRE-EFNMR experiment. With SABRE polarisation
transfer now being coherently directed to '°F in this regime, a SABRE-polarised °F
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EFNMR signal of 3,5-DFP was acquired that fit much more closely to the NMR
simulation and represented a dominant SABRE polarisation transfer pathway from the
I,-I, state on the hydride to the I, state on the 1°F nuclei. The indirectly hyperpolarised
'H EFNMR signal of 3,5-DFP was antiphase relative to the 'YF EFNMR signal as
expected; however, it exhibited a broad central peak which is only a portion of the 'H
EFNMR signal. This may have been due to a less efficient polarisation pathway, with
the rest of the peaks hidden in the noise, or predominant hyperpolarisation of the ortho-
protons (the outer peaks on the edges of the signal associated with the para-proton
were not observed). Either way, higher SNR is required to interpret the signal shape
further, as well as the indirect polarisation transfer pathway. The SABRE-polarised
EFNMR spectrum of 3-DFMP in the pT regime displayed SABRE-polarised peaks at
the 'H and F regions of the EFNMR. spectrum, where the latter were absorption
signals this time and the signals in the 'H region were antiphase. The simulation
acquired with po =), I; for all F nuclei only and Lope = > I ;- for all nuclei fit well
with the EFNMR signals at the F region, but not to those in the *H region. While
this could be partly due to low SNR that caused some of the split peak intensities to
fall below the noise, the observed negative peak at ~ 2210 Hz (peak corresponds to
the aromatic protons in 3-DFMP), which was not present in the simulation, could
suggest indirect polarisation transfer to other product states, for example, the I, state
on 'H, that might gives rise to the resultant spectrum observed. As with 3,5-DFP,
higher SNR was required to make more concrete conclusions about the observed form
of the SABRE-polarised 3-DFMP spectrum.

Finally, in situ mT and pT PTF-cycling experiments were run on 3,5-DFP
and 3-DFMP by repeating the SABRE-EFNMR experiments with linear increments
in the current through the polarising coil or z-Helmholtz coil pair. The acquired
PTF curve from the PTF-cycling experiment allowed visualisation of the magnetic
field dependence of SABRE polarisation transfer efficiency. The mT PTF curves
acquired from the 'H and *F EFNMR signals of 3,5-DFP were swept from 0.-12.5mT.
A smooth increase in SABRE polarisation transfer efficiency up to the maximum
at ~+9.5mT was observed, followed by a gradual decrease beyond +12mT. The
synchronised and inverse trend in the 'H and 'F EFNMR signal intensities across the
mT regime provided further evidence the hyperpolarisation of *F in the mT regime is
linked to the efficiency of coherent SABRE polarisation transfer to 'H. The mT PTF
curve of 3-DFMP showed a similar smooth trend with a maximum at 6 mT. The pT
PTF curves acquired from the 'H and 'YF EFNMR signals of 3,5-DFP and 3-DFMP
were also smooth, and showed a gradual increase and decrease to and from the maxima
at 8 and 5T, respectively.

The PTF curves acquired from the in situ PTF-cycling experiment on 3,5-DFP
were compared to ex situ PTF-cycling results in the literature on 3,5-DFP 2 Both
approaches displayed similar results from the 'H and *F mT PTF curves between
0-14mT, and hence illustrated a comparable magnetic field dependence of SABRE
polarisation transfer efficiency to 3,5-DFP in the mT regime. The differences in the
results, however, highlighted the benefits of performing SABRE polarisation transfer
in situ of NMR detection. The ex situ approach produced PTF curves with observable
variability in SABRE polarisation that was likely a consequence of lower reproducibility
in experimental procedures such as PTF strength and duration. Sample transfer times
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of ~5s, even when carried out in an automated fashion is also a source of experimental
variation. The pT PTF curves were not directly comparable as they were performed
across a different range of PTF values. Nonetheless, this again highlighted the benefits
of the SABRE-EFNMR system that provides precise control over the PTF. The
symmetry about OnT that was observed from the shape of the pT PTF curves of
3,5-DFP from —14-14 T further illustrated the higher level of reproducibility in
SABRE hyperpolarisation via in situ EFNMR detection using the SABRE-EFNMR
system.

The magnetic field dependence of the SABRE and indirect polarisation transfer
in the mT or pT regime can also be interrogated from PTF curves. While subtle
changes to the form of the SABRE-polarised 'H and "F EFNMR signals of 3,5-
DFP and 3-DFMP were observed, the SNR and signal resolution was insufficient to
interrogate the causes and draw conclusions about what product states are receiving
hyperpolarisation.

In conclusion, a robust method to allow direct interrogation of ULF SABRE po-
larisation transfer to 'H and F has been developed that offers excellent reproducibility
in SABRE hyperpolarisation. The SABRE-EFNMR system allowed the design of the
mT and pT SABRE-EFNMR experiments to achieve the immediate acquisition of
hyperpolarised EFNMR signals across the entire PTF range. Numerical simulations
were coupled with EFNMR detection to aid in interpreting EFNMR spectra and to
provide insight into the SABRE polarisation transfer pathway under varying SABRE
conditions.

Moving forward with the current SABRE-EFNMR system, the design of new
experiments can allow further probing of SABRE polarisation transfer. Thus far,
SABRE polarisation is detected immediately after switching from the PTF to the
detection field (~51.9 nT). While this provides information on the coherent pathway of
SABRE polarisation transfer that takes place within the PTF, the effect that switching
to the detection field has on the nuclear spin states and hence the indirect polarisation
transfer mechanism within the hyperpolarised substrate is unexplored. In the case
when coherent SABRE polarisation transfer occurs in the pT regime, switching to
the detection field will not have a significant effect on the nuclear spin state, however,
moving from a mT PTF to the pT detection field leads to increased mixing between
the nuclear spin states. Therefore, the design of a variant of the mT SABRE-EFNMR
experiment that introduces a variable delay between the moment the fields are switched,
to the moment the spins are excited by the RF pulse will provide a route to more
closely observing how the polarisation is transferred across the target substrate during
acquisition of the FID. The variable delay could then also be carried out under a range
of pT fields to further explore the magnetic field dependence of indirect polarisation
transfer.

To progress toward the implementation of new and improved SABRE-EFNMR
experiments the low SNR displayed by the hyperpolarised signals in this work must
be addressed. Two brute force approaches can be implemented: higher p-Hy pressure
and flow rate through the sample to increase the efficiency of SABREZ%8%2Y and a
larger glass reaction cell to increase the volume of the SABRE sample and hence the
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concentration of hyperpolarised substrate in solution. The latter simply requires the
design of a new and larger glass reaction cell since the one utilised in this work did
not completely fill the diameter of the Terranova-MRI probe. Within the current
automated gas flow system, the former cannot be achieved because the p-Hy generator
cannot cope with the p-H, flow rate demands associated with an increase in either
the 4 bar forward pressure or the 0.25 bar pressure differential. This is because it is
being limited by the formation rate of Hy by the current Hy generator. If replaced
for one with a higher Hy output pressure, the automated gas flow system would be
able to supply a higher p-H, pressure and flow rate into the cell. Since increasing
the formation rate of p-Hy would reduce the recovery time ¢,., (currently >40s) of
the p-Hy generator, more signal averaging per experiment time would be possible to
further maximise the SNR of hyperpolarised signals.

Another approach to improve SNR within the SABRE-EFNMR system would
be with the use of an external power supply to power the z-Helmholtz coil. As
discussed in Chapter 3, re-wiring of the y-shim coil power supply to the z-Helmholtz
coil introduced a significant amount of electrical noise into the probe and hence in
the spectrum at frequencies > 2000 Hz. A requirement of the external power supply
would be that it can maintain the timing and current precision offered by the internal
power supply so as to not lose reproducibility in the SABRE results, as well as the
ability to switch the polarisation of the current. Connecting such a power supply to
the x and y-Helmholtz coils as well would unlock the ability to carry out controlled
field switching perpendicular to B° in order to execute quadrupolar decoupling via
Singlet-Triplet Oscillations through Rotating Magnetic fields (STORM) pulses. 142143
While quadrupolar nuclei such as ?H and N (I =1) generally do not contribute to
T} relaxation, in near-zero magnetic fields this is no longer the case. Consequently,
in the pT fields used for coherent SABRE polarisation transfer to F (< 10pnT),
the J-coupling interactions between the *N nuclei in 3-FP, 3,5-DFP, 3,5-TFMP and
3-DFMP, with all the other nuclei in the molecule act as sources of relaxation and
reduce the lifetime of hyperpolarisation. Therefore, the use of STORM pulses to
decouple quadrupolar relaxation would contribute to longer T4 relaxation times of the
hyperpolarisation on the substrate and higher detected enhancement levels.

Combining the existing SABRE-EFNMR system with the improvements to SNR
by the methods and approaches suggested above would produce a system that offers
a high level of control over the SABRE experiment and high reproducibility of the
SABRE results. With such a system, other aspects of the SABRE mechanism could
be interrogated, such as the effects of temperature on the exchange rate of p-H, and
substrate molecules to the SABRE catalyst.

165



9| Experimental Details

9.1 Sample Preparation

EFNMR samples were prepared by mixing 5mM (12.8mg) of the pre-catalyst,
[IrCl(COD)(IMes)| (IMes = 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidine and COD
= cis,cis-1,5-cyclooctadiene) in 4 mL of either methanol or methanol-d4 (as indicated
in the text). Once dissolved the desired molar equivalents of the substrate were added
to form the final solution. Sonication was typically used to speed up dissolution of the
catalyst and substrate, if solid, in the solvent. The final sample was transferred into a
glass reaction cell built in-house by injecting it via the cell inlet and through the frit.
Sample degassing prior to the dissolution of p-Hs was not required since bubbling of
the solution with p-Hy during the in-situ catalyst activation setup achieves this.

The pre-catalyst was synthesized in-house by Dr Victoria Annis according to a
literature procedure24%14% The substrates were purchased from Merck Life Science UK
Limited (3-difluoromethylpyridine), Fluorochem (3-fluoropyridine/3,5-difluoropyridine)
and Sigma-Aldrich (3,5-bis{trifluoromethyl}pyridine) and used without further modifi-
cation.

Prior to any hyperpolarisation experiments, the sample wast typically activated
by repeating the mT SABRE-EFNMR experiment 20- 30 times (the number of rep-
etitions depends on the duration of p-Hs bubbling per repeat) until the SABRE
response is observed to plateau, indicating full activation of the pre-catalyst from
[IrC1(COD)(IMes)| to |[Ir(IMes)(H)2(3,5-DFP)3|" Cl~. Activation of the catalyst is
typically followed by a colour change from dark orange (pre-catalyst) to light yellow
or clear solution.

9.2 Hyperpolarised EFNMR Data Acquisition

All hyperpolarised EFNMR spectra were acquired on a Magritek Terranova-MRI probe
as part of the SABRE-EFNMR system described in Chapters 3 and 4. SABRE was
carried out with mixing of the liquid sample with 4 bar p-Hy at a 0.25 bar pressure
differential across the reaction cell. The mT and pT SABRE-EFNMR experiments
required to acquire hyperpolarised EFNMR signals were setup and run on the Terra-
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novaExpert (version 0.97) software from a controlling PC. Table contains typical
values for the parameters in the mT and pT SABRE-EFNMR experiments.

Table 9.1: Table of values for the experimental parameters of the mT and pT SABRE-EFNMR
experiments.

Parameter Value
By, (detection field) 14.9uT (46 mA)
B, 2160 Hz
dwell time <167 ps
Vi) 11V
Lr/2 8 cycles
Lacq 20 ms
By, (B alignment field) | 21.3nT (70mA)
trD 20 ms
Lrep >40s

The mT and nT PTF and tprpr values are reported in the figure captions of
the SABRE-polarised EFNMR spectra in Chapter 5 and 6. The tprpr values were
optimised via tprp duration sweep experiments as described in Chapter 5. PTF values
were optimised via PTF-cycling as described in Chapter 6.

The Terranova-MRI system acquires the FID in the laboratory frame, producing
an NMR spectrum from —swh/2 - swh/2 after FT. For a Larmor frequency of proton
at ~2210Hz, a minimum sweep width of 6000 Hz was sufficient to encapsulate the
entire NMR spectrum, leaving enough room to account for the splitting of the 'H
signal (*H peak observed at 2280 Hz for 3-DFMP). Therefore, the maximum dwell
time was 167 ps. In all cases, the value of the total number of acquisition points was
set to ensure a sufficiently long acquisition period to capture the entire FID.

The minimum value for ¢,., is 40 s to allow recovery of the p-H, generator between
p-Hs bubbling experiments. The long repetition time also ensures out-gassing of the
SABRE sample in between p-H, bubbling experiments.

9.3 EFNMR Data Processing

All EFNMR spectra acquired on the Terranova-MRI spectrometer were processed
using the Prospa (version 3.40) software package which operates the Terranova-MRI
spectrometer. The post-processing of EFNMR data typically included zero-filling and
a zero- and first-order phase correction.

Spectra acquired from pseudo-2D NMR experiments (B; amplitude sweep, PTF-
cycling, tprp sweep, etc.) were aligned to facilitate peak integration and phasing
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across stacked plots that saw Larmor frequency drifts across repeats due to fluctuations
in the Earth’s magnetic field. The 2D matrix of FIDs acquired from the pseudo-2D
experiment is first Fourier transformed to generate a 2D matrix of spectra. The
built-in 'phase2D’ Prospa procedure is then used to auto-phase a user-selected peak
that appears on all of the spectra in the 2D matrix, followed by the calculation of a
frequency value for all the auto-phased peaks. The frequency shift is calculated by
subtracting the maximum frequency value from the frequency of each peak. A 1 xn
matrix (row x column) of zeros is then merged with each spectrum at the negative end
of the two-sided spectrum to shift the spectra along the frequency axis and align it
with the spectrum that experienced the largest Larmor frequency shift. To maintain
the number of data points as a power of 2, the number of zeros added to each spectrum
is deleted on the positive end of the two-sided spectrum.

9.4 Benchtop NMR Data Acquisition and Processing

All benchtop NMR experiments were performed on a Magritek Spinsolve 43 MHz
benchtop NMR spectrometer (1T). The NMR pulse programs were setup and run on
the SpinsolveExpert (version 1.30) software from a controlling PC. Post processing
was carried out using SpinsolveExpert and Prospa.

9.5 NMR Simulations

NMR simulations were acquired using Matlab (version R2020a) and the Spinach
library!®¥ (version 2.4.5157). Many of the user inputs required to run and acquire the
NMR simulations using Spinach were specific to the target molecule. These include the
list of isotopes, their chemical shifts and the J-coupling interactions of each isotope
on the substrate coupling network, all of which were different for 3-FP, 3,5-DFP, 3,5-
TFMP and 3-DFMP. The chemical shift values were only necessary for high-field NMR
simulations and hence were zeroed for the EFNMR simulations. The experimental
parameters such as the external field strength, offset frequency, sweep width and
number of points in the FID were extracted from experimental files of the spectra to
be compared. For simulations based on EFNMR and benchtop NMR experiments
run on Prospa with the Magritek instruments (Terranova-MRI and Spinsolve)the
experimental parameters were imported from the 'acqu.par’ file saved during each
experiment using a simple ’cell2mat’ Matlab function. Simulations based on high-field
NMR experiments run on Topspin used the RBNMR Matlab function®® designed to
read and import Bruker NMR data into Matlab.

NMR parameters such as those to define the spin density matrix and the simulated
RF pulse sequence also were required. All EFNMR simulations were acquired with the
’hp__acquire’” Matlab function from the Spinach library which replicates a pulse(w/2)-
acquire NMR experiment. The function was run with a 7/2, RF pulse, where the phase
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was defined as I, = (It +17)/2, and the flip angle defined as 7/2 radians. Coherence
selection within this function, as well as more complex RF pulse sequences, were not
utilised in this work. The starting and detection state of the spin density matrix
for each simulation is indicated in the main text. For example, the interpretation
of the SABRE-polarised 'H and *F EFNMR signals in Chapters 5 and 6 required
the acquisition of individual nuclei or isotopes, but were generally acquired with
po=_;L.; for all isotopes. All high-field NMR simulations were acquired with the
"acquire’ Matlab function from the Spinach library which replicates NMR, acquisition
and therefore requires a starting state of pg=>_, I for all isotopes. All EFNMR and
high-field NMR simulations were run with the detection of (-1) quantum coherence
via fobs =>_.I7, to accurately simulate NMR acquisition.

Spinach functions to define base symmetry groups on the molecule were utilised
to reduce the simulation time of 3,5-TFMP as it contains 9 spins. The functions were
used with the following commands:

bas.sym_group=('S3’),(’S3’);
bas.sym_spins=[2 3 4],[6 7 §];

where the two ’S3’ values and the two sets of numbers |2, 3, 4] and [6 7 8| refer
to the 3 magnetic equivalent °F nuclei in both CF3 functional groups of 3,5-TFMP.

The high-field and EFNMR simulations were also run with different parameters.
One difference was the assumption argument that is used for the ’liquid’ Matlab
function from the Spinach library which carries out the NMR experiment under
the chosen NMR pulse sequence and user defined spin system and experimental
parameters. For high-field and EFNMR simulations the assumption is set to 'nmr’
and ’labframe’; respectively. The nmr’ assumption runs the simulation with simplified
spin dynamics (e.g. secular approximation of the Hamiltonian operator, rotating
frame approximations, etc.), whereas the 'labframe’ assumption does not utilise any
simplifications (e.g. full Hamiltonian operator, laboratory frame, etc.). Another
difference is that high-field NMR simulations require defining a single isotope for
‘parameter.spins’ with a corresponding 'parameters.offset’ value to mimic high-field
NMR acquisition where one RF channel is assigned to each nuclear species. Since the
Terranova-MRI probe contains a single RF channel and NMR acquisition of *H and
YE is simultaneous, the EFNMR simulations were run with both 'H and '°F defined
for 'parameters.spins’. This must be followed by defining 'parameters.offset’ as a 1x2
array, with each value corresponding to each spin, to prevent an error. The offset value
sets the middle of the spectrum, therefore the same value was given to each nucleus.

The remainder of the Spinach code to define the basis set and the nuclear spin
system is shown below:

bas.formalism="sphten-liouv’;
bas.approximation="IK-2’;
bas.connectivity="scalar couplings’;
bas.space level=1;
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Parameters for definition of relaxation in the nuclear spin system is made available
to the user in the Spinach library but was not utilised for any of the simulations.
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List of Abbreviations

3,5-DFP 3,5-difluoropyridine.

3,5-TFMP 3,5-bis(trifluoromethyl)pyridine.
3-DFMP 3-difluoromethylpyridine.

3-FP 3-fluoropyridine.

AF Audio Frequency.

COD cis,cis-1,5-cyclooctadiene.

CSV Comma Separated Values.

DNP Dynamic Nuclear Polarisation.
EFNMR Earth’s Field NMR.

EPR Electron Paramagnetic Resonance.
FEP Fluorinated Ethylene Propylene.
FID Free Induction Decay.

FWHM Full Width Half Maximum.

[Mes 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidine.
LAC Level Anti-Crossing.

MRI Magnetic Resonance Imaging.

NHC N-Heterocyclic Carbene.

NMR Nuclear magnetic resonance.

PFG Pulsed Field Gradient.

PHIP Para-Hydrogen Induced Polarisation.
PTC Polarisation Transfer Condition.
PTF Polarisation Transfer Field.

RF Radio Frequency.

RMS Root Mean Square.

SABRE Signal Amplification By Reversible Exchange.
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SABRE- SABRE in SHield Enables Alignment Transfer to Heteronuclei.
SHEATH

sel- SHARPER  selective-SHARPER.

SEOP Spin-Exchange Optical Pumping.

SNR Signal to Noise Ratio.

SPFGSE Single Pulsed Field Gradient Spin-Echo.
TFE 2,2,2-trifluoroethanol.

TMS Tetramethylsilane.

TTL Transistor-Transistor Logic.

ULF Ultra-Low-Field.
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