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Signal amplification by reversible exchange (SABRE) is a fast and inexpensive hyperpolarisation method
used to enhance NMR signals by several orders of magnitude. In this work, we focus on describing the
mechanisms leading to hyperpolarisation in SABRE experiments on fluorinated pyridine derivatives. The
polarisation transfer pathways to ligand fluorines and protons are explained by combining experimental
results with spin dynamics simulations including chemical exchange and first-principles relaxation
(Redfield theory). It is shown that ligand fluorines can be effectively hyperpolarised using two field
regimes; in the uT range, the polarisation transfer can be attributed to coherent dynamics, but significant
polarisation levels are also generated in the mT range through initial coherent polarisation of the ligand
protons and the following incoherent processes conveying the polarisation to the fluorine nuclei. The
role of different nuclei on the polarisation transfer was explored by simulations of spin systems of varied
sizes, which revealed the importance of incorporating incoherent mechanisms consisting of the dipolar
and quadrupolar relaxation as well as the scalar relaxation of the second kind, into the simulations, also
at such magnetic fields where the coherent mechanism is mainly responsible for the polarisation

rsc.li/pccp transfer.

1 Introduction

Since its discovery in 2009," signal amplification by reversible
exchange (SABRE) has gained significant recognition and estab-
lished its position alongside other popular hyperpolarisation
methods in nuclear magnetic resonance (NMR). This can be
attributed to the combination of low cost and high time
efficiency. At its core, SABRE makes use of the magnetic
properties of parahydrogen by transferring its spin order to a
ligand in a temporarily formed organometallic complex. This
can enhance NMR signals by several orders of magnitude
without chemically modifying the ligand (substrate). For the
vast majority of substrates, the IrCl(COD)(IMes) complex con-
tinues to be the most efficient pre-catalyst.* SABRE has been
used to hyperpolarise several types of nuclei in different
molecules, for example, pyridine,2 pylruvate,5 and metroni-
dazole,® with highest reported polarisation levels reaching
50% for 'H and "°N.”®

One of the main challenges in SABRE is the complexity of
the hyperpolarisation process. Consequently, optimising
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SABRE is difficult as the generated polarisation level depends
on multiple interdependent parameters, such as magnetic-field
strength, temperature, and the concentrations of the sub-
stances, with changes in one altering the optimal values for
others.® Multiple different modifications of SABRE have been
demonstrated, including SABRE-SHEATH,'® LIGHT-SABRE,"
QUASR-SABRE,"? SLIC-SABRE,"® alt-SABRE,'"'”> and SABRE-
RELAY,"® each having their own strengths and weaknesses. In
addition, the use of co-substrates has been shown to improve
the stability of SABRE complexes and to lead to increased
hyperpolarisation levels in case of sterically hindered
substrates.'”*® Given all this, it is essential to understand the
underlying principles of SABRE in order to overcome its chal-
lenges in practical applications.

In this work, we have performed SABRE experiments on
3-fluoropyridine (mFP) and 3,5-difluoropyridine (dFP). It is
demonstrated that *°F is hyperpolarised directly via coherent
dynamics driven by the isotropic chemical shifts and
J-couplings at the microtesla fields and indirectly via incoher-
ent mechanism, i.e., cross-relaxation, from 'H at millitesla
fields. The experimental observations are explained using spin
dynamics simulations accounting both for chemical exchange
and relaxation induced by dipole-dipole and quadrupolar
coupling at the level of Redfield theory. Scalar relaxation of
the second kind (SRSK) resulting from the fast relaxation of the
quadrupolar nuclei is taken empirically into account. The spin
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Hamiltonian parameters comprising the j-couplings, chemical
shift tensors, and quadrupolar interaction tensors have been
calculated quantum chemically for the SABRE complex. The
findings are used to outline the polarisation transfer pathways
and the roles of the different nuclei in SABRE process.

2 Experimental details
2.1 Hyperpolarisation setup

The experiments were performed using SpinSolve 43 MHz (1 T)
benchtop NMR spectrometer (Magritek, Aachen, Germany)
together with a home-built hyperpolarisation system based on
the setup by Truong et al.*® The system, shown schematically in
Fig. 1, enables high-pressure parahydrogen flow through a
sample placed inside a 5-mm standard NMR tube. Two differ-
ent sources of parahydrogen were used in the experiments: pH,
generator (90% pH,) (Bruker, Billerica, MA, USA) and home-
built liquid nitrogen-based generator (50% pH,). The source
used in each experiment is specified in Table S1 in ESI.{ The
pressure inside the system was controlled at 3 bar (absolute) by
a pressure regulator at the end of the line. The flow was
regulated by a SmartTrak 100 mass-flow controller (Sierra
Instruments, Monterey, CA, USA), which was controlled by
LabVIEW. Fields in the uT-range were generated using a
home-built solenoid inside a mu-metal shield (Magnetic Shield
Corp., Bensenville, IL, USA), and mT fields with a Helmholtz
coil (Serviciencia S.L.U., Toledo, Spain). To control the mag-
netic field and reduce relaxation during the sample transfer, a
magnetic transfer line constructed from an array of permanent
neodymium magnets was placed between the polarisation
transfer field and the spectrometer. The transfer field was
~1 mT.

Fig. 1 Hyperpolarisation setup. Parahydrogen is produced with Bruker
pH, generator (A). The flow is controlled and monitored using valves (B), a
pressure gauge (C), and a mass-flow controller (D) that is controlled from a
computer (E) using LabVIEW. The sample is hyperpolarised inside an NMR
tube (F) that is placed inside a mu-metal shield (G). Different polarisation
transfer fields are produced by a home-built solenoid (H) connected to a
DC source (I). The pressure inside the system was maintained with a
pressure regulator (J). The NMR spectrum of the hyperpolarised sample
was detected using a benchtop NMR spectrometer (K). A magnetic transfer
line (L), producing a magnetic field of B ~ 1 mT in the direction of ®, was
placed in between the mu-metal shield and the spectrometer. The sample
transfer took approximately 2 s.
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2.2 Sample preparation

Samples were prepared by dissolving 0.5 mM of the precatalyst
[IrCl(COD)(IMes)] in deuterated methanol (Sigma-Aldrich) and
adding 15 mM of either mFP (Sigma-Aldrich) or dFP (Alfa
Aesar). Higher concentration samples (3 mM and 6 mM of
precatalyst, and 90 mM and 180 mM of substrate, for mFP and
dFP, respectively) were used to measure the reference spectra
(thermal polarisation) with a sufficient signal-to-noise ratio.
The hyperpolarisation system was flushed with hydrogen to
remove air, particularly oxygen, which acts as a strong relaxa-
tion agent due to its paramagnetic nature.*® After transferring
the sample into the NMR tube, it was activated and degassed by
bubbling with parahydrogen for at least 20 minutes to ensure
the removal of remaining oxygen.”’ The activation of the
catalyst occurred immediately after starting the parahydrogen
flow, which was observed as a colour change from yellow to
almost transparent.

2.3 Experiments

The efficiency of '°F and "H SABRE hyperpolarisation of mFP
and dFP were studied with polarisation transfer field (PTF)
strengths ranging from sub-uT fields up to 1 T. All experiments
were performed at room temperature. The bubbling time was
set to 60 seconds to ensure sufficient build-up time while
minimising loss of sample due to evaporation. The sample
was placed into the PTF and the parahydrogen flow was
enabled from LabVIEW. The pH, flow was controlled at
30 sccm in all experiments. Faster flow rates were found to
produce higher levels of polarisation, but also to increase the
evaporation of the sample. Immediately after stopping the flow,
the sample was manually transferred along the magnetic
transfer line to the spectrometer for signal acquisition. The
sample transfer to the benchtop spectrometer took approxi-
mately two seconds. NMR spectra were acquired with SpinSolve
Expert V.1.41.16 using the proton and fluorine pulse programs
with a m/2-pulse, as well as a self-implemented OPSYd-12
(double-quantum filtered Only Parahydrogen Spectroscopy)
pulse program.>” For the parameters, refer to Table S2 in ESL}
A minimum of one minute was waited to re-establish the
thermal equilibrium between the experiments. Each experi-
ment was repeated two to four times to increase the reliability
of the results.

Longitudinal relaxation times (7;) of the SABRE hyper-
polarised *°F and *H nuclei were also determined at different
magnetic fields. The chosen fields were 5 pT (maximum
enhancement for '°F), 50 uT (Earth’s magnetic field), 0.5 mT,
8 mT (maximum enhancement for "H) and 1 T (SpinSolve). The
sample was hyperpolarised for 60 s at a field producing
good levels of in-phase polarisation (see Table S3, ESIY)
and, after stopping the flow, the magnetic field was switched
to the desired relaxation field either by changing the current
in the coil (5 pT, 50 pT, 0.5 mT and 8 mT) or by moving the
sample to the spectrometer (1 T). The sample was left in
the relaxation field for varied periods of time before acquiring
the spectrum.

This journal is © the Owner Societies 2025
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The build-up times of '°F and "H SABRE hyperpolarisation
were determined at magnetic fields of 5 uT and 8 mT, as these
fields produced the highest levels of polarisation for '°F and
'H, respectively. The experimental procedure was identical to
that followed in the polarisation transfer field study, except for
a varied bubbling time, controlled by LabVIEW.

Data processing is described in Section S1 in ESL¥

3 Modelling

Spin dynamics simulations were performed using the open-
source spin dynamics library Spinach (v. 2.8.6280)>* in MATLAB
(R2023b). Spin polarisation levels and coefficients for the two-
spin order terms (I;I;; and I;,S;,) were computed. Source code is
available as an external file named ‘“SI_Code_example.m” in
the ESL.{

The main simulations of mFP and dFP were carried out
using a 14-spin system (see Fig. 2) including the hydride
protons and all the NMR-active spins in the two equatorial
pyridine ligands, comprising *°F, "H, and "N nuclei. Coherent
dynamics, as well as incoherent dynamics affected by both the
direct dipole-dipole coupling of all nuclei and **N quadrupole
coupling, were regarded. To study the roles of individual nuclei,
simulations of mFP were also performed using smaller spin
systems. These were a 12-spin system excluding the quadrupo-
lar "N nuclei, an 8-spin system with only one full pyridine
ligand, a 7-spin system without '*N of that ligand, a 6-spin
system including both pyridine ligands without any 'H nuclei,
and an 8-spin system including both pyridine ligands with a

Fig. 2 Upon activation, the iridium catalyst forms a hexacoordinate
complex in which the spin order transfer from parahydrogen to the ligands
takes place.* The 14-spin system, with hydride protons and mFP ligands
highlighted in yellow, was used in the spin dynamics simulations. Proposed
polarisation transfer pathways are demonstrated in the uT (orange) and mT
(blue) field-strength regimes.
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single 'H nucleus in each. For dFP, simulations were only done
for the full 14-spin system and the 12-spin system excluding the
quadrupolar **N nuclei.

The initial state in the simulations was a spin-singlet state
for the hydride spins and an unpolarised (unit) state for the
fluoropyridine ligand spins, which is reasonable, as the spin-
state purity of the parahydrogen produced by the pH, generator
is over 90% and the polarisation in thermal equilibrium is tiny
at the operating fields of SABRE (~10 "% for 'H at 1 mT and
room temperature). A simple model for chemical exchange of
the ligands was used with an experimentally-determined
exchange rate of 19.6 s~'.>* In addition to studies on the roles
of individual nuclei, sets of simulations were carried out to gain
information about the effects of the rotational correlation time
and the number of spins in the model and the operator basis
used. For a complete description of the simulations, including
empirical scaling factors for the simulated polarisation levels
and discussion on possible model deficiencies, refer to Sections
S2 and S4 in ESL¥

The spin Hamiltonian parameters were obtained using
density-functional theory calculations, as explained in Section
S2.5 (ESIY).

4 Results and discussion

4.1 Polarisation transfer field dependence

The observed levels of "F and 'H polarisation for SABRE-
hyperpolarised mFP and dFP at different magnetic fields are
illustrated in Fig. 3. In these results, the integration is per-
formed using phased spectra, which essentially means that the
contribution from anti-phase peaks, arising from the hetero-
nuclear two-spin order operators (I;,S;), is neglected. The
reported polarisation levels are averages of two to four mea-
surements (see Fig. S3 and S4, ESIf).

4.1.1 Fluorine. Fig. 3(a) displays the dependence of the PTF
in the uT range for '°F. The SABRE process is found to be the
most efficient at ~5 pT, giving polarisation levels of 0.67% and
0.13% for mFP and dFP, respectively. The observed '°F polar-
isation is in general agreement with previous SABRE experi-
ments with the same molecules.?*° However, to the best of
our knowledge, such a precisely measured dependence of the
polarisation transfer field for '’F has not been previously
demonstrated in the SABRE-SHEATH regime. We attribute this
to the fact that previous studies on the magnetic-field depen-
dence of '°F in uT range have been carried out with high-field
instruments where the sample transfer takes longer and the
magnetic field during the transfer is not controlled. In the
present study, the SABRE system is built next to a benchtop
spectrometer, allowing fast sample transfer and the use of a
simple magnetic transfer line. Recently, Sheberstov et al.* also
showed that highly controlled sample transfer into a benchtop
spectrometer can produce highly accurate and reproducible
data. Our results for mFP at mT fields are also in good
agreement with the previous study using a highly controlled
set-up with SQUID-based detection.?®
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Fig. 3 The effect of polarisation transfer field strength to the experimental and simulated *°F and *H polarisation levels in mFP and dFP. The symbols
represent an average of the measurements. The lines show the simulated polarisation from the 14-spin (solid) and 12-spin (dashed) models either
including or excluding the incoherent mechanisms, respectively, scaled to fit the experimental results. The coherent-only 12-spin model omits the
quadrupolar ¥*N nuclei for reasons detailed both in the main text and Section $4.4 of the ESI.f For the scaling factors, refer to Table 513 (ESIT). Polarisation
of 1°F at (a) uT fields and (b) mT fields. Polarisation of *H at (c) uT fields and (d) mT fields. The legend indicates whether both coherent and incoherent
mechanisms were included in the simulations, and whether scalar relaxation of the second kind (SRSK) was empirically taken into account.

The simulated polarisation levels in Fig. 3(a) illustrate that
the addition of incoherent dynamics produces merely a quan-
titative effect on the results at pT fields. Therefore, the polar-
isation transfer to 'F in the uT range can be primarily
attributed to the coherent polarisation transfer that occurs
under strong-coupling conditions. The coherent dynamics
can be qualitatively understood by the energy level anti-
crossings (LACs),>>* which has been elaborated for a simpli-
fied AA’B spin system in Section S3.1.1 (ESIT). However, LACs
do not provide a quantitative picture, as chemical exchange and
relaxation also play a role in the polarisation transfer process.'
A detailed examination of the results including only coherent
interactions in Section S4 (ESIT) shows that the shape of the
field dependence curve is strongly influenced by the "N spins.
In contrast, when the incoherent interactions are added, the
fast quadrupolar relaxation of "*N centre effectively decouples it
from the rest of the spin system (see Fig. S19(a) in the ESIt for
the comparison of simulations with 14-spin and 12-spin sys-
tems). For this reason, excluding **N from the simulations with
only coherent interactions produces results with better compat-
ibility with the experiments. It is imminent that relaxation
processes are very important in order to describe the polarisa-
tion transfer in SABRE.

Fig. 3(b) shows that '°F gains significant hyperpolarisation
also in the mT region. The maximum polarisation levels are
achieved at ~8 mT for both molecules: 0.25% for mFP and
0.09% for dFP. Similar findings have been reported previously
with mFP and other fluorinated compounds, and they were
attributed to a relayed polarisation transfer via the protons of
the substrate.”*° This is also supported by our results: by
comparing to Fig. 3(d), one finds a significant resemblance
between the polarisation transfer field profiles of "°F and 'H in
the mT range. Previously, relayed polarisation transfer has been
shown to enable significant hyperpolarisation of other long-
range heteronuclear sites, such as ’N.>***° In that case, the
polarisation transfer was mediated by the J-coupling. However,
the suggested mechanism does not apply here: to accomplish
relayed polarisation transfer from "H to '°F via J-coupling, the

13308 | Phys. Chem. Chem. Phys., 2025, 27, 13305-13314

two nuclei should be strongly coupled. At the polarising field of
several mT, the difference between resonance frequencies of
'9F and 'H is already 2-3 orders of magnitude larger than their
J-coupling, which renders that mechanism ineffective. Addi-
tionally, relayed transfer via J-coupling should result in polar-
isation of the same sign due to conservation of the z projection
of the total spin. In the present experiments, exactly the
opposite is observed: comparison with the thermally polarised
spectra shows that the '°F ends up in the |o) state whereas 'H
in the |f) state (see Fig. 4 and 5). The sign pattern is also
reproduced by the present spin dynamics simulations. The
simulations demonstrate a significant polarisation transfer to
'9F, as shown by Fig. 3(b). However, when only the coherent
mechanisms are enabled in the simulations, polarisation trans-
fer to "°F is practically non-existent at mT fields. As previously
suggested by Ariyasingha et al.,*® this relayed transfer from 'H
to *F is, thus, confirmed both experimentally and computa-
tionally to be due to cross-relaxation.

8mT
- 50T
mFP
19F
5uT
Thermal (200x)
128 scans, 6x conc.
-118 -122 -126 -130 -134 -138

Chemical shift (ppm)

Fig. 4 Comparison of 19F spectra from thermally polarised and SABRE-
hyperpolarised mFP. The concentration of the thermally polarised sample
is 6 times higher. The small peak seen at —124.8 ppm corresponds to the
mFP ligand bound in the equatorial position of the complex.
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Fig. 5 Comparison of *H spectra from thermally polarised and SABRE-
hyperpolarised mFP. The concentration of the thermally polarised sample
is 6 times higher.

It is worth noting that, despite qualitatively reproducing
both the optimum polarisation transfer field as well as the
shape of the field dependence, a general trend is that the
simulated polarisation profiles drop off too quickly when the
magnetic field exceeds the optimal value. This discrepancy
most likely arises from the model deficiencies, particularly
regarding chemical exchange. In addition, the modelling of
dissipation could introduce inaccuracies, due to the adopted
simplified dynamical model and the shortcomings of semiclas-
sical Redfield theory with spin orders far from equilibrium.*®
The deficiencies are discussed thoroughly in Section S4.6
(ESTH).

At 1 T magnetic field, the observed polarisation levels for '°F
were 0.002% for both molecules. The spin order transfer from
the hydride protons at high magnetic fields is achieved solely
through cross-relaxation.’”

4.1.2 Proton. Fig. 3(c) shows that 'H does not become
significantly hyperpolarised under SABRE-SHEATH conditions.
This is an expected result based on the LAC analysis as, for 'H,
the coherent mechanism that involves LACs is operating effi-
ciently at much higher fields. Within the pT range, the highest
polarisation levels for "H are obtained near zero field, giving
—0.05% and —0.04% polarisation for mFP and dFP, respec-
tively. The simulations cannot fully predict the experimentally
observed field dependence. However, the simulations suggest
that, while inefficient, the coherent dynamics are responsible
for the polarisation transfer; the effect of incorporating the
incoherent mechanisms is primarily quantitative, as it just
reduces the overall polarisation level. In addition, it can be
deduced that the coherent polarisation transfer to ligand 'H is
predominantly direct from the hydrides, as the experimental
and computational data do not support relayed transfer via
ligand *°F or N, even though the strong coupling conditions
between these nuclei and 'H appear in the pT range. If the
polarisation originated from '°F, correlation between the polar-
isation transfer field profiles of "H and "°F would be expected.
Instead, the observed dependence of the magnetic field is very
different for '°F and "H in the uT range. On the other hand, '*N

This journal is © the Owner Societies 2025
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relaxes quickly and consequently does not act as a source of
polarisation.

As in previous studies with the same molecules, e
maximum polarisation levels for 'H are generated in the mT
range. Specifically, a well-pronounced maximum is found at
~ 8 mT for both substrates. The observed polarisation levels are
—1.7% for mFP and —0.46% for dFP, again comparable to the
earlier observations.**%%" The well-established maximum is
attributed to the coherent polarisation transfer under strong
coupling conditions, similarly as for '°F at the pT fields.
However, as for fluorine, a more careful examination in Section
S4 in ESIT demonstrates that the incoherent interactions
significantly modify both the shape of the field dependence
profile and the magnitude of the 'H polarisation in the mT
range. Again, when the coherent simulations are performed
with 12 spins, excluding '*N centres instead of the full 14-spin
model, the qualitative shape of the experimental field depen-
dence is reproduced [see Fig. S19(d) in the ESIT].

The simulations also provide information on the fine details
of the polarisation transfer. For example, at 8 mT, the ligand
proton between the nitrogen and fluorine centres (position 2)
in mFP acquires twice the polarisation (almost 50% of the total
intensity) of the proton in position 6, on the other side of the
nitrogen. For dFP, the two protons (positions 2 and 6) next to
nitrogen initially gain almost 90% of the total polarisation,
which is then distributed coherently to the third proton
through the J-coupling. The simulations at different fields
reveal that, by varying the field, it is possible to choose for
which proton the initial polarisation mostly builds up.

At 1 T field, the observed polarisation levels for 'H were
—0.03% and —0.02% for mFP and dFP, respectively, i.e., an
order of magnitude larger than for '°F, but almost two orders of
magnitude smaller than at the mT fields. At high magnetic
fields, the coherent mechanism is no longer effective. Instead,
polarisation transfer at high field is achieved purely through
cross-relaxation and, according to simulations, initially it goes
almost solely to the protons next to the nitrogen atom.

4.1.3 Difference between mFP and dFP. The maximum
polarisation levels were achieved at similar polarisation-
transfer fields for mFP and dFP, implying that the main
features of the transfer mechanisms are similar between the
two substrates. However, there is a significant difference in the
maximum achievable polarisation. The SABRE process is more
efficient with mFP, giving ~ 5 times more polarisation to *°F in
the pT range and ~4 times more to 'H in the mT range, than
with dFP. The results in Section 4.3 below show that both the
relaxation times under the SABRE conditions and the polarisa-
tion build-up rates are similar between the two substrates.
Therefore, it is not likely that such spin-dynamical details
would be contributing to the observed difference in the max-
imum polarisation of the two different substrates. Moreover,
the tabulated, unscaled results of the spin dynamics simula-
tions in the attachment ‘“‘tabulated_values.zip” in the ESI}
in fact demonstrate a slightly more favourable polarisation
transfer to dFP, implying that the details of the exchange
process could partially constitute a limiting factor for the

26-28,30 ¢
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experimentally attainable polarisation levels of dFP. Indeed,
analysis of the '°F spectrum acquired at 14.1 T [Fig. S16(a),
ESIT] reveals that dFP does not, at least solely, form a similar
hexacoordinate complex as mFP. Instead, it appears that sev-
eral different complex species are formed, suggested by the fact
that there exist several smaller signals in the '°F spectrum. The
hydride region of the "H spectrum in Fig. S16(b) (ESI{) also
implies the formation of different complex species with chemi-
cally nonequivalent sites for hydrides, as there are several peaks
between —21 and —27 ppm. Possible candidates could be
[Ir(Cl)(IMes)(dFP),(H,)] or [Ir(IMes)(MeOD)(dFP),(H,)]"Cl~.>®

4.2 Phase patterns of fluorine and proton spectra

Another interesting feature of the SABRE-hyperpolarised '°F
spectra is the anti-phase signal arising from the heteronuclear
two-spin order (I;,S;). Different phase patterns of the '°F
spectra of fluorinated pyridine derivatives have previously been
reported in the literature, with mixed findings.>*”2%3°
Olaru et al.*’ found that, while the '°F signal from mFP was
in-phase under SABRE-SHEATH conditions, an anti-phase sig-
nal was obtained when the polarisation was performed in the
mT-range fringe field of the NMR magnet. The opposite was
reported for dFP. In contrast, the results for dFP by Silva Terra
et al.*® demonstrated only in-phase signals. For mFP, Shchepin
et al.”® found anti-phase signals at 50 pT and in-phase signals
both under SABRE-SHEATH conditions and at mT fields. These
mutually contradicting results suggest that there are other
factors than the PTF that affect the type of the generated
polarisation. A likely cause of the diversity of the results is in
the differences in the sample transport pathways, leading to
very different magnetic field profiles experienced before the
actual measurement of the spectra. Polarisation transfer can
still continue during the transport, and the field variations can
be either adiabatic or non-adiabatic. Ariyasingha et al.>’ also
reported anti-phase signals from mFP at 50 mT, suggesting that
the formation of the heteronuclear two-spin order is not limited
to the polarisation transfer fields below the mT range.

In this work, changes in the phases of the spectral peaks are
observed, especially in polarising fields between the distinct
LAC regions of "°F and "H. The full evolution of the lineshape
across the different polarisation transfer fields ranging from
0 uT to 1 T is displayed in Fig. S7-S10 in the ESI.{ For mFP,
some anti-phase character is visible for '°F in the polarising
fields between 30 pT and 3 mT and, at 50 pT, the line is purely
anti-phase, as seen in Fig. 4. In experiments, the phases of the
dFP spectra behave differently from the mFP spectra (see Fig.
S5 and S6, ESIt), as all the '°F spectra are almost purely in-
phase, only showing a slight anti-phase character between
50 uT and 1 mT. In the present simulations, some hetero-
nuclear two-spin order is produced for both mFP and dFP in
the SABRE experiments across different polarisation-field
strengths (see Fig. S11 and S12 in the ESIY). At 50 pT, the
magnitudes of the heteronuclear two-spin order terms (I;,S;;),
both for mFP and dFP, are 1-2 orders of magnitude larger
than those of the magnetization terms (S,) (see “tabulated_
values.zip” in the ESIt). The simulations also predict purely
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anti-phase '°F spectra at 8 mT, whereas in the experiments,
purely in-phase spectra are observed for both molecules (see
Fig. S13 in the ESIY).

Fig. 5 reveals that also the 'H lineshape for mFP varies with
the polarising field. Some changes are also visible in the "H
spectrum of dFP, although less so than for mFP. However, the
spectral resolution is insufficient to determine whether indivi-
dual proton peaks are anti-phase or simply have different signs
at 50 pT, as there are four (mFP) or two (dFP) different 'H sites
contributing to the spectrum. The simulations for "H suggest
that, at the lowest fields of few uT, the spectra would be about
half-and-half mixture of in-phase and anti-phase terms. At the
field strengths between the two LAC regions, mostly anti-phase
and, when approaching the 'H LAC region at mT fields, almost
purely in-phase lines are observed. In experiments, the mixed
phases for 'H are only observed outside of the LAC region and,
similarly to '°F, the phenomenon is more pronounced for mFP.

It seems that the simulations fail to predict the experimental
spectra with a visible anti-phase character being observed only
at the polarisation transfer fields between the LAC regions of
'9F and 'H. In addition, the simulations do not explain the
differences between mFP and dFP, particularly the almost non-
existent anti-phase character of the dFP spectra. One possible
reason is provided by the approximations, particularly the
limited exchange model, adopted in these simulations. The
simulations do not take into account the long bubbling times,
during which the polarisation builds-up on the free substrates
through exchange. The experimental data seem to indicate that,
during the bubbling period, the relative amount of magnetisa-
tion increases and the two-spin order decreases. In measure-
ments with short bubbling times, the °F spectrum of mFP
indeed shows an anti-phase character also in the polarisation
field of 8 mT, resembling the simulation results. In Fig. 6, the
anti-phase lineshape is visible when the bubbling time is 2 s
to 5 s, whereas this feature is completely absent in the mea-
surements with 10-s bubbling time. This implies two different
polarisation transfer pathways at 8 mT: while the in-phase
peak originates mostly from relayed incoherent transfer via
the 'H centres, the anti-phase peak arises from the coherent

mFP
19F
10s
5s
\/\ 2s
-118 -122 -126 -130 -134 -138

Chemical shift (ppm)

Fig. 6 Comparison of 9F spectra from SABRE-hyperpolarised mFP
at 8 mT with different build-up times.
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mechanism. The appearance of the anti-phase lineshape at
short bubbling times would indicate that the build-up and
relaxation time constants for the heteronuclear two-spin order
terms are shorter than for the magnetisation terms (S,).

As the in-phase magnetisation builds up through cross-
relaxation from "H, the cross-relaxation time and longitudinal
relaxation time of 'H also contribute. With long bubbling
times, the magnetisation terms accumulate and mask the
faster-decaying two-spin order terms. Simulations predict simi-
lar behaviour for both molecules, but for dFP, this phenom-
enon was not observed. This might suggest even faster
relaxation times of the two-spin order terms in relation to the
magnetisation term. In a paper by Buckenmaier et al.,*® the
maximum absolute intensities for mFP were observed at 8-mT
and 4. ..5-mT PTFs for 'H and '°F, respectively, which indicates
that the main polarisation transfer mechanism to '°F in this
case was not the incoherent transfer from 'H to '°F. This
difference between the current and other reported results can
again be explained by a short bubbling time (2 s) and an
immediate detection of the signal, carried out with SQUID
detectors without need for any sample transport. In these
conditions, incoherent transfer from 'H to '°F is inefficient
and, according to the current results, the "’F NMR signal
should be purely anti-phase. Indeed, the simulations reveal
that the anti-phase terms reach maxima between 4 to 6 mT.
These findings indicate that the bubbling time utilised in the
experiments can have an effect on not only the intensity, but
also the phase of the observed signal, even in the LAC regions.
The accumulation of in-phase magnetisation during the long
bubbling period, which is not taken into account in the present
simulations, can also play a major role in explaining the scaling
factors (Table S13 in the ESIT) needed to match the intensities
of the simulated results with the experimental data, as the
largest scaling factors are needed in cases whenever the simu-
lations predict almost purely anti-phase spectra, whereas (accu-
mulated) in-phase spectra are experimentally observed.

The dependence on the PTF was also studied using the
double-quantum filtered OPSY sequence (OPSYd-12)*> to
obtain information about the homonuclear two-spin order
(IzI;;) between the 'H spins. The OPSYd-12 pulse sequence
was chosen, as it provided the best background signal suppres-
sion in our experiments. The resulting field dependence in
mFP, shown in Fig. 7, reveals that the maximum homonuclear
two-spin order is generated when the field is in the range of
2...10 mT. Compared to the in-phase polarisation, the
observed anti-phase signal is two orders of magnitude smaller.
The simulations also demonstrate the formation of homonuc-
lear two-spin order, but the calculated dependence on the
magnetic field is somewhat different compared to the experi-
mental results, particularly when the incoherent interactions
are omitted in the modelling. For dFP, the OPSY sequence did
not produce any detectable signal using the low-concentration
sample, and no further effort was put to acquire the signal in
this case. Based on these results, the development of homo-
nuclear two-spin order in the substrate does not play a major
role in the overall polarisation transfer in SABRE.
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Fig. 7 Experimental OPSY absolute value intensities (scatter) and sums of
the absolute computational homonuclear two-spin order terms (line) at
different polarisation transfer fields. The intensities are expressed as
percentages of the theoretical maximum expectation value. The simula-
tions were performed using the 14-spin model with incoherent interac-
tions (solid) and the 12-spin coherent-only model without **N (dashed).
Scaling factor of 0.026 was used for the simulation to fit the experimental
results.

4.3 Relaxation times

Relaxation time constants, T;, of the SABRE-hyperpolarised '°F
and 'H nuclei were experimentally determined by fitting a
general single-exponential function

Yy = A; exp(—x/Ty1) + Yo (1)

to the dataset. Selected sets are shown in Fig. 8, and all the
experimental T, values are collected in Table 1.

The results indicate an obvious trend: regardless of the
substrate or nucleus under study, the relaxation time is signifi-
cantly shortened when the sample is placed at an ultralow field.
For '°F, the relaxation time T; ~ 5 s is found, whereas for 'H
the relaxation is even faster, with 7, ~ 3 s. This raises an

+1.01 a) YFat5uT 5 10{%Re b) ®F at 8 mT
-‘go_g. T,=(53+03)s §0_8 me . T =(226+12)s
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Fig. 8 Relaxation time analysis of SABRE-hyperpolarised *°F and *H nuclei
at selected magnetic fields. °F at (a) 5 uT and (b) 8 mT. *H at (c) 5 uT and
(d) 8 mT.
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Table 1 T; relaxation time constants for SABRE-hyperpolarised *°F and *H
nuclei in mFP and dFP

Relaxation Ty (mFP, '°F) T, (mFP, 'H) T, (dFP, '°F) T, (dFP, 'H)
field (s) (s) (s) (s)

5T 5.3+ 0.3 2.99 +0.06 49+03 248 +0.12
50 uT 13.0 + 0.2 141402  154+0.8  17.9+ 0.8

0.5 mT 16.2 + 0.4 19.9 + 0.5 161+ 0.7 268+ 1.3

8 mT 22.6 + 1.2 19.8 + 1.2 44 + 4 28.7 + 1.2

1T 16.3 + 0.6 19.2 + 0.3 1914+ 0.5  36.0+ 0.6

important technical aspect regarding the applications of
SABRE-SHEATH. Once the sample has been hyperpolarised at
an ultralow field, it is important to quickly change the magnetic
field, not to lose the polarisation.

It is commonly known that scalar relaxation of the second
kind (SRSK), which is operative when the nucleus under study
is scalar-coupled to a rapidly-relaxing quadrupolar nucleus, can
provide a very efficient relaxation mechanism, especially at
weak magnetic fields.*>*® Therefore, another option for length-
ening the relaxation time would be to use isotopically enriched
substrate, in which the quadrupolar '*N were replaced with '°N.
Indeed, Birchall et al.** have shown that the presence of the
quadrupolar *NO, site in metronidazole leads to a 3-fold
decrease in the T, relaxation time of a neighbouring '°N centre
in the SABRE-SHEATH regime. At high field (1.4 T), the differ-
ence between the samples with and without '*N was, however,
insignificant. The negative impact of quadrupolar **N has also
been reported for *C by Barskiy et al.** There are not many
experimental results of the effect of quadrupolar *N on fluor-
opyridines. However, Chukanov et al.>® compared the efficiency
of SABRE hyperpolarisation between *N-mFP and '’N-mFP,
and reported similar '°F polarisation levels for the two
isotopomers.

In the present measurements, a significant deviation from
the general trend is observed for '°F at 8 mT: after the sample
has been hyperpolarised, relaxation does not give rise to a
single-exponential magnetisation decay, as is evident from
Fig. 8(b). A significant factor behind this is that, for relaxation
studies at 8 mT, *°F was hyperpolarised at 8 mT. This means
that the 'H centres were also substantially polarised and the
hyperpolarisation of '°F was mostly obtained via cross-
relaxation from 'H. Hence, the polarisation transfer process
from 'H to '°F remains active for some time even after the pH,
flow has been terminated. Because of this, the exponential fit
was only applied to data points from 20 s onwards. Never-
theless, the obtained T, values were longer in comparison to
values at both 0.5 mT and 1 T, especially for dFP. Similar
findings have been reported by Kabir et al. at pT-fields, where
the spin-relay process from *°N to '°F significantly lengthened
the effective T; of the '°F nuclei.?® Another consequence of this
phenomenon is that the existence of efficient polarisation
transfer to another nucleus within a substrate, especially via
the spin-relay mechanism, may limit the observable polarisa-
tion of the first nucleus. This is particularly true in the cases
where the second nucleus has a short T; and, therefore, acts as
a polarisation sink.
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4.4 Build-up times

The build-up times, T}, of *°F and 'H SABRE hyperpolarisation
in mFP and dFP were determined by fitting eqn (1) to the
datasets. The obtained fits, together with the build-up time
constants, are collected in Fig. 9.

The build-up time constants and their comparison to relaxa-
tion time constants provide useful information about the
possible limiting factors in the polarisation transfer process.
From Fig. 9(a) it is found that the "°F nuclei exhibit a quick
build-up process with T}, ~ 4 s at 5 pT. The fact that T} is
comparable to T; at this field (~5 s) implies that the maximum
achievable polarisation level is strongly limited by relaxation.
This is also one of the reasons behind the smaller levels of
polarisation obtained for ’F compared to 'H in our study.
Similar findings have been made in the cases of other hetero-
nuclei, such as **N and **C, in earlier work.®810:21:41-44

When the polarisation transfer field is raised to 8 mT, the
build-up of *°F polarisation becomes significantly longer (28 s
for mFP and 41 s for dFP), as shown in Fig. 9(b). Even though
the build-up process at mT-fields is complex due to its relayed
nature, the build-up constants T}, are again comparable to the
relaxation time constants T;. When comparing the build-up
time constants for '°F and 'H at 8 mT [see Fig. 9(b) and (d)], the
'F polarisation is generated more slowly, consolidating the
picture of relayed polarisation transfer via "H.

The "H nuclei do not become significantly hyperpolarised at
5 uT, leading to ambiguity in the exponential fits to the data
points shown in Fig. 9(c). There are also several polarisation
transfer mechanisms that are operational for "H at the uT range
fields, as well as distinct 'H sites with different optimal
polarisation transfer fields, varying lineshapes, and signs, as
previously discussed for the PTF profiles.

Overall, the build-up time constants and the relaxation time
constants are consistent with each other: short Ty, is associated
with short T; and vice versa. The conclusion is that the
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Fig. 9 Determination of SABRE hyperpolarisation build-up times for *°F
and *H nuclei in mFP and dFP at different magnetic fields. *°F at (a) 5 uT and
(b) 8 mT. *H at (c) 5 uT and (d) 8 mT.
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efficiency of SABRE hyperpolarisation is generally limited by
relaxation.

5 Conclusions

In this work, SABRE experiments and spin dynamics simula-
tions including chemical exchange and first-principles relaxa-
tion (Redfield theory) were used to characterise polarisation
transfer to 3-monofluoropyridine (mFP) and 3,5-difluoro-
pyridine (dFP). It is shown experimentally that the most effi-
cient polarisation transfer to "°F nuclei occurs at the magnetic
field of 5 puT, resulting in polarisation levels of 0.67% for mFP
and 0.13% for dFP. This is verified with the simulations to be
primarily due to coherent polarisation transfer, but the shape
of the field dependence profile is strongly influenced also by
the incoherent processes and these need to be incorporated
into simulations to obtain reasonable compatibility with experi-
ments. Particularly, the quadrupolar nuclei of the spin system
can lead to large deviations between the theoretical and experi-
mental results if incoherent mechanisms are neglected.

The coherent mechanism is also responsible for the opti-
mum polarisation transfer to 'H, leading to polarisation levels
of —1.7% for mFP and —0.46% for dFP at 8 mT. In addition,
relatively high '°F polarisation levels of 0.25% for mFP and
0.09% for dFP are observed at 8 mT. The spin dynamics
simulations demonstrate that the polarisation transfer to '°F
at mT fields mainly takes place incoherently through cross-
relaxation from the ligand protons, which are first hyper-
polarised coherently. The current simulations qualitatively
reproduce the experimental results and give valuable insight
into the mechanisms behind the polarisation transfer. How-
ever, a more accurate exchange model, which also takes into
account the processes during the bubbling time, would be
needed to obtain a quantitative description.
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