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We present a simple-to-implement pneumatic sample shuttle for automation of magnetic field cycling and
multidimensional NMR. The shuttle system is robust allowing automation of hyperpolarized and non-
hyperpolarized measurements, including variable field lifetime measurements, SABRE polarization optimization,
and SABRE multidimensional experiments. Relaxation-protected singlet states are evaluated by variable-field T: and
Ts measurements. Automated shuttling facilitates characterization of hyperpolarization dynamics, field dependence
and polarization buildup rates. Furthermore, reproducible hyperpolarization levels at every shuttling event enables
automated 2D hyperpolarized NMR, including the first inverse 15N /1H HSQC. We uncover binding mechanisms of the
catalytic species through cross peaks that are not accessible in standard one-dimensional hyperpolarized
experiments. The simple design of the shuttling setup interfaced with standard TTL signals allows easy adaptation
to any standard NMR magnet.

1. Introduction

Nuclear magnetic resonance (NMR) is an invaluable tool to provide a wealth of chemical, structural, and spatial
information. Traditional NMR is limited by low thermal spin polarization, reducing sensitivity and requiring large
superconducting magnets for NMR spectroscopy and imaging. Hyperpolarization methods overcome the traditional
sensitivity limitations of NMR, perturbing nuclear spin populations from their thermal equilibrium [1-4]. Signal
amplification by reversible exchange (SABRE) is a parahydrogen-based [5] method that uses an organometallic
catalyst to transfer spin order from p-H, to target substrates [6,7]. However, with most existing approaches,
hyperpolarization is a transient feature precluding averaging and multi-scan experiments, such as multidimensional
NMR. Here, we present an approach for robust static magnetic field cycling of thermally polarized and SABRE-re-
hyperpolarized samples, enabling reliable averaging of hyperpolarized experiments as well as hyperpolarized
multidimensional NMR spectroscopy. The described apparatus was employed to measure proton singlet state
lifetimes of common drugs, evaluate hyperpolarization dynamics, and conduct multidimensional NMR, including
inverse 15N/1H HSQC and tH COSY, to reveal new SABRE binding mechanisms.

SABRE is a simple, cost-effective hyperpolarization method that can achieve polarization levels >30% in ideal cases
using a simple experimental design [8-11]. However, under standard bubbling setups polarization levels between
1% and 10% are typical. Investigation of both the spin physics and chemistry of this phenomenon has yielded a rich
field accessing hyperpolarization of a wide variety of substrate molecules [6,8,12-16]. Polarization transfer from
parahydrogen (p-H:) to target substrates in a SABRE complex is optimized at a level anti-crossing (LAC) in the strong
coupling regime [17-20]. Polarization can flow freely through the J-coupling network of the catalyst, generating spin
mixing between the p-H; singlet and unpolarized substrate. SABRE hyperpolarization relies on a continuous
refreshment of p-H; in solution, therefore polarization can be continuously generated in the same sample [21-29].
Therefore, the SABRE process requires consideration of not only the quantum mechanics and chemistry, but also of
the engineering to continuously refresh p-H;in solution while field cycling the sample [30].

In the development of SABRE spin physics, various methods have been employed to introduce p-H;in solution while
field cycling the sample to access high polarization levels. On the one hand, in so-called shake and drop experiments,
the NMR tube is first pressurized with p-H; and then shaken in either a fringe magnetic field [6,31] or magnet array
[32]. While shake and drop experiments introduce large quantities of fresh p-H; to the polarization transfer catalyst
at once, reproducibility is limited due to sample manipulation. On the other hand, bubble and transfer experiments
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60  robust multidimensional NMR. With these approaches

we gain additional insight into the exchanging catalytic SABRE system by detecting weak binding ligands and
elucidating short lived catalytic intermediates.

2. Pneumatic Shuttling System Design

We designed a simple pneumatic shuttling setup to address the limitations of manual SABRE hyperpolarization
methodologies and provide a robust, high-throughput system that enables multidimensional NMR. While pneumatic
systems have previously been developed for DNP [46,47], PHIP [43], and zero-field [44,45], these pneumatic designs
have not been implemented with SABRE hyperpolarization at high-field. This automated setup allows for hundreds
of SABRE experiments in quick succession and affords control of shuttling speed, p-H; bubbling rate and bubbling
time through samples at adjustable polarization transfer fields, ranging from sub pT to T strength.

The shuttling is controlled by basic pressure regulation in a confined polycarbonate shuttling tube (5/8” OD, %2” ID).
A membrane vacuum pump (Welch-Ilmvac 2054B-01) provides sufficient vacuum (100 L/min, 8 mbar) to pull the
high-pressure sample tube (Wilmad 524-PV-7, rated to 300 psi) up into the desired polarization transfer field. House
nitrogen gas pressure is applied to insert the sample tube into the high-field magnet (Bruker 400 MHz with Neo
Avance III console) for detection. A Plexiglas nut around the sample tube and a latex covered cap on the shuttle tube
create a sealed shuttling atmosphere while allowing for free tube movement, including the 1/8” p-H supply/exhaust
tube (see below). The house nitrogen line is regulated to pressures of 10 to 15 psi to control the speed of the shuttling.
Both the vacuum and nitrogen inputs are buffered through 5-gallon compressed air tanks. Normally-closed valves
regulate the application of vacuum or nitrogen pressure. Operating at a nitrogen pressure of 12 psi the sample tube
is injected into the magnet in ~0.5 s and the full applied vacuum shuttles the sample into a desired polarization
transfer field in ~1 s (See Supporting Information S1). An additional settling time of ~1s can be used to let the
sample and tube stabilize in the probe before detection.
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To create a fully automated system, p-H: bubbling is controlled by a pneumatic valve (Swagelok MS-131-SR)
operated by a three-way/two-position air-flow solenoid (Swagelok K-MS-SV-64). All three system solenoids are
controlled through inversion of positive TTL outputs from the Bruker Neo Avance III console (See Supporting
Information S2). Bubbling is implemented through a tube-in-tube design as follows; p-H: flows through an interior
capillary tubing and then bubbles are regulated through back pressure in the exterior 1/8” PTFE tubing up to 300 psi.
In this paper, we use 50% p-H: produced with an inexpensive, easily established design flowing H; over iron oxide
at 77 K (L-Nz).

Temperature control is implemented through nitrogen gas from the Bruker VT interface. Heated or cooled gas can
circulate in the shuttling tube during the sample transfer process. So even though the sample is being shuttled,
temperature control is maintained and calibrated through the VT unit accordingly. We have performed experiments
at sample temperatures between 0 and 50°C (all measurements presented here are at RT).

We designed two exchangeable magnetic field control units coupled with the pneumatic shuttling system to sweep
polarization transfer fields from sub-puT to hundreds of mT. These can be used to characterize field dependence of a
vast array of SABRE target substrates and SABRE catalysts. For proton SABRE, we built a 16.5 mT/A solenoid that
allows for straightforward field sweeps from -40 mT to +40 mT with a 180 W power supply (See Supporting
Information S3). For heteronuclear SABRE (SABRE in SHield Enables Alignment Transfer to Heteronuclei, SABRE-
SHEATH)[8,48], a single-layer solenoid around the shuttling tube to allow for tuning of microtesla/milligauss
magnetic fields inside of mu-metal shielding.

A 3D-printed scaffold allows for either a mu-metal magnetic shield (Magnetic Shield Corp. ZG-206) or the 165 G/A
solenoid to be easily affixed around the shuttling tube above the bore of the magnet. In Figure 1a, the complete
experimental setup is depicted. A CAD rendering showing the individual components of the pneumatic shuttling
scheme is shown in Figure 1b. The modular and simple design of the pneumatic shuttling allows for transfer of the
shuttle to any standard NMR magnet. The magnetic fields above the magnet and possible field sweep profiles (both
uT or mT range) can be controlled with an Arduino. Using a TTL start trigger, the Arduino can be programmed and
synchronized with any desired pulse sequence to run multiple series of experiments on single SABRE substrates
with full automation.

3. Results and Discussion

We demonstrate the application of pneumatic shuttling for a variety of applications, including variable field
measurements, optimization of SABRE, and hyperpolarized multidimensional experiments, elucidating new SABRE
binding mechanisms.

a. Magnetization (T1) and Singlet State Lifetime (7s) Measurements at Variable Field

Lifetime measurements allow for substrate characterization and are important in the search for long-lived states
that can be used for applications such as biomedical imaging and slow biomolecular dynamics.

Here we use field-cycling with the pneumatic shuttle to probe long-lived singlet states in 4-chlorobenzonitrile,
acetaminophen, and ethacrynic acid. These molecules all contain isolated proton spin pairs on an aromatic ring,
referred to as “ortho pairs” in this publication. As a simple model compound, we chose 4-chlorobenzonitrile.
However “ortho pairs” also appear in common drugs such as acetaminophen, a common analgesic, and ethacrynic
acid, a common diuretic. We investigate lifetimes at low magnetic fields close to standard proton SABRE
hyperpolarization fields [30]. We measured T: relaxation rates with a standard inversion recovery experiment. A
selective m-pulse is applied on the “ortho pair” and the sample subsequently shuttled to the target magnetic field for
variable time intervals. Singlet lifetimes were determined by a selective m-pulse on only one of the “ortho pair”
protons prior to shuttling to the target magnetic fields. In these experiments the “ortho pair” starts in the I1,+1, state,
with selective inversion on one of the spins giving a I1,-I2, state. The sample is then adiabatically transferred to a low
magnetic field, where the “ortho pair” evolves into an [;:I> singlet state. After a variable time delay the sample
subsequently undergoes adiabatic transfer to high field and the relaxation in the ;-1 is probed by a 90-degree pulse
[48,49].
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As displayed in Fig. 2, T; relaxation times did not vary between 10 mT to 200 mT, whereas relaxation of singlets on
the “ortho pair” protons exhibited some field dependence (Fig. 2 a-c). The applied system allowed for measurement
of Ty relaxation at variable fields with errors below 30 ms for most measurements. The T: and Ts relaxation
measurements were fit to single exponentials. The singlet lifetime data was fit starting at 0.04 s because of fast initial
triplet state decay. Specifically, initial decay stems from thermalization between ortho states, while the slow rate is
the decay of the long-lived I-S singlet state (Ts). Therefore, the Ts fits include an offset to account for this fast-relaxing
component (See SI, S4 for all data and fits).
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Both 4-chlorobenzonitrile and ethacrynic acid exhibit a strong singlet lifetime field dependence as shown in Figure
2 a,c. In contrast, acetaminophen (Fig. 2 b) exhibits much lower field dependence in both the fast and slow relaxation
rates. This is most likely due to the protons on the secondary amine and the alcohol, which induce dipolar relaxation
effects with weak field dependence. In contrast, there are no nearby protons on the 4-Cbn and EA.

b. Field and Polarization Buildup Optimization

SABRE hyperpolarization has a range of optimum transfer fields due to variation in scalar couplings dependent on
substrate [50,51]. In the following we present field sweeps to find the optimum polarization transfer fields.

To sweep from - 40 mT to +40 mT, we use the custom built 16.5 mT/A coil. In Figure 3b, we present a completely
automated optimization of the polarization transfer field for [14N]-pyridine. The coil is swept in 2 mT increments
from -30 mT to +30 mT, to find the optimum polarization transfer fields for the different protons. The maximum *H
polarization observed for [!*N]-pyridine is 2.9%. We find the optimum polarization transfer field for the ortho
protons at ~+7 mT, in agreement with literature reported values [10]. A more accurate polarization transfer field
can easily be determined through a field sweep with a smaller step size.

A mu-metal shield can be used to access the pT regime for SABRE-SHEATH, but precise optimization of the level anti-
crossing field requires fine tuning with an additional solenoid [8,52,53]. A single-layer solenoid inside the mu-metal
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shield is swept from -7.0 to +7.0 uT with 0.5 uT steps. Figure 3a displays a field optimization for SABRE-SHEATH of
[1°N]-pyridine. Due to residual magnetization of the shields, there is an offset of -1.5 puT in the x-axis. The plot shows
the maximum polarization for [!>N]-pyridine at -0.5 pT, which corresponds to an actual field of +1.0 uT. The
maximum polarization observed for !5N-pyridine is 0.5%. The data was acquired with full automation using the
pneumatic shuttle and the overall experiment run time for such a field sweep is ~40 min. In previous experiments,
manual field sweeps required an entire day.
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Buildup rates depend on the J-coupling network, transfer field, chemical exchange, p-H> delivery, and T relaxation
[54]. As the chemical system is the same for 15N (Fig. 3c) and 'H (Fig. 3d), the observed difference in polarization
buildup rate can only be attributed to differences in J-coupling across the SABRE complex and relaxation rates at the
respective SABRE transfer fields.

Notably, we can achieve high reproducibility of polarization buildup of pyridine with only a small deviation between
experiments. Shown in Figure 3d, we observe a standard deviation of 2% for maximum polarization achieved at 45s
of bubbling. This reproducibility between experiments is already a significant improvement over existing
approaches using hand-held magnet arrays [32], with these methods observing deviations of over 5% between
experiments. Additionally, the 2% observed deviation in our pneumatic system is also an improvement over other
automated methods such as the 5% deviation observed in stopped flow re-polarization [55].

c. Multidimensional SABRE: Inverse 15N/1H HSQC and 'H COSY

Elucidation of binding mechanisms and kinetics of the SABRE process can be difficult due to varying exchange times,
catalytic intermediate mechanisms, and binding conformations with varied SABRE substrates. It appears appealing
to use hyperpolarized 2D NMR to understand the detailed mechanisms. Existing hyperpolarized multidimensional
techniques include ultrafast methods using spatial encoding for analysis of substrates at low concentration [56,57].
Additionally, automated stopped flow methods have been utilized to generate SABRE-hyperpolarized high-field 1H
[41] and low-field 'H-13C spectroscopy [58]. In our experiments we can use pneumatic field cycling to create
reproducible hyperpolarization (as already show in Fig. 3¢c,d), notably acquiring the first inverse 15N /1H HSQC using
SABRE hyperpolarization. In a multidimensional experiment, each scan (line in the indirect dimension) can have
high SNR from a full SABRE hyperpolarization cycle. Therefore, averaging can be used instead of spatial encoding
and low concentration SABRE catalytic species can be observed. In general, pneumatic shuttling also enables
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implementation of SABRE with other multidimensional schemes such as imaging (e.g. RARE) or diffusion
experiments (e.g. DOSY).

c.1. Mixed Pyridine/Acetonitrile Systems

Here, the implemented hyperpolarized multidimensional pulse sequences give spectra that identify bound species
in the SABRE complex. In Fig. 4, an inverse >N /1H HSQC is displayed using 15N hyperpolarization at microtesla fields.
Detection occurs on 15N using a double INEPT sequence to transfer hyperpolarization from 15N to 'H and then back
to 15N. In these experiments we observe significant “hyperpolarization T: noise”, derived from variability in
polarization levels between each scan in the indirect dimension.

In these INEPT experiments, control of the time delay for polarization transfer, T = shows different

1
4J(XH)’
correlations, elucidating different molecular connectivities. In a sample of 10:3, [15N]-Pyridine (Py) : [14N]-
Acetonitrile (AcN) and J(XH) set to 1.5 Hz shows only the correlation between the weakly coupled acetonitrile 15N
and methyl protons (Fig. 4a). In contrast, increasing the J(XH) to 11 Hz accesses correlations across the SABRE
complex (Fig. 4b). Notably, in this second experiment, correlation peaks are seen between the 15N signal of free
acetonitrile §(15N)=262 ppm and proton peaks from both free acetonitrile §(1H)=2.08 ppm and free pyridine
6(1H)=8.50 to 7.46 ppm due to spin evolution on the complex. In addition, the bound peak of the pyridine ortho-
protons §(1H)=8.23 ppm correlates to the peak of the bound acetonitrile 6(1°N)=213 ppm. This specific correlation
supports higher stability of the mixed acetonitrile-pyridine complex (shown as inset in Fig. 4a,b) as opposed to the
potential acetonitrile only complex [59].

In Figure 4c,d, an analogous protocol is used to analyze hydrides from the SABRE complex, by scanning a different
1H range in the indirect dimension. In the spectrum of Fig. 4c, both correlations and peak phase between acetonitrile
(free & bound) and the proton hydride peaks help with hydride peak assignment observed in the single-scan spectra
(Fig. 4d) as explained in the following. The hydride trans to the acetonitrile is expected to have a stronger correlation
to the 15N than the cis-hydride. This is due to stronger trans J-couplings relative to cis J-couplings. We observe these
stronger correlations between free acetonitrile the trans hydrides at §(1H)=-20.6 ppm and -21.1 ppm. The broad
peak at §(1H)=-20.6 ppm is due to the short lifetime of the [15N]-AcN/CD30D complex.
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Furthermore, we can also use the phase of the peaks to differentiate cis and trans hydrides. Here, the observed phase
difference in the correlations between the hydrides and bound acetonitrile at §(1°N)=213 ppm indicate the cis or
trans position. Specifically, the in-phase peak at §(1H)=-21.1 ppm corresponds to the cis hydride position and anti-
phase peak at §(1H)=-24.4 ppm corresponds to the trans hydride position. Fundamentally, this is due to the greater
spin evolution of the trans hydrides relative to the cis hydrides.
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Fig. 4 Hyperpolarized spectra of IMes+15N-acetonitrile (3eq)+!*N-pyridine (10eq) acquired with pneumatic shuttling. (a-c) 128 scan
SABRE hyperpolarized 2D-spectra using pneumatic shuttling; (a) Inverse 1>N/*H HSQC with J(XH)=1.5 Hz, showing only correlation with
the short-range coupled AcN methyl protons; (b) Inverse 15N/1H HSQC with J(XH)=11 Hz, showing correlation of both the unbound (262
ppm) and bound (213 ppm) AcN 15N to both the AcN methyl and pyridine protons; (c) Inverse 15N/1H of the hydride region of the proton
spectra, showing correlations of the AcN/Py hydride region correlated to the bound and unbound 15N-AcN. (d) One dimensional 'H spectra
of the hydride region with peaks assigned to SABRE hydrides using corresponding multidimensional spectra.
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c.2. Metronidazole Systems X Y H
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Hyperpolarized multidimensional NMR can also be ! *
applied to single substrate systems to extract i 1 ;:
information about chemical exchange and spin ' s
dynamics. Here we illustrate this with the common : i 1 oo
antibiotic metronidazole (Inset, Fig. 5a), a promising ' | o
SABRE substrate due to its high polarization (~20%) i i e
and long relaxation times (~8 min) [60,61]. L [ ::
Multidimensional SABRE hyperpolarized NMR using n <P s
pneumatic shuttling elucidates additional binding T ) * 60
modes of metronidazole. In Fig. 5a, multiple bound + ) e ! o5
states can be observed from 5.5 to 7.0 ppm in an inverse - Too _ 7o
15N/1H HSQC. Specifically, these correlations are — _ : M

between the bound metronidazole protons and the
imidazole 15N spins (labeled X and Y, inset, Fig. 5a). For E I
example, the peak at §(1H)=4.2 ppm and §(15N)=273 ‘ ; [b] f
ppm is a correlation between C2 and X (see inset), 1
which speaks to binding of the OH to the Ir center, '
especially because we do not observe a correlation :
between C2 and Y. We conclude that this correlation is . " i )
aresult of additional J-couplings across the iridium due 1 i f .
to bidentate binding of both the imidazole nitrogen and (B i
alcohol.
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Finally, we also demonstrate 'H COSY of (15N3)-

metronidazole with pre-polarization on 'H at 6.5 mT, as !l _ i 1
shown in Fig. 5b. Here, peaks can be observed thatare 3 i 7 o o o5 o & o0 55 35 3 2o 15 15 o5 wr eem
difficult to resolve in a 1D SABRE experiment, due to the

peak intensity and crowding with many bound species.  Fig. 5 IMes (3mM) + >Nz-Metronidazole (30mM) in CDs0D (a)
For example, the mesitylene CH; peaks from IMes Inverse !N/H HSQC with J(XH)=15 Hz, showing spin

.. g . correlations in metronidazole (colored and noted) as well as
binding to Ir (-0.15 ppm) are easily identifiable by bound states not discernable in single-scan hyperpolarized

strong correlations to the A, B, and C1 protons of  spectra. (b) 1H COSY showing correlations across the SABRE
metronidazole (see inset). complex in both bound and free metronidazole states, as well as to
other coordinating compounds (H20, CH30H).

These experiments show how the designed pneumatic
shuttling-enabled multidimensional spectra can unveil new polarization transfer and chemical exchange
mechanisms in the SABRE process.

4. Conclusion

The described pneumatic shuttling method provides a simple, inexpensive way to construct a field cycling apparatus.
This apparatus is shown for use with non-hyperpolarized (thermally polarized) and parahydrogen hyperpolarized
samples. In both cases variable field experiments were performed for studies of field-dependent singlet state
lifetimes and SABRE hyperpolarization dynamics respectively. In the thermally polarized field-cycling
measurements of T;, fitting errors are consistently below 0.1 s. With parahydrogen, we access hyperpolarized
multidimensional spectroscopy and acquire hyperpolarized 15N /1H HSQC experiments to shed light onto unexplored
SABRE substrate-catalyst binding interactions. While hyperpolarized ultrafast multidimensional methods allow fast
acquisition and chemical characterization at low concentrations [41,56], our shuttling hyperpolarized HSQC spectra
do not sacrifice signal-to-noise for spatio-spectral encoding and take advantage of the full signal-to-noise gain
afforded by hyperpolarization. Here we use the signal gain to identify and assign hydride species in a mixed SABRE
complex, which was enabled by 2D correlations between these hydrides and exchanging substrates. In addition, 2D
correlations assist the discovery of unexpected binding modes of metronidazole to the Ir metal center through its
hydroxyl group.
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In summary, the pneumatic shuttle is simple to adapt and enables field-cycling of thermally polarized samples as
well as hyperpolarized samples with continuously regenerated hyperpolarization. The system can access wide field
ranges by operation with electromagnets, static magnet arrays, or magnetic shielding. In the 2D spectra a remaining
issue is relatively strong “hyperpolarized T: noise” stemming from slight inconsistencies in the regenerated
hyperpolarization in each indirect line. Future possibilities include, field cycling with hydrogenative PHIP, field
dependent studies of CIDNP, multidimensional NMR at higher than 2 dimensions, incorporation of non-uniform
sampling for significant speed-up with given hyperpolarized signals. These approaches can be expected to be of use
for characterization of hyperpolarization mechanisms, and eventually hyperpolarized biomolecular structures and
their dynamics.

5. Experimental Methods

Sample preparation: A solution of 4.7 mmol pre-catalyst [Ir(IMes)(COD)CI] (IMes = 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene, COD=
1,5-cyclooctadiene) in CD30D (Cambridge Isotope Laboratories) is combined with 12.3 M (15N)-Pyridine or 18.7 M (15N)-Acetonitrile to reach
a final concentration of 47 mmol of substrate (10 eq) under inert gas (Ar) conditions. 750 pL of the solution are pipetted into a 7” medium
wall pressure NMR tube (Wilmad 524-PV-7). The catalyst is activated with a low flow of p-Hz (15 min at 25°C and 100 psi) bubbled through
the solution.
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