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ARTICLE INFO ABSTRACT

Edited by Gareth Morris and David Neuhaus Benchtop NMR spectrometers, with moderate magnetic field strengths (B, = 1—2.4 T) and sub-ppm chemical
shift resolution, are an affordable and portable alternative to standard laboratory NMR (B, > 7 T). However, in

I;g:: l?trg;s):NMR moving to lower magnetic field instruments, sensitivity and chemical shift resolution are significantly reduced.
DNP The sensitivity limitation can be overcome by using hyperpolarisation to boost benchtop NMR signals by
PHIP orders of magnitude. Of the wide range of hyperpolarisation methods currently available, dynamic nuclear
SABRE polarisation (DNP), parahydrogen-induced polarisation (PHIP) and photochemically-induced dynamic nuclear
Photo-CIDNP polarisation (photo-CIDNP) have, to date, shown the most promise for integration with benchtop NMR for
analytical applications. In this review we provide a summary of the theory of each of these techniques and
discuss examples of how they have been integrated with benchtop NMR detection. Progress towards the use
of hyperpolarised benchtop NMR for analytical applications, ranging from reaction monitoring to probing

biomolecular interactions, is discussed, along with perspectives for the future.
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Fig. 1. Illustration of the relative dimensions of a range of NMR spectrometers (left
to right): 16.4 T (700 MHz), 7 T (300 MHz), and 1 T (43 MHz) benchtop.

1. Introduction

Nuclear Magnetic Resonance (NMR) spectroscopy is a powerful
analytical technique that is used throughout the chemical and physical
sciences to provide detailed and quantitative information about the
structure and dynamics of molecules. Modern NMR instrumentation
exploits superconducting magnet technology to achieve high magnetic
field strengths, with B, = 28 T (1.2 GHz) magnets now available [1].
High magnetic fields increase sensitivity and improve spectral resolu-
tion along the chemical shift axis. Chemical shift is defined in parts
per million (ppm) of the nuclear Larmor frequency, which is directly
proportional to B,. Therefore, peak separation in frequency units (Hz)
increases and chemical shift resolution improves as the strength of
the magnetic field increases. For example, high-resolution 'H NMR
spectra are typically characterised by peak linewidths of around 1 Hz,
which corresponds to a chemical shift resolution of less than 1 part
per billion (ppb) in a field of B, = 28 T (1.2 GHz) but only 23 ppb at
By = 1T (43 MHz). While high-resolution NMR spectrometers typically
use a standard sample size, a 5 mm diameter NMR tube containing
ca. 0.7 mL of solution, the physical size of the NMR magnet generally
increases with the strength of the magnetic field (Fig. 1). As a result,
high-field NMR spectrometers are expensive and are typically located
in dedicated facilities managed by expert technical staff. Furthermore,
most superconducting magnets also require regular input of liquid
helium, a limited resource whose cost has seen dramatic increases in
recent years [2].

NMR devices can be made smaller, cheaper and more portable
by replacing the large superconducting magnet with compact designs
based on permanent magnet arrays or electromagnets (Fig. 1) [3].
However, the magnetic field strengths that can be achieved using
these technologies are typically lower by an order of magnitude or
more when compared to superconducting magnets. Additionally, it is
challenging to achieve the desired level of magnetic field homogene-
ity across the standard sample volume in a compact and portable
instrument [4]. Therefore, NMR spectra acquired using compact NMR
instruments have lower signal-to-noise ratios (SNRs) and can be more
difficult to interpret, due to signal overlap and the effects of strong
scalar coupling, than those acquired using a high-field laboratory NMR
spectrometer. Furthermore, if a sufficient level of field homogeneity
cannot be achieved to resolve chemical shift differences, limited chem-
ical differentiation is possible within the NMR spectrum because only
a single response is observed for each NMR-active nuclear isotope (*H,
3¢, etc.), regardless of differences in chemical shift.

There is a long tradition, dating back to the very early years of
magnetic resonance, of using low-field, low-resolution NMR devices
for applications in, for example, the food and petrochemical industries
[5-8]. These so-called time-domain NMR devices provide no detailed
spectral information because they have insufficient magnetic field ho-
mogeneity. Instead, they are used to perform bulk measurements of
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properties such as NMR relaxation times and molecular self-diffusion
coefficients. These parameters report on molecular structure and dy-
namics and can be related to key macroscopic properties such as food
spoiling [9], or the fluid properties of an oil reservoir [10].

Over the last decade, there has been a renaissance in the area of
compact NMR with the introduction of commercial benchtop NMR
spectrometers operating at magnetic field strengths of 1-3 T (*H Larmor
frequencies of 43-125 MHz) with field homogeneities <10 ppb allowing
for peak linewidths <1 Hz [11-16]. These instruments are much more
cost-effective than high-field spectrometers, being both cheaper to buy
and having minimal maintenance costs, including no cryogen consump-
tion. Furthermore, they are typically very robust and do not require
routine expert technical maintenance and support. Benchtop NMR
spectrometers have been used for a range of applications, including
reaction monitoring inside a fume hood [17], detection of adulteration
of dietary supplements with pharmaceutical substances [18], and at-
line process monitoring and control in an industrial plant [19]. Whilst
benchtop NMR spectrometers are able to interrogate any NMR-active
nucleus, most applications target 'H or other highly abundant, high
receptivity nuclei (e.g., 19 [20,21], 31p[22-24]) for samples in the tens
to hundreds of millimolar concentration range.

A promising route for boosting the sensitivity of benchtop NMR is
through the use of hyperpolarisation. Hyperpolarisation is a general
term for a range of techniques that amplify NMR signals by creating
a large population imbalance across the nuclear spin states. The signal
in an NMR experiment arises from the Zeeman interaction between
an ensemble of nuclear spins and an external magnetic field. In the
presence of this field, a nucleus with spin quantum number I = %
(e.g., 'H, 3¢, '°F) populates either the spin-up (m; = +%, |a)) or
spin-down (m; —%, |B)) energy state (Fig. 2a). The difference in
population between these two states, the so-called polarisation (P),
gives rise to a net bulk magnetisation within the sample along the
direction of the external field. The maximum signal observed in an
NMR experiment is proportional to the size of the net magnetisation
and hence the polarisation. At thermal equilibrium, polarisation is
governed by Boltzmann statistics and is defined in Eq. (1), where y is
the gyromagnetic ratio (a property of the nucleus), B, is the strength
of the external magnetic field, T is the temperature, and kj is the
Boltzmann constant.
yByh  yByh
2sT  2kpT

P = tanh

@

The expression on the right-hand side of Eq. (1) corresponds to
the high-temperature approximation, which holds for all temperatures
above a few milliKelvin for nuclei. The temperature dependence of
polarisation in a field of B, = 1 T is shown in Fig. 2c for 'H (black)
and 13C (red) nuclei, with the thermal polarisation for an electron spin
(blue) shown for comparison. The differences between these curves
reflect the relative sizes of their gyromagnetic ratios (|y.-| > |yigl >
|}’]3cl).

As shown schematically in Fig. 2a, the difference in population at
thermal equilibrium at room temperature is very small (3.5 ppm T~! for
IH at 295 K). This is because the difference in energy between the two
nuclear spin states is small compared to the available thermal energy.
Under hyperpolarisation conditions, one of these states is overpopu-
lated, as shown schematically in Fig. 2b, generating polarisation levels
up to tens of percent. This gives rise to a larger net bulk magnetisation
and therefore an enhanced NMR signal. Since the level of polarisation
is very small at thermal equilibrium (tens of ppm), signal enhancements
of many orders of magnitude are possible.

A wide range of hyperpolarisation methods have been developed,
with the most widely used falling within one of the following broad
categories: brute force hyperpolarisation, dynamic nuclear polarisation
(DNP), spin-exchange optical pumping (SEOP), chemically-induced dy-
namic nuclear polarisation (CIDNP), and parahydrogen-induced polari-
sation (PHIP). These methods differ based on the source of polarisation
and the method and conditions of polarisation transfer [25].
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Fig. 2. (a) Schematic representation of the relative populations of the two nuclear spin

energy levels, spin-up (m; = +£, |@)) and spin-down (m, —%, 1g)), for an I = 1
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nucleus (e.g, 'H, 13C) at thermal equilibrium at room temperature. (b) Schematic
representation of hyperpolarisation, where the higher energy state (|f)) has been
overpopulated, giving rise to a larger population difference and therefore a higher
polarisation. (c) Thermal equilibrium spin polarisation percentage as a function of
temperature at B, = 1 T for an electron spin (blue), for 'H (black), and for '*C (red)
nuclei.

When evaluating a hyperpolarisation method for a potential appli-
cation, key factors to consider are the instrumentation requirements,
the level of polarisation enhancement that can be achieved, and the
range of species whose NMR signals can be enhanced. For analytical
applications, the ideal method would have limited instrumentation
requirements and deliver high levels of renewable polarisation for
all target nuclei in the sample. However, all hyperpolarisation meth-
ods present trade-offs between these aspects, and therefore have both
strengths and weaknesses depending on the desired application. For
combination with benchtop NMR spectroscopy, the instrumentation re-
quirements of the hyperpolarisation method are of particular relevance,
due to the desire to maintain the overall affordability and portability of
the technique. Another key consideration is the reproducibility of the
hyperpolarisation response and scope for quantification. Quantification
is a particular challenge, because unlike standard NMR, hyperpolarised
NMR signal amplitudes depend not only on the relative concentration
of a given analyte, but also on the efficiency of the hyperpolarisa-
tion process. For all methods, hyperpolarisation efficiency involves a
complex interplay between experimental and sample-specific factors.
Therefore a robust and quantitative interpretation of hyperpolarised
signals poses a significant challenge.

In this article, we focus in particular on the DNP, PHIP, and CIDNP
hyperpolarisation methods, which have to date shown the most promise
for integration with benchtop NMR spectroscopy for analytical applica-
tions. We provide a general theoretical background for each technique,
and describe how they have been integrated with benchtop NMR spec-
troscopy. Progress towards analytical applications of hyperpolarised
benchtop NMR spectroscopy is discussed, along with perspectives for
the future.
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2. Dynamic nuclear polarisation (DNP)

DNP, first proposed by Overhauser in 1953 [26], uses unpaired
electrons as the source of polarisation. Overhauser theorised that if
the electron paramagnetic resonance (EPR) of the conduction electrons
in a metal were saturated, then cross-relaxation from the electrons to
the nuclei in the metal would lead to a build-up of enhanced nuclear
polarisation, with a limiting enhancement factor equal to the ratio of
the electron and nuclear gyromagnetic ratios [27]. A very interesting
account of this remarkable prediction and how it came to be published
can be found in Overhauser’s memoir in eMagRes published in 2007
[26]. Overhauser’s prediction was verified experimentally later the
same year by Carver and Slichter, who observed significant increases
in the 7Li NMR signal for a sample of lithium metal dispersed in oil
following saturation of the EPR line of the conduction electrons [28].
Whilst in this first demonstration of DNP the conduction electrons in a
metal were used as the source of polarisation, in the majority of DNP ex-
periments a source of unpaired electrons, such as paramagnetic ions or
a stable free radical, is added to the sample to enable hyperpolarisation.

Early applications of DNP included '3C NMR of solids such as coal
and diamond [29]. However, these experiments were largely limited to
relatively low magnetic fields (<1.4 T) due to microwave instrumenta-
tion limitations. This challenge was overcome by Griffin and co-workers
in the 1990s, who introduced the gyrotron as a means of generating
high-powered microwaves in the hundreds of gigahertz frequency range
to achieve EPR saturation inside a standard high-field NMR spectrom-
eter (B, > 4.7 T) [30]. This was combined with cryogenic magic angle
spinning (MAS) at temperatures <100 K to achieve NMR signal en-
hancements of up to 100-fold on biomolecules in frozen solution [31].
Despite significant instrumentation and operational costs, the MAS-DNP
approach has developed into a powerful analytical tool for the study of
proteins in the solid state, particularly membrane proteins and amyloid
fibrils [32,33], and in the field of materials science for the study of
polymers, porous materials, nanoparticles, and pharmaceuticals [34,
35].

DNP can also be used to enhance NMR signals in the liquid state,
as first demonstrated by Bennett and Torrey in 1957 [36]. In liquids,
the dominant mechanism of polarisation transfer is the Overhauser
effect and so liquid-state DNP is commonly known as Overhauser DNP
(ODNP). ODNP enhancement factors are highly dependent on local
molecular dynamics, making it a unique tool for the study of molecular
motion in the hydration shell of biomolecules [37].

In 2003, Ardenkjaer-Larsen and co-workers proposed dissolution
DNP (dDNP), a novel approach that combines the high electron po-
larisation levels and efficient polarisation transfer at cryogenic tem-
peratures with the chemical shift resolution and potential clinical ap-
plications associated with room-temperature NMR and magnetic reso-
nance imaging (MRI) [38]. Similar to MAS DNP, dissolution DNP has
significant instrumentation and operational costs. Nevertheless it has
many interesting applications, such as the production of hyperpolarised
contrast agents for metabolic 1°C MRI for use in diagnosis and moni-
toring treatment response [39-42]. In addition, dDNP has shown great
promise for mixture analysis in fields such as metabolomics, due to
the high levels of !3C polarisation that can be achieved for samples
at natural isotopic abundance and the diversity of molecules that can
be efficiently enhanced [43,44].

Benchtop NMR spectroscopy is predominantly performed on liquid-
state samples. Therefore, in the following sections we focus on ODNP
and dDNP, where detection of the hyperpolarised NMR signal is achieved
in solution.

2.1. Overhauser dynamic nuclear polarisation (ODNP)
2.1.1. Background theory of ODNP

DNP via the Overhauser effect can be understood by considering
the energy level diagram and associated transition probabilities, shown
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gyromagnetic ratio and so its lowest energy state is the spin-down (mg = —%) state,

whilst for the nucleus it is spin-up (m; = +%).

in Fig. 3, for an isolated electron-nucleus spin system coupled via a
hyperfine interaction, where the nucleus has spin I = % and a positive
gyromagnetic ratio (e.g., 'H, 13C).

The transition probabilities define the rate at which the populations
of the different energy levels come to equilibrium with one another
within this isolated spin system. Following Solomon [45], and using
1w wy®),
of change of the nuclear magnetisation, M :f , is given by Eq. (2), where
M 2{,0 and M 20 the thermal equilibrium magnetisations for the nuclear
and electron spins, respectively.

dM()
Tdr

the transition probabilities in Fig. 3 (wés LW the time rate

(pr + Ry gid(ML(6) = ML)

s s
= ops(MZ(0) = MZ,) )
pr= wés +2w{ + wés
— IS 1S
Ors = W,” —w,

The first term on the right-hand-side in Eq. (2) corresponds to
the longitudinal nuclear spin relaxation. The longitudinal nuclear re-
laxation rate has two contributions: p, and R, ,;,. p; is the rate of
relaxation due to the electron-nuclear interaction and is defined in
terms of the transition probabilities illustrated in Fig. 3. Ry 4;,, includes
all other contributions to the nuclear relaxation rate and accounts for
the relaxation of the nuclei in the sample that are not in direct contact
with the unpaired electron and therefore do not experience a hyperfine
interaction. The second term in Eq. (2) corresponds to the cross-
relaxation between the electron and nuclear spins, where o¢;g is the
cross-relaxation rate. During an ODNP experiment, microwave (MW)
irradiation is applied at the EPR frequency to saturate the electron
spins. In the case of complete saturation, this equalises the electron
spin populations and reduces the electron magnetisation to zero. More
generally, we define a steady-state electron magnetisation, MY, that

2,88°
is established under continuous MW irradiation. Under steady-state

- dm!
conditions, where -
. I
magnetisation, MZ, s
ors (
P+ Ry gia

= 0, we can express the steady-state nuclear
as a function of Mfss (Eq. (3)).

I _ 1 S S
Mz,SS - Mz,O - Mz,SS - Mz,O) (3)
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Eq. (3) can be re-written to describe the ODNP enhancement factor,
€, as a function of a coupling factor (¢), a leakage factor (f), and a
saturation factor (s) (Eq. (4)).
M@
ZI( :1—'ffs—| ’s |
20 Yr

4

€=

The final factor in Eq. (4) corresponds to the ratio of the equilibrium
electron and nuclear polarisation (Eq. (5)).

MS
2,0 [7s |
=— (5)
1
Mz,O Yr

For 'H nuclei, this factor is approximately 658 and represents
the maximum theoretical ODNP enhancement. In principle, any NMR-
active nucleus can be enhanced by ODNP, as long as it experiences
a suitable coupling to the electron spin. Indeed, due to their lower
gyromagnetic ratio, nuclei other than 'H have a larger maximum ODNP
enhancement factor and thus greater hyperpolarisation potential. The
extent to which this maximum enhancement factor can be achieved
depends on the other three parameters in Eq. (4). The saturation factor,
s, quantifies the extent of saturation of the electron transition during
MW irradiation (Eq. (6)).

(M zS,o - M f,ss)

(6)
Mio

N
The saturation factor will approach unity if there is sufficient MW
power to overcome the electron relaxation rates and achieve a steady-
state electron polarisation of zero. Therefore, paramagnetic species
with a narrow EPR line (long transverse electron relaxation time, 75,)
and long electron longitudinal relaxation time, 7),, are desirable for
achieving optimal ODNP enhancements with minimum MW power.
Minimising the required MW power is desirable from an instrumental
perspective and reduces the extent of sample heating, which can be a
significant challenge for ODNP in the case of samples with strong MW
absorption (e.g., aqueous solutions).

The leakage factor, f, is the fraction of the total nuclear relaxation
rate that is due to the paramagnetic interaction (Eq. (7)). This can be
calculated from measurements of the nuclear longitudinal relaxation

rate of the sample in the presence (R, = p, + R, 4,) and absence
(Ry = Ry 4;,) of the paramagnetic species.
Ry 4i
fo— Py Tldia ™
P1+ Ry gig P1+ Ry gig
As the contribution to the nuclear relaxation rate from

non-paramagnetic sources becomes insignificant compared to the para-
magnetic relaxation contribution, f approaches unity. This is optimal
because the paramagnetic interaction drives the desired polarisation
transfer mechanism, and so any significant source of non-paramagnetic
nuclear relaxation reduces the build-up of nuclear polarisation and lim-
its the enhancement factor. The paramagnetic component of relaxation
rate, p;, has been shown to increase linearly with concentration of
the paramagnetic species, as this increases the interactions between
the unpaired electrons and nuclei in the sample [46]. A leakage factor
approaching unity can be achieved by increasing the concentration of
the paramagnetic species. However, this reduces the nuclear transverse
relaxation time, 7,, and causes line broadening. Therefore, in practice
there exists an upper limit to the concentration of paramagnetic species
that can be added to the sample while maintaining sufficient spectral
resolution.

The coupling factor, &, is defined as the ratio between the cross-
relaxation rate and the rate of paramagnetic relaxation of the nucleus
(Eq. (8)).

Ors wés - w(l)s
gzﬂ_:wls+2wl+w15 ®
I 0 1 2
¢ is dependent on the relative size of the zero-quantum (wés ), single-

quantum (wf ), and double-quantum (wés ) transition probabilities. To
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Fig. 4. Coupling factor (¢) as a function of magnetic field strength for pure dipolar
coupling modulated by rotational diffusion (solid black line), translational diffusion
(dashed black line), pure scalar coupling (blue dashed line), and scalar coupling with
1% contribution from dipolar nuclear relaxation (blue solid line) calculated according
to the formalism from Ref. [48]. Dipolar coupling factors were calculated using the
relevant equations from Ref. [47] with a correlation time of z = 25 ps.

maximise the coupling factor, cross-relaxation between the electron and
nuclear spins, which acts to increase the nuclear polarisation, must be
more efficient than the nuclear relaxation, which acts to return the
nuclear polarisation to equilibrium.

For relaxation to occur between two spin states it is necessary to
have a coupling term that connects the two states, and the strength of
this coupling must be modulated at the transition frequency between
the states. Therefore, the relative size of the transition probabilities, and
hence ¢, will depend on the coupling mechanism, the relative strength
of the coupling between the different states and the frequency of
modulation. The strength of the magnetic field, B, also contributes as
this determines the transition frequency between the spin states. In the
liquid state, coupling between the unpaired electron and target nuclei
can occur through space (via dipolar coupling) or through a scalar
coupling interaction between the nuclei and the unpaired electron
spins.

Dipolar coupling drives zero-, single- and double-quantum transi-
tions (Fig. 3) and is dependent on both the relative orientation of
the axis between the coupled spins and the magnetic field, B,, and
the distance between the coupled spins. Therefore, the strength of
the intermolecular dipolar interaction in liquids is modulated by both
rotational and translational diffusion, with the frequency of modulation
determined by the correlation times (z) for these diffusion processes.
At low magnetic field strengths, the inverses of typical liquid-state
correlation times (i.e., the rates of molecular rotation and translational
diffusion) are much greater than the Larmor frequencies of both the
electron and nuclear spins (z~! > wg > ;). In this case, the coupling
factor tends to a maximum value of ¢ = 0.5. However, as B, increases,
the system enters a regime where the electron Larmor frequency is
larger than the inverse of the correlation time (wg > 77!'). In this
regime, the single-quantum transition probabilities increase such that
nuclear relaxation dominates over cross-relaxation and & tends to zero
[47]. This is illustrated by the magnetic field dependence of the dipolar
coupling factor presented in Fig. 4 for pure rotational diffusion (solid
black line) and pure translational diffusion (dashed black line) with
7 =25 ps.

Scalar coupling between an unpaired electron and a nucleus, also
known as the Fermi contact interaction, arises from electron density
in s-orbitals at the nucleus. Therefore, it only occurs for nuclei on the
molecule bearing the unpaired electron, or if the molecule containing
the target nucleus binds to the paramagnetic species. Scalar coupling
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between an unpaired electron and target nuclei gives rise to relaxation
if the coupling is modulated either by chemical exchange (scalar relax-
ation of the first kind), or by rapid relaxation of one of the spins (scalar
relaxation of the second kind). Unlike dipolar coupling, scalar coupling
only drives zero-quantum transitions. Therefore it only contributes to
the zero-quantum transition probability, w(’)S . According to Eq. (8), this
means that the coupling factor for pure scalar relaxation is ¢ = —1 (blue
dashed line in Fig. 4). However, it is necessary to consider the relative
contribution of other relaxation mechanisms (e.g., dipolar relaxation)
to the transition probabilities in order to correctly predict the observed
enhancement factor as a function of magnetic field. The field depen-
dence of the scalar coupling factor, calculated with a 1% contribution
from dipolar relaxation following the formalism of Loening et al. [48],
for a correlation time of r = 25 ps is presented in Fig. 4 (blue solid
line). As with the case of pure dipolar coupling, the scalar coupling
factor tends to zero at high magnetic field strengths. However, as
illustrated by the solid blue line in Fig. 4, the reduction in the coupling
factor is due to relaxation from other sources (e.g., dipolar coupling).
Therefore, for polarisation agents that interact with the target nuclei
via the scalar coupling mechanism, non-zero ODNP enhancements can
still be observed at the higher magnetic field strengths of standard NMR
spectrometers if other sources of relaxation can be minimised [48].

Whilst endogenous paramagnetic species can be used for ODNP, in
the majority of experiments a polarising agent is added to the sample,
in the form of paramagnetic metal ions or a stable organic radical. Ni-
troxide radicals such as TEMPO (2,2,6,6-tetramethylpiperidin-1-oxyl),
TEMPOL and TEMPONE (4-hydroxy- and 4-oxo-TEMPO, respectively)
have been widely studied for use in ODNP because they are stable, have
relatively narrow EPR lines, and are biocompatible [49]. Nitroxide rad-
icals have been found to have a negligible scalar relaxation contribution
for 'H hyperpolarisation, meaning their coupling factors are dominated
by dipolar relaxation with a maximum value of £ = 0.5 in relatively low
magnetic fields (B, < 1 T) [46,49,50]. However, it should be noted that
this is not always the case for ODNP of other nuclei. For example, Kiiciik
et al. found a significant scalar coupling contribution to the coupling
factor for '3C in the methyl group of acetone, where TEMPOL was used
as the stable free radical [50].

2.1.2. Integration of ODNP with benchtop NMR detection

The first compact ODNP-enhanced NMR systems were introduced
by Armstrong et al. [51] and Miinnemann et al. [52] in 2008. In both
cases, a permanent magnet array with a field of B, = 0.3-0.35 T
was chosen as this corresponds to an EPR frequency in the X-band
(8-12 GHz), where microwave instrumentation is readily available,
and the dipolar coupling factor is expected to be close to ¢ = 0.5
for typical correlation times in liquid-state NMR samples (Fig. 4).
Armstrong et al. demonstrated a maximum 'H enhancement factor of
—130 for an aqueous solution of 15N-substituted TEMPONE [51], whilst
Miinnemann et al. measured a maximum enhancement factor of —50
for a solution of a nitroxide spin labelled cationic polyelectrolyte in
55:45 (vol %) glycerol-water [52]. Whilst these enhancement factors
show promise, the NMR detection fields used in these instruments were
of insufficient homogeneity to provide any chemical shift resolution,
limiting spectroscopic applications. More recently, Uberriick et al. pre-
sented an X-band ODNP system that includes a 0.34 T NMR magnet that
can achieve a linewidth on the order of 3 ppm using passive shimming
[53]. Whilst maximum ODNP enhancements for water of —140, com-
parable to that of Armstrong et al., are reported, the maximum ODNP
enhancements for the 'H chemical shift resolved spectrum of acetic
acid were —12 and —35 for the methyl and carboxylic acid resonances,
respectively [53]. Similarly, Keller et al. have presented a 0.35 T ODNP
instrument that incorporates electronic shimming to achieve linewidths
of <1 ppm. Enhancement factors on the order of —30 were observed for
a wide range of chemical systems [54]. While the absolute linewidths
of 0.66 Hz achieved by Keller et al. are similar to those in commercial
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benchtop NMR spectrometers, the resolution on the ppm scale is limited
at 0.35 T by the 'H Larmor frequency (15 MHz).

Lee and co-workers have demonstrated ODNP on a 1.4 T (60 MHz)
benchtop NMR spectrometer [55]. However, these experiments were
limited by the lack of chemical shift resolution due to the inhomo-
geneity of the detection field and the very high levels of radical
concentration (500 mM TEMPOL) that were required to observe a
maximum enhancement factor of —40 for water [55]. Significant ODNP
enhancements on the order of —20 have been reported in magnetic
fields up to 9.2 T for aqueous solutions of nitroxide radicals in the
tens of mM concentration regime, despite many theoretical models
predicting negligible enhancements in this regime [56]. Therefore effi-
cient in situ ODNP in the 1-2 T field strengths of commercial benchtop
NMR spectrometers should be achievable. However, a key challenge
of performing liquid-state ODNP at 1-2 T magnetic field strengths is
the significant dielectric sample heating during Q-band MW irradia-
tion, particularly for strongly absorbing aqueous samples. Effectively
limiting and/or dissipating this heat deposition is critical, in particular
for permanent-magnet-based benchtop NMR spectrometers whose field
homogeneity and hence spectral resolution are highly sensitive to
temperature gradients. Interestingly, in the experiments of Lee et al.
[55], the increase in sample temperature under MW irradiation was
found to increase the observed ODNP factor. This was attributed to
an increase in the rate of molecular motion leading to a higher ODNP
coupling factor.

Another example of ODNP in the field range of benchtop NMR spec-
trometers was recently presented by Reinhard et al., who performed
their experiments using a hybrid EPR/NMR system operating at 1.2 T
with limited MW power to prevent extreme sample heating [57]. 3'P
ODNP enhancements of +360 were observed for triphyenylphosphine in
benzene [57]. This large enhancement corresponds to a negative cou-
pling factor ¢ = —0.312, which is indicative of polarisation transfer via
scalar coupling. The authors attribute the presence of a strong hyperfine
interaction in this case to the formation of a weak complex between
the phosphine and the aromatic radical via non-covalent interactions.
While this interaction was found to be particular to this chemical sys-
tem, these results demonstrate that large ODNP enhancements can, in
favourable cases, be obtained in the typical field strengths of benchtop
NMR spectrometers.

A flow approach to combining ODNP with benchtop NMR spec-
troscopy was demonstrated by Kircher et al. in 2021 [58]. In this work,
ODNP transfer was carried out at 0.35 T followed by enhanced signal
detection in a commercial 1 T (43 MHz) benchtop NMR spectrometer.
This was achieved by continuously flowing the sample, first through
a 0.35 T magnet under MW irradiation, and then through the 1 T
benchtop NMR spectrometer for signal detection (Fig. 5) [58]. A key
to the success of this experiment was the use of an immobilised radical
matrix as the source of unpaired electrons [59-61]. The radical matrix
was fixed within the 0.35 T magnet, such that the nuclear relaxation
enhancement caused by electron—nuclear interactions was only experi-
enced by the sample within the ODNP polariser, where it helps to drive
polarisation transfer, and not during transport to the NMR detector.
This work builds on the solid-liquid intermolecular transfer method
introduced by Dorn and co-workers in the late 1980s, where ODNP at
0.33 T was coupled with high-field (4.7 T, 200 MHz) NMR detection
[62-64]. Using the experimental setup in Fig. 5, Kircher et al. report
enhancements on the order of —40 for water and acetonitrile in an
equimolar mixture at a continuous flow rate of up to 2 mL min~! [58].
While this paper focuses solely on 'H detection, the authors highlight
that it is expected that this flow-based ODNP approach should also be
highly effective for polarising other less sensitive nuclei, such as 13C
and 3'P. Indeed, observed hyperpolarisation levels would be expected
to be higher in many cases due to the longer relaxation times (and
hence hyperpolarisation lifetimes) of low-gyromagnetic ratio nuclei
when compared to 'H, leading to reduced loss of hyperpolarisation
during transport between the ODNP polariser and the NMR detector. A
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Fig. 5. Experimental setup of Keller et al. for ODNP-enhanced continuous-flow 1 T
benchtop NMR spectroscopy using an immobilised radical matrix within a Halbach
magnetic array (0.34 T). Reprinted with permission from R. Kircher, H. Hasse,
K. Miinnemann, Analytical Chemistry 93 (25) (2021) 8897-8905. Copyright 2021
American Chemical Society.

particular advantage of this approach is that it combines the efficiency
of ODNP at 0.33 T with the spectral resolution provided by the 1 T
benchtop NMR spectrometer.

ODNP has many potential advantages for integration with benchtop
NMR spectroscopy, using either the in situ or flow-based approaches
discussed above. These include the ability to hyperpolarise differ-
ent nuclear isotopes in a wide range of molecules, and the relative
simplicity and affordability of the instrumentation, which does not
require cryogens or strong magnetic fields. However, one disadvantage
is the limit on the enhancement factor imposed by the nature of
the Overhauser effect in liquids (Eq. (4)), particularly for 1H, which
has a high gyromagnetic ratio and relatively short hyperpolarisation
lifetimes. In order to significantly increase the enhancement factor,
DNP needs to take place at higher fields and/or lower temperatures,
where electron polarisation is higher, and/or under conditions of more
efficient polarisation transfer throughout the sample.

2.2. Dissolution dynamic nuclear polarisation (dDNP)

2.2.1. Background theory of dDNP

Dissolution DNP provides a route to much higher enhancement
factors than ODNP, whilst maintaining liquid-state NMR detection [38].
In dDNP, polarisation transfer takes place at cryogenic temperatures
(1.2 < T < 4.2 K) in a strong magnetic field (3.35 < B, < 10 T), prior to
rapid dissolution for detection in the liquid state. The instrumentation
required to perform dDNP is illustrated schematically in Fig. 6.

Dissolution DNP has two key advantages in terms of the level of
achievable nuclear hyperpolarisation. Firstly, under cryogenic condi-
tions in a strong magnetic field, the electron polarisation approaches
unity (Fig. 2). Secondly, spin diffusion (i.e., the transfer of polarisation
between nuclear spins mediated by dipole-dipole coupling) [65], pro-
vides a mechanism for efficient transport of hyperpolarisation from the
source (the region immediately surrounding the paramagnetic species
where nuclear relaxation times are very short), to the bulk of the sam-
ple (where nuclear relaxation times are much longer) [66]. This enables
significant build-up of nuclear hyperpolarisation on the timescale of T;.

In the original experiments of Ardenkjaer-Larsen and co-workers,
42% 13C polarisation of urea in the solid state was obtained with a
build-up time constant of 4900 s (82 min), where the 13C hyperpolar-
isation lifetime at 1.2 K was measured to be 28,200 s (470 min) [38].
The polarisation build-up time can be reduced to tens of minutes by
first transferring polarisation to 'H, which typically has much shorter
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Fig. 6. Schematic of the instrumentation required to carry out a dissolution DNP
experiment. The DNP polariser contains a strong magnet, typically a superconducting
magnet with a field in the range 3.35 < B, < 10 T, a cryostat operating within the
range 1.2 < T < 42 K, a source of MW irradiation, a source of hot solvent for the
dissolution step, and a mechanism for rapid sample transfer to the NMR spectrometer
for detection.
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Ty, and then transferring this to '3C via cross-polarisation [67,68].
Following rapid dissolution and transfer to the NMR spectrometer,
dDNP can deliver signal enhancements of >10,000-fold, a dramatic
improvement over ODNP [38]. However, the necessary freezing of the
sample to build up hyperpolarisation, then followed by dissolution with
hot solvent for liquid-state NMR detection, means that, in practice,
a single sample is only hyperpolarised once. This is a limitation in
the context of analytical applications because the sample can only
be analysed over the relatively limited period (typically tens of sec-
onds) of the hyperpolarisation lifetime in solution. Furthermore, the
cost of the dDNP instrumentation is very large compared to that of
a benchtop NMR spectrometer. Nevertheless, the very high levels of
signal enhancement that can be achieved, and the broad range of
chemical species that can, in principle, be hyperpolarised, make dDNP
an important technology to consider in the context of hyperpolarised
benchtop NMR spectroscopy.

A well-executed dDNP experiment requires optimisation of several
different elements, from sample composition to instrumental setup.
In the following, we provide a short summary of some of the key
elements of dDNP. A comprehensive guide outlining practical aspects
for execution of dDNP experiments can be found in the review by Elliott
et al. [69]

The first step of a dADNP experiment is to homogeneously freeze
the sample, doped with an optimal concentration of the paramagnetic
DNP agent (typically on the order of 10-50 mM), into a glassy matrix.
To achieve this, the sample of interest (i.e., the target molecule or
mixture of molecules) is first dissolved in solvent, often a mixture
of D,O and H,O, along with a glassing agent such as glycerol or
dimethylsulfoxide (DMSO), and the paramagnetic DNP agent. The DNP
agent is typically either a nitroxide radical such as TEMPOL [70], or an
aromatic radical such as trityl [71]. Next, the sample is rapidly frozen
to cryogenic temperatures (1.2 < T < 4.2 K) by inserting it into a
reservoir of liquid helium within the DNP polariser. This reservoir sits
within a superconducting magnet, which provides a strong magnetic
field (3.35 < By < 10 T). Once frozen, the electron spins within the
DNP polarising agent come to rapid thermal equilibrium to produce an
electron spin polarisation approaching unity, according to Eq. (1).

The next step of the dDNP experiment is polarisation transfer to
the target nuclei. This is achieved by irradiating at or near the EPR
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frequency of the free radical. A number of polarisation transfer mecha-
nisms have been identified and studied in the solid state in the context
of MAS-DNP and dDNP. These include the Overhauser effect (OE)
[28,72], the solid effect (SE) [73,74], the cross effect (CE), and thermal
mixing (TM) mechanisms [75-79]. In insulating solids, polarisation
transfer by the OE has only been observed for a limited range of
radicals and is typically less efficient than the SE; however, it has been
found to have more favourable scaling properties with magnetic field
compared to SE and CE, and is therefore of interest for ultra-high-
field DNP applications [80,81]. The CE and TM mechanisms require a
coupled three-spin system involving two electrons and a nucleus, where
the frequency difference between the two electron spins matches the
Larmor frequency of the nuclear spin [79]. A wide range of biradicals
that exploit the CE have been designed to provide efficient hyperpolar-
isation in high-field MAS-DNP experiments [82,83]. Dissolution DNP,
however, is typically achieved using a disperse monoradical, where
polarisation transfer is dominated by the SE [69].

The solid effect can be understood with reference to the energy
level diagram in Fig. 7, which presents the same hyperfine-coupled
electron—nuclear spin system as in Fig. 3. The grey circles represent
the relative populations of each of the energy levels. For the purpose
of this discussion, we assume that at thermal equilibrium within the
DNP polariser the electron spin is fully polarised in its lower energy
state, |#), and the nuclear spins are roughly evenly populated across
their two spin states (i.e., there is negligible nuclear polarisation).
During polarisation transfer, the system is irradiated at a microwave
frequency equal to either the sum (wpy = wg + ;) of or difference
(wzg = wg —w;) between the electron and nuclear Larmor frequencies,
to excite either the double-quantum (DQ) (Fig. 7a, centre) or zero-
quantum (ZQ) (Fig. 7b, centre) transition, respectively. By saturating
one of these transitions, the populations of the connected states are
equalised. Subsequent rapid relaxation to the lower energy |f) state for
the electron spin gives rise to overpopulation of the |#) and |«) states of
the nuclear spin, for the cases of DQ and ZQ irradiation, respectively.
This produces negative NMR signal enhancement for DQ irradiation,
and positive NMR signal enhancement for ZQ irradiation.

The SE involves the excitation of forbidden two-spin DQ or ZQ
transitions. Narrow-line radicals, where the DQ and ZQ transitions
are well separated, and strong microwave irradiation (25-125 mW)
are therefore required for efficient polarisation transfer. An ability to
modulate the frequency and bandwidth of the MW irradiation can
further boost efficiency, reduce build-up times and reduce the required
concentration of radical [69].

Following the generation of nuclear spin polarisation in the solid
state, the sample is dissolved rapidly by injection of hot solvent and
then transported to the NMR spectrometer for detection. The sample
can either be transported manually, or under pneumatically-driven
flow. The latter automated procedure is beneficial as it reduces trans-
port times and increases repeatability [84]. A key consideration during
sample transfer is the loss of polarisation due to relaxation in the
liquid state, the rate of which is field-dependent. If the radical is not
filtered or neutralised prior to transfer, paramagnetic relaxation of the
hyperpolarised nuclei will cause extensive polarisation loss. To limit the
effects of paramagnetic relaxation, the sample must not be exposed to
very weak magnetic fields or regions of zero field during transport. This
can be achieved through the use of a magnetic tunnel that maintains
a magnetic field of at least a few millitesla along the entirety of the
transfer path [84].

2.2.2. Integration of dDNP with benchtop NMR detection

In principle, the same DNP polariser can be used for dDNP regard-
less of the NMR spectrometer used for detection. All that is required is a
means of transporting the sample to the NMR spectrometer. Therefore,
while the instrumentation costs are significant for dDNP, these are
centred on the DNP polariser and not the interface with the NMR
detector.
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Fig. 7. Schematic representation of polarisation transfer via the Solid Effect (SE) using (a) DQ irradiation and (b) ZQ irradiation. The spin system consists of a hyperfine-coupled
electron (S) and nucleus (I), where the nucleus has spin I = % and a positive gyromagnetic ratio (e.g., "H or '*C). The kets, |mg,m,), describe each state, where a is m = +% and

pism= —%. The electron spin has a negative gyromagnetic ratio and so its lowest energy state is the spin-down (mg = —%) state, while for the nucleus it is spin-up (m; = +%).
Microwave irradiation frequencies are given by w,, = g +®; and w,, = o5 —®; and R,y is the rate of electron spin relaxation.

The first use of dDNP with benchtop NMR detection was for reaction
monitoring, by Tee and co-workers in 2016 [85]. In this work, hyperpo-
larised [1-13C]pyruvate was produced by a commercial DNP polariser
(SPINlab™ GE) and added to a solution containing lactate dehydro-
genase. Here, sample dissolution and transfer to the benchtop NMR
spectrometer were achieved in approximately 20 s. During transfer,
the sample was exposed to the field of a permanent magnet to min-
imise paramagnetic relaxation loss. The conversion to [1-13C]lactate
was monitored and the associated enzyme kinetics were quantified
(Fig. 8). The same chemical transformation was monitored in vitro
using prostate cancer cells doped with hyperpolarised [1-!3C]pyruvate.
The authors highlighted several advantages of using benchtop NMR
detection instead of a standard high-field NMR spectrometer for this
work. Firstly, the increase in hyperpolarisation lifetime in the 1 T
field of the benchtop NMR spectrometer facilitates the monitoring of
a hyperpolarised metabolite through a multi-enzyme cascade following
a single dissolution step. Secondly, the portability and compact size
of the benchtop NMR spectrometer allow it to be positioned in close
proximity to the DNP polariser, reducing sample transfer times and
thus increasing the time period over which reactivity can be monitored.
Thirdly, the integration of the perfusion and gaseous exchange plat-
forms that are required to perform live cell studies is arguably easier
with a benchtop NMR spectrometer than with a much more expensive
and sensitive high-field NMR spectrometer [85].

Another benefit of combining dDNP with a benchtop NMR spec-
trometer is that they typically operate at clinically relevant magnetic
field strengths (ca. 1.5 T), enabling direct investigation and optimisa-
tion of the behaviour of dDNP-enhanced molecules for clinical imaging
applications. Jannin and co-workers have employed 1.9 T benchtop
NMR detection to optimise dDNP dissolution and transfer steps for
the efficient '3C hyperpolarisation of polymers [86], to extend the
hyperpolarisation lifetime of biologically interesting molecules [87],
and to propose more efficient 'H to '3C polarisation transfer schemes
[68,88]. Similarly, dDNP in combination with benchtop NMR was
used recently to optimise SN hyperpolarisation conditions for [1-
15N]nicotinamide-based metabolic imaging tracers in a biocompatible
environment [89].

3. Parahydrogen-induced polarisation (PHIP)
3.1. Background theory of parahydrogen hyperpolarisation

Parahydrogen-induced polarisation (PHIP) was first predicted theo-
retically and demonstrated experimentally by Bowers and Weitekamp
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Fig. 8. A) Low-field (1 T) ®C NMR spectra showing the conversion of dDNP-
hyperpolarised [1-'*C]pyruvate to [1-'*C]lactate mediated by lactate dehydrogenase
(LDH). B) Data fitted to model to obtain flux rate, kp . C) Kinetics of LDH obtained by
repeating the NMR experiment for different [1-'*C]pyruvate concentrations, to obtain
a K, value in agreement with literature values. Reprinted with permission under a
CC-BY licence from Ref. [85].

in 1986 and 1987 [90,91], with concurrent, independent observations
of the same phenomenon by Eisenberg and co-workers [92,93]. PHIP
uses the nuclear singlet isomer of molecular hydrogen, parahydrogen
(pH,), as the source of hyperpolarisation. In itself, pH, has no net angu-
lar momentum (Z,,,,; = 0), and is therefore NMR silent. However, once
the symmetry of pH, is broken in a chemical reaction, the singlet state
can evolve into observable magnetisation such that the pH,-derived
'H nuclei in the product molecule(s) exhibit highly enhanced NMR
signals [94]. The PHIP methodology has been used for mechanistic
studies of hydrogenation reactions [95], and has been explored for
the production of hyperpolarised contrast agents for in vivo MRI [96—
102]. In 2009, Duckett and co-workers introduced a non-hydrogenative
version of PHIP, signal amplification by reversible exchange (SABRE)
[103], whereby a transition metal (typically iridium) complex is used
to catalytically transfer nuclear spin order from pH, to a target an-
alyte in free solution by means of a reversible exchange reaction.
A key advantage of the SABRE approach compared to the original,
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Fig. 9. Schematic energy level diagram for the nuclear spin states of H, in the presence
of a magnetic field, where |T,,), |T,;) and |T_,) represent the triplet states and |.S,) the
singlet state, as defined in Eq. (10). Note: the energy gaps are not drawn to scale.

hydrogenative PHIP method is that the chemical identity of the target
analyte is unchanged by the exchange reaction. Consequently, the same
sample can be repeatedly repolarised as long as fresh pH, is supplied.
Parahydrogen-based methods do not require a strong magnetic field
to achieve high levels of hyperpolarisation. Therefore they are very
attractive for use with low-field, portable NMR detectors.

The dihydrogen molecule, H,, exists in two isomeric forms that
differ in their nuclear spin arrangements. These nuclear spin isomers,
orthohydrogen (oH,) and parahydrogen (pH,), arise from the require-
ment for the total wavefunction of H, to be anti-symmetric with respect
to particle exchange [104]. The total wavefunction for dihydrogen can
be represented as the dot product of the individual wavefunctions for
translational (yy), rotational (wg), vibrational (y ), electronic (y)
and nuclear spin (y ) degrees of freedom (Eq. (9)).

Y=y Yr Wy Vg Wy (€)

vr, ¥y, and yp are symmetric with respect to particle exchange,
so the dot product yy - wy must be anti-symmetric to fulfil Pauli’s
exclusion principle [105]. Hence, ywy and y, are strictly correlated:
symmetric rotational states must combine with anti-symmetric nuclear
spin states, and vice versa.

Dihydrogen possesses two magnetically equivalent I = X nuclei that
combine to form four nuclear spin states under their mutual scalar cou-
pling (Eq. (10)), where |¢) and |#) correspond to the m = +% and m =
—% states of the individual nuclei, respectively. Therefore the molecule
forms an A, spin system according to Pople notation. [106,107]

IT1) = |aa)

ITy) = éuam +1pa))

(10)
IT_) = 188)

1S0) = %(Iam— |pac))

IT,,), |Ty) and |T_;) form the symmetric triplet state of oH,, whilst
|.Sy) is the antisymmetric singlet state of pH,. The correlation between
yr and yy means that all pH, molecules are described by symmetric
rotational states (J = 0, 2, 4, etc.), whilst oH, molecules are described
by antisymmetric rotational states (J = 1, 3, 5, etc.). The energy
difference between the pH, singlet state and the oH, triplet states is
therefore dominated by the difference in energy between the J = 0 and
J = 1 rotational states (Fig. 9).

The absolute populations of pH, (N p) and oH, (N,) as a function
of temperature (T) are described by Boltzmann statistics according to
Eq. (11), where 6y is the rotational constant for the molecule.

—J(J+DoR
N,= Y @J+De 7
J=even
—J(J+D8R an
N,=3 ) @J+De 7
J=o0dd
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Fig. 10. Theoretical percentage of pH, in an equilibrium mixture of oH, and pH, as
a function of temperature for 6, = 87.8 K.

The relative proportions of pH, and oH, in an equilibrium mixture
of H, gas can then be expressed as fractions, n, and n,, respectively

(Eq. (12)).
N
"N,
P o
N, (12)
=TSN TN,

At thermal equilibrium at room temperature there is sufficient ther-
mal energy to populate all four energy states approximately equally,
leading to overall populations of n, ~ 25 % and n, ~ 75 %. As T
decreases, the proportion of pH, (n,) at thermal equilibrium increases;
n, ~52%at 77 Kand n, > 98 % at T < 28 K (Fig. 10).

Spin isomer interconversion between oH, and pH, is ordinarily
symmetry-forbidden. Simply cooling H, is therefore insufficient to
rapidly enrich the para state. In the presence of an interacting param-
agnetic species or suitable surface, the symmetry of the H, molecule
is broken. Rapid pH, enrichment is thus achieved by cooling H, in
the presence of a spin isomer interconversion catalyst, such as iron(III)
oxide [108,109]. Following conversion, the para-enriched H, gas is
separated from the catalyst and returned to room temperature, where
it can be stored for weeks to months [110,111]. Whilst in most prac-
tical applications health and safety considerations mean that pH, is
produced in small quantities for immediate use, pH, can be enriched
and stored for later transport to an off-site location. This has the benefit
of removing the need for an on-site pH, generator for pH,-enhanced
NMR applications outside of the typical laboratory environment. A
range of home-built pH, generators are described in the literature,
employing either liquid nitrogen (n, ~ 52 %) [108,112-114], or closed-
cycle helium cooling (n, > 98 %) [115-117], and commercial pH,
generators are available. When evaluating a pH,-based hyperpolari-
sation method for a potential application, there exists a compromise
between the level of pH, enrichment required and the size and cost of
the instrumentation. Closed-cycle helium cooled systems provide the
highest pH, enrichment and hence largest signal enhancement (up to
3-fold over liquid nitrogen cooled systems) [118], but require more
sophisticated equipment, which is both costly to procure and requires
routine maintenance.

3.1.1. Hydrogenative parahydrogen induced polarisation (PHIP)
In the first PHIP experiments, the requirement to break the symme-
try of the two protons in pH, was achieved through the hydrogenation
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Fig. 11. Schematic of the effect of incorporation of pH, into an unsaturated molecule via hydrogenation under (top) PASADENA (high-field, weak coupling) and (bottom) ALTADENA
(low-field, strong coupling) conditions. Under PASADENA conditions, the pH,-derived protons are transformed into an AX spin system, where the population of the |S,) starting state
is divided equally between near-degenerate |af) and |fa) product states. This produces a spectrum with an enhanced pair of anti-phase doublets. Conversely under ALTADENA
conditions, the pH,-derived protons are transformed into an AB spin system during polarisation transfer, where the population of the |S,) starting state is channelled into a
superposition of the |af) and |fa) product states. Following adiabatic transfer into the NMR spectrometer for detection, this leads to overpopulation of either the |af) or |fa)
product states, giving rise to an NMR spectrum with preferential enhancement of one half of each doublet.

of an unsaturated molecule [91,92,119]. The form of the enhanced
NMR signals that are observed following hydrogenation depends on
the strength of the magnetic field in which the reaction occurs and the
features of the spin system that contains the pH,-derived protons in the
product. In the following description, we assume that the pH,-derived
protons in the product are chemically inequivalent, with Larmor fre-
quencies v, and v, (v; # v,) and a mutual scalar coupling constant of
Jio-

Under PASADENA (parahydrogen and synthesis allow dramatically
enhanced nuclear alignment) conditions, hydrogenation takes place in
a strong magnetic field, typically inside the NMR spectrometer [91].
In this high-field regime, the difference in chemical shift between the
pH,-derived protons is much larger than their mutual scalar coupling
(I vi—v, | > J; »), and so they may be described as a weakly coupled AX
spin system. Here, the |af) and |f«a) states are nearly degenerate, such
that the initial overpopulation of the |S,) state of pH, is distributed
approximately equally between the two. The four allowed transitions
from these states (all to |aa) or |3f)) produce a characteristic anti-phase
doublet for each proton (Fig. 11, top).

Conversely, under ALTADENA (adiabatic longitudinal transport af-
ter dissociation engenders net alignment) conditions, the hydrogena-
tion reaction is performed in a weak magnetic field before the sample
is transported to the NMR spectrometer for detection [119]. In this
low-field regime, the chemical shift difference between the pH,-derived
protons in the product is comparable in magnitude to their mutual
scalar coupling (| vi — v, | ® J; ), and so they form a strongly coupled
AB spin system. Therefore, it is a superposition of the |¢f) and |fa)
states that is preferentially overpopulated from the |.S,) starting state.
Following adiabatic transfer of the sample into the high field of the
NMR spectrometer, the spins are transformed into a weakly coupled
AX spin system that exhibits a preferential overpopulation of either the
|ap) or |Ba) state. This is illustrated schematically in Fig. 11 for the
case where |af) is overpopulated. The NMR spectrum thus takes the
form of preferential enhancement of one half of an anti-phase doublet
for each proton, each with opposing phase (Fig. 11, bottom). Which of
the |ap) or |Ba) states is favoured depends on the details of the spin
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system and the effects of NMR relaxation between polarisation transfer
in the low-field regime and NMR detection at high field.

Hydrogenative PHIP is an excellent tool for NMR based mechanistic
studies of hydrogenation reactions, because not only does it enhance
the signals of the product molecules, it can also enhance otherwise
unobserved low-concentration intermediates that break the symmetry
of the pH,-derived protons on a suitable timescale [95]. It has also
been explored for the production of hyperpolarised contrast agents for
in vivo magnetic resonance imaging [96-102]. For broader analytical
applications, however, the limited substrate scope of hydrogenative
PHIP is a significant drawback. This is because the technique requires a
starting material that can accept a hydrogen molecule, typically those
which contain unsaturated moieties. An increase in the scope of ana-
lytes is afforded by the “PHIP by sidearm hydrogenation” (PHIP-SAH)
method [98], in which a precursor to the target molecule containing an
unsaturated sidearm is first hydrogenated. Polarisation is then trans-
ferred from the sidearm to nuclei on the target molecule, by either
field cycling in ALTADENA-type experiments [120], or radiofrequency
(RF)-driven transfer in PASADENA-type experiments [121,122]. In both
cases, it is beneficial to transfer polarisation to '3C nuclei to take
advantage of their slower longitudinal (7)) relaxation, and hence longer
hyperpolarisation lifetimes. Finally, rapid cleavage of the sidearm pro-
vides the hyperpolarised target analyte. PHIP-SAH has shown promise
for the development of hyperpolarised MRI contrast agents [123]. How-
ever, the need to synthesise a suitable precursor and the irreversibility
of the hydrogenation reaction impose significant limitations on its use
in analytical applications.

The recent chemical-exchange-based hydrogenative PHIP method,
known alternatively as PHIP-X [124], or PHIP-Relay [125], overcomes
the limitations of traditional PHIP and extends its applicability to
a broad range of substrates containing exchangeable protons. This
method, shown schematically in Fig. 12, is analogous to the earlier
SABRE-Relay approach (described in Section 3.1.2) [126]. In the fol-
lowing discussion we will use the term PHIP-Relay as this maintains
a clear link with the associated SABRE-Relay method, and avoids
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Fig. 12. Schematic representation of the PHIP-Relay hyperpolarisation process. A
relay molecule is first hyperpolarised using standard hydrogenative PHIP approaches.
Following polarisation redistribution within the relay molecule, hyperpolarisation is
transferred to the target analyte via proton exchange.

potential confusion with the use of “X” to denote polarisation transfer
to heteronuclei.

In the PHIP-Relay approach, pH, is first incorporated (under either
PASADENA or ALTADENA conditions) into an unsaturated molecule,
the hyperpolarisation transfer agent, which contains an exchangeable
proton group (e.g., an alcohol). The hyperpolarisation is then dis-
tributed throughout the transfer agent, such that its exchangeable
proton becomes hyperpolarised. The target molecule, which need only
contain an exchangeable proton and not an unsaturated moiety, be-
comes hyperpolarised upon proton exchange with the transfer agent.
As in other PHIP experiments, the hyperpolarisation can then be redis-
tributed within the target molecule, including to heteronuclei such as
13¢ and 15N, via spontaneous or RF-driven polarisation transfer [125].
At first glance, PHIP-Relay appears to be a single-shot method, as the
initial hydrogenation of the relay molecule is irreversible. However,
if the rate of this reaction is slow compared to the rate of proton
exchange, multiple hyperpolarisation experiments can be performed
using the same sample because the polarisation transfer step is fully
reversible. Therefore, as long as the starting material remains in the
sample in excess, the same target analyte can be re-polarised multiple
times via the exchange mechanism. The PHIP-Relay method has been
successfully used to hyperpolarise 'H in water and alcohols up to P ~
1 % [124], as well as 13¢ and 15N for a range of metabolites at natural
isotopic abundance, including urea and glucose [125].

3.1.2. Signal amplification by reversible exchange (SABRE)

Introduced in 2009, the signal amplification by reversible exchange
(SABRE) method addresses key limitations of hydrogenative PHIP
approaches; specifically, the need for a suitable unsaturated precur-
sor and the irreversibility of the hydrogenation reaction [103]. In
SABRE, one pH, molecule and one or more molecules of the target
analyte reversibly bind to a polarisation transfer catalyst (Fig. 13), typ-
ically an octahedral organoiridium complex of the form [Ir(H),(NHC)
(substrate); 1+, where NHC represents a stabilising nitrogen-containing
heterocyclic carbene such as 1,3-bis(2,4,6-trimethylphenyl)-1,3-dihydro-
2H-imidazol-2-ylidene (IMes) [127]. Within this transient complex,
a network of scalar couplings exists between the pH,-derived hy-
drides and NMR-active nuclei in the substrate, providing a conduit for
polarisation transfer to the target molecule.

Formation of the SABRE-active catalyst is achieved through hy-
drogenation of a stable pre-catalyst in the presence of an excess of
substrate (i.e., the molecule to be hyperpolarised). It is then the sub-
strate molecules bound trans to the hydrides that dissociate to facilitate
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IMes:

Fig. 13. Schematic representation of the SABRE hyperpolarisation process. One
molecule of parahydrogen and three molecules of substrate, here 3,5-difluoropyridine,
bind reversibly to an iridium complex containing a stabilising ligand (IMes). Polarisa-
tion is transferred from the pH,-derived hydrides to the substrate through the network
of scalar couplings in this transient iridium complex.

both pH, and substrate exchange. As both dihydrogen and the sub-
strate exchange reversibly with an excess in solution, the source of
polarisation, pH,, is continuously refreshed and is able to hyperpolarise
new units of substrate. The exchange process promotes a build up of
hyperpolarised substrate in free solution, which can provide very high
levels of spin polarisation (P > 50 %) [128].

Unlike in hydrogenative PHIP, SABRE does not require the incor-
poration of the protons from pH, into the target analyte. The target
therefore remains chemically unchanged, and can be re-polarised as
long as fresh pH, is supplied [129]. In principle, SABRE can be applied
to any molecule that can bind reversibly to the SABRE catalyst on a
suitable timescale. The classic example of an efficient SABRE substrate
is pyridine, which was used in the first demonstrations of this method
[103]. The SABRE activity of pyridine, along with many other nitrogen-
containing heterocycles, has been studied extensively in the literature
[103,130-138]. SABRE has also been demonstrated for a range of
other analytes, including nitriles [139-141], Schiff bases [142], nitrites
[143], amino acids and oligopeptides [144-146], thiophenes [147],
and phosphines [148]. A comprehensive list of molecules enhanced by
SABRE, up to 2019, is available in the review by Barskiy and co-workers
[149].

Polarisation transfer in SABRE is mediated by strong coupling be-
tween the pH,-derived hydrides and nuclei in the substrate in the
low-field regime [150,151]. It is therefore similar to the ALTADENA
experiment (Section 3.1.1). An important difference is that the pH,-
derived hyperpolarisation is transferred via the transient scalar cou-
pling network of the polarisation transfer catalyst. The mechanism of
transfer is most easily understood through the concept of level anti-
crossings (LACs). In the following we provide a brief summary of how
LACs can be used to understand polarisation transfer in SABRE. For a
more comprehensive theoretical treatment, we refer interested readers
to previous review articles on this topic [149,152].

A LAC occurs when two eigenstates approach the same energy,
but do not cross due to the presence of a perturbation that lifts the
degeneracy between the two states. The role of LACs in the active
SABRE catalyst can be understood by considering an AA’B three-spin
system, formed by the pH,-derived hydrides (AA’) and a spin-1/2
nucleus (B) on the substrate (Fig. 14). In this system, the hydrides are
chemically equivalent (v4 = v,-) but couple differently to the substrate
nucleus, Jag — Jop # 0, which resonates at different frequency, vg.
Following the formalism of Ivanov et al. [152], we define a zero-order
Hamiltonian, ﬁo, that contains the nuclear Zeeman interactions of all
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Fig. 14. Schematic of an AA’B system. Spins A and A’ represent the hydride nuclei
in the active SABRE catalyst. These are chemically equivalent (v4 = v,,), but their
magnetic equivalence is broken by the difference in their scalar coupling (Jyg#J4p) to
substrate nucleus B, with Larmor frequency, vg.

spins with the magnetic field, B, and the scalar coupling between the
hydrides, Ja,. The perturbation Hamiltonian, A, contains the scalar
coupling between the hydrides and the substrate nucleus (J,5 and Jyp).
This formulation assumes that the coupling interactions in A, are much
smaller than the interactions in H,,.

We can describe the energy levels for this AA’B spin system using the
singlet—triplet basis (|.S), [T, ), T, |T_;)) for the hydride spins (AA’)
and |a) and |B) for the substrate spin, B. This three-spin system can
be divided into four manifolds based on the z-projection of the total
angular momentum, F, which can take values of my = i% and mp = i—%.
The states in each of the four manifolds are given in Eq. (13).

3
Mg =+3 T, a)
1
Mg =+5 T 18); | Toa); 1Spa)
1 13)
M= =5 IT_ja); [ToB); 1S08)
3
Mg = =3 IT_,8)

LAGCs can occur within the three states of the +1 manifolds, with both
manifolds exhibiting a LAC in the region of B, = 0 [152]. Of significant
interest to the SABRE case is the additional LAC in a non-zero field
that occurs in one of these manifolds. Which manifold contains the
LAC depends on the relative signs of the scalar couplings. Here we
will consider the case where this is the +1 manifold. The energies of
the three states in this manifold are shown as a function of magnetic
field in Fig. 15. In the absence of coupling between the hydrides and
the substrate nucleus (Fig. 15a, Jyg = Jpp = 0) there is a crossing
between the |T,;f) and |Sya) states near 6 mT. In the presence of
a coupling of Jyp = 1 Hz (Fig. 15b), the perturbation Hamiltonian,
H|, removes the degeneracy of the states, causing the crossing to be
avoided. Importantly, in the region of the LAC, the states are mixed,
allowing for efficient population transfer.

When a fresh molecule of pH, adds to the SABRE catalyst, the |Sya)
and |S,p) states are overpopulated relative to the other states in the
spin system, due to the pure initial singlet state of pH,. Immediately
following binding, no hyperpolarisation is observed because the hy-
drides are in an NMR-silent singlet state and the |«¢) and |B) states of
the substrate spin are roughly equally populated (thermal equilibrium
polarisation). However, if the sample is exposed to the magnetic field
at which a LAC occurs within the +% manifold, the |.Sya) state will be
mixed with the |T,, p) state, as shown in Fig. 15b, allowing for efficient
population transfer on a timescale corresponding to the inverse of the
hydride-substrate coupling. This leads to a significant over-population
of the |#) spin state of the substrate nucleus, giving rise to a strong
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Fig. 15. Energy levels of the +71 manifold of an AA’B spin system as a function of
magnetic field with (a) J,p = Jyp = 0 and (b) Jup = | Hz (Jp = 0). The energies were
calculated for 6, = §,, = —23 ppm, 63 = 8 ppm and J,, = —8.5 Hz. The calculations
were carried out in the rotating frame with the centre frequency set to —12.5 ppm.
The energy levels are labelled according to the eigenstates of the zero-order nuclear
spin Hamiltonian, H,. The circle highlights the location of the LAC in (b).

emission signal in an NMR spectrum. Achieving optimal polarisation
transfer in SABRE, therefore, requires knowledge of the magnetic field
at which a LAC occurs.

A LAC is observed when the difference in Larmor frequency between
the pH,-derived hydrides and the nucleus in the substrate is matched to
the effective scalar coupling (Jo¢) of the system [153]. Under typical
conditions, |Jap| is considerably larger than |J,g| and |J], making
it approximately equal to the effective scalar coupling of this system
(Eq. (14)) [149].

AV = Jog = Jpp as

The scalar coupling values remain unchanged at different magnetic
fields. Therefore the difference in Larmor frequency, 4v, can be ad-
justed to meet the LAC condition (Eq. (14)) by applying an appropriate
magnetic field, commonly known as the polarisation transfer field
(Bprg). For transfer to 'H nuclei, the appropriate Bprp is given by
Eq. (15), where the difference in Larmor frequency between the hy-
drides (AA’) and nucleus (B) is determined by the difference in chemical
shift, As.

JAA’

Bprp =2 ———
PTF y

15
146 as

Using the most common Ir-based SABRE catalyst (Fig. 13) with pyridine
or a pyridine derivative as the substrate, the chemical shift difference
between the hydride signals (—23 ppm) and the substrate nuclei (7 -
8 ppm) is typically matched to the effective scalar coupling, | Jaa: |~
6—10 Hz, in a polarisation transfer field Bpyp ~ 6.5 mT. In practice, the
spin system of the active catalyst is far more complex than the AA’B
system described here. However, it has been found experimentally that
Eq. (15) provides a good estimate of the optimal value for Bprp and
that the resonance condition is generally quite broad, with significant
enhancements observed over a range of several mT [137,152,154].
Other heteronuclei in the substrate molecule (e.g., 13¢, 15N, ete.)
can also be enhanced using what is commonly known as SABRE-
SHEATH (SHield Enables Alignment Transfer to Heteronuclei) [130].
The optimum field for polarisation transfer in this case (Eq. (16)) is
considerably lower (nT to pT), as the difference in Larmor frequency
between the hydrides and the target nucleus is dominated by the
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difference in gyromagnetic ratio between the protons, yy, and the

heteronucleus, yx (Eq. (16)). Through this approach, hyperpolarisation

of a wide range of nuclei including 13¢c, 15N, 19F and 3'P has been

reported [130,136,148,155-158].
JAA/

yig(l = d1y) —rx(1 = dx)

We note that in the case of 5N, where the target nucleus is directly
bound to the Ir catalyst (e.g., in 15N—pyridine), the hydride-substrate
coupling (e.g., Jop ~ 25 Hz) is larger than the hydride-hydride cou-
pling, Jxu- This violates the assumptions underpinning the perturba-
tion treatment used above to define the position of the LAC, so Eq. (16)
does not apply. Highly efficient strategies for SABRE polarisation trans-
fer in this case have been developed by Warren and co-workers, based
on novel numerical simulation approaches for chemically exchanging
systems and field modulation in the pT regime [159,160].

In the majority of SABRE experiments, hyperpolarisation is built
up in solution at Bppp over a period of seconds, before the sample
is transported into the NMR spectrometer for detection. Alternatively,
polarisation can be transferred directly inside the magnetic field of the
NMR spectrometer. High-field polarisation transfer strategies rely on
LAC conditions being met under continuous wave RF irradiation [161—
164], or coherent transfer techniques using INEPT-like pulse sequences
[165]. Details of the theory behind the different polarisation transfer
approaches in SABRE can be found in the review article of Barskiy
et al. [149]

The level of signal enhancement that can be achieved via SABRE
is system-specific, but can be optimised by careful selection of experi-
mental conditions. One of the key factors controlling SABRE efficiency
is the residence time of the target molecule on the iridium complex
[166]. This period of time should be long enough for the polarisation
to be transferred onto the analyte, but not so long that it promotes the
relaxation of the hyperpolarised signal. It has been proposed that the
optimal substrate dissociation rate for 'H hyperpolarisation is around
4.5 57! [166,167]. The substrate dissociation rate is controlled by the
identity of the target substrate [166], the steric bulk and electron-
donating properties of the catalyst-bound co-ligand and NHC [127,
128], as well as the temperature at which the reaction is performed
[166]. One strategy used to optimise the efficiency of the SABRE
process is to selectively deuterate the NHC on the catalyst. This acts
to increase the nuclear spin relaxation times of the nuclei on the
substrate bound to the catalyst, as well as to reduce the number of
nuclei amongst which the polarisation is shared [128]. Under optimised
conditions, 'H polarisation levels of 63% have been reported [128]. By
understanding the role of such variables on the maximum polarisation
levels, it is possible to tailor the SABRE experiment to optimise signal
enhancement for the target analyte.

One limitation on the range of analytes whose NMR signals can be
efficiently enhanced by SABRE is the need for three molecules of the
substrate to bind to form the active SABRE catalyst (Fig. 13). This form
of the active catalyst is not suitable for substrates that are sterically
hindered, or those which prefer a bidentate binding mode [168-170].
In addition, for weakly binding substrates, multiple catalyst species
are often observed in solution, including solvent adducts [171]. The
presence of multiple catalyst species leads to more complex kinetics in
solution and may limit hyperpolarisation efficiency. These challenges
can be overcome through the introduction of one or more co-substrates
into solution to promote the formation and stabilisation of a suitable
active polarisation transfer catalyst [170]. This co-substrate approach
has been used to hyperpolarise the metabolite pyruvate, which adopts
a bidentate binding mode in the presence of the co-substrate DMSO
and the standard SABRE pre-catalyst [172]. Further optimisation of
this pyruvate and DMSO system has led to the first demonstration
of in vivo MRI using a SABRE-hyperpolarised contrast agent [173].
In the context of analytical applications, a further significant benefit
of the co-substrate approach in SABRE is that it provides a route to

Bprp =2n (16)
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Fig. 16. Schematic representation of the SABRE-Relay hyperpolarisation process. The
polarisation transfer agent (typically an amine) is first hyperpolarised through reversible
binding to the SABRE catalyst. Following dissociation, hyperpolarisation is transferred
to the target analyte via proton exchange in solution.

quantification. Tessari and co-workers have demonstrated that when a
target analyte is present in sub-stoichiometric amounts relative to an
active catalyst species stabilised by one or more co-substrates, a linear
SABRE hyperpolarisation response is observed as a function of the tar-
get analyte concentration [174]. Under these conditions, nicotinamide
and other pyridine-based substrates were quantified at low micromolar
concentrations within a complex mixture using high-field (14 T, 600
MHz) NMR detection [175].

A further limit on the range of analytes amenable to SABRE hyper-
polarisation is the need for the target substrate to bind reversibly to
the active SABRE catalyst on a suitable timescale. This challenge can
be overcome using the SABRE-Relay method illustrated in Fig. 16 [126,
176]. In SABRE-Relay, a polarisation transfer agent that contains ex-
changeable protons (typically an amine) is first hyperpolarised through
reversible binding to the SABRE catalyst. In the second step, the target
analyte in solution is hyperpolarised via proton exchange with the
polarisation transfer agent. In this way, hyperpolarisation is achieved
for analytes that do not bind to the SABRE catalyst. In principle,
the SABRE-Relay approach extends the applicability of SABRE to any
chemical species that contains exchangeable protons, including but not
limited to alcohols, carboxylic acids, phosphates and carbonates [126].

3.2. Integration of pH, hyperpolarisation with benchtop NMR detection

A simple way to integrate parahydrogen hyperpolarisation with
benchtop NMR detection is to carry out the reaction within a sealed
NMR tube fitted with a J Young valve. In this approach, pH, is added
to the headspace of the tube and mixed into solution by vigorous
shaking for several seconds. The sample is then inserted into the
benchtop NMR spectrometer for signal detection. Whilst in hydrogena-
tive PHIP experiments the strength of the magnetic field in which
hydrogenation occurs affects only the form of the hyperpolarised NMR
spectrum (and not the efficiency of polarisation transfer), to optimise
the build-up of hyperpolarisation in SABRE experiments the sample
must be exposed to a particular Bprp during shaking. As the strength
of this field is weak (Bprp < 10 mT) and need not be particularly
homogeneous, a simple handheld permanent magnet array [177], or
a solenoid electromagnet [178] can be used. To enable direct SABRE
transfer to low gyromagnetic ratio heteronuclei, a p-metal shield can
be employed to exclude the Earth’s magnetic field and achieve polar-
isation transfer fields in the nT to pT range [130,136,148,155-158].
Early demonstrations of SABRE-enhanced benchtop NMR spectroscopy
employed this manual “shake-and-drop” approach [156,177,179]. 'H
NMR signal enhancements of up to 17000-fold were observed for
pyridine with detection at 1 T, with comparable polarisation levels
observed for benchtop and high-field NMR detection (Fig. 17) [156].
In addition, INEPT polarisation transfer has been used to obtain !3C
NMR signal enhancements up to 45500-fold for samples at natural
isotopic abundance [156]. Hyperpolarised 3C benchtop NMR spectra
of glucose have also been obtained using SABRE-Relay and the manual
shake-and-drop approach [180].
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Fig. 17. Comparison of thermally polarised (top) and SABRE-enhanced (bottom) ‘H
NMR spectra of pyridine at (a) 400 MHz and (b) 43 MHz. Comparison of (c)
SABRE enhancement factor and (d) SABRE polarisation level as a function of pyridine
concentration for samples containing 5 mM of the SABRE catalyst in methanol-d, at
400 MHz (green) and 43 MHz (grey). Reprinted with permission under a CC-BY licence
from Ref. [156].

The shake-and-drop SABRE approach with benchtop NMR detection
has been explored for forensic applications, such as the detection
of drug adulteration. Specifically, it has been used to hyperpolarise
piperazine-based drugs in a simulated tablet [181], as well as mir-
fentanil in heroin at concentrations below 1% w/w [182]. In forensic
applications, the ability to transport the benchtop NMR detector to the
point-of-need is particularly advantageous.

A further application of parahydrogen-enhanced benchtop NMR
spectroscopy is that to reaction monitoring. In 2019, Semenova et al.
used shake-and-drop SABRE experiments to investigate the reactivity
of the SABRE catalyst. Single-shot measurements of hyperpolarisation
lifetime were used to simultaneously follow activation of the SABRE
catalyst and the effects of substrate hydrogen isotope exchange [183],
with comparable results obtained for both high-field (400 MHz) and
benchtop (43 MHz) NMR detection (Fig. 18). The comparatively weaker
solvent response of the benchtop NMR spectrometer enabled the use
of protio solvents (Fig. 18d). By removing the source of deuterium,
benchtop NMR experiments were able to isolate the effects of catalyst
activation on hyperpolarisation lifetime measurements from that of
hydrogen isotope exchange.

Similarly, the hydrogenative PHIP response has been used for quan-
titative monitoring of the oxidative addition of pH, to Vaska’s complex
(as well as to associated derivatives) in both single- and multiple-
component systems [184]. Here, the reduced background signal of the
benchtop NMR spectrometer presents an advantage over comparable
hyperpolarised high field NMR measurements. At high field, as the
reaction proceeds, the thermally polarised signal from the product in-
creases, interfering with the hyperpolarised response and complicating
the kinetic analysis. Spectral editing methods are typically used to
differentiate between hyperpolarised and non-hyperpolarised signals to
simplify the analysis. However, this comes with a sensitivity penalty.
On a benchtop NMR spectrometer, no non-hyperpolarised signals are
observed for the product, allowing for a simple and efficient pulse-
acquire experiment to be used for the detection of the hyperpolarised
signals.

Whilst the manual pH, hyperpolarisation approach benefits from
simplicity, repeat sample shaking is impractical and suffers from poor
reproducibility and repeatability. Instead, many pH, hyperpolarisation
experiments are performed by bubbling pH, through a capillary into
solution, with an electromagnet used to generate Bprp Where required,
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Fig. 18. (a) Reduction in 'H NMR signal of free 4-aminopyridine as a function of
time since the first addition of pH,, due to the consumption of 4-aminopyridine during
SABRE catalyst activation in methanol-d,. (b, ¢) Single-shot hyperpolarisation lifetime
measurements for the two proton resonances of 4-aminopyridine as a function of time
after the first addition of pH,, with detection at (b) 400 MHz and (c) 43 MHz. The initial
increase in the hyperpolarisation lifetime of the meta resonance (purple triangles) is due
to deuteration of the ortho position of 4-aminopyridine (blue circles), while the overall
reduction in lifetime is due to catalyst activation. (d) Repetition of the same experiment
as (c) in protiomethanol showing the effect of catalyst activation on hyperpolarisation
lifetime in the absence of hydrogen isotope exchange. Reprinted with permission under
a CC-BY licence from Ref. [183].

followed by manual transport of the sample to the benchtop NMR
spectrometer for detection. The use of microcontroller-driven solenoid
valves provides precise control of pH, delivery, which can be inter-
faced with the spectrometer control software to enable synchronisation
within an NMR pulse sequence. This semi-automated approach has
been widely used within the hyperpolarisation community to develop
new pH,-based hyperpolarisation methods [124,185-188], to optimise
signal enhancement for target molecules of analytical interest [189-
191], and for the development of hyperpolarised contrast agents for
in vivo MRI [141,192-195]. Jeong and co-workers have also used
this approach to monitor an esterification reaction [196]. Here, pH,
was bubbled through the reaction mixture in an NMR tube in a Bpyg
of 7 mT. The reaction was successfully monitored using the SABRE-
hyperpolarised signals of the product following manual transfer of the
sample into the benchtop NMR spectrometer at 1 min intervals over a
period of 30 min. This approach was also used to provide mechanistic
insight into a copper-catalysed azide-alkyne click reaction through
SABRE-derived signal enhancement of low-concentration intermediates
over a period of 120 min [197].

Further improvement in repeatability is obtained by automating
the entire hyperpolarisation process (i.e., sample transfer as well as
pH, delivery). Fully automated SABRE hyperpolarisation was first in-
tegrated with benchtop NMR detection in 2018 [156,177,198], by
adapting a stopped-flow system originally designed for high-field NMR
detection [199,200]. As in the semi-automated approach, pH, is first
bubbled through the sample in a reaction cell held inside an elec-
tromagnet at Bpprp. Following the build-up of hyperpolarisation, the
sample is pneumatically transferred (under nitrogen gas pressure) into
the benchtop NMR spectrometer for detection. The high repeatability of
fully automated pH,-hyperpolarisation was found to enable its applica-
tion to a variety of multi-step NMR experiments, including 2D NMR
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experiments such as 'H-'H homonuclear and 'H-!3C heteronuclear
correlation spectroscopy [156,198].

Continuous-flow approaches to pH, hyperpolarisation have also
been demonstrated, by using a peristaltic pump to flow the sample
between the reaction chamber and the benchtop NMR spectrometer
[201-203]. Jeong and co-workers used continuous-flow PHIP to mon-
itor the Wilkinson’s catalyst-mediated hydrogenation of styrene over
a period of 20 min, by bubbling pH, through an ex situ reaction
vessel and continuously flowing a small proportion of the reaction
mixture through the benchtop NMR spectrometer for detection [201].
Similarly, Golowicz et al. used a continuous-flow apparatus to follow
the simultaneous hydrogenation of ethyl phenylpropiolate and ethyl
2-butynoate with time-resolved non-uniformly sampled (TR-NUS) 2D
benchtop NMR experiments [202]. Lehmkuhl and co-workers have also
integrated continuous-flow SABRE hyperpolarisation with benchtop
NMR detection, by employing a semi-permeable membrane through
which pH, effuses into circulating solution [204]. Further development
of this approach by TomHon et al. produced a tube-in-tube spin transfer
automated reactor [203]. The higher interfacial area between pH, and
solution with a tubular membrane was found to provide more efficient
pH, mass transfer and reduced solvent evaporation compared to bub-
bling through a capillary. The authors demonstrated continuous-flow
1H, 13C and 5N SABRE hyperpolarisation, and reported comparable
signal enhancements to those obtained using a semi-automated SABRE
approach.

One limitation of flow-based automated pH, hyperpolarisation ap-
proaches is the length of time taken to transport the sample between
polarisation and detection. Faster sample transfer preserves more hy-
perpolarisation by minimising relaxation, and reduces the minimum
repetition time between experiments to improve overall efficiency.
Shorter repetition delays can be achieved by using mechanical trans-
port. One simple approach is to employ a robotic arm to rapidly transfer
the sample between Bppp and the benchtop NMR spectrometer. This
method was used by Alcicek et al. to optimise '3C and '°N hyperpolar-
isation generated by PHIP-Relay for biologically relevant metabolites
at natural isotopic abundance [125]. Alternatively, the rack and pinion
actuator of Hovener and co-workers achieves rapid shuttling (36 cm in
ca. 0.4 s) by limiting the motion of the sample to a single vertical axis
[205].

Polarisation transfer within the magnetic field of the benchtop
NMR spectrometer eliminates the need for sample transport, further
improving the reproducibility of pH, hyperpolarisation experiments.
In hydrogenative PHIP experiments, in situ signal enhancement can
be achieved via the PASADENA effect. Ellermann et al. demonstrate
average 'H polarisation levels of 16.2% for ethyl acetate-d following
hydrogenation of vinyl pyruvate-dg at 0.55 T using this approach [206].
For SABRE experiments, the absence of LACs in the comparatively
high detection field of a benchtop NMR spectrometer limits sponta-
neous polarisation transfer in situ. However, polarisation transfer can
be achieved by using tailored RF irradiation to bring the spin system
to an appropriate LAC condition in the rotating frame of reference
[207,208]. A number of pulse schemes for in situ polarisation transfer
to heteronuclei and 'H have been developed for use at high field [161—
164,207,209-211]. Of these, the spin-lock induced crossing (SLIC)
method has been combined with benchtop NMR detection to achieve
in situ 13C and 5N SABRE hyperpolarisation for a range of analytes
at natural isotopic abundance, as demonstrated for '°N in Fig. 19. A
maximum of 12.1% and 0.4% !°N and 3C polarisation, respectively,
was observed for 60 mM 4-aminopyridine [212].

A pertinent instrumentation challenge associated with combining
all pH, bubbling methods with benchtop NMR detection is the field
inhomogeneity caused by the introduction of a capillary into the detec-
tion region of the spectrometer. In contrast to the standard geometry
of high-field NMR spectrometers, where the capillary is parallel to the
B, field, most benchtop NMR spectrometers employ a magnetic field
oriented perpendicular to the vertical sample axis. Therefore, despite
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Fig. 19. '°N benchtop (1 T) NMR spectra of a range of analytes at natural abundance
hyperpolarised using SLIC-SABRE, with associated polarisation levels. Reprinted with
permission from R. Kircher, J. Xu, D. A. Barskiy, Journal of the American Chemical
Society 146 (1) (2024) 514-520. Copyright 2024 American Chemical Society.

the lower magnetic field, line broadening can be significant. This is
particularly problematic for 'H nuclei due to their narrow chemical
shift range and higher gyromagnetic ratio compared to '3C and !°N.
These effects can be avoided by terminating the capillary above the
detection region (at the expense of pH, mixing efficiency), or minimised
by using a very narrow capillary.

4. Chemically-induced dynamic nuclear polarisation (CIDNP)
4.1. Background theory of CIDNP and photo-CIDNP

Chemically-induced dynamic nuclear polarisation (CIDNP) is a hy-
perpolarisation phenomenon that was first observed by Bargon, Fischer
and Johnsen in 1967 [213], with independent observations made by
Ward and Lawler [214] later that same year. The respective authors
reported anomalous signal intensities for products of chemical reactions
involving free radical intermediates, indicating that these molecules
were formed with non-equilibrium nuclear spin polarisation. Ward and
Lawler suggested that this was the result of an electron-nuclear cross-
relaxation effect in free radicals, similar to the Overhauser effect [214].
However, this mechanism was found to be inconsistent with a range of
additional experimental observations, such as the dependence of signal
enhancement on the type of chemical reaction performed, or the obser-
vation of hyperpolarisation in the absence of an external magnetic field
[215]. A radical pair mechanism (RPM) was subsequently proposed by
Closs [216,217], and Kaptein and Oosterhoff [218], to comprehensively
explain the form of the observed CIDNP spectra.



A.L Silva Terra et al.

The RPM arises from the conservation of electron spin angular
momentum during a chemical reaction. This strong conservation effect
means that nuclear spin states affect the reactivity of radical pairs, lead-
ing to spin-selective chemistry and the production of reaction products
with non-equilibrium nuclear spin populations [152]. In 1978, Kaptein
et al. demonstrated that the same hyperpolarisation effect could be
observed in photochemical reactions between a photo-excited dye and
certain amino acid residues (e.g., histidine, tyrosine, and tryptophan) on
the surface of a protein [219]. The photochemically induced dynamic
nuclear polarisation (photo-CIDNP) effect has subsequently developed
into a useful tool for the study of reactivity of short-lived free radicals
of biologically relevant molecules, as well as for the study of protein
structure and dynamics [220,221].

The CIDNP radical pair mechanism can be understood through con-
sideration of the reaction scheme shown in Fig. 20 [222]. A molecule
(P) that has been excited into a triplet state accepts an electron from a
donor (Q) to form a spin correlated radical pair. This radical pair exists
in a triplet electronic state, >P*~Q"*, in order to satisfy the requirement
that electron spin angular momentum is conserved. Once formed, the
radical pair will either recombine, to form the original molecule (P) and
donor (Q) as recombination products, or it will escape the solvent cage,
diffuse apart, and eventually be scavenged to form escape products
(P-X and Q-Y). In order to recombine, the radical pair must be in
a singlet electronic state, meaning that it must first undergo triplet
to singlet interconversion. The rate of triplet-singlet interconversion
will depend on the spin states of any nuclei in P*~ or Q"* that have a
significant hyperfine coupling to the unpaired electrons. In the example
in Fig. 20, the |p) state of a 'H nucleus in Q** is assumed to give rise to
a much faster rate of singlet-triplet interconversion than the |a) state.
In this case, radical pairs containing a 'H spin in the |g) state will
be much more likely to form the recombination products than those
containing a 'H in the |a) state. Therefore, the radical pairs containing
an |a)-state 'H spin will have a greater probability of diffusing apart
to eventually form the escape products (P-X and Q-Y). Due to this
nuclear spin-selective reactivity, both the escape and recombination
products will be formed with non-Boltzmann populations (i.e., with a
bias towards either the |f) or |«) nuclear spin state), leading to the
creation of hyperpolarisation. For the spin selection in this example, Q*
will be overpopulated in the |8) state and so will appear as an enhanced
emission peak in the NMR spectrum, while Q" — Y will appear as an
enhanced absorption peak due to an overpopulation of the |a) state
(Fig. 20). [222]

Photo-CIDNP is often carried out using a reversible reaction, where
following separation the radicals react to reform the initial molecules, P
and Q. In this case, one might expect to see no net hyperpolarisation be-
cause of the destructive interference between the negative polarisation
for the in-cage recombination products and the positive polarisation
for the escape products. In practice, the lifetime of the escaped radicals
is much longer than for the radicals that recombine inside the solvent
cage. Therefore, the enhanced nuclear spin polarisation of the escape
radicals relaxes significantly, due to paramagnetic effects, prior to
recombination. As a result, hyperpolarisation can be observed for the
in-cage recombination products without destructive interference from
the escape products [222]. The benefit of this reversible photo-CIDNP
experiment is that it allows for repeated hyperpolarisation experiments
on a single sample, through repeat irradiation.

4.2. Integration of photo-CIDNP with benchtop NMR detection

The experimental implementation of photo-CIDNP requires the ad-
dition of a small concentration of a photo-active dye to the solution,
and the facility to irradiate the sample in order to photo-excite the
dye. Photo-CIDNP is therefore significantly less demanding in terms
of instrumentation than other hyperpolarisation methods and can be
interfaced with the benchtop NMR spectrometer in a very straight-
forward manner. Bernarding et al. have recently demonstrated '°F
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Fig. 20. Photo-CIDNP reaction scheme. Molecule P is photo-excited into a triplet state,
which accepts an electron from a donor, Q, to produce a radical pair, 3> P~Q*+. The
triplet radical pair can either undergo triplet-singlet conversion and react to give
recombination products (P and Q), or escape from the solvent cage, diffuse apart
and get scavenged to give escape products (P-X and Q-Y). Here, faster triplet-singlet
interconversion for radical pairs containing a Q proton in the |§) state results in a
sorting of the |f) and |a) nuclear spin states in Q between the recombination products
and the escape products. As a result of the spin selection, both the recombination and
escape products are formed with non-Boltzmann spin populations, as denoted by an
asterisk, giving rise to NMR signal enhancement, illustrated schematically below [222].

photo-CIDNP with detection at 0.6 T using a low-cost, high-power blue
LED for in situ sample irradiation [223]. While the focus of this work
was on enhanced °F MRI, the authors demonstrated photo-GIDNP 1°F
NMR spectra of an aqueous solution of 3-fluoro-D/L-tyrosine with the
chromophore riboflavin 5’-monophosphate as the photosensitiser. The
photo-CIDNP spectra were acquired following 15 s of illumination to
produce an estimated signal enhancement factor of 465 relative to the
spectrum without illumination. In this case the spectral resolution, and
consequently the SNR, was limited by the instrumentation, which was
optimised for MRI and therefore did not have high field homogeneity.
Nevertheless, these promising results show the potential for photo-
CIDNP to be implemented for in situ hyperpolarisation on a benchtop
NMR spectrometer.

Another approach to photo-CIDNP-enhanced benchtop NMR spec-
troscopy was presented by Sheberstov et al. in 2021, in which '3C and
H photo-CIDNP hyperpolarisation was generated by sample irradiation
in the zero-to-ultra-low field (ZULF) or Earth’s magnetic field (40 pT)
regime, and then detected following sample transport into a 60 MHz
(1.4 T) benchtop NMR spectrometer [224]. In these experiments, photo-
CIDNP of para-benzoquinone was generated with tetraphenylporphyrin
as the photosensitiser. Enhancement factors of approximately 200 were
observed for 'H nuclei directly bonded to 13C, with significant hyper-
polarisation also observed in 13C{'H} NMR spectra when photo-CIDNP
was performed under ZULF conditions. These results were found to be
repeatable over 100 repeat illuminations, highlighting the reversibility
of the photo-CIDNP effect and the feasibility of using signal averaging
to improve SNR. Sample transport between the ZULF or Earth’s field
regime into the benchtop NMR spectrometer was achieved using a
robotic arm.
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Fig. 21. Comparison of thermally polarised and photo-CIDNP hyperpolarised 'H 1D
spectra for 1, 2 and 24 at 80 MHz (left) and 600 MHz (right). Samples contained
500 pM of each compound in photo-CIDNP buffer and were irradiated for 6 s (80 MHz)
or 2 s (600 MHz) prior to each scan. Spectra show the signals with the largest
enhancements for each compound, which are highlighted in grey on the chemical
structure. Reprinted with permission under a CC-BY licence from Ref. [225].

More recently, Stadler et al. have demonstrated in situ photo-CIDNP
on an 80 MHz (1.9 T) benchtop NMR spectrometer for fragment screen-
ing applications [225]. In these experiments, fluorescein was used as
the photosensitiser and irradiation was achieved at 450 nm (1 W) by
a laser diode coupled to an optical fibre inserted into the NMR sample
inside the benchtop NMR spectrometer. A range of compounds in the
millimolar concentration regime were enhanced by factors ranging
from 20 to 1300-fold (Fig. 21). These were directly compared to results
acquired at 600 MHz, where the maximum enhancement for the same
compounds was 68-fold. The repeatability of photo-CIDNP was ex-
ploited to signal average for 3 min to optimise SNR, enabling detection
of 2-(2-aminothiazol-4-yl)propan-2-ol down to a concentration of 250
nM.

Photo-CIDNP presents a number of very promising advantages for
hyperpolarised benchtop NMR spectroscopy applications, including the
limited instrumentation and sample preparation requirements; the gen-
eration of renewable in situ hyperpolarisation, which enables signal
averaging and multi-step experiments; and the high level of signal
enhancement observed in the moderate fields of benchtop NMR spec-
trometers. One potential limitation of this approach is the range of
molecules that can be enhanced. Until recently, photo-CIDNP research
has focused on a relatively restricted chemical space comprising the
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aromatic amino acids (tryptophan, tyrosine, histidine) and their deriva-
tives [222,226,227]. However, recent work by Torres et al. [228]
has demonstrated observable photo-CIDNP enhancement for a much
broader range of small molecules that include aromatic functionality.
Following screening of a library of small molecules (<300 Da), each
containing at least one aromatic feature, 340 were found to produce
an observable photo-CIDNP response, while 266 were not photo-CIDNP
active. This promising success rate suggests that the scope of potential
targets for hyperpolarisation by photo-CIDNP is likely to be much larger
than previously thought.

Fragment screening for drug discovery is a very promising appli-
cation of photo-CIDNP that has been implemented with both high-
field [228] and benchtop NMR detection [225]. This method takes
advantage of the fact that when a hyperpolarised molecule binds to
the target, for example a protein, its hyperpolarisation lifetime is
significantly reduced due to enhanced longitudinal relaxation [228]. In
these photo-CIDNP experiments, the hyperpolarisation is built up over a
period of time during irradiation (2-6 s). The level of hyperpolarisation
that is observed following irradiation will be influenced by the hyperpo-
larisation lifetime. To detect a binding event, the researchers measured
a polarisation ratio, Pp;;;, = Pp; /Py, from measurements of the
polarisation level of the ligand in the presence of the protein, Pp;, and
in the absence of protein, P;. A value of Pp;,; = 1 indicates no change
in polarisation level and hence no binding, while Py, ,,; = 0 indicates a
reduction in hyperpolarisation lifetime such that no signal is observed
in the presence of the protein (strong binding). In the study of Stadler
et al., 32 fragments that showed photo-CIDNP activity were screened
with the cancer-related protein PIN1 using benchtop NMR detection
with 3 min of signal averaging [225]. Using a cut-off of Pp;,;, =0.9 to
define a ‘hit’ and 500 pM of fragment to 10 pM of protein, 6 hits were
identified and verified through literature experiments and comparison
to standard high-field fragment screening methods. Comparison with
analogous experiments using 600 MHz (14.1 T) NMR detection showed
that larger polarisation differences were observed with benchtop NMR
detection, reflecting the enhanced relaxation contrast at 1.9 T. There-
fore, this very promising application of photo-CIDNP is a case where
not only does hyperpolarisation enable the use of cheaper and more
portable instrumentation, but the quality of the information obtained
is also improved.

5. Perspectives for analytical applications

The use of hyperpolarisation to overcome the sensitivity limitations
of benchtop NMR opens up a range of new potential applications. Of
particular interest are applications outside of the traditional labora-
tory environment or where the cost and maintenance requirements of
standard high-field NMR spectrometers are prohibitive.

One application is for the study of complex mixtures, including
for the analysis of biofluids in clinical practice or in the field of
metabolomics. The reduced size and cost of benchtop NMR instru-
mentation would allow for integration within routine clinical practice,
making it particularly attractive for point-of-care diagnostics [229,
230]. Similarly, the portability and accessibility of benchtop NMR holds
promise for applications in detecting food adulteration [231,232], en-
vironmental monitoring [20,233], and forensics [234]. In all of these
cases, hyperpolarisation can be exploited to reduce the limits of detec-
tion of benchtop NMR to clinically and environmentally relevant levels,
and to enable detection of information-rich, low-sensitivity nuclei such
as 13C at natural isotopic abundance.

Hyperpolarisation using dDNP has been successfully combined with
high-field 'H and '3C NMR detection for the analysis of biofluids for
metabolomic applications [235-238]. Dissolution DNP is a particularly
promising method for untargeted analysis due to the non-specific na-
ture of the polarisation transfer. One limitation of dDNP is that it
requires significant sample preparation to enable efficient polarisation
transfer at cryogenic temperatures, and, in general, a single sample
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can only be hyperpolarised once. A recent working paper by Bocquelet
et al. proposes a novel route to renewable dDNP polarisation through
repeated freeze-DNP-melt-flow cycles, where polarisation transfer is
achieved at 77 K in a 1 T permanent magnet array [239]. If fully
realised, this approach would overcome many of the limitations of
dDNP for analytical applications that were highlighted above.

An alternative approach is to use the chemical specificity of
parahydrogen-based methods to target a subgroup of molecules con-
taining a specific chemical moiety within a complex mixture. An
example of this is the chemo-sensing method, non-hydrogenative (nh)
PHIP [240]. As in SABRE, nhPHIP uses a transition metal complex to
reversibly bind pH, and generate hyperpolarisation. A key difference
is that in nhPHIP the hyperpolarisation of the pH,-derived hydrides
is detected without polarisation transfer to the target analyte. Target
molecules that reversibly bind to the hyperpolarisation complex are
detected indirectly through the pH,-derived hydrides, whose chemical
shifts are highly sensitive to the identity of the other ligands bound
to the metal centre. High-field 'H NMR coupled with nhPHIP has been
used for the detection and quantification of amino acids in urine [241],
and to perform pharmacokinetic studies of nicotine and its metabolites
in urine [242]. A significant advantage of nhPHIP is that it is a liquid-
phase technique and the sample can be repolarised multiple times. A
limitation, particularly for use with benchtop NMR, is signal overlap in
the hydride region of the 'H NMR spectrum.

A standard method to address spectral congestion in NMR is to
spread the peaks over multiple axes. A challenge for hyperpolarised
multidimensional NMR is the single shot nature of many hyperpo-
larisation techniques. Even for methods like ODNP, SABRE, nhPHIP,
and photo-CIDNP, where a single sample can be re-polarised multiple
times, the reproducibility of the hyperpolarisation response is crucial
for obtaining high quality spectra. Furthermore, 2D spectral acquisition
can be very time-consuming. A promising approach to overcome these
issues is to combine hyperpolarisation with ultrafast (UF) NMR experi-
ments, where spatial encoding is used to acquire a 2D spectrum within
a single acquisition period [243]. UF benchtop NMR spectroscopy has
been implemented by Gouilleux et al. [244], and was recently com-
bined with the HYPNOESYS (Hyperpolarized Nuclear Overhauser Effect
System) hyperpolarisation method by Parker et al. [245] Non-uniform
sampling (NUS) is another approach to improving the efficiency of
2D spectral acquisition [246]. NUS has been found to improve the
performance of multidimensional benchtop NMR measurements [247],
and has been successfully integrated with PHIP hyperpolarisation on a
benchtop NMR spectrometer [202].

Peak overlap can also be overcome through the use of spectral
editing to simplify benchtop NMR spectra. This can be achieved us-
ing selective detection methods, such as Designed Refocused Excita-
tion And optional Mixing for Targets In vivo and Mixture Elucida-
tion (DREAMTIME) [248], and Gradient-Enhanced Multiplet-Selective
Targeted-Observation NMR Experiment (GEMSTONE) [249], or pure
shift approaches that remove homonuclear couplings [250-252]. Re-
cently, these methods have been implemented successfully on a bench-
top NMR spectrometer [253,254]. While effective for the analysis of
complex mixtures by NMR, selective detection and pure shift methods
almost always lead to a significant reduction in sensitivity. Therefore,
combining them with hyperpolarisation, as previously demonstrated
at high field [255-257], presents a particularly attractive prospect for
benchtop NMR spectroscopy.

Another benefit of the compact nature of benchtop NMR is that it
can be integrated with other orthogonal analytical methods, such as
ultraviolet (UV) [258] and infrared (IR) [259] spectroscopy or mass
spectrometry, [260,261] to provide enhanced chemical discrimination.
Integrating hyperpolarisation to increase the sensitivity of the benchtop
NMR detection would further boost the analytical power of these
methods. Similarly, in situ UV-visible irradiation can be achieved in a
relatively straightforward way with benchtop NMR, as demonstrated in
the photo-CIDNP experiments of Stadler et al. [225] Photo-irradiation
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can also be used in combination with parahydrogen based hyperpolar-
isation techniques, as previously demonstrated using high-field NMR
detection [262-265].

Probing biomolecular interactions using hyperpolarised NMR is an
area that has seen significant progress in recent years. At high field,
water hyperpolarised by dDNP has been used to enhance the sig-
nals of labile protons in solvent-exposed protein residues, to boost
sensitivity and enable the study of structural dynamics at physio-
logical concentrations [266-269]. While a similar hyperpolarisation
approach would be feasible with benchtop NMR detection, the analysis
of biomolecules at low field is significantly limited by signal over-
lap. A more promising approach is to use a hyperpolarised probe
molecule to detect biomolecular interactions, as in the fragment-based
screening experiments of Stadler et al. [225] In this case, only the
hyperpolarised probe molecule is directly detected and so the protein
signals do not need to be resolved. Background-free measurements
can be achieved using 1°F NMR detection, as has been demonstrated
at high field, where '°F hyperpolarisation was generated via transfer
from dDNP-enhanced water [270] or direct '°F dDNP [271]. The use
of 1°F detection is particularly promising for benchtop NMR because
additional instrumentation is not typically required to detect '°F due
to the close proximity of the Larmor frequencies of 'H and '°F in fields
of 1-2 T. Recently, Pham and Hilty have demonstrated a SABRE-based
hyperpolarisation approach to observe biomolecular interactions via
low-field NMR detection without the need for chemical shift resolution
[272]. In this work, protein-ligand interactions were probed through
changes in the transverse relaxation rate of a protein-specific molecule
optimised for '°F SABRE hyperpolarisation. The hyperpolarised '°F-
containing molecule acts as a reporter for the binding of the target
ligand, via competition. The authors demonstrated that the dissociation
constant for the target could be determined from changes in the R,
relaxation rate of the '°F molecule enhanced by SABRE [272].

Reaction and process monitoring is another area where hyperpo-
larised benchtop NMR can make a significant impact. On-line and at-
line process monitoring using benchtop NMR for industrial applications
has been explored previously in the literature [273-275]. Benchtop
NMR has also been implemented into high-throughput screening work-
flows to monitor and optimise synthetic procedures [19,276]. Process
monitoring and optimisation are often carried out under continuous
flow, which exacerbates the sensitivity challenge of benchtop NMR due
to the short residence time of the sample in the magnetic field of the
spectrometer. Hyperpolarisation under continuous flow conditions has
been demonstrated for ODNP [58], SABRE [277] and hydrogenative
PHIP [202]. A significant advantage of the ODNP approach of Kircher
et al. is that the polarisation transfer agent is immobilised within
the ODNP polariser that is in-line with the benchtop NMR detector,
meaning that it does not need to be added to the sample under
investigation. The development of heterogeneous catalysts for PHIP and
SABRE could enable a similar approach to be used for parahydrogen
hyperpolarisation [278,279]. The SWAMP (surface waters are magne-
tised by parahydrogen) method, introduced by Bowers and co-workers
in 2018, could also provide a route to continuous pH, hyperpolari-
sation [280]. In this method, hyperpolarisation is achieved through
adsorption of pH, onto the surface of a Pt;Sn nanoparticle encapsulated
in mesoporous silica. Spin-spin interactions with the surface break
the symmetry of pH,, generating hyperpolarisation. Subsequent proton
exchange enables the transfer of polarisation to solvent molecules at
the surface (e.g., water, methanol or ethanol). The SWAMP effect was
demonstrated with benchtop NMR detection by Norcott in 2023, who
showed that it could be achieved using simple, commercially available
heterogeneous hydrogenation catalysts, such as platinum-on-carbon,
at room temperature [188]. In this case an additive is required to
regenerate the surface and allow for renewable hyperpolarisation.
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6. Conclusions

The development of hyperpolarised benchtop NMR spectroscopy has
progressed rapidly since the first demonstrations of dDNP [85] and
SABRE-enhanced [179] benchtop NMR in 2016. In terms of volume
of literature, the dominant technique has been pH, hyperpolarisation.
This is likely due to the fact that the instrumentation requirements for
pH, hyperpolarisation are simpler and cheaper than for other methods,
and pH, instrumentation developed for high-field NMR detection is
easily transferable to benchtop NMR. Furthermore, since the levels of
hyperpolarisation observed are independent of detection field strength,
there has been wide uptake of benchtop NMR detection within the
PH, hyperpolarisation community as a cost-effective route for method
development and optimisation [124,186-189,194,281-283]. This lat-
ter point is equally true for dDNP, leading to a growing number of
dDNP developments that were first demonstrated using benchtop NMR
detection [68,86-89]. The recent demonstration of photo-CIDNP for
fragment-based screening on a benchtop NMR spectrometer [225],
where the instrumentation requirements are arguably even simpler and
cheaper than for pH, hyperpolarisation, is likely to stimulate a lot of in-
terest and development in the area of photo-induced hyperpolarisation
with benchtop NMR detection.

This review has focused on the hyperpolarisation approaches of
DNP, PHIP and photo-CIDNP, which have already been successfully
combined with benchtop NMR and show promise for analytical appli-
cations. However, the analytical potential of hyperpolarised benchtop
NMR is not limited to these methods. A wide range of further hyper-
polarisation techniques exist or are under development, as illustrated
in the recent comprehensive review of spin hyperpolarisation by Eills
et al. [25] This includes methods such as HYPNOESYS [245,284], that
have been demonstrated using benchtop NMR detection. Therefore,
we believe that the potential of hyperpolarised benchtop NMR spec-
troscopy is very broad, and will continue to expand as new methods
are introduced. Going forward, there remain barriers to the uptake
of hyperpolarised benchtop NMR for analytical applications outside
of the expert hyperpolarisation community. These include the lim-
ited commercial availability of instrumentation and consumables, such
as polarisation agents and catalysts; the amount of optimisation re-
quired to achieve high levels of polarisation for a wide range of target
molecules; and ongoing challenges associated with the reproducibility
and quantification of hyperpolarised signals. These aspects are all under
active investigation within the hyperpolarisation community, and given
the remarkable pace of progress in recent years we expect that it
will not be long before the first real-world analytical applications of
hyperpolarised benchtop NMR spectroscopy emerge.
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