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Abstract

Benchtop NMR spectrometers o [er an accessible analytical platform due to their low ac-
quisition and operation costs, as well as their portability. However, their lower magnetic
field strength (1 - 3 T) results in reduced sensitivity and chemical shift dispersion com-
pared to high-field systems (7 T), limiting their widespread use in routine analysis. This
thesis explores the potential of benchtop NMR in combination with the hyperpolarisation
technique signal amplification by reversible exchange (SABRE), as an accessible and sensi-
tive analytical technique. A special focus is placed on 1°F NMR measurements to mitigate
spectral congestion.

Integrating SABRE with the multiplet-refocusing pulse sequence SHARPER led to
significant signal-to-noise ratio (SNR) enhancements, as demonstrated in *F NMR mea-
surements on a set of fluoropyridines exhibiting diverse scalar coupling patterns. By the
combined e [edts of SABRE and SHARPER, SNR enhancements of up to 5700-fold were
achieved. A novel variation of the selective SHARPER pulse sequence enabled simultane-
ous signal isolation and enhancement for each component of a binary mixture, minimising
signal loss compared to previous versions. The boost in signal enhancement alanded by
SABRE-SHARPER was harnessed to decrease detection limits for this technique, aided by
the use of co-substrates to form a stable polarisation transfer catalyst, resulting in a sub-
micromolar limit of detection for a model fluoropyridine target. The use of co-substrates
also facilitated the micromolar quantification of this target with an excellent degree of
accuracy and precision.

The scope for this technique was further explored by probing a fluoroamine target, which
contains exchangeable protons and is susceptible to polarisation deviation via SABRE-
Relay. Although this unwanted process leads to a sensitivity penalty, which can be min-
imised by deuteration of the exchangeable protons, low micromolar limits of detection and
accurate quantification is shown for this analyte. In contrast, fluorocarboxylic acids posed
greater challenges. SABRE enhancements were observed exclusively for their carboxylate

forms and remained modest, with operational detection limits in the low millimolar range.
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the dwell time. The total acquisition time is taeq = (n + 1=2) , where n is

the total number of loops. . . . . . . .. .. ... .. .. ...

SABRE-sel SHARPER experiments on a mixture of DFMP (A) and DFP
(B) (50 mM of each) with 5 mM of [IrCI(COD)(IMes)] in methanol. The
sel SHARPER experiments were performed using selective pulses inside the
loop. SABRE spectra were acquired with (A) PTF = 6.2 mT and (B) PTF

50 T. Full width at half maximum values for the SHARPER spectra
include the e [edts of the matched filter. (Section 3.4.1, Chapter 3) . . . ..
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4.17 Comparison between SABRE-enhanced '°F benchtop NMR spectra with

5.1

5.2

5.3

5.4

5.5

(A,C) standard and (B,D) sel SHARPER HPT acquisition for a mixture con-
taining DFP and DFMP. SABRE spectra were acquired with (A,B) PTF =
6.2 mT and (C,D) PTF 50 T.SABRE-selSHARPER HPT spectra were
acquired with selection of DFMP in B and selection of DFP in D. All spectra
were acquired in a single scan and were apodised by a matched exponential
filter (Section 3.4.1, Chapter 3). The SNR values represent averages over
three repeat experiments. Full width at half maximum values are shown for
the SABRE-sel SHARPER HPT spectra. Vertical scales were increased as

required to aid visualisation. . . . . . . .. ... .. ... .. .. . . ...

Schematic representation of the SABRE polarisation transfer catalysts pro-
ducing signals enhancements for the target substrate ('Sub’) in standard
conditions (A) and with addition of co-substrates (B). The binding sites of
the iridium complex are filled with three units of the target substrate under
standard SABRE conditions, and a mixture of the target substrate and the

co-substrate ("’Co-S’) when this is added to the sample. . . . . . .. ... ..

Chemical structures of the substrate 3,5-difluoropyridine (1) and the co-

substrate dimethylsulfoxide (4). . . . . . . . . . ... ... L

SABRE-hyperpolarised 'H (A) and °F (B) NMR spectra of DFP with
DMSO as a co-substrate. The sample was prepared with 100 mM of DFP, 100
mM of DMSO, and 5 mM of [IrCI(COD)(IMes)] in methanol. The spectra
shown here were acquired with the PTF that yielded the largest enhance-

ments at this concentration: 6.2 mT for '1Hand 50 T for 1°F. ... ..

Main SABRE-active species (5 and 6) in SABRE samples containing DFP

and DMSO with 5 mM [IrCI(COD)(IMes)] in protio and deuterated methanol.133

Proposed structure for the active SABRE complex containing DFP and DMSO.134
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5.6

5.7

5.8

5.9

'H NMR spectra zoomed in to the hydride region ( - 8 to - 27 ) for SABRE
samples containing sub-stoichiometric concentrations of DFP (9 mM to 80

M), 100 mM of DMSO, and 5 mM of [IrCI(COD)(IMes)] at 9.4 T (A,
non-hyperpolarised, 253 K) and at 1 T (B, hyperpolarised, 301 K). Signals
indicated by the orange stars correspond to the hydride ligands of the same
SABRE-active species (5, 1) that produces the hyperpolarised signals ob-
served in *®F NMR spectra, those shown by the green triangles correspond
to complex 6 (11), which at 301 K (B) appear as broad signals due to fast
exchange. Signals shown by purple circles in B correspond to a tris-hydride

species (111) previously described in the literature.t* . . . . . ... ... ..

Non-hyperpolarised *H (A) and '°F (B) NMR spectra acquired at 1.4 T for
a sample in sub-stoichiometric conditions containing 20 mM of DFP, 50 mM
of DMSO and 10 mM of [IrCI(COD)(IMes)]. The diLerence in chemical shift
between pre-activation (top trace) and post-activation (bottom trace) spec-
tra suggested that DFP was present in its bound form (5) post activation.
'H spectra was referenced to the solvent signal and '°F to the probe signal

at =72, . e e

Variation of the SABRE-hyperpolarised *H (A) and °F (B) signals for 5
when the co-substrate concentration was varied from 5 to 50 equivalents (25
to 250 mM of DMSO. All samples contained a fixed concentration of DFP

=684 M, with a 3% relative variation between samples. . . . .. ... ..

A) Variation of 1°F hyperpolarised signal for species A and B when the co-
substrate concentration is varied from 5 to 50 equivalents (25 to 250 mM of
DMSO). All samples contained a fixed concentration of DFP = 684 M, with
a 3% relative variation between samples. B) Hyperpolarised °F spectrum at
1 T for a sample containing 695 M of DFP, 256 mM of DMSO, and 5.5 mM
of [IrCI(COD)(IMes)]. Extra species A and B, and the signal corresponding
to DFP bound in5aremarked. . . . . . ... ... ... ... .......
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5.10

5.11

5.12

5.13

Comparison of SABRE-enhanced and non-hyperpolarised *H (A) and *°F
(B) benchtop NMR spectra of 550 M of DFP, 25 mM of DMSO, and 5 mM
[IrCI(COD)(IMes)] in methanol. All SABRE spectra were acquired with a
single scan. The reported values are the mean and standard deviation of

three repeat measurements. . . . ... L L L L

SABRE-hyperpolarised proton-decoupled 3C NMR spectra acquired at a 1
T field of a sample containing 100 mM of DFP, 100 mM of DMSO, and 5 mM
of [IrCI(COD)(IMes)] in methanol. Experiments were conducted using PTF
valuesof 0T (a), 50 T (b),and6.2mT (c). The signals corresponding
to 3C nuclei in ortho and meta positions are shown with blue squares and
green circles, respectively. The inset on the right shows an amplified view of

all spectra in the region where ortho '3C can be observed. . ... ... ..

SABRE-hyperpolarised 1°F spectra of samples containing 250 M of DFP, 5
mM of [IrCI(COD)(IMes)], and either 100 mM DMSO (a) or no co-substrate
(b) in methanol-d4. SABRE experiments were conducted using a PTF = 6.2
M. e e e e e

Comparison of *°F spectra for DFP at diletent concentrations. A) Non-
hyperpolarised spectrum for a sample containing 8.1 mM DFP exhibiting
a SNR = 3.9 after accumulation of 64 scans. B) SABRE-hyperpolarised
spectrum for a sample containing 14 M of DFP, 25 mM of DMSO, and 5
mM of [IrCI(COD)(IMes)]. B) SABRE-SHARPER spectrum on the same
sample as B. D) SABRE-SHARPER spectrum for a sample containing 800
nM of DFP, 25 mM of DMSO, and 5 mM of [IrCI(COD)(IMes)]. SHARPER
spectra were acquired with background correction and the imaginary part of
the spectrum was removed. All samples were prepared in methanol, except

for A which was prepared in methanol-ds. . . . .. ... ... ........

22



5.14

5.15

5.16

5.17

6.1

Comparison of SABRE-SHARPER °F NMR spectra with (A) and without

(B) background correction (Section 4.4) in the sub-stoichiometric regime.

Artefact signals arising from the probe dominated the spectrum when analysing

a low concentration sample containing DFP (5 M of DFP, 25 mM of DMSO,
and 5 mM [IrCI(COD)(IMes)] in methanol). By using background correction

these non-targeted signals were eliminated. . . . . . ... ... ... ... ..

Calibration curves for *H (A) and °F hyperpolarised (C) NMR measure-
ments of DFP in the 15 M to 1000 M range. Residual errors of the linear
model are plotted against analyte concentration for 'H (B) and '°F (D)

hyperpolarised calibration curves. . . . . . .. ... ... ... ... ...,

Comparison of *H (A) and °F (B) NMR SABRE-hyperpolarised calibra-
tion curves using fresh (blue diamonds) and aged (orange circles) calibration

samples. . . .. e e e

Calibration curves for 'H SABRE (A), °F SABRE (B) and °F SABRE-
SHARPER (C) experiments and accuracy test. Black markers correspond
to the signal arising from calibration solutions and the white squares, those
from the test samples. Each sample, either calibration or test, was analysed
in triplicate and standard deviation of the mean values were used as error
bars. Coe [ciehts of determination, R?, are shown for each curve. Insets
show the spectra obtained for the test sample in each case, along with its
nominal concentration, the signal-to-noise ratio of the measurement and the

number of scans. . . . . . . ... e e e e e e

Schematic representation of SABRE-Relay hyperpolarisation. Direct hyper-
polarisation of a substrate with exchangeable protons, here exemplified by
R1NH2, results in a hyperpolarised transfer agent once released into solu-
tion. A second molecule (R,OH) then becomes indirectly hyperpolarised

after proton exchange with the polarisation transfer agent. . . . . . . . ...

160

6.2 Chemical structure of the substrate 2,4,6-trifluorobenzylamine (TFBA, 7). . 169
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6.3

6.4

6.5

6.6

6.7

Comparison between non-hyperpolarised (top trace) and SABRE- hyperpo-
larised (bottom trace) *H NMR spectra for samples containing 100 mM of
TFBA, 5 mM of [IrCI(COD)(IMes)], and either no co-substrate (A) or 100
mM of DMSO (B) in methanol-d4. Spectra are zoomed in to show the organic
( 85to 0)and hydride ( -21 to -27) regions. Hyperpolarised experi-
ments were conducted using a polarisation transfer field of 6.2 mT. Signals
corresponding to the exchangeable protons (*-~OH’) and DMSO (‘DMSQO’)
are indicated with labels. Inset C shows the hyperpolarised hydride ligand
signal detected for this sample, which is thought to correspond to the tris-
substituted species [IrCI(H)2(IMes)(7)3]. Inset D shows a comparison of the
hyperpolarised hydride signals detected for the sample with co-substrate (I1)
and the those detected on a non-hyperpolarised experiment of this sample

at 1.4 T by signal averaging for 4096 scans (I). . . . .. .. .. .. ... ..

Main SABRE-active species (8) in samples containing TFBA, DMSO, and
5mM of [IrCI(COD)(IMeS)]. . . . . . . . o e

Proposed structure for the active SABRE complex containing TFBA and
DMSO. . .

Typical 1 T °F hyperpolarised spectra for samples with 100 mM TFBA,
either 100 mM (a and c) or no (b and d) DMSO and 5 mM [IrCI(COD)(IMes)]
in methanol-d4. SABRE experiments were conducted using a polarisation

transfer field of 6.2 mT (aandb)or 50 T (candd). ...........

SABRE-hyperpolarised *H NMR spectra acquired at 1 T of samples con-
taining 250 M to 1000 M of TFBA, 100 mM of DMSO, and 5 mM of
[IrCI(COD)(IMes)] in methanol-d4 (A) or methanol (B), using a PTF = 6.2
mT. Spectra are zoomed in to show the hydride ligand signal region ( -7
to -27). Orange squares show the main active species containing TFBA (8),
green triangles show 6, and purple circles a trihydride species containing

DMSO. . . e
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6.8

6.9

6.10

6.11

Comparison of 1°F spectra of TFBA samples at 1 T. The samples contained
700 mM of TFBA (top), 100 mM of TFBA, 100 mM of DMSO and 5 mM
of [IrCI(COD)(IMes)] (middle) or 870 M of TFBA, 100 mM of DMSO
and 5 mM of [IrCI(COD)(IMes)] (bottom). All samples were prepared in

methanol-dsand all spectra acquired with a single scan. . . . ... ... ..

SABRE-hyperpolarised 'H spectra acquired at 1 T using PTF = 6.2 mT of
samples containing 10 mM of TFBA, either 25 mM (black) or 100 mM (red)
of DMSO, and 5 mM of [IrCI(COD)(IMes)] in methanol-d;. Insets show spec-
tra zoomed in to the aromatic (A, yellow square) and methylene (B, purple
circle) signals of TFBA, and the hydride ligand region of the spectra (C).
Hydride ligand signals shown in inset C correspond to [IrCI(H)2(IMes)(4):]
(green triangles) and [IrCI(H)2(IMes)(7)(4)] (orange squares). . . . . . . ..

SABRE-hyperpolarised *°F spectra at 1 T of samples containing 10 mM
TFBA, either 25 mM (black) or 100 mM (red) DMSO, and 5 mM [IrClI-
(COD)(IMes)] in methanol-d1. . . . . . ... ... ... ... ... .....

Comparison between non-hyperpolarised (black trace) and hyperpolarised
(blue) *H (A) and °F (B) NMR spectra of TFBA at 1 T. The sample
contained 870 M TFBA, 100 mM DMSO and 5 mM [IrCI(COD)(IMes)]
in methanol-d4. Insets show regions of the spectra zoomed in the aro-
matic proton region (left), and the hydride ligand region corresponding to
[Ir(H)3(IMes)(4),] (middle) and the main active species [IrCI(H)»(IMes)(7)-
(d)](right). It was not possible to determine an enhancement factor for the
aromatic protons of TFBA due to peak overlap with hyperpolarised signals
from IMes, shown with an asterisk, or for the methylene signals due to poor

baseline separation. . . . . . . . ... ...
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6.12

6.13

6.14

6.15

6.16

Variation of SABRE-hyperpolarised solvent signals in *H NMR (1 T) during
sample activation for samples containing either 10 mM of TFBA, 100 mM
of DMSO, and 5 mM of [IrCI(COD)(IMes)] in methanol-ds (green marker)
or 1.3 mM of TFBA, 100 mM of DMSO, and 5 mM of [IrCI(COD)(IMes)] in
methanol (orange markers). The first activation step was set as time = 0 s.

Hyperpolarised signals are phased negatively. . . . ... ... ... ... ..

Schematic representation of SABRE-Relay hyperpolarisation with TFBA as
a polarisation transfer carrier and either methanol (A) or methanol-d4 (B) as
recipients of this polarisation. The amine protons in TFBA exchange with
the labile protons of methanol, transferring hyperpolarisation to the solvent
in a continuous way. In methanol-d4, TFBA becomes rapidly deuterated and

polarisation loss to the solvent is minimised. . . . . . . ... ... ......

A) Variation in the hyperpolarised signal of exchangeable protons (-OH from
methanol) as a response to [TFBA] for protio (orange circles) and deuterated
methanol (green squares). B) Comparison of °F SABRE SHARPER signals
for TFBA using protio methanol (orange circles) and deuterated methanol
(green squares). Error bars for protio methanol measurements are present

but smaller than markers (square), therefore not visible. . . . . .. ... ..

SABRE (A) and SABRE-SHARPER (B) °F NMR spectra acquired at 1 T
for a sample containing 254 M of TFBA, 100 mM of DMSO, and 5 mM of
[IrCI(COD)(IMes)] in methanol-ds. . . . . .. .. ... ... .........

Calibration curves for 1°F SABRE (A) and °F SABRE SHARPER (C)
measurements of TFBA in the 250 M to 900 M range in SABRE-Relay
inactive conditions (methanol-ds). Residual errors of the linear model are
plotted against analyte concentration for *°F SABRE (B) and °F SABRE
SHARPER (D) hyperpolarised calibration curves. . . .. ... ... . ...
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6.17

6.18

6.19

6.20

7.1

Calibration curves for *°F SABRE (A) and *°F SABRE SHARPER (B) ex-
periments and accuracy test. Black markers correspond to the signal arising
from calibration solutions and the white squares, those from the test samples.
Each sample, either calibration or test, was analysed in triplicate and the
standard deviation of the mean values were used as error bars. Coe Lciehts
of determination, R?, are shown for each curve. Insets show the spectra ob-
tained for the test sample in each case, along with its nominal concentration,

the signal-to-noise ratio of the measurement and the number of scans.

SABRE (A) and SABRE-SHARPER (B) °F NMR spectra acquired at 1 T
for a sample containing 267 M of TFBA, 100 mM of DMSO, and 5 mM of
[IrCI(COD)(IMes)] in methanol. . . . . . . ... ... .. ... ... .....

Calibration curves for °F SABRE (A) and °F SABRE SHARPER (C)
measurements of TFBA in the 270 M to 990 M range in SABRE-Relay
active conditions (protio methanol). Residual errors of the linear model are
plotted against analyte concentration for *°F SABRE (B) and °F SABRE
SHARPER (D) hyperpolarised calibration curves. . . . . . . ... ... ...

Calibration curves for *°F SABRE SHARPER experiments and accuracy
test in SABRE-Relay active conditions. Black markers correspond to the
signal arising from calibration solutions and the white squares, those from
the test samples. Each sample, either calibration or test, was analysed in
triplicate and the standard deviation of the mean values were used as error
bars. Coe [ciehts of determination, R2, are shown for each curve. The inset
shows the spectrum corresponding to the test sample, along with its nominal
concentration, the signal-to-noise ratio of the measurement and the number

Of SCANS. . . . . o e e e e e e

Chemical structures of perfluorooctanesulfonic acid and perfluorooctanoic

acid, two commonly encountered perfluoroalkyl substances. . . ... .. ..
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7.2

7.3

7.4

7.5

7.6

Chemical structures of fluorinated carboxylic acids under investigation in

Chapter 7: difluoroacetic acid (DFA, 9) and trifluoroacetic acid (TFA, 10).

Chemical structure of the co-substrates dimethylsulfoxide (DMSO, 4), here
shown again for convenience, pyridine (PYR, 11), 4-methylpyridine (AMPYR,
12), and 1-methyl-1,2,3-triazole (MTZ, 13). . . . . .. .. .. ... ... ..

Chemical structures of fluorinated carboxylates under investigation in Chap-

ter 7: difluoroacetate ([DFA-H] , 14) and trifluoroacetate ([TFA-H] , 15). .

Comparison of SABRE-enhanced *H spectra for samples containing 100 mM
of pyridine and either 100 mM of difluoroacetic acid (a) or no additional
substrate (b), and 5 mM of [IrCI(COD)(IMes)]. Spectra is zoomed in to
show the organic (1 to 10) and the hydride ligand ( -19 to -27) regions
of the spectra. Hyperpolarised signals corresponding to pyridine and pyri-
dinium are highlighted in the dashed box, other signals correspond to the
hydroxyl and methyl signals of methanol ( 3 to 5) and the hydride ligands
of a symmetric iridium complex containing pyridine ( - 22.8). Spectra was

amplified as specified to aid visualisation. . . ... ... ... ........

Comparison of SABRE-enhanced °F spectra for difluoroacetate at polari-
sation transfer fields of 6.2 mT (a), 50 T (b) and O T (c) with non-
hyperpolarised spectra (d). The sample contained 100 mM of [DFA-H]

(as a lithium salt), 100 mM of PYR, and 5 mM of [IrCI(COD)(IMes)] in
methanol-d4. The doublet at -125.8 corresponds to the fluorine resonance

in the difluoromethyl group. . . . . . . . . . . . ... .. ... L
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7.7

7.8

7.9

7.10

Comparison of SABRE-enhanced (black trace) and non-hyperpolarised (red
trace) 'H NMR spectra for difluoroacetate at 1 T using dimethylsulfoxide
(‘DMSQ’) as a co-substrate. The sample contained 100 mM of lithium di-
fluoroacetate, 100 mM of dimethylsulfoxide, and 5 mM [IrCI(COD)(IMes)]
in methanol-d4. Insets show an expanded view within the organic region of
the spectra ( 4 to 8, A) showing the signal for the proton resonance in the
difluoromethyl group of [DFA-H] at 5.71, and the hydride region of the
spectra ( -12t0-28,B). . . . . . ...

Comparison of 1°F NMR non-hyperpolarised (a) and hyperpolarised spectra
acquired at 6.2 mT (b,e), 50 T (c)or 0T (d) using pulse-and-collect (a-
d) or SHARPER (e) acquisition of a sample containing 100 mM of difluoroac-
etate (as a lithium salt), 100 mM of DMSO, and 5 mM of [IrCI(COD)(IMes)]
in methanol-d4. All spectra were acquired with a single scan. Main doublet
signal (orange square) corresponds to the difluoromethyl group ( -125.8),

signals shown with asterisks in ¢) correspond to carbon satellites. . . . . . .

Comparison of *C{*H} NMR SABRE-hyperpolarised spectra acquired using
a polarisation transfer field of 0 T (a), 6.2 mT (b),or 50 T (c). The
sample contained 100 mM [DFA-H] , 100 mM of DMSO, and 5 mM of
[IrCI(COD)(IMes)] in methanol-d4. The highlighted signal at -108.7 (t,
J =249 Hz) corresponds to the carbon in the difluoromethyl group (-CF,H)

of difluoroacetate. . . . . . . . . . . ... e

Comparison of fluorine enhancement factors (1) for SABRE experiments
on samples containing 50 mM of [DFA-H] (14), either 25 mM or 100 mM of
DMSO (4), and 5 mM of [IrCI(COD)(IMes)] at PTF values of 6.2 mT, 50

T,and OT. "1 Were estimated as the average of triplicate measurements,

with the standard deviation shown as error bars. . . . .. ... .. ... ..
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7.11

7.12

7.13

7.14

7.15

Comparison of *°F NMR hyperpolarised spectra acquired at 6.2 mT using
pulse-and-collect (a) or SHARPER (b) acquisition of a sample containing 50
mM of difluoroacetate (as a lithium salt), 25 mM of DMSO, and 5 mM of
[IrCI(COD)(IMes)] in methanol-d4. All spectra were acquired with a single
scan. Main doublet signal (orange square) corresponds to the difluoromethyl

group ( -125.8). . . . ..

Comparison of post activation non-hyperpolarised *H NMR spectra at 1.4 T
of samples containing 50 mM of [DFA-H] , either 25 mM (red trace) or 100
mM (black trace) of DMSO, and 5 mM of [IrCI(COD)(IMes)] in methanol-
d4. Spectra are zoomed in to show the hydride region of the spectra ( - 10
to -31). Chemical shift values for detected hydride signals are shown above

each peak. . . . . . . . . .. e

Comparison of SABRE-hyperpolarised *H spectra for samples containing 50
mM (black), 10 mM (green), or 1 mM (orange) of [DFA-H] , 25 mM of
DMSO, and 5 mM of [IrCI(COD)(IMes)] in methanol-d4. Inset shows a

zoom in portion of the spectra in the -12to -27region.. .. .. ... ..

Comparison of SABRE-hyperpolarised spectra corresponding to samples con-
taining either 10 mM of [DFA-H] , 25 mM of DMSO (black trace) or 100
mM of TFA, 100 mM of DMSO (red trace), and 5 mM of [IrCI(COD)(IMes)]
in methanol-d4. The left side of the figure shows the organic region of the
spectra (9 to 0) whilst the right side is zoomed in to show the hydride
region (- 8 to - 30) and is amplified by a factor of 200 to aid visualisation.
Chemical shift values for the main hyperpolarised hydride signals are shown

above the spectra. . . . . . . . . . . ... e

Comparison of SABRE-enhanced *H spectra for samples containing 100 mM
of either sodium trifluoroacetate (a) or trifluoroacetic acid (b), 100 mM of
dimethylsulfoxide, and 5 mM of [IrCI(COD)(IMes)] in methanol-d4. Spectra

are zoomed in to display the relevant hydride region ( -6 to - 34).
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7.16 Comparison of fluorine enhancement factors (“1s) for SABRE experiments
on samples containing 100 mM of either difluoroacetate ([DFA-H] , 14,
stripes) or trifluoroacetate ([TFA-H] , 15, filled), 100 mM of DMSO, and 5
mM of [IrCI(COD)(IMes)] in methanol-d4. Enhancement factors were com-
pared at three polarisation transfer fields: 6.2 mT, 50 T,and 0T, and
were estimated as the average of triplicate measurements, with the standard

deviation shown as error bars. . . . . . . . . . ...
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Chapter 1

Introduction

Nuclear Magnetic Resonance (NMR) spectroscopy is a powerful analytical technique ca-
pable of providing high-quality information about chemical and biological systems. Its
strength lies not only in facilitating qualitative structural analysis, but also in enabling
accurate gquantitative measurements in a non-destructive manner. In fact, quantification
using NMR has been proposed as a potential primary measurement method by the BIPM
(International Bureau of Weights and Measures) given the direct relationship between the
detected signal and the number of nuclei contributing to it.12 Despite its potential, the
widespread adoption of high-field (7 T) NMR spectroscopy remains constrained by the
significant costs associated with instrument acquisition and operation, as well as the sub-
stantial requirements in terms of infrastructure and expertise.3*

Benchtop NMR spectrometers operating at a lower magnetic field (1 - 3 T) represent a
more economic alternative to their high-field analogues, as they employ permanent magnets
or resistive electromagnets instead of cryogen-cooled superconducting magnets.>® These in-
struments are also portable, making them well-suited for use beyond traditional laboratory
settings, including on workbenches, in clinical environments, or within industrial applica-
tions. Examples of such applications include reaction monitoring,’*? automated synthesis
optimisation,'31# point-of-care diagnosis,’>® and industrial process monitoring.2’~%° The
lower operational costs of benchtop NMR spectrometers are primarily due to their minimal

maintenance requirements, particularly the absence of periodic cryogenic liquid refills. This
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makes them a more sustainable alternative to high-field NMR spectrometers, as helium,
which is commonly used in cryogenic cooling, is in limited global supply, which has led to
a substantial increase in price.2® Consequently, benchtop NMR spectrometers o [fla more
accessible analytical solution, both in terms of aLandability and flexibility in measurement

location.

However, the lower magnetic field of benchtop NMR spectrometers negatively aledts
both sensitivity and chemical shift dispersion. The latter is particularly problematic for
'H measurements, as protons have a narrower chemical shift range than other NMR-active
nuclei, often leading to signal overlap. As a result, the applicability of this technique is
limited to a reduced scope of applications that rely on samples with higher concentrations
and relatively simple spectra. To address these limitations, e[andts have been made to
enhance sensitivity and mitigate the reduced chemical shift dispersion associated with low-

field NMR measurements

One of the most successful approaches to overcome sensitivity limitations is the use of
hyperpolarisation. This term is used to refer to a group of techniques which aim to increase
the population diLerknce between Zeeman energy levels, i.e. the polarisation level, beyond
what is dictated by Boltzmann statistics (polarisation levels in parts per million). Several
hyperpolarisation techniques have been developed, including: spin-exchange optical pump-
ing (SEOP),?! dynamic nuclear polarisation (DNP),?%23 chemically induced dynamic nu-
clear polarisation (CIDNP),?* and para-hydrogen induced polarisation (PHIP).?>2® These
techniques diled in terms of enhancement factors, applicability scope, and instrumenta-
tions requirements. It is these diLerknces that inform the selection of a hyperpolarisation

technique for a specific analytical application.

In spin-exchange optical pumping, the angular momentum of laser photons is transferred
to the electrons of an alkali metal vapour, e.g. Rb, to increase its electronic polarisation.
This polarisation is then transferred to the nuclei of noble gases, such as 3He and 2°Xe, via
spin exchange collisions mediated by Fermi contact hyperfine interactions.?! Polarisation
levels close to unity may be obtained via this approach.?l?” Several interesting applica-

tions using this hyperpolarisation technique have been developed, including in vivo lung
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imaging,?® targeted biosensors,?>3 and material science and engineering studies.?’3

The high polarisation levels achieved by SEOP, as well as the possibility to store and
transport polarised gases to be used o[=site,?1?” make this hyperpolarisation technique
a good complement to benchtop NMR measurements as its portability is not sacrificed.
This has motivated the combination of SEOP with benchtop NMR,3232 demonstrating
ca. 50 % polarisation for *?°Xe, as recently reported.3® Nevertheless, the applicability of
this hyperpolarisation technique is restricted to noble gases, so it is of little use in routine

liquid-state analytical applications.

Dynamic nuclear polarisation exploits the high gyromagnetic ratio of electrons ( ¢= n
658), which leads to significantly larger thermal equilibrium population di [erences that can
be used as a source of nuclear polarisation. The electronic population diLerence of species
with unpaired electrons, typically stable radical species, is equalised by applying microwave
irradiation at the electron paramagnetic resonance (EPR) frequency.?? The electronic po-
larisation is then transferred to nuclei, either in the liquid state via the Overhauser e [edt
(ODNP),3435 or in the solid state by additional mechanisms including the solid e [edt,36:3
cross e[Edt, and thermal mixing®*2 in magic-angle spinning (MAS) DNP*® and dissolu-
tion DNP23 (dDNP). The diversity of polarisation transfer mechanisms thus broadens the

applicability scope of DNP in comparison to SEOP.

ODNP applications include the study of hydration dynamics in biomolecules,** as well
as, polymers, ionic liquids and viscous liquids, in combination with field-cycling NMR.*® In
dissolution DNP, solid-state transfer at low temperatures (1.2 < T < 4.2 K) in a strong mag-
netic field (3.35 < Bg < 10 T) is followed by rapid dissolution and liquid-state detection.?
Hyperpolarisation by dDNP has been widely explored for in vivo applications, particularly
in real-time MRI studies of cancerous tumours,*®° as well as reaction monitoring and
metabolomics using NMR.5%-52 As for MAS-DNP experiments, these involve solid-state de-
tection and require low temperatures, and reported applications include solid-state protein

analysis,>3>* and material science studies.>>®

These approaches show vast di Lerences in terms of the enhancement levels that can be

achieved in liquid-state applications: whilst dDNP can reach polarisation levels on the order
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of tens of percent,?’-5":58 those for ODNP are below 1 %.%%% Nevertheless, ODNP presents
an advantage in that instrumentation requirements are less stringent, and integration with
benchtop NMR has shown to be possible at relative low costs.6? Whilst ADNP experiments
are compatible with low-field NMR detection, they require the use of complex and costly
instrumentation to create the polarisation conditions, i.e. cryogenic temperatures and
moderate magnetic fields (a few Tesla), compromising the accessibility and portability of
benchtop NMR spectrometers. Despite recent e [afts to improve on these limitations,%? the

development of portable and accessible dDNP still remains in its infancy.

Perhaps a better compromise between achievable enhancements and accessibility may
be provided by CIDNP. Chemically induced dynamic nuclear polarisation involves an ex-
cited initiating molecule, e.g. a photosensitiser excited by light irradiation in photo-CIDNP,
which accepts an electron from the target molecule to form a radical pair. Following spin
sorting processes and recombination of this radical pair, a non-Boltzmann population is ob-
tained for the molecule under investigation.?* This cyclical process regenerates the starting
material, enabling repeated measurements to be obtained for the same sample, though it
is ultimately limited by dye bleaching. This facilitates scan averaging to further enhance
measurement sensitivity beyond the polarisation levels delivered by this technique, typi-
cally below 1 %.%7 The simplicity of this technique and low instrumentation requirements,
i.e. the addition of a photosensitiser to the sample followed by light irradiation, has made
it particularly attractive for integration with portable low-field NMR spectrometers.63-65
For example, this approach has been recently exploited for drug fragment screening using
photo-CIDNP benchtop NMR.%> A limitation presented by this approach is the scope of
molecules that can be hyperpolarised. Unlike DNP, which can be considered almost uni-
versal in its application, photo-CIDNP is mostly applicable to a subset of heteroaromatic

molecules®*6%-58 currently covering a chemical space of a few thousand analytes.%°

Para-hydrogen-based hyperpolarisation techniques exploit the high spin order of para-
hydrogen (p-H2) as a source of nuclear polarisation. Through a chemical reaction, the high
symmetry of p-H, is broken and polarisation is transferred onto a target molecule. Hyperpo-

larisation techniques using p-H» are collectively known as para-hydrogen induced polarisa-
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tion (PHIP). Para-hydrogen may be incorporated into an unsaturated molecule via hydro-
genation, resulting in an irreversible chemical transformation (hydrogenative PHIP).2570
Alternatively, the symmetry of p-H, may be broken by transiently binding to a metal centre
to which the target molecule is also bound. In this variation, termed signal amplification
by reversible exchange (SABRE), hyperpolarisation is continuously produced through the
reversible exchange of both p-H, and target molecule with an iridium-based complex which

facilitates polarisation transfer.26

PHIP, in particular the SABRE variant, shows the most promise as it provides a compro-
mise between low instrumentation requirements, with its easiest implementation requiring
a simple liquid-nitrogen-cooled hydrogen supply system’~"* and a hand-held magnet,’®
and large signal enhancement levels, reaching values above 50 %.7 In terms of the scope of
applicability, whilst still restricted, it shows more versatility than photo-CIDNP, provided
the target molecules exhibit a lone pair of electrons to act as ligands,?®’’ or exchangeable
protons for the SABRE-Relay variation.’®’° Besides extending the scope of possible ana-
lytes, SABRE o Lerk higher enhancement factors than traditional PHIP experiments and the
ability to continuously produce hyperpolarised signals as a result of the reversible nature

of this process.2®

Nevertheless, the development of real-life applications using SABRE-hyperpolarised
benchtop NMR is still in its early stages and several challenges remain.8® One challenge
is the loss of the inherent quantitative nature of NMR, as signal enhancement occurs in a
non-homogeneous way across the nuclei in a molecule. Although this issue could be ad-
dressed through the use of external calibration, a common procedure in most analytical
methods, the complex interplay of exchange processes involved in SABRE renders this so-
lution non-trivial. The use of co-substrates has been shown to alleviate this issue, whilst
also expanding the range of molecules that can be probed and enabling low-concentration

analysis, as demonstrated for high-field *H NMR measurements.8182

Another significant obstacle in SABRE-hyperpolarised benchtop NMR spectroscopy is
signal overlap. One simple way to overcome this limitation is to probe alternative NMR-

active nuclei possessing wider chemical shift ranges, hence being less likely to su[end from
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peak overlap. This solution is evidently limited by the presence of alternative nuclei in
the sample. For instance, 3C, and to a lesser extent °N, may be found in many an-
alytical targets in organic and biochemical analysis. SABRE-hyperpolarisation of these
heteronuclei has been reported before in 1D,83-8 as well as in 2D NMR studies,®® further
mitigating spectral congestion. However, this approach comes with a further reduction in
sensitivity compared to *H measurements due to their lower gyromagnetic ratio and natural
abundance. In contrast, heteronuclei such as °F and 3P are more sensitive and 100 %
naturally abundant,®”:88 and, while not ubiquitous, these nuclei are present in a wide range
of molecules of interest. Furthermore, chemical labelling with these nuclei, particularly
19F 89 js a well developed strategy, with many known applications in protein studies,?-92

o[ering a sensitive, well-resolved analysis without background signals.

Amongst other strategies commonly employed to overcome spectral overlap and simplify
spectra is the use of pure shift and selective excitation methods to remove splitting due to
homonuclear couplings and/or isolate a target signal in a mixture.?3-%7 Some of these ap-
proaches have been successfully implemented in benchtop NMR spectrometers.®®2° While
useful for analysing complex spectra, these techniques are linked to a further loss in sen-
sitivity, which has motivated their combination with hyperpolarisation techniques.100-102
An alternative approach to spectral simplification is the use of the Sensitive, Homogeneous,
And Resolved PEaks in Real time (SHARPER) pulse sequence, initially developed for high-
field NMR spectroscopy,1%® but recently implemented on a benchtop NMR spectrometer.1%4
By removing peak splitting and reducing field inhomogeneity e Ledts, this pulse sequence is

able to create simpler spectra, most importantly, whilst increasing signal-to-noise ratios.

This thesis aims to explore the potential of SABRE-hyperpolarised *°F benchtop NMR
for the development of analytical applications. The collective e[edt of strategies such as
the use of SHARPER and co-substrates is investigated to aid low-concentration detection
and quantification of a set of molecules presenting increasing amounts of challenge. The
background theory covering fundamental concepts of NMR and para-hydrogen-based hyper-
polarisation techniques is presented in Chapter 2. Chapter 3 covers relevant experimental

details for the measurements presented in Chapters 4 to 7.
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In Chapter 4, the combination of the multiplet-refocusing pulse sequence SHARPER
with SABRE experiments is explored for 1°F NMR experiments. Studies on a set of fluo-
ropyridines with diverse scalar coupling configurations, including *°F homonuclear and *H
-19F heteronuclear couplings, are presented, aiming to explore the applicability scope for
SHARPER. Key factors having an impact on sensitivity and spectral quality are covered,
including the optimisation of both SABRE experimental parameters and SHARPER acqui-
sition and post-processing tools. Gains in signal-to-noise ratio introduced by SHARPER
are explored for each sample and compared to proton-decoupling experiments, a common
approach to remove 'H-°F scalar couplings. Finally, a selective version of SHARPER
is applied to SABRE-hyperpolarised spectra to investigate its performance in a mixture

sample.

Chapter 5 explores the use of co-substrates to facilitate the sensitive analysis of one of
the fluoropyridines explored in Chapter 4: 3,5-difluoropyridine. The e [ciehcy of hyperpo-
larisation for this target is compared with and without the use of a co-substrate, as well
as at low concentrations of target molecule, where the co-substrate plays a crucial role in
creating a stable SABRE system. Signal-to-noise ratios are used to establish the limit of
detection for this approach, focusing on the impact on detectability introduced by the use
of SHARPER. In addition, the potential for quantification is tested for SABRE-enhanced
19F NMR measurements, and their comparability to analogous *H NMR measurements
assessed, followed by a study on the impact of SHARPER acquisition on analytical perfor-

mance.

In Chapter 6, the strategy presented in Chapter 5 is expanded to a more challenging flu-
oroamine substrate, 2,4,6-trifluorobenzylamine, which participates in a SABRE-Relay’87°
polarisation transfer process with the solvent. The impact of this loss of hyperpolarisation
to the solvent on the sensitivity gains for this test molecule are evaluated, and an approach
to minimise the sensitivity penalty is presented. The e [edts of SABRE-Relay on the overall
analytical performance of SABRE-enhanced benchtop NMR is assessed by comparing limits
of detection and quantification accuracy in experimental conditions were the SABRE-Relay

process is either favoured or minimised.
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Chapter 7 investigates the limitations of SABRE-hyperpolarised benchtop NMR spec-
troscopy for analysing fluorinated analytes, focusing on fluorinated carboxylic acids due
to their environmental significance. This chapter covers the hyperpolarisation feasibility of
two simple fluorocarboxylic acids with the aim to find optimal hyperpolarisation conditions.

The main conclusions of this thesis are presented in Chapter 8 along with potential

areas for future research.
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Chapter 2

Background Theory

2.1 Fundamentals of Nuclear Magnetic Resonance

2.1.1 Zeeman Interaction

Nuclear Magnetic Resonance (NMR) spectroscopy relies on the interaction between nuclear
spins and a magnetic field. Many atomic nuclei possess spin, an intrinsic form of angular
momentum, [, characterised by the nuclear spin quantum number, I, which can take half-
integer values from zero. Nuclear isotopes containing an even number of protons and an
even number of neutrons, e.g. *>C and %80, have no intrinsic angular momentum (I = 0)
and are therefore are NMR inactive.1%°

Non-zero spin nuclei (I > 0) exhibit an associated magnetic moment #, as described in
Equation 2.1. Magnetic moment and spin are related by the gyromagnetic ratio, , which
may take positive or negative values. For most atomic nuclei, the gyromagnetic ratio is
positive, and as a result the magnetic moment and the spin angular momentum are parallel,

whilst in some cases < 0 and they are antiparallel .10

A= f (2.1)

A nucleus with spin 1 possesses (21 + 1) degenerate energy levels, each described by

the azimuthal quantum number m, with values spanning from 1 to +1 in integer steps.

45



For example, spin-% nuclei, such as *H and 3C , have two energy states described by
m = +% and m = % Upon application of an external magnetic field Bo, the degeneracy
of these states is broken in a phenomenon known as Zeeman splitting (Figure 2.1). The
magnetic moment of a nucleus may become aligned to the external magnetic field, in a state
commonly known as j i (m = +%), or oppose the magnetic field inaj i (m= %) state.
The energy of each level depends on the quantum number m as well as the gyromagnetic
ratio, , and the magnitude of the applied magnetic field, Bg (Equation 2.2).105

NMR selection rules dictate that signal is only observed for transitions between states
with  m = 1, which is the case for transitions between j i and j i states. The energy
associated with the transition from j 1 toj i, E, is proportion to the Larmor frequency,
Iy, as shown in Equations 2.3 and 2.4. The Larmor frequency represents the precession
rate of the magnetic moment around the external magnetic field. This value is proportional
to the gyromagnetic ratio and the external magnetic field, and may be expressed in angular
frequency (1) in radians s ! as shown in Equation 2.4 or in frequency in Hertz ( ), using
the conversion ' = 2 . By applying electromagnetic radiation at the Larmor frequency
(radio-frequency region of the electromagnetic spectrum), the resonance condition which
promotes transitions between j iandj i statesis met.1% This is the underlying mechanism

of NMR spectroscopy.

Em —_ m-~ BO
1
1
E =--B
2 0
Es =E E =~ B (2.3)

The Larmor frequency is specific for each type of nucleus. For example, at 9.4 T H
nuclear spins precess at a frequency close to 400 MHz. The specific resonating frequency
for a nucleus is determined by the electronic environment surrounding it. The external

magnetic field induces an electric current resulting in an opposing magnetic field which
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Figure 2.1: Energy diagram depicting Zeeman splitting for a nucleus with spin I = 1/2 and

> 0. In the absence of a magnetic field (B = 0), the 21 + 1 nuclear states are degenerate.
Upon application of a magnetic field (Bp & 0), the nuclear states become non-degenerate
as the magnetic moment may align in a parallel (j 1) or anti-parallel (j i) direction relative

to the external magnetic field.

shields the nucleus from the external magnetic field. As a result, the resonating frequency
for this nucleus is shifted from the expected value for a bare nucleus without surrounding
electrons, as described in Equation 2.5, where is the shielding constant.1% In this way,
NMR spectroscopy is able to probe the chemical environment surrounding each nucleus.
Since the variation in Larmor frequency for two nuclei with di Cerknt chemical surroundings
is significantly smaller than their resonating frequency, it is customary to describe these
signals in terms of frequency di Lerkences rather than absolute frequencies. These di Lerknces,
expressed relative to a set reference in parts per million, are commonly referred to as
chemical shift values ( ) and are calculated as defined in Equation 2.6.19 By using chemical
shift values, it is possible to describe resonances in a spectrum in a field-independent way,

thus facilitating spectra comparison irrespective of the magnetic field.

Ih= Bo(1l ) (2.5)
1 I

— -0 “ojref 108 (2.6)
!O;ref

Another important source of information about the chemical environment of each nuclear

spin is scalar spin-spin couplings, or J couplings. This indirect interaction occurs between
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bonded nuclei and it is mediated by the electrons participating in this bond. As a re-
sult, J coupling provides insights into the connectivity of NMR-active nuclei within the
same molecule, with larger J coupling values typically observed for nuclei that are closer
together.1% Notably, this coupling is independent of the applied magnetic field.1%®

The concepts of chemical shift and J coupling may be better understood by considering a
pair of H spins, A and X, with di [efent chemical environments. Such spins possess di [erent
deviations from the Larmor frequency for this nucleus type. Thus, a spectrum containing
a pair of peaks with dilerent chemical shift values, a and x, would be observed in the
absence of scalar coupling. In the scenario where these spins are coupled, then each peak
is split by the Jax coupling constant. This may be explained as follows: the magnetic
moment of A will aledt that of X, and vice versa. For instance, if A is in the j i state,
X may either be in the j 1 state, reinforcing Bg, or the j i state, partially cancelling this
field. As a result, A spins will precess at either a lower or higher frequency than that
observed in the absence of coupling. As the reciprocal situation holds true, this will result
in a spectrum in which both signals for A and X are split in two (doublets) (Figure 2.2).1%7
In a more general case, the multiplicity of the splitting of A will be given by 2nl + 1, with
n being the number of chemically equivalent nuclei (i.e. possessing the same ) coupled to
A, and | being the spin quantum number of the X spins. For example, in an AXj; system,
where X has | = % the signal corresponding to A will be three equally spaced peaks with
an intensity ratio of 1:2:1 (triplet).1%’

The situation described so far applies to weak coupling conditions, i.e. when the dif-
ference in frequencies for A and X is much larger than the scalar coupling between these
nuclei  axJ >> jJax]). In contrast, strong coupling, i.e. when both magnitudes are
comparable (j axj JjJdax]), produces complex second-order splitting, a situation more

often encountered at lower Bg.1%6

2.1.2 The Vector Model

The description presented so far has focused on a single spin or spin pair and its interaction

with Bg. However, NMR samples contain a large ensemble of spins that collectively con-
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Figure 2.2: Energy levels and spectra for an AX-type system consisting of a pair of non-
equivalent weakly coupled spin-% nuclei with A > x. Spectra shows a pair of doublets,
each split by a Jax (Jax = 0) scalar coupling. Letters a - d show the possible transitions

for this system.1%7

tribute to a detectable signal. In the absence of an external magnetic field, this collection
of spins exhibits an isotropic distribution of spin angular momentum, i.e. these vectors
point in every direction (Figure 2.3a). However, when a magnetic field is applied, the spin
magnetic moment of each nucleus starts precessing around Bg with varying cone angles
(Figure 2.3 b and c). The spin angular momentum vector can be represented using a set
of x, y, z Cartesian coordinates, where the z-axis is parallel to Bp by convention. The
z-component or longitudinal component of the spin angular momentum of each nucleus
will then be parallel (j i) or anti-parallel (j 1) to the magnetic field. As the parallel align-
ment is more energetically favourable, there will be a larger number of nuclei presenting
this configuration. This results in a net nuclear magnetic moment or magnetization along
the z-axis, termed My, which increases over time after Bg is switched on. This value will
stabilise over time to reach a net magnetisation value at thermal equilibrium, Mg. The
magnitude of Mg is proportional to the dilerknce in population between the lower-energy
j 1 state and the higher-energy j i state. In contrast, the x and y (transverse) components
of the individual magnetic moments rotate in the x-y plane due to the precession motion.
At thermal equilibrium, the spins precess with a random distribution of phases and as a
result, the x and y components cancel out and there is no net transverse magnetisation

(My;y = 0). Following this treatment, it is possible to describe the behaviour of an entire
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Figure 2.3: Cartoon representations of an ensemble of nuclei with spin-% in the absence (a,
Bo = 0) and presence (b, Bo & 0) of a magnetic field, with the formation of a net nuclear
magnetisation (M;). The precession of the spin magnetic moment () around the direction

of the magnetic field is depicted in c).

collection of nuclei in terms of a bulk magnetisation vector M and its components along
X, Yy, z-axes, in a model known as the Bloch vector model. Although overly simplistic,
this model is su Lcieht to understand the behaviour of non-interacting spin-% nuclei during
NMR experiments.105.108

A typical NMR experiment involves the manipulation of the initial bulk magnetisation
(Mp) through the application of a radio-frequency (r.f.) pulse, followed by the detection
of the signal produced by the evolving system. At the start of the experiment, the initial
magnetisation vector corresponds to the net magnetisation along the z axis, Mg, arising
from the dilerence in population between j i and j i states (Figure 2.4a). This magneti-
sation is then subjected to a magnetic field oscillating at the Larmor frequency, B, which
is applied on the transverse plane. To aid understanding of the e [edt of this pulse on the
initial magnetisation, it is convenient to use the rotating frame of reference.1%®

The rotating frame of reference relies on the decomposition of B4 into two magnetic
vectors rotating in the x-y plane in opposite directions at the same frequency. One of these
components is then considered to be aligned and fixed to either the x or y axis which
rotates at the same frequency of Bj, whilst the other component is ignored. By using this
approach, B, appears to be static if observed from a set of x’, y’, z’ axes rotating at the

same frequency as B1, i.e. the rotating frame of reference (Figure 2.4a). As this precessional
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motion arises from the e ect of the external magnetic eld, B g, it is not represented in this
frame of reference. By using the rotating frame of reference, the interaction betweds
and M ¢ can then be simpli ed as the former imposing a torque on the latter, resulting in
a rotation of the bulk magnetisation vector towards the x'-y' plane. The nutation angle in
degrees generated by a r.f. pulse is proportional to the amplitude dB 1 and its duration t,

as described in Equation 2.708

= 360,5-Bit 2.7)

Figure 2.4: Schematic representation of an NMR experiment. a) The thermal equilibrium
longitudinal magnetisation is rotated 90° onto the transverse plane by applying aB; eld
on the -y direction, which appears static in the rotating frame of reference (b), but rotates
at the Larmor frequency (! o) in the laboratory frame (c). This creates an oscillating signal
(in Volts, V) with decays following the time constant T,, known as free induction decay
(FID). Fourier transformation of the FID produces a spectrum with a signal at the Larmor

frequency (e).
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As the nutation angle increases, so does the transverse component of the bulk mag-
netisation (My.y), whilst the longitudinal component (M) decreases following Equation
2.8. At 90°, the transverse magnetisation reaches its largest valueM,y = M), whilst the
longitudinal magnetisation is null (Figure 2.4b), representing a situation in whichj i and
j 1 states are equally populated. The evolution of the created transverse magnetisation can
be understood di erently depending on the frame of reference. In the laboratory frame of
reference, this transverse magnetisation will be subjected to a torque bB o, causing it to
precess at the Larmor frequency as described in Equations 2.9 (Figure 2.4c), whilst in the
rotating frame of reference, this transverse magnetisation will appear static (Figure 2.4b).
The rotating magnetisation observed in the laboratory frame will produce an oscillating
electric current that can be detected by a nearby coil, such as the one producing the r.f.

pulse (Figure 2.4d)108

Myy = Mosin( ) (2.8)

Mx(t) = Mxy cos( ot)
(2.9)
My(t) = My sin(! ot)
The magnitude of the longitudinal and transverse magnetisation vectors will vary dur-
ing the evolution of the spin system due to two distinct phenomena. Firstly, the population
di erence betweenj i andj i states, which was modi edvia r.f. pulsing, must return to its
initial equilibrium value thus restoring the original longitudinal magnetisation. This phe-
nomenon is known as longitudinal or spin-lattice relaxation, which describes the variation
in M, as a function of a time constantT1(Equation 2.10).1%° Secondly, the magnitude of the
net transverse magnetisation vector will decrease over time due to a loss in phase coherence
in a process known as transverse or spin-spin relaxation. Phase decoherence may be un-
derstood as a gradual desynchronisation of the individual magnetic moments of each spin
on the transverse plane. The dephasing process arises from two primary causes. Firstly,
phase coherence may be lost due to random interactions between individual spins resulting
in energy exchange. Transverse relaxation due to this process follows a time constan.

Another source of dephasing is eld inhomogeneity due to variations irBg or di erent mag-
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netic susceptibility within the sample region, introducing variations in Larmor frequency
for individual spins. The combined e ect of T, and By inhomogeneity is described by the
e ective transverse relaxation time constantT, (Equation 2.11),198:109 which describes the
decay of transverse magnetisation (Equation 2.12) and detected signal (Figure 2.4d) over

time.

t
M,(t)= Mg 1 exp — (2.10)
T1
1 Bo 1
— = + — 2.11
t
My (t) = Myy cos( ot)exp T
2 (2.12)
. t
My(t) = Myy sin(! gt)exp —
T

This relaxation mechanism contributes to the decay of transverse magnetisation (Equa-
tions 2.12), and as a consequence, of the induced electrical current. As a result, the signal
obtained from an NMR experiment is an electrical signal oscillating at the Larmor frequency
of the nuclear spin in the sample that decays over time, referred to as a free induction decay
(FID). By applying a Fourier transformation to the FID, a spectrum containing peaks at

these frequencies is obtained (Figure 2.4e).

2.1.3 Polarisation

As discussed in the previous section, the bulk longitudinal magnetisation vectavl , is deter-
mined by the di erence in population of j i andj i energy states, i andn , respectively)

given by Equation 2.13. This results in a polarisation of the spins along the z directiof%’

— l~
M, = > (n n) (2.13)

At thermal equilibrium and in a sample containing N spins, the population of each energy
state may be predicted by the Boltzmann distribution using the Boltzmann constant kg)
at a given temperature, T (Equation 2.14). Applying the high-temperature approximation,

it follows that the longitudinal magnetisation at thermal equilibrium ( M 2) depends on the
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energy gap betweerj i andj i (Equation 2.15).1%7 This di erence in population between
j i andj i states is commonly known as a polarisation valueP, calculated according to

Equation 2.16.

n = %Nexp( E =kgT)

1 (2.14)
n = éNexp( E =ksT)
1 2-2NB
0 - 0
M 2 (E E) AT (2.15)
~BO
P Ko T (2.16)

As the energy gap is four orders of magnitude smaller than the available thermal enerd§®
the energetic benet for spins to align to the external magnetic eld is negligible. This
results in very small polarisation values, typically in tens of parts per million, in NMR
experiments performed under standard conditions. As the intensity of the detected signal
is directly proportional to the magnitude of M2, NMR is highly insensitive relative to
other analytical techniques. The correlation betweenM ? and the applied magnetic eld
(Equation 2.15) has driven the development of NMR spectrometers with increasingly higher
operating magnetic elds. However, this progress is accompanied by larger instrument
sizes and higher acquisition and operational cost®? In contrast, some manufacturers have
produced smaller, more a ordable instruments that operate at lower magnetic elds, aiming

to enhance the accessibility of NMR technology:1© 112

2.1.4 Low-eld NMR Spectroscopy

Benchtop NMR spectrometers employ permanent magnets to generate low magnetic elds
ranging fromBg = 1to 3 T, in contrast to the cryogen-cooled superconducting magnets used
in conventional NMR systems, which typically operate atBo 7 T.11! Consequently, bench-
top instruments are more compact and a ordable, making them accessible as laboratory
tools and suitable for benchtop or eld applications!® However, the lower eld strength
of commercially available benchtop NMR spectrometers generally results in a signi cant
reduction in sensitivity compared to high- eld spectrometers as nuclear spin polarisation is

directly proportional to Bo (Equation 2.16).11!
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Early prototypes of low- eld NMR spectrometers lacked su cient eld homogeneity to
enable chemical-shift-resolved NMR analysis and were primarily limited to relaxation and
di usion experiments in the time domain.1% Advances in Halbach permanent magnet design
have since improved eld homogeneity, allowing for the development of NMR spectrometers

with chemical-shift resolution, available since 20131°

This new generation of benchtop NMR spectrometers o ers several advantages, includ-
ing a reduced dependence on deuterated solvents, maintenance-free operation, portability,
and, in high-end models, linewidths comparable to those of high- eld system¥® These
bene ts, combined with their lower cost and improved accessibility, have made benchtop
NMR spectroscopy an attractive option for industrial applications such as process con-

trol and reaction monitoring, as well as for chemical analysis in workbenches or fume
hoods110112,113

2.2 Hyperpolarisation

2.2.1 Principles of Hyperpolarisation

The inherently low sensitivity of NMR spectroscopy can be addressed through hyperpo-
larisation techniques. Hyperpolarisation refers to methods that enhance the population
di erence between energy levels beyond what is achieved under equilibrium conditions
dictated by Boltzmann statistics (Figure 2.5). By increasing polarisation values from the
typical parts per million to percentages, hyperpolarisation can boost the sensitivity of NMR
spectroscopy by orders of magnitude, o ering a more e cient solution than increasing the

applied magnetic eld strength.

Several hyperpolarisation techniques are currently in advanced stages of development
and show promising applications®® These methods, which vary in their polarisation sources
and transfer mechanisms, include spin-exchange optical pumping (SEORY, dynamic nu-
clear polarisation (DNP),22-23 chemically induced dynamic nuclear polarisatior?* and para-

hydrogen induced polarisation (PHIP).25:26
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Figure 2.5: Schematic representation of the hyperpolarisation process. a) Under non-
hyperpolarised conditions, nuclear spins are distributed betweep i andj i states following
Boltzmann statistics, with a net polarisation on the order of tens of parts per million. b)
Hyperpolarisation increases the population di erence between i andj i states, reaching

polarisation levels up to unity.

2.2.2 Para -hydrogen Based Hyperpolarisation
2.2.2.1 Para -hydrogen

Para-hydrogen and ortho-hydrogen (0-H») are nuclear spin isomers of dihydrogen. The
existence of these two isomers is a consequence of the anti-symmetry requirements for the
total wavefunction of fermion particles, such as electrons and protons, according to Pauli's
exclusion principle1* For this requirement to be ful lled, the wavefunction of two particles
must change signs upon exchange. The total wavefunction of the hydrogen molecule H
can be represented as the dot product of the wavefunctions for translational (), rota-
tional ( Rr), vibrational ( v), electronic ( g) and nuclear spin ( s5) components (Equation
2.17) 115116

= T R V E N (2.17)

As the translational, vibrational, and electronic wavefunctions are symmetrical upon

exchange, the anti-symmetry of the total wavefunction must stem from the product of ro-
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tational and nuclear wavefunctions ( g n). In other words, symmetric rotational states
may only exist when coupled to anti-symmetric nuclear states andrice versa The wave-
function for rotational motion of the nuclei will be symmetric for even rotational states (J =

0, 2, 4,etc.) and anti-symmetric for odd rotational states (J = 1, 3, 5, etc.).116 As for the
nuclear spin wavefunctions, the combination of two nuclear spin states produces four possi-
ble statesvia linear combinations of the direct product of the two possible spin orientations
for each single spint'® These nuclear states, described in Equation 2.18, correspond to the
symmetric triplet state of o-H,(jT+11, jTol andjT 1i), and the singlet anti-symmetric state

(1Soi) of p-Ha.

jTeni =
S
jTol = ’PE(J i+ i)
(2.18)
JTai=j i
R R
jSol = %(J by

To meet anti-symmetry requirements, the singlet nuclear state must combine with even
rotational states, whilst the triplet nuclear state combines with odd rotational states, giving

rise to para-hydrogen andortho-hydrogen, respectively. As the singlet state combines with
the lowest energy rotational state J =0), para-hydrogen corresponds to the lowest energy

nuclear spin isomer (Figure 2.6).

Figure 2.6: Diagram depicting the energy level for the singletjSpi) and triplet (jT+11i, jTol
and T 1i) nuclear spin states of dihydrogen under a magnetic eld. Note: the energy gaps

are not drawn to scale.
The absolute populations ofo-Hz (No) and p-Hz (Np) in a sample of H will depend on
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Figure 2.7: Para-hydrogen enrichment in a H sample expressed as a percentage as a
function of temperature with r = 87.8 K. Reproduced under a CC-BY license from Ref.

[80].

its temperature (T), as stipulated by Boltzmann statistics (Equation 2.19, g: rotational
constant of the molecule), from whicho-H» and p-H» fractions may be derived (Figure 2.7).
At room temperature in thermal equilibrium conditions, the p-H, population is 25 %.

As the temperature of the sample decreases, the fraction @f-H, increases, reaching 98

% at 28 K. X
(3+1)
Np = @I+le T
J=even
X o (2.19)
No=3 (3 +1e T
J=odd

Whilst simply cooling a sample of H would appear to suce to create large p-H,
enrichments, this is in practice ine cient as 0-H»/ p-H; interconversion is symmetry forbid-
den. This process can be accelerated by introducing a spin isomer interconversion catalyst
to facilitate nuclear spin reorientation.’t:116.117 Syjtable catalyst typically fall within two
classes: paramagnetic species creating local eld inhomogeneities to break the symmetry
of Hy (e.g. iron (Ill) oxide) and adsorption/desorption surfaces enabling H dissociation
and recombination (e.g. activated charcoal)}'® Para-hydrogen-enriched samples generated

using low temperatures and interconversion catalysts may then be stored at room tempera-
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ture for periods up to months 11?120 provided the sample is isolated from any material that
may induce conversion back toortho-hydrogen. Various p-H, generation methods exist,
including systems cooled by liquid nitrogen p-H, enrichment  52%),t 74 or the more
costly closed-cycle helium g-H, enrichment > 98%)121 123

The null nuclear spin of para-hydrogen results in a lack of Zeeman splitting under a
magnetic eld, and as a result it is NMR invisible. Nevertheless, the high spin order
of p-Hy, can be harnessed as a source of polarisation provided its symmetry is broken.
This is typically achieved when p-H is involved in a chemical reaction, resulting in large
enhancements of NMR signals. Di ering in the nature of this chemical reaction, there exists
two primary p-H»-based techniques: hydrogenative (Section 2.2.2.2) and non-hydrogenative
(Section 2.2.2.3)para-hydrogen induced polarisation. These techniques, referred to as PHIP

and SABRE from this point onwards, will be described in the following sections.

2.2.2.2 Para -hydrogen Induced Polarisation (PHIP)

The hydrogenative variation of para-hydrogen induced polarisation involves the incorpora-
tion of p-H» into an unsaturated molecule, upon which its symmetry is broken. This was
rst predicted by Bowers and Weitekamp in 19862° who proposed that if hydrogenation
reactions were performed usingp-H,-enriched hydrogen gas, NMR signal enhancements
would be observed. Such a hypothesis was con rmed experimentally by two independent
groups in 198779124 py simply storing the hydrogenation samples at low temperatures,
thus increasing p-H, enrichment, before conducting NMR experiments. This experiment
was named by Bowers and Weitekamp using the acronym PASADENAgara-hydrogen and
synthesis allows dramatically enhanced nuclear alignment}® A variation of this experi-
ment was subsequently proposed by Pravica and Weitekamp termed adiabatic longitudinal
transport after dissociation engenders nuclear alignment (ALTADENA) %> In this exper-
iment, the hydrogenation reaction was performed outside the NMR spectrometer, which
they found to produce di erences in the form of the enhanced NMR signals.

In PASADENA experiments, the hydrogenation reaction occurs at the high magnetic

eld inside the spectrometer (Figure 2.8, top). Upon incorporation of p-H, into the un-
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saturated molecule, the hydrogen pair transitions from a magnetically equivalent A spin
system (Pople's notationt?®) to a magnetically inequivalent weakly coupling AX system
(j  ax]j>> jJdax]j). In this process, the initial population of the jSpi state is distributed
almost equally amongst the near-degeneratge i andj i states of the AX system (Sec-
tion 2.1.1). The allowed transitions from these overpopulated states to thg i andj i

states results in a characteristic pair of anti-phase doublets with greatly enhanced signals.

In contrast, hydrogenation reactions in ALTADENA conditions are performed outside
the bore of the NMR instrument at low magnetic elds, followed by adiabatic transfer of the
sample into the spectrometer. At this low magnetic eld, the frequency di erence between
both hydrogen nuclei is comparable to their scalar coupling, thus creating a strongly-coupled
AB spin system (  ax] ] Jaxj)- In this scenario, the initial population of the singlet
state overpopulates a superposition of thg i andj i states. As the sample is adiabat-
ically introduced into the spectrometer, weakly coupling conditions are created (AX) with
eitherthej i orj i state becoming overpopulated. The transitions from the overpopu-
lated state toj i andj i produce a spectrum containing a pair of singlets of opposite

phase (Figure 2.8, bottom).

PHIP as a signal enhancement technique is limited to unsaturated molecules which can
undergo hydrogenation. Variations on this approach have been developed to alleviate this
restriction on the chemical space of molecules that are suitable to PHIP hyperpolarisation.
For instance, Reineriet al. developed thepara-hydrogen induced polarisation with side-
arm hydrogenation technique (PHIP-SAH) in which a saturated target molecule may be
hyperpolarised through an unsaturated side arm, which is cleaved post polarisatiott.
Other alternatives include PHIP-X, 128 or PHIP-Relay,'?° in which an unsaturated molecule
containing exchangeable protons facilitates the hyperpolarisation of a secondary saturated
target molecule. Once the rst molecule is hydrogenated and hyperpolarised, it acts as a

polarisation transfer agent by hyperpolarising the target moleculevia proton exchange.

Another limitation of hydrogenative PHIP is that attainable signal enhancements are
limited by the irreversible chemical transformation occurring in the experiment. In other

words, signal enhancements will only be seen provided there remains unsaturated target
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Figure 2.8: Schematic representation of the PASADENA (top) and ALTADENA (bottom)
experiments. In PASADENA experiments, the initial singlet population from p-Hs is dis-
tributed between thej i andj i of the weakly coupling AX spin system created at the
high magnetic eld inside the NMR spectrometer. A characteristic spectrum containing a
pair of enhanced anti-phase doublets is obtained. In ALTADENA conditions, the singlet
population is transferred onto a superpositionof i andj i states of the strongly coupled
AB system created at low magnetic elds. Upon adiabatic transfer into the spectrometer,
eitherthej i orj i state becomes overpopulated, resulting in an NMR spectrum con-

taining a pair of enhanced singlets of opposite phase.

in solution. As this transformation is irreversible, the sample can only be probed a nite
number of times. The non-hydrogenative PHIP variation, SABRE, lifts those limitations

and, as a result, is more attractive for analytical applications.

2.2.2.3 Signal Ampli cation by Reversible Exchange (SABRE)

The hyperpolarisation technigue SABRE was introduced in 2009 as an alternative to hydro-

genative PHIP.?% In SABRE, p-H, and the target molecule to hyperpolarise, also referred to
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as the substrate, reversibly bind to a transient polarisation transfer catalyst. This is typi-
cally an iridium octahedral complex with the general structure [Ir(H)»(NHC)(substrate) 3]*,
where NHC is a N-heterocyclic carbene such as 1,3-bis(2,4,6-trimethylphenyl)-imidazol-2-
ylidene (IMes). Although SABRE hyperpolarisation using alternative complexes has been
explored}3%131 iridium-based catalyst remain the most widely used. The binding ofp-
H» to this polarisation transfer catalyst breaks its symmetry by creating chemical and/or
magnetic non-equivalence. The network of scalar couplings connecting the-H,-derived
hydrides and the substrate in the iridium complex acts as a conduit for polarisation to be
transferred. As both p-H» and the substrate exchange with the available pool in solution,
the polarisation cycle is continuously repeated to create a build-up of hyperpolarised ana-
lyte in solution. Large signal enhancements are consequently achieved for the targe®u(,
of up to 63%7%) without resulting in its chemical modi cation, thus enabling repeated

experiments on the same sample. This process is shown schematically in Figure 2.9.

Signal enhancement has been successfully achieved in substrates using a wide range of
binding groups, provided they can act as ligands. For example, SABRE has been success-
fully applied to N-heterocycles26132140 npijtriles, 141143 Schi bases!“4 nitrites, 145 amino
acids and oligopeptidest#® 148 thiophenes!*® and phosphinest®° It is also possible to hy-
perpolarise heteronuclei within the target molecule: signal enhancements ¢fC, *°N, 1°F
and 3!P have been reportedf3132138.150 153 An interesting variation of SABRE that allows
for a more diverse array of hyperpolarised target molecules is SABRE-Relay. In this tech-
nique, hyperpolarisation is transferred frompara-hydrogen to a polarisation transfer agent
that binds to the iridium centre, commonly amines, and then to another substrate through
exchange of labile hydrogeng? This new strategy has extended the range of substrates
and has been successfully applied to amines (primary and secondary), carboxylic acids and

alcohols (primary, secondary and tertiary)./8:79:154

Experimentally, SABRE studies start by the activation of the polarisation transfer cat-
alyst precursor [Ir(IMes)(COD)CI] (where COD: 1,5-cyclooctadiene) by adding substrate
and p-H,. This process involves the oxidative addition ofp-H, to the iridium centre and

the full hydrogenation of COD resulting in its dissociation and substitution by substrate
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units.26:135.155 Once the pre-catalyst is activated, SABRE experiments can be conducted by
adding p-H> to the headspace of the sample and shaking said sample under a weak magnetic
eld (nT to mT). Sample shaking facilitates the dissolution of p-H» into the solution, whilst
applying a weak magnetic eld, known as polarisation transfer eld, creates the conditions

for polarisation transfer to occur2®

Figure 2.9: Schematic representation of the SABRE hyperpolarisation process.Para-
hydrogen and the substrate, here 3,5-di uoropyridine, reversibly bind to the iridium centre
of the polarisation transfer catalyst, enabling polarisation transfer to the substrate. The
hyperpolarised substrate (in red) then dissociates from the complex and is replaced by non-

hyperpolarised substrate from the available pool in the solvent.

Spontaneous polarisation transfer from hydrides to nuclei in the target substrate is
mediated by the strong coupling conditions created upon application of a weak magnetic
eld. This is most easily understood by following the level anti-crossing (LAC) model
proposed by Ivanov and co-workerg® According to this model, in a level anti-crossing the
intersection of the energy levels of two spin states is avoided due to their strong coupling,
which results in the mixing of such states.

To illustrate this theory, the simplest SABRE three-spin system AA'B will be consid-
ered, where AA' correspond to the magnetically inequivalent hydrides, and B a nucleus
in the target molecule (Figure 2.10). The hydrides in this system are chemically equiva-

lent ( o = a0) but magnetically inequivalent as they exhibit scalar couplings of di erent
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Figure 2.10: Schematic representation of a SABRE three-spin AA'B system. A and A', in
green, represent a pair of chemically equivalent (4 = a') and magnetically inequivalent
hydrides, with di erent scalar couplings to B (Jag 6 Jag ), @ nucleus in the target molecule

with Larmor frequency, .

magnitudes to B (Jag 6 Jaog). The energy states of this system may be described as
a combination of the singlet-triplet basis used to describep-Hy (jSpi ;jT+1i ;jToi ;jT 1i)
andj i andj i for spin B. For hyperpolarisation to take place, one of the mixing states
must include the singlet state ofp-H», for example, whenjSy i and jT.; i are mixed. As
proposed in the LAC theory and illustrated in Figure 2.11a, the energy levels foijSy i
and jT+; i intersect in the absence of a strong coupling between hydrides and target B
(Jag = Jaog =0). In contrast, when there is a strong coupling between hydrides and B,
the crossing is avoided andgSy i and jT+1 i mix (Figure 2.11b). As a result, thej i state

of the target nuclei B is overpopulated, leading to hyperpolarised signals.

The mixing of these states occurs at a speci ¢ magnetic eld, the polarisation transfer
eld, at which the LAC conditions are met. A LAC takes place when strong coupling
conditions are created by matching the di erence in resonating frequency between hydrides
and B ( ag) with the e ective scalar coupling of the system (Jesr ).2°7 The e ective
scalar coupling is a combination of theJ couplings of the system and may be estimated as
the largest scalar coupling’’ which is typically the scalar coupling between hydridesJaa o

(Equation 2.20). Whilst resonating frequencies vary with the applied magnetic eld, scalar
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Figure 2.11: Energy levels for three possible states in an AA'B spin system as a function of
magnetic eld with representing level crossing (a,Jag = Jas = 0) and level anti-crossing

conditions (b, Jag =1 Hz , Jag = 0). The subset of states depicted here can undergo
mixing at their corresponding LAC conditions, an example of which is shown as a circle in

b. Reproduced under a CC-BY license from Ref. [80].

couplings remain unchanged. This makes it possible to match the frequency dierence
between hydrides and target nuclei with the e ective scalar coupling by applying a selected

magnetic eld, Bpyk.

AB = Je  Jan (2.20)

For H experiments, Bptr may be calculated by converting the frequency di erence
into a chemical shift di erence, , as shown in Equation 2.21. In a typical SABRE
system using the pre-catalyst [IrCI(COD)(IMes)] and pyridine as a substrate, the optimum
polarisation transfer eld according to Equation 2.21is 6.5 mT. In contrast, polarisation
transfer to heteronuclei (Equation 2.22) typically requires lower magnetic elds (nT to T)
as the di erence in resonating frequencies between hydrides and the target heteronuclei is

considerably larger, stemming from the di erence in gyromagnetic ratios betweerH ( 1)
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and the heteronucleus, X (x ).

BPTF =2 JAA‘ (221)
H
J
Bprr =2 AAD (2.22)

One of the key factors controlling SABRE e ciency is thought to be the residence time

of the target molecule on the iridium complex!®® It is desirable to strike a balance be-
tween su cient residence time for polarisation build-up and minimising relaxation while
the molecule remains bound:>®160 This is directly in uenced by both p-H, and substrates
exchange rates’®1%® |n fact, an optimal substrate dissociation rate of 4.5s ! has been
theoretically proposed!®® and experimentally veri ed, 1°8 for e cient H hyperpolarisation.
The dissociation rate of substrates may be modi ed by changing the NHC and/or the tem-
perature of the experiment/6:158.159.161,162 55 wel| as by using an auxiliary co-substrate.
Steric hinderance has also been shown to have an impact on substrate dissociation raté%,
which in extreme cases might hinder hyperpolarisation altogether as stable complexes may
not form.13° Some strategies reported to achieve hyperpolarisation in sterically demand-
ing substrates include the use of bidentate ligands such as [Ir(COD)(Phox)]P§ (where
Phox: 2-(2-(diphenylphosphanyl)phenyl)-4,5- dihydrooxazole)t64 using asymmetric NHC
ligands,'®® and co-substrate$4?163.166

The higher sensitivity a orded by SABRE has been exploited in biomedical applications,
such as biochemical analysis in biological uids:” 16° protein-ligand binding studies,}”® and
preclinical metabolic imagingl’1172 as well as in reaction monitoring*>1”3 and low concen-
tration analysis of complex mixtures133174 The signal enhancement capabilities of SABRE
have also been exploited in benchtop NMR analysis to overcome the reduced sensitivity
produced by lower- eld spectrometers. SABRE-hyperpolarisedH, *3C, 13C{*H}, and °F
spectra have been acquired in a single-shot in benchtop NMR spectrometet$86.175178

For example, Richardsonet al. reported 17000-fold'H signal enhancements in a single-
shot experiment at 1 T, resulting in signal-to-noise ratio (SNR) values that would otherwise

require acquisition times of several hours, higher concentrations or isotopically labelling
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