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ABSTRACT: Signal Amplification by Reversible Exchange
(SABRE) is a fast and convenient NMR hyperpolarization
method that uses cheap and readily available para-hydrogen as a
hyperpolarization source. SABRE can hyperpolarize protons and
heteronuclei. Here we focus on the heteronuclear variant
introduced as SABRE-SHEATH (SABRE in SHield Enables
Alignment Transfer to Heteronuclei) and nitrogen-15 targets in
particular. We show that '*N-SABRE works more efficiently and
on a wider range of substrates than 'H-SABRE, greatly
generalizing the SABRE approach. In addition, we show that
nitrogen-15 offers significantly extended T, times of up to 12
minutes. Long T, times enable higher hyperpolarization levels
but also hold the promise of hyperpolarized molecular imaging
for several tens of minutes. Detailed characterization and optimization are presented, leading to nitrogen-15 polarization levels in
excess of 10% on several compounds.

B INTRODUCTION Scheme 1. Reversible Exchange of para-H, and Substrate on
the Polarization Transfer Catalyst Leads to Continuous

Hyperpolarization techniques enhance nuclear polarization and
YPerp q P Buildup of Polarization on the Free Substrate”

nuclear magnetic resonance (NMR) signals by 4 to 8 orders of

magnitude.' "' The concomitant increase of signal-to-noise (S/ reversible reversible
N) has opened new opportunities for in vitro NMR studies such p-H, exchange L substrate exchang1e 5
as nanomolar detection'”™"* and in vivo MRI with direct access para-H2 | NR,
to metabolic activity on the molecular level.'*™*° H/,, | ‘ \\“L I
Signal Amplification By Reversible Exchange (SABRE)*' is / ' ; ong
the nonhydrogenative variant of para-hydrogen induced ortho-Ho | 5 T
polarization (PHIP).”*”** A hydrogenation reaction is not L bound NR
required, and substrates can be hyperpolarized continuously or substrate hyperpolarized
. L substrate
repeatedly. Furthermore, SABRE occurs in the liquid state at
room temperature and requires only inexpensive equip- “The J-couplings in the polarization transfer complex drive the
ment.”>**’ As depicted in Scheme 1, SABRE uses a transition polarization transfer. L: Ligands. Rx: arbitrary group.
metal catalyst to establish contact between the polarization
source, para-H,, and the target nuclei. Until recently, SABRE was primarily focused on "H nuclei,
Specifically, magnetic contact is established by the J-coupling where T is typically short (several seconds), and high 'H
of the para-H,-derived hydrides to the target nuclei across the polarization levels (1%) are observed predominantly for Lewis
iridium center. Reversible exchange of hydrides and substrate
leads to continuous hyperpolarization buildup on the substrate Received: December 1, 2016
as long as fresh para-H, is supplied. Accordingly, SABRE has Revised:  January 13, 2017
also been referred to as polarization transfer catalysis (PTC).** Published: February 2, 2017
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basic N-heterocyclic molecules. On the other hand, hetero-
nuclei (e.g, BN, 13C, 3'P) offer long T, relaxation times, in
particular at low magnetic fields, and allow for large polarization
levels for a wider variety of structural motifs. As demonstrated
recently, heteronuclei are most efficiently targeted when
conducting SABRE at magnetic fields of a few uT inside
magnetically shielded environments (SABRE-SHEATH).”™"'
Here we focus on the direct hyperpolarization of nitrogen-15 at
UT magnetic evolution fields. The relatively simple exper-
imental procedure is shown in the Supporting Information
video.

The present contribution presents three major points. First,
we demonstrate that the substrate scope is significantly
expanded with SABRE-SHEATH. This is because nitrogen is
directly bound to iridium, unlike the protons in the R-groups.
Second, we show that long T lifetimes, in excess of 10 min, can
be obtained at relatively low fields in 1 T permanent magnets.
This is significant because the combination of low cost
hyperpolarization with low cost NMR detection sets the stage
for affordable and highly sensitive NMR spectroscopy and
molecular magnetic resonance imaging (MRI). Lastly, we
optimize the SABRE-SHEATH process in detail leading to
nitrogen-15 hyperpolarization in excess of 10%.

B METHODS

Methanol-d, solutions with defined concentrations of precata-
lyst ([IrCI(COD)(IMes)]; COD = 1,5-cyclooctadiene; IMes =
1,3-bis(2,4,6-trimethylphenyl)-imidazol-2-ylidene, substrate
(Sub), and coligand (L) were converted to catalytically active
solutions of ([Ir(H),(IMes)L,Sub;_,]) by bubbling hydrogen
gas through these solutions. The pressure was regulated to 10
bar. The pressure gradient across the sample was negligible
(<0.1 bar), just enough to establish the desired flow rate
(typically 60 sccm & 6 ccm at 10 bar). The flow rate is set with
a needle valve at the outlet after the bubbling stage, directly
venting the hydrogen gas into a hood.

The sample volume was 500 yL inside a medium-walled S
mm pressure NMR tube (Wilmad 524-PV-8). The para-H,
fraction was 80—90% unless noted otherwise. After a suitable
activation period (10 min to 1 h), samples were placed in a
defined magnetic evolution field B,,, in the uT range. Evolution
time in the shield exceeded the build-up time to yield maximal
signal intensity. The T| measurements were performed from a
single hyperpolarization process by a sequence of small tip
angle (6°) pulses. Measurements at 1 T were performed in a
benchtop NMR instrument (Magritek 1SN-Spinsolve). Meas-
urements at 8.45 T were carried out on a Bruker Avance
DX360 NMR spectrometer. See Supporting Information (SI)
for additional experimental details, a theoretical model of
SABRE-SHEATH, as well as a video illustrating experiments.

B RESULTS AND DISCUSSION

I. Expansion of Substrate Range. The generalized
substrate scope is illustrated in Table 1. (Full experimental
details are provided in the SI). The results suggest that, in
general, sp and sp*hybridized "*N sites can be hyperpolarized.
This is significant because sp and sp* hybridized nitrogens are
found in a wide range of metabolites and drugs.”” It is
noteworthy that 'H enhancements are negligible, except for
Entries S and 8, formally imidazole and pyridine derivatives.
Table 1 includes T, values, where available; however, they vary
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Table 1. 'SN-SABRE-SHEATH Enhancements (£) over
Thermal Measurements at 8.5 T, Polarization Levels, and T,
in Methanol-d, for Diverse Molecular Motifs”

Entry Substrate € P [%] Ty [min]
— % 3.5
1 =N 00 1.
4,4 3 oLT
acetonitrile
%
< >—_N 12
2 21,000 6.8
benzonitrile @1T
o)
M OH 1.2
3 Ho N 3,600 11 @1T
CHCA in D20
OU
" ]
\
4 O (5,000 15 N/A
alectinib
HO\/\N /\<§ o
S o 72,000 2% o4t
metronidazole
4 S
6 MeO,C Ny, 7,200 21 2.2
Schiff base @1T
*k 0.25
7 Wt 12,000 3.5 Ts: 0.6
dichloropyridazine @8.5T
= O 2.1
11,000
8 WNHZ " 3.4 @1T
nicotinamide in D20
* ¥
0.
9 N 2,000 0.581 0 : T
imidazole @9
*NH,
*NN N
[P b
10 NN 2000] 0.06 N/A
adenine
g 0.15
11 Cr >409 001  Ts1
diphenyldiazene @8S5T
D
D,C COOH S
12 *m 15,000 4.4 Ts: 23
N
diazirine @0.3 mT

“Data obtained with 50% para-H2. YEnhancements averaged over all
5N sites. “SABRE hyperpolarizes the Z-isomer. See SI for additional
information. %+ indicates hyperpolarized site.

strongly with concentration, solvent, and magnetic field (see
below).

The first four entries are nitriles (sp-hybrid '*N), commonly
encountered in biologically active molecules and drugs.*”
Nitriles have been reported as 'H-SABRE substrates, but
enhancements did not exceed ~60-fold (over 9.4 T).”’ In
contrast, with SABRE-SHEATH, nitriles consistently show
polarization levels of several percent (see Table 1). Nitriles are
particularly versatile; polarization levels remain large irrespec-

DOI: 10.1021/acs.jpcc.6b12097
J. Phys. Chem. C 2017, 121, 6626—6634


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b12097/suppl_file/jp6b12097_si_002.avi
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b12097/suppl_file/jp6b12097_si_002.avi
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b12097/suppl_file/jp6b12097_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b12097/suppl_file/jp6b12097_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b12097/suppl_file/jp6b12097_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.6b12097

The Journal of Physical Chemistry C

Table 2. Comparison of Spin—Lattice Relaxation Times T, and Signal-to-Noise in a Single 90°-Acquired Experiment of Dilute

(Methanol-d,) and Neat Solutions at 8.5 and 1 T

compound conc. [mM] T, @ 8.5 T [min]
SN-pyridine 50 1.0S + 0.02
N-acetonitrile 50 2.05 + 0.02
SN-benzonitrile 50 2.1S + 0.02
ISN,-diazirine 50 0.16 + 0.002
pyridine neat (12.4 M) 1.5 + 0.05
pyridine-ds neat (12.4 M) 1.6 + 0.02
acetonitrile neat (19.1 M) 2.2 + 0.05
acetonitrile-d; neat (19.1 M) 2.36 + 0.03
benzonitrile neat (9.7 M) 2.88 + 0.03

“Neat solutions have "N at natural abundance (0.36%).

T, @1 T [min] S/N@8ST SN@1T
2.06 + 0.13 5700 1500
3.73 £ 0.0 5000 2900

11.9S + 0.3 7300 1400
435+ 0.1 1200 1300
331 +£03 300 300
3.68 + 045 1300 400

23 + 04 1000 200
2.01 £0.1 1900 400
105+ 1 7100 2600

tive of the backbone structure or system composition. Many
substituents, including unsaturated bonds, hydroxyl and
carboxylic acid groups are tolerated. Examples are a-cyano-4-
hydroxycinnamic acid (CHCA, entry 3) with potentiating
effects for chemotherapy’* and alectinib (entry 4), a potent
inhibitor of anaplastic lymphoma kinase (ALK) also used for
the treatment of nonsmall cell lung cancer.

The remaining entries in Table 1 (entries 6—12) all contain
sp>-hybridized '*N. As a first example, metronidazole (entry S)
is an antibiotic also used as a hypoxia probe.”** Very high
polarization levels are observed for this molecule, when
nitrogen is at its natural abundance of 0.36%. Next, we found
that N nuclei in a wide range of Schiff bases (entry 6), which
included biologically relevant scaffolds, such as pyridoxal
phosphate analogues and retinal with critical roles in visual
signaling, hyperpolarize well.*0~*

Dichloropyridazine (entry 7) also illustrates the basic
principle: the SN sites hyperpolarize well, whereas the protons
do not because they do not directly interact with the catalyst.
This molecule also is the first example with two adjacent N
nuclei, offering the opportunity to store hyperpolarization in
long-lived sinﬁlet states characterized by extended decay time
constants T.™

A further interesting substrate is nicotinamide (vitamin B,
entry 8) with its important functions in mammalian
metabolism.**~*" A significant opportunity in current medical
imaging is presented by imidazole (entry 9) which has a pK, of
~7.1, ideal for in vivo pH s.ensing.48 Furthermore, nucleobases,
such as adenine (entry 10), are also amendable to hyper-
polarization. Surprisingly, enhancements can be detected for all
nitrogen positions including the amino group, presumably due
to the existence of the enamine—imine tautomer, which is
structurally similar to Schiff bases (or indirect polarization
transfer). Diphenyldiazene (entry 11) exhibits E/Z isomerism
induced optically,"”** or chemically.”" Interestingly the Z form
is hyperpolarized exclusively despite the fact that the E form is
thermodynamically stable. Enhancements of the Z-form, in
presently unknown low concentration, significantly exceed 40-
fold (see SI). The last entry, a diazirine (entry 12), stands out
as it offers particularly long decay time constants, T} of S min
and T of above 20 min, allowing for detection of enhanced
signal for hours after polarization buildup. These diazirine
moieties can readily be incorporated in a wide range of drugs or
biomolecules replacing CH,— groups.”

The lowest enhancements are recorded for imidazole (entry
9)** and adenine (entry 10) with exchanging protons at the "N
sites. This causes shorter T times and significant polarization
losses during transfer to the detection field (~8 s in our
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experiments). For substrates with exchanging protons higher
pH values are associated with larger enhancements because
deprotonated forms bind to the catalyst more easily and
because T is longer on deprotonated "*N.

Il. Extended Relaxation Times. Nitrogen-15 SABRE is
particularly appealing because many substrates show large T,
times, which enables the observation of slow processes, such as
diffusion, biochemical reactions, or downstream metabolic
processes. Table 2 lists T; times and S/N (signal-to-noise) for
various substrates at two different magnetic fields, 8.5 and 1 T.
Measurements at 1 T were performed in an inexpensive,
portable benchtop NMR instrument (Magritek 1SN-Spin-
solve), illustrating the potential of low-cost high-sensitivity
NMR when combining SABRE hyperpolarization with
permanent magnet-based technology. Since most clinical MRI
scanners operate in the 1—3 T range, measurements at 1 T are
useful for future biomedical translation.

The results clearly show that T, times strongly depend on
the magnetic field and molecular structure. The molecular
environment of the respective spin determines which relaxation
mechanism is relevant. Usually, NMR relaxation is dominated
by dipolar relaxation, caused by other nearby spins, and has a
relatively weak field dependence. However, nitrogen-1S, which
is often far removed from other spins, can be dominated by
chemical shift anisotropy (CSA) relaxation. Under these
circumstances a strong field degendence is expected because
CSA relaxation scales with By

This is best exemplified by '*N-benzonitrile and '°N,-
diazirine. In benzonitrile dipolar relaxation is minimized, as
protons are far away from the nitrogen nucleus. We observe
T, ~ 2.15 min at 85 T and T; =~ 11.95 min at 1 T; CSA
dominates relaxation. In the '*N,-diazirine the field dependence
is even more pronounced. At 8.5 T we measure T) of ~10 s,
but at 1 T, T) & 4.35 min. Note that we recently also reported
the relaxation time constant of the long-lived singlet state in
diazirine with Tg in excess of 20 min at By = 0.3 mT.>*

Now we focus our attention on the S/N comparison between
the investigated magnetic fields. In NMR with thermally
polarized spins, signal scales with B>, as, both, polarization and
induction are proportional to By.>"**

The noise, on the other hand (in the coil noise dominated
regime), scales with B,"% hence S/N scales with B,”/*>*7¢
However, if the polarization source is an external hyper-
polarizer, spin polarization is no longer determined by B, and
S/N scales as By**. The expected signal loss in our experiments
when going from 8.5 to 1 T is thus (8.5/1)* = 5. However, it
is evident from Table 2 that measurements at 1 T are on
average only 2.8 times less sensitive than at 8.5 T. This can be
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attributed to different pickup-coil design, where coil sensitivity
is higher at 1 T as the inductance in solenoid coils (used at 1 T')
is larger than in saddle coils (used at 8.5 T).”” An additional
factor is relaxation during sample transfer from the hyper-
polarization region to detection fields (~1 sto 1 T, ~8 s to 8.5
T). The latter effect is best exemplified by the molecule with
the most pronounced field dependence of the relaxation time
(**N, diazirine). In this case, the S/N is better at 1 T than at 8.5
T because of reduced relaxation losses in 1 T experiments.
Notice that the S/N comparisons were performed without
additional delays before acquisition. With additional delays, the
low-field experiments would be more favorable because of
extended T).

For future applications, an important scenario is body-noise-
dominated magnetic resonance, as is the case for human MRI.
Here body-noise (dielectric loss) dominates, and the S/N with
thermal magnetization is proportional to By.>>>® Accordingly,
for hyperpolarized MRI, S/N is expected to be directly
proportional to hyperpolarization level and independent of
B,.""? Therefore, NMR and MRI in low fields are of great
general interest as magnet and RF-circuit design is more
flexible, and devices are portable and relatively cheap.””* For
example, recent advances in low-field MRI have already enabled
high performance '"H-MRI at fields as low as 6.5 mT, even
using thermal magnetization.ﬁ1 The newest advances, such as
“External High-Quality-factor-Enhanced NMR” (EHQE-
NMR)®* and others,” lead to independence of B, even for
spectroscopic applications of hyperpolarized MR.

Both the presented T lifetime and S/N results suggest that
NMR and MRI with hyperpolarized heteronuclei can benefit
from low fields. Especially, the combination of a simple
hyperpolarization technique like SABRE with low-field
detection appears as a powerful approach. Costs go down,
and relaxation times go up without sacrificing S/N. With
SABRE-SHEATH, "*N-labeled markers can be hyperpolarized
continuously or repeatedly, directly in room-temperature
solutions. Thus, low-field NMR and MRI with SABRE may
enable high sensitivity NMR and MRI for a large audience at
moderate cost with many applications.””*®

lll. Analysis of Temperature and Field Dependence.
Enhancements and polarization levels reported in Table 1 are
not optimized with respect to all variables affecting efficiency,
ie, catalyst and substrate concentrations, coligand concen-
tration, para-H, pressure/flow rate, temperature, magnetic field,
etc. The experimental efforts involved in globally optimizing
this multidimensional parameter space would not be practicable
for all substrates.

Here we focus on the dependence of polarization on
magnetic evolution field B,,, and average complex lifetime 7y,
using a suitable model system. This model system needs to
exhibit large, stable enhancements over many experiments and
have a relatively quick polarization buildup (<5 min), and
continuous repetition of experiments must be possible. We use
a system similar to Mewis et al,> ie., acetonitrile-1SN (100
mM), IrCl(IMes) (COD) (5 mM), and pyridine (33 mM) in
methanol-d,. (Pyridine is added for stability; without this
coligand experiments were inconsistent.) Note that 'H
enhancements did not exceed 60-fold (over thermal polar-
ization at 9 T),” whereas "N exhibits more than 4000-fold
enhancement. This particular system composition yields large
S/N and long-term stability, not maximum '*N-polarization

(vide infra).
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Figure 1. Temperature and field dependence of SABRE-SHEATH.
(A) Excerpt of the experimental "N spectra at different magnetic
evolution fields at a temperature of 22 °C. (B) NMR spectra at
constant magnetic field but different temperatures. (C) Free substrate
N polarization at different magnetic evolution fields and temper-
atures. The data are fit to a simple theoretical model derived from the
three-spin model as shown in Scheme 1 and Figure 2A. Red vs blue
highlights the 180° phase shift.

In Figure 1 we show that '*N polarization strongly depends
on magnetic field (Figure 1A) and temperature during
evolution in the shield (Figure 1B). We observe that the
phase of the hyperpolarized signal (with respect to a fixed
detector phase) can be controlled by the magnetic evolution
field (i.e., 180° phase shift is observed upon B,,, inversion; see
Figure 1, A and C). This is a useful feature for hyper-
polarization experiments because it allows for simple difference
measurements, as well as easy distinction of hyperpolarized
signals from the thermal background. This inversion is
associated with the existence of the two matching con-
ditions.*>*”

In the absence of chemical exchange we obtain
Bevo = iUHH + (]NH + ]INH)/4:|/(J/H - YN) (1)

where the ] coupling parameters are defined in Figure 2. The
expected optimal field is B,, = +0.3 uT. However, the
experimental data from Figure 1C clearly show that the maxima
are shifted to higher magnetic fields and scale with the
temperature. These shifts are caused by broadening of the
resonance conditions as a result of chemical exchange. Shorter
catalyst/substrate complex lifetimes, at elevated temperatures,
cause broader resonance conditions and more overlap. In the SI
we develop a theory that includes the exchange and obtains an
analytical expression that only depends on the J-coupling
parameters, the magnetic field, and the average catalyst lifetime.
We use this expression to fit the data as illustrated in Figure 1C
and obtain excellent qualitative agreement; however, quantita-
tive agreement with experimental lifetime is not obtained.
Experimentally, it is easy to determine the J-couplings and the
average lifetime 7y, as depicted in Figure 2B. Specifically, the
substrate dissociation limited catalyst lifetime®® is monitored by
the change in NMR line width Ay, of the catalyst bound and
free species”
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Figure 2. J-coupling and line width analysis. (A) Exchange between
bound and free species (""N—CH;CN, H,) and J-coupling definitions.
(B) Lineshape analysis of N spectra (blue: individual Lorentzians,
black: experimental trace, pink: overall fit, red: residual error optimized
to rms-noise level). (C) 'H spectra of the hydride region taken under
PASADENA conditions.””

Ayfree)) (2)

At the temperature corresponding to maximum enhancement
(22 °C), we experimentally determine a lifetime of 44—46 ms.
At low temperature of 0 °C line widths are small enough to
determine relevant J-coupling constants (*Jyy = 8 Hz, *Jyy =
1.71 Hz, *Jxmbound = 169 Hz, Mgy = Yan — “amr = 24 Hz).
The couplings were used as fixed parameters to determine the
individual line positions for evaluation of the line widths at
higher temperatures. The experimental data also indicate that
the major chemical species under our experimental conditions
is indeed the system illustrated in Figure 2A because the
nonequivalent hydrides indicate different ligands (pyridine and
SN—CH,CN) in the equatorial plane.

IV. Maximizing Polarization. After the above study of
hyperpolarization as a function of temperature and magnetic
field, further optimization requires inspection of concentrations
of catalyst, substrate, and coligand, as well as para-H, pressure/
flow rate. Here we performed a careful study to determine
optimum catalyst concentration by conducting a dilution series
at fixed catalyst loading (cy/ccye = 20, see Figure 3A). We find
maximum enhancement at 0.25 mM [IrCl(IMes)(COD)] and
5 mM ""N—CH,CN in the presence of 0.25 mM pyridine as

Tife = l/(ﬂ(Aybound -
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Figure 3. (A) "N polarization of "N—CH;CN as a function of the
catalyst concentration at fixed catalyst loading of 5 mol%. (B) “N
signal as a function of the buildup time (T, = 40.8 s). (C) N
polarization as a function of the hydrogen flow rate (CCatalyst = 02S
mM, cpyndme = 025 mM, Cgenoniile = 1 mM). (D) Comparison of a
neat N pyridine reference (¢ = 12.4 M, pink, thermal 8.45 T, shifted
by 63 ppm) and "N spectrum of hyperpolarized benzonitrile (¢ = 1
mM, conditions as in C).

stabilizing coligand, corresponding to P5y = 7% (enhancement
of 23 000-fold at 8.5 T). It is noteworthy that the maximum
polarization is observed at the same catalyst concentration
experimentally determined for N pyridine in methanol®® and
neat pyridine.”

For further optimization, it is reasonable to expect that large
T, specifically, a T that is large at the magnetic evolution field,
will increase polarization levels. As reported in Table 2,
benzonitrile stands out in terms of long T,. Therefore, we
tested benzonitrile at optimized concentrations. Figure 3B
shows a buildup curve for benzonitrile where we find a
relatively long buildup time constant of 40.8 s. Specifically, for
this system we observe the highest hyperpolarization levels at a
catalyst loading of 25 mol% (0.25 mM [IrCl(IMes)(COD)]
activated in the presence of one catalyst equivalent of pyridine
0.25 mM and four catalyst equivalents '*N-benzonitrile (1
mM)). Note that in absence of stabilizing coligand (pyridine)
enhancements drop by ~50%. Large catalyst loading (cqu/ccoe =
4) leads to high levels of polarization because a low excess of
substrate increases the likelihood of a polarization event per
substrate molecule; this is consistent with theoretical
predictions by Barskiy et al”’ and experimental findings by
Appleby et al.”*

On this system, we examined the influence of para-H, flow
rate at maximized pressure (limited to 10 bar by the
experimental setup) as depicted in Figure 3C. In the
investigated range, hyperpolarization levels are linearl iy depend-
ent on the flow rate—in line with previous studies.”” At even
higher flow rates the sample volume (Vippies + thmd) is larger
than the homogeneous pT magnetic field region, and
polarization levels drop. The highest polarization was obtained
at 130 sccm at 10 bar of 85% para-H,. We obtain 16% "N
polarization as illustrated in Figure 3D. The results indicate that
hyperpolarization levels are limited by the hydrogen exchange
from gas to liquid phase; i.e,, the interface area between bubbles
and solution. We believe that improvements over the reported
16% are within reach by more efficient dispersion of para-H,.

In summary, we propose the following sequence of
experiments: First, optimization of magnetic field and temper-
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ature, followed by a dilution series at a given cy,,/c., ratio to
choose the best catalyst concentration c,. At the identified c,,
substrate concentration should be optimized. Typically, we find
that optimal ¢, is about 4 to 5 times ¢, such that the catalysts
are coordinatively saturated but an excess of free substrate
remains. Finally, para-H, pressure and flow should be chosen as
high as possible for a given setup. We acknowledge that all
parameters are interdependent such that multiple cycles
through these optimization steps may lead to even higher
hyperpolarization level.

Bl CONCLUSION AND OUTLOOK

In this article we have shown that SABRE-SHEATH can
hyperpolarize a wide range of nitrogen-containing compounds,
often outside the reach of 'H-SABRE. The presented results
suggest that sp and sp’ hybridized nitrogens can be hyper-
polarized, and '*N polarization of at least several percent can be
obtained easily and rapidly (30 s to 1 min) if no impeding
factors such as steric hindrance or proton exchange inhibit
polarization buildup.****7°

Furthermore, we have shown that N T, times may be
extraordinarily long and can in special cases exceed 10 min. We
obtain extended relaxation times at relatively low magnetic
fields of 1 T, using a permanent magnet-based spectrometer.
The results are contrasted to measurements at 8.5 T where one
may observe only slightly higher S/N (~3) if relaxation delays
are neglected. The extended T, times at low field quickly
compensate for the S/N losses when tracking hyperpolarized
species on longer time scales. Moreover, the demonstrated
hyperpolarization levels allow for N imaging’>">”* (likely
even in low magnetic fields). The cited demonstrations show
images with 2 X 2 mm? resolution acquired in less than a
second.”

In addition, polarization transfer strategies from N to 'H
have been developed avoiding detection on the low
gyromagnetic ratio *N for read-out.”*””” Such polarization
transfer strategies may increase S/N by another order of
magnitude.

Finally, we present a systematic strategy to optimize SABRE-
SHEATH experiments for maximum hyperpolarization. The
sequence consists of optimization of temperature and uT
magnetic fields, a dilution series to determine the optimal
catalyst concentration, and use of high para-H, pressure and
flow.

The present contribution elucidates upon the interplay of
kinetic parameters and system compositions, as well as extrinsic
parameters on the polarization levels. This is a significant
stepping stone for optimization of hetero%eneous SABRE,”®”’
SABRE in biocompatible aqueous media,”’~** and modes to
continuously supply polarized substrates. Such advances, in
combination with low-cost, low-field MRI, let us envision
hyperpolarized biomolecular MRI in the near future.
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