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Hyperpolarisation using signal amplification by reversible exchange (SABRE) is a convenient method for
high repeatability studies. The core of this technique is polarisation transfer to the target substrate
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during an ongoing chemical exchange process. Typically, polarisation transfer is achieved as fast as
possible. In this study, we employ NMR sequences that on the contrary slow down the polarisation
transfer and yet demonstrate improved performance. Simulations confirm that such methods can lead
to high polarisation yield in SABRE systems where hydride protons exhibit stronger magnetic
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1 Introduction

Hyperpolarisation techniques offer a promising solution to the
inherently low sensitivity of nuclear magnetic resonance (NMR)
spectroscopy. These methods enhance sensitivity by increasing
nuclear spin-polarisation through various interactions with an
external source of spin-order.” > A class of methods known as
parahydrogen-induced polarisation (PHIP) derives signal
enhancement from a chemical reaction with a specific spin
isomer of hydrogen called parahydrogen."* The nuclei of para-
hydrogen, which are entangled in a nuclear singlet state, relay
this state onto a target molecule by hydrogenation reaction.
Then, the singlet-order in the sample is converted into the
magnetisation of the target spins using a variety of possible
NMR sequences or magnetic field cycling. PHIP stands out as a
cost-effective hyperpolarisation methodology with growing inter-
est in the fields of medical imaging and metabolomics.>* 7"
A promising PHIP variant offering high repeatability and low
cost is called signal amplification by reversible exchange
(SABRE).>** 1t utilizes a catalyst, typically iridium-based, that
supports reversible formation of a parahydrogen-substrate
complex instead of irreversible hydrogenation. The magnetisa-
tion of the target nuclei is converted from the singlet state of
the attached parahydrogen using various polarisation transfer
schemes. Reversible chemical exchange then releases the sub-
strate to the solution, which gradually builds up polarisation in
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inequivalence and substrates exchange with a lower rate.

the free substrate pool. The substrate is not consumed during
the SABRE process, meaning that polarisation can be restored
with a constant supply of parahydrogen gas. This makes the
SABRE method a cost-effective hyperpolarisation method, find-
ing applications in drug detection and ex situ metabolomics,
and rapidly advancing towards ex vivo studies.*”"%¢

SABRE stems from a fine-tuned interplay between chemical
exchange and spin dynamics. Finding suitable SABRE condi-
tions often requires extensive and careful optimisation of both
polarisation transfer and exchange rates as their matching
determines the overall efficiency. For example, too fast
chemical exchange makes the substrate-parahydrogen complex
short-lived and does not allow polarisation transfer to effec-
tively build up magnetisation in the substrate pool. Therefore,
one known strategy to increase SABRE efficiency is to slow
down chemical exchange by lowering the temperature.®?® This
is especially effective for hyperpolarisation of weak SABRE
ligands like *C-pyruvate, where polarisation transfer is limited
by the weak (sub-hertz) spin-spin coupling between the hydride
protons and the “C site.”® Other substrates, particularly
N-labelled heterocycle systems, form complexes with strong
spin-spin coupling to the hydrides, leading to much faster spin
dynamics and polarisation build-up. However, once the hetero-
nuclear spin-spin coupling becomes larger than the proton
homonuclear coupling in the hydride, it induces a strong
magnetic inequivalence for the 'H sites in the complex. This
considerably alters the dynamics of singlet-order to magnetisa-
tion conversion, rendering the SABRE methodology sensitive to
the optimisation of the applied NMR sequences.'* 27

In this work, we analyse two different NMR sequences:
double-radio-frequency spin lock-induced crossing (DRF-SLIC)
and PulsePol. Polarisation transfer with simultaneous excita-
tion on the proton and heteronuclear channels, analogous to
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Fig. 1 The N spectra of hyperpolarised *°N-acetonitrile recorded after
four different SABRE protocols. Polarisation levels of the free substrate
species are provided above each spectrum. Deviation is estimated by
repeating experiments four times. See Section 2.3 for more experimental
details.

DRF-SLIC, was previously employed for hydrogenative PHIP
in symmetrical molecules*®*® and SABRE at high magnetic
fields,'®'”° although its potential for scaling the coupling
was not harnessed or examined in detail. PulsePol was
developed as a robust pulse sequence for the transfer of
electron polarisation to nuclei,>** but later proved to be
efficient for PHIP applications.?’* In this study, we success-
fully utilise the capacity of these sequences to effectively
reduce heteronuclear spin-spin coupling in the SABRE
complex. We compared these methods to the more estab-
lished SABRE-SHEATH and SABRE-SLIC protocols and
applied them to three different target substrates - '°N-
acetonitrile, '*N-pyridine and metronidazole.'!972333
Although DRF-SLIC and PulsePol differ in their design, they
both achieved a similar striking performance in hyperpolar-
isation of ’N-acetonitrile (Fig. 1). We hypothesise that this is
linked to increased magnetic equivalence of the hydrides and
reduced polarisation transfer rate, approaching the rate of
chemical exchange.

This is confirmed by numerical simulations and by
decreased observed performance in °N-pyridine and metroni-
dazole systems, which exhibit an increasingly faster chemical
exchange rate. We therefore believe that methods like DRF-
SLIC or PulsePol can outperform other methods in many
SABRE systems exhibiting similar dynamic range. The addi-
tional degree of freedom in the DRF-SLIC and PulsePol meth-
ods may potentially lead to improvements in other SABRE
applications, further promoting the use of hyperpolarisation
in routine NMR practice.

2 Methods
2.1 Materials

Three SABRE solutions were studied. Each solution was pre-
pared by first dissolving 3 mM of [IrCl(IMes)(COD)] and the
specified substrates in methanol-d,, followed by activation of
the catalyst with hydrogen gas for a few minutes in an NMR
pressure tube. For the " N-acetonitrile, the solution contained
10 mM of "*N-acetonitrile as a substrate and 20 mM of pyridine
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as a co-substrate. The "N-pyridine and metronidazole solu-
tions contained 30 mM of the respective substrate.

The '°N-acetonitrile, >N-pyridine, metronidazole, and
methanol-d, were purchased from Sigma Aldrich, while [IrCl-
(IMes)(COD)] was synthesised from [Ir(COD)Cl,] and 1,3-
bis(2,4,6-trimethylphenyl)imidazol-2-ylidene (IMes) using a
protocol described in the literature.***>

Parahydrogen was produced by an Advanced Research Sys-
tems (ARS) parahydrogen generator packed with an iron mono-
hydrate catalyst, running at 22 K temperature and producing
gas which was stored in aluminium bottles at a pressure of
30 bar. Parahydrogen was supplied to the SABRE solutions at
10 bar of pressure using a pressure regulator and electronically
controlled valves.

2.2 Equipment

All experiments were performed using an automated system
comprising a 9.4 T Bruker superconducting magnet, a Bruker
Avance NEO NMR console, a TwinLeaf MS-1 p-metal shield
equipped with home-built coils, and a sample shuttling system
integrated with a solenoid valve array managing the gas flow.
Hydrogen gas was supplied to 5 mm pressure NMR tubes using
1/16” Teflon and 0.2 mm fused silica capillaries. The entire
system was controlled via a custom Python script running on a
separate computer. The static bias field during SABRE proto-
cols was produced by a solenoid coil powered by a Rhode&Sch-
wartz HMP2030 power supply. The oscillating transverse field
was generated via the analogue output of a National Instru-
ments PXIe-6363 card and amplified by a home-built audio
amplifier. The waveforms for the low-field NMR sequences were
calculated using the custom Python script and digitised at a
400 kHz sampling rate.

High-field ">N NMR spectra of 200 ppm width were collected
using 64k points by exciting the SABRE-polarised samples with
a single 17 ps 90° pulse. The "N enhancement factors were
estimated by collecting thermally polarised '°N spectra of the
SABRE samples with "H decoupling at room temperature using
300 transients with a repetition delay of 200 s. Spectra were
baseline corrected.

2.3 SABRE experiments

The experiments in this study were performed following the
procedure outlined in Fig. 2 using the automated experimental
setup. Activated SABRE solutions were transported to a low-
field area where fresh parahydrogen was supplied via bubbling.
The bubbling period lasted 20 s, during which SABRE proto-
cols, shown in Fig. 3, were executed. After the samples were
polarised, bubbling was ceased, and the samples were shuttled
to the high field NMR magnet for data acquisition.
Experiments involving spin-lock induced crossing (SLIC)
utilised a bias field of 98 uT and a transverse field resonant
with N spins. The nutation frequency of the SLIC pulse was
optimised within the range of 0-30 Hz for each substrate. See
the supplementary information (SI) for more information.
Following the application of the SLIC pulse, the carrier fre-
quency of the transverse field was linearly decreased by 50 Hz
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Fig. 2 General scheme of the SABRE protocol. First, the sample is moved
from the NMR magnet to a low magnetic field. Then, parahydrogen
bubbling is initiated, followed by the polarisation transfer pulse sequence.
Once the sequence is finished, bubbling is stopped and the sample is
moved back to the magnet for recording of the NMR spectra. The inset
shows the active SABRE complex between parahydrogen and °N-
acetonitrile. Relevant J-couplings are indicated in grey.® Letters “L”
indicate other possible competing ligands, such as pyridine.

over 1 second, while its amplitude was simultaneously decreased
linearly to zero. This procedure ensured the adiabatic rotation of
the created magnetisation, aligning it with the bias longitudinal
field before sample shuttling.

The SHEATH protocol involved switching the magnetic field
from 20 puT magnetic field to ultra-low magnetic field for the
duration of the bubbling. The SHEATH field was optimised
within the range of 0-2000 nT. After the bubbling with para-
hydrogen was finished, the magnetic field was switched back to
20 uT before the samples were shuttled back to the high field
magnet.*’

The PulsePol NMR sequence was tested at a bias field of
1 mT with a Gaussian pulse peak amplitude of 600 Hz. The
shape ensured minimal Bloch-Siegert shift due to big pulse
amplitudes and avoided the indirect excitation of "H spins due
to short pulse durations. The phase ¢ and duration t were
experimentally optimised, using simulated values as an initial
starting point. The number of PulsePol cycles was adjusted to
match the 20 s duration of the bubbling process.

Final experiments utilising the double-RF SLIC (DRF-SLIC)
method were performed at 98 pT bias field using two excitation
channels, one resonant with "H spins and the second slightly
off-resonant with >N spins. The transverse field amplitude for
"H was fixed at 80 Hz while for >N the amplitude was fixed at
16-30 Hz with the resonance detuning of 60-100 Hz.

Tables with optimal values of key experimental parameters
together with optimisation routines and an extensive simula-
tion section are provided in the SI.

3 Adjusting the effective coupling

Optimising the SABRE efficiency requires a precise balance
between coherent spin dynamics and dissociation of the
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Fig. 3 Low-field polarisation transfer sequences applied as depicted in
Fig. 2 for hyperpolarisation of >N compounds at low magnetic field. (a)
SHEATH involves ramping the magnetic field down to approximately
400 nT for the duration of the bubbling. (b) Spin-lock induced crossing
(SLIC) is performed at a fixed magnetic field of 98 uT by applying a
transverse field B; on *°N resonance with an amplitude of ~16 Hz. A final
adiabatic pulse is applied to flip *°N magnetization along the bias field axis
before sample transportation. (c) The PulsePol method is performed at a
bias field of 1 mT. Filled and unfilled shapes represent 90° and 180° shaped
pulses, respectively, with Gaussian shape truncated at 10%. The number of
repetitions (N) is set to match bubbling time Tsagre. Duration = and phase ¢
were adjusted for optimal polarisation transfer. See more details in the text.
(d) The double-radio-frequency SLIC (DRF-SLIC) protocol uses an on-
resonance transverse field for *H and off-resonant field for >N nuclei. The
resonance mismatch is adjusted for optimal polarization transfer. A final
adiabatic pulse is applied to flip *°N magnetisation along the bias field axis
before sample transportation.

SABRE-active complex (Fig. 2). Generally, higher dissociation
rates also suit higher optimal polarisation transfer rates, but
the precise correlation is non-trivial. Cases exist where the
highest efficiency is expected once population exchange (4*)
is comparable with the dissociation constant (kg), ie.,
A* ~ kq.*® These relationships constitute the first tuning
constraints on pulse sequence design in SABRE. Within the
framework of level anti-crossing (LAC) theory, the population
exchange rate is determined by the perturbation V (4* = 2V),
which breaks the degeneracy of two interacting states.*®

The second constraint, particularly relevant for nitrogen-
containing heterocycles such as '’N-pyridine, stems from the
spin-coupling regime. In SABRE complexes involving these mole-
cules, the heteronuclear coupling /yg between the hydrides and
the substrate '°N site often exceeds the homonuclear hydride
coupling Jyy leading to strong magnetic inequivalence in the
spin system.””"*° Consequently, the standard LAC condition over-
laps with the other and leads to non-selective redistribution of
populations to multiple spin states, interfering with the desired
polarisation transfer. Therefore, reduced heteronuclear coupling
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leads to narrow LAC conditions, restoring the isolated and
efficient polarisation transfer.

Let us first consider the case of a 3 spin-1/2 system under the
influence of a transverse oscillating field, slightly off-resonant
for the "N nuclei. Note that the method with an on-resonant
field corresponds to a more known SLIC sequence.’® In the
rotating tilted frame, the secular and perturbing Hamiltonians
can be written as:"®

H = [:Io + 14
A H/3 s N 7 I T
Hy= — ) (IH‘Z + IH’,Z) - VeffINJ +JHH1H1H/
cosf,. . s
+ JNH 5 (IH.ZIN.ZJFIH'.ZINJ) (1)
N cosO,. - o
V = JNH (IH:IN.:le’zIN")

— JNH sin HfH_:fN_x

)2+(QN)2 is the effective frequency of the

>N nucleus rotating around the field tilted with respect to the

N

1%
Wt Here, I denotes
ON

(A

N _
where Vel = nut

static field by the angle defined by tan 6 =

the spin-operator, v, is the Larmor frequency of the respective
nucleus, Q is the resonance offset, and 4, is the nutation
frequency of the >N nucleus. Jyy is the homonuclear coupling
between the hydrides, Jyn is the heteronuclear coupling
between one of the hydride protons and the **N site and Jiyn
is assumed to be zero for simplicity.

The eigenbasis of the secular Hamiltonian H, can be found
by taking the tensor product of proton singlet-triplet basis
and >N Zeeman basis, forming the so-called STZ basis,
expressed as {|S), |To), |T+), |T)u ® {|o'), |f')}n, with
1) = —5(128) = |B), |70} = 75(a) + 1)),
|T_) = |pp) and {|o'), |B)}n defined along the z-axis in the
tilted frame. For the purposes of analysing polarisation trans-
fer during the SABRE experiment, one can isolate the states of
interest - {|Sa’), |SB"), |To'), |Tof’)} and express the total

|T+> = |O(O(>,

Hamiltonian in the matrix form at the LAC condition
(Vl:ff = _.]HH):
| Iso)) IsB) [Too') IToB’)
(sa’| | - iJHH 0 %JNH cos® — iJNH sin @
I:IZ <Sﬁ/| —— _AITJNH —%JNHsinO —%JNHCOSG
(o[ | —— - —1Nu 0
(Bl | —— - —— 3 Jun

2)

At this condition, the otherwise degenerate states |Sf’) and
|Toa') are perturbed and undergo population exchange. Assum-
ing fully populated proton singlet states, this exchange alone is
sufficient to achieve a fully polarised heteronucleus. The effec-
tive transition rate is given by the off-diagonal element

. -1 .
2V = 2(SB'|Ho|Too!) = TJNH sin §. Note that for the conven-
tional SLIC method, the detuning parameter is Q~ = 0 and tilt
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angle 0 equals 90°, ensuring maximum rate of EJNH' Reduction

of the effective angle can be used as the SABRE optimisation
parameter for suitable matching to chemical exchange. How-
ever, in a three spin system with | Jxu| > |Juu|, the perturba-
tion connecting the |Sa’) and |T,f’) states may be relatively
large compared to their energy difference (AE = 2Jyy). This can
cause additional population exchange reducing the polarisa-
tion efficiency, which is consistent with our numerical SABRE
simulation of the studied systems (see Fig. 4).

To solve this problem, we utilise double resonance DRF-
SLIC, where an additional on-resonance transverse field is
applied at the 'H channel. With additional on-resonance
irradiation for protons, the quantisation axis is flipped. It
results in:

H =Hy+V
N H s N N # PN
Ho= — v (Tn:+Tw.) — vifIn: + Jnnduly
cosf,. . PO
+ JNH 5 (TnxIN: + T Inc:) 3)
N cosf, . - PO
V = JNH (TN — Ty Inc:)
+ JNH Sin GIH}XIN,X
a SHEATH . b SLIC
100% Co00% N ~ ~
§ 50% [ A
©
2 0%
kS
[<}
< -50%
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-100% 100% ]
0.0 0.1 0.2 0.3 0.4 05 0.0 0.1 0.2 0.3 0.4 0.5
Time /s . Time/s
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“N: Vaut =sin(6) 87.7 Hz
Q =cos(6) 87.7 Hz
Fig. 4 Numerical simulation of different singlet-to-magnetisation trans-
fer methods in the active ®N-acetonitrile SABRE complex (depicted in
Fig. 2). (a) Simulations of SHEATH transfer at 200 nT and 400 nT magnetic
fields are given in grey and black, respectively. (b) Polarisation transfer
using the >N on-resonance field depicted in grey and black for amplitudes
7.7 Hz and 16 Hz. (c) Numerical simulation of *®N magnetisation for each
PulsePol cycle at different phase ¢ and duration t settings with the pulse
amplitude set to 600 Hz. The sinusoidal curve is provided as a guide. (d)
Simulation of polarisation transfer trajectories during the DRF-SLIC
method is calculated according to the mathematical relations given below.
Simulations are shown for three different effective angles 0.
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The resonance matching for DRF-SLIC is governed by the
modified LAC condition: 3¢ = v}, + Jun. Here, the hydride
spins are quantised along the x-axis of the rotating frame. We
denote the resulting triplet states as |T’), while the singlet state
|S) remains invariant under this rotation. The transition lead-
ing to heteronuclear polarisation transfer is |Sf’) — |Tioc/ ) if
the state |So') is unperturbed. The partial matrix representation
of the Hamiltonian at the LAC condition is given by:

| Ise) Isp’) o) |7’ B")
(sa’| | =4 (5sum +2viky) 0 - %ﬁJNH cos O ﬁJNH sin @
A= (sp| - — 1 (Inu—2viL) ﬁJNH sin@ ﬁJNH cos6
(15| - - — U —2viLo) 0
(T8 - - - —3(=hn—2vi)

(4)

where the rate of transition is 2V = %\/ZJNH sin 0. Here, the key
parameter is /1 as it allows shifting of the energy of the |Sa’)
state and isolates it from all the other states. Numerical
simulations support these considerations, demonstrating that
DRF-SLIC achieves consistently higher polarisation compared
to single-frequency SLIC in the slow and intermediate exchange
regimes. In the fast-exchange limit (k4 > 100 s '), both
methods exhibit comparable efficiency.

PulsePol represents an alternative approach to singlet-to-
magnetisation conversion. It relies on applying a pulse train to
construct an effective interaction-frame Hamiltonian, so the
evolution of one of its harmonics matches the evolution
frequency of the coupled states. Detailed analysis of this
sequence can be found elsewhere.”*

In the context of the present study, the primary advantage of
PulsePol is that, depending on the selected resonance condi-
tion, the sequence can effectively rescale the heteronuclear
scalar coupling. This provides a precise mechanism for match-
ing the polarisation transfer rate to the catalyst dissociation
rate (kq), analogous to the control achieved via DRF-SLIC, but
with potentially greater robustness to experimental offsets.

4 Results and discussion

The "N polarisation levels achieved after experimental optimi-
sation of each SABRE protocol for the three target molecules are
presented in Fig. 6. We observe that the results with each target
molecule vary considerably depending on the applied SABRE
method. The most striking difference was observed on '°N-
acetonitrile where DRF-SLIC and PulsePol led to 45% and 49%,
respectively, compared to the more established SLIC and
SHEATH methods (21% and 12%, respectively). This improve-
ment is also qualitatively predicted by the numerical simula-
tion (Fig. 5), although simulation suggests that DRF-SLIC
should always outperform. As the PulsePol sequence offers
higher robustness to resonance offsets, we link the reduced
efficiency of DRF-SLIC to experimental imperfections.

Since, as detailed in Section 3, both PulsePol and DRF-SLIC
allow scaling of the effective heteronuclear coupling in the
SABRE complex, the observed higher performance (compared

This journal is © the Owner Societies 2026
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Fig. 5 Numerically optimised SABRE performance for hyperpolarisation
of ®N-acetonitrile as a function of exchange rate using different polarisa-
tion transfer methods: SHEATH (red line), SLIC (orange line), PulsePol
(black line) and DRF-SLIC (blue line). Simulation assumes a rapid parahy-
drogen exchange compared to the dissociation of a single *N-molecule.
Polarisation is evaluated after 20 s of its build-up.

to SHEATH and SLIC) could be associated with two important
factors. First, the reduced polarisation rate can be more suited
for slow chemical exchange rather than a rapid one. Second,
weaker effective heteronuclear coupling ensures high equiva-
lence regime for the two hydride 'H spins, which in turn leads
to more isolated polarisation build-up (see Fig. 4).

However, reducing the effective coupling is not a good
strategy in systems with exceedingly high dissociation rates.
This is displayed by the less pronounced enhancement in
polarisation for ">N-pyridine and the worse performance (rela-
tive to SHEATH and SLIC) observed for metronidazole.

Our simulation suggests that at high exchange rates, optimal
conditions for DRF-SLIC converge back towards conventional
SLIC where effective heteronuclear J-coupling is maximized and
not reduced. At dissociation rates above 100 s ', DRF-SLIC
should not yield better results for SABRE systems with similar
spin topology. The PulsePol method exhibits a tighter perfor-
mance limit at exchange rates of around 40 s™* and above. The
likely reason is that PulsePol sequence relies on the pulse cycle
completion for polarisation transfer. Thus, if the SABRE complex
lifetime becomes comparable or shorter than the single PulsePol
cycle, the polarisation cannot be successfully transferred from

B SHEATH M PulsPol

O SsLIC B DRF-SLIC
401
30
20

101

Polarisation / %

5N-pyridine MTZ

37/s >62/s
Fig. 6 !N polarisation levels experimentally achieved using different
optimised SABRE protocols shown in Fig. 3 for three different compounds:
5N-acetonitrile, **N-pyridine, and metronidazole (MTZ). Experimentally
determined dissociation rates at room temperature are given below. The
metronidazole dissociation rate was estimated at 10 °C and thus is
expected to be larger at room temperature.

5N-acenonitrile
15/s
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the hydride to the "N site causing a steep loss in performance.
The polarisation yield using PulsePol may be recovered by low-
ering the sample temperature, as shown in the SI. Therefore, we
expect that the overall best SABRE performance can be achieved
by adjusting both the effective heteronuclear coupling with a
suitable sequence and the chemical exchange dynamics with a
chemical and physical modification of the system.

Conclusions

In this study, we investigated three SABRE systems possessing
similar spin-spin coupling topologies but distinct chemical
exchange kinetics. These systems and the achieved N polar-
isation were compared by utilising four different SABRE polar-
isation transfer protocols. The highest performance was
achieved using the PulsePol and DRF-SLIC protocols with >N-
acetonitrile approaching 50% of °N polarisation. Compared to
SABRE-SHEATH and SABRE-SLIC, these methods offer the
adjustment of the effective heteronuclear coupling. We
hypothesise that such reduction of the driving interaction can
increase the overall SABRE performance due to improved
matching with chemical exchange and more isolated spin
dynamics. Evidently, this strategy is not optimal in systems
displaying fast chemical exchange and may not be beneficial
for systems exhibiting high magnetic equivalence (e.g. SABRE of
3C-pyruvate). However, a considerable variety of >N-labelled
SABRE substrates lie within these extremes and can lead to
better results using sequences like PulsePol or DRF-SLIC. These
methods should further complement cases where chemical
dynamics are slowed down by the reduction of temperature
or addition of co-ligands. Therefore, NMR protocols capable of
adjusting effective spin coupling may lead to higher utility of
SABRE applications.
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