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Abstract: Hyperpolarization methods, which increase the sensitivity of nuclear magnetic resonance
(NMR) and magnetic resonance imaging (MRI), have the potential to expand the range of applications
of these powerful analytical techniques and to enable the use of smaller and cheaper devices. The
signal amplification by reversible exchange (SABRE) method is of particular interest because it
is relatively low-cost, straight-forward to implement, produces high-levels of renewable signal
enhancement, and can be interfaced with low-cost and portable NMR detectors. In this work, we
demonstrate an in situ approach to SABRE hyperpolarization that can be achieved using a simple,
commercially-available Earth’s field NMR detector to provide 'H polarization levels of up to 3.3%.
This corresponds to a signal enhancement over the Earth’s magnetic field by a factor of ¢ > 2 x 10%.
The key benefit of our approach is that it can be used to directly probe the polarization transfer process
at the heart of the SABRE technique. In particular, we demonstrate the use of in situ hyperpolarization
to observe the activation of the SABRE catalyst, the build-up of signal in the polarization transfer
field (PTF), the dependence of the hyperpolarization level on the strength of the PTF, and the rate of
decay of the hyperpolarization in the ultra-low-field regime.

Keywords: NMR spectroscopy; hyperpolarization; parahydrogen; zero-to-ultra-low-field (ZULF)
NMR; signal amplification by reversible exchange (SABRE)

1. Introduction

Magnetic resonance is a powerful analytical technique with a wide range of applications from
the use of nuclear magnetic resonance (NMR) spectroscopy for reaction monitoring in solutions to
the use of magnetic resonance imaging (MRI) for clinical diagnosis. However, when compared to
other analytical methods, such as optical spectroscopies and mass spectrometry, magnetic resonance
suffers from low sensitivity. In a standard NMR or MRI experiment, only a small fraction (typically
a few ppm) of the nuclei in the sample are observed. This fraction of observed nuclei is called the
polarization. Polarization is directly proportional to the applied magnetic field strength, so the inherent
insensitivity of NMR can be partially overcome through the use of strong and homogeneous magnetic
fields. However, strong magnetic fields require expensive instrumentation that is non-portable and
needs expert maintenance. An alternative approach to overcoming the sensitivity issue of NMR is
hyperpolarization. Hyperpolarization is a general name for a range of techniques that aim to increase
the sensitivity of magnetic resonance by temporarily increasing the fraction of observable nuclei [1-7].
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We focus here on a hyperpolarization method that uses the singlet nuclear spin isomer of dihydrogen,
called parahydrogen (p-Hy), as the source of the NMR signal enhancement [8,9].

The idea of using p-Hj to generate hyperpolarization in NMR was first introduced by Bowers and
Weitekamp in 1986 [10], and it is generally referred to by the term “parahydrogen-induced polarization
(PHIP)” [11]. The key benefits of PHIP are that high levels of polarization (up to tens of percent) can be
achieved, polarization levels are independent of the magnetic field strength used to detect the enhanced
NMR response, and the instrumentation requirements are compact and low-cost when compared
to other hyperpolarization methods. Parahydrogen can be used as a source of hyperpolarization
because the two 'H nuclei (protons) in p-H; exist in a pure single nuclear singlet state. This singlet
state has no net angular momentum and so it is NMR-silent. However, if the symmetry of the pair
of protons in p-Hj is broken by a chemical reaction, following pair-wise addition to a substrate or
oxidative addition at a metal center, for example, the NMR signals for the p-H,-derived protons
in the product molecule are enhanced, often by many orders of magnitude. In the original PHIP
methods, called PASASDENA [12] and ALTADENA [13], the hyperpolarization is observed following a
parahydrogenation reaction. This approach has been widely used for mechanistic studies in inorganic
chemistry [14,15] and has been explored as a route to generating hyperpolarized contrast agents for
MRI [1,16-18]. Hydrogenative PHIP has also been used to observe 'H, 13C, and >N hyperpolarization
in low and ultra-low magnetic fields, including in the Earth’s magnetic field and below [19-23].

A key limitation of the hydrogenative PHIP approach is that a suitable starting material is required
and the reaction is irreversible. Therefore, it is inherently a single-shot approach. These limitations
were overcome in 2009 by the introduction of the signal amplification by reversible exchange (SABRE)
method by Duckett and co-workers [24,25]. SABRE is a non-hydrogenative version of PHIP that uses
a transition metal complex to catalytically transfer the polarization from p-Hj to a target substrate
without altering the chemical identity of the substrate. This transfer of polarization is mediated by the
scalar (J) coupling network of the active SABRE catalyst and is most efficient in very weak magnetic
fields in the range of 0-10 mT. A typical SABRE hyperpolarization experiment is carried out in two steps.
First, the reversible exchange reaction with p-Hj is carried out over a few seconds in a weak magnetic
field (nT — mT) in order to build-up hyperpolarization on the target substrate in solution. Second, the
sample is rapidly transferred into a high-field NMR spectrometer (> 1 T) for signal detection. The
practical implementation of this two-step process, either using the manual shaking of the sample in an
NMR tube or using an automated flow approach [26-29], is straight-forward, but it limits our ability to
directly observe the polarization transfer that is at the heart of the SABRE process. We note that in situ
SABRE at a high field has been demonstrated using radio-frequency (RF) driven transfer [30]; however,
we focus here on the spontaneous transfer of polarization that occurs in the low-field regime.

In this work, we use an in situ SABRE approach where the polarization transfer and NMR signal
detection are achieved without the need to transport the sample between the low and high-field
regimes. To achieve this, we use a switchable electromagnet to generate the required polarization
transfer field (PTF) of a few mT, and then we detect the enhanced NMR response in the Earth’s
magnetic field. We note that a similar approach was used by Hévner and co-workers to demonstrate
continuous hyperpolarization and MRI using SABRE with Earth'’s field detection [27,31]. In addition,
SABRE hyperpolarization has been observed in low and ultra-low fields using standard detectors [32],
superconducting quantum interference devices (SQUIDs) [33-35], and atomic magnetometers [36].
PHIP hyperpolarization has also been observed using in situ detection, where the polarization transfer
and detection are both achieved in the mT regime [37,38]. Herein, we demonstrate how in situ SABRE
using a simple, commercially available Earth’s field NMR spectrometer for detection, enables the direct
interrogation of several important aspects of the SABRE experiment including the evolution of the
SABRE signal enhancement during the catalyst activation, the build-up of hyperpolarization in the
presence of the polarization transfer field, and the subsequent relaxation of the hyperpolarization in
the ultra-low-field regime.
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2. Results and Discussion

2.1. In Situ SABRE Hyperpolarization with H-EFNMR Detection

The SABRE process is illustrated schematically in Figure 1a. The SABRE catalyst is an octahedral
iridium di-hydride complex that contains two substrate molecules (pyridine in this case) bound trans
to the hydrides and a third substrate molecule bound trans to a stabilizing N-heterocyclic carbene (IMes
= 1,3-bis(2,4,6-trimethyl-phenyl)-imidazolium) [39]. The hydrides and substrate molecules bound
trans to the hydrides are in rapid reversible exchange with an excess of parahydrogen and substrate
in free solution. The polarization transfer between the p-H,-derived hydrides and the NMR-active
nuclei of the bound substrates is mediated by the scalar (J) coupling network of the iridium di-hydride
complex. For optimal transfer to the 'H nuclei on the substrate, this exchange reaction is carried out
in a weak magnetic field of around 6.5 mT [40—42]. A schematic of the experimental set-up for our
in situ SABRE approach is shown in Figure 1b, where the exchange reaction is shown to have been
carried out in solution within the reaction chamber. This reaction chamber sits within the probe of a
commercial Earth’s field (EF) NMR spectrometer (Terranova-MRI, Magritek). On the outside of the
EFNMR probe is an electromagnet that provided a polarization transfer field of 3.13 mT A~!. The
probe also contains three orthogonal linear magnetic field gradients that are used for shimming to
improve the local homogeneity of the Earth’s magnetic field, as well as a B; coil for signal excitation
and detection. The 'H-NMR resonance frequency in the Earth’s magnetic field for our experiments
was approximately 2 kHz (Bg ~ 50 uT). To initiate the SABRE exchange reaction, p-Hj; is bubbled
through the solution via a porous frit. The p-H; flow rate is controlled by maintaining a pressure drop
across the inlet and exhaust of the reaction chamber. In our experiments, the average pressure in the
cell during bubbling was approximately 4 bar absolute. The inlet and exhaust pressures are defined
by the user and controlled by a polarizer box, developed by Duckett and co-workers in collaboration
with Bruker [26,43]. The source of parahydrogen was a commercial Bruker parahydrogen generator
operating at a conversion temperature of 38 K.

Figure 2a presents the general pulse sequence for in situ SABRE hyperpolarization with "H-EFNMR
detection. In the first step, p-H;, bubbling is initiated and following a short delay, d;, the polarization
transfer field (PTF) is switched on by passing a fixed current through the outer coil of the EFNMR
probe. The duration of the PTF pulse, 1prF, is controlled by the user and limited by the resistive
heating of the coil. Following the build-up of hyperpolarization along the axis of the EFNMR probe,
the PTF is adiabatically switched-off to allow for the enhanced magnetization to re-orient along the
Earth’s magnetic field. The minimum delay for the switching of the PTF is d, = 100 ms. To achieve
signal detection in the Earth’s magnetic field, an RF pulse, 6, is applied, and following an acquisition
delay, typically d3 = 25 ms to allow for coil ring-down, the NMR signal is recorded. To complete
the experiment, an optional delay, dy, is followed by the release of the p-H, pressure. A delay of ds
= 3 s is included to allow time for the switch-off of the p-H; bubbling and subsequent out-gassing
of Hy from the solution. We note that this is essentially the same pulse sequence used to acquire
non-SABRE-enhanced EFNMR spectra except that for a standard spectrum there is no bubbling of
p-Hy, and the polarization transfer field is used to pre-polarize the sample and is typically set to a field
of 18.8 mT and applied for 4 s (see Section 2.2 for more details).
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Figure 1. (a) Schematic of the signal amplification by reversible exchange (SABRE) reversible exchange
reaction, where IMes = 1,3-bis(2,4,6-trimethyl-phenyl)-imidazolium. Both the substrate (e.g., pyridine)
and H, undergo reversible exchange, allowing for a catalytic transfer of polarization from p-H, to the
target substrate in free solution. (b) Schematic of the in situ SABRE hyperpolarization set-up. The
reaction chamber containing the liquid SABRE sample sits inside the Earth’s field nuclear magnetic
resonance (EFNMR) probe. Parahydrogen from the generator is bubbled through the solution by
passing through the porous frit within the chamber. The pressure difference across the p-Hj inlet and
the exhaust is set by the user and controlled by the polarizer unit. The polarization transfer field (PTF)
is produced by an electromagnet on the outside of the EFNMR probe, which generates a field of B, =
3.13mT AL Signal excitation and detection in the Earth’s field is achieved by the By coil within the
EFNMR probe.

A representative single scan SABRE-enhanced H-EFNMR spectrum of 255 mM (82 uL) of pyridine
with 5.1 mM (13 mg) of the SABRE catalyst in 4 mL of methanol is presented in Figure 2b, where PTF =
6.4mT and Tprr =20's. A 16 scan 'H-EFNMR spectrum of 562 mL of water is presented for comparison.
The water spectrum is the average of 16 scans. These spectra clearly illustrate the significant benefits,
in terms of both sensitivity and resolution, afforded by the in situ SABRE approach. The narrow
linewidth of the SABRE-enhanced spectrum is primarily due to the smaller size of the SABRE sample
(4 mL) compared to the water sample (562 mL), which leads to improved field homogeneity. Note, in
these experiments, the entire sample was within the detection region of the coil. In addition, due to the
temporal instability of the Earth’s magnetic field, signal averaging, which was used to increase the
signal-to-noise ratio of the reference spectrum of water, can lead to peak broadening due to frequency
shifts between successive scans. In general, there is no chemical shift information available in the
Earth’s magnetic field (1 ppm = 0.002 Hz). To confirm that the enhanced 'H-EFNMR response was due
exclusively to the hyperpolarized substrate, pyridine, we repeated the experiment using pyridine-ds
as the substrate. No TH-EFNMR signal was observed. This confirms that for this system, the observed
SABRE hyperpolarization is derived from the substrate, pyridine.
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Figure 2. (a) Pulse sequence for in situ SABRE hyperpolarization with '"H-EFNMR detection.
Parahydrogen bubbling was initiated and following a short delay, d;, the polarization transfer
field (PTF) was switched on for a duration 7prg. The PTF was switched-off adiabatically and, following
a fixed delay of d, = 100 ms, an RF pulse, 0, was applied. After an acquisition delay to allow for
the ring-down of the Bj coil, typically d3 = 25 ms, the free induction decay (FID) was recorded. An
optional delay, d4, was followed by the release of the p-H, pressure. A delay of d5 = 3 s was included to
allow time for the switch-off of the p-H; bubbling and subsequent out-gassing of H, from the solution.
(b) Comparison of the 'H-EFNMR spectrum of 562 mL of water, acquired using pre-polarization at PTF
=18.8 mT for tprp = 4 s (bottom, 16 scans) and a SABRE-enhanced 'H-EFNMR spectrum of 255 mM of
pyridine (82 uL) in 4 mL of methanol with 5.1 mM of the SABRE catalyst, acquired with 7prg =20 s and
PTF = 6.4 mT (top, 1 scan).

2.2. Calibration of SABRE Hyperpolarization with H-EFNMR Detection

In a standard SABRE experiment with high-field NMR detection, the level of signal enhancement
is quantified as the ratio of the NMR signal measured with and without SABRE enhancement for the
same sample. In our case, in the absence of SABRE hyperpolarization (i.e., without p-H; bubbling) no
'H-EFNMR signal was observed for the SABRE sample containing 82 puL (255 mM) of pyridine and
5.1 mM of catalyst in 4 mL of methanol. Therefore, it was not possible to directly quantify the level of
SABRE polarization that was achieved in these experiments, and, as such, a calibration sample had to
be used.

The SABRE polarization, Psaprg, can be determined using Equation (1), where Ssaprg is the signal
per mol of 'H for the SABRE spectrum, S,,  is the signal per mol of 'H for the reference, P,, 7 is the
polarization level of the reference, and C, is the calibration constant that relates the SABRE signal to
the polarization level.

S
Psapre = SSAB;E Pref = CiefSSABRE, @
re

In order to determine C,y, we must first measure S,.; for a reference sample with a known
polarisation level. To achieve this, we measured the 'H-EFNMR signal for a range of different volumes
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of water. In principle, the observed 'H-EFNMR signal should increase linearly with the number of 'H
nuclei in the sample and hence the volume of the sample. However, as can be observed in Figure 3,
while there is a linear increase in signal for small volumes, this trend did not hold as the volume
increased. This was due primarily to the fact that we used a method called pre-polarization to boost
the 'H-EFNMR signal for the water measurements.

volume / mL
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Figure 3. Calibration curve showing the increase in the "H-EFNMR signal of H,O as a function of the
number of 'H nuclei in the sample. Each point was acquired in 16 scans with a pre-polarization field of
18.8 mT applied for a duration of T, =4 s. Inset: linear region of the calibration curve that was used
to determine the fit (dashed line, slope corresponds to: S;pr =1.64 £ 0.17 uV mol ™).

The polarization of 'H nuclei at thermal equilibrium in a magnetic field By, is given by Equation (2),

where v is the gyromagnetic ratio of 'H, 7 is the reduced Planck’s constant and T is temperature.
yByh
P= T 2)

The idea of pre-polarization is to build-up polarization in a field, By, that is much stronger than
the Earth’s magnetic field, B ~ 50 uT. Due to the linear relationship between the NMR signal and
polarization, this results in an increase in the EFNMR signal by a factor of the ratio of the polarization
and detection fields. In principle, for B, = 18.8 mT, this provides a signal enhancement of B, /Bg ~ 380.
In practice, however, a smaller signal gain was observed for larger volume samples. This was due to
the inhomogeneity of the magnetic field generated by the pre-polarization coil. While using a larger
sample provides more nuclei to be observed, these nuclei will experience a smaller pre-polarization
effect. Therefore, in order to determine an accurate value of S¢, only the initial linear region (inset in
Figure 3) was included in the fit to determine S,.f = 1.64 £ 0.17 uV mol~!. Another effect of the finite
sample volume was that the larger samples experienced a more inhomogeneous Earth’s magnetic field,
resulting in a decrease in the effective transverse relaxation time, T5* and an increase in the spectral
line-with. The reduction in T,* led to an increased loss of signal during the acquisition delay (d; =
25 ms) for the larger sample volumes. For the measurements in Figure 3, the T,* was estimated for
each spectrum, and a correction was applied to the signal to account for the signal decay during the
acquisition delay.

In principle, the polarization value for the water calibration samples, P, can be calculated from
Equation (2) with B, = 18.8 mT. However, two additional factors must be taken into account to improve
the accuracy of this calibration method. First, the build-up of the polarization in the pre-polarization
field, By, is driven by longitudinal (T7) relaxation. Therefore the polarization level as a function of
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the duration of the polarization pulse (7prr in Figure 2a) is given by Equation (3), where T1,Bp is the
longitudinal relaxation time of water in the pre-polarization field, B,.

yBph TPTF
Pref = m(l—exp[—m , (3)
op

The second factor that needs to be taken into account is the decay of the polarization during the
delay, dy, between the switching of the pre-polarization field and the application of the RF pulse (see
Figure 2a). The polarization decay during this delay is characterized by the relaxation time, T1 ;.
Therefore, the level of polarization observed in the reference measurements on water is given by

Equation (4). .
_VBp TPTF da
ror= ! -oe| i ool ®

The relaxation times of water were measured to be Tl,B,, =21+02sand Ty g, = 2.3+0.1s. The
calibration measurements were carried out at room temperature (T = 295 K) and with d, = 100 ms

and 7prr = 4 5. Accordingly, the reference polarization level was calculated using Equation (4) to be
Prs=(5.3£0.5) X 1078, and the calibration factor was calculated from Equation (1) to be C.y = (3.2
+ 0.3) x 1078 mol uV~!. Using this calibration factor, the average polarization level of pyridine in
the spectrum in Figure 2b was estimated to be Ps4prr = (0.27 £ 0.03)%. We note that the uncertainty
value for the polarization given here represented a cumulative error of 11.1% due to the uncertainties
associated with the measurements of S,, r Ter;?’ T1,8;, and Ssapre. However, there were many other
potential sources of uncertainty in this calibration method, e.g., daily variation in the response of the
Earth’s field NMR spectrometer due to field fluctuations, varying noise levels and differences in field
homogeneity. Therefore, this level uncertainty in the polarization value is likely to be an underestimate.

In previous work, we measured the SABRE polarization transfer efficiency for a sample containing
26 mM of pyridine and 5.2 mM of the IrCl(COD)(IMes) pre-catalyst in methanol-d; using a manual
shaking approach and with high-field (9.4 T, 400 MHz) detection, to be E = 6.5%, E = 6.0% and E = 3.9%
for the ortho, meta and para proton resonances of pyridine, respectively [44]. This corresponded to an
average efficiency per proton of E = 5.8%, where the efficiency is defined as the substrate polarization
level that would be achieved using 100% p-H; enrichment. Using our in situ SABRE approach with
H-EFNMR detection, we measured a maximum polarization level per proton of Psaprr = (3.3 + 0.4)%
for a sample containing 13 mg (5.1 mM) of pre-catalyst and 8.2 uL (26 mM, 5eq relative to the catalyst)
of pyridine in 4 mL of methanol-dy. We estimated our actual p-H enrichment level to be Py, ~ 82%.
Following the method from reference [44], this corresponds to a SABRE polarization transfer efficiency
of E = (4.3 £ 0.5)%. This represents a drop in efficiency of ~25% relative to the standard high-field
approach. In previous work, it was found that the polarization transfer efficiency using a flow system,
where the p-H; was bubbled through the solution inside a reaction cell similar to the one used here,
resulted in a drop in efficiency by a factor of 5-6 [45]. This was attributed to a combination of factors
including the relative inefficiency of p-H; mixing when using the bubbling approach compared to
manual shaking in a 5 mm diameter NMR tube and the time taken to stop bubbling and flow the sample
into the NMR spectrometer for detection. The results here show that by removing the sample transfer
step, a similar SABRE efficiency could be achieved with the bubbling approach when compared to
manual shaking and high-field detection. Furthermore, for samples with faster relaxation times, the in
situ approach provides enhanced benefits by minimizing the loss of polarization between the SABRE
build-up in the PTF and NMR detection. In the future, we expect that improving the p-H; mixing
within the in situ system will lead to further increases in the SABRE efficiency.

2.3. Catalyst Activation and SABRE Signal Reproducibility

The active SABRE catalyst (Figure 1a) is air sensitive and specific to the target substrate. Therefore,
in a standard SABRE experiment, the sample is prepared using an air-stable pre-catalyst of the form



Molecules 2019, 24, 4126 8 of 16

Ir(NHC)(COD)(Cl), where COD = 1,5-cyclooctadiene, and the N-heterocyclic carbene (NHC) used
herein was IMes = 1,3-bis(2,4,6-trimethyl-phenyl)-imidazolium [39]. This pre-catalyst was transformed
into the active catalyst in the presence of an excess of the substrate and p-H;. The mechanism of this
activation process for the pre-catalyst Ir(NHC)(COD)(Cl) is well described in the literature [46,47].
In the in situ SABRE method described above, a sample containing the pre-catalyst and an excess of
the target substrate is injected into the reaction chamber (see Figure 1b). The transformation of the
pre-catalyst into the active SABRE species is carried out in situ by bubbling p-H; through the solution.
Due to the weak nature of the Earth’s magnetic field, 'H-EFNMR spectra do not provide chemical
shift resolution and no signal is observed from non-hyperpolarized species. Therefore, we could not
directly explore the mechanism of the activation. However, our in situ approach does provide the
opportunity to directly probe the build-up of observable SABRE hyperpolarization as a function of
p-Hy-bubbling time and hence catalyst activation.

Figure 4 shows the SABRE-enhanced 'H-EFNMR signal amplitude for a 255 mM solution of
pyridine with 5.1 mM of the SABRE pre-catalyst in 4 mL of methanol as a function of p-H; bubbling
time. Each point corresponds to a single repetition of the pulse sequence in Figure 2a with PTF =
6.4 mT and 7prp = 20 s. The bubbling of p-H, was stopped and re-started between each experiment
to allow for the out-gassing of the normal H; from solution and the dissolution of fresh p-H;,. As
expected, the SABRE-enhanced 'H-EFNMR signal showed an initial increase, which we attributed
to the formation of the active catalytic species and a corresponding increase in the efficiency of the
SABRE hyperpolarization transfer. After approximately 20 min of p-H; bubbling, the enhanced signal
reached a plateau value, indicating that the activation process had gone to completion. An average
of the subsequent 105 repeat experiments yielded an average signal amplitude of 418 + 7 uV. This
corresponds to an average polarization level of Pssprr = (0.27 £ 0.03)%. The standard deviation
across the repeat measurements was 1.6%, indicating a high level of reproducibility for this in situ
SABRE approach. We note that for bubbling times greater than 1 h, a slow decrease in SABRE signal
intensity was observed. This was associated with a gradual loss of solvent due to evaporation. It is well
established in the literature that the efficiency of SABRE decreases as the concentration of substrate
relative to the catalyst and p-H; increases [47]. It has been suggested that this is due to the mechanism
of the reversible exchange of the substrate and the parahydrogen on the SABRE catalyst. Due to the
competition between these exchange processes, if the concentration of substrate is increased relative
to the concentration of p-Hj, the rate of parahydrogen exchange decreases, leading to a drop in the
efficiency of the SABRE transfer process [26,47,48].

signal / uV

20 40 60
p-H, bubbling time / min

Figure 4. Amplitude of the SABRE-enhanced 'H-EFNMR signal of 255 mM of pyridine with 5.1 mM
SABRE pre-catalyst in 4 mL methanol as a function of total parahydrogen bubbling time. Each
IH-EFNMR spectrum was acquired using the pulse sequence in Figure 2a with PTF = 6.4 mT and 7ptp
= 20 s. The initial increase in signal intensity corresponds to the transformation of the pre-catalyst
Ir(IMes)(COD)Cl in the presence of an excess of H, and pyridine to form the active SABRE species
[Ir(H), (IMes)(pyridine)3]JCl. A steady state was reached after approximately 20 min of bubbling. The
average SABRE-enhanced 'H-EFNMR signal following activation was 418 + 7 uV (standard deviation
of 1.6% over 105 measurements.)
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2.4. SABRE Polarization Build-Up and Decay

The in situ SABRE approach allowed for the observation of the build-up of the hyperpolarization
in the PTF and the subsequent relaxation decay in the ultra-low-field regime. Figure 5a presents the
build-up of 'H SABRE hyperpolarization for 255 mM pyridine (with 5.1 mM catalyst) in PTF = 6.4 mT
as a function of the PTF duration. Figure 5b shows the subsequent decay of the hyperpolarization as a
function of the delay (d; in Figure 2a) between the PTF pulse and NMR detection. In the previous
examples, protonated methanol (CH3OH) was used as the solvent. Due to the extremely low sensitivity
of EFNMR detection, no NMR signal was observed from the protons in the solvent in the absence
of SABRE hyperpolarization (i.e., in the absence of p-H; bubbling). Therefore, unlike for high-field
NMR, there was no need to use deuterated solvents. Nevertheless, it is interesting to investigate the
effect of a protonated versus deuterated solvent on the SABRE process. Accordingly, the black circles
in Figure 5 represent SABRE experiments carried out in protonated methanol, and the gray circles
represent SABRE experiments carried out in deuterated methanol.

(@) (b
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03 ° e & g o
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R » ; 0.75 e solvent: CH,OH
5 02 .. 5
L, 2
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Figure 5. (a) Build-up of "H SABRE polarization as a function of the duration of the polarization transfer
field (PTF) and (b) hyperpolarization relaxation decay curves for solutions of 255 mM (82 uL) pyridine
with 5.1 mM of the SABRE catalyst in 4 mL of methanol (black) and methanol-d, (gray). Polarization
levels in (a) were calculated using the calibration curve in Figure 3. Each measurement was acquired
using the pulse sequence in Figure 2a where either (a) tprr or (b) d, was varied between experiments.
Solid lines in (b) are fit to a single exponential decay with relaxation times of T = 6.00 + 0.04 s for
pyridine in protio methanol (black) and T1 = 10.3 + 0.3 s for pyridine in deuterated methanol (gray).

The relaxation curves show a clear difference between the two solvents. The relaxation time for
pyridine in deuterated methanol was T1 = 10.3 + 0.3 s, while the relaxation time in protio methanol
was Tq1 = 6.00 + 0.04 s. This reduction in relaxation time was attributed to the increased dipole-dipole
interactions between the 'H nuclei on the substrate and in the solvent. These results indicate that in the
Earth’s magnetic field, any 2H quadrupolar relaxation effects are much weaker than the effects of the
IH-'H dipole-dipole relaxation. This is in agreement with previous work by Duckett and co-workers,
which showed that partial deuteration of both the substrate and the SABRE catalyst increased the
efficiency of SABRE polarization transfer in a PTF of 6.5 mT [48]. We note that other groups have
found that, in the sub-Earth’s field regime, the presence of quadrupolar nuclei, such as 4N, leads to a
reduction in the efficiency of hyperpolarization transfer to 1>C, an effect that is attributed to strong
quadrupolar relaxation effects in this field regime [49].

While there are clear differences in the hyperpolarization lifetimes of pyridine in the two solvents,
the results in Figure 5a suggest that the effect of deuteration of the solvent on the build-up time of the
hyperpolarization was not significant in this case. A similar constant polarization level was reached
after approximately 20 s in both solvents.

The final aspect of the SABRE process that we explored using the in situ SABRE approach was the
effect of the PTF on the efficiency of the SABRE polarization transfer. Figure 6 presents the polarization
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level as a function of PTF for three substrates: pyridine, pyrazine and isonicotinamide. In all three cases,
the form of the PTF curve was very similar, with a maximum of around 6.5 mT. This is in agreement
with high-field SABRE measurements for similar substrates [50] and with the accepted theoretical
picture of SABRE polarization transfer, whereby polarization transfer efficiency is maximized when
the difference in frequency (in Hz) between the hydrides and the 'H nuclei of the bound substrate is
approximately equal to the dominant scalar (J) coupling in the network [40-42]. This is typically the
'H-'H coupling between the hydrides, which is on the order of 8-10 Hz. For a difference in chemical
shift between the hydrides (~ =23 ppm) and the 'H nuclei in the substrate (~7 ppm), of 30 ppm a field
of 6.5 mT fulfils this resonance condition and maximizes polarization transfer.

0.2

- e pyridine
< o L] 'pyra_zinfe .
. 0115¢f * g ¢ isonicotinamide
c L]
g ] n .
g o . . .
E o
) L ]
8 0.05f e " ¢ - "
: . L) ¢ = e
0 L s L 2 SPS ; ! s
0 5 10 15 20

polarisation transfer field / mT

Figure 6. Average 'H polarization levels as a function of polarization transfer field detected using
in situ SABRE hyperpolarization and Earth’s field NMR spectroscopy for substrates: pyridine (black
circles), pyrazine (blue squares), and isonicotinamide (green diamonds). Samples contained 5.0 mM of
the SABRE catalyst and 250 mM of the substrate in 5 mL of methanol-d4. The polarization transfer time
was 20 s. Polarization levels were calculated using the calibration curve in Figure 3. Polarization values
were the average of four repeat measurements. Error bars corresponding to the standard deviation
across the repeat measurements are too small to be observed.

3. Materials and Methods

3.1. Sample Preparation

Samples for the hyperpolarization of pyridine were prepared by dissolving 13 mg (5.1 mM)
of the SABRE pre-catalyst [IrCI(COD)(IMes)] (where COD = 1,5 cyclooctadiene and IMes =
1,3-bis(2,4,6-trimethylphenyl)-imidazol-2-ylidine) in 4 mL of solvent (methanol or methanol-dy, as
indicated in the text). The sample was sonicated for a few minutes until homogeneous. Pyridine
was then added to the solution (82 pL (255 mM, 50 eq relative to the pre-catalyst) or 8.2 uL (26 mM,
5 eq relative to the pre-catalyst), as indicated in the text). For the PTF curves presented in Figure 6,
a larger sample volume of 5 mL was used. Accordingly, these samples were prepared using 16 mg
(5.0 mM) of the SABRE pre-catalyst and 250 mM (50 equivalents relative to the pre-catalyst) of the
substrate. The substrates: pyridine, pyrazine, and nicotinamide (Scheme 1), were purchased from
Sigma-Aldrich (St. Louis, MO, USA) and used without further modification. The pre-catalyst was
synthesized in-house. At the start of each experimental session, the solution containing the pre-catalyst
and the substrate was injected into the reaction chamber through the p-H, inlet using a syringe. The
total volume of the solution injected was either 4 or 5 mL, as indicated in the text.
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Scheme 1. Substrates used in this work: pyridine (1), pyrazine (2) and isonicotinamide (3).

3.2. Parahydrogen Generation and Control

The source of hydrogen was a Precision Hydrogen Trace 500 electrolytic hydrogen generator
(Peak Scientific, Inchinnan, UK) that produces hydrogen gas at 6 bar above atmospheric pressure.
The conversion of H; into p-H, was achieved using a commercial parahydrogen generator (Bruker,
Billerica, MA, USA) that passes the H; through a toroidal path over a paramagnetic catalyst at a
conversion temperature of 38 K. The p-H; enrichment was estimated using high-field (500 MHz)
'H-NMR to be 82%. The flow of p-H, through the reaction chamber was controlled by a commercial
pneumatic control unit (Bruker, Germany), as shown in Figure 1b. The inlet and outlet pressure during
p-Hpy bubbling were maintained at 3.2 and 2.8 bar above atmospheric pressure, respectively. Between
each SABRE experiment, the pressure in the reaction chamber was reduced to atmospheric pressure,
allowing for the out-gassing of H, from solution.

3.3. SABRE Hyperpolarization and EFNMR Detection

Earth’s field NMR detection was carried out using a Terranova MRI Earth’s field (EF) spectrometer
(Magritek, Aachen, Germany). The local Earth’s magnetic field for these experiments was approximately
B = 42 uT, with a corresponding 'H Larmor frequency of 1788 Hz. The EFNMR apparatus was
composed of a probe containing an RF (B;) coil, three orthogonal magnetic field gradient coils, an
offset field coil, and a pre-polarizing field coil. Due to the very low 'H Larmor frequency, the EFNMR
spectra are sensitive to a wide range of external sources of noise. One significant contribution came
from the harmonics produced via the mains electricity, which, in the United Kingdom, generates noise
peaks at odd integer multiples of 50 Hz. To avoid interference between the NMR signal and these
periodic noise peaks, the offset coil was used to provide an additional homogeneous static magnetic
field of 5.4 uT to shift the 'H Larmor frequency to approximately 2020 Hz. This offset field was applied
throughout the entire pulse sequence, along with the linear magnetic field gradients that were used for
first-order shimming. The EFNMR spectrometer and associated NMR experiments were controlled
via a PC running the Terranova-Expert software package within Prospa (Magritek, Germany). The
cylindrical reaction chamber (i.d. = 24 mm; o.d. = 28 mm; L = 24 mm) was manufactured in-house and
was comprised of a Simax glass cell (Kavalier, Prague, Czech Republic). The cell includes an inlet port
and an outlet port of 0.d =4 mm. Connections between the reaction cell and the gas manifold system
were made via 1/16” PEEK fittings (IDEX, Lake Forest, IL, USA). The p-H; was bubbled through a
VitraPOR frit (Robu, Hattert, Germany) with an approximate pore size distribution of 40-100 pum.

The pulse sequence for all EFNMR experiments is presented in Figure 2a. Unless otherwise stated
in the text, the following delay parameters were used: d; =ds =0, d, =100 ms, d3 =25 ms, d5 =3
s, and a 90° RF excitation pulse with an amplitude of 0.3 V and a duration of 28.9 ms was applied
for signal excitation. For the non-SABRE-enhanced 'H-EFNMR spectra of water, a pre-polarization
field of 18.8 mT, produced by passing a current of 6 A through the electromagnet on the outside of the
EFNMR probe, was applied for 4 s. The relaxation times of the water samples were measured to be
T1,8,=22+0.2sand Ty p,= 2.3 + 0.1 s using pseudo-2D experiments where the 'H-EFNMR signal
amplitude was measured as a function of varying either the duration of the pre-polarizing pulse, Tprr,
(T1,8,) or the delay between the polarizing pulse and the RF pulse, d; (T1,p;). For the SABRE-enhanced
EFNMR experiments, the p-H, bubbling was initiated by passing a command to the polarizer (see
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Figure 1b) from the controlling PC using RS232 serial communication within the Terrnaova-Expert
software. Immediately following the sending of the signal to start bubbling, the pulse sequence was
initiated using the digital signal processor (DSP) of the Terranova spectrometer. Maximum signals were
observed for d; = 0's, indicating that the finite time taken (tens of ms) between the serial communication
and the initialization of the DSP was sufficient to allow for bubbling to commence before turning on
the PTFE. Unless otherwise specified, a PTF = 6.4 mT (2.05 A) was applied for a duration tprr = 20 s.
Due to the narrow linewidths and, hence, long T,* values, of the SABRE TH-EFNMR spectra, a long
acquisition time between tacg = 5sand tacq = 7 s was used. All 'H-EFNMR spectra were zero-filled by a
factor of 4, Fourier transformed, phased, and integrated using a home-written macro within Prospa
(Magritek, Germany). Consistent acquisition and processing parameters, including zero-filling, were
used throughout to enable direct comparisons between signal integrals, measured in pV, from different
experiments. To determine the T,* for the water reference measurements, a 80 Hz region centered at
the Larmor frequency was extracted from each-EFNMR spectrum and inverse Fourier transformed.
The resultant signal decay was fit to a single exponential decay using the curve fitting tool in MATLAB
to determine the T»* value (see Table 1.). The following correction was then applied to each signal
integral, where d3 = 25 ms is the acquisition delay, as defined in Figure 2a.

Scorr = So/ eXP(—ds/TE) 5)

Table 1. 'H-EFNMR reference measurements of water acquired with 16 scans. Note: The first row
corresponds to a measurement of the background noise.

Volume/mL Ty*[s So/uV Scorr/UV

0 - 0.38 0.38
42 0.410 £ 0.013 7.90 8.40
76 0.350 + 0.008 13.9 15.0
140 0.245 + 0.003 23.3 25.8
192 0.225 + 0.003 29.2 32.6
270 0.219 £ 0.003 39.1 43.8
270 0.197 + 0.003 60.9 69.1

At the start of each experimental session, the EFNMR parameters including x, y, and z shims,
the offset coil current and the tuning capacitance were optimized using the 'H-EFNMR signal from a
562 mL bottle of water. Subsequent SABRE experiments were initiated by injecting the sample into the
reaction chamber located in the center of the EFNMR probe. The catalyst activation was achieved using
the procedure discussed in Section 2.1 in the text (see Figure 4) and was considered complete once a
consistent level of polarization had been reached (e.g., after 20 min in Figure 4). Between samples, the
reaction chamber was cleaned by flushing once with methanol and once with acetone before drying
under a flow of Nj. The results presented in Figure 6 were obtained with an earlier version of the
reaction chamber with a comparable design but a larger volume. These experiments were carried out
using 5 mL samples, as noted in the text.

All of the NMR data presented in this work are freely available through the York Research Database.

4. Conclusions

In this work, we demonstrated an in situ SABRE hyperpolarization method that uses a simple,
commercially available Earth’s field NMR spectrometer to detect the enhanced NMR response. We
observed a maximum SABRE hyperpolarization level of 3.3% for a 4 mL sample containing 26 mM
of pyridine and 5.1 mM of the SABRE catalyst in methanol-ds. This represents an NMR signal
enhancement factor of ¢ = 2.3 x 10® over thermal equilibrium in the Earth’s magnetic field and a
factor of e = 5.0 x 10° over thermal equilibrium in the pre-polarization field of 18.8 mT. Measurements
performed in CH;OH and CD30D provided similar levels of the SABRE-enhanced 'H-EFNMR signal.
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In addition to the benefits of increased sensitivity, the use of SABRE was shown to improve the
'H-EFNMR linewidths due to the smaller magnetic field inhomogeneity experienced by the reduced
sample volume. After the activation of the SABRE pre-catalyst, the SABRE-enhanced NMR response
was found to be highly reproducible, with a standard deviation of 1.6% over 105 repeat measurements.
Having demonstrated the high sensitivity and reproducibility of the in situ SABRE method, we applied
this approach to explore the polarization transfer process in the low-field regime, including the build-up
of polarization as a function of the amplitude and duration of the PTF and the quantification of the rate
of decay of the hyperpolarization in the Earth’s magnetic field. These direct measurements allow for a
comparison of these effects between different solvents, substrates, catalysts and reaction conditions
without the confounding effects associated with transporting the sample between the PTF and the
NMR detector. Our field-cycling approach with detection in the Earth’s magnetic field has the benefit
of allowing for the direct comparison of experiments in different PTFs. However, it would also be of
interest to extend this work to include direct detection in the PTF, as this would remove any effects
from field switching. In addition, working at a higher RF frequency would improve the signal-to-noise
by reducing sensitivity to external noise. This approach was not taken here because the PTF provided
by the EFNMR spectrometer was not sufficiently homogeneous for NMR detection. However, designs
for NMR spectrometers operating in the mT regime are available in the literature and have been used
for in situ detection of PHIP [37,38]. In this work, we focused on N-heterocycles as substrates, a single
SABRE pre-catalyst, [rCl(COD)(IMes), and methanol as the solvent. However, the high sensitivity
and resolution achieved herein suggest that a wider range of SABRE systems will be amenable to
study using this in situ approach. We expect that this will be a useful and practical tool to further
optimize the SABRE process in the future by developing a better understanding of the behavior in the
low-field regime.

Author Contributions: Conceptualization, M.E.H.; methodology, M.E.H., FH.-C,,R.V,, AM.,, AS, M.R,, PM.R,,
R.OJ., EA, SB.D.; formal analysis, M.E.H., EH.-C.; investigation, FH.-C., AS.,, AM., RV, MR, ROJ,;
writing—original draft preparation, M.E.H., EH.-C., A.S.; writing—review and editing, M.E.H., EH.-C., A.S.,
AM., MR, PMR, S.B.D,; visualization, M.E.H., M.R,, A.S.; funding acquisition, M.E.H. and S.B.D.

Funding: This research was funded by the UK Engineering and Physical Sciences Research Council (EPSRC),
grant numbers EP/M020983/1 and EP/R028745/1 and Impact Acceleration Award (University of York IAA grants
G0036701 and G0025101). AS is funded by the European Union’s Horizon 2020 research and innovation program
under the Marie Sktfodowska-Curie grant agreement No. 766402. AAAM acknowledges PhD studentship funding
from Taif University, Saudi Arabia. We acknowledge additional financial support from the Wellcome Trust (grants
092506 and 098335) and the UK Medical Research Council (MRC, MR/M008991/1).

Acknowledgments: We acknowledge Victoria Annis for the synthesis of the SABRE pre-catalyst. We would also
like to highlight the contribution of Robin Virgo, who did a significant portion of the early work on this project but
who sadly passed away before it was completed.

Conflicts of Interest: The funders had no role in the design of the study; in the collection, analyses, or interpretation
of data; in the writing of the manuscript, or in the decision to publish the results.

References

1. Nikolaou, P.; Goodson, B.M.; Chekmenev, E.Y. NMR hyperpolarization techniques for biomedicine. Chem.
-A Eur. J. 2015, 21, 3156-3166. [CrossRef]

2. Halse, M.E. Perspectives for hyperpolarization in compact NMR. Trac-Trends Anal. Chem. 2016, 83, 76-83.
[CrossRef]

3. Witte, C,; Schroder, L. NMR of hyperpolarized probes. NMR Biomed. 2013, 26, 788-802. [CrossRef]

4. Lee, ].H.; Okuno, Y.; Cavagnero, S. Sensitivity enhancement in solution NMR: Emerging ideas and new
frontiers. J. Magn. Reson. 2014, 241, 18-31. [CrossRef]

5. Van Bentum, J.; van Meerten, B.; Sharma, M.; Kentgens, A. Perspectives on dnp-enhanced NMR spectroscopy
in solutions. J. Magn. Reson. 2016, 264, 59-67. [CrossRef]

6.  Barskiy, D.A,; Coffey, A.M.; Nikolaou, P.; Mikhaylov, D.M.; Goodson, B.M.; Branca, R.T.; Lu, G.J.; Shapiro, M.G.;
Telkki, V.V.; Zhivonitko, V.V,; et al. NMR hyperpolarization techniques of gases. Chem. A Eur. |. 2017, 23,
725-751. [CrossRef] [PubMed]


http://dx.doi.org/10.1002/chem.201405253
http://dx.doi.org/10.1016/j.trac.2016.05.004
http://dx.doi.org/10.1002/nbm.2873
http://dx.doi.org/10.1016/j.jmr.2014.01.005
http://dx.doi.org/10.1016/j.jmr.2016.01.010
http://dx.doi.org/10.1002/chem.201603884
http://www.ncbi.nlm.nih.gov/pubmed/27711999

Molecules 2019, 24, 4126 14 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Kovtunov, K.V.; Pokochueva, E.V.; Salnikov, O.G.; Cousin, S.F.; Kurzbach, D.; Vuichoud, B.; Jannin, S.;
Chekmenev, E.Y.; Goodson, B.M.; Barskiy, D.A ; et al. Hyperpolarized NMR spectroscopy: p-dnp, PHIP, and
SABRE techniques. Chem. Asian ]. 2018. [CrossRef] [PubMed]

Green, R.A.; Adams, R.W.; Duckett, S.B.; Mewis, R.E.; Williamson, D.C.; Green, G.G.R. The theory and
practice of hyperpolarization in magnetic resonance using parahydrogen. Prog. Nucl. Magn. Reson. Spectrosc.
2012, 67, 1-48. [CrossRef] [PubMed]

Natterer, J.; Bargon, J. Parahydrogen induced polarization. Prog. Nucl. Magn. Reson. Spectrosc. 1997, 31,
293-315. [CrossRef]

Bowers, C.R.; Weitekamp, D.P. Transformation of symmetrization order to nuclear-spin magnetization by
chemical-reaction and nuclear-magnetic-resonance. Phys. Rev. Lett. 1986, 57, 2645-2648. [CrossRef]
Eisenschmid, T.C.; Kirss, R.U.; Deutsch, PP.; Hommeltoft, S.I.; Eisenberg, R.; Bargon, J.; Lawler, R.G;
Balch, A.L. Para hydrogen induced polarization in hydrogenation reactions. J. Am. Chem. Soc. 1987, 109,
8089-8091. [CrossRef]

Bowers, C.R.; Weitekamp, D.P. Para-hydrogen and synthesis allow dramatically enhanced nuclear alignment.
J. Am. Chem. Soc. 1987, 109, 5541-5542. [CrossRef]

Pravica, M.G.; Weitekamp, D.P. Net NMR alignment by adiabatic transport of para-hydrogen
addition-products to high magnetic-field. Chem. Phys. Lett. 1988, 145, 255-258. [CrossRef]

Duckett, S.B.; Sleigh, C.J. Applications of the parahydrogen phenomenon: A chemical perspective. Prog.
Nucl. Magn. Reson. Spectrosc. 1999, 34, 71-92. [CrossRef]

Duckett, S.B.; Mewis, R.E. Application of parahydrogen induced polarization techniques in NMR spectroscopy
and imaging. Acc. Chem. Res. 2012, 45, 1247-1257. [CrossRef]

Golman, K.; Axelsson, O.; Johannesson, H.; Mansson, S.; Olofsson, C.; Petersson, J.S. Parahydrogen-induced
polarization in imaging: Subsecond C-13 angiography. Magn. Reson. Med. 2001, 46, 1-5. [CrossRef]

Viale, A.; Reineri, F,; Santelia, D.; Cerutti, E.; Ellena, S.; Gobetto, R.; Aime, S. Hyperpolarized agents for
advanced MRI investigations. Q. J. Nucl. Med. Mol. Imaging 2009, 53, 604-617.

Reineri, F; Viale, A.; Ellena, S.; Boi, T.; Daniele, V.; Gobetto, R.; Aime, S. Use of labile precursors for
the generation of hyperpolarized molecules from hydrogenation with parahydrogen and aqueous-phase
extraction. Angew. Chem. Int. Ed. 2011, 50, 7350-7353. [CrossRef]

Hamans, B.C.; Andreychenko, A.; Heerschap, A.; Wijmenga, S.S.; Tessari, M. NMR at earth’s magnetic field
using para-hydrogen induced polarization. J. Magn. Reson. 2011, 212, 224-228. [CrossRef]

Waddell, KW.; Coffey, A.M.; Chekmenev, E.Y. In situ detection of PHIP at 48 mt: Demonstration using a
centrally controlled polarizer. J. Am. Chem. Soc. 2011, 133, 97-101. [CrossRef]

Theis, T.; Ganssle, P; Kervern, G.; Knappe, S.; Kitching, J.; Ledbetter, M.P.; Budker, D.; Pines, A.
Parahydrogen-enhanced zero-field nuclear magnetic resonance. Nat. Phys. 2011, 7, 571-575. [CrossRef]
Butler, M.C.; Kervern, G.; Theis, T.; Ledbetter, M.P.; Ganssle, PJ.; Blanchard, J.W.; Budker, D.; Pines, A.
Parahydrogen-induced polarization at zero magnetic field. J. Chem. Phys. 2013, 138, 234201. [CrossRef]
[PubMed]

Colell, J.; Turschmann, P; Gloggler, S.; Schleker, P.; Theis, T.; Ledbetter, M.; Budker, D.; Pines, A.; Blumich, B.;
Appelt, S. Fundamental aspects of parahydrogen enhanced low-field nuclear magnetic resonance. Phys. Rev.
Lett. 2013, 110, 137602. [CrossRef] [PubMed]

Adams, RW.; Aguilar, J.A.; Atkinson, K.D.; Cowley, M.J.; Elliott, PI1.P.; Duckett, S.B.; Green, G.G.R;;
Khazal, I.G.; Lopez-Serrano, J.; Williamson, D.C. Reversible interactions with para-hydrogen enhance NMR
sensitivity by polarization transfer. Science 2009, 323, 1708-1711. [CrossRef] [PubMed]

Rayner, PJ.; Duckett, S.B. Signal amplification by reversible exchange (SABRE): From discovery to diagnosis.
Angew. Chem. (Int. Ed. Engl.) 2018, 57, 6742—-6753. [CrossRef] [PubMed]

Mewis, R.E.; Atkinson, K.D.; Cowley, M.].; Duckett, S.B.; Green, G.G.R,; Green, R.A.; Highton, L.A.R;;
Kilgour, D.; Lloyd, L.S.; Lohman, J.A.B,; et al. Probing signal amplification by reversible exchange using an
NMR flow system. Magn. Reson. Chem. 2014, 52, 358-369. [CrossRef]

Hoevener, ].-B.; Schwaderlapp, N.; Lickert, T.; Duckett, S.B.; Mewis, R.E.; Highton, L.A.R.; Kenny, S.M.;
Green, G.G.R;; Leibfritz, D.; Korvink, ].G.; et al. A hyperpolarized equilibrium for magnetic resonance. Nat.
Commun. 2013, 4, 2946.

Lehmkuhl, S.; Wiese, M.; Schubert, L.; Held, M.; Kuppers, M.; Wessling, M.; Blumich, B. Continuous
hyperpolarization with parahydrogen in a membrane reactor. J. Magn. Reson. 2018, 291, 8-13. [CrossRef]


http://dx.doi.org/10.1002/asia.201800551
http://www.ncbi.nlm.nih.gov/pubmed/29790649
http://dx.doi.org/10.1016/j.pnmrs.2012.03.001
http://www.ncbi.nlm.nih.gov/pubmed/23101588
http://dx.doi.org/10.1016/S0079-6565(97)00007-1
http://dx.doi.org/10.1103/PhysRevLett.57.2645
http://dx.doi.org/10.1021/ja00260a026
http://dx.doi.org/10.1021/ja00252a049
http://dx.doi.org/10.1016/0009-2614(88)80002-2
http://dx.doi.org/10.1016/S0079-6565(98)00027-2
http://dx.doi.org/10.1021/ar2003094
http://dx.doi.org/10.1002/mrm.1152
http://dx.doi.org/10.1002/anie.201101359
http://dx.doi.org/10.1016/j.jmr.2011.06.011
http://dx.doi.org/10.1021/ja108529m
http://dx.doi.org/10.1038/nphys1986
http://dx.doi.org/10.1063/1.4805062
http://www.ncbi.nlm.nih.gov/pubmed/23802953
http://dx.doi.org/10.1103/PhysRevLett.110.137602
http://www.ncbi.nlm.nih.gov/pubmed/23581373
http://dx.doi.org/10.1126/science.1168877
http://www.ncbi.nlm.nih.gov/pubmed/19325111
http://dx.doi.org/10.1002/anie.201710406
http://www.ncbi.nlm.nih.gov/pubmed/29316071
http://dx.doi.org/10.1002/mrc.4073
http://dx.doi.org/10.1016/j.jmr.2018.03.012

Molecules 2019, 24, 4126 15 of 16

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

étépa’nek, P; Sanchez-Perez, C.; Telkki, V.-V, Zhivonitko, V.V, Kantola, A.M. High-throughput
continuous-flow system for SABRE hyperpolarization. J. Magn. Reson. 2019, 300, 8-17. [CrossRef]
Pravdivtsev, A.N.; Yurkovskaya, A.V.; Vieth, H.M.; Ivanov, K.L. Spin mixing at level anti-crossings in the
rotating frame makes high-field SABRE feasible. Phys. Chem. Chem. Phys. 2014, 16, 24672-24675. [CrossRef]
Rovedo, P.; Knecht, S.; Baumlisberger, T.; Cremer, A.L.; Duckett, S.B.; Mewis, R.E.; Green, G.G.R.; Burns, M;
Rayner, PJ.; Leibfritz, D.; etal. Molecular MRIin the Earth’s magnetic field using continuous hyperpolarization
of a biomolecule in water. J. Phys. Chem. B 2016, 120, 5670-5677. [CrossRef] [PubMed]

Barskiy, D.A.; Kovtunov, K.V.; Koptyug, 1.V.; He, P.; Groome, K.A.; Best, Q.A.; Shi, F.; Goodson, B.M.;
Shchepin, R.V,; Truong, M.L,; et al. In situ and ex situ low-field NMR spectroscopy and MRI endowed by
SABRE hyperpolarization. Chemphyschem 2014, 15, 4100-4107. [CrossRef] [PubMed]

Buckenmaier, K.; Rudolph, M.; Back, C.; Misztal, T.; Bommerich, U.; Fehling, P.; Koelle, D.; Kleiner, R.;
Mayer, H.A; Scheffler, K ; et al. Squid-based detection of ultra-low-field multinuclear NMR of substances
hyperpolarized using signal amplification by reversible exchange. Sci. Rep. 2017, 7, 13431. [CrossRef]
[PubMed]

Buckenmaier, K.; Rudolph, M.; Fehling, P; Steffen, T.; Back, C.; Bernard, R.; Pohmann, R.; Bernarding, J.;
Kleiner, R.; Koelle, D.; et al. Mutual benefit achieved by combining ultralow-field magnetic resonance and
hyperpolarizing techniques. Rev. Sci. Instrum. 2018, 89, 125103. [CrossRef]

Lee,S.-].; Jeong, K.; Shim, J.H.; Lee, H.].; Min, S.; Chae, H.; Namgoong, S.K.; Kim, K. Squid-based ultralow-field
MRI of a hyperpolarized material using signal amplification by reversible exchange. Sci. Rep. 2019, 9, 12422.
[CrossRef]

Theis, T.; Ledbetter, M.P,; Kervern, G.; Blanchard, J.W.; Ganssle, P.J.; Butler, M.C.; Shin, H.D.; Budker, D.;
Pines, A. Zero-field NMR enhanced by parahydrogen in reversible exchange. J. Am. Chem. Soc. 2012, 134,
3987-3990. [CrossRef]

Coffey, A.M.; Shchepin, R.V.; Truong, M.L.; Wilkens, K.; Pham, W.; Chekmenev, E.Y. Open-source automated
parahydrogen hyperpolarizer for molecular imaging using C-13 metabolic contrast agents. Anal. Chem. 2016,
88, 8279-8288. [CrossRef]

Coffey, A.M.; Shchepin, R.V,; Feng, B.B.; Colon, R.D.; Wilkens, K.; Waddell, K.W.; Chekmenev, E.Y. A pulse
programmable parahydrogen polarizer using a tunable electromagnet and dual channel NMR spectrometer.
J. Magn. Reson. 2017, 284, 115-124. [CrossRef]

Cowley, M.].; Adams, RW.; Atkinson, K.D.; Cockett, M.C.R.; Duckett, S.B.; Green, G.G.R.; Lohman, ].A.B.;
Kerssebaum, R.; Kilgour, D.; Mewis, R.E. Iridium n-heterocyclic carbene complexes as efficient catalysts for
magnetization transfer from para-hydrogen. J. Am. Chem. Soc. 2011, 133, 6134-6137. [CrossRef]

Adams, R.W.; Duckett, S.B.; Green, R.A.; Williamson, D.C.; Green, G.G.R. A theoretical basis for spontaneous
polarization transfer in non-hydrogenative parahydrogen-induced polarization. J. Chem. Phys. 2009, 131,
194505. [CrossRef]

Theis, T.; Truong, M.L.; Coffey, A.M.; Shchepin, R.V.; Waddell, K.W.; Shi, F.; Goodson, B.M.; Warren, W.S.;
Chekmeneyv, E.Y. Microtesla SABRE enables 10% nitrogen-15 nuclear spin polarization. J. Am. Chem. Soc.
2015, 137, 1404-1407. [CrossRef] [PubMed]

Pravdivtsev, A.N.; Yurkovskaya, A.V.; Vieth, H.-M.; Ivanov, K.L.; Kaptein, R. Level anti-crossings are a key
factor for understanding para-hydrogen-induced hyperpolarization in SABRE experiments. Chemphyschem
2013, 14, 3327-3331. [CrossRef] [PubMed]

Lloyd, L.S.; Adams, R.W.; Bernstein, M.; Coombes, S.; Duckett, S.B.; Green, G.G.R.; Lewis, R.].; Mewis, R.E,;
Sleigh, C.J. Utilization of SABRE-derived hyperpolarization to detect low-concentration analytes via 1d and
2d NMR methods. J. Am. Chem. Soc. 2012, 134, 12904-12907. [CrossRef] [PubMed]

Richardson, PM.; John, R.O.; Parrott, A.]J.; Rayner, PJ.; Iali, W.; Nordon, A.; Halse, M.E.; Duckett, S.B.
Quantification of hyperpolarization efficiency in SABRE and SABRE-relay enhanced NMR spectroscopy:.
Phys. Chem. Chem. Phys. 2018, 20, 26362-26371. [CrossRef] [PubMed]

Richardson, PM.; Parrott, A.].; Semenova, O.; Nordon, A.; Duckett, S.B.; Halse, M.E. SABRE hyperpolarization
enables high-sensitivity 1H and 13C benchtop NMR spectroscopy. Analyst 2018, 143, 3442-3450. [CrossRef]
Appleby, KM.; Mewis, REE.; Olaru, AM.; Green, G.G.R,; Fairlamb, 1].S.; Duckett, S.B. Investigating
pyridazine and phthalazine exchange in a series of iridium complexes in order to define their role in the
catalytic transfer of magnetization from para-hydrogen. Chem. Sci. 2015, 6, 3981-3993. [CrossRef]


http://dx.doi.org/10.1016/j.jmr.2019.01.003
http://dx.doi.org/10.1039/C4CP03765K
http://dx.doi.org/10.1021/acs.jpcb.6b02830
http://www.ncbi.nlm.nih.gov/pubmed/27228166
http://dx.doi.org/10.1002/cphc.201402607
http://www.ncbi.nlm.nih.gov/pubmed/25367202
http://dx.doi.org/10.1038/s41598-017-13757-7
http://www.ncbi.nlm.nih.gov/pubmed/29044168
http://dx.doi.org/10.1063/1.5043369
http://dx.doi.org/10.1038/s41598-019-48827-5
http://dx.doi.org/10.1021/ja2112405
http://dx.doi.org/10.1021/acs.analchem.6b02130
http://dx.doi.org/10.1016/j.jmr.2017.09.013
http://dx.doi.org/10.1021/ja200299u
http://dx.doi.org/10.1063/1.3254386
http://dx.doi.org/10.1021/ja512242d
http://www.ncbi.nlm.nih.gov/pubmed/25583142
http://dx.doi.org/10.1002/cphc.201300595
http://www.ncbi.nlm.nih.gov/pubmed/23959909
http://dx.doi.org/10.1021/ja3051052
http://www.ncbi.nlm.nih.gov/pubmed/22812599
http://dx.doi.org/10.1039/C8CP05473H
http://www.ncbi.nlm.nih.gov/pubmed/30303501
http://dx.doi.org/10.1039/C8AN00596F
http://dx.doi.org/10.1039/C5SC00756A

Molecules 2019, 24, 4126 16 of 16

47. Lloyd, L.S.; Asghar, A.; Burns, M.].; Charlton, A.; Coombes, S.; Cowley, M.J.; Dear, G.J.; Duckett, S.B.;
Genov, G.R,; Green, G.G.R; et al. Hyperpolarization through reversible interactions with parahydrogen.
Catal. Sci. Technol. 2014, 4, 3544-3554. [CrossRef]

48. Rayner, PJ.; Burns, M.].; Olaru, A.M.; Norcott, P.; Fekete, M.; Green, G.G.R.; Highton, L.A.R.; Mewis, R.E,;
Duckett, S.B. Delivering strong 1H nuclear hyperpolarization levels and long magnetic lifetimes through
signal amplification by reversible exchange. Proc. Natl. Acad. Sci. USA 2017, 114, E3188-E3194. [CrossRef]

49. Barskiy, D.A.; Shchepin, R.V,; Tanner, C.PN.; Colell, ].EP; Goodson, B.M.; Theis, T.; Warren, W.S,;
Chekmenev, E.Y. The absence of quadrupolar nuclei facilitates efficient C-13 hyperpolarization via reversible
exchange with parahydrogen. Chemphyschem 2017, 18, 1493-1498. [CrossRef]

50. Ducker, E.B.; Kuhn, L.T.; Munnemann, K.; Griesinger, C. Similarity of SABRE field dependence in chemically
different substrates. J. Magn. Reson. 2012, 214, 159-165. [CrossRef]

Sample Availability: Not available.

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1039/C4CY00464G
http://dx.doi.org/10.1073/pnas.1620457114
http://dx.doi.org/10.1002/cphc.201700416
http://dx.doi.org/10.1016/j.jmr.2011.11.001
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	In Situ SABRE Hyperpolarization with H-EFNMR Detection 
	Calibration of SABRE Hyperpolarization with H-EFNMR Detection 
	Catalyst Activation and SABRE Signal Reproducibility 
	SABRE Polarization Build-Up and Decay 

	Materials and Methods 
	Sample Preparation 
	Parahydrogen Generation and Control 
	SABRE Hyperpolarization and EFNMR Detection 

	Conclusions 
	References

