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a b s t r a c t

Signal Amplification By Reversible Exchange (SABRE) is a versatile method for hyperpolarizing small
organic molecules that helps to overcome the inherent low signal-to-noise ratio of nuclear magnetic res-
onance (NMR) measurements. It offers orders of magnitude enhanced signal strength, but the obtained
nuclear polarization usually rapidly relaxes, requiring a quick transport of the sample to the spectrome-
ter. Here we report a new design of a polarizing system, which can be used to prepare a continuous flow
of SABRE-hyperpolarized sample with a considerable throughput of several millilitres per second and a
rapid delivery into an NMR instrument. The polarizer performance under different conditions such as
flow rate of the hydrogen or liquid sample is tested by measuring a series of NMR spectra and magnetic
resonance images (MRI) of hyperpolarized pyridine in methanol. Results show a capability to continu-
ously produce sample with dramatically enhanced signal over two orders of magnitude. The constant
supply of hyperpolarized sample can be exploited, e.g., in experiments requiring multiple repetitions,
such as 2D- and 3D-NMR or MRI measurements, and also naturally allows measurements of flow maps,
including systems with high flow rates, for which the level of achievable thermal polarization might not
be usable any more. In addition, the experiments can be viably carried out in a non-deuterated solvent,
due to the effective suppression of the thermal polarization by the fast sample flow. The presented sys-
tem opens the possibilities for SABRE experiments requiring a long-term, stable and high level of nuclear
polarization.
� 2019 The Authors. Published by Elsevier Inc. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction experiment at thermal equilibrium, the spin state populations
Nuclear magnetic resonance (NMR) is an invaluable method
finding applications in many fields ranging from physics through
chemistry to biological studies. It is a very versatile technique,
offering ways for elucidation of complex molecular structures [1],
measuring dynamic molecular processes [2] or investigating
porosity of materials [3]. Moreover, it forms a basis of magnetic
resonance imaging (MRI), an indispensable tool in contemporary
medical diagnosis and a generally versatile method for non-
invasive visualization of spatial density of atomic nuclei.

The broad impact of NMR and MRI was achieved despite their
rather poor signal strength. The NMR signal acquired during the
experiment is directly proportional to the difference in populations
of the spin states of the observed nuclei. In a traditional
are governed by Boltzmann distribution, which is a function of
temperature and the strength of the magnetic field the sample is
subjected to. At ambient temperatures the population differences
between spin states achievable in such way are only on the order
of 10�5, even when strong magnetic fields of several Tesla are used.
Consequently, the development of methods for increasing the spin
polarization has received a significant attention.

In order to boost the NMR signal, several methods have been
devised. These so-called hyperpolarization (HP) techniques can
increase the nuclear spin polarization beyond the thermal equilib-
rium state, often by several orders of magnitude. The HP process
uses an external source of spin order that is transferred to the sam-
ple and creates large differences in spin-state populations. The rel-
ative population differences as high as tens of percent have been
achieved [4–7]. However, unless the spin order is converted to a
long lived state [8], the hyperpolarized samples usually readily
relax towards thermal equilibrium populations, constraining the
usable lifetime of the magnetization.

In one HP method, dynamic nuclear polarization (DNP) [5], the
nuclei are polarized using unpaired electrons from free radicals.
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DNP is a very versatile method, capable of polarizing a wide range
of molecules. However, it requires very expensive facilities, has
high operational costs and the repeatability of the level of polariza-
tion may be difficult to predict.

Another HP method is spin-exchange optical pumping (SEOP)
[6], in which polarization is transferred from electrons of vaporized
alkali metal atoms to noble gas nuclei. The SEOP process can
achieve a very high degree of polarization, up to 90% [9], but it is
in practice usable only for polarizing of noble gas atoms, such as
helium, xenon or krypton [10].

Lastly, a number of hyperpolarization methods, called parahy-
drogen induced polarization (PHIP) [6], use parahydrogen (para-
H2, one of the spin isomers of hydrogen) as the source of the spin
order. In some PHIP approaches, para-H2 can be directly incorpo-
rated into the molecule via addition reaction with a suitable unsat-
urated bond, producing molecules with non-equilibrium spin
populations in schemes known as PASADENA [11,12] or ALTADENA
[13].

Recently, it has been shown that PHIP can also be used to trans-
fer the magnetization from para-H2 to the hyperpolarized mole-
cules without actual chemical modification taking place. Such
effect can be achieved by a reversible association of the substrate
molecule with para-H2 mediated by a suitable metal catalyst. The
technique is known as Signal Amplification By Reversible Exchange
(SABRE) [14]. The SABRE polarization mechanism is based on the
transfer of spin order via the scalar couplings of the para-H2 and
the substrate molecule, and its efficiency depends on the strength
of the magnetic field in which the polarization transfer takes place,
so-called polarization transfer field (PTF) [14–18]. Protons are most
efficiently polarized in the field of several mT, but in the case of
heteronuclei, very low fields on the order of lT are optimal, requir-
ing magnetic shielding from the Earth’s natural magnetic field [19–
22]. While SABRE is not as versatile as, e.g., DNP [5,7], it is never-
theless capable of hyperpolarizing a significant range of nuclei
and molecular substrates, provided that they can associate with
the polarization-transferring Ir catalyst. Moreover, its costs for
instrumentation facilities are orders of magnitude smaller than
for DNP, making it an affordable hyperpolarization option. In addi-
tion, since SABRE does not modify its substrate, it can be used to
produce stable, predictable levels of nuclear spin polarization in
a continuous fashion, as has been shown [23–37].

Since the first description of SABRE, a number of significant
developments have been made. Following the initial report [14],
which used [Ir(COD)(py)(PCy3)][BF4] (COD = cyclooctadiene,
py = pyridine, PCy3 = tri-cyclohexyl-phosphine), synthetic efforts
yielded more potent catalysts allowing more efficient polarization
transfer or solvent compatibility [15,17,38–41]. Currently, one of
the most efficient SABRE catalysts is of the general form [Ir(IMes)
(L)3(H2)] (IMes = 1,3-bis(2,4,6-trimethylphenyl)-imidazolium, L is
a ligand molecule, not necessarily identical in all three coordina-
tion places). It is an activated form of an air-stable precursor [Ir
(COD)(IMes)]Cl, which can be in turn readily prepared from com-
mercial reagents [42,43].

Apart from protons (see, e.g., [14,16,44–46]), other nuclei such
as 13C [18,24,25,44,47], 15N [20–22,30,41,44,45,48–50], 19F
[14,51,52], 31P [19,53], 29Si [54] and 119Sn [54] have been success-
fully polarized. The SABRE polarization transfer has also been
achieved in high magnetic fields [28,31,55,56] and the suitability
of the SABRE for 2D NMR techniques [57–59], low concentration
detections [46] and imaging [14,21,25,29,47,51,53,60–62] has been
demonstrated as well. In addition to the NMR measurements in
high-field instruments, the SABRE has also been successfully used
in low-field set-ups [25,47,63], where use of hyperpolarized sam-
ples yields even more pronounced results due to the much smaller
achievable thermal polarization. The issue of contaminating the
sample with the SABRE catalyst can be overcome by immobiliza-
tion of the catalyst on solid support [49,64,65] or via extraction
of the analyte using two-phase system of immiscible liquids [66].

The first experimental approach to SABRE, which is still in use
today, is a manual shaking of the sample under para-H2 atmo-
sphere inside a pressurized valved NMR tube to introduce the
hydrogen gas into the solution. After thorough mixing the sample
is immediately inserted into NMR spectrometer for measurement.
Since the relaxation is one of the crucial parameters affecting the
efficiency of the technique, an effort has been directed towards
instrumentation that would shorten the delivery time of the sam-
ple. One such approach is an automated computer-controlled flow
system with pre-polarizing magnet and a flow probehead, which
allowed for repeatable preparation and transfer of hyperpolarized
sample into NMR spectrometer by applying gas pressure [15,24].
Such system allows to polarize the same sample multiple times
by cycling it between the NMR probe and the polarizer where it
is periodically repolarized. Another option is an automated
mechanical shuttling of the whole sample using a motorized sys-
tem [67,68]. One can also use a continuous in situ polarization
without transfer of the sample. The approach has been shown
either in low field setup of several mT [25–27,29], simultaneously
exploiting the favorable conditions for 1H SABRE transfer, or in
high fields [30–32]. The experiments can be performed either with
stopping of the flow of para-H2 before individual acquisitions [32–
34] or with the constant flow of para-H2 at all times, even during
measurement time, creating a truly continuous polarization
[27,28,35–37]. Yet another method, a continuous flow system
using a membrane reactor has been described recently [69] and
its features are compared with the setup presented in this paper
in the Results section.

Here we present a different approach to sample preparation and
transfer based on a continuously flowing liquid. Our system is
inherently well-suited for flow imaging and delivers a steady flow
of sample with a stable level of nuclear spin-polarization. It also
provides a high throughput of the sample on the order of millilitres
per second. We describe the overall system, its main components
and features and discuss its performance parameters, such as the
influence of the pumping speed of liquid, influx of hydrogen gas
and polarization transfer field strength and their influence on the
signal strength. We focus mainly on the unique features of our sys-
tem, such as flow rates and efficiency of the hydrogen exchange
with the liquid phase. The details of kinetic aspects of the SABRE
in solution have been discussed extensively in the literature before
(see, e.g., [24] and references cited therein) and it is reasonable to
assume they are preserved irrespective of the mode of sample
preparation and transportation into the spectrometer.
2. Methods

2.1. Polarizer overview

The overall schematic of the system is presented in Fig. 1. The
main parts of the setup are: high pressure hydrogen cylinder (A),
custom made para-H2 converter (B), low-field electromagnet (C),
vacuum pump (G), peristaltic pump for sample (I), and main
framework with tubing, valves and polarizing vessel. The main
body of the polarizer is fixed onto a plexiglass (see Fig. S1 in Sup-
porting Information for full view).
2.2. Principle of operation

The system allows for several modes of operation. After intro-
ducing the sample into the degassing compartment (H), a vacuum



Fig. 1. Overview of the continuous flow SABRE polarizer: The hydrogen gas from a gas cylinder (A) is cooled down to 77 K and converted to 50% para-H2 using FeO(OH) in a
custom hydrogen converter (B). The para-H2 enriched gas bubbles up through the liquid sample, which is being pumped in the opposite direction (downwards, assisted by the
gravity) between the polarizing cell (C) inside an electromagnet coil and the NMR spectrometer (D). Excess hydrogen escapes through back-pressure regulator (E)
maintaining a stable pressure inside the system, which can be monitored via the pressure gauge (F). Prior to the experiment, vacuum pump (G) is used for degassing of the
sample inside the degassing compartment (H) before transferring it to the polarizing cell. For this purpose, two three-way valves V1 and V2 are used to redirect the flow of
hydrogen and connect the system to either vacuum pump or back-pressure regulator, respectively. Red arrows symbolize flow of hydrogen gas and black arrows represent the
flow of liquid sample during operation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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pump can be used to degas the sample via the freeze-pump-thaw
cycle. The sample is then transferred to the polarizing cell by
applying slight overpressure into the degassing vessel via the
three-way valve V1. During the polarization operation the hydro-
gen gas passes through the converter immersed in liquid N2 (B),
where it is enriched to 50% para-H2 by conversion over FeO(OH),
and flows through the sample in the polarizing cell (C). The hydro-
gen is introduced into the sample in polarizing cell via three 1/16
inch thick pieces of tubing. The gas flow is regulated by a needle
valve and monitored by a flow-meter. The valve V2 allows to re-
route the connection from vacuum pump to back-pressure regula-
tor and maintain a stable pressure inside the whole system even as
new para-H2 flows constantly in. Pressure of up to 7 bar has been
successfully tested.

The liquid sample is pumped independently of the hydrogen
flow via the peristaltic pump. The pump is placed in the line after
the NMR spectrometer in order to minimize travel time from cell to
spectrometer (connected via 2.4 m long tubing, corresponding to
less than two seconds travel time at the highest speed) and hence
the loss of polarization due to the relaxation. The pumping direc-
tion can be chosen freely, but pumping the liquid in downward
direction opposite to the flow of the rising hydrogen bubbles pro-
vides better mixing of the sample, allows the freshest incoming
para-H2 to be in contact with the sample immediately leaving
the polarizing cell and minimizes probability of stray bubbles to
enter the sample. Moreover, it also allows using a smaller amount
of sample. After passing through the NMR spectrometer, the sam-
ple is returned to the cell for refreshing of the polarization.

During the experiment the degassing vessel (H) can be used as a
solvent trap by immersing it in cold bath in order to condense
escaping solvent vapours, which can be then periodically returned
back to maintain a stable sample volume.
2.3. Sample preparation

The sample solutions consisting of methanol (non-deuterated),
pyridine and [Ir(IMes)(py)3(H2)] were degassed prior to measure-
ments. Pyridine was chosen as one of the most well-studied mole-
cules in SABRE. The first portion of the sample was prepared by
dissolving 180 ll (2.25 mmol) of pyridine in 45 ml of methanol
and transferred to the polarizing cell. The secondportion of the sam-
ple was prepared by dissolving 180 mg of IMes catalyst in 20 ml of
methanol and subsequent addition of 80 ll (1 mmol) of pyridine.
The second solution thus had identical concentration 50 mmol/l of
pyridine as in the first batch, allowing us to make a titration with
the catalyst while maintaining constant concentration of pyridine.
The titration was performed in four steps, each time transferring
5 ml of the catalyst solution from the degassing vessel to the polar-
izing cell and mixing thoroughly. The four samples yielded concen-
trations 1.4, 2.6, 3.5 and 4.3 mmol/l of catalyst and were labelled c1
to c4 in order of increasing concentration, corresponding to ratios of
catalyst to pyridine 1:35, 1:20, 1:14 and 1:12.

The total methanol loses during the degassing steps were mea-
sured as a decrease in level of the liquid surface in the degassing
vessel and are estimated to be under 1 ml and thus not significant,
given the total sample volume (varied between 45 and 65 ml).

Unless otherwise stated, the flow rate of hydrogen was set to
0.9 ml/s, flow rate of the sample to 170 ml/min and hydrogen gas
pressure to 5 bar.

2.4. NMR measurements

All the NMR and MRI experiments were performed on Bruker
AVANCE III 300 spectrometer equipped with micro-imaging unit,
using Micro 2.5 probe with a 25 mm birdcage coil tunable for 1H.

The sample was flowing through a straight piece of perfluo-
roalkane (PFA) tubing (outer diameter 6.35 mm (1/4 inch), inner
diameter 3.96 mm (0.156 inch), Swagelok). PFA tubing was fixed
concentrically with the coil axis by a 3D printed PET (polyethylene
terephthalate) holder. The proton NMR spectra on the straight PFA
tubing were recorded with one scan using a 45deg pulse.

As our interest in the present study was focused on hyperpolar-
ized signals of pyridine and methanol, we left the hydride signals
of SABRE catalyst outside the spectral width. Their presence was
confirmed in our preparatory SABRE experiments.

2.5. MRI measurements

MR images were recorded either for the identical tubing as was
used for NMR experiments or for a phantom flow channel created
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by connecting two pieces of PFA tubing of different inside diame-
ters (3.2 and 3.96 mm) by a nylon compression fitting with inside
diameter of 4.8 mm (see Fig. S2 in SI for details). The fitting was
fixed in the center of the probe using a padding constructed from
extruded polystyrene. Due to the shape of the resulting object,
the shimming proved to be rather difficult, and the field inhomo-
geneity gave rise to broad baseline (Fig. S3 in SI). This prohibited
use of selective pulses as excitations targeting the pyridine region
would also excite a non-negligible portion of methanol nuclei. For
this reason, the images were recorded using hard pulses covering
the whole spectral region of interest, including both methanol
and pyridine, and the individual component intensities were
obtained by subtraction.

The 2D spin density images in the straight PFA tubing were
measured using a gradient echo sequence with first order flow
compensation. The images were recorded with an echo time, TE,
of 12.3 ms and repetition time, TR, of 50 ms. The signal of interest
(pyridine or methanol) was exited using a selective Hermitian
pulse with an excitation bandwidth of 270 Hz. The slices were ori-
ented in the plane of the tube axis, with thickness 2 mm, the field
of view (FOV) 20� 20 mm, and a resolution of 156 lm/pixel on the
2D plane. For each image 128 averages, Nav, were collected (exper-
imental time ca. 14 min).

The 2D flow images were recorded using the velocity encoded
gradient-echo provided by the Paravision 5.1 software (Bruker
BioSpin). Bipolar gradients were used to produce a phase shift pro-
portional to the velocity, thus encoding the velocity distribution of
the moving spins into each pixel made by the two spatial dimen-
sions (read and phase directions). In the Fourier flow mapping
mode used in this work, two encoding steps were required to
velocity encode one main spatial (vertical) direction. The experi-
ments on the phantom constructed from the fitting and tubings
were recorded using the following parameters: TE ¼ 2:1 ms,
TR ¼ 10:6 ms, Nav ¼ 200, FOV = 20� 20 mm (resolution of
156 lm/pixel in the 2D plane), and slice thickness 1.25 mm. The
slices were oriented along the axis of the tubing. The maximum
velocity and the velocity resolution for the flow encoding were
80 cm/s and 10 cm/s, respectively (experimental time ca. 54 min).
3. Results and discussion

All numerical NMR data are reported as signal enhancements of
NMR peaks with respect to the signal of fully thermally polarized
sample in 300 MHz (7 T) magnet (see SI for details). Specific ranges
for integration are given in Table S1 in SI. Note that in the flowing
sample the signal of methanol is dramatically reduced due to the
short time period spent in the field before being introduced into
the probe, significantly reducing the thermal polarization.
2 For interpretation of color in Fig. 4, the reader is referred to the web version o
this article.
3.1. Effect of the flow rate on the signal amplitude

The first set of experiments demonstrates the effect of different
flow rates of the sample from polarizing cell to the NMR spectrom-
eter. We have measured NMR spectra in the region of flow rates
from 0 to 170 ml/min in steps of 17 ml/min for each sample c1 to
c4. The results are plotted in Fig. 2. We note that the flow rate is
considerably higher than 10 ml/min of the previously reported
continuous flow system [69]. This allows for new applications
where a large volume of sample would be required, such as imag-
ing of larger flow channels. It, however, also requires somewhat
larger sample volume of 50 ml, compared to 30 ml in Ref. [69], in
order to assure sufficient time in the reactor for the polarization
transfer to take place.

The first apparent trend is the steadily increasing observed
magnitude of the hyperpolarized (HP) signal with the flow rate.
This is an interesting contrast to the continuous flow system in
[69], where an optimal flow rate was found below its maximum
value. The likely cause are different methods of mass transfer of
hydrogen into the solution in the two systems, which influence
the kinetics of SABRE transfer. An interesting point is that at slower
speeds the lowest concentration of catalyst seems to provide the
largest enhancement, while samples with increasing catalyst load-
ings provide progressively smaller enhancement. On the other
hand, higher catalyst loadings achieve larger enhancement at
higher flow rates (faster delivery speeds). In addition, the maxi-
mum achieved enhancement, while not significantly dependent
on the catalyst concentration, is the largest for the medium cata-
lyst loadings.

Since faster delivery speeds offer higher HP signal, the trends
suggest that proton relaxation, rather than the reaction kinetics
associated with the spin-transfer, is the key factor influencing
the observed signal intensity. While the SABRE catalyst builds up
the sample polarization over time, it also shortens the effective
relaxation time of pyridine [24]. At low catalyst concentrations
the loss of polarization due to this effect is diminished owing to
the lesser probability of association of hyperpolarized pyridine
with the scarce catalyst molecules. On the other hand, higher cat-
alyst concentrations offer higher reaction throughput, leading to
increased HP signal when the flow rates are high enough to offset
the shortened relaxation times. However, at the highest catalyst
loading the effect of the fast relaxation seems to start to overcome
even the fastest delivery once again (sample c4).

A new signal appears at ca. 4.5 ppm, which can be assigned to
hyperpolarized dissolved hydrogen gas [55] (see also Fig. S4 in
SI). This signal is not apparent in the thermally polarized sample.
As documented throughout Figs. 2–6, the signal depends on a
number of system parameters and increases in concert with the
pyridine protons, underlining its origin due to the SABRE hyperpo-
larization process.

As another representation, the enhancements of the proton sig-
nals are plotted in Fig. 3 for each individual signal, showing rather
limited effect of the catalyst concentration and more clearly
demonstrating the highest polarization for concentration c3.

The maximum obtained signal enhancement (as a ratio of inte-
grated hyperpolarized signal to the thermal one in 300 MHz mag-
net) in this set of experiments is 105 for the sample c3,
corresponding to the polarization of about 0.25%. Full table of val-
ues is given in SI (Table S2).

3.2. Effect of the hydrogen flow rate on the signal amplitude

The second set of experiments consisted of measuring the
dependence of signal strength on the hydrogen flow. With increas-
ing flow, one to three independent streams of bubbles form from
the three capillaries and ascend through the solution, dissolving
para-H2 enriched gas into the liquid while also mixing the solution.
We performed three separate measurements at flow rates of 0.5,
0.9, or 1.8 ml/s. The results are shown in Fig. 4.

It is apparent that at the lowest catalyst loading, the effect of
hydrogen flow rate is quite limited. At such low concentration
the catalyst availability is likely the rate determining step and
the additional para-H2 gas thus has a limited impact. Following
the trend of the lowest para-H2 flow rate across different concen-
trations (red2 bars), we see that the SABRE efficiency slightly
decreases with higher catalyst loadings. This effect is likely due to
the fact that at higher concentrations there is not enough fresh para-
H2 to bind to the abundant catalyst for new polarization transfer, but
f



Fig. 2. The comparison of dependence of observed NMR signals on catalyst concentration and sample flow rates expressed as relative enhancement compared to thermally
polarized signal at 7 T. Catalyst concentrations are c1 ¼ 1:4; c2 ¼ 2:6; c3 ¼ 3:5; c4 ¼ 4:3 mmol/l. The large value of H2 at low flow rate comes from the tailing of the large
thermally polarized methanol signal into the integration region (see also Fig. S4 in SI).

Fig. 3. The comparison of dependence of observed NMR signals on catalyst concentration and sample flow rate grouped by individual proton sites. The concentrations
increase in the order c1 ¼ 1:4; c2 ¼ 2:6; c3 ¼ 3:5; c4 ¼ 4:3 mmol/l as red, green, blue, magenta. The large value of H2 at low flow rate comes from the tailing of the large
thermally polarized methanol signal into the integration region (see also Fig. S4 in SI). (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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the additional catalyst instead shortens the effective relaxation time.
On the other hand at higher para-H2 influx, more catalyst molecules
can bind with the now available para-H2 and increase the polariza-
tion, which is reflected as a progressively higher dependence of
the HP signal amplitude on the gas influx at the medium flow rates
(green). In this case the achieved polarization increases from c1 to c3
and drops off only at c4. At the highest para-H2 flow rate the
polarization dependence on the concentration does not decrease
significantly even at c4, consistently with our hypothesis. In sum-
mary, there appears to be a delicate balance between the para-H2



Fig. 4. The effect of flow rate of hydrogen bubbling through the solution on the
NMR signal intensity. The six signals correspond to protons in ortho-, para-, meta-
position of pyridine, hydroxyl proton of methanol, polarized H2 and methyl protons
of methanol. Note that methanol signals also reflect significant portion of thermally
polarized molecules. Moreover, because of very large thermal equilibrium reference
signal, their intensities are multiplied by 1000 for visibility. The concentrations of
SABRE catalyst increase in the order c1 ¼ 1:4; c2 ¼ 2:6; c3 ¼ 3:5; c4 ¼ 4:3 mmol/l.

Fig. 5. The time evolution of the integrated NMR signals after stopping the
hydrogen influx at t ¼ 0 (sample c4 ¼ 4:3 mmol/l). The six signals correspond to
protons in ortho-, meta-, para- position of pyridine, hydroxyl proton of methanol,
polarized H2 and methyl protons of methanol. Note that methanol signals approach
intensity corresponding to partially thermally polarized molecules, and their
intensities are multiplied by 1000 for visibility.

Fig. 6. The effect of the polarization transfer field on the intensity of the observed
NMR signals (sample c4). The value of 0.06 mT represents the Earth magnetic field
plus the fringe field of the magnet when the electromagnet in not powered while
the value of 0 corresponds to the active cancellation of these fields by the
electromagnet. The six individual signals correspond in order to protons in ortho-,
para-, meta- position of pyridine, hydroxyl proton of methanol, polarized H2 and
methyl protons of methanol. Note that methanol signals also reflect significant
portion of thermally polarized molecules. Moreover, because of very large thermal
equilibrium reference signals, their intensities are multiplied by 1000 for visibility.
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flow rate and SABRE catalyst concentration. At low concentrations,
the catalyst is the rate determining factor and the superfluous para-
H2 is effectively wasted. On the other hand, using insufficient para-
H2 flow rate at higher catalyst concentrations does not fully employ
the catalyst, which can then contribute more to the relaxation. The
largest obtained enhancement in this set of experiments was 119,
corresponding to about 0.29% polarization. This polarization com-
pares well with the 0.14% reported in [69], where Earth’s magnetic
field was used as PTF.

The intensity profile of the signal coming from the hyperpolar-
ized hydrogen at 4.5 ppm is similar to the pyridine signals by being
rather insensitive to the para-H2 flow rate at the lowest concentra-
tion and increasing only at higher concentrations. Moreover, it can
be seen that both proton signals of methanol also respond to the
hydrogen flow in a similar way, providing an evidence for slight
hyperpolarization of methanol in addition to the thermal contribu-
tion coming from transport through the stray fields on the way to
the NMR probe. The polarization of solvent by SABRE has been
reported before for acetonitrile [18,70], methanol [17,71], 15N in
neat pyridine [72], and water was also polarized in a similar way
[73]. In our case the total contribution from the SABRE process is
rather large, likely because the SABRE experiments are usually con-
ducted in deuterated solvents, in contrast to our proton-rich sol-
vent. Thus, our system contains much more available 1H nuclei
as receivers of the polarization, leading to substantial total increase
of the signal. Interestingly, such polarization of methanol has not
been observed in previous continuous flow SABRE experiment
[69], possibly as an effect of different PTF, which is quite strong
in the low mT region [17].

Apart from the bubbles raising through the sample, there is a
second interface between the gas and the liquid at the point where
the sample returns from the spectrometer to the polarizing cell.
The liquid here forms a thin film on the inner wall of the cell and
at higher flow rates even splashes through the hydrogen atmo-
sphere. In both cases, a significant interface between the liquid
and the gas is created, enabling another way for dissolving
hydrogen.

In order to gain some insight into the efficiency of this process,
we ran an experiment where at time t ¼ 0 the flow of hydrogen
was stopped, thus ceasing the creation of the bubbles, but the sam-
ple was let to circulate, preserving the gas-liquid interface at the
sample-return inlet. An NMR spectrum was taken every 30 s for
10 min with results shown in Fig. 5. As can be clearly seen, an
easily discernible hyperpolarization is observed even after several
minutes. For comparison, the average time for the whole sample
volume to circulate through the system is ca. 23 s. Such long per-
sistence considering short relaxation time of protons leads us to
the conclusion that there must be an ongoing process refreshing
the polarization of the sample. Since the bubbling can no longer
be a contributing factor, the interface at the sample inlet is likely
the source of persistent introduction of fresh para-H2 into the sam-
ple. As expected, the overall signal intensity gradually decreases
over time due to the depletion of the para-H2 atmosphere. In addi-
tion, a similar loss of polarization can once again be seen for both
methanol protons as well as for H2 signal.
3.3. Effect of the polarization transfer field strength

It is well established that the efficiency of the SABRE effect is
dependent on the strength of the magnetic field which facilitates
the polarization transfer, the so-called polarization transfer field
(PTF). We explored this effect in our system by measuring the sig-
nal strength at several values of PTF produced by the electromag-
net outside of the polarizing cell (Fig. 6).

At first glance different behaviour of the ortho- and para- pro-
tons compared to meta- can be seen where the former show nega-
tive signals insensitive to the low PTF strengths and rapidly
increasing in intensity above 0.4 mT. On the other hand signal of
meta- protons starts as positive peak at zero field and gains a small
amount of intensity before rapidly decreasing and switching sign
to negative values.
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We can also see that the field dependence of the H2 signal more
closely resembles that of the ortho- and para- hydrogen atoms
rather than that of the meta- in the sense that it is quite small at
low fields, after which it grows rapidly.

Generally the signal increases with higher PTF. Our setup did
not allow to test stronger fields than those reported in Fig. 6. In
the future, the setup could be upgraded with the coils allowing
stronger PTF and, therefore, potentially higher polarization degree.

3.4. Spin density imaging

As a test of the imaging capabilities of the system, we acquired a
set of FLASH images of the sample flowing through the tubing
(Fig. 7). The images were recorded using selective excitation pulses
(see Methods section) on either the pyridine or methanol signal. As
can be seen, under the given conditions no signal can be discerned
in the image of thermally polarized pyridine. On the other hand,
hyperpolarized pyridine produces a strong signal, clearly showing
the sample inside the tubing. The signal is even stronger than that
from the thermally polarized methanol, which is in large excess in
comparison to the pyridine (concentration of pure methanol is
24.7 mol/l, while the pyridine concentration is 50 mmol/l, a ratio
of almost 300 when accounted for number of protons per
molecule).

An interesting note is the spin density profile across the tubing
diameter. As seen in the lower panel of Fig. 7, methanol produces
stronger signal near the edges of the tubing, while the pyridine sig-
nal is strongest in the center. This is readily explained by the origin
Fig. 7. MR image of the solution flowing in the tubing with selective excitation
pulses on pyridine (left and right) or methanol (middle) signals. The bottom part of
the figure represents the sum of values from all pixels in each column of the image.
The catalyst concentration was 4.3 mmol/l, the sample flow rate was 12 cm/s and
the slice thickness 2 mm.

Fig. 8. The velocity profiles of the phantom (shown on the right and in Fig. S2) as me
segment shows the contribution of pyridine as a difference between the image of hyperp
the slice thickness 1.25 mm and the average sample flow rate was ca. 12 cm/s (see text
of the spin magnetization - a significant portion of the methanol
nuclei is polarized thermally, which means that the longer they
stay inside the magnet, the stronger signal they will produce. Since
the slowest liquid layers are found near the wall of the tubing, the
spins in these volume elements spend longer time in the field and
acquire higher thermal polarization than the ones closer to the
center of the tube. In the case of pyridine the situation is reversed
as practically all signal comes from the hyperpolarized nuclei with
negligible signal arising from the thermal polarization due to the
low concentration of pyridine. Thus, the slower molecules near
the walls lose their polarization via relaxation, giving rise to
weaker signal compared to the fast flowing fresh hyperpolarized
sample in the middle. It is worth pointing out that Fig. 7 shows
image of a thin slice from the center of the tubing and the intensity
variation is thus not affected by the cylindrical geometry of the
tubing.
3.5. Velocity mapping

As a second set of imaging experiments, we have performed the
velocity mapping on the phantom object (see Methods section and
Fig. S2) using FLOWMAP. The phantom was chosen in order to
demonstrate different velocities of the sample flowing through
channel of changing diameter. One set was recorded with hyperpo-
larization of the sample and the second set without. The contribu-
tion of hyperpolarized pyridine was then obtained as a difference
between these two images, bearing in mind that a small contribu-
tion from hyperpolarized methanol is likely present. The experi-
ment was run at a single average linear flow rate of 12 cm/s
through the tubing. It should be noted, however, that the maxi-
mum speed in the center of the tubing can reach higher values dur-
ing flow. Moreover, the used pump exhibits pulsating flow, giving
rise to even faster instantaneous velocities. The distribution of dif-
ferent velocities along the vertical direction is shown in Fig. 8.

As the measured intensity values were rather low, the scale of
Fig. 8 is truncated to range 0–30% of maximum intensity to provide
larger contrast. Full-scale image can be found in the SI (Fig. S5). A
difference can be seen between the second row, corresponding to
thermally polarized nuclei - thus, effectively, only the methanol -
and the third row, showing difference between thermally polarized
and hyperpolarized sample. Near the edges of the tube, particularly
in the central, widest part of the channel, the methanol signal
clearly dominates in the range of velocities up to 20 cm/s. In the
region of 20–50 cm/s the contributions get more even, possibly
because the flow is too fast to sufficiently thermally polarize the
methanol while also being too slow to retain the hyperpolarization
before a significant portion of nuclei relax. In the region of 50–
asured with (top) and without (middle) hyperpolarizing the pyridine. The lowest
olarized and thermally polarized image. The catalyst concentration was 4.3 mmol/l,
for details).



P. Štěpánek et al. / Journal of Magnetic Resonance 300 (2019) 8–17 15
60 cm/s the pyridine nuclei contribute a large portion of the total
intensity. At even higher speeds the pyridine is the dominant con-
tributor while methanol is rather weak.

It is apparent that the regions of the slowest velocities, corre-
sponding mostly to methanol, are at the edges of the widest, cen-
tral region of the phantom. This is expected as the incoming liquid
pushes more easily straight through the center of the fitting, leav-
ing the fringes relatively undisturbed. The observed behaviour
shows that faster moving liquid carries relatively more pyridine
polarization compared to slowly moving regions. This is in general
agreement with the previous conclusions from the spin density
imaging.

These findings clearly point out the possibility to use hyperpo-
larized samples to study fast flow rates, that could be impossible to
image with non-polarized samples due to lack of time to build up
thermal polarization.
4. Conclusion

We have constructed and successfully tested a polarizing
instrument for steady production of hyperpolarized samples using
the SABRE technique. The system features constantly flowing liq-
uid, which is being continuously mixed with the stream of hydro-
gen bubbles. A rather high volume of sample required in the
current iteration of the instrument can be offset by using a non-
deuterated solvent, the signal of which is efficiently suppressed
via the insufficient thermal polarization during the flow. Optimiza-
tion of the delivery tubing to achieve smaller dead volume is also a
viable route to improve the issue. The set-up allows a rapid (less
than two seconds) introduction of the sample into the NMR instru-
ment for measurements and the tests of the performance show
that we are able to obtain over 100 times enhancement of the pyr-
idine signal compared to the fully thermally polarized sample
(about 0.29% total polarization). It shall be noted that combined
use of a higher polarizing transfer field and more enriched para-
H2 gas (up to 3-fold enhancement) and a deuterated solvent could
possibly provide up to an order of magnitude higher signal, corre-
sponding to �3% proton polarization. The increase in signal due to
the deuterated solvent would come due to more favourable relax-
ation and a larger SABRE enhancement of pyridine because of less
polarization wasted by transfer to solvent protons.

One of the features of our system is the stability of the delivered
polarization, which is not decaying due to the relaxation by virtue
of being continuously replaced by fresh sample. In addition, the
flow helps to suppress the thermal polarization of the solvent,
allowing to perform measurements in normal non-deuterated sol-
vents, signals of which are diminished to about 7% compared to the
full thermal polarization. In addition, the bulk methanol solvent is
slightly polarized by SABRE, leading to increase of its signal by
about 50% as compared to the thermal polarization during the
flow. The system design is very suitable not only for NMR spec-
troscopy and MRI, but also for flow imaging.
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