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a b s t r a c t

Signal Amplification By Reversible Exchange (SABRE) and the heteronuclear variant, X-SABRE, increase
the sensitivity of magnetic resonance techniques using order derived from reversible binding of para-
hydrogen. One current limitation of SABRE is suboptimal polarization transfer over the lifetime of the
complex. Here, we demonstrate a multiaxial low-field pulse sequence which allows optimal polarization
build-up during a low-field ‘‘evolution” pulse, followed by a high-field ‘‘mixing” pulse which permits pro-
ton decoupling along an orthogonal axis. This preserves the singlet character of the hydrides while allow-
ing exchange to replenish the ligands on the iridium catalyst. This strategy leads to a 2.5-fold
improvement over continuous field SABRE SHEATH experimentally which was confirmed with numerical
simulation.

� 2022 Elsevier Inc. All rights reserved.
1. Introduction resonance condition [3]. Here we focus on heteronuclear SABRE
Signal Amplification By Reversible Exchange (SABRE) is an inex-
pensive, generalizable, and quick-acting hyperpolarization method
which uses singlet order parahydrogen as the source of spin order.
An iridium catalyst transiently binds with both parahydrogen and
some target compound in a polarization transfer complex (PTC). In
the traditional approach, a small static magnetic field facilitates
spin order transfer out of the singlet hydrides and into spin states
with magnetization on the target nucleus. Because the association
of these ligands is only transient, chemical exchange occasionally
breaks the spin system and reforms in a newly bound PTC [1,2].

The first implementations of SABRE transferred polarization to
1H targets at mT level fields [1,2]. Several variants of SABRE have
since been developed since with different targets and field condi-
tions [3–7]. The first experiments to demonstrate direct, coherent
pumping of heteronuclei were the LIGHT-SABRE experiments, per-
formed in normal NMR static fields (ca. 10 T) where the resonance
frequencies are greatly separated, but irradiation of the heteronu-
clear target with an amplitude c1B1 � JHH can be used to establish a
variants (X-SABRE) using low static magnetic fields (mT-lT) [5]
which permit polarization transfer to 15N, 31P, 19F, and, notably,
13C, the predominant target nucleus for clinical imaging applica-
tions to date [8–12]. These variants are grounded in the idea of
mixing spin eigenstates to transfer population between states at
some resonance condition. For example, SABRE SHEATH uses a
sub-lT field to make the difference in resonance frequencies for
the hydride spins and target heteronuclear spins comparable to
the scalar couplings.

An ongoing challenge with SABRE experiments is that the total
polarization created tends to be a factor of 5–10 lower than com-
peting (but much more complex and expensive) methods such as
dissolution DNP [13]. There is no fundamental reason why this
should be true; however, SABRE is much newer than DNP, and
the spin dynamics (where exchange rates, Zeeman energy differ-
ence, and couplings are all comparable) is complex. More recent
experiments have tried to address these issues. One limitation is
that probabilistic association and dissociation events interrupt
the polarization transfer process at suboptimal times leading to
inefficient pumping of polarization on the target nucleus.
Coherently-pumped SABRE-SHEATH was introduced to provide
experimental control over the polarization transfer dynamics in
the setting of exchange [14]. This pulse sequence consists of two
pulses. The ‘‘evolution” pulse is at the polarization transfer field
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condition, Bp, to allow coherent polarization transfer for the dura-
tion of the pulse, sp (typically about 20 ms). The field (Bd) is then
increased to bring the spin system away from the polarization
transfer condition for a much longer duration sd � 200� 300ms
to allow chemical exchange to ‘‘refresh” the singlet parahydrogen
and target ligand in the PTC for the next resonant pulse. This coher-
ent pumping can transfer polarization more efficiently by minimiz-
ing the randomization effect that exchange can have on the
dynamics. However, while the delay field pulse halts singlet order
conversion to magnetized spin state, it does not protect the singlet
state from interconversion with the triplet manifold because of the
symmetry breaking J coupling between the hydrides and target
nucleus (or nuclei) [15]. Because of this, the singlet order can be
partially destroyed during the delay pulse, leading to a decrease
in the efficiency of the subsequent polarization transfer pulses.

In a high field regime, the solution to this problem would be
obvious: spin decoupling of the hydride resonance [16], which is
already in use for many hydrogenative Parahydrogen Induced
Polarization (PHIP) experiments [17,18]. The fields used in SABRE
and X-SABRE are chosen to make the resonance frequency differ-
ence between the hydrides and the target small, making similarly
applied selective irradiation problematic. However, these low field
experiments have a degree of freedom which is not present in nor-
mal NMR: the ability to alter the static field at will. Levitt et. al.
have recently introduced a low field multiaxial STORM pulse which
excites a population transfer into magnetized target states at low
field in PHIP experiments [19]. Here, we introduce a multiaxial
low-field pulse sequence which uses a mixing period at high
enough field to bring the heteronuclear J coupling into the weak
coupling limit and permit selective irradiation at the resonance fre-
quencies for the proton and nitrogen nuclei under a simple CW
decoupling pulse along a perpendicular axis (Fig. 1). There are
many decoupling pulses which would equivalently remove the
symmetry-breaking coupling, but CW irradiation presents the sim-
plest execution of this idea. Of particular interest in this field
regime is the low field decoupling XY4 sequence recently demon-
strated by Bodenstedt and colleagues [20]. We apply a coherently
pumped SABRE SHEATH pulse sequence along the z-axis and an
Fig. 1. SABRE hyperpolarization and multiaxial pulse sequence. (A) SABRE polarizatio
(red), 15N-acetonitrile target ligand, and 14N-pyridine co-ligand. (B) Electromagnet array p
and along the � axis with a Helmholtz coil. (C) Pulse sequence used here. The z pulses
The � axis sine wave, when resonant with the proton frequency, protects the singlet an

2

oscillating field along a perpendicular axis during the delay period;
in a typical application Bd � �50lT and xrf ¼ 2pBdcH � 2p 2kHzð Þ.
We demonstrate the impact of this simple oscillating pulse using
numerical simulations [21] and then go on to experimentally opti-
mize the parameters of the pulse sequence.
1.1. Coherently pumped SABRE SHEATH dynamics

Let us consider the canonical AA’B SABRE spin system with a
PTC with two hydrides, one target nucleus, and one magnetically
silent coligand bound. The hydrides are most conveniently written
in the singlet–triplet basis set which can be written in the Zeeman
basis as:

Tþ1;H

�� i ¼ a1a2j i; T0;H

�� i ¼ 1ffiffiffi
2

p a1b2j i þ b1a2j ið Þ; T�1;H

�� i

¼ b1b2j i; SHj i ¼ 1ffiffiffi
2

p a1b2j i � b1a2j ið Þ ð1Þ

Parahydrogen binding overpopulates the SHj i state of the bound
hydrides, but the target nucleus is thermally polarized which can
be approximated as 50 % aLj i, 50 % bLj i. This gives us initial states
of 50 % SHaLj i and 50 % SHbLj i. SABRE SHEATH then transfers popu-
lation out of these initialized states into states with opposite
signed magnetization on the target nucleus ( SHaLj i ! Tþ1;HbL

�� i
and SHbLj i ! T�1;HaL

�� i) by evolution under the low-field nuclear
spin Hamiltonian:

cHLF ¼ xH
bI1z þbI2z� �

þxN
bLz þ 2pJHHbI1 �bI2 þ 2pJHLbI1 � bL ð2Þ

Here bI1 and bI2 represent the hydrides and bL represents the tar-
get nucleus. The xH and xL terms are the Zeeman interactions of
the hydrides and target nucleus, and the JHH and JHL terms repre-
sent the couplings between nuclei. Because SABRE SHEATH polar-
ization transfer takes place at low field, all J couplings are in the
strong coupling limit. The matrix representation of this Hamilto-
nian breaks out into 4 orthogonal subspaces detailed in the supple-
n transfer complex with iridium coordination center (green), bound parahydrogen
laced in l-metal shield for field application along the z axis with a piercing solenoid
are identical to the previously demonstrated coherent SABRE-SHEATH experiment.
d increases efficiency.
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mental information. If the intention is to target the
SHaLj i ! Tþ1;HbL

�� i transition, then the following subspace will
pump the desired transition:

T1;HbL

�� i T0;HaL

�� i SHaLj i
hT1;HbL

��
hT0;HaL

��
hSHaLj

� pJHL
2 þxH �xL

pJHLffiffi
2

p pJHLffiffi
2

p

pJHLffiffi
2

p 0 � pJHL
2

pJHLffiffi
2

p � pJHL
2 �2pJHH

0
BB@

1
CCA ð3Þ

Continuous field SABRE-SHEATH experiments transfer spin
population between SHaLj i and Tþ1;HbL

�� i by bringing the energies
of the states together using an externally applied magnetic field.
We have recently shown that using an oversimplified analysis of
the Hamiltonian matrix elements to find the Level anti-Crossing
(LAC) matching condition (B cH � cLð Þ ¼ p

2 JHL � 2pJHH) is about an
order of magnitude off from the optimal polarization transfer con-
dition for typical values of JHH and JNH [22].

In coherently pumped SABRE SHEATH, the ‘‘delay” field brings
the spin system far from resonance, halting polarization transfer
to allow association of another target ligand and parahydrogen to
reinitialize the PTC for the next transfer pulse. During this delay
the effective form of the high-field nuclear spin Hamiltonian
becomes:

cHHF ¼ xH
bI1z þbI2z� �

þxL
bLz þ 2pJHHbI1 �bI2 þ 2pJHLbI1zbLz

T1;HbL

�� i T0;HaL

�� i SHaLj i
hT1;HbL

��
hT0;HaL

��
hSHaLj

� pJNH
2 þxH �xL 0 0

0 0 � pJHL
2

0 � pJHL
2 �2pJHH

0
BB@

1
CCA ð4Þ

The initial spin state and target spin state are no longer coupled
in the subspace of interest by the nonsecular terms of the
heteronuclear J coupling, but singlet parahydrogen is still lost to
Fig. 2. Evolution of spin populations under various field conditions. An initial densit
conditions specified in the panels and the populations of the initial state, SHaNj i (black), ta
over time. (A) Evolution under the LAC matching condition shows population transfer out
(B) Evolution under the ‘‘delay” field condition far from resonance, population transfer
breaking J coupling to the target ligand in the complex. (C) Decoupling by irradiating at th
singlet hydrides and prevents population from flowing into the off-target state.
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T0;H

�� i through the secular coupling term, reducing the polarization
transfer efficiency of the following transfer field pulse. Applying a
transverse decoupling pulse matching the Larmor frequency of the
hydride or target 15N nucleus effectively eliminates the heteronu-
clear coupling during the delay period. Fig. 2 shows that any pop-
ulation transfer out of the initialized SHaLj i state is prevented
under these field conditions.

Using our recently introduced numerical model for exchanging
quantum dynamical systems [21], the modified pulse sequence
was tested on an arbitrary exchanging 3-spin system. Without
decoupling to prevent destruction of SHj i during the delay pulses
the efficiency of subsequent polarization transfer pulses was
reduced. Adding a CW decoupling pulse along a transverse axis
preserves the SHj i population and increases the efficiency of each
subsequent transfer pulse (Fig. 3). While irradiating on either
nucleus would be sufficient to preserve singlet hydrides, irradia-
tion of the 15N nucleus scrambles polarization generated by the
‘‘evolution” field pulse. Irradiation on the proton resonance pre-
serves the singlet during the delay without crushing the polariza-
tion generated by the pulse sequence to improve per pulse
efficiency.
2. Methods

A standardized solution of 2.5 mM IrIMes(COD)Cl [IMes = 1,3-
bis(2,4,6-trimethylphenyl)-imidazol-2-ylidene, COD = 1,5-cyclooc
tadiene], 25 mM natural abundance pyridine, and 50 mM 15N-
acetonitrile was prepared in methanol d4 and transferred into a
high-pressure valved NMR tube. The solution was then bubbled
with 43 % parahydrogen gas to stimulate the formation of the
active form of the PTC (Ir(H)2(IMes)(pyr)2(15N-acetonitrile)). After
activation, SABRE field sequences were applied while bubbling
with parahydrogen-enriched gas for a total duration of 60 s. The
bubbling rate was kept low to minimize evaporation of methanol
y matrix with 50 % population in SHaNj i and 50 % SHbNj i is evolved under the pulse
rget magnetized state, T1;HbN

�� i (cyan), and off target state, T0;HaN

�� i (blue) are shown
of the initial singlet state into both the target magnetized state and off-target state.
into the target state is suppressed, but SHj i ! T0;H

�� i is allowed by the symmetry
e proton resonance frequency during the delay pulse preserves the symmetry of the



Fig. 3. Polarization build-up for coherently-pumped SABRE SHEATH with and without decoupling. (A) Pulse sequence used to calculate polarization traces in B. (B)
Polarization build-up over time with coherently pumped SABRE SHEATH without delay decoupling in black, with decoupling atxN in cyan, and with decoupling atxH in blue.
N magnetization is crushed with irradiation at xN , but decoupling on the hydride frequency improves simulated per pulse efficiency.
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and concentration of the sample over the course of many
experiments.

SABRE SHEATH hyperpolarization requires lT level fields for
polarization transfer. To achieve this field, a triple l-metal shield
is used to reduce the ambient magnetic field close to 0lT. A com-
pensating solenoid is used for fine control over the applied field
strength. An additional Helmholtz coil was added for applications
of fields perpendicular to the compensating solenoid. The electro-
magnet array is then driven with a multichannel arbitrary wave-
form generator to apply a coherently pumped SABRE SHEATH
pulse sequence through the solenoid and an oscillating pulse at
some frequency xrf and amplitude Bx through the Helmholtz coils
during the delay field pulse. After 60 s under a given set of pulse
conditions, the sample was transferred out of the shield and into
a 1 T 15N Magritek for signal detection.
Fig. 4. Experimental enhancement using coherently pumped SABRE SHEATH exper
(points) measured after 60 s of exposure to the specified field conditions overlaying num
shows two resonance conditions. At the nitrogen resonance, polarization build-up is su

4

3. Results and discussion

There are six parameters in this pulse sequence to optimize: Bd,
Bp, Bx, xrf , sp, and sd. The magnitude of the delay field Bd must be
large enough to bring the JNH coupling into the weak coupling limit
(DxNH � JNH). Bp is set to the optimum continuous field polariza-
tion transfer conditions determined by a measure of the enhance-
ment as a function of the applied field. Fig. 4 uses an optimized sp,
arbitrary sd ¼ 300ms and sufficiently large Bx to achieve decou-
pling and the frequency of the oscillating x-field pulse (xrf ) was
swept from 30Hz to 2400Hz. We see three interesting deviations
from the baseline coherently pumped SABRE SHEATH polarization
enhancements in these experiments. Near the Larmor frequency of
15N, there is a steep drop in the enhancement from these pulse
sequences. As we are irradiating on resonance with the target
iments with delay decoupling at a frequency xrf . Experimental enhancements
erical simulations of the same conditions (lines). The decoupling pulse frequency

ppressed. At the proton resonance, the polarization transfer is improved.
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nucleus, the delay field of this pulse sequence crushes any polar-
ization built up during each transfer field pulse and the reduction
in the final polarization is intuitive. Most importantly, near the Lar-
mor frequency of 1H, there is an improvement in the final polariza-
tion. At this frequency, we are preserving singlet character on the
hydrides by preventing the symmetry break caused by coupling
out to an external nucleus through the JNH coupling. Because this
is done without irradiating on the target nucleus, polarization
build-up on 15N is preserved and amplified by the increase in pulse
efficiency. Under the pulse sequence parameters Bd ¼ �33lT and
Bx ¼ 9lT , polarization transfer is improved by 2.5-fold over the
continuous field experiment on the same sample (� ¼ 3290 at 1 T).

Finally, there is a dip in polarization at about half the proton
resonance frequency. This may have a contribution from sine wave
imperfections, but it is seen in simulations as well as a manifesta-
tion of two-photon absorption in low-field NMR [23], made possi-
ble by the large magnitude of the transverse field relative to the
leading field. When this experiment was performed at different
delay fields, these features moved proportionally to the changed
field condition. The amplitude of irradiation must be sufficiently
large to decouple, but otherwise makes no improvements at higher
fields. See the supplemental information for additional detail.

We can now reexamine the optimal coherently pumped exper-
iment both with and without decoupling. Using the same field con-
ditions for polarization transfer and delay, we optimized for the
pulse durations. The quantum dynamical oscillations which domi-
nate the dependence on sp will be unaffected by the decoupling
during the delay pulse. However, as the decoupling improves the
‘‘reinitialization” effect of the delay pulse, the range of optimal
delay field durations, sd, is slightly longer. The improvement in
per pulse efficiency at longer delay durations better offsets the
Fig. 5. Experimental and simulated final polarization for coherently pumped
SABRE SHEATH experiments with variable pulse durations. (A) Signal enhance-
ment as a function of sp with and without decoupling at the proton resonance
frequency (sd ¼ 300ms, target ligand dissociation rate optimized at kd;N ¼ 12s�1).
(B) Signal enhancement as a function of sd with and without decoupling at the
proton resonance frequency (sp ¼ 17:5ms, hydride association rate optimized at
ka;H ¼ 0:3s�1). Additional numerical simulation parameters: catalyst½ � : target½ � ¼
1 : 20, BP ¼ �0:88lT , Bd ¼ �44lT , xrf ¼ 1860Hz, Bx ¼ 4:5lT .
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effects of relaxation Fig. 5. With full optimization of all parameters,
we have achieved an enhancement of 2.5-fold over the optimal
continuous field experiment on the same solution.

4. Conclusion

Here we demonstrate that using an oscillating transverse field
in in combination with an off-resonant field condition effectively
eliminates the heteronuclear JNH coupling to prevent symmetry
breaking of the singlet state in SABRE PTCs. Both numerical simu-
lation and experiment demonstrate a clear improvement in polar-
ization transfer using this decoupling delay to preserve singlet
order for subsequent evolution field pulses. After optimization of
pulse parameters, up to a 2.5-fold improvement over continuous
field SABRE-SHEATH was found. While coherently pumped SABRE
SHEATH provided an obvious application for low-field decoupling
in SABRE SHEATH, other potential applications include preserva-
tion of parahydrogen singlet order in samples with a fixed amount
of parahydrogen or controlling the initiation of polarization trans-
fer out of the singlet state to more accurately measure the quan-
tum dynamics of the spin system of interest.
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