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Hyperpolarization in NMR

Low sensitivity of NMR methods:
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Konstantin L. lvanov, Andrey N. Pravdivisev et. al The role of level anti-crossings in nuclear spin hyperpolarization:
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PHIP and SABRE

Para-hydrogen Induced Polarization (PHIP) =) Hydrogenation of the substrate
Signal Amplification by Reversible Exchange (SABRE) = No hydrogenation

Polarization transfer complex

SABRE

(6v = J—strong coupling condition)

@ ( For >N works at By ~ 107 — 1077 T

x Special experimental setup is required
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+/ High-field RF-SABRE

s =3
Mes = /@uwnﬁ\ /Nn extra equipment

Strong coupling condition is fulfilled artificially in
rotating reference frame (RF-pulses)

xc::mplicated experimental optimization

Peter M. Richardson, Andrew J. Parrot et al. SABRE hyperpolarization enables high-sensitivity 1H and 13C benchtop NMR )
spectroscopy: Analyst, 2018, 143, 3442 3



Level anti-crossing (LAC)

H=H,+V - Quantum states |@,), |¢,) tend to cross, but due to the perturbation
5 V the degeneracy is lifted and the crossing is avoided (LAC
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Adiabatic passage through level
anti-crossing ==l Populations exchange between the states [¢1), |@2)
(Landau-Zener problem)



High-field RF-SABRE

equatorial plane The simplest variant of the high-field SABRE
_______________________________________ using adiabatic RF-switching
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Amplitude modulation of
the CW-pulse provides
adiabatic LAC passage

8Ps_, in molecular hydrogen is converted into >N

nuclei magnetization along the effective field in the
rotating reference frame
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High-field RF-SABRE

x In a real SABRE-system, effective S — T;; mixing takes place in molecular hydrogen
1

T _‘_ Ps = EE_(TJEJ
- Conversion
oP = 0 In H,

To S 5“’_ S ;

Pzz = 1‘1? - fizfzz

x There is no generation of SABRE-polarization at high field, because 6Ps_r, =~ 0
v N (t) 90°

Single-frequency pulse sequence becomes
completely ineffective

15N

Danil A. Markelov, Vitaly P. Kozinenko et al. Singlet to triplet conversion in molecular hydrogen and its role in parahydrogen induced polarization
/ Phys. Chem. Chem. Phys., 2021, 23, 20936-20944.
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High-field RF-SABRE

How to make the pulse sequence effective once again?

SLIC-SABRE
(Spin-Locked Induced Crossing)

1) The first variant
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High-field RF-SABRE

How to make the pulse sequence effective once again?

2) The second variant RF-SABRE

v (1) 90°

15N

8Ps—r, in molecular hydrogen is converted

x Single-frequency pulse sequence is ineffective / into magnetizfatinn
LAC condition: v (t) =~ v/



High-field SABRE pulse sequences

Accumulation of
heteronuclear
polarization due to
their long T; -
relaxation time




RF-SABRE and SLIC-SABRE with linear
RF-amplitude switching profile
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RF-amplitude switching profile calculation

Linear RF-amplitude switch profile is not always optimal for
effective generation of nuclear polarization

'

RF-amplitude switch profile calculation

'

The main idea — slow RF-amplitude switch near the LAC region,
and fast switch outside the LAC-region




1) Spin dynamics in a «static» SABRE-complex
RF-amplitude switching profile calculation

1) The first way — Constant Adiabaticity Profiles (CAP) calculation

In this approach we don’t take into account
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1) Spin dynamics in a «staticy SABRE-complex

CAP calculation
H _
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2) Spin dynamics taking into account chemical exchange

RF-amplitude switch profile calculation

2) The second way — extract RF-amplitude switch profile from experimental data and calculations which
take into account chemical dynamics

v, Here we use RF-pulses with constant amplitude (scanning)
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2) Spin dynamics taking into account chemical exchange
RF-SABRE experiments with different switching profiles
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Comparison of the pulse sequences
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Conclusions

1. The analysis of SABRE pulse sequences in a strong magnetic field
based on adiabatic RF-amplitude modulation has been carried out.
Various RF-switching profiles have been calculated and tested
experimentally. It has been shown that SABRE chemical exchange
essentially changes LAC’s positions, and an approach to calculating
switching-profiles based on LvN equation solution and experimental
data has been proposed. For RF-SABRE with vi¥ = 200 Hz our
profile works 3 times more efficient in comparison with linear profile

2. It has been shown that after experimental optimization, the biggest
signal enhancement was achieved for SABRE with polarization
cycles. Maximal enhancement equals 4000 has been achieved for
SLIC-SABRE. Such enhancement factors are comparable with one
obtained with ULF for our catalyst and substrate concentrations
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Extra slides
Experimental setup

Pressure difference

N

Qutput Input

-------------------
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Extra slides
SLIC-SABRE and RF-SABRE LAC’s

SLIC-SABRE
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RF-SABRE magnetization calculation
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RF-SABRE is still effective in
the presence of singlet-triplet
conversion in molecular

hydrogen
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Extra slides
CAP calculation
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Avoid LC’s between different irreps

We have to avoid LC’s in order to calculate CAP
correctly (calculation in AAXX symmetry group basis)
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Extra slides
LVvN equations with chemical exchange
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Extra slides
Spin-coupling constants
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