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ABSTRACT

High-field nuclear magnetic resonance (NMR) spectroscopy is an indispensable technique for identification and characterization of chemicals
and biomolecular structures. In the vast majority of NMR experiments, nuclear spin polarization arises from thermalization in multi-Tesla
magnetic fields produced by superconducting magnets. In contrast, NMR instruments operating at low magnetic fields are emerging as a
compact, inexpensive, and highly accessible alternative but suffer from low thermal polarization at a low field strength and consequently a
low signal. However, certain hyperpolarization techniques create high polarization levels on target molecules independent of magnetic fields,
giving low-field NMR a significant sensitivity boost. In this study, SABRE (Signal Amplification By Reversible Exchange) was combined
with high homogeneity electromagnets operating at mT fields, enabling high resolution 'H, "*C, '°N, and "°F spectra to be detected with a
single scan at magnetic fields between 1 mT and 10 mT. Chemical specificity is attained at mT magnetic fields with complex, highly resolved
spectra. Most spectra are in the strong coupling regime where J-couplings are on the order of chemical shift differences. The spectra and the
hyperpolarization spin dynamics are simulated with SPINACH. The simulations start from the parahydrogen singlet in the bound complex
and include both chemical exchange and spin evolution at these mT fields. The simulations qualitatively match the experimental spectra and
are used to identify the spin order terms formed during mT SABRE. The combination of low field NMR instruments with SABRE polarization
results in sensitive measurements, even for rare spins with low gyromagnetic ratios at low magnetic fields.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0002412

. INTRODUCTION

Nuclear magnetic resonance (NMR) spectroscopy has emerged
as a valuable tool for the characterization of chemical compounds as
NMR spectra of virtually all compounds containing spin-1/2 nuclei
can be readily obtained on a commercial spectrometer. Indeed,
NMR has advanced to one of the most useful techniques for chem-
ical and structural identification.' ° Generally, large superconduct-
ing high-field (>1 T) magnets are used to generate the strong,

homogeneous magnetic fields needed to obtain high-resolution
NMR spectra. These high-field superconducting magnets require
controlled access laboratory facilities to mitigate the potential haz-
ards of these magnetic fields. In contrast, NMR instruments operat-
ing at very low magnetic fields can be made more compact, acces-
sible, and less expensive than their high field brethren. There are
many examples of sensitive setups that perform NMR in the mag-
netic field of the Earth, at zero field, or in the milliTesla (mT)
regime.” '° Operation at a low magnetic field, in general, affects
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instrument sensitivity, and one strategy to boost sensitivity is to use
passive and active high-Q external resonators,’”'* but the largest
experimental limitation to the widespread use of these devices comes
from the intrinsically low Boltzmann spin polarization at a low field.
Hyperpolarization techniques that can be used to create high nuclear
spin polarization independent of the magnetic field are a promising
enabling solution at a low field.

Popular hyperpolarization methods include dynamic nuclear
polarization (DNP),"*' spin-exchange optical pumping (SEOP),”* **
and chemically induced DNP (CIDNP).”*" A particularly sim-
ple hyperpolarization approach is parahydrogen induced polar-
ization (PHIP). PHIP was first introduced by Bowers and Weit-
ekamp.””*® More recently, Signal Amplification By Reversible
Exchange (SABRE)”’ has emerged as a more generalizable vari-
ant of PHIP that allows for hyperpolarization on many classes of
compounds. SABRE uses a transition-metal catalyst to transfer spin
order from parahydrogen through a transient J-coupling network on
the catalyst to target molecules. When polarizing protons, this spin-
order transfer is most efficient at magnetic fields of order several mT
as has been demonstrated in various studies.”’”* This can be under-
stood by the concept of level anti-crossings (LACs).”* *" A further
extension of this technique known as SABRE-SHEATH (SABRE in
SHield Enables Alignment Transfer to Heteronuclei)*** can gener-
ate magnetization on heteronuclei by polarization-transfer fields in
the uT regime. The detection of heteronuclei is important for many
applications, especially for biochemical and structural characteri-
zations,' and indeed, by using hyperpolarization, low concentrated
analytes can be detected at low magnetic fields.”’ **

In the present work, we demonstrate the unique utility of
combining low-field NMR instruments with SABRE hyperpolar-
ization to enable chemically specific spectroscopy of 'H and rare
spins, including 5N, B¢, and F. We demonstrate experimental
results obtained from a low-field electromagnet-based spectroscopy
system with an external high-quality (Q) resonator and from a
low-field electromagnet-based MRI scanner operating at 6.5 mT.
We compare the experimental spectra to simulations obtained with

a) EHQE NMR b)

e) 28 kHz caoill f) 276 kHz coll

41.7 kHz caoll c)

g) sample
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a modified version of the SPINACH code in an attempt to under-
stand the underlying mechanism involving the hyperpolarization
chemistry and the spin-physics in the polarization-transfer com-
plexes. With the simulations, we qualitatively match the experi-
mental spectra and identify the spin order terms formed during
mT SABRE. We describe a surprisingly pronounced magnetic field
dependence on the structure of the spectra in a range of 1-10 mT.
The methods and spectroscopy equipment used here are described,
followed by a demonstration of experimental low-field spectra of
SABRE polarized molecules containing rare spins, and finally simu-
lations with corresponding spin dynamics to explain and rationalize
our observations.

Il. METHODS

This section is subdivided into three parts. In Sec. II A,
we describe the experimental setups, including the low-field
spectroscopy electromagnet with the external high-Q resonator
(EHQE),"” the low-field electromagnet-based MRI scanner (without
EHQE)," the setup for parahydrogen production and delivery, and
the data processing. In Sec. II B, we describe the hyperpolarization
chemistry, i.e., preparation and measurement of the SABRE samples.
In Sec. II C, we elaborate on the simulations of the NMR spec-
tra, which was performed in MATLAB with the SPINACH software
from the Kuprov Lab*’ with custom modifications.

A. Experimental setup

NMR spectra were obtained from two different electromagnet-
based low-field systems. The first system is a high homogeneity spec-
troscopy magnet [Fig. 1(a)] uses a hand-wound cylindrical copper
coil with 10 mm diameter [Fig. 1(b)] coupled to an external ferrite
resonator (EHQE). This low-field setup and its EHQE-NMR detec-
tion approach are described in detail by Suefke et al.'” The By field
for detection is created by a cylindrical coil made of copper wire
and can be shimmed to a homogeneity below 1 ppm for a sensitive

sample

FIG. 1. Setup of the spectroscopy elec-
tromagnet [(a)—(c)] and the 6.5 mT ultra-
low field (ULF) MRI scanner [(d)-(g)]: (a)
electromagnet with an EHQE resonator,
(b) 41.7 kHz detection coil, (c) parahy-
drogen bubbling through the SABRE
active solution using a pipette tip and a
small glass vial, (d) imaging magnet with
the detection coil in the middle, (e) coil
for 28 kHz (*H) detection at 6.5 mT, (f)
coil for 276 kHz (*°N) detection at 6.5 mT,
and (g) parahydrogen bubbling through a
SABRE active solution with Teflon tubing
in a high-pressure NMR tube.
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volume of 500 yl. The signal is detected with a solenoid coil matched
to 41.7 kHz and coupled to a ferrite core to obtain a high Q factor
[Q ~ 200-400, Figs. 1(a) and 1(b)]. After preamplification, the sig-
nal is fed into a lock-in amplifier and recorded at a rate of 16 kHz
(16 bit resolution) at an off-resonance frequency of about 60 Hz. For
all nuclei (1H, YE 13C and 15N), the resonance frequency was kept
the same (41.7 kHz) by adjusting the magnetic field strength, i.e.,
1 mT for 'H, 1.1 mT for °F, 4 mT for *C, and 10 mT for °N.
For these experiments, the Bruker Parahydrogen Generator (BPG)
was employed, yielding approximately 85% parahydrogen fraction.
The raw data were zero filled, Fourier transformed, and first-order
phase corrected by using custom-made python software. The ampli-
tude of the signal is given in arbitrary units (a.u.) but matches for
all experiments of a given compound. Notice that even amplitudes
from different nuclei in the same compound are directly compara-
ble because only the magnetic field was changed and the signals were
received with the same coil at the same frequency.

The second low-field instrument is the ultra-low field (ULF)
MRI scanner [Fig. 1(d)] described by Sarracanie et al."* This sys-
tem is a state-of-the-art custom-made 6.5 mT (276 kHz 'H fre-
quency) biplanar electromagnet-based scanner with homogeneity
better than 0.25 Hz over a 10 mm NMR sample tube and equipped
with 3 axis imaging gradients (1 mT/m). A multi-nuclear Tecmag
Redstone spectroscopy and imaging console, with nine Rx chan-
nels and three Tx channels, drives the system. RF transmit is pro-
vided by Tomco power amplifiers (BT00500-Alpha$ for 'H and
BT00250-AlphaA for '°N), and MITEQ low-noise preamps (AU-
1583 for 'H at 276 kHz and AU-1442 for °N at 28 kHz) are
used. For the experiments described here, the scanner was operated
with a field-frequency lock that provides immunity to time-varying
environmental fields of better than 0.25 Hz/day.

For the work described here, a 'H coil tuned to 276 kHz
[Fig. 1(e)] and a N coil tuned to 28 kHz [Fig. 1(f)] were constructed
with a 10 mm ID. Parahydrogen was enriched at liquid nitrogen tem-
perature, yielding ~51% fractional parahydrogen content. Spectra
were acquired with 90° pulses using a four step phase cycle.

In all experiments (except SABRE-SHEATH), the hyperpolar-
ization field (Bevo) and the detection field are identical, i.e., the sam-
ples are exposed to parahydrogen via bubbling in the detection field.
Only one experiment is different, where we hyperpolarized *N-
acetonitrile in a p-metal shield (SABRE-SHEATH)" and transferred
to 10 mT for detection.

B. Hyperpolarization chemistry and sample
preparation

Samples were prepared using Schlenk techniques in an
inert gas atmosphere and kept under inert conditions dur-
ing experiments. The chemicals (Sigma Aldrich) were dried
with a molecular sieve and degassed before use. The cat-
alyst precursor [IrCl(cod)IMes] [cod = cyclooctadiene, IMes
= 1,3-bis(2,4,6-trimethylphenyl)imidazole-2-ylidene] was synthe-
sized from [Ir(cod)(OMe)], and 2 equivalents of IMes-HCl in ace-
tone and recrystallized three times in methanol for purification. The
samples contained 1.5 pl of the to-be-polarized substrate and 1.76
mg catalyst precursor in 900 yl methanol-dy, unless otherwise stated.
In the case of acetonitrile as a substrate, 7.5 ul acetonitrile were used,
and 3 pl pyridine-ds were added to stabilize the catalytic complex.
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Parahydrogen was bubbled through the solution for 15 min
to activate the catalyst. During this time, the yellow color of the
solution faded [see Figs. 1(c) and 1(f)]. The parahydrogen was sup-
plied through PTFE tubing submerged in the SABRE-active solution
[Fig. 1(b)]. The susceptibility artifacts at such low detection fields
caused by the polystyrene pipette tip (spectroscopy magnet) or the
PTFE capillary (imaging magnet) and the gaseous parahydrogen are
negligible. Thus, parahydrogen was constantly bubbled through the
solution during measurements.

SABRE-SHEATH experiments were conducted in a p-metal
shield, which attenuates the earth’s magnetic field. The required Bevo
is generated by a small coil inside this shield allowing for ultra-low
fields between 0.1 T and 500 uT.

C. Simulations

The NMR spectra were simulated in MATLAB (R2019a) using
the SPINACH software 2.3.4934 from the Kuprov Lab*’ and mod-
ified, as described below. The simulations were compared to mea-
surements at 41.7 kHz, 276 kHz, and 28 kHz. In addition, the
SABRE-SHEATH experiment was simulated by including field-
cycling.

We explored two simulation approaches. In the first approach,
referred to as the “quick” method, we simply guessed the spin order
created on the molecules during SABRE and simulated the spec-
tra until a match was obtained. This “quick” approach yields good
agreement between simulation and experiment, and the simulations
were fast (of the order seconds). In the second approach, which we
term “complete,” we simulated the hyperpolarization transfer pro-
cess starting from the parahydrogen singlet state on the polarization
transfer complex. While this “complete” approach helps to under-
stand the polarization transfer mechanism, it is far more cumber-
some to obtain a match between experiment and simulation, and the
simulations take longer, tens of minutes to a few hours on a desktop
computer, making iterations toward experiment-simulation match
tedious. Nonetheless, we were able to achieve qualitative agreement
and explain the underlying mechanisms.

In the “complete” approach, the simulations needed to take into
account the underlying chemistry as well as the spin evolution at the
low magnetic fields used in the experiments. The simulated spin sys-
tem consists of the nuclei of the target molecule as well as the two
parahydrogen derived hydrides. From the J-couplings and chemical
shifts of these spins, the Hamiltonian was formulated. The parame-
ters used to simulate the individual spin systems were taken from
the literature and are listed in the supplementary material.”*"” In
some cases, we also had to adjust the J-coupling values to achieve
agreement with the experiments. In particular, the sign of the
J-couplings is often ambiguous in the literature; however, the rel-
ative signs of the J-couplings have large effects on the simulated
spectra. Full details are discussed in the supplementary material.
In brief, the initial density matrix was a singlet between the two
hydride protons in the bound hyperpolarization complex. This den-
sity matrix was evolved under the Hamiltonian of the complex at the
specified magnetic field. The resulting evolution was weighted expo-
nentially by the exchange rate (details below) and averaged. Then,
the hydrides were decoupled from the spin system, leaving behind
the free substrate in the solution. The resulting density matrix on
the substrate was evolved for an additional 10 s (sufficiently long to
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allow for reliable averaging) under the Hamiltonian of the substrate
and averaged. Finally, a 90° pulse was applied, and the spectrum was
calculated.

To simulate the exchanging nature of the SABRE system, we
consider that the supply of parahydrogen is the rate determining
step due to either the speed of the oxidative addition or the dif-
fusion limited supply and replacement of hydrogen with parahy-
drogen in solution. This goes hand-in-hand with the experimental
observations that the signal increases with increasing parahydrogen
pressure and flow rates.'”*>?*****” For the simulations, the con-
sequence is that we neglected the possibility of hydride exchange
during hyperpolarization events and solely focused on substrate
exchange. This implies that once a parahydrogen molecule is bound
to iridium, the efficiency of polarization transfer depends on the
rate of substrate exchange. For the classical pyridine case, an opti-
mum substrate exchange rate of ~4.5 s™* has been predicted theo-
retically”’ and confirmed experimentally.”' Strategies for optimiza-
tions of other SABRE substrates include adding another ligand™
or changing the temperature,” which bring the substrate exchange
rate into the desired regime. To simulate the effects of exchange,
the density matrix, starting from the hydride singlet, was evolved
for 1 s in time steps of 0.1 ms obtaining 10000 different density
matrices. To take into account the probability of dissociation, an
exponential decay with a decay constant k is applied to the den-
sity matrices, and then, they are averaged. An average lifetime of
40 ms was assumed for the pyridine and 3-fluoropyridine complex
and a 30 ms lifetime for the acetonitrile complex. Subsequently,
the two hydride protons are decoupled from the spin system leav-
ing the free, dissociated substrate behind. Then, the density matrix
of the free substrate is further evolved for 10 s. Specifically, the
density matrix is calculated for 10000 time steps of 1 ms. The
amount of each obtained spin state should depend on its relax-
ation time. Thus, these density matrices were again weighted with
an exponential weighting function accounting for the relaxation
time of ~1.0 s. Finally, all the density matrices are summed up
and read out after applying a 90° pulse, concluding the “complete”
approach.

For both the “quick” and “complete” approaches, a line broad-
ening (Ib) representing the average linewidth of the individual exper-
iments was chosen according to the inhomogeneities of the differ-
ent instruments. The simulated FIDs were zero-filled 4 times the
detection time, Fourier-transformed, and plotted. We provide both
simulation approaches, “quick” and “complete,” for all the stud-
ied molecules. In the supplementary material, we provide examples
of the SPINACH MATLAB code for both “quick” and “complete”
simulations.

Ill. RESULTS AND DISCUSSION

Low-field NMR spectra of several compounds containing dif-
ferent rare spin labels were studied. They include B¢, N, and
YF in the form of *C-acetonitrile, 15N—pyridine, I5N-acetonitrile,
and 3-fluoropyridine. The observed spectra differ significantly from
their unlabeled analogs (which typically give a single line) because
adding an additional spin /2 nucleus with a different y to a spin sys-
tem breaks the magnetic equivalence of the protons at a low field.
This results in information-rich spectra that elucidate the SABRE
dynamics, when the spectra are compared to simulations.

ARTICLE scitation.org/journalljcp

A. '3C-acetonitrile

As a first molecule, acetonitrile is examined. Its spin system
gives NMR spectra that are simpler and easier to interpret. Two
isotopomers of acetonitrile were studied: '*C-acetonitrile and ">N-
acetonitrile. For the *C-acetonitrile, we chose CH3>CN (instead
of *CH;CN) because of the higher **C polarization under the cho-
sen SABRE conditions.”® The structure, the resulting g spectrum,
and the *C spectrum are shown in Fig. 2. The proton spectrum of
the "*C-acetonitrile acquired at 1 mT features an antiphase doublet
with a coupling constant of *Jcn = 10.3 Hz [Fig. 2(a)]. The simu-
lated spectrum [Fig. 2(c)], using the “quick” simulation approach,
matches the experimental spectrum. For this simulation, a sum of
longitudinal, two-spin order (typical for SABRE experiments“), and
four-spin order was chosen for consistency with the °N-acetonitrile
experiment, as detailed below. We note that two-spin order alone
also gives a spectrum consistent with the 'H experiment, however,
not with the "N spectra, as discussed below. The supplementary
material provides the simulated '°N spectra starting from the indi-
vidual spin orders (one-, two-, three-, and four-spin orders) to
clearly illustrate their individual contributions.

The C spectrum, acquired at 4 mT (41.7 kHz), is a quar-
tet with the same coupling constant [Fig. 2(b)]. Remarkably, this
4 mT carbon spectrum is fully in phase, and its signal-to-noise
ratio (~polarization) is considerably lower. These observations can
be rationalized because the polarization-transfer field (4 mT) does
not match proton or carbon level anti-crossings well, leading to
poor polarization transfer. The small detected **C polarization likely
stems from NOE effects/cross relaxation from the proton polariza-
tion. To account for this observation in the simulation, only I spin
order on the *C was included in the initial state in the “quick”
approach [see Fig. 2(d)].

B. '>N-acetonitrile

In N -acetonitrile, the coupling to the protons is significantly
lower than in the carbon case *Jyu = 1.74 Hz (instead of 10.3 Hz
to *C). Apart from that, the proton spectrum looks identical in
shape; it is an antiphase doublet indicating longitudinal, heteronu-
clear two-spin order [Fig. 3(a)]. The corresponding “quick” simula-
tion is depicted in Fig. 3(d). The coupling of the "N to the hydrides,
in contrast to **C, is considerably stronger. This allows for a higher
polarization transfer to the "’N heteronucleus. The "N polariza-
tion was created using two different polarization transfer fields: the
detection field By of 10 mT and a 2 4T SABRE-SHEATH field. The
quartet in the '°N spectra (*Jyu = 1.74 Hz) has antiphase charac-
ter when transfer occurs at By = 10 mT (41.7 kHz N frequency)
with relative intensities (—1; —2; +2; +1), indicating 2-spin or higher
even-spin ordered terms [see Fig. 3(b)]. Therefore, the “quick” sim-
ulation uses an initial state of two- and four-spin order I,(1)S,(4)
+1,(2)S,(4) + 1,(3)S.(4) — 2I,(1)I,(2)I,(3)S.(4) [Fig. 3(e)], as shown
by Suefke et al.'” The supplementary material details how the ini-
tial spin order is identified for the “quick” simulations and provides
full details for the “complete” simulation. The complete simulation
gives an inverted intensity distribution of (—1; —2; +1; +2). This was
already shown in the first publication of acetonitrile polarization by
Mewis el al.,”” where the intensities also did not match, but two of
them were switched.
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FIG. 2. '*C-labeled acetonitrile: (a) 'H spectrum of acetonitrile at 41.7 kHz labeled with "*C at the nitrile carbon, (b) corresponding '3C spectrum at 41.7 kHz, (c) “quick’
simulation of the proton spectrum starting from 1,(1)S,(4) + 1,(2)S;(4) + 1,(3)S2(4) — 21,(1),(2)I2(3)S(4), and (d) “quick” simulation of the carbon spectrum with starting state
S,(4) after suggested cross relaxation/NOE. 2Jcy = 10.3 Hz. The spin order for the "H spectrum simulated with the “quick” approach is chosen as is for consistency with the
'8N labeled acetonitrile experiments, even though all the individual terms yield the same spectrum (see the "H spectrum of '°N acetonitrile in the supplementary material).

The “complete” simulations are provided in the supplementary material as well.

More polarization is obtained in the SHEATH experiment
[Fig. 3(c)]. The SABRE-SHEATH" experiment utilizes T transfer
fields to allow for more efficient polarization transfer to heteronu-
clei. For the corresponding “quick” simulation [Fig. 3(f)], we used I,
spin order created by SABRE-SHEATH and LAC at the uT field. The
“complete” simulation is shown in the supplementary material and
matches the experimental spectrum.

C. Pyridine

Next, we discuss the most common SABRE target, pyridine. At
high fields, pyridine produces readily interpretable spectra; however,
spectra in the strong coupling regime, at low magnetic fields, differ
from high-field spectra. The low-field spectrum of '*N-pyridine is
rather complicated.” In Fig. 4, such spectra are shown at 41.7 kHz
for 'H and "N of “N-pyridine. The signal created by the hyper-
polarization is so intense that recorded FIDs can be recorded for
many seconds, resulting in highly resolved, yet complicated peak
patterns. In contrast to the acetonitrile spectrum, where molecu-
lar couplings could be directly extracted, this more complicated
5N-pyridine spectrum could be used for structure identification
based on its fingerprint instead. One possible approach to such
specificity could be a database that matches the obtained spectra
with reference spectra as done in mass spectrometry. Nonetheless,
we note that J-couplings as well as nonlinearly included chemi-
cal shift differences can, in principle, be extracted from such spec-
tra as has been demostrated already.'” Alternatively, the spectra
can be compared to a simulation as we do here. For the 'H
spectrum of °N-pyridine, the simulation qualitatively matches the

experimental spectrum, when the individual SABRE polarization
levels of the ortho-, meta-, and para-protons are considered as
has been shown previously.” A similar “quick” simulation using
Spinach is shown in the supplementary material for comparison
(comparable agreement is obtained). Here, shown in Fig. 4(c), the
simulation uses the “complete” approach starting with a singlet state
of the hydrides. The simulation accounts for the different evolu-
tion times on the catalyst depending on complex lifetime, as well
as evolution of the free pyridine after dissociation, limited by relax-
ation. In this way, a spectrum is simulated that displays matching
line positions and similar intensities. Small deviations can originate
from sources such as other catalytic intermediates during SABRE,
different or multiple binding mechanisms, the solvent (methanol)
as well as counterion (CI™) binding to the catalyst, uncertainties in
small J-couplings, and exchange of parahydrogen at the catalytic
center.” Despite these uncertainties, the match between experiment
and simulation is good.

The "N experiment was recorded at a 10 times higher field
than 'H to obtain the same acquisition frequency (41.7 kHz). The
signal is significantly lower than for 'H as the LAC for N is
far away [Fig. 4(b)]. In the spectrum, the lines from the coupling
of >N to all the different protons can be identified. The spec-
trum was also simulated using the “complete” approach in anal-
ogy to the 'H experiment [Fig. 3(d)]. The line positions and signs
match but are represented slightly better with a “quick” simu-
lation starting with an initial spin-order guess, as shown in the
supplementary material.

To demonstrate the generality of rare spin spectroscopy with
SABRE, the same system was investigated in the human-scale 6.5 mT
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FIG. 3. "°N-labeled acetonitrile with Jyy = 1.74 Hz: (a) 'H spectrum at 41.7 kHz, (b) corresponding "®N spectrum at 41.7 kHz, and (c) "*N SABRE-SHEATH experiment:
shuttling from the 2 uT field for polarization into 10 mT for detection. [(d)—(f)] “Quick” simulations with the initial state for (d) and (e) I,(1)S2(4) + 12(2)S2(4) + 1,(3)S(4)
— 21,(1)12(2)12(3)S(4), only single spin order S,(4) for (f) (‘complete” simulations provided in the supplementary material).

ULF MRI scanner instead of the EHQE NMR system. At 6.5 mT,
the polarization transfer to protons is more efficient.”’ >’ Despite
its higher detection field, the setup is slightly less sensitive due to
the absence of EHQE, slightly reduced homogeneity, and use of
only 50% parahydrogen. Nonetheless, well resolved rare-spin spectra
are obtained. In this magnet, the field was constant at 6.5 mT, and
the frequency was varied from 276 kHz for 'H to 28 kHz for °N.
The proton spectrum shows in-phase peaks from pyridine as well as
broad peaks with the opposite phase at around 20 Hz off-resonance
to the hydrides in the bound complex. The spectrum of free pyri-
dine [Fig. 4(g)] was simulated in the same way as Fig. 4(c). Its shape
could be reproduced when accounting for the broader linewidth in
the less homogeneous imaging magnet. A narrower linewidth was
also simulated, showing more lines expected in a more homoge-
neous magnet (shown in light red). The measured and simulated
>N spectra in the ULF MRI magnet (at 6.5 mT) are very simi-
lar to the ones in the solenoid magnet setup (at 10 mT), except
for slightly lower signal-to-noise ratio (SNR) and slightly wider
lines.

D. 3-fluoropyridine

SABRE polarization of '°F on 3-fluoropyridine has already been
demonstrated in the original report”’ and has been studied in more
detail by Shchepin et al.” In the first report, no spectroscopic infor-
mation, i.e., J-coupling, was observed. Recently, superconducting
quantum interference device (SQUID) based low-field NMR was
used to study SABRE polarized 3-fluoropyridine.”” Buckenmaier
et al. thoroughly studied hyperpolarized homo- and heteronuclear
higher order spin states of this molecule and selected multi-quantum
coherences by phase cycling in modified COSY experiments at yT
fields. Here, in the homogeneous low field at 41 kHz, well resolved
J-coupling information is obtained. The proton spectrum [Fig. 5(a)]
features a complicated manifold of lines due to the coupling of the
four inequivalent protons to '°F as well as the homonuclear 'H cou-
plings in the strong coupling regime. In order to achieve a matching
simulation all J-couplings in the molecule are critical. In the °F
spectrum [Fig. 5(b)], 16 doublets from the couplings to the protons
in the weak coupling regime can be identified. The antiphase nature
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FIG. 4. "Hand "N low-field spectra of "*N-pyridine: [(a) and (b)] single-scan SABRE spectra recorded at 41.7 kHz on the solenoid electromagnet (EHQE NMR), [(c) and (d)]
corresponding “complete” simulations accounting for the spin evolution and the chemical dynamics, [(€) and (f)] 'H and "°N spectra of "*N-pyridine recorded in the ULF MRI
magnet at 6.5 mT, and [(g) and (h)] corresponding “complete” simulations accounting for the spin evolution and the chemical dynamics (“quick” simulations provided in the

supplementary material).

suggests two-spin or higher even ordered spin terms. In the pro-
ton spectrum, the contribution of higher spin-order terms is minor
(around 10%, see the supplementary material), and the main polar-
ization stems from coherent spin mixing at the LAC for pyridine

and its derivates. The simulations [Figs. 5(c) and 5(d)] use the “com-
plete” approach starting from the parahydrogen singlet. The corre-
sponding “quick” simulations, which use a guessed initial spin order
to produce a good match, are shown in the supplementary material.
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“complete” simulations accounting for the spin evolution and the chemical dynamics (“quick” simulations provided in the supplementary material).

IV. CONCLUSION AND OUTLOOK

High-resolution low-field NMR was combined with SABRE
hyperpolarization. This combination produces a very sensitive mea-
surement technique to give high resolution spectra. 'H, *C, N,
and "F spectra at low magnetic fields were recorded with spectro-
scopic resolution. It is also possible to execute such experiments in
less homogeneous fields of imaging magnets without external high
quality factor enhancement (EHQE), still providing highly resolved
spectra and sufficient SNR, as shown for N-pyridine. The spec-
tra feature more information than standard high-field spectra in
the weak coupling regime but are more difficult to interpret. The
spectra for all compounds are compared to simulations. Two sim-
ulation approaches for SPINACH are introduced, which yield good
agreement with the observed spectra. The “quick” approach, where
initial states are guessed for the SABRE polarized substrates, typi-
cally gives better agreement with the experiment. In contrast, “com-
plete” simulations, which start from a singlet state on the hydrides
and then calculate the evolving density matrix under exchange, give
more insight into the spin system on the complex, but, with this
“complete” approach, it is typically more tedious to achieve good
agreement with experimental spectra. Since the SABRE field is cur-
rently undergoing a large expansion in available substrates and in
applications, which range from chemical analysis to molecular imag-
ing, it appears to be useful to have an inexpensive, low-field NMR
approach to characterize hyperpolarization processes and hyperpo-
larized substances. Hyperpolarized, low-field rare spin spectroscopy
may be used as a tool that gives detailed chemical information
and insights into polarization transfer dynamics at the fields of the
critical level-anti-crossings.

SUPPLEMENTARY MATERIAL

See the supplementary material for “complete” simulations of
"N and "C acetonitrile isotopomers and “quick” simulations of
N-pyridine and 3-fluoropyridine isotopomers (depicted in Fig. S1)
with the corresponding spin labels. In addition, we provide all the
J-coupling and chemical shift information values used in the simu-
lations in tables, as well as an exemplary code for the “quick” and
“complete” simulations.
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