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1H benchtop NMR spectroscopy provides a more accessible alter-
native to high-field NMR but suffers from lower sensitivity and
increased peak overlap. Here, we overcome these challenges by
combining SABRE hyperpolarisation with homonuclear decoupling
and ultra-selective pulse sequences. The efficacy of this approach is
demonstrated for a mixture of analytes, where the 700-fold signal
enhancement provided by SABRE enables the acquisition of a well-
resolved homodecoupled H benchtop NMR spectrum, along with
sub-spectra for each component, extracted from a region of sig-
nificant peak overlap.

Benchtop NMR spectrometers, with magnetic field strengths of
B, =1-2 T, offer a more accessible alternative to high-field NMR
(Bo =7 T), with benefits such as lower purchase and main-
tenance costs, greater portability, and no requirement for
cryogens. However, these benefits come with drawbacks, most
notably reduced sensitivity and increased peak overlap, parti-
cularly for "H NMR, where a narrow chemical shift range
compounds the overlap issues and often leads to significant
strong coupling effects.

A range of hyperpolarisation techniques have been used to
boost the sensitivity of benchtop NMR spectroscopy, showing
potential for analytical applications ranging from reaction
monitoring and complex mixture analysis to high-throughput
drug screening.™” By utilising sources of high spin order, non-
Boltzmann spin populations are generated in the target
molecule(s),® breaking the link between NMR sensitivity and
detection field strength. In the parahydrogen-induced polarisa-
tion (PHIP) method,"® the source of spin order is the NMR-
silent nuclear singlet state of dihydrogen, parahydrogen (pH,).
Signal amplification by reversible exchange (SABRE)® is a
catalytic method of transferring the spin order of pH, to a
target analyte, while reversibly bound to a transition metal
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catalyst, typically iridium, in the presence of a weak magnetic
field (ca. 6.5 mT for transfer to 'H). Reversible exchange of both
PH, and the target builds up hyperpolarisation of the analyte in
free solution over a period of a few seconds. Orders-of-
magnitude signal enhancements are observed following sample
transfer into the NMR spectrometer for detection. SABRE has
been combined with benchtop NMR to enhance a range of
nuclei including 'H, '°F, N, and '*C,”™ reducing limits of
detection and enabling quantification into the micromolar to
millimolar range.'"® SABRE hyperpolarisation can be repeat-
edly regenerated as long as fresh pH, is supplied. A range of
automated workflows have been developed to produce repea-
table hyperpolarisation within the recycle delay of multi-step
NMR experiments.”**™*°

For mixture analysis, signal overlap in "H benchtop NMR
spectra must also be addressed. Homonuclear decoupling can
be used to collapse signal multiplicity into one well-resolved
singlet for each chemical environment (in the absence of
heteronuclear coupling).>>*' Liquid-state homonuclear decou-
pling can be achieved using interferogram,*” real-time,** or
semi-real-time** pure shift methods, in which J-evolution is
repeatedly refocused®>>>” and the free induction decay (FID)
is acquired in chunks. An alternative approach, 2D J-resolved
spectroscopy (JRES), encodes scalar coupling information into
the indirect dimension of a 2D experiment.”® The homode-
coupled '"H NMR spectrum is then obtained following a 45°
projection. Mandral et al. compared the performance of inter-
ferogram pure shift and JRES methods on a benchtop NMR
spectrometer.?® They found that the overall optimal sensitivity
performance was achieved for the JRES approach, while the
Zangger-Sterk (ZS) refocusing element®® provided the best
sensitivity out of the interferogram methods.

To date, only real-time pure shift has been combined with
hyperpolarisation,*** owing to its ability to obtain a homo-
nuclear decoupled FID in a single experiment. In practice, the
resolution of real-time pure shift methods is limited by the
duration of the repeated refocusing element, which can be
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quite long due to the narrow spectral widths of "H benchtop
NMR spectra. Therefore, it is desirable to have a renewable
source of hyperpolarisation that can be combined with the
interferogram and JRES methods.

While homonuclear decoupling simplifies the entire spec-
trum, peak overlap can still occur. A complementary approach
is to use ultra-selective experiments, such as GEMSTONE
(Gradient Enhanced Multiplet Selective Targeted Observation
NMR Experiment)** or DREAMTIME (Designed Refocused Exci-
tation And optional Mixing for Targets In vivo and Mixture
Elucidation),® to excite a resonance or spin system of interest
from a region of peak overlap. Both GEMSTONE and DREAM-
TIME have been implemented on a benchtop NMR spectro-
meter previously®® but only DREAMTIME with high-field NMR
detection has been combined with SABRE.>®

In this work, we demonstrate the combination of automated
SABRE hyperpolarisation with homodecoupled 'H benchtop
NMR to deliver enhanced signal discrimination of mixtures.
We report the first implementation of SABRE-enhanced GEM-
STONE to extract single resonances from regions of spectral
overlap and compare the performance of hyphenated GEM-
STONE techniques (GEMSTONE-TOCSY37 and GEMSTONE-
CLIP-COSY>?) for selectively transferring polarisation to a wider
spin system.

For all experiments presented herein, SABRE hyperpolarisa-
tion is generated using a previously described automated
workflow."® The sample is re-polarised within the recycle delay
of the relevant NMR experiment by shuttling the sample to an
ex situ polarisation transfer field, bubbling pH, through the
solution, and then returning the sample to the NMR spectro-
meter for detection. Each generation of hyperpolarisation takes
ca. 13 s.

The SABRE-enhanced "H benchtop (80 MHz) NMR spectrum
of a four-component mixture of 1 mM each of 4-methylpyridine
(4-mPy), pyridine (Py), 3,5-dimethylpyridine (3,5-mPy), and 1-
methyl-1H-1,2 3-triazole (mtz) presented in Fig. 1a exhibits
strong hyperpolarisation for all components, with an average
enhancement factor of 700-fold across the aromatic region of
the spectrum. However, the spectrum suffers from significant
peak overlap, illustrating the challenge of using "H benchtop
NMR for mixture analysis.

The JRES experiment effectively removes the multiplet struc-
ture to produce nine distinct singlets in the aromatic region,
with good signal-to-noise ratios and average linewidths of
2.5 Hz (single echo (SE), Fig. 1b) and 3.4 Hz (double echo
(DE), Fig. 1c). Notably, the broadly overlapped multiplets aris-
ing from the para Py resonance and the aromatic protons of
mtz, as well as the meta Py and para 3,5-mPy resonances, are
resolved.

The DE variant of the JRES experiment is expected to be more
robust against strong coupling effects. However, no significant
improvement in the level of observable artefacts (red asterisks) is
achieved using the DE compared to the SE JRES sequence
(Fig. 1). The quality of the SE and DE JRES spectra are compar-
able, with a moderately improved performance for the SE
sequence in terms of average linewidth (Table S4), while the
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Fig. 1 SABRE-hyperpolarised 'H benchtop NMR spectra of a four-
component mixture containing 1 mM each of pyridine, 4-methylpyridine,
3,5-dimethylpyridine, and 1-methyl-1H-1,2,3-triazole with SABRE pre-
catalyst [IrCl{COD)(IMes)] (100 uM) in methanol-d4 under 2 bar absolute
pH.. Spectra were acquired with: (a) *H pulse acquire, 1 scan, (b) single-
echo (SE) JRES, and (c) double-echo (DE) JRES. JRES spectra were
acquired in a single scan with 32 steps and a 20 Hz bandwidth in the indirect
dimension for a total experiment time of 11 min. Artefacts are denoted by red
asterisks and catalyst resonances are denoted by black asterisks.

DE sequence provided higher signal retention (Table S5). SABRE-
enhanced JRES experiments were repeated on a single-
component sample of pyridine, which is expected to exhibit
the most significant strong coupling effects of the four compo-
nents in the mixture (Fig. S5 in the SI). As in Fig. 1, no significant
difference in the number or prominence of artefacts was
observed in the SABRE-enhanced SE and DE JRES benchtop
NMR spectra of pyridine. Therefore, we conclude that strong
coupling does not play a significant role for these analytes at
80 MHz.

SABRE-enhanced ZS$ interferogram pure shift 'H NMR spec-
tra were also acquired of the four-component mixture (Fig. S6)
and pyridine (Fig. S5). Significant sensitivity losses were
observed for the interferogram ZS approach (ca. 7% of signal
retained relative to 'H pulse acquire). While sensitivity was
improved by narrowing the bandwidth to include just the
aromatic region, only ca. 22% of the signal was retained with
an average linewidth of 4.7 Hz. A summary of the relative
performance of the JRES and ZS methods in terms of linewidth
reduction (Table S4) and signal retention (Table S5) is provided
in the SI

The narrow chemical shift range of *H benchtop NMR leads
to peak overlap even in homodecoupled 'H NMR spectra
(Fig. 1). Ultra-selective observation experiments can be used
to obtain a spectrum containing only the resonance or spin
system of interest. A key parameter for optimisation of selective
pulse sequences such as GEMSTONE is the precise chemical

This journal is © The Royal Society of Chemistry 2026
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shift of the target resonance. Therefore, a homodecoupled
'H NMR spectrum is a necessary first step to implementing
optimised ultra-selective pulse sequences.

Fig. 2 presents a set of SABRE-enhanced GEMSTONE 'H
benchtop NMR spectra (8 scans, 3 min each) of the four-
component mixture, where each experiment has been optimised
to extract a single resonance from the overlapped aromatic
region. The optimised GEMSTONE parameters are reported in
the SI. A requirement of GEMSTONE is that the selective pulse
applied to the target resonance must have a bandwidth that is
sufficiently narrow such that none of its coupling partners are
excited. In the case of the para and meta resonances of pyridine,
separated by only 34.5 Hz on the 80 MHz benchtop NMR
spectrometer, this is not feasible. Therefore GEMSTONE spectra
cannot be acquired of the para and meta resonances. However,
the ortho resonance of pyridine is sufficiently separated to be
amenable to GEMSTONE with a 40 Hz (86.2 ms) selective pulse.

The selectivity of GEMSTONE is improved by increasing the
duration of the frequency swept pulses, at the cost of sensitivity
losses due to relaxation and diffusion. This compromise between
sensitivity and selectivity is most evident in the GEMSTONE
spectrum of the para resonance of 3,5-dimethylpyridine. Due to
the overlap with one of the resonances of pyridine, a long
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Fig. 2 SABRE-hyperpolarised 'H NMR spectra (8 scans, 3 min each) of a
mixture containing 1 mM each of pyridine, 4-methylpyridine, 3,5-
dimethylpyridine, and 1-methyl-1H-1,2,3-triazole with the SABRE pre-
catalyst ([IrCl(COD)(IMes)], 100 uM) in methanol-d4 under 2 bar absolute
pH>. (a) H pulse-acquire. (b)—(h) GEMSTONE spectra, where the band-
width of the selective pulse and duration of the frequency swept adiabatic
pulses were optimised separately for each target resonance and are
provided in Table S1 in the SI.

This journal is © The Royal Society of Chemistry 2026
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adiabatic pulse duration of 100 ms was required to achieve the
desired level of selectivity, giving rise to noticeably weaker signal.
We note that a new pulse sequence, JND-GEMSTONE,*® has
recently been published by Bazzoni et al, which replaces each
frequency swept adiabatic pulse in GEMSTONE with multiple
pairs of shorter pulses, to counter the sensitivity losses due to
diffusion. This new, more sensitive approach is expected to be
particularly advantageous for benchtop NMR applications, where
the separation between peaks in Hz is much smaller than at high
field. While some preliminary experiments have shown promise,
a full evaluation of this new pulse sequence is beyond the scope
of this communication.

GEMSTONE can be combined with other NMR pulse
sequences to selectively target a spin system rather than a single
resonance.’?”*® Fig. 3a presents a series of SABRE-enhanced
GEMSTONE-TOCSY spectra (8 scans, 3 min each) targeting
individual components of the mixture. The peak selected by the
GEMSTONE sequence is indicated by the arrow. While
GEMSTONE-TOCSY is able to transfer the hyperpolarisation
across the spin system in each case, significant artefacts are
observed at the chemical shifts of the other components of the
mixture, particularly in the GEMSTONE-TOCSY spectra targeting
pyridine and 4-methylpyridine. SABRE-enhanced GEMSTONE-
COSY benchtop NMR spectra (Fig. S8 in the SI) contain fewer
artefacts but feature anti-phase peaks. This latter issue can be
overcome through the use of the CLIP-COSY experiment.*®*°
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Fig. 3 SABRE-hyperpolarised (a) GEMSTONE-TOCSY and (b) GEMSTONE-
CLIP-COSY benchtop NMR spectra (8 scans, 3 min each) of a mixture of
pyridine, 4-methylpyridine, 3,5-dimethylpyridine, and mtz (1 mM each) with
100 pM of the SABRE pre-catalyst [IrCH{COD)(IMes)] in methanol-d, under
2 bar absolute pH,. The arrows indicate the resonance targeted by the
GEMSTONE sequence. The GEMSTONE parameters and mixing times were
optimised individually for each target analyte and are provided in Table Sl in
the SI.
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The SABRE-enhanced GEMSTONE CLIP-COSY spectra tar-
geting 4-mPy, 3,5-mPy, and mtz in Fig. 3b (8 scans, 3 min each)
provide in-phase NMR spectra with improved SNR compared to
the GEMSTONE-TOCSY spectra and fewer artefacts. By contrast,
significant sensitivity losses were observed in the SABRE-
enhanced GEMSTONE-CLIP-COSY spectrum of pyridine, with
only 17% of the GEMSTONE signal retained. In this case, no
single mixing time was found to enhance all three resonances
with good SNR. The mixing time used here (70 ms) represents a
compromise between sensitivity and signal distribution across
the spin system. A comparison of the signal retention in the
GEMSTONE-TOCSY and GEMSTONE-CLIP-COSY spectra is pro-
vided in Table S6 in the SI.

In conclusion, we have demonstrated that the combination
of renewable SABRE hyperpolarisation with spectral simplifica-
tion techniques can be used to overcome two challenges of 'H
benchtop NMR for complex mixture analysis: limited sensitivity
and peak overlap. Specifically, we have implemented SABRE-
enhanced homodecoupled 'H benchtop NMR experiments,
enabled by an automated SABRE hyperpolarisation workflow
that delivers repeatable hyperpolarisation between each step of
the experiment. The JRES sequence was found to provide the
optimal performance for a four-component mixture (1 mM
each) in a total experiment time of only 11 min. The ultra-
selective NMR pulse sequence, GEMSTONE, was combined
with SABRE for the first time, with the automated hyperpolar-
isation approach enabling phase cycling to minimise artefacts
(e.g., from the solvent). Hyphenated GEMSTONE techniques for
enhancing spin systems, in addition to single resonances, were
explored and it was found that GEMSTONE-CLIP-COSY pro-
vided the best selectivity and sensitivity with fewer artefacts
when compared to GEMSTONE-TOCSY. However, a limitation
of the GEMSTONE-CLIP-COSY approach is the availability of a
suitable mixing time to enhance all resonances simultaneously.
In the future, the performance of these hyphenated GEM-
STONE techniques could be compared to SABRE-enhanced
DREAMTIME, which isolates pairs of coupled resonances from
region of peak overlap, as demonstrated previously by Norcott™®
using high-field detection.

The combination of SABRE with homonuclear decoupling
and ultra-selective observation experiments can be used to
enable the study of complex mixtures by "H benchtop NMR,
for example in the analysis of metabolites in bio-fluids."'® SABRE
is a chemically selective method due to the fact that the target
analyte needs to bind reversibly to the catalyst on a suitable
timescale to be enhanced. Therefore, in a complex mixture only
SABRE-active analytes will be enhanced. At the concentrations
considered here, any non-hyperpolarised mixture components
would have insufficient SNR to be observed in either the JRES or
GEMSTONE NMR spectra without extensive signal averaging.
However, the scope of SABRE-amenable analytes is being
expanded through innovations in catalyst design,** the addition
of co-substrate(s) to facilitate binding,> and the use of a
polarisation transfer agent in the SABRE-Relay method to enable
signal enhancement of analytes in solution (not bound to the
catalyst) via proton exchange.*®
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