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Abstract

Nuclear spin hyperpolarization overcomes the sensitivity limitations of traditional NMR and MR,
but the most general method demonstrated to date (dynamic nuclear polarization) has significant
limitations in scalability, cost, and complex apparatus design. As an alternative, signal
amplification by reversible exchange (SABRE) of parahydrogen on transition metal catalysts can
hyperpolarize a variety of substrates, but to date this scheme has required transfer of the sample to
low magnetic field or very strong rf irradiation. Here we demonstrate “Low-Irradiation Generation
of High Tesla-SABRE” (LIGHT-SABRE) which works with simple pulse sequences and low
power deposition; it should be usable at any magnetic field and for hyperpolarization of many
different nuclei. This approach could drastically reduce the cost and complexity of producing
hyperpolarized molecules.
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“Hyperpolarization” methods developed over the last few decades give samples much larger
nuclear spin polarization than would be obtained by simply putting the samples into a large
magnetic field. This enables MRI of biomolecules at low concentrations and NMR studies of
complex systems with concentrations in the nanomolar regime. However, the most general
molecular hyperpolarization methods (dissolution dynamic nuclear polarization (d-DNP)[1]
and a variant of para-hydrogen induced polarization (PHIP)[2, 3] called signal amplification
by reversible exchange (SABRE)[4, 5]) generally require ex situ hyperpolarization followed
by transfer of the hyperpolarized material into the magnet for detection. Here we
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demonstrate a method we call Low Intensity Generation of High-Tesla SABRE (LIGHT-
SABRE), which should enable SABRE hyperpolarization at any magnetic field used in
NMR or MR, requires low rf power, and drastically simplifies apparatus design.

The original approach to hyperpolarization with parahydrogen (PHIP) involves catalytic
addition to a substrate.[2, 3] This approach is limited in several ways: it requires unsaturated
precursors, both catalyst and substrate need to be specifically optimized, and the
hyperpolarization is inherently induced in protons, which have a relatively short relaxation
time T (although the polarization can transferred to 13C sites [6-9] to facilitate in vivo
imaging).[10-12] SABRE, a more flexible variant of PHIP, works by reversibly binding both
para-hydrogen and the to-be-polarized substrate to a metal complex[4, 5] and has been used
to polarize a variety of molecules[13-17]. Typically the complex is kept at low magnetic
fields (~5 mT) to create strong coupling conditions, where continuous exchange of substrate
and para-hydrogen creates large polarization on the free substrate within seconds. However,
NMR or MRI then requires fast field-cycling between the low field and high field of the MR
magnet, unless detection is performed directly at low field [18-22]; in addition, the specific
low field needed may vary with every molecule and catalyst. At the high fields of
superconducting magnets only modest enhancements have been observed without
irradiation.[23] Several groups have shown that strong irradiation can transfer para-hydrogen
order to other hydrogen atoms in symmetric spin systems at high magnetic fields [24-27],
but this requires rf locking fields with strengths comparable to or larger than the resonance
frequency difference between para-hydrogen and the other target atoms (on the order of
w1=y B;~10%-10° rad/s for ring protons, and essentially impossible for other nuclei).

The key insight in this paper is that low-power CW pulses (less than .01% of the power in
reference[24]) can cause large coherent polarization transfer from para-hydrogen to metal-
bound ligands at any magnetic field, as long as the para-hydrogen atoms are chemically
equivalent but not magnetically equivalent (a very common case). Here we demonstrate a
particularly simple example, using 15N labeled pyridine (Figure 1). All that is required is
that the CW-power match the sum (or difference) of hydride-hydride and 1°N-1°N £
coupling (y B1=2m(JynxAn))- In this application, LIGHT-SABRE directly creates 1°N
polarization from the para-hydrogen order. But the technique is very general, as no
resonance frequency matching or strong coupling between the hydride and other atoms is
required; any nucleus would be usable, and this method could also generate hyperpolarized
ortho-hydrogen. Furthermore, in contrast to all previous SABRE work, the coherent
dynamics are easy to understand and thus straightforward to optimize.

We start by noting that the SABRE complex binds para-hydrogen and pyridine (and often
other targets) without inducing a chemical shift difference between the para-hydrogen
atoms, or between the bound pyridine molecules. However, each para-hydrogen atom is
coupled differently to the atoms of the two pyridine rings: one *H-Ir-1°N bond angle is ~90°
(Jun), the other TH-Ir-15N bond angle is ~180° (Jy’). In NMR parlance this means the
hydrogens (and nitrogens) are chemically equivalent, but not magnetically equivalent. An
AA’XX’ spin system is formed (see Fig.1) where AlH = (JuH-JuH’)Z0 breaks the magnetic
equivalence and allows for coherent conversion of the singlet order into hyperpolarization.
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We estimate Adyn ~1 Hz and (Jqn+Jun) ~12Hz (see supplement), dominated by Jyy with a
small contribution from Jyn.

In the limit that (Jyp+JAun)>>AJwn (achieved here and likely for many other targets),
previous work has shown that AA’ XX’ spin systems (and more generally systems of the
form AA’X,Xy’") often support very long lived nuclear spin states which can be accessed by
simple pulse sequences.[28, 29] The Hamiltonian of the spin system is

H= wOH(Ilz + IZZ) + wON(Slz + SZz) +Jyyd e L) +Jy\(S,e8S,) 1)
+ JHN(Ilz ’ Slz + 121 ’ SZZ) + JHN’(IIZ ’ S2z + I2z ’ Slz)

and for our purposes, the 16 basis states are conveniently expressed as follows. We designate
the two hydride atoms by eigenstates of the z-component of the angular momentum:

St = (ap - pa)l3 @)
T{{ = aa, Tg = (af + pa)/\2, Ti]l =P

The first state is the “singlet state”, the remaining three are the “triplet states”. The two
nitrogens also have four possible states, but for those we will express the triplet states as
eigenstates of the x-component of the angular momentum:

SN = (lap) — |Ba))/\2, @)
XY = (laa) + |Bp) + lap) + |pa))/2, XY = (aa) — |BE)Y/VZ, XV, = (laa) + |BB) — |ap)
— |Ba))/2.

Previous work has shown that continuous irradiation at a specific low power or shaped
pulses can transfer population in and out of long-lived spin states (such as the “1°N-singlet —
I1H singlet” state SVS™) [28], in an extension of an approach referred to as Spin Lock
Induced Crossing (SLIC) [30]. Here the problem is different but closely related: we look to
transfer the hydride singlet spin order into bulk magnetization on the rings. Specifically,
LIGHT-SABRE starts with bound para-hydrogen and unpolarized targets, so there is a large
excess of population in the state S, and essentially equal population in each of the four
possible bound pyridine A-states:

p(sVsty = pxV'sty = p(xs™y = p(xN, ") = 0.25; p(other states) =0 (4)

In this basis set the 16x16 Hamiltonian of the AA’XX’ system, in the presence of irradiation
with amplitude wy = -y B, of phase x applied at the nitrogen frequency, only has important
dynamics in two 4x4 submatrices.[28]
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These matrices would be diagonal, with no interesting dynamics, except for Ady=Inm-Ing”
which breaks the magnetic equivalence.

Now, for Eq. (5), continuous irradiation with amplitude wy = =2 7(Jyy + Jyp) equalizes the
diagonal elements between the first and the second state. The effect of the off-diagonal

element, zAJ /42, is to transfer population between SVSH and lev TSI This two-level

problem is mathematically identical to the normal spin two-level system: irradiation for a
time 1 = 1/y2AJ ,, will be a “m pulse” which transfers population between the two states,

converting 25% of the hydrogen singlet into x-magnetization on 1°N. The other two states
are not populated in the limit (Jyy+In) >> AdNH-

In Eq. (6) an irradiation with amplitude wq = =2 (Jyy — Jup) transfers the 25% population
in XV 5" to s, which does not have any net magnetization. However, now the large

nitrogen magnetization from the 25% population in x}'s" is not cancelled out by the x" s

population. Therefore, Eq. 5 and Eq. 6 each convert 25% singlet-polarization into detectable
X-magnetization. For the present catalytic system Jyy is expected to be small, and then the
resonance conditions for matrices 4 and 5 are identical, which leads us to conclude that 50%
of the initial singlet polarization could in principle be converted into detectable
hyperpolarization.

In practice, the transfer is limited by the exchange rate of both the hydrogen and the free
pyridine, both reported to be on the order of ~10/s corresponding to ~0.1s residence times on
the catalyst.[14] Under this assumption, during one cycle of exchange only a fraction of the
hyperpolarization can be transferred into 1°N x-magnetization, but because the exchange
keeps refreshing the singlet reservoir the process keeps pumping x-magnetization. However,
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as soon as the pyridine dissociates the x-magnetization would dephase immediately, no
longer being locked by the cw SLIC irradiation. To avoid this problem we simply interleave
90° pulses applied selectively on the bound 1°N-pyridine, creating z-magnetization which
then accumulates on the free pyridine upon dissociation, as displayed in Fig.2 (the free
pyridine in solution sees no effect of the pulse sequence, as that nitrogen’s resonance
frequency for the weak pulses to have any impact). To maximize the polarization, the pulse
sequence in Figure 2 is repeated n7times, at a repetition rate comparable to the exchange rate,
and for a time comparable to the solution 7;. Upon optimization (see supplement) we found
n=15 and t,, = 0.5 s to work well, giving a total LIGHT-SABRE pulse length of 7.5 s. Note
that this time plus the time for acquisition (0.8 s) is the total experimental time.

In Fig. 3 we show the experimental results measured for two samples at 2.5 mM 15N-
pyridine and 63 mM 15N-pyridine at 9.4 T; catalyst concentration was one tenth of the
respective 1°N-pyridine concentration. All measurements were carried out under constant
bubbling of parahydrogen at 5.2 bar, including during acquisition. This makes this method
highly reproducible eliminating all experimental uncertainties resulting from sample transfer
and discontinued parahydrogen supply typically experienced in other SABRE experiments.
(For full experimental details see the supplementary information.)

This experiment can be readily improved: for example, the RF-coil did not irradiate the
entire sample, which is especially problematic given that the bubbles move the sample in
and out of the sensitive region of the coil. Still, with this arrangement, for the 2.5 mM
solution an enhancement of 480 is observed over the 9.4T thermal signal. For the higher
concentration of 63 mM a larger absolute signal is observed but the enhancement over
thermal is only 150-fold, partially reflecting the shorter T4 time of the free pyridine at this
catalyst concentration. Notice the partial antiphase character of the signal in Fig 3.b), which
results from hyperpolarized terms involving the ortho-protons of the free pyridine, indicating
that proton polarization is established as well (currently not included in the presented
model).

Note that nothing in the theoretical treatment uses the magnetic field strength or the
resonance frequency difference between the hydride and the targeted atoms (except that in
using the truncated form of the scalar coupling, we assume it is much larger than 10 Hz).
References [28] [31, 32] and [33] present the mathematical treatments of SLIC with

AA’X X, and AA’QQ’ spin systems respectively (where Q is a quadrupolar nucleus), and
by inspection exactly the same LIGHT-SABRE sequence will work in those cases. Thus, for
example, in the case of unlabelled pyridine, polarization could be transferred using either the
couplings from the hydride to the first ring protons, or the couplings from the hydride to the
14N nuclei. The most important practical limitation is the 7 time of the target nucleus,
which depends on the molecule, concentration and field strength, and limits the total
accumulated polarization. For this reason, more typical clinical imaging fields (ca. 1T) will
generally give larger enhancements, as Tq increases with lower field for virtually every
molecule except water. Also note that, while in this case we irradiated at the bound nitrogen
frequency, the matricies in equations [5] and [6] can be trivially rewritten to describe spin
locking at the bound para-hydrogen frequency; in that case, the state S5V is converted to
X7,V and dissociation then produces hyperpolarized ortho-hydrogen gas.
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There are many straightforward modifications which would likely be useful; for example,
irradiating the entire sample would greatly increase the signal. Also, the weak CW pulse at
the bound pyridine frequency can be combined with a stronger locking field at the free
pyridine frequency, such that the induced x-magnetization does not dephase upon
dissociation. This experiment would then no longer require the selective 90 for storage of the
magnetization.

Most importantly, the in situ hyperpolarization we have demonstrated could also be done
directly in a clinical MRI magnet-without the need for cryogenic cooling, microwave or high
rf irradiation, and without recycling times between experiments. The less-homogeneous
magnetic field would not be an issue for 1°N (a 1 ppm linewidth at 1 Tesla is about 4 Hz),
and could easily be compensated for other nuclei using the “adiabatic SLIC” demonstrated
in reference [28], or with an echo pulse train.

In summary, we have demonstrated a strategy to create hyperpolarization (LIGHT-SABRE)
at any magnetic field, without field shuttling or cryogenic cooling, and with very low power
deposition. The only requirement on the apparatus is the ability to give a simple pulse
sequence, which can be conducted on any modern high-resolution NMR spectrometer. We
thus believe that LIGHT-SABRE will be a practical solution for production of large
quantities of hyperpolarized reagents for in situ and ex situ use, without the requirement for
highly specialized, expensive and high-maintenance instrumentation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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para N, LIGHT-SABRE
hydrogen

ortho
hydrogen

P

hyperpolarized

Figurel.
The LIGHT-SABRE (Low Irradiation Generation of High Tesla Signal Amplification by

Reversible Exchange) process enables hyperpolarization at any magnetic field.
Parahydrogen and 1°N-pyridine dissolved in the solvent are in constant chemical exchange
with their respective bound forms on the Iridium complex, which can be viewed as an
AA’XX’ spin system (with A=1H and X=1°N). Singlet hyperpolarization is converted to
magnetization on the bound 1°N-pyridine by the LIGHT-SABRE pulses and finally
accumulated on the free pyridine through the exchange processes. The catalytic system used
was [IrCI(COD)(IMes)] (IMes = 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene; COD =
cyclooctadiene) as precursor; upon hydrogenation COD and CI™ are replaced by the
hydrogen and pyridine to form the catalytically active form [IrH,Py3(IMes)]*.[4, 5]

J Magn Reson. Author manuscript; available in PMC 2018 August 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Theis et al. Page 10

Tew x
e 5],
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Ir-bound "°N-Pyridine band
Figure 2.

LIGHT-SABRE pulse sequence. A long weak pulse of amplitude w; = 27(Jyy £ Jyp) 1S
applied, optimally for a time 7., = 1/y2AJ, ;. This pulse converts singlet hydride

polarization into x-magnetization on the catalyst bound substrate (1°N-pyridine).
Subsequently, a 90° pulse selective to the bound substrate converts x-magnetization to z-
magnetization, which is retained on the substrate upon dissociation. Repetition of this
process 71times builds up hyperpolarization on the free substrate. A broad-band 90° pulse
and acquisition concludes the experiment. If Jyy is negligible, as in the current case,
magnetization buildup is twice as fast. Irradiation instead at the Ir-bound p-H, frequency
would create hyperpolarized ortho-H,.
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Fig. 3.

Experimental demonstrations of the LIGHT-SABRE approach at two concentrations. a)
Thermal spectrum obtained after 128 averages of 90-acquire on 63mM 1°N-pyridine in
Methanol at 9.4T b) The LIGHT-SABRE experiment conducted at that same 63 mM
concentration as depicted in part (a), yielding a 150-fold enhancement. c) The LIGHT-
SABRE experiment conducted at 2.5 mM concentration yielding a 480-fold enhancement.
The 15N-pyridine to catalyst concentration was 10:1. The LIGHT-SABRE pulse sequence
including acquisition was applied under constant bubbling of parahydrogen making the

experiments highly reproducible.
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