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Abstract

Nuclear Magnetic Resonance (NMR) spectroscopy is a powerful analytical technique, yet
its inherently low sensitivity limits its effectiveness in detecting low-concentration analytes.
Parahydrogen (para-Hg)-based hyperpolarization methods, including ParaHydrogen Induced
Polarization (PHIP) and Signal Amplification by Reversible Exchange (SABRE), offer rapid
and cost-effective signal enhancement by several orders of magnitude. However, challenges
such as substrate specificity, limited reproducibility, and the lack of high-throughput integra-

tion continue to hinder their widespread adoption.

To address these limitations from an engineering perspective, this work begins by sys-
tematically evaluating three practical PHIP and SABRE implementations: manual shake-
and-drop, bubbling, and continuous-flow gas—liquid reactors based on polarization efficiency,
reproducibility, and ease of operation. The results identify continuous-flow reactors as the
optimal approach for efficient and consistent hyperpolarization, offering precise regulation of
gas—liquid mixing under controlled pressure, flow rate, and temperature. In contrast, while
the bubbling method provides a simple and broadly compatible solution, its reproducibility
can be significantly improved through automation, making it more suitable for standardized

and accessible hyperpolarization workflows.

Building on these insights, two complementary hyperpolarization platforms are developed.
The first leverages continuous-flow gas—liquid reactors, particularly tube-in-tube configura-
tions, to enable stable polarization under sustained para-Ho supply. This system supports
advanced strategies such as parallelized SABRE hyperpolarization with NMR coil arrays for
high-throughput detection, and steady-state Radiation Amplification by Stimulated Emission
of Radiation (RASER) emission across different detection regimes for precision J-coupling

measurements and nonlinear spin dynamics studies.

In parallel, a fully automated workstation is established to address the reproducibility and
usability challenges of bubbling-based setups. By standardizing gas—liquid mixing, automat-
ing polarization field control, and implementing programmable magnetic field cycling, the
platform improves experimental consistency and reduces the barrier to broader adoption.
It also facilitates quantitative optimization of polarization parameters and supports routine
PHIP and SABRE experiments using benchtop NMR systems.

Together, these platforms demonstrate how targeted engineering solutions can address key
implementation challenges in PHIP and SABRE workflows, unlocking broader applications
of para-Ho-based hyperpolarization and paving the way for wider adoption and commercial-

ization in high-throughput, high-precision NMR.






Zusammenfassung

Die Kernspinresonanzspektroskopie (NMR) ist eine leistungsfiahige analytische Methode, de-
ren inhérent geringe Empfindlichkeit jedoch ihre Wirksamkeit bei der Detektion von nied-
rig konzentrierten Analyten einschriankt. Parawasserstoff (para-Hg)-basierte Hyperpolarisa-
tionsmethoden, einschlieflich der Parawasserstoff-induzierten Polarisation (PHIP) und der
Signalverstiarkung durch reversiblen Austausch (SABRE), erméglichen eine schnelle und kos-
tenglinstige Signalverstarkung um mehrere Grofenordnungen. Dennoch erschweren Heraus-
forderungen wie Substratspezifitit, begrenzte Reproduzierbarkeit und mangelnde Integration

in Hochdurchsatz-Workflows ihre breite Anwendung.

Zur Uberwindung dieser Einschriankungen wird in dieser Arbeit ein ingenieurwissenschaftli-
cher Ansatz verfolgt. Zunéchst werden drei praktische Implementierungsstrategien fiir PHIP
und SABRE: manuelles Schiitteln (,shake-and-drop“), Begasung (,bubbling”, d.h. das Lo-
sen von para-Hg in der Fliissigkeit) und kontinuierlich betriebene Gas-Fliissig-Reaktoren,
systematisch im Hinblick auf Polarisierungseftizienz, Reproduzierbarkeit und Bedienkomfort
untersucht. Die Ergebnisse identifizieren kontinuierliche Durchflussreaktoren als die optima-
le Methode fiir eine effiziente und reproduzierbare Hyperpolarisation, da sie eine prazise
Steuerung der Gas-Fliissig-Mischung unter kontrollierten Bedingungen hinsichtlich Druck,
Durchflussrate und Temperatur ermoglichen. Dies verbessert die Polarisierungseffizienz, die

Reproduzierbarkeit und die Benutzerfreundlichkeit des Verfahrens.

Im Gegensatz dazu bietet die Begasung eine einfache und breit kompatible Methode, deren
Reproduzierbarkeit jedoch durch Automatisierung deutlich verbessert werden kann — ein

entscheidender Schritt hin zu standardisierten und zugénglichen Hyperpolarisationsprozessen.

Auf Grundlage dieser Erkenntnisse werden zwei komplementére Hyperpolarisationsplatt-
formen entwickelt. Die erste basiert auf kontinuierlichen Gas-Fliissig-Reaktoren, insbesondere
solchen mit ,tube-in-tube-Konfiguration, und erlaubt eine stabile Polarisation bei kontinu-
ierlicher Versorgung mit para-Hsy. Diese Plattform unterstiitzt fortgeschrittene Konzepte wie
die parallele SABRE-Hyperpolarisation mittels NMR-Spulensystemen zur Hochdurchsatz-
Detektion sowie den stationdren RASER-Effekt (Radiowellenverstarkung durch stimulierte
Emission von Strahlung) in verschiedenen Detektionsregimen zur prizisen Bestimmung von

J-Kopplungskonstanten und zur Untersuchung nichtlinearer Spindynamiken.

Parallel dazu wird eine vollstdndig automatisierte Arbeitsstation entwickelt, um die Her-
ausforderungen hinsichtlich Reproduzierbarkeit und Benutzerfreundlichkeit der Begasungs-
methode zu adressieren. Durch die Standardisierung der Gas-Fliissig-Vermischung, die Auto-

matisierung der Polarisationsfeldsteuerung und die Implementierung eines programmierbaren
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Magnetfeld-Zyklus verbessert die Plattform die experimentelle Reproduzierbarkeit und senkt
die Hiirde fir eine breitere Anwendung. Dariiber hinaus ermdglicht es die quantitative Op-
timierung der Polarisierungsparameter und unterstiitzt routineméfige PHIP- und SABRE-

Experimente mit Tisch-NMR-Systemen.

Zusammen zeigen diese Plattformen, wie gezielte ingenieurtechnische Losungen zentrale
Herausforderungen bei der Umsetzung von PHIP- und SABRE-Prozessen iiberwinden kon-
nen. Damit wird das Anwendungsspektrum der para-Hs-basierten Hyperpolarisation erwei-
tert und ein Fundament fiir deren breitere Nutzung und zukiinftige Kommerzialisierung in

hochprézisen und hochdurchsatzfadhigen NMR-Anwendungen geschaffen.
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Nomenclature

Abbreviations

Abbreviation Definition

NMR Nuclear Magnetic Resonance

MRI Magnetic Resonance Imaging

LAC Level Anti-Crossing

FID Free Induction Decay

FFT Fast Fourier Transform

PHIP ParaHydrogen Induced Polarization

SABRE Signal Amplification By Reversible Exchange

SABRE-SHEATH

RASER

HSQC
INEPT

DNP

SEOP
para-Ho
ortho-Ho

T, Relaxation
T5 Relaxation
T»* Relaxation
RF

SNR
PASADENA

ALTADENA

ppm
NCs
MASER

LASER

pT
mT

Signal Amplification By Reversible Exchange in SHield
Enables Alignment Transfer to Heteronuclei
Radio-frequency Amplification by Stimulated Emis-
sion of Radiation

Heteronuclear Single Quantum Coherence

Insensitive Nuclei Enhanced by Polarization Transfer
Dynamic Nuclear Polarization

Spin-Exchange Optical Pumping

Parahydrogen

Orthohydrogen

Longitudinal relaxation time

Transverse relaxation time

Effective transverse relaxation time

Radio Frequency

Signal-to-Noise Ratio

Parahydrogen And Synthesis Allow Dramatically En-
hanced Nuclear Alignment

Adiabatic Longitudinal Transport After Dissociation
Engenders Nuclear Alignment

Part per million

NMR cells

Microwave Amplification by Stimulated Emission of
Radiation

Light Amplification by Stimulated Emission of Radia-
tion

Micro-Tesla

Milli-Tesla



CIDNP

Chemically Induced Dynamic Nuclear Polarization

PTF Polarization Transfer Field
PWM Pulse Width Modulation
GUI Graphical User Interface
HP Hyperpolarized
RSD Relative Standard Deviation
Symbols
Symbol Definition Unit
S Spin angular momentum J-s
7 Magnetic moment J- Tt
% Gyromagnetic ratio rad - s~ 5Tt
By External magnetic field T
T Torque J
wo (or vp) Larmor frequency s~ (or Hz)
E Energy J
T Temperature K
0 Chemical shift ppm
M Magnetization J-T7t.m™3
H Hamiltonian operator related to NMR experiment J
I Operator for spin angular momentum J-s
J J-coupling Hz
S} Momentum of inertia kg - m?
Trd Radiation damping time S
Vs Sensitive volume of the NMR detection coil m?
Ap Pressure differential psi
ry, Pumping rate of the RASER-active mode p s7!
> Magnetic coupling constant s2
Km Radiation damping rate of the LC circuit s7!
Ym Effective transverse relaxation rate s7!
b Phase factor of the RASER~active mode p rad

Dimensionless Numbers

Abbreviation Definition

mr
n

g

P
Jrot

vi

Magnetic spin quantum number
Populations of the spins
Shielding constant

Polarization

Rotational quantum number



n Filling factor of the NMR, detection coil

Q Quality factor of the NMR detection coil

do Population inversion

dyp, Threshold of RASER emission

A, Amplitude of the transverse spin component

€ Signal enhancement

Constants

Symbol Definition Value
kp Boltzmann constant 1.381 x 1072 J- K !
h Planck constant 6.626 x 10734 J - s
h Reduced Planck constant 1.054 x 10734 J -5
1o Magnetic permeability of vacuum 1.257 x 1070 N. A2
Ny Avogadro’s number 6.022 x 10?3 mol !
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Introduction

1.1 Motivation

Nuclear Magnetic Resonance (NMR) spectroscopy is a widely used analytical technique in
chemistry, biology, and medicine, providing crucial insights into molecular structures and
interactions. However, its inherently low sensitivity leads to long scan times, high detection
thresholds for low-concentration analytes, reduced temporal resolution for dynamic studies,
and the reliance on expensive hardware such as high-field magnets [1, 2] and cryogenically
cooled probes [3, 4]. Although sensitivity-enhancing strategies like advanced instrumentation
[5, 6], micro-NMR detector [7, 8], and optimized pulse sequences [9, 10, 11] have led to incre-

mental improvements, they ultimately remain bound by the limits of thermal polarization.

In contrast, hyperpolarization techniques offer a transformative solution by boosting nu-
clear polarization by several orders of magnitude, enabling dramatic gains in NMR, signal
strength. Among available hyperpolarization methods, Parahydrogen-Induced Polarization
(PHIP) and Signal Amplification by Reversible Exchange (SABRE) stand out for their sim-
plicity, rapid polarization, and low-cost implementation. [12, 13, 14, 15, 16| Operating at
room temperature with readily available para-Hsz, they require minimal hardware compared
to techniques like Dynamic Nuclear Polarization (DNP) [17, 18, 19] and Spin Exchange Op-
tical Pumping (SEOP) |20, 21], which rely on sophisticated instrumentation.

Despite these advantages, traditional PHIP and SABRE methodologies have historically
been constrained by the limited range of polarizable molecules. [15] Recent advancements
including PHIP-SAH (Side Arm Hydrogenation) [22, 23], SABRE-Relay [24, 25|, and SABRE-
SHEATH (in SHield Enables Alignment Transfer to Heteronuclei) |26, 27| have significantly
broadened the scope of hyperpolarizable substrates, enabling the polarization of biologically

relevant molecules, metabolic tracers, and heteronuclei such as *C, N, and °F.

While these chemical developments position PHIP and SABRE as promising alternatives
to DNP, their broader adoption remains constrained. From an engineering standpoint, the
core limitation arises not only from the poor reproducibility of widely used experimental
methods—such as shaking and bubbling—but also from their inadequate coordination with

the overall hyperpolarization workflow, including gas—liquid mixing, polarization field tuning,
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and field cycling, along with insufficient integration with various protocols and modular

hardware for process control.

Efficient gas—liquid mixing is a fundamental prerequisite for PHIP and SABRE, as both
rely on dissolving gaseous para-Hs into a liquid-phase solution containing the substrate and
catalyst. A high efficiency gas-liquid mixing provides a sufficient source of spin order for

hyperpolarization.

In practice, the gas-liquid mixing process in PHIP and SABRE is most commonly achieved
using either manual shaking (shake-and-drop) or bubbling methods. While manual shaking
provides simple operation without the need for specialized hardware, it suffers from poor
reproducibility due to operator-dependent variability. Bubbling offers better consistency but
typically requires interrupting gas flow during signal acquisition, which breaks polarization
continuity. Alternatively, continuous bubbling can be maintained during acquisition, but
at the cost of spectral resolution due to field inhomogeneities introduced by gas bubbles.
Continuous-flow gas—liquid reactors, by contrast, offer a robust and scalable alternative.
These systems allow independent and controllable flow of gas and liquid phases, maximize
interfacial area, and support continuous para-Hs supply during detection. With adjustable
flow parameters such as pressure, rate, and temperature via modular control components,

they provide high experimental flexibility and enable stable, real-time hyperpolarization.

The second challenges involves polarization field control, particularly for SABRE, whose
polarization efficiency is highly sensitive to magnetic field strength. While PHIP operates
effectively across a broad range, SABRE achieves optimal spin order transfer only at spe-
cific low-field conditions—typically milli-Tesla (mT) for 'H and micro-Tesla (pT) for het-
eronuclei—where level anti-crossings (LACs) facilitate efficient transfer. In this step, manual
shaking typically occurs in uncontrolled stray fields and is mostly limited to 'H SABRE.
In contrast, bubbling setups and gas—liquid reactors are compatible with well-defined field
environments and can be integrated with external electromagnetic coils or shielding sys-
tems—enabling SABRE hyperpolarization of a broader range of nuclei including *C and
15N.

The third challenge relates to magnetic field cycling—the transfer of hyperpolarized sam-
ples from the low-field polarization site to a high-field NMR spectrometer. This step is
especially critical for applications like metabolic profiling, where spectral resolution is essen-
tial. Manual transfer, typical in shaking and bubbling setups, introduces variation in timing
and field trajectory, reducing reproducibility. In contrast, continuous-flow reactors enable au-
tomated, well-timed transfer along set fixed paths, ensuring consistent polarization retention

and high reproducibility.

Therefore, by enabling high-efficiency gas—liquid mixing, compatibility with various polar-
ization fields, and synchronized sample delivery in both timing and magnetic field transitions,
continuous-flow gas—liquid reactors offer an integrated platform with exceptional control and
reproducibility across all key stages of the hyperpolarization process. While the flow rate

must be balanced to maintain sufficient gas—liquid contact, the overall scalability, controlla-
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bility, and long-term polarization stability of this approach provide a robust foundation for

advanced experimental strategies.

One such direction is the integration of hyperpolarization with parallel NMR coil arrays,
which enables the simultaneous detection of multiple hyperpolarized samples at low con-
centrations—paving the way for high-throughput applications such as drug screening and
metabolic profiling. Another compelling example is radio-frequency amplification by stimu-
lated emission of radiation (RASER), which emerges when the generated polarization exceeds
the RASER threshold. Unlike conventional NMR signals that decay due to relaxation, a hy-
perpolarized RASER system can emit sustained coherent radiation as long as a continuous
supply of fresh para-Hs is maintained. This leads to an effectively infinite effective transverse
relaxation time (7%"), resulting in ultra-narrow Free Induction Decay (FID) linewidths that
enable high-precision measurements of key NMR, parameters such as J-couplings—critical for

molecular structure elucidation and quantum sensing.

Motivated not only by the need to overcome implementation challenges, but also by the
opportunity to enable such advanced applications, the first major focus of this work is the
development of continuous-flow hyperpolarization platforms based on gas—liquid contactors,
along with their deployment in parallel SABRE hyperpolarization for high-throughput NMR

detection and continuous RASER for precise J-coupling determination.

While continuous-flow platforms offer superior control and scalability, they may not al-
ways be practical for routine measurements or sample-limited applications, where only small
amounts are available for hyperpolarization. In such cases, bubbling-based approaches re-
main widely adopted due to their operational simplicity, rapid setup, and compatibility with
a wide range of PHIP and SABRE protocols. When integrated with automated platforms,
the bubbling method can overcome its inherent reproducibility limitations by standardizing
gas-liquid mixing, precisely controlling polarization transfer conditions, programming sample
delivery, and automated detection within a unified workflow. Furthermore, it enables system-
atic optimization of polarization parameters (e.g., transfer field strength, temperature) and
supports quantitative measurements of polarization buildup time and longitudinal relaxation
time (77) at defined field strengths.

Motivated by the need to improve reproducibility, lower operational barriers, and sup-
port high-throughput workflows, the second major focus of this work is the development
of a fully automated hyperpolarization workstation based on bubbling—designed to enable
robust, user-friendly, and field-compatible PHIP and SABRE implementations. By minimiz-
ing manual intervention and consolidating key experimental steps, this platform provides a
practical solution for routine use, laying the groundwork for broader adoption and future

commercialization of para-Hs-based hyperpolarization technologies.
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1.2 Objective

Based on these motivations, this PhD work aims to advance the engineering implementa-
tion of para-He-based hyperpolarization by addressing critical experimental bottlenecks and
enabling new application scenarios. The research is structured around two complementary
development pathways: (1) a continuous-flow hyperpolarization platform using gas-liquid
contactors, designed to support scalable and sustained polarization for advanced applica-
tions such as parallel NMR detection and RASER; and (2) a fully automated bubbling-based
workstation, tailored for reproducible, user-friendly, and modular operation in routine PHIP
and SABRE experiments.

To realize these goals, the main research objectives are outlined as follows:

e Enhancing the efficiency of hyperpolarization via optimized gas-liquid con-
tact
The development of a high-efficiency gas—liquid reactor is essential for achieving robust
and reproducible para-Ho-based hyperpolarization in continuous-flow systems. By en-
hancing gas—liquid mass transfer, such reactors improve polarization yield and tem-
poral stability, which are critical for reliable PHIP and SABRE operation. Moreover,
their compatibility with miniaturized and modular designs makes them well suited for
integration into microfluidic platforms and compact NMR systems.

e Accelerating NMR detection through parallelized hyperpolarization strate-
gies
The inherently low thermal polarization in conventional NMR requires multiple scans to
achieve a sufficient signal-to-noise ratio (SNR). This work introduces a novel methodol-
ogy that combines SABRE hyperpolarization—implemented in tube-in-tube gas—liquid
reactors—with parallel NMR coil arrays, significantly reducing acquisition time. By en-
abling simultaneous detection from multiple samples, this approach achieves a theoret-
ical acceleration factor of 2 x e% ~ R thereby improving the efficiency of high-throughput
NMR spectroscopy.

e Achieving steady-state RASER
The high polarization levels achievable via PHIP and SABRE not only enhance the sen-
sitivity of NMR detection but also enable the onset of RASER emission. Establishing
a steady-state RASER over extended timescales facilitates high-precision measurement
of J-coupling parameters and enables the investigation of nonlinear phenomena in spin
systems. By tuning the polarization level through precise reactor control, this work
explores how different degrees of population inversion give rise to distinct RASER
regimes, offering new insights into nonlinear spin dynamics.

e Developing a fully automated hyperpolarization workstation
To ensure reproducibility and facilitate practical implementation, this work establishes
a fully automated SABRE hyperpolarization platform. The system integrates pro-
grammable magnetic field cycling, automated para-Hy bubbling, synchronized NMR

acquisition, and a user-friendly graphical interface. This automation enhances exper-
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imental reliability and enables routine use of SABRE hyperpolarization, making the
technique more accessible to a broader range of researchers, including those working
with benchtop NMR systems.

Achieving these objectives is not only essential for addressing current technical limitations
in PHIP and SABRE, but also for unlocking their full potential in practical applications.
Together, these efforts bridge the gap between the theoretical promise of para-Hs-based hy-
perpolarization and its real-world implementation, paving the way for high-throughput NMR

applications and future commercialization.

1.3 Scope of the thesis

This thesis focuses on the engineering-driven development of continuous-flow platforms based
on gas—liquid reactors to expand the application scope of PHIP and SABRE, as well as
the automated implementation of these hyperpolarization techniques. To guide the reader

through the progression of this work, the content of each chapter is briefly outlined below:

Chapter 1 introduces the motivation and research objectives, setting the context for the

subsequent exploration of advanced para-Hs-based hyperpolarization strategies.

Chapter 2 delves into the fundamental concepts of NMR spectroscopy. It introduces the
quantum mechanical principles of nuclear spin and the relaxation mechanisms underlying
NMR signal formation. Particular attention is given to the quantum description of J-coupling
in a two-spin system, which serves as a theoretical basis for understanding its role in SABRE

hyperpolarization discussed in later chapters.

Chapter 3 introduces the theoretical background and implementation strategies of para-
Hs-based hyperpolarization, with a focus on PHIP and SABRE. It begins by discussing the
limitations of thermal equilibrium polarization in conventional NMR and introduces hyper-
polarization as a solution to improve sensitivity. A comparison of DNP, SEOP, and PHIP
techniques highlights the simplicity and rapid polarization capability of PHIP, motivating its
selection in this thesis. The physical properties of parahydrogen and its laboratory enrich-
ment are then presented, followed by detailed explanations of PHIP and SABRE mechanisms,
including catalytic cycles and the role of level anti-crossings (LACs). Moreover, this chapter
presents a comparative review of three experimental methods—shake-and-drop, bubbling,
and membrane-based gas-liquid reactors—highlighting the advantages of membrane reactors

as microfluidic platforms for achieving continuous and efficient hyperpolarization.

Chapter 4 presents detailed introduction to several designed continuous-flow gas—liquid re-
actors with configuration of membrane (flat and tubular membranes) or without membrane,
outlining their construction processes and validating their underlying concepts through ex-

perimental implementation.

Chapters 5 through 7 present key results that collectively address the three main goals of
this PhD project. Chapter 5 details the integration of SABRE with parallel NMR coils to
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facilitate parallel SABRE for high-throughput NMR measurements. Chapter 6 investigates
different regimes observed in steady-state RASER signals generated via continuous PHIP in
a tube-in-tube gas-liquid reactor, and corroborates the experimental observations through
numerical simulations based on a nonlinear spin dynamics model. Chapter 7 presents the
development of a fully automated platform for routine SABRE hyperpolarization of both 'H

and heteronuclei, demonstrating its reliability and flexibility in various experimental settings.

Chapter 8 summarizes the key contributions of the research, discusses the potential applica-
tions of para-Ha-based hyperpolarization in high-throughput NMR, analysis of low-concentration

samples and background-free SABRE-MRI, and suggests directions for future research.
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1.4 Main results

The results presented in this thesis are summarized in four publications:

Integrating micro process chemistry into an NMR spectrometer (Published) [JYO01]
Journal: Chemie Ingenieur Technik 2024 - Wiley

Authorship: Co-author

Content: This article explores the integration of micro process chemistry into an NMR spec-
trometer. It discusses the advantages of miniaturization in NMR applications, such as im-
proved sensitivity, reduced reaction time, and better spatial efficiency. Specific applications
include gas-liquid contactors for hyperpolarization, chemical processes in microreactors, and
metabolic monitoring in small-scale bioreactors. The article also covers material selection
and manufacturing methods for these applications, highlighting the potential of miniaturized
NMR technology across different fields.

Contributions: Conceptualization, data curation, investigation, visualization, writing.

Accelerating NMR via parallel SABRE in a continuous-flow system (In prepara-
tion) [JY04]

Journal: Review of Scientific Instruments 2025 - American Institute of Physics

Authorship: Lead co-author

Content: This study integrates SABRE hyperpolarization with parallel coil arrays to acceler-
ate NMR detection. Using a tube-in-tube reactor, hyperpolarized samples were continuously
delivered through two parallel coils in a 1.05 T NMR spectrometer, enabling simultaneous
multi-channel acquisition. SNR enhancements of 140 and 43 were achieved in each channel,
demonstrating a detection acceleration factor of 2 x e% yg- This approach improves NMR
efficiency, enabling high-throughput and high-sensitivity spectroscopy with reduced acquisi-
tion times.

Contributions: Conceptualization, data curation, investigation, experiments, visualization,

writing.

The steady-state ALTADENA RASER generates continuous NMR signals (Pub-
lished) [JY02]

(This paper has being featured on the cover of the Journal.)

Journal: ChemPhysChem 2023 - Chemistry Europe

Authorship: Lead author

Content: This paper studies the a steady-state ALTADENA RASER system, which uses
PHIP to achieve continuous RASER emission on a benchtop NMR. The study demonstrated
five RASER operating regimes, including RASER startup, "normal NMR mode", period
doubling, frequency combs, and chaotic behavior, depending on the level of population inver-
sion. Experimental results matched well with simulations, providing a foundation for both

precision NMR measurements and the study of nonlinear dynamics in NMR spectroscopy.
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Contributions: Conceptualization, data curation, investigation, experiments, simulation, val-

idation, visualization, writing, front cover design and drawing.

Development of a fully automated workstation for conducting routine SABRE
hyperpolarization (Published) [JY03]

Journal: Scientific Reports 2024 - Springer Nature

Authorship: Lead author

Content: This paper introduces an automated lab workstation designed to perform SABRE
hyperpolarization with high reproducibility. This system integrates a benchtop NMR spec-
trometer and a robotic arm-assisted shuttling system, enabling efficient transfer of hyperpo-
larized samples. The workstation is equipped with an automated bubbling unit to introduce
para-Hso, and a magnetic field generator for optimizing polarization transfer, making it a
versatile tool for both SABRE and SABRE-SHEATH experiments.

Contributions: Conceptualization, data curation, investigation, experiments, simulation, val-

idation, software, visualization, writing.



Fundamental Background of Nuclear Magnetic

Resonance Spectroscopy

2.1 Overview

NMR spectroscopy and MRI are powerful analytical techniques with broad applications in
physical chemistry, drug discovery, structural biology, medical diagnostics, and food science,
among other fields in materials and medical sciences. NMR is particularly valuable for
providing detailed structural information at the atomic level, enabling insights into molecular

interactions.

This chapter covers the fundamental principles of NMR measurements, providing an intro-
duction to the key concepts of this technique. The first section introduces spin and nuclear
magnetization, explaining how nuclear spins interact with magnetic fields. Subsequent sec-
tions discuss the Larmor frequency, which describes the precessional motion of nuclear spins
in an external magnetic field, and examine Zeeman splitting, which explains the energy level
differences that form the basis of NMR signal generation. Following this, the discussion
moves to chemical shift, which helps distinguish between different nuclear environments.
The next section focuses on 77 and 75 relaxation mechanisms, important for understanding
signal dynamics in NMR. Finally, the analysis of J-coupling within a two-spin system, using a
Hamiltonian-based perspective, provides an understanding of spin-spin interactions and their

effects on NMR, spectral features.

2.2 Spin and nuclear magnetization

Atomic nuclei exhibit intrinsic angular momentum, termed spin, quantized in units of & (A =
h/2), with h representing the Planck constant, h =~ 6.626 x 1073* J -s. The total spin

angular momentum S of particles with spins is shown as follows:

S| = I + D)k (2.1)

where I denotes the nuclear spin quantum number and is determined by its nucleus (number

of protons and neutrons). For protons and neutrons, being fermions, each possess a spin

9



2 Fundamental Background of Nuclear Magnetic Resonance Spectroscopy

quantum number of I = 1/2. For atomic nuclei, the spin quantum number may assume
integer (I = 0,1,2, ...) or half-integer (I = 1/2,3/2, ...) values, contingent upon the
combination of protons and neutrons within the nucleus. |28, 29, 30] The rules for determining

the net spin of a nucleus are as follows:

1. When these particles appear in pairs (in even numbers), for example, 12C, 0, and 328,
their spins are paired against each other and canceled with each other out, resulting in
an overall spin of zero.

2. If the number of neutrons and the number of protons are both odd, for example, °Li,
0B and N, the nucleus has an integer spin.

3. If the number of neutrons plus the number of protons is odd, the presence of unpaired

particles leads to a half-integer total spin, for example 'H, C, 1N, and F.

The spin quantum number is pivotal in determining how particles respond to external mag-
netic fields, making it a critical parameter in the study of atoms, molecules, and their magnetic
behaviors. [29, 30| In essence, the spin angular momentum S is a vector that has not only
magnitude (described by the spin quantum number) but also direction. For nuclei with spin,

the component of spin projected onto the z-axis, denoted as S,, can be quantified by:
Sz = m[h (2.2)

where mj, the magnetic quantum number, has 27 + 1 values in integral steps between +1
and -I:
my=1,1—-1,1—-2,...,—1+1,—1I (2.3)

Each mj represents a special spin state. For instance, nuclei with a spin quantum number
of I = 1/2, such as 'H, 3C, and '°F, exhibit two permissible orientations of spin angular
momentum, corresponding to S, = +1/2h. In the case of nuclei with a spin quantum
number of I = 1, there are three potential states, specifically S, = —h,0,and h. This space

quantization is illustrated in Figure 2.1.

All nuclei with a non-zero spin have a magnetic moment, u, given by:

n=y8 (2.4)

where the proportionality constant 7 between the magnetic moment and the spin angular
momentum is the gyromagnetic ratio. The value of v varies from nucleus to nucleus. Ta-
ble 2.1 shows the different gyromagnetic ratios of several different spin isotopes and their

corresponding natural abundances.

2.3 Precession and Larmor frequency

In NMR detection, a sample of the chemical compound contains lots of nuclei with spins is
placed in a magnetic field, the nuclear magnetic moment p of the spins will couple to the
external magnetic field By, which produces a torque 7 on the nucleus and causes the preces-

sion around the direction of the magnetic field (Figure 2.2). The torque can be expressed in

10
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Figure 2.1: Illustration of quantum projection of the spin onto z-axis for nucleus with spin
quantum number (a) I =1/2 and (b) I = 1.

the form of a vector product as below:
T =p X Bg = |u| - |Bo| - sinf (2.5)

For a static magnetic moment or a classical current loop, this torque tends to line up the
magnetic moment with the magnetic field By, so this represents its lowest energy configu-
ration. However, if the magnetic moment arises from the motion of an electron orbiting a
nucleus, it becomes proportional to the electron’s angular momentum. The torque exerted
then produces a change in angular momentum AS which is perpendicular to that angular

momentum S (Figure 2.2).

As a consequence, the nuclei line up like a compass needle aligning or anti-aligning to the
magnetic field, and the spin magnetic moment starts to precess around the direction of the
magnetic field rather than settle down in the direction of the magnetic field. The effect of
this torque on spin angular momentum S can be described as follows:

AS |S]-sind - Ad

=_—" = 2.6
TT A At (2:6)
Substituting Equation (2.5) into Equation (2.6) yields:
) |S| - sinf - Ag

-|Bpg| - sin = ———— 2.7
1l 1 Bo| - sin N 27)

where 6 is the precession angle. Therefore, the precession velocity is:

do

= = —vB 2.8
wo dt 750 (2.8)

11
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Table 2.1: The gyromagnetic ratios for several common nuclei |28, 30|

Nuclei Spin Gyromagnetic Ratio (MHz/T) Natural Abundance (%)

'H 1/2 42.576 99.985
Be 12 10.705 1.07
BN 1/2 -4.361 0.368
Brp 1/2 40.078 100
stp 12 17.235 100
ZTAl 5/2 11.103 100
BNa  3/2 11.262 100
i  3/2 16.546 92.41
281 1/2 -8.465 4.68
70 5)2 5.772 0.038
B,

Figure 2.2: Illustration of Larmor precession. The nuclear magnetic moment g couples to
the external magnetic field By, which produces a torque 7 on the nucleus and causes the

precession around the magnetic field with the Larmor frequency wg = —vBy.

where wy is the Larmor frequency, describing the characteristic frequency of the precessional
motion of spin at the magnetic field. wq is in units of radians per second and it is proportional

to the strength of the external magnetic field By.

The negative sign means, for nuclei with a positive gyromagnetic ratio, the Larmor preces-

sion occurs in the clockwise direction when observed from a perspective "upstream" relative

12



2 Fundamental Background of Nuclear Magnetic Resonance Spectroscopy

to the direction of the magnetic field (Figure 2.2). For nuclei with a negative gyromagnetic
ratio, such as N and 2?Si, their precession occurs in the anticlockwise direction. In NMR
detection, the Larmor frequency is commonly expressed in unit of herz (Hz):

_7Bo

- (2.9)

vy =

2.4 Nuclear Zeeman splitting

In the absence of an external magnetic field, spin-1/2 particles such as protons or electrons
possess two degenerate spin states, commonly referred to as “spin up” and “spin down” along
any chosen axis. More generally, a spin with quantum number I exhibits a (21 + 1)-fold
degeneracy when no external magnetic field is applied. Without a magnetic field to lift this
degeneracy, these states are equally populated in thermal equilibrium, resulting in no net

magnetization across a large ensemble of spins.

When a nucleus is placed in a static external magnetic field By, its magnetic moment
o interacts with the field, leading to a preferential alignment. The spin magnetic moment
behaves as a tiny magnet or as a magnetic dipole. The energy of a such magnetic dipole

moment in a magnetic field is given by
E = —,U,ZB() = —’ymﬂ’LBo (2.10)

This interaction lifts the degeneracy of spin states: each mj value corresponds to a distinct
energy level. For a spin-1/2 nucleus (I = 1/2), there are two allowed states: m; = +1/2
and m; = —1/2, corresponding to spin orientations parallel and anti-parallel to the magnetic

field, respectively (Figure 2.3). Their energies are given by:

1
E, = E+% = —iyth (2.11)
1
Eg=F 1= iyth (2.12)
2
The energy difference between these two levels is:
AFE = Ea - Eﬁ = —’)/hBo = ﬁwo = hl/() (2.13)

This splitting of energy levels under the influence of an external magnetic field is referred to
as Zeeman splitting [28, 30, 31].

In NMR experiments, transitions between energy levels are induced by applying a radiofre-
quency (RF) pulse through a transmitting coil tuned to the Larmor frequency . As a result,
spins in the lower energy state absorb energy and transition to the higher energy state, in

which their magnetic moments become oriented antiparallel to the external magnetic field.

It should be noted that only a small proportion of the "target" nuclei reside in the lower
energy state and are thus capable of absorbing radiation. Upon repeated excitation, the
populations of the lower and higher energy states may equalize, leading to a condition known

as saturation, in which no net absorption of radiation occurs.

13
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When a sample containing numerous nuclei with spin-1/2 is placed in a magnetic field, the
initial populations of the spins at low and high energy levels are denoted as ny/, and n_y s,
respectively. These populations are determined by thermodynamics and obey the Boltzmann

distribution:

N41/2 AE
exp(—=— 2.14
o e (2.14)

where kp is the Boltzmann constant (kg = 1.381 x 10723 J. K1), T is the absolute tempera-
ture in unit of Kelvin. Equation (2.14) can be approximated as follows because AE < kT
ny1/2 1 AFE

~1 2F 2.15
n,l/z kBT ( )

In a 500 MHz NMR spectrometer operating at a magnetic field of 11.7 T and a temperature
of approximately 298 K, for every 100,000 proton spins, only about four more spin-1/2 nuclei
are found at the lower energy level E, than at the higher energy level Eg.

Bo
S I '-"ré,:.z 1
o . v -Ep (m=-3
No field w
t
e . = U - AE
L G E=0
o | 1
Spln-2 @ e B (mp= +§)
?

Strength of magnetic field

Figure 2.3: Illustration of Zeeman splitting of spin-1/2. When there is no external field
is present, the energy level is the same regardless of nuclear orientation. When placing the
nucleus in an external magnetic field, the spins tend to organize themselves into orientations
either generally aligned with or opposed to the external field. The two spin states are often
referred to as "spin-up" or "parallel" with energy of E, and "spin-down" or "anti-parallel"

with energy of Eg, leading to an energy difference AE between the two states.

2.5 Chemical shift

The most important feature in a NMR spectrum is the position of the resonance signal,
also known as the resonance frequency vy (or angular frequency wy), which depends on the
specific molecular environment of the nucleus, the gyromagnetic value v, and the strength
of the magnetic field By (9 = —yBy/2m or wg = —yBy). It is the relationship between
resonance frequency and molecular structure that determines the key characteristic of NMR
spectra—the chemical shift. As electrons orbit the nucleus, they generate localized magnetic
fields that shield the nucleus from the external magnetic field. This modulation of the actual

magnetic field experienced by the nucleus depends on the nature of the surrounding electrons.

14
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This modulation of the By field by electrons is called shielding, which can be represented
by the Greek letter . With the shielding effect, the effective magnetic field of the nucleus is
changed into Beg = (1 — 0)By. The shielding effect o of the electrons on protons is given in

a positive value.

Substituting Beg into Equation (2.9), the relationship of the resonance frequency and

shielding effect is given:
—7(1 — O’)BO

o (2.16)

vy =

when By remains constant, the smaller o is, the larger the resonance frequency vg. The
same type of nuclei in different chemical environments can exhibit different resonance fre-
quencies. For example, when an electron-withdrawing group is present on a molecule, the
electron density around the proton decreases, and the shielding effect is reduced. In this case,
the resonance frequency of the proton is higher than that of the protons without electron-
withdrawing groups. For example, the proton resonance frequency of fluoromethane (CH3F)
is higher than that of methane (CH4) due to the strong electron-withdrawing effect of the

fluorine atom on the surrounding environment of proton.

The resonance frequency changes according to changes in Beg, leading to a chemical shift.
In NMR spectroscopy, chemical shift is used as a quantitative representation of the shielding
effect, standardize the differences in resonance frequencies so that NMR signals of nuclei in
different chemical environments can be uniformly compared. Chemical shift is defined as the
difference between the actual resonance frequency of a nucleus and the resonance frequency

of a standard reference, typically expressed in parts per million (ppm):

§ — Ysample T Vref ;06 (2.17)

Uref

where Vgample is the resonance frequency of the measured nucleus in the sample, and v;¢f is
the resonance frequency of the reference material. In most 'H NMR experiments, tetram-
ethylsilane ((CHz)4Si), abbreviated as TMS, is used as the standard reference for chemical
shifts. TMS is volatile, chemically inert, and soluble in most organic solvents. The protons
in TMS produce a single, sharp resonance signal. Moreover, due to the low electronegativity
of the silicon atom, the surrounding hydrogen and carbon nuclei experience a relatively high
electron density, resulting in strong shielding. Consequently, the resonance signals of protons
and carbons in TMS appear at the extreme right of the NMR spectrum, conveniently defining

the zero point on the chemical shift scale.

2.6 Relaxation

In the absence of an external magnetic field, nuclear spins are randomly oriented, resulting
in zero net macroscopic magnetization. When a static magnetic field By is applied, the spin
population becomes partially aligned, leading to a gradual build-up of longitudinal magne-

tization along the field direction. This magnetization component, denoted as M., increases
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from zero and eventually reaches a thermal equilibrium value My, while the transverse com-

ponents satisfy M, = M, = 0.

If the spin system is perturbed—typically by an applied RF pulse—the magnetization
vector is displaced from equilibrium. In this non-equilibrium state, M, # My and M, M, #
0. Once the perturbation is removed, the spin system relaxes back to equilibrium. This
process, known as relaxation, is governed by interactions with the surrounding environment
and occurs over a characteristic timescale that depends on the sample and environmental

conditions.

For common liquids, the rates of M, and M, , return to their thermal equilibrium is pro-
portional to the extent of their deviation from that equilibrium position. The time derivatives

of these two components M, and M, , can be expressed as follows:

dM, M, — M,
— 2.18
dt T (2.18)

devy — _Mxvy
dt 15

where the negative sign means the relaxation is the inverse process of the change in magnetiza-

(2.19)

tion intensity. Integrating Equation (2.18) and Equation (2.19) and inserting the longitudinal

relaxation M, (0) and the transverse relaxation M, , = 0 at ¢t = 0 into the integration yields:
M.(1) = My (1 - e_t/T1> + M, (0)e /T (2.20)

My y(t) = My, (0)e /T2 (2.21)

From the Equation (2.20) and Equation (2.21), the recovery of M, and M, , follows an
exponential law, T7 and T5 possess the dimension of time, and thus are termed as relaxation

time.

T7 is the time constant characterizing the recovery process of the longitudinal component of
the magnetization intensity M., called longitudinal relaxation time; while 75 is the transverse
relaxation time, representing the recovery rate of the transverse magnetization components

M, called transverse relaxation time.

2.6.1 Spin-lattice relaxation

During NMR detection, a short RF pulse resonating at the same frequency as the measured
nuclei is applied, generating a temporary magnetic field B; perpendicular to the direction
of the By field. This RF excitation enables the nuclei to absorb energy, causing the spins
to flip from +1/2 (ground state) to —1/2 (excited state). This results in a decrease of the
magnetization (M) along the +z axis. As mentioned above, the spin system will relax to the
thermal equilibrium state after the RF excitation, in which the energy will be transferred to
the surroundings. The environment surrounding the atomic nuclei, whether in solid, liquid,

or gas form, is collectively represented by the term "lattice".
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Typically, the heat capacity of the lattice system is much larger than that of the spin
system. [32, 33] Within the spin system, a matching electromagnetic field can be found in
the lattice, allowing energy of the excited state to be transferred out. This facilitates the

nuclear spins on the Zeeman energy levels to approach a Boltzmann distribution.

Since a molecule contains magnetic nuclei, their random motion generates fluctuating
magnetic fields. When these fields are properly phased (to match the precessional frequency)
and appropriately oriented, a nucleus in an upper spin state can relax to the ground state by
transferring its excess energy to the lattice in the form of rotational and translational energy.
The total energy level of the spin system remains unchanged, which is achieved through the
exchange of energy between the spin system and the surrounding molecules, i.e., the lattice.
Therefore, 17 is also termed the spin-lattice relaxation time. The most common source of
the local fluctuating field for spin-1/2 nuclei is direct dipolar interaction. For example, in
solution the rapid reorientation of the dipolar interaction due to molecular motions provides
fluctuating fields. This relaxation mechanism depends on the rate of molecular motion. Thus,

T is related to temperature.

The standard method for measuring 77 is known as inversion recovery, in which the re-
laxation originates by creating a non-equilibrium distribution of spins, and then returns to
equilibrium through a first-order rate process. [32, 34| First, a 180°, is applied to rotate the
entire spin system and generate a transient magnetization —Mj, along the —z axis that is
completely opposite to the magnetization at equilibrium state (Figure 2.4a-c). Following a
short time period 7, during which spin-lattice relaxation occurs. After 7, the longitudinal
magnetization is smaller than the initial magnetization (Figure 2.4d). A 90°, pulse is then
applied to flip the magnetization to xy-plane along y-axis for acquisition of the Free Induction
Decay (FID) signal. Therefore, an NMR spectrum with inverse intensity is obtained (Figure
2.4e).

As the value of the time period 7 increases, the relaxation time between the 180°, and
90°,, pulses is extended, allowing M, to transition from —Mj through zero to its equilibrium
value of My. The experiment is repeated with varying 7 delays, facilitating the determination
of the Ty value using the curve fitting method. Substituting M,(0) = —M; into Equation
(2.20) gives:

M.(t) = M, (1 - Qe_t/Tl) (2.22)

In practice, the following equation is used:
=1 (1 - 2e_T/T1> (2.23)

where [ is the initial intensity of the signal after the 90°, pulse, Iy is the acquired signal
intensity at thermal equilibrium for a very long interval of 7. Taking the natural logarithm
of both sides of the Equation (2.23) yields:

I T
— | = —In2 + — 2.24
In ( IO) 2+ (2.24)

where 717 is determined from the slope of a plot of In(I/Iy) versus 7.
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Figure 2.4: (a) Illustration of the pulse used in inverse recovery experiment to measure
T-relaxation time. (b-e) Intensity of the magnetization changed during inverse recovery
experiment: (b) before applying the pulse; (c) after applying the 180°, pulse; (d) after

waiting a period of 7 for relaxation; (e) after applying the 90°, pulse.

2.6.2 Spin-spin relaxation

Spin-spin (transverse) relaxation time Tb is used to quantify the rate of the decay (or de-
phase) of the transverse component of the magnetization M, ,. After a 90° excitation pulse,
the nuclear spins are aligned in one direction, resulting a temporary statistical "phase coher-
ence". However, this arrangement is gradually lost, for example, due to field inhomogeneities
and direct interactions between the spins without energy transfer to the lattice. Hence,
Ts-relaxation does not affect the total amount of magnetization M., but the degree of syn-
chronization of the transverse magnetization components. The inhomogeneity of the By field
causes the phases of the spins on zy-plane to randomize. Therefore, T5 is estimated to be

much shorter than T} (Tp < T7).

Although Ti-relaxation is always accompanied by Ts-relaxation, Th-relaxation can also
occur independently without 7}-relaxation. A common scenario for this is when a spin is
situated in a local environment that disturbs it with an additional static field By,. besides
the static magnetic field (By). For instance, consider a spin on a water molecule near a
hemosiderin cluster with iron or adjacent to a molecule near an electronegative oxygen atom.
If Bjo. aligns with the same z-direction as By, the combined effect of the two static fields
would cause the affected spin to precess at an altered frequency —v(By + Bioc), while other
spins unaffected by Bj,. continue at the standard Larmor frequency (wy = —vBy). After a
time interval ¢, a phase difference A¢p = yBj,.t emerges between the affected spin and its
neighbors. This phase misalignment leads to reduced net transverse magnetization (My,),

manifesting as T-relaxation.
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Another mechanism of T)-relaxation can occur independently of Tj-relaxation through a
specific type of dipolar interaction, commonly referred to as a spin—spin “flip-flop” process. In
this process, two neighboring spins exchange their longitudinal angular momentum compo-
nents simultaneously (e.g. one spin flips from +1/2 to —1/2, while the other spin flips from
—1/2 to +1/2). This exchange results in no overall change in 7j-relaxation but leads to a
loss of T coherence. This happens because while there is no net change in the energy state
of the spins (hence no Ty effect), their transverse components become misaligned, disrupting

the T coherence.

In practice, the transversal magnetization usually decays to zero quicker than is expected.
Tb* is used to explain such observed shortened decay, as it considers both the natural T5-
relaxation (spin-spin interaction) and the relaxation due to magnetic field inhomogeneity

(Ty'), as described below:
L1
T T, T

(2.25)

Therefore, To* is always shorter than or equal to T5. In NMR experiments, the net magne-
tization is detected by using a RF pulse to flip it into the xy-plane, as it gives rise to the
FID with the effective transversal relaxation time of T5*. While the T5* value is related to
the line-width at half-height of the detected NMR signal, the true 75 value is crucial for
various applications, including MRI and the study of protein dynamics, as it reflects the

characteristics of individual spins and their immediate environments.

One of the methods used to determine pure 75 is the CPMG (Carr-Purcell-Meiboom-Gill)
experiment because dephase of the transverse component results from the field inhomogeneity

effect can be refocused in this sequence. |28, 35|

In CPMG experiments, a 90°, pulse is first applied, rotating the magnetization from z-axis
to zy-plane, followed by a specific delay time 7 (Figure 2.5a-b). During the delay time, the
transverse components decohere due to the inhomogeneity of the static magnetic field (Figure
2.5¢-d). A 180°, pulse is then applied along z-axis rotating all the spins about that axis
(Figure 2.5e). The flipped spins continue to precess at the same Larmor frequencies, allowing
the slower spins to "catch up" and recohere with the faster rotating spins (Figure 2.5f).
After a same delay time 7 the spins re-cohere to form a spin echo at time Tg (Figure 2.5g).
This refocusing action compensates for dephasing caused by inhomogeneities in the magnetic
field and other local magnetic environments, allowing for the measurement of intrinsic spin-
spin relaxation processes. By conducting the spin echo multiple times and measuring the

amplitudes of the decaying spin-echo as a function of time, T can be determined (Figure 2.6).

2.7 J-Coupling interaction in two spin—1/2 system

In a spin system, two main types of interactions exist between nuclear spins: the direct
dipole—dipole interaction through space, typically with magnitudes on the order of kHz, and

the indirect spin—spin coupling, commonly referred to as J-coupling or scalar coupling.
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Figure 2.5: (a) Pulse sequence diagram used in CPMG experiment for measuring the 75
time. (b-g) Schematic representation of magnetization on xy-plane in spin echo sequence.
After a 90°, pulse, the four example spin vectors begin to dephase because of differences in
Larmor frequency. The gray color arrow represents the total transversal magnetization of the

four spin vectors. The blue dotted arrows show the motions of the spins.

The dipolar-dipolar interaction is dependent on the internuclear distance and the relative
orientation of the internuclear vector with respect to the external magnetic field. In solid-
state NMR, dipolar couplings are preserved and often dominate the spectral features, whereas
in solution-state NMR, they are averaged out due to rapid isotropic molecular tumbling.
Despite being invisible in conventional solution NMR spectra, dipolar interactions underpin
key relaxation mechanisms and are central to phenomena such as the Nuclear Overhauser
Effect (NOE) and spin diffusion.

J-coupling interaction arises when nuclear magnetic moments within the same molecule
affect each other through the electron cloud, which is shared among atoms due to chemical
bonds in the molecule. Therefore, J-coupling is not a direct interaction between the two
nuclear magnetic moments but an indirect interaction mediated by the bonding electrons.

Unlike to the dipolar interaction, J-coupling is independent of the spatial orientation of the
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Figure 2.6: Graph of the relative intensity of the transversal magnetization (M,,) versus
time (t).

nuclei, the temperature, and the static magnetic field By. Spin-spin coupling splitting can
be observed in a 1D-NMR spectrum when coupled nuclei are magnetically active, connected

through chemical bonds, and sufficiently resolved in both frequency and line width.

Since this thesis focuses on liquid-state NMR, where dipolar interactions are averaged out
by rapid molecular tumbling, only J-couplings are considered in the following discussions.

The magnitude of J-coupling is generally in range from several to tens of Hz.

To gain an intuitive understanding of J-coupling, envision a molecule composed of two
atoms linked by a chemical covalent bond. In a covalent bond, two electrons share the
same molecular orbital, and they must have opposite spins according to the Pauli Exclusion
Principle. For the spin-1/2 particles, the direction of their spin states can either be spin-
up (usually denoted by [1) or abbreviated as |a)) or spin-down (usually denoted by |]) or
abbreviated as |#)). Therefore, in the absence of nuclear spin, the electron spin state is
the mixture of the same quantities of the two basis states "up-down" (1) and "down-up"
(41), with both states being degenerate (Figure 2.7a). The degeneracy is lifted when a
nucleus with a positive - is introduced near one side of the covalent electrons, resulting from
the negative magnetic hyperfine interaction between the nuclear and electron spins. In a
covalent bond scenario where the electron spin is aligned in the same direction as the nearby
nuclear spin, their magnetic moments are opposed. This alignment is energetically favorable

for the magnetic energy of the spin system, resulting in a lower energy state (Figure 2.7b).

In a molecule with two atoms connected by a covalent bond, the energy state depends on
the orientations of the two nuclear spins (Figure 2.7c). If the two nuclear spins are antiparallel
and each is opposed to the magnetic moments produced by the electron spins adjacent to
them, a specific interaction dynamic occurs. In this scenario (Figure 2.7c, left), the energy
states are both favorable for the two coupled nuclear spins and electron spins, leads to a lower

energy state compared with the uncoupled state.
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If the nuclear spin momentum of the two spins are aligned in the same direction—both
pointing up (11) or both down (]J), which are unfavorable for the magnetic energy of the
spin system, the energy of these configurations is higher compared to the situation without

J-coupling (Figure 2.7c, right).

Pauli
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Figure 2.7: Illustration of the J-coupling mechanism mediated by the surrounding electrons.
The arrows show the spin angular momentum of the nuclear spins with positive gyromagnetic

ratios and the electron spins.

The energy of the J-coupling interaction between spins can be represented in its corre-

sponding Hamiltonian operator H:
Hy =Y 2nhJ;lid; (2.26)
i g

where J;; is the J-coupling constant. The factor 27 in front of the J-coupling keeps the term
2mJ;; in angular frequency, as J;j; is measurable in Hz. I; is operator for the spin angular
momentum of nucleus i. The interaction energy between the static magnetic field B along

to z-axis and the magnetic moment pu = 'yhfiz gives Zeeman Hamiltonian:

7‘22 = — Z“Z . BO = — Z’YﬁfzzBO (227)
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where I, is the operator for its projection along the z-axis. Under the effect of chemical

shielding, Equation (2.27) can be rewritten as follows:
,}:[Z = — Z’yhjiz(l — O'i)B() = szhjzz (2.28)

where o; is the shielding tensor, and w; is the Larmor frequency of nucleus.

This section takes a two-spin system as an example and discusses in detail, from the
perspective of quantum mechanics, the effects of J-coupling in a two-spin system with different

situations.

In NMR spectroscopy, the Hamiltonian of a system, encompassing both the chemical shift
and J-coupling terms, provides a comprehensive description of the interactions affecting the
nuclei in an NMR experiment. The chemical shift gives insight into the electronic environment
of the nuclei, while the J-coupling reveals information about the molecular structure through
the connectivity and arrangement of the nuclei [36]. Therefore, the total Hamiltonian that
contributes to the NMR spectrum includes terms for both the chemical shifts of the individual

spins and their spin-spin interactions through J-coupling, as given below:

H="Hy+ M, (2.29)
= wlhflz + Wthgz + 27T77,J12j1f2 (2.30)
To simplify, A = 1 is set and the subscript from Ji5 is dropped, referring to it simply as J

for clarity. The total Hamiltonian for the two-coupled spin system, expressed in terms of

frequency with unit of Hz, is:
Hiveq = vil1s + voloy + J(Dydog + Diyloy + 1. 12) (2.31)

As it is discussed above, the spin-1/2 points either up or down. Here, |a) and |3) are used

to represent the spin-up (1) and spin-down (|) state, respectively:

R 1 A 1
Iz lai) = 3 i) Ii. |6s) = ~5 |Bi) (i=1,2) (2.32)

The basis set of the two spin-1/2 system are |ajas), |a182), |B1ae), and |51 52). The subscribe
1 and 2 of the spin state can be dropped to make it cleaner. The z-component spin operators

.flz and fgz act on the four basis spin states as follows:

hilao) = laa) I jaa) = |ac) (2.33)
helap)=1laf)  laB) = —;lap) (2.34)
hielfa) = —318a) b lfa) = 515a) (2.35)
helos)y=—5188)  h.188)=—3188) (2.36)

To calculate the scalar product LD = I1,s, + flyfgy + 11,15, in Equation (2.31), it is
necessary to introduce the ladder operators

I =1, —il; (2.38)
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where fi+ is the raising operator that increases the spin state, i.e., from spin-down |3) to
spin-up |a), and I;_ is the lowering operator that decreases the spin state, i.e., from spin-up
|a) to spin-down |3). The z- and y-component of the spin operators can be represented by

using the raising fi+ and lowering I operators:

Ly = I+—2H‘ (2.39)
Ly iy 2_21 (2.40)
Substituting Equation (2.39) and Equation (2.40) into the scalar product gives:
LI =TI1,15, + f1yf2y + I 1o, (2.41)
_ f1+f2f ;f1—f2+ + 10, (2.42)

To calculate the energy of the two-coupled spin system it can be discussed in three cases:

e if the two nuclei are chemically and magnetically equivalent, they will exhibit identical
chemical shifts, denoted as 1 = vo = v, and the spin system is referred to as As
system;

e if the two nuclei differ significantly in chemical shift (11 # 13), the spin system is
labeled with letters that are far apart in the alphabet, such as AX system;

e if the two nuclei exhibit similar but not identical chemical shifts (Av/J < 10), the
spin system can be classified as an AB-spin system, which is typically denoted by two

consecutive letters of the alphabet.
2.7.1 A,-spin system
The following three sections detail how the J-coupling effect influences the Hamiltonian of a
two-spin system and affects the resulting spectra. For the first case, the Hamiltonian of the
spin system Ag (Equation (2.31)) can be rewritten as:

ﬁ(A2) = V(flz + f2z) + J(flijx + jlyf2y + flsz,z) (243)

The energy of corresponding basis states are:

H(Ag) |aar) = (y + ‘i) lacr) (2.44)

A(As) lof) =~ |af) + 5 5o (2.45)
A(Aa)|60) = 5 laf) —  |Ba) (2.46)
; J

H(A2) 186) = (—u ; 4) 185) (2.47)
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Therefore, the Hamiltonian matrix of the Ao spin system expressed in the basis states gives:

S ]
J J
0o = = 0
H(As) = J4 2 5 (2.48)
0 5 7 0
J
0 0 0 —v+|

Since the off-diagonal elements Hog and Hos of the above Hamiltonian matrix are non-

zero, diagonalizing the matrix is necessary to calculate the eigenvalues and corresponding
eigenstates.

Hoo H
/Hmn(AQ) - 22 2 (249)
M2 Hsz
J J
4 2 =0
A
2 4
J A 1 3
—— - F _ | = — E'2 _JE — = 2 _
< 4 > (2) Tyl gl =0
J J?  3J?
g2
B.—_2 V14 !
2
J 3J
Bi=% B=-2 2.51
+=7 1 (2.51)
The eigenvalues E, = J/4 and E_ = —3.J /4 correspond to the eigenstates (|o3) + |Ba))/v/2

and (|aB) — |Ba))/V/2, respectively. Therefore, the four eigenstates of the As-spin system,

along with their corresponding total spin quantum numbers (m;y), and energies (E), are
presented in Table 2.2.

Energy level Eigenstate m; E(J=0) E(J#0)

I o) +1 v v+ 1J
I Z(lap) —|Ba)) 0 0 -1/
I Z(laB) +16a)) 0 0 17
1\Y 188) -1 —v —v+1J

Table 2.2: Eigenstates and energies of Ay spin system without and with J-coupling.

The transition between spin states is only allowed when Amj; = 1 and the symmetry of

their wave functions is consistent. A spin wave function is considered symmetric if it remains

25



2 Fundamental Background of Nuclear Magnetic Resonance Spectroscopy

unchanged upon the exchange of two particles. For the four eigenstates of the As-spin
system, the wave functions |aa), (|aB) + |Ba))v/2, and |33) are symmetric, as their nuclear
spin wave functions remain unchanged upon the exchange of the two nuclei. Therefore, it
is allowed for the transitions from |aa) to (|a3) + |Ba))v/2 with AFp i1 = v — 0 = v for
J =0 (or AE; i1 = (v + J/4) — J/4 = v for J # 0), and (|aB) + |Ba))V/2 to |33) with
AFEniv=0—v=vfor J=0 (or AEn_1v = J/4—(—v+J/4) =v) for J #0). The two

transitions occur at the same frequency v, leads to a singlet in the spectrum (Figure 2.8).

The spin wave function (JaB) —|Ba))/v/2 transforms into (|fa) — |aB))/v/2 upon ex-
changing the two nuclei, indicating a change in sign (—(Jaf) — |Ba))/v/2) and exhibiting
anti-symmetric characteristics. Transitions from this antisymmetric spin state to the other

three symmetric spin states are forbidden.

BB
A v
, B
= v
af + Ba ap — fa
V2 V2 af + fa E
A i 2 -
v A
Il =V
. aff — Pa
aa . ar —P®
- - NG
l aa - -
v v
J=0 J#0

Figure 2.8: Energy level diagram of the As-spin system without and with J-coupling.

2.7.2 AX-spin system

The situation of the AX-spin system, characterized by different chemical shifts and relatively
small coupling constants, is now discussed. This system is defined as a first-order spin system.

The Hamiltonian of the AX-system is:

/)LA[(AX) = I/1jlz + VQjQZ + J(flegx + flyfgy + f1zj2z) (2.52)
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In the scenario of the first-order spin system, the off-diagonal elements H,,,, = 0 (m # n),

the Hamiltonian matrix of the AX system gives as follows:

%1 V9 J i
STyt 0 0 0
0 m_w_J 0 0

H(AX) = 2 2 4 (2.53)
0 0 e 0
2 "2 4
J
N

The eigenstates can be expressed with the basis states and the corresponding energies of the

AX-spin system are shown in Table 2.3.

Energy level Eigenstate m; FE (J=0) E (J#0)
I | +1 %(1/1 + 1) %(1/1 + o)+ %J
IT |as) 0 %(1/1 — 19) %(1/1 — ) — %J
I11 |Bar) 0 —%(1/1 — 19) —%(1/1 — ) — %J
1Y 188) 1 =3 +m) —3(n+w)+ 3]

Table 2.3: Eigenstates and energies of AX spin system without and with J-coupling.

2.7.3 AB-spin system

If the chemical shift of the two nuclei are similar but not the same (Av/J < 10), the AX-spin
system changed into AB-system. The stationary wave function |a«) and |53) are still remain
the same, but |af) and |Sa) are mixed with each other to form two different wave functions,

represent in form of ¢, |a8) + ¢ |Ba) with two sets values of ¢, and c¢.

In this scenario of AB-spin system, the off-diagonal elements of the Hamiltonian H,,, (m #
n), which represent the coupling between different energy levels of the system, can not be

ignored anymore. Therefore, the Hamiltonian of the AB-spin system is:

—1/1 1%0) J i
S t5 7 0 0 0
AB) = 2.54
A 0 J n v _J 0 (250
2 2 2 4
141 1) J
I 0 0 0 -5 -5 +71]

The calculation processes of diagonalizing the matrix H,,, to calculate the eigenvalues are
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Figure 2.9: Energy level diagram of the AX-spin system without and with J-coupling.

shown as follows:

Hoo H
Hywn (AB) = 22 23
Hzz Hss
det(Hmn(AB) — ET) = 0
n_rn J g J
2 2 4 2 =0
J 1Z1 12} J
e 24 2 2 F
2 > T3 1

J 1
=-T+ 5[‘]2 + (v — n)Y?

(2.55)

(2.56)

(2.57)

(2.58)

(2.59)

By setting the term [J2 4 (11 — 15)?]'/2/2 = C, Equation (2.59) is rewritten as follows:

Ey=-

J
— =+
4C

28
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where:

402 = J% + (1 — 1/2)2
vVl — UV = [402 - J2]1/2

The energies of the AB-spin system are shown in Table 2.4:

Energy level Eigenstate my E (J #0)
I laa) +1 S +w)+ i
II calaB) + cp|Ba) 0 c-1J
111 dlaB) 4+ ¢|Ba)y 0 -C-1J
v |B5) -1 —%(Vl +1v9) + %J

Table 2.4: Eigenstates and energies of AB spin system with J-coupling.

For the energy level transitions between the spin states and the corresponding spectrum
of the AB-spin system, it is commonly to set the center of the spectrum as zero, i.e.,
(v1 +12)/2 = 0. Thus, the four transition frequencies related to the center of the spectrum
are: AE_1 = —C + J/2 for transition from |aa) to cglaf) + cp|fa); AErm = C + J/2 for
transition from |a) to ¢, |af)+c¢;|Ba); AEr_1v = C—J/2 for transition from c,|af3)+cp|Bev)
to |88); AEmi—1v = —C — J/2 for transition from ¢, |af) + ¢;|Ba) to |[86). The spectrum of
the AB-spin system is shown in Figure 2.10. The J-coupling is corresponding to the distance
between the first peak (I — III) and second peak ( II — IV), or between the third peak
(I - II) and (III — IV) fourth peak.

To determine the peak intensities, the coefficient ¢, and ¢ need to calculated for obtaining
the stationary-state wave functions of the spin states with m; = 0. The ratio of the ¢, and

¢p can be represented by the ratio of their corresponding co-factors in Equation (2.57):

Ca _ _2 4 (2.61)

By substituting the values of E (Equation (2.60)), the above equation can be rewritten as:

Ci . —(Vl —I/2):|:20
Cp N J

(2.62)

To normalize the wave function, the relationship of the coefficient ¢, and ¢, needs to meet
the following condition:

cl+al=1 (2.63)
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Figure 2.10: Energy level diagram of the AB-spin system.

The aforementioned formula readily evokes associations with the one of the formulas of
trigonometric functions:
sin’0 + cos*0 = 1 (2.64)
Therefore, it is possible to set ¢, = cosf, ¢, = sinf, ¢, = —sin6, and ¢, = cosf. The
stationary-state wave functions are as follows:
&1 = cosb|af) + sinb|fa) (2.65)
Q7 = —sinb|af) + cosb|fa) (2.66)
when 6 = 0°, ;7 = |af), P17 = |Sa), which becomes into the situation of AX-spin system;

when 6 = 45°, ®;; = v/2(|aB)+|Ba))/2, @111 = V2(|Ba) —|aB)) /2, which are the stationary-

state wave functions in situation of As-spin system.

The corresponding intensities of the four peaks are obtained by calculating the correspond-
ing transition probabilities with raising operators. For I—II the transition probability is:
{< aa|Fy|cosfaf + sinffa >}?
={< aalcosfaa > + < sinfaa >}?
=(cos + sinf)?
=1+ 2sinfcost

For I—III the transition probability is:

{< aa|Fy| — sinfaf + cosffa >}?
= < aalsinfaa > + < cosBaa >}?
—=(—sinf + cosh)?

=1 — 2sinbcosd
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For ITI—IV the transition probability is:

{< —sinfaf + cosBBalFy |63 >}
={< —sinfaf + cosbfalaf + Ba >}?
={— < sinfaflafB > — < sinfaf|fa > + < cosbfalaf > + < cosfBa|Ba >}?
=(—sinf + cosh)?

=1 — 2sinfcosb
For II—1V the transition probability is:

{< cosbaf + sinfBa|FL|86 >}?
={< cosbaf + sinffalaf + fa >}?
={< cosfaB|af > + < cosbaf|Ba > + < sinfBalaf > + < sinfBalBa >}?
=(cos + sind)?
=1+ 2sinfcosh

1 + 2sinfcosd

Thus, the ratio of the intensities of the inner and outer peaks in Figure 2.10 is ————.
1 — 2sinfcost
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Parahydrogen-Based Hyperpolarization

3.1 Overview

This chapter begins by addressing the underlying reasons for the limited sensitivity of NMR
detection, which naturally introduces the hyperpolarization techniques. It then delves into a
detailed discussion on the spin source for both PHIP and SABRE methods—namely, parahy-
drogen (para-Hg)—from the perspectives of quantum mechanics and thermodynamics. The

laboratory instruments used for producing and collecting para-Ho are also described.

The subsequent section explains the signal enhancement in the two types of hydrogena-
tive PHIP, namely PASADENA (Parahydrogen And Synthesis Allow Dramatically Enhanced
Nuclear Alignment) and ALTADENA (Adiabatic Longitudinal Transport After Dissocia-
tion Engenders Nuclear Alignment). It then investigates the non-hydrogenative PHIP ap-
proach—SABRE, including a description of the catalytic cycle of the SABRE complex and
an explanation of the spin order transfer mechanism via Level Anti-Crossings (LACs) in

SABRE, represented using a three-spin system.

The final section reviews three experimental methods for conducting PHIP and SABRE:
the bubbling method, the shake-and-drop method using a high-pressure NMR tube, and the

utilization of membrane-based gas—liquid reactors.

3.2 Introduction

3.2.1 Sensitivity of NMR

Though NMR’s wealth of information is undeniable, it does grapple with a fundamental
sensitivity shortfall when compared with other conventional analytical methodologies, such
as mass spectrometry. The inherently low sensitivity due to the small population differences
between nuclear spin states at thermal equilibrium, where the population of these spins
follows a Boltzmann distribution, with the spins aligned with the magnetic field marginally
outnumbering those that are anti-aligned. This results in a relatively low net magnetic

moment, which is what and NMR spectroscopy and MRIs detect.
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For spin—1/2 species, the polarization P is defined the difference in population between
the two energy levels relative to the total number of spins:
Ny —N-1/2
Nyjg+Mn_1/2

P= (3.1)

where ny/5 and n_;/ are the number of the spins orient along and against the external
magnetic field. As mentioned in Chapter 2.4, the populations of spins in the low- and high-
energy levels follow the Boltzmann distribution, as describe with Equation (2.14). Therefore,

the polarization at thermal equilibrium is obtained by inserting Equation (2.14) into Equation

(3.1):

AE AE
N_q/9 - €Xp (—) —MN_1/9  €Xp <—> —1 AE
Py = / kpT / _ kT _ tanh <

n_1/2 - exp (kABib;) tnys  exp (k%) 1 2k:BT> (3.2)
By considering the nuclei 'H (1 = 2.675 x 10® rad -s7>T7!) and 13C (ysc = 6.728 x
107 rad - s5-T71), their thermal equilibrium spin polarizations in a 500 MHz (11.7 T) NMR
magnet at room temperature (298 K) can be estimated as Py('H) ~ 4.0x 107° and Py(**C) ~
1.0 x 1075, respectively.

Over the past decades, several strategies have been developed to address this sensitiv-
ity bottleneck without altering the fundamental spin polarization. Hardware improvements
in bulk NMR—such as ultra-high field magnets [37, 38|, cryogenic probes [39, 40, 41|, and
advanced RF coil designs [42]—have substantially increased signal-to-noise (SNR) ratio, par-
ticularly for high-resolution applications. However, these approaches often involve high cost

and system complexity.

In parallel, optimized pulse sequences such as INEPT (Insensitive Nuclei Enhanced by
Polarization Transfer) and HSQC (Heteronuclear Single Quantum Coherence) have been
widely adopted to maximize polarization transfer efficiency and suppress relaxation losses,
enhancing sensitivity without requiring hardware changes [43, 44, 45]. For small sample
volumes, microcoils provide another effective solution by increasing the filling factor and

improving signal detection, especially in microfluidic or miniaturized NMR platforms [46, 47].

Although these methods have proven effective in a variety of applications, they ultimately
operate within the constraints of thermal spin polarization. No matter how advanced the
hardware, pulse sequence, or probe design becomes, the achievable signal intensity remains
fundamentally limited by the extremely low population difference between spin states at ther-
mal equilibrium—typically on the order of 107° at room temperature and clinical magnetic
field strengths.

To transcend this intrinsic limitation, researchers have turned to a fundamentally different

class of approaches: hyperpolarization techniques.

3.2.2 Hyperpolarization techniques

Hyperpolarization refers to a set of methods that deliberately drive nuclear spin systems into

highly polarized, non-equilibrium states, thereby enhancing NMR signal intensities by up to
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four to five orders of magnitude. These techniques temporarily overcome the Boltzmann-
imposed polarization limits and enable the detection of low-concentration species or rapid
dynamic processes that are otherwise beyond the reach of conventional NMR. A key figure of
merit for characterizing the efficiency of hyperpolarization is the enhancement factor. In prac-
tical NMR applications, the signal enhancement € of a hyperpolarized signal is defined as the
ratio of the measured signal intensities of the hyperpolarized (HP) and thermal equilibrium

states:

¢ = tmr (3.3)
Ithermal

For spin-1/2 species, the ratio of I'yp/Iihermal in Equation 3.3 is proportional to Px/Pihermal,

where Px is the polarization of a nucleus X achieved with hyperpolarization method. [4§]

Having defined the enhancement factor, the prominent hyperpolarization methods—DNP,
SEOP, and parahydrogen-based approaches including PHIP and SABRE—are briefly intro-
duced below. FEach technique is based on a distinct principle and requires specific instru-
mentation, exhibiting varying degrees of polarization efficiency, sample compatibility, and

practical accessibility.

DNP is performed by introducing free radicals or other paramagnetic agents into the
sample, which possess unpaired electrons with a much higher gyromagnetic ratio compared
to nuclei (ye/yu ~ —658). Under microwave irradiation, the polarization of these electrons

is transferred to nearby nuclei, resulting in a dramatic increase in nuclear polarization.

A typical DNP spectrometer comprises three core components: a high-power, high-frequency
terahertz source to drive electron spin transitions; a low-loss transmission line to efficiently
deliver the microwave energy to the sample; an cryogenic DNP-NMR probe capable of si-
multaneous terahertz and radio-frequency irradiation. [49, 50] Moreover, DNP requires a
paramagnetic polarizing agent that present in the sample as the source of highly polarized
unpaired electrons. These paramagnetic species can be either exogenous radicals, which
can be intentionally added to the sample, or endogenous radicals that are naturally present
under specific physiological or chemical conditions. The selection criteria for suitable polar-
izing agents primarily include electron paramagnetic resonance linewidth, solubility, toxicity,
chemical stability, reactivity, and relaxation times. Currently, nitroxide-based biradicals are
among the most commonly employed exogenous polarizing agents. [51] In contrast, common
endogenous radicals can be semiquinone species [52] or isotope enriched metabolites and
drug molecules, such as'®N-choline [53], N-carnitine [54], and permethylated, perdeuter-
ated "®N-amino acids [55, 56]. DNP can achieve spin polarization levels ranging from several
percent to tens of percent, depending on factors such as magnetic field strength, temperature,
electron-spin concentration, and microwave irradiation strategies. These capabilities make
DNP particularly valuable in diverse applications, including solid-state NMR, for structural
characterization of complex materials [57], biomolecules [58], and pharmaceuticals [59, 60];
liquid-state NMR, for real-time monitoring of chemical reactions and metabolic processes
[61, 62, 63, 64]; and real-time in vivo metabolic imaging for investigating diseases such as

cancer and cardiovascular disorders [65, 66, 67].
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Despite its broad applicability, DNP remains technically demanding due to the need for
specialized components—such as high-power microwave sources, cryogenic cooling infrastruc-
ture, custom probes, and polarizing agent doping—which not only increases experimental

complexity but also leads to significantly higher operational costs.

SEOP is another powerful hyperpolarization technique, which is used to polarize noble
gases such as He or '?Xe. SEOP involves optically pumping alkali metal atoms (such as
rubidium) with circularly polarized light, resulting in highly polarized electron spins. |20, 21|
These polarized electrons then collide with noble gas atoms, transferring polarization through
spin exchange. The polarized noble gases with high polarization level (P ~ 50% — 90%) can
subsequently be used for a variety of imaging and diagnostic applications, particularly in
the context of lung imaging, where hyperpolarized ?*Xe is used to visualize gas exchange
and lung function. [68, 69, 70| Nonetheless, the reliance on high-power and narrow-linewidth
lasers, circular polarization optics, and carefully controlled optical pumping cells makes SEOP
more technically demanding than some other hyperpolarization techniques. Besides, SEOP is
ineffective for solid or liquid samples, which limits its applicability and makes it less versatile

compared to other polarization methods.

Parahydrogen (para-Hg)-based hyperpolarization techniques, namely PHIP and SABRE,
exploit para-Hs to generate hyperpolarization on target nuclei at room temperature {12, 13].
As a spin isomer of molecular hydrogen, para-Hs consists of two hydrogen atoms with an-
tiparallel aligned nuclear spins, forming a singlet spin state with a total nuclear spin of zero.
This singlet nature renders para-Ho inherently NMR silent, as it has no net magnetic mo-
ment and does not produce an NMR signal. However, this singlet spin state can be exploited
for efficient polarization transfer, making para-Hs an excellent source of hyperpolarization.
Modern cryogenic methods enable the efficient enrichment of nearly 100% pure para-Ho, and
its storage is straightforward in non-ferromagnetic containers, such as aluminum gas cylin-
ders, where it can retain its spin order for weeks to months. This technological accessibility
makes PHIP and SABRE easily accessible and practical compared to other hyperpolarization

techniques.

PHIP can achieve spin polarization levels of 20%-50% under optimal conditions |22, 71, 72],
while SABRE reaches highest polarization level of 50% for 'H with field-cycling strategy [73],
with heteronuclear targets such as *C and '°N attaining 1%35% polarization [74, 75, 76] .

Although the polarization mechanisms differ, PHIP and SABRE achieve polarization levels
comparable to those of DNP and SEOP under optimized conditions. What makes PHIP
and SABRE particularly attractive is their operational simplicity: they operate at room
temperature, require only inexpensive para-Hs gas, and generate hyperpolarized products
within seconds via a straightforward gas—liquid mixing process. These features make them

uniquely suited for rapid, cost-effective, and scalable hyperpolarization applications.

Given these advantages, this PhD thesis focuses on the engineering development and op-
timization of PHIP and SABRE hyperpolarization platforms. Before delving directly into
PHIP and SABRE, the following chapter introduces the fundamental spin properties and
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physical characteristics of para-Hs, which serve as the foundation for these techniques.

3.3 Properties of parahydrogen

3.3.1 Discovery of the two spin isomers of hydrogen molecules

The hydrogen atom is one of the most extensively studied entities in chemistry, featured in
virtually every introductory chemistry textbook. It consists of a single proton at its nucleus,
orbited by a lone electron. Hydrogen gas, composed of two hydrogen atoms, is the lightest
molecule and originates from the most abundant element in the universe. In the field of
chemistry, hydrogen gas is not only crucial for studying basic reactions but also plays a
key role in energy science, particularly in the development of sustainable energy and fuel
technologies. [77, 78, 79, 80|

Normal hydrogen gas consists of two types of hydrogen molecules: ortho-Hs and para-Hs.
These are spin isomers of the hydrogen molecule, distinguished by the relative orientation
of the nuclear spins of the two protons. Initial studies on the properties of hydrogen did
not directly address the distinction between ortho-Hs and para-Ho. Scientists observed some
anomalies by measuring the physical properties of hydrogen, such as specific heat and thermal
conductivity. For example, they found that the specific heat of hydrogen at low temperatures
was significantly lower than expected, suggesting a mechanism that restricted the excitation

of internal energy levels within the molecules. [81]

The discovery of ortho- and para-Hs represents a significant milestone in the intersection of
quantum mechanics, experimental chemistry, and thermodynamics. In 1925, Wolfgang Pauli
formulated the Pauli exclusion principle, establishing that identical fermions (such as protons)
must occupy distinct quantum states. In 1926, Werner Heisenberg introduced the exchange
interaction in quantum mechanics, describing how symmetry affects the total wavefunction
of a system. [82] In 1927, Friedrich Hund applied quantum mechanics to molecular hydrogen,
proposed the molecular orbital theory and highlighted the role of wavefunction symmetry in
molecular spin states, suggesting the possible existence of nuclear spin isomers in hydrogen
molecules. [83] In the same year, Robert Mulliken formally established the relationship be-
tween nuclear spin states and rotational quantum numbers, identifying ortho-Hy with parallel
spin alignment and para-Ho with antiparallel spin alignments as distinct molecular species.
[84] In 1928, Heisenberg expanded on the exchange symmetry principle, explaining why ortho-
H, is associated with odd rotational states, whereas para-Hs corresponds to even rotational

states.

In 1929, German physicists Konrad Bonhoeffer and Paul Harteck first verified the exis-
tence of the spin isomer of hydrogen through experimentally isolated para-Hs, confirming its
stability and lower energy state. [85] Their research experiment used the cooling process of
liquefied hydrogen and confirmed the existence of positive hydrogen and negative hydrogen

by measuring the different heat capacities of hydrogen at different temperatures. In 1934,
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the Farkas brothers directly observed the spin isomers of hydrogen in a gas sample using
spectroscopic methods. [86] They cooled the hydrogen sample and measured its absorption
spectrum, discovering two distinct sets of spectral lines corresponding to different rotational
energy levels within the hydrogen molecule. These experimental results provided the first
direct evidence of the existence of two different spin states in hydrogen molecules: para-Hs
and ortho-Hs.

3.3.2 Nuclear spin states of parahydrogen and orthohydrogen

Hydrogen molecule consists of two identical hydrogen atoms, which are fermions particles
with half-integral spin quantum number. The total molecular wave function of Ho molecule

is

\I/tot = \I/elec\ptrans\pvibq/rot\pspin (3~4)
in which the 5 components of this wave function are as following:

e U .., the electronic component;

e U, .., the translational component;
e U, the vibrational component;

e U, the rotational component;

e WUy, the nuclear spin component.

Following Pauli’s Exclusion Principle, the Wi,y must be antisymmetric under the exchange
of the two atomic positions, meaning the wave function changes sign when the two hydrogen

atoms are exchanged.

When analyzing the five factors in total wave function of hydrogen molecule individually, it
is demonstrated that the first three components (Vejec, Wirans, and Wyip) are symmetric with
respect to the proton exchange. Considering that the total wave function is antisymmetric,
one of the last two factors W, and Wy, necessitates to be antisymmetric while the other is

symmetric.

Now comes the question: what are the corresponding nuclear spin states and rotational

states of para-Ho and ortho-Hs?

In an Hy molecule, the two protons, each with spin-1/2, can align either parallel (spin-up,
|a)) or antiparallel (spin-down, |3)) to the external magnetic field, resulting in the following

four basis spin states:

e One spin is in the spin-up state and the other in the spin-down state, which can be
|aB) or |Ba). Both of these states indicate that the spins have antiparallel spins with
a total spin quantum number of 0, forming a spin singlet state.

e Both spins are in the spin-up state, |a«), or both are in the spin-down state, |30).
These two states indicate that the spins have parallel spins with a total spin quantum

number of 1, forming a spin triplet state.
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It is evident that the basis states |aa) and |33) are symmetric. However, the other two
basis states |f) and |S«a) are neither symmetric nor antisymmetric. As a consequence, these
two non-symmetric basis states cannot serve as the spin wave functions. By taking the linear
combination of |af) and |Ba), an antisymmetric spin wave function (|3a) — |a3))/v/2 and a

symmetric spin wave function (|a3) + |3a))/v/2 are constructed.

For para-Hs, the two spin—% nuclei are aligned in opposite directions (m; = 0), forming
an antisymmetric nuclear spin wavefunction (Figure 3.1a). This results in a singlet spin
state with total nuclear spin quantum number I = 0, and the corresponding nuclear spin
wavefunction is given by:

1
|¢>para = E

Since the total wavefunction must be antisymmetric, the rotational wavefunction must be

(IBa) —lapB)) = [So), mr=0 (3.5)

symmetric for para-Hs. Consequently, para-Hs is restricted to even rotational quantum num-

bers, with the lowest energy state given by Jyor = 0. |87, 88|

Analogously, ortho-hydrogen, with two spin-1/2 nuclei aligned in parallel, has a symmetric
nuclear spin wavefunction (Figure 3.1b). This corresponds to a total nuclear spin quantum
number I = 1, which is associated with the triplet spin states. These states have mag-
netic spin quantum numbers m; = —1,0, +1 along the z-axis, with their corresponding spin

wavefunctions given by:

|¢>1,ortho = |O[O[> = |T+> , My = +1 (36)

|¢>2,ortho = |66> = |T*>> mp=—1 (37)
1

[¥)3,0rth0 = —5 (lB) +[Ba)) = |To), my=0 (3.8)

V2

Consequently, the rotational wavefunction of ortho-hydrogen must be antisymmetric, which

restricts it to odd rotational quantum numbers (Jyor = 1,3,5,...).

3.3.3 Statistical thermodynamics of parahydrogen and orthohydrogen

The composite quantum state of multiple particles can be expressed as a tensor product of
single particle states. [89] For instance, if |z1) and |z2) represent the quantum states of two

particles, then the composite state can be represented as |Z) = |z1) ® |22).

Due to the coupling of the rotational states of the hydrogen molecule with nuclear spin
states, both are considered together. The complete rotational partition function is denoted
by

Zm=z"-zZ" (3.9)

it is also simply referred as the molecular rotational partition function. [90| Assuming that
the nuclei are in the ground state, and setting the energy of the nuclear ground state to zero,

the nuclear partition function for a single atom is given by:
2" =gn (3.10)
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para-H, (I = 0, singlet) ortho-H, (I = 1, triplet)

H HIT,)=]aa)

1 1
—=(Ba)—laB)) H H [To)=—F

H H |So)=\/§ ﬁ(laﬁHlﬁa))
NMR silent
H H [T-)=|Bp)
(@ (b)

Figure 3.1: Schematic representation of the nuclear spin states of para-Hy and ortho-Hs.
(a) For para-Ho (singlet state) the the wave function is antisymmetric with respect to the
exchange of two hydrogen atoms, which can be described by [¢) ... = (|[Ba) — | B))/ V2.
The two spins are oriented in opposite directions: one within the upper half of the cone and
the other within the lower half, resulting in the magnetic spin number M; = 0. (b) For the
ortho-Hy (triplet states), there are symmetric wave functions corresponding to each of the

three possible orientations, M; = +1,—1,0, with the corresponding spin wave functions of

|aa), |86) and (Jap) + |Ba))/V2.

where g, represents the spin degeneracy of the nuclear ground state. Denoting the nuclear

spin quantum number as ¢, then g, = 2i 4+ 1. Hence:
"=2i+1 (3.11)

The rotational partition function for a diatomic gas molecule is given by:

= Jrot(Jrot + 1)h2
7" = 2Jr0 1 — 12
S+ ey (G (3.12)

where T is the temperature, J.ot the rotational quantum number, A is the reduced Planck’s
constant 1.054 x 10734 J - s, © is the moment of inertia of the hydrogen molecule 4.583 x
10~* kg - m?, and kp is the Boltzmann constant 1.381 x 10723 J . K1,

Therefore, the complete rotational partition function of a heteronuclear diatomic molecule
is
ZM =7 2" =" g " (3.13)

Jrot(Jrot + 1)h2
20kpT

o0
= (2i+1) (2 +1 Z (2Jr0t + 1) exp< (3.14)

Similarly, the complete rotational partition function of a homonuclear diatomic molecule is

=" 7V =2 = (2)? (3.15)

. - Jrot(Jrot + 1)h2
= (2i + 1)* 2Jpot + 1 —
(20 4+ 1) ;(Jt+ )exp( 2Ok T

(3.16)
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Homonuclear diatomic molecules are divided into ortho- and para-states, and their nuclear

spin degeneracy are:

gny = (i +1) (20 + 1) (3.17)
gn, = (20 +1) (3.18)

with their sum of:
Gng + Gny = (1 +1)(2 +1) +i(2i + 1) = g2 (3.19)

In the above section, the symmetry of the nuclear spin states of para-Hs and ortho-Hs is
discussed. The antisymmetric spin state of para-Hs has even rotational quantum numbers
(Jrot = 0,2,4,...) and the symmetric spin state of ortho-Hs has odd rotational quantum
numbers (Jiot = 1,3, 5,...). Therefore, the complete rotational partition function of hydrogen

molecules is

ZT’?’L — ZZ)‘TL + ZIT)'TL

o . — Jrot (Jrot + 1)1
=({+1)(2i+1) Z (2Jrot + 1) exp <— 20knT
Jrot=1,3,5,...
. . - Jrot(Jrot + 1)h2
+i(2i4+1) D (2Jwt +1)exp ( OhaT (3.20)

Jrot=0,2,4,...

= gnoZg + gan;

where the rotational partition functions of ortho-Hs and para-He are shown as following

respectively:
ro_ > Jrot(Jrot + 1)h2
Zy= > (2wt +1)exp <— SOhaT (3.21)
Jrot:1»375’~~~
> Jrot(Jrot + 1)h2
YARES 2Jr0t + 1 — 22
p= S @l nen(REET (3:22)
rot: Iy Fyeee

By taking the normalized nuclear spin statistical weights with g;, + ggp = 1, the relative

regeneracy of ortho-Hy and para-Hy are g, = Qi;fp and ggp = 5777 For hydrogen molecule,
/

i = %, Gy = %, In, = %, hence, Equation (3.20) can be rewritten as

i

3 1
Zrn == ZZ; + ZZ; (323)
The ratio of para-Ho and ortho-Ho at thermal equilibrium is,

Np _ g;lpZ; Z;

_p = .24
N, g7y 37} (3.24)
Jrot (Jro 1)h2
> Toi=024,. (2Jrot + 1) exp (‘4@@15:% )
_ (3.25)

N Jrot (Jrot +1) 12
335 155, (2Jrot + 1) exp (f (e 1) )

Therefore, hydrogen can be taken as a binary mixture of two different species of molecules

(para-Hy and ortho-Hg) with different physical properties and their equilibrium ratio in this
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mixture is temperature dependent. The calculation of the terms in Equation (3.25) reveals
the relationship between the percentages of the two isomers (para-Hy and ortho-Hs) in hydro-
gen gas at equilibrium, as a function of temperature. As shown in Figure 3.2, the equilibrium
ratio of the para-Ho and ortho-Hs concentrations in the hydrogen gas mixture is approxi-
mately 0.25 : 0.75 at elevated temperature (7' > 300 K). This mixture is named as "normal
hydrogen". At liquid nitrogen temperature (77 K), more than half (52.28 %) of the hydrogen
molecules is para-Hy. With the temperature cooling down to 23 K, the enrichment of para-Hs
exceeds 99%.
Percentage of Hydrogen Isomers vs. Temperature
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| Para-H, Ortho-H, @ 23K: 99.53% @ 77K 52.28% @ 300K: 25.08%

Figure 3.2: Equilibrium percentage of para-Hs as a function of temperature. More details
of the calculation in MATLAB can be found in Appendix A.1.

3.3.4 Laboratory apparatus for parahydrogen enrichment

Since para-Hg is in a lower energy state compared to ortho-Hg, there is a slow spontaneous
transition from ortho-Hg to para-Hy when the temperature decreases (Figure 3.2). This slow
transformation from ortho-Hs to para-Hs is driven exclusively by weak perturbations involv-
ing nuclear spin interactions. Nevertheless, this interconversion process can be effectively
accelerated in the presence of a proper catalyst. Normal hydrogen gas, when cooled with
liquid nitrogen and catalyzed by active charcoal or iron (III) oxide catalyst (or other ferro-
magnetic materials), can achieve a 50% enrichment of para-Hs. By further cooling to 22 K

with a cryogenic system (Figure 3.3), the enrichment of para-Hy can exceed 98%.

The procedure for generating para-Hs in the laboratory involves using a commercial water-
cooled helium compressor (ARS-4HW Compressor, USA) as the cooling source for the cryo-
stat (cold head). A vacuum pump evacuates the remaining air from the chamber of the cold

head to accelerate the cooling process. A PID controller monitors the temperature in real
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time and precisely maintains the target temperature in the cold head during the para-Ho

collection process. Normal hydrogen gas flows along the pipeline with an appropriate flow

rate (0.5 L/min) controlled by a mass flow controller. After contact with the paramagnetic
hydrated Iron (III) oxide catalyst (FeaOs-H20) in the chamber at the bottom of the cold

head, para-Ho gas is generated and collected within an aluminum gas bottle.

(b) (d)

Figure 3.3: para-Hy enrichment apparatus in laboratory. (a) Helium compressor with PID
controller on the top. (b) Control unit of mass flow controller. (¢) Vacuum pump. (d) Gas

cabinet for para-Hy collection. Right bottom: cryostat (cold head).

3.4 Parahydrogen Induced Polarization

Since quantum mechanics was first established in the 1920s; the properties of dihydrogen
have been accurately predicted. This including correct calculation of the heat capacities of

hydrogen, which aligning theoretical predictions closely with experimental results. [91, 92, 93|

In 1986, Weitekamp et al. [94, 95| introduced a groundbreaking concept involving dihy-
drogen: transferring para-Hs into unsaturated molecules through hydrogenation could signif-
icantly enhance NMR signals. Prior to this proposal, researchers in organometallic chemistry
had already observed anomalous NMR spectra when they stored their samples in liquid nitro-
gen overnight. These samples, which were intended for studies on hydrogenation reactions of
organometallic complexes, retained unusual spectral characteristics, likely due to the preser-
vation of high levels of para-Hs under cryogenic conditions. This phenomenon was only later

understood and exploited in NMR, spectroscopy following Weitekamp’s insights.

Before introducing the signal enhancement of PHIP, the case where normal hydrogen is
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used for the hydrogenation reaction is first discussed, focusing on the resulting NMR spectrum

and signal enhancement.

In the absence of a magnetic field, the energy levels of the four spin states of normal
hydrogen, with wave functions |Sp), |T4), |7b), and |T_), are degenerate at the same energy
level and each possesses an equal population of Py = 25% (Figure 3.4a). By applying a
non-zero static magnetic field, the energy level of |T) = |aa) is decreased by § and |T_) =
|B) increases the energy level with the same amount of 4, hence, the population of |7%) and
|T_) gains and looses with the amount proportional to é due to the Boltzmann distribution.
However, the population of the two states |Sp) and |Tp) with linear combinations of |af) and

|fa) remains the same (Figure 3.4b).

In this case, there’s no transition between singlet and triplet spin states (more details can
be found in Chapter 2.7.1), thus the population Py in para-Hs is trapped. As a consequence,
the singlet state of para-Hs renders NMR silence. However, in the triplet spin states of
ortho-Ho, there are two energy gaps with the transition probability proportional to 20 and
this yields the total NMR spectrum of ortho-Hs with intensity of 4. Here should be noticed,
the value of §/P, is very small and only in the order of ~ 107> at room temperature and
11.7 T field.

After hydrogenation of the normal hydrogen on unsaturated bonds, the symmetry of di-
hydrogen is broken and forms a AX-spin system (Figure 3.4c). The four spin states |aa),
laB), |Ba), and |B3) are equally distributed, and there are four energy transitions with the
same probability proportional to §. Therefore, the generated spectrum of the formed AX-
spin system are two doublets at the two chemical shifts of nuclei A (va) and X (vx) with
the corresponding J-coupling constant of Jax, the ratio of the intensity of the four peaks is
1:1:1:1.

3.4.1 Parahydrogen And Synthesis Allow Dramatically Enhanced Nuclear
Alignment (PASADENA)

As mentioned in the previous section, para-Hs can be enriched by cooling normal hydrogen
in the presence of an appropriate catalyst. Therefore, the populations of enriched-para-Hs
and ortho-Ho in hydrogen are Py + A and 3Py — A, respectively. Here, Py = 0.25 is the
equal population fraction of the four spin states in normal hydrogen gas, and A is an excess
population generated from conversion of ortho-Hs to para-Hs. As a consequence, A is related
to temperature ( A/Py € [0,3] when T € [300 K,0 K]). At liquid nitrogen temperature
(77 K), the value of the ratio A/Py is approximately 1. Upon further cooling to 23 K, this

ratio increases to approximately 3, corresponding to enrichment of more than 99% para-Hs.

Without applying a magnetic field, the singlet spin state of para-Hs, with a population of
Py + A, and the three triplet spin states of ortho-Hg, each with a population of Py — A/3,
are depicted in Figure 3.5a.

In the presence of a static magnetic field, the energy levels are no longer degenerate. The
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Figure 3.4: Population for the spin states of normal hydrogen gas with a As-spin system
and of a AX-spin system after hydrogenation. (a) At zero magnetic field, all the four states
have the same energy level and same population. (b) At non-zero field, the energy levels
of the triplet states splits in three different levels, the population of |Sp) and |Tp) remain
unchanged, but |7%) and |7_) increased and decrease with the amount of ¢ respectively. (c)
The formed AX spin system after hydrogenation of normal hydrogen. The four transitions
in this AX system yield 4 peaks two chemical shift ¥4 and vx with the J-coupling constant

of Jaox and equal signal intensities proportional to 4.

population of the spin states |T'y) and |T_) increases and decreases with the amount of ¢’
(0" < &) respectively by taking the population of |Tp) as a reference (Figure 3.5b). Given that
the hydrogenation of para-Hs enriched hydrogen on unsaturated C=C bonds under high-field
conditions, the spin states of |af) and |Sa) in the formed AX-spin system are significantly
overpopulated, which benefits from the hyperpolarized singlet spin states |Sy) of para-Hs. The
transitions of |af) — |8B) and |Ba) — |55) generate two enhanced absorption peaks, while
the transitions from the two overpopulated states back to the ground state |aa) showcase
two enhanced emission peaks. As a results, the four transitions in this AX system yield two
antiphased doublets at two chemical shift v4 and vx with the J-coupling constant of Jax.
As depicted in Figure 3.5¢, the intensities of the four peaks are proportional to 2A/3 + §'.
The enhancement compared to the spectrum of after hydrogenation of normal hydrogen can
be up to 20,000 folds when using nearly 100% enriched para-Ho (A/Py =~ 3).
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Figure 3.5: Population for the spin states of para-Hs enriched hydrogen gas with a As-
spin system and of a AX-spin system after hydrogenation (PASADENA protocol). (a) At
zero magnetic field, all the four states have the same energy level. The singlet spin states
of para-Hs is overpopulated with an excess of A after enrichment. As a consequence of
conversion, each spin states of triplet processes the population of Po—%A. (b) At non-zero
field, the energy levels of the triplet states split in three different levels. By taking the
population of the spin state |Tp) as a reference, the population of |T5) and |T-) increased
and decrease with the amount of ¢ respectively. ¢ is smaller than § in Figure 3.4 with
the relationship §'/6 = (Py — 3A)/Py. (c) The formed AX spin system after hydrogenation
of the para-Hy enriched hydrogen at high-field (PASADENA). The two spin states of |a/f)
and |Ba) overpopulated with the non-thermal equilibrium population of P0+%A. The four
allowed energetic transitions in the AX-spin system and the generated spectrum represents

two antiphased doublets with enhanced intensities proportional to %A +4.

3.4.2 Adiabatic Longitudinal Transport After Dissociation Engenders Nu-
clear Alignment (ALTADENA)

This section discusses another situation of PHIP, in which the hydrogenation of para-Hs
performed at low-field conditions, such as the Earth’s magnetic field or even weaker. In
these scenarios, the J-coupling between the two spins in the products is in the same order of
magnitude as their chemical shift difference (J ~ vo — vg). As a result, the two spins are

strongly coupled and exhibit coherence (correlation).
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Considering a simple situation of molecular addition of 100% para-Hs with singlet spin
states ((|Ba) — |aB))/v/2) at low-field, the generated hydrogenated products are populated
with the singlet character (Figure 3.6). With adiabatically transport the sample to a sub-
sequent high-field for NMR signal detection, or under the adiabatic conditions, the gradual
change in the external magnetic field allows the field-dependent eigenstates of the system
to adapt to the evolving field. This ensures that the quantum state of the system evolves

smoothly along with the changes, without losing coherence between spin states.

As a consequence of the conditions described, the singlet-like low-field spin states of the
hydrogenated AX-spin system are adiabatically transferred into one high-field spin state,
which is restricted to either |af) or |Sa) (Figure 3.6a). This process leads to two possible
transitions of the occupied spin states to the spin states |aa) and |35), corresponding to
emissive and absorptive peaks respectively (Figure 3.6b). Under ALTADENA conditions,
the overpopulated spin state allows only one spin to emit while the other absorbs, which

results in two antiphase peaks with greater intensity compared to PASADENA. [96]

Hydrogenation of 100% enriched para-H, at low-field

AX spin system "l
IBB) 4
I
777777777 |Ba) I ,
Vg4 Vx
)
g
|acr) i
(a) 4P,

(b)

Figure 3.6: Population of the hydrogenative products spin states under condition of AL-
TADENA. (a) After molecular addition of 100% para-Hs at low-field, the spin state |a/3)
in the hydrogenated AX-spin system becomes populated with a relative population of 4F.
This allows only the spin of nucleus A to absorb and the spin of nucleus X to emit. (b) The

generates two intense peaks at each chemical shift with opposite amplitudes.

3.5 Signal Amplification By Reversible Exchange

In PHIP method, para-Hs molecules are chemically and pairwisely introduced into an un-
saturated precursor via a hydrogenation reaction, thereby the magnetic asymmetry of the
dihydride derived from para-Hs on the products release the overpopulated latent spin or-

der from para-Ho. However, the need for a suitable precursor with unsaturated bonds, or
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the chemical modification from the perspective of the substrates limit the applications of
PHIP techniques. In 2009, a subclass of PHIP methods terms in SABRE was discovered and
developed. [97, 98]

SABRE works through the formation of a temporary complex involving para-Hs, the tar-
get substrate, and a transient metal catalyst, which facilitates the scalar coupling network
between para-Ho and the to-be-polarized nuclei in the target substrate. As a derivative of
PHIP, SABRE has shown considerable potential in extending the range of applications for
PHIP methodologies, including SABRE-RELAY for different molecular scaffolds |24, 99, 100],
SABRE-SHEATH for different heteronuclei |26, 27, 101|. This section describes the catalytic
cycle for the reversible mechanism in SABRE and the explains the formation of Level Anti-
Crossings (LACs) for spin order transfer in SABRE.

3.5.1 Catalytic cycle in SABRE hyperpolarization

SABRE was discovered by investigating Crabtree’s catalyst [Ir(COD)(PCys)(Py)|[BF4] (COD
= cyclooctadiene; PCys = tricyclohexylphosphine; Py = pyridine) for direct hyperpolariza-
tion under low magnetic field conditions [102]. Besides, this study also investigated into
various phosphine ligands to elucidate the correlation between the signal enhancement of
pyridine. It was revealed that employing phosphines such as PCyoPh and PCys, which pos-
sess both strong electron-donating capabilities and substantial steric bulk, leads to increased
signal enhancement of free pyridine in bulk solution. With Crabtree’s catalyst, the active
polarization transfer catalyst fac,cis-[Ir(H)2(PCy3)(Py)s|[BF4| is temporary formed upon the
addition of para-Hs and pyridine. [97] Thus, the symmetry of the two nascent hydrides
derived from para-Hs is broken and allows for the singlet-triplet spin state interconversion.
The use of a low magnetic field in SABRE is essential because it reduces the chemical shift
difference between the coupled nuclei (typically between the hydrides and the in-plane ligand
nuclei) to the same order of magnitude as the scalar coupling constant. This condition leads
to a strong coupling regime, which facilitates coherent polarization transfer within the spin

network, and therefore enhances hyperpolarization efficiency. [103]

The other commonly used homogeneous SABRE pre-catalyst is [IrCl(COD)(IMes)| (IMes
= 1,3-bis(2,4,6-trimethylphenyl)-imidazole-2-ylidene; COD = 1,5-cyclooctadiene) ((1) in Fig-
ure 3.7), in which the phosphine ligand is substituted with an N-Heterocyclic Carbene (NHC)
ligand IMes with stronger electron-donating property [104]. The Ir-IMes catalyst has been
established as the optimal SABRE catalyst, achieving the high efficiency in the polariza-
tion of pyridine and various pyridine derivatives, and is often referred to as the standard
SABRE pre-catalyst. [104, 15] The following content of this subsequent section will explore

the chemical mechanisms involved in typical SABRE hyperpolarization processes.

Generally, the SABRE experiments start with the activation process of this pre-catalyst.
Figure 3.7 depicts the formation of the SABRE active complex for polarization transfer [97].

Firstly, the SABRE sample stock solution is prepared under Argon gas atmosphere and
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Figure 3.7: Scheme of the activation mechanism of the SABRE precatalyst (1)
([IrCI(COD)(IMes)|). The activation process start with a typical SABRE stock solution
contains (1) and the substrate dissolved in the degassed methanol-d4 solution. By bubbling
Hs in the stock solution, complex (2) forms an intermediate complex (3). (4) Completely
activated SABRE complex.

it contains the pre-catalyst (1), the target substrate (here is pyridine) and three pump-
freeze-thaw cycles degassed methanol-d4 as solvent. By bubbling normal Hy or fresh para-Ho
into the sample solution, the two hydrides originate from Hy bind to the Ir-center results in
conversion from complex (2) to (3) with an octahedral structure. With even longer bubbling
of hydrogen, COD is further hydrogenated and forms COA, which is not stable within the Ir-
complex and dissociates from the catalyst. Two more substrate molecules bind to the catalyst
and forms the SABRE active complex (4). With fresh para-Ha dissolved in the activated
sample solution, the polarization is propagated to the nuclei on the target substrate via the
formed J-coupling networks between the two hydrides and the substrates on the equatorial

plane of the complex (4).

The catalytic cycle for propagating hyperpolarization from para-Ho-derived hydrides to the
target substrates and the reversible binding process of them are shown in Figure 3.8. The ac-

tivated SABRE complex (4) facilitates the J-coupling network between the two hydrides and
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Figure 3.8: Schematic diagram of the catalytic cycle in SABRE hyperpolarization. The
cycle can be divided in three stages. (I) Polarized spin orders from the hydrides are trans-
ferred to the substrates on the equatorial plane through the J-coupling network. (II) The
hyperpolarized substrates with boosted magnetization dissociate from the catalyst, and form
the free substrates in solution without chemical modification. The vacant position is then
bound with para-Hs. (III) Dissociation of the hydrides, and binding of thermal equilibrium

substrates for rehyperpolarization.

the equatorial substrates at low-field. In this J-coupling network, the different cis and trans
J-couplings across the metal center break hydride symmetry, resulting in a coherent polariza-
tion transfer from para-Ho-derived hydrides to the nuclei of the substrates. Subsequently, the
hyperpolarized catalyst-bound substrates dissociate into the solution, forming free hyperpo-
larized substrates with enhanced NMR signal intensity. The vacant site is then bound with
fresh para-Hs molecule with singlet spin state, follows by the exchange of the triplet-state
hydrides and the thermal equilibrium substrate for completing the cycle for rehyperpolar-
ization. Hence, SABRE allows for continuous hyperpolarization as long as replenishing the

sample with fresh para-Hs.

3.5.2 Mechanisms of polarization transfer in SABRE

With the development of SABRE technology, two theory methods have been established to
explain the mechanism of polarization transfer across spins in SABRE. These theory methods

are density matrix theory and Level Anti-Crossings (LACs).
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3.5.2.1 Density matrix theory and its limitations

SABRE was initially conceptualized by Adams et al. [105] using density matrix theory,
based on a four-spin system comprising two hydride spins derived from the para-Hs molecule
and two additional spins originating from nuclei on the bound substrate. According to this
theoretical framework, the process of polarization transfer and the measurement of the hy-

perpolarized sample are segmented into three distinct phases.

The initial phase includes the formation of the metal-organic complex and the consequent
evolution of the four-spin system containing 'H nuclei originating from para-Hy and the
ligated target substrates at a mixing field. This mixing field is typically low-field with strength
< 250 mT. The second phase spans from the disassociation of the hyperpolarized substrate
from the complex, and the two-spin system on the free substrates continue to evolve at the
mixing field until the sample is transferred into the magnet of the NMR spectrometer. The
final stage extends from this point until the sample reaches the detection area with static
magnetic field. Throughout the experiment, the magnetic field strength undergoes a dramatic

increase from the spin mixing field to the measurement field, following a diabatic transition.

The density matrix formalism enables the modeling of the time evolution of nuclear spin
systems during polarization transfer. It accounts for the effects of J-couplings, chemical
exchange, and relaxation processes, providing a quantitative description of how the singlet
spin order of parahydrogen is converted into observable magnetization on the target nuclei
[106, 107, 108, 105].

Despite these advantages, the density matrix approach is often simplified and truncated in
practical implementations to maintain computational tractability. Such simplifications may
neglect coupling terms and spin interactions that, although subtle, can be critical—especially
under varying magnetic field conditions, ultimately preventing an accurate capture of the sign
changes observed in the SABRE signal.

3.5.2.2 Level Anti-Crossings and the role of J-coupling

In recent years, an alternative theoretical framework based on Level Anti-Crossings (LACs)
has provided valuable insight into the spontaneous polarization transfer process in SABRE
[109, 103]. Unlike the density matrix approach, the LAC model offers a more intuitive
and physically transparent picture of energy-level interactions, particularly under low-field

conditions, making it a useful complementary tool for understanding SABRE dynamics.

The concept of LAC, also referred to as "avoided crossing" in the literature, is foundational
in the field of quantum mechanics and has played a crucial role in shaping the understanding
of quantum systems. This phenomenon was first observed and discussed in the early 20th
century, during the broader investigation into the quantum properties of atoms and molecules.
LAC refers to a phenomenon where energy levels in a quantum system, which would typically
intersect when a parameter such as a magnetic or electric field is varied, instead seem to repel
each other and avoid intersecting. This behavior is observed in plots of energy versus the

parameter, illustrating the quantum mechanical non-crossing rule. [110] This effect of LAC
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3 Parahydrogen-Based Hyperpolarization

is a direct consequence of the system’s underlying quantum mechanical interactions and is
particularly prominent in systems where there are non-negligible interactions or couplings

between different states.

For simplicity, a two-level system is considered to illustrate how perturbations in a two-
state Hamiltonian manifest as avoided crossings. The two-state Hamiltonian can be written

as follows:

Ho=|U,)E (Uy| + |T) & (] (3.26)
& 0
E ) oo

1 0
in which &, and &, are the eigenvalues. The two eigenvectors <0> and <1> denoted the two

states of the system. If &, equals &, at a point, the two energy levels are crossed termed as
Level Crossing (LC). In this situation, the Hamiltonian exhibits a twofold degeneracy, and any
superposition of the degenerate eigenstates also serves as an eigenstate of the Hamiltonian.
Consequently, a system prepared in any of these states will remain in that state indefinitely.
However, when the states interact through coupling ]>, the matrix elements of the Hamiltonian
are "perturbed". For the sake of simplification, the coupling effect is Hermitian and affects

only the off-diagonal elements of the Hamiltonian matrix.

f) = |\I[a> Vab <\I/b| + |\I]b> Vba <\I/a‘ (328)

- 0 Vab
() o

where Vo, = Vp = Ve . Given that the overall Hamiltonian must remain Hermitian, the

revised Hamiltonian can be succinctly expressed as follows:

H =H+V (3.30)
g 0 0 Ve~
— (0 Eb> + (vew 0 ) (3.31)
Eu Ve WP
— (Ve“'w . ) (3.32)

where V is Hermitian fixes its off-diagonal components. The coupling are often real and the
phase ¢ can be neglected. Therefore, the actual state energies £ and £_, i.e., the eigenvalues
of the modified Hamiltonian can be determined by diagonalising H. Consequently, the

following equation is derived for solving the actual energy &:

E-& V

=0 (3.33)
Vo E-&

and the two energies are

1 1
&y = 5(&1 + &) + 5\/(&1 — &) +4V? (3.34)
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1 1
&= 5(5(1 + &) — 5\/(&1 — &) +4V? (3.35)

By plotting the curve of the actual energies and the half of the difference between the two
original energy values (£, — &)/2, two branches of a hyperbola are avoided crossing shown
in Figure 3.9 illustrate the LAC effect.
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Figure 3.9: Schematic illustration of LC and LAC of a two-level system. If there is no the
perturbation V= 0, the two energy states will cross and degenerate (dashed lines). By the
presence of a small "perturbation" % = 0, the two levels repel each other with distance of 2V

instead of crossing (solid lines).

The two energy states |¥,) and |¥,) of the "unperturbed" Hamiltonian # with their
corresponding energies of & and &, can cross at a point. However, with the coupling f),
the the actual eigenstates £ and £_ are no longer equal and remain split by the strength of
interaction 2). The curves of the energies asymptotically approaches the original unperturbed

energy levels. Here, the energy splitting A and the mean energy F and the are defined as

following: e ¢
A= ; b (3.36)
Bt ;r & (3.37)

By substituting A and E in Equation (3.34) and (3.35), the following results can be obtained:
Er=E+\/A24+)2 (3.38)

To simplify the above equation, another variable €2 is defined as:
Q=+/A2 412 (3.39)

Therefore, Equation (3.38) represents the eigenvalues of the Hamiltonian #’ can be rewritten

as:

EL=E+Q (3.40)
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To understand the coupling effect in LAC, another variable termed mixing angle 6 of LAC
is defined as:

v
tan 26 = A (3.41)

and it describes the relative magnitude of the coupling and the energy splitting. The rela-
tionship of V, A, E, Q, and 6 are shown in Figure 3.10. The value of mixing angle 6 is in
range of 0 <6 < 7.

__________________________________ E 260

(b)

Figure 3.10: Representation of the coupling effect. (a) Relationship of the zero-order states
and the eigenstates of Hamiltonian #’. The coupling brings the spin system to LAC and
mixing the two zero-order, leading to two eigenstates |¥) and |¥_) with their corresponding
eigenvalues of &4 and £_. (b) Relationship of the mixing angle 6, the coupling V), the energy
splitting A.

It is important to emphasize that the coupling between spin states is critical for effec-
tive coherent mixing, which facilitates polarization transfer at LACs. To rationalize this,
understanding the eigenstates of the full Hamiltonian is necessary. The two eigenstates cor-

responding to the energy levels ¥, ) and |[¥_) are superposition states of |¥,) and |¥p):
(Wi) = ca|Va) £cp [U) (3.42)

where, ¢, and ¢, are the mixing coefficients at the region of LAC. This equation can be

&\ (&
() -5(%) o

where S is the transformation that diagonalizes the Hamiltonian and which transforms the

written in matrix form as

coefficients of the wavefunction from the zero-order basis to the eigenbasis. By substitu-

tion Equation (3.43) in Schrédinger’s equation ' |¥), = &4 |¥),, the transformation S is

g_ ( cosfe~ /2 gin 96i¢/2> (3.44)

—sinfe~ /2 cosfel?/?

obtained as:

Hence, the eigenstates of the full Hamiltonian H' are
|Wy) =cq|¥a) + cp|Up) = cost|U,) +sin b |Vy) (3.45)

W_) = —cp |Wq) + cq | V) = —sinb|V,) + cos b |¥y,) (3.46)
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where ¢, = cosf and ¢, = sinf. The mixing coefficients |c,|? and |cy|? change upon the

energy splitting A are shown in Figure 3.11.

2 2
—Ic,? —Ic,|

Mixing coefficient of LACs

| | 1 1 | | | 1 1 | |
-100 -80 -60 -40 -20 0 20 40 60 80 100
Energy splitting (A [a.u.])
Figure 3.11: Mixing coefficients |c,|? and |cy|? of LAC in a two-level system. When the
system is far away from the LAC region, one of the mixing coefficients turns to 1 and the

other goes to 0.

When the mixing angle 6 is zero, the perturbation term V (i.e., the coupling) is also zero,
and the states |U,) and |¥}) are the two eigenstates of the system. In this case, the energy
levels can cross when their eigenvalues are equal. This situation is referred to as LC and is

schematically represented by dashed lines in Figure 3.9.

However, in the case of LAC, the coupling V # 0, and the eigenstates are the superposition
of the zero-order basis |¥,) and |¥y). If the initial state |¥,) is populated, the spin system
will not stay in this state but oscillate between the states |¥,) and |¥p). From Equation (3.45)
and Equation (3.46), it can be determined that the mixing effect is most significant when
16| = 7/4. In this case, |¥y) = (|¥,) £ |¥;))/+/2, indicating that the complete population
transfer between |¥,) and |¥_) becomes possible. Hence, strong coupling can drive the
spin system into the region of LACs, where coherent mixing enables full population transfer

between the involved quantum states.

Here, Equations (3.38)—(3.46) directly relate to the discussion of the J-coupling effect in
the AB-spin system presented in Chapter 2.7.3 (Equations (2.60)-(2.66)). In an AB-spin
system, J-coupling (i.e., spin-spin coupling) describes the magnetic interaction between two
spins transmitted indirectly via bonded electrons. This coupling leads to the appearance of
multiple peaks in NMR spectra, and the interaction strength is determined by the coupling
constant. The LAC phenomenon involves situations where the energy levels approach and

interact under changing external conditions. In this scenario, spin-spin coupling can be
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treated as a perturbation, leading to the mixing and splitting of energy levels. In a two-spin
system, with the strength of the perturbation V = J/2, the distance of the splitting between
the two energy levels is 2V = J (Figure 3.9), the stronger the J-coupling, the larger splitting

distance at the anticrossing.

3.5.2.3 Level Anti-Crossing of a AB-spin system

As it is discussed above, the off-diagonal element in the Hamiltonian, i.e., the perturbation
turns the LC into LAC. In this section, an example of the AB-spin system is presented,
where the two nuclei have different gyromagnetic ratios. The Hamiltonian for this system is
introduced in Equation (2.52), where the terms for Zeeman interaction and the secular part

of the J-coupling contribute to the diagonal elements of the Hamiltonian.
Ho(AB) = vi 11, + valo, + JI1. 1o, (3.47)
The non-secular part of the J-coupling
H'(AB) = J(I1adoy + I1y15,) (3.48)

can be transferred to the secular products by utilizing the ladder operators (Equation (2.42))

to form the off-diagonal elements of the Hamiltonian as the perturbation term:

V= J(AB) = g(mz}_ by (3.49)
The energy of the four basis state [aa), [a8), |Ba), and |88) are as follows:
H(AB) |aa) = (”21 + % + ‘i) laa) (3.50)
AAB) o) = (5~ 2= 7 ) la) + 5 I5el 351
A(AB) [90) = (=5 + 2 =7 ) 5) + 5 o) (3:52)
FL(AB) |38) = (—”; -2y ‘i) 188) (3.59)

The complete Hamiltonian of the two-spin system in matrix form is shown in Equation (2.54).

In this analysis, MATLAB software is utilized to solve the eigenvalues of the Hamiltonian
for a spin system affected by J-coupling. The resulting simulated diagram (Figure 3.12)
illustrates the relationship between energy (expressed in Hz) and magnetic field strength,
comparing scenarios both without and with J-coupling as a perturbation. When there’s no
perturbation (Figure 3.12a), the energy level |aa) crosses with the one of |553), and |af)
crosses with |Sa) at the magnetic filed strength of B = 0. However, the first LC cannot turn
into LAC since there’s no perturbation between these two basis states ((a|V|38) = 0). The
second LC can turn into LAC since (a8|V|Ba) = J/2 (Figure 3.12b).

3.5.2.4 Level Anti-Crossing of a three-spin system in SABRE

Now, a more complex example of a three-spin system (AA’S) is considered to investigate

the spin order transfer in SABRE from para-Hs to heteronuclei such as *C or N. The
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Figure 3.12: Energy level diagram of the AB-spin system. (a) Without J-coupling as
perturbation. (b) With non-secular J-coupling term between spin states |a) and |fa) as
perturbation to turn the LA to LAC. Simulation parameters: vy = 2.675 x 108 rad- T~ !.s~1,
vo =6.728 x 107 rad - T~' - s~ !, and Jog = 10 Hz.

Hamiltonian for this three-spin system is as follows:

H= VH(jaz + jbz) + VCSZ + Jabjafb + JanaS’ + JbebS (354)

The two spins, I, and I}, represent the two hydrides originating from the para-Ho molecule,
while the spin S corresponds to the heteronucleus on the to-be-polarized substrate (in this
case is 13C) (Figure 3.13).

As discussed in section 3.3.2, the spin state of the Hs molecule can be represented as
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Figure 3.13: Schematic of a three-spin system (AA’S) in SABRE.

follows:
T, 1 0 0 0] [ax
T 0 1 10
0] = b (3.55)
S0 0 -1 1 0] [P«
T_ 0 0 0 1| (BB

By calculating the Kronecker product of triplet-singlet state (Equation (3.55)) and the Zee-

man basis of each spin, the eigenstates of the three-spin system are:

T, ®« T, ®p
To ® o Thy®p
So® a So® B
T_ Qo T-®p

(3.56)

These spin states of the three-spin system AA’S in SABRE written in matrix form of the

Zeeman basis is:

Soax 00 - 0 ¥ 0 0 0] [eaa
T.B 01 0 0 0 0 00||aap
Ty 00 ¥ 0 ¥ 0 0 0||afa
SoB| 000 0 ¥ 0 2 0 0| |aBg (357)
T« 00 0 0 0 0 1 0|]|Baa
To 00 0 2 0 ¥ 0 0||gap
T_8 00 0 0 0 0 01| |BBa
Tya)l [0 0 0o o0 0 0 0 888
T

where T is the normalized transformation matrix.

The Hamiltonian of the eight Zeemann basis states can be calculated by substituting

Jab = Juw, Jas = Jen, Jos = Jew, v = —yuB, and vo = —y¢B in Equation (3.54):
R 1 1 1
H |aaa) = (—fyHB — ?ycB + ZJHH’ + ZUCH + JCH7)> lavaar) (3.58)
R 1 1 1
H |aa5) = <—’}/HB + 5’}’(}3 + ZJHH7 — Z(JCH + JCH’)) ]aam

1 1
+ EJCH ]ﬂaa) + §JCH’ ]a5a> (3.59)
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1

N 1 1
H|aBa) = <_2'YCB - ZJHH’ + Z(JCH - JCH’)) laBa)

1 1
+ §JHH7 |ﬁoz0é> + §JCH’ |OéOéB>

1

. 1 1
HlaBB) = <2’YCB - ZJHH’ —

{Uen —Jow) ) las5)

+ %JHH’ |Baf) + %JCH |BBa)

1

N 1 1
H |Baa) = (-2’703 = g — 5 (Jon — JCH’)) |Bacy)

1 1
+ §JHH7 laBa) + §JCH laa3)

Aisad) = (578 - L + {Ueu — Je) ) [5a)

& 3w laB) + 4 Joi |6a)

2

H|BBa) = (’YHB - 1’YCB + iJHH’ - i(JCH + JCH’)) |BBa)

+ S JonaBB) + 3 Jow |Baf)

R1999) = (B + 3208 + Lo + 3 (Uow -+ Jear) ) 555)

2

(3.60)

(3.61)

(3.62)

(3.63)

(3.64)

(3.65)

By substituting ¥;.; = Jcu + Jow and Ay, = Jon — Jow in the above Hamiltonian of

each basis state, the total Hamiltonian of the three-spin states can be written in matrix form

as follows:

;E>

SR, P 0 :
0 —vy + g 4 TP T
0 Jen vo _ Jamw—Bioy
2 2
0 0 0
J et
0 g Iy
0 0 0
0 0 0
0 0 0

Ve Juw+Asqy

<~
T
& o

Jen

o
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0 0 0 0
Jen 0 0 0
Ji 0 0 0
0 Juie Jen 0
Jamw+A
—VTC _ HH - Jou 0 0 0
Juw—A
vc _ JHH JoH Jcu
0 2 4 2J 5 0
Jew i Zel HH —2Joy
0 2 v 7+ 1 OJ -
+
0 0 0 v+ 5+ e

(3.66)
To gain a more intuitive understanding of the evolution of the spin states in the three-spin
system, a similarity transformation (7:[ST = THT ) can be applied to convert the matrix of
A (Equation (3.66)) into a matrix described with singlet-triplet spin states. This is achieved
using the transformation matrix 7' (Equation (3.57)). The calculation process is done by

using MATLAB, more details can be found in Appendix A.5. The obtained Her is:

_3Jumw _ vc V2Ai0y _Bicu
4 2 1 4
\/iAJCH Jun =X oy + vo—2vy \@EJCH
1 ! 2 4
_AJcH % Juw _ vc
N 0 0 0
Hsr =
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0 0
0 0 0 0
0 0 0 .
vg _ 3Jumw _ V2o Auey 0 0
2 4 4 4
_\/EAJCH Jun =X oy _ ve—2vg \/inCH 0 0
1 1 /2 2 4
AJCH QEJCH JHH’ vc
— — i 0 0
-+
0 0 0 HH - JOH + I/C-ZQVH 0
Ja+%
0 0 0 0 HH . JoH yc—i-221/H )

(3.67)
where two blocks of 3 x 3 can be identified. In each block, the diagonal elements are the
energies of the spin states without the effect of J-coupling, while the off-diagonal elements
describes the J-coupling interactions (perturbation). Figure 3.14 illustrates all the LCs of
the eigenstates without perturbations. Among these, only the one related to coherence and
J-coupling perturbed can be transformed into LACs for population transfer. More details of

the simulation can be found in Appendix A.6.

To determine the conditions for Level Anti-Crossings (LACs) of the Hamiltonian (Hgr)
in the singlet-triplet basis, the two diagonal sub-matrices are analyzed separately. The first

sub-matrix corresponds to the population transfer pathways of the spin states |Spa), |T45),
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Figure 3.14: (a) LCs of three-spin system simulated with MATLAB. (b-c) Zoom-in of the

LCs corresponding to the spin states in the two on-diagonal sub-matrices.

and |Tpa). The conditions for generating the LACs between any two of these three spin states
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is the equalization of their on-diagonal elements:

, ; 5
|Socr) — |T4.3) Hst11 = HsT22 = v — ve = Juw — ‘ZLCH (3.68)
. . 5
T48) — [Toe) Hsr22 = Hst33 = Vo — vl = % (3.69)
|Soar) — |Toar) 7:[ST,11 = 7:‘ST,33 = Juw =0 (3.70)

However, the population transfer between the spin states |Spa) and |Tpa) is not possible,
i.e., Equation (3.70) cannot be established, since the J-coupling constant of the di-hydride in
SABRE system is non-zero (Jum # 0).

Similarly, the second sub-matrix describes the evolution of the spin states |Sy3), |T—«), and

|To3). The conditions for the corresponding Level Anti-Crossings (LACs) can be determined

as follows:
N N b
|SoB8) — |T-ax) Hsraa = Hst55 = —(vu — ve) = Jaw — ifH (3.71)
. . 5
[T-a) = [ToB) Hst,55 = Hsre6 = — (Vo —vm) = % (3.72)
1S08) = [To3) Hsraa = Hsro6 = Juw =0 (3.73)

It is obviously that the population transfer from the spin states [Sp3) to |Tp53) (Equation
(3.73)) is not possible due to Jum # 0.

Additionally, the conditions for the LACs of |Spa) — |T43) and |Sp5) — |T—«) are oppo-
site in sign (Equation (3.68) and Equation (3.71)), which describes the population transfer
pathway starting from either the « or 3 state of the singlet order stemming from para-Hs. A
similar situation occurs for the LACs between |1 ) — |Tpa) and |T_«) — |Tp5) (Equation
(3.69) and Equation (3.72)). Figure 3.15 illustrates the possible LACs in the three-spin sys-
tem by using MATLAB to solve the eigenvalues of the sub-matrices corresponding to each
pair of possible spin states in the 3 x 3 blocks. Additionally, the visualization of the pop-
ulation transfer between spin states via LACs is shown in Figure 3.16, obtained by taking
the partial derivative of the energy levels with respect to the magnetic field strength. (More
details of the MATLAB simulation can be found in Appendix A.7.)

3.6 Experimental methods for conducting PHIP and SABRE

In the previous section, the exploration focused on how the polarization transfer across
spins in PHIP and SABRE. These two methods utilize a straightforward gas-liquid reac-
tion, wherein para-Hs catalytically reacts with substrates dissolved in a solution. This reac-
tion is conducted under appropriate magnetic field and temperature conditions, or using a
specific pulse sequence, to effectively transfer the spin order from para-Ho to the substrate
nuclei. Once hyperpolarized, these substrates are then transported to the NMR detector for
signal acquisition. A system or unit that facilitates these processes is commonly termed a
"polarizer" in the realms of PHIP and SABRE [111, 112].

62



3 Parahydrogen-Based Hyperpolarization

40 40

Energy (Hz)
Energy (Hz)

20 - 20
IT,8) IT_a)
30 -30 |
-40 1 1 ! y 40 1 ! ! ]
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
Magnetic field strength (. T) Magnetic field strength (. T)

(a) (b)

Figure 3.15: LACs of three-spin system simulated with MATLAB. (a) LACs for transitions
of |Spa) <> |T4B) and |T4+6) <> |Tpa). (b) LACs for transitions of |Sp) <> |T_«) and
IT-a) < [TofB).

This section discusses polarizer design from two critical perspectives that are pivotal for
optimizing hyperpolarization. The first is the efficiency of hydrogen gas solubility, which
directly influences the polarization level achieved in the substrate. The second concerns the
delivery of hyperpolarized substrates from the production site to the NMR apparatus, where

preserving polarization during transfer is essential for effective signal detection.

Moreover, various polarizers implemented in the literature to deliver the hyperpolarized
para-Ho substances into bulk or microscale solutions are described and discussed. This chap-
ter aims to provide a standardized evaluation framework to assist researchers in selecting or

designing the most appropriate polarizer based on their specific needs.

3.6.1 Design considerations for PHIP and SABRE polarizers

A brief procedure of conducting PHIP or SABRE experiments involves several key steps:
firstly, the dissolution of para-Hs gas into the sample solution; followed the addition reaction
of hydrogen with the substrate for PHIP, or the ligation of hydride and substrate to the
organometallic the catalyst for SABRE; then the transfer of spin order to the target nuclei
on the substrate at an optimal magnetic field. Therefore, a polarizer used in PHIP or SABRE
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of the spin states with respect to changes in the magnetic field.

is compromised with:
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e a fluidic unit, which is responsible for efficiently introducing para-Hs into the sample

solution. From a chemical engineering perspective, this fluidic unit functions as a gas-
liquid reactor. Different types of gas-liquid reactors reported in published works of

PHIP and SABRE can be classified as high-pressure NMR tubes, bubbling device, and

membrane gas-liquid reactor

a magnetic field generation equipment for generating the optimal magnetic field re-
quired for polarization transfer. The strength of the magnetic field can range from
several microteslas to several teslas, depending on the polarization technique used and
the type of target nuclei. For instance: the ultra-low fields range from near-zero tesla
to microtesla for SABRE hyperpolarization of heteronuclei, such as '*C and '*N, can
be generated by using electromagnetic coils within a magnetic shielding chamber; for
'H SABRE and ALTADENA-PHIP the field usually in low-field range from geomag-
netic field to several millitesla can be the Earth’s magnetic field itself, the stray fields
from NMR equipment, or generated by electromagnetic coils; high-fields ranging from
several hundred millitesla to a few tesla for PASADENA-PHIP can be generated by

permanent magnets or the magnets inherent in NMR equipment.
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Although this chapter mentions magnetic field generation equipment, the focus is not on the
generators themselves but rather on analyzing their impact on the efficiency of PHIP and

SABRE hyperpolarization from the perspective of the gas-liquid reactor.

Applying SABRE and PHIP in liquid-state NMR requires one to dissolve the para-Hs gas
into the liquids containing the target molecules, followed by efficient detection of the enhanced
molecules. The following factors are considered as the main challenges in the process to be

faced:
e Efficiency of para-Hs’s solubility in solution

At 298 K and 1atm, the solubility of hydrogen in water is about 0.8 mmol/L [113|. Under
the same conditions, its solubility in methanol is higher—approximately 3.9 mmol/L, because
methanol’s weaker hydrogen-bond network and hydrophobic methyl group reduce the free-
energy cost of cavity formation and afford stronger dispersion interactions with Hs. Even so,
the overall solubility remains low, which limits the dissolution of para-Hs in polar media and

constrains hyperpolarization performance.[114, 115, 116, 117|

Various approaches have been applied to improve the uptake of gas in solutions. The most
straightforward method is increasing the injected gas pressure or the temperature. Laili et
al. [118] observed the signal gains of SABRE hyperpolarization with increased para-Hs gas
pressure from 2 bar to 4 bar, and 40% improved response with the overall polarization level
by raising the temperature from 289 K to 308 K. Lehmkuhl et al. [119] also reported the
correlation of signal enhancement with higher para-Hy pressure in SABRE experiments. In
addition to optimizing the experimental conditions (pressure, temperature), increasing the

gas-liquid interface can enhance the dissolution process and will be discussed in detail later.
e Delivery of hyperpolarized compounds to the detection field

The detection of magnetic resonance signals of the hyperpolarized compounds is usually
carried out in an NMR spectrometer, where the magnetic field is typically stronger than 1 T.
However, the optimal polarization transfer field (PTF) in SABRE experiments is in milliTesla
range, which is much lower than the magnetic field of conventional NMR, spectrometers. For
instance, the magnetic field strength of 6.5 mT is sufficient for spin order derived from
para-Hy spontaneously transferred to the 'H sites on co-ligand substrates with SABRE.
[120] For efficient direct polarization of heteronuclei, such as '3C, N, and 3!P, a near-zero
or ultralow field is applied to achieve a strong coupling between between heteronuclei and
proton. |74, 121, 122]

It should be kept in mind that, unless the spin order is converted to a long-lived state, the
hyperpolarized samples usually readily relax towards thermal equilibrium populations. The
lifetime of liquid-state hyperpolarization is typically within a few tens of seconds. There-
fore, the transfer of hyperpolarized compounds from the polarization field to the detection
field needs to be performed as quickly as possible. This rapid transfer is a prerequisite for

measuring the hyperpolarized signal with sufficient intensity.
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3.6.2 Overview of methods for conducting PHIP and SABRE

This section provides a brief overview of three main methods commonly used in PHIP and
SABRE experiments: shaking, bubbling, and the use of membrane-based gas-liquid reac-
tors. Additionally, the configurations, compatibility, and performance of various types of
gas—liquid contactors employed in each method are discussed. The content presented in this
methodological review forms part of the published article entitled "Integrating Micro Process

Chemistry into an NMR Spectrometer” in the journal Chemie Ingenieur Technik |JYO1].

3.6.2.1 Shaking method

Shaking method provides a simple and fast way for conducting para-Hs-based hyperpolariza-
tion. In shaking method, a commercial high-pressure NMR tube is typically used for mixing
the para-Ho with sample solution. Before each experiment, para-Hs gas is pressurized via
tubing into the headspace of the high-pressure NMR tube, which is capped and sealed with
either a Young’s valve or a quick pressure valve (Figure 3.17a). Subsequently, PHIP and
SABRE experiments can be conducted manually by shaking this tube by hand for tens of
seconds at the geomagnetic field or near the stray field of a high-field NMR magnet. After
shaking, the tube is rapidly inserted into the NMR spectrometer (typically within 3 s) for
detection. [123, 124, 125]

Another commercial high-pressure NMR tube (Wilmad-LabGlass, Norell®) with a thick
glass wall can reach up to 300 psi (= 20.68 bar) (Figure 3.17b). With increased pressure
and vigorous shaking, para-Ho effectively dissolves into and mixes with the sample solution,

thereby enhancing the reaction rate and achieving high-level polarization.

Aside from the high-pressure NMR tube made of glass, Duchowny et al. [126] utilized a
sapphire high-pressure NMR tube allowing for much higher pressure up to 200 bar (Figure
3.17c). With this setup, the correlation between the para-Hy pressure and the enhancement
of pyrazine signals via SABRE hyperpolarization was explored. The study revealed that
within a pressure range up to 10 bar, the relationship was quasi linear. However, beyond
10 bar, this relationship ceased to be linear; instead, signal enhancement plateaued as the
pressure increased, with only a three-fold increase observed at 200 bar. In addition to ex-
ploring the pressure-signal enhancement relationship, the team also utilized this setup to
validate the use of liquefied carbon dioxide under high pressure as an alternative solvent for
SABRE. This approach avoids the need for typical organic solvents such as methanol used
in SABRE processes. Consequently, the elimination of organic solvent potentially makes

SABRE hyperpolarization more suitable for applications like molecular medical research.

The manual "shake and drop" method offers a convenient and rapid way in many studies
of new catalytic system, substrates, and newly proposed concepts for PHIP and SABRE.
However, the manual nature of the process leads to variability in results due to differences
in the force and the time for transfer the tube into NMR detector. These variations in this
procedure contribute to inconsistent signal enhancements and result in low reproducibility

of experimental outcomes. Furthermore, the "shake and drop" method is only suitable for

66



3 Parahydrogen-Based Hyperpolarization

(a) (b) (c)

Figure 3.17: Photo of different commercial high-pressure NMR tubes. (a) A 5 mm thin
wall quick pressure valve NMR tube (Wilmad-LabGlass). The upper portion of the quick
pressure valve is fitted with 1/16 inch PTFE tubing. The maximal pressure is 100 psi. (b)
A 5 mm heavy wall NMR pressure tube for medium range pressure (< 300 psi) (Wilmad-
LabGlass). The valve is designed to connect to a 1/8 inch tubing using Swagelok® fittings.
(c) A 5 mm sapphire NMR tube for high-pressure ranging up to 200 bar.

hyperpolarization experiments conducted within the range of the Earth’s magnetic field or
stray magnetic fields. For other magnetic field environments, for example, a high-field for
PASADENA-PHIP or a micro-tesla field for heteronuclei hyperpolarization, it is challenging

to shake the tube in-situ.

The typical procedure involves initially shaking the tube within the geomagnetic field in
the laboratory for a few seconds to mix the gas and liquid. This is immediately followed
by insertion into the appropriate magnetic fields to allow for another a few seconds of spin
evolution. Subsequently, the tube is inserted into an NMR spectrometer for signal acquisition.
It is important to note that the uptake of fresh para-Ho ceases during the evolution time,

resulting in a corresponding loss of signal.

3.6.2.2 Bubbling method

PHIP and SABRE is also experimentally achieved by bubbling the para-Hy gas into the
sample solution to achieve intense gas-liquid contacting at the macroscale. The simplest
and most accessible technique involves bubbling para-Hs gas through a capillary into the

NMR sample tube. However, the high-pressure gas jetting from the capillary at the onset of
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bubbling can cause liquid to splash, leading to unnecessary evaporation and loss of sample
volume. Reducing the pressure and slowing the flow rate during bubbling can minimize

splashing to a certain extent, but this may compromise signal enhancement. [127]

Adelabu et al. [128] developed a custom bubbling setup using a standard 5 mm NMR tube
to facilitate high-pressure bubbling without causing splashing (Figure 3.18a). In this system,
the NMR tube is connected to a Y-shaped quick-connect pneumatic fitting via a PTFE tubing
(OD: 1/4 inch, ID: 3/16 inch). This fitting is designed with two pipelines (PTFE tubing,
OD: 1/8 inch, ID: 1/16 inch): one for bubbling with a capillary tubing (PTFE tubing, OD:
0.9 mm, ID: 0.5 mm) inserted in it, and the other one for releasing the gas. Additionally, a
bypass path is established between the two pipelines via T-junctions. By controlling the open
and close status of the bypass valve, bubbling can be halted or initiated, respectively. This
bypass path balances the pressures at the bubbling gas inlet and the releasing gas outlet,

thus enabling splash-free bubbling under high-pressure conditions.

Unlike the shaking method in scenarios of hyperpolarization at ultralow- and high-fields,
which requires a wait time at such magnetic fields for spin evolution, this bubbling setup
permits simultaneous gas-liquid mixing and spin evolution across all environments. There-
fore, it provides a convenient way for studying in-situ SABRE and PHIP experiments by
simply placing the modified NMR tube at the location of the desired magnetic field strength,
whether in zero-and ultralow-field (ZULF) NMR spectrometer [129] or in conventional NMR

spectrometer.

In addition to its compatibility with a wide range of magnetic fields, this setup enables
the exploration of the effects of various parameters, such as temperature, bubbling time,
flow rate, and pressure, on the level of polarization, thereby aiding in the optimization of
the hyperpolarization process. However, one drawback of this bubbling setup is that the
capillary remaining inside the tube can interfere with the homogeneity of the magnetic field,
particularly in high-field NMR measurements, resulting in broader linewidth of the NMR
spectrum. This magnetic field inhomogeneity caused by the susceptibility of capillary tubing
can be mitigated through shimming procedures performed prior to the hyperpolarization

experiments.

Compared to high-field environments, the impact of bubbling tubing left in the mixing
chamber on magnetic field homogeneity is much less significant in low-field NMR measure-
ments. Hill-Casey et al. [130] explored a bubbling unit for in situ SABRE experiments inside
of a commercial Earth’s field NMR spectrometer (Terranova-MRI, Magritek). This bubbling
unit comprised of a customized glass cylindrical reaction chamber (OD: 28 mm, ID: 24 mm,
Length: 24 mm) with an inlet port and outlet port (OD: 4 mm) (Figure 3.18b). The para-Hs
gas was bubbled through a VitraPOR frit (Robu, Hattert, Germany) with an approximate
pore size distribution of 40-100 pum.

During the experiments, the reaction chamber horizontally located inside of the bore of
the Earth’s field NMR spectrometer, the pressure of para-Hs was maintained at 3.2 bar and

2.8 bar at the inlet and outlet, respectively. With this setup, the polarization transfer process
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of SABRE in the low-field regime was explored, including the build-up of polarization as a
function of the duration of the PTF, measuring the polarization decay time at the Earth’s
field, and determination the optimal PTF for 'H SABRE of different substrates.

Although hyperpolarization techniques have expanded the application range of econom-
ically viable, portable, and easy-to-operate low-field NMR, these systems still suffer from
low resolution in NMR spectra, particularly with crowded chemical shifts. In the analy-
sis of samples with complex components, high-field NMR, offering higher resolution spectra
with detailed information of chemical structure and a wider range of pulse sequence options,

remains the preferred choice for researchers.

As mentioned previously, the tubing or capillary used for bubbling that remains inside the
NMR tube can cause line broadening during high-field measurements. Bruker has developed
an automated polarizer, which is still based on the bubbling method but addressed the issue.
This polarizer allows for SABRE hyperpolarization at millitelsa field and automated shuttling
the hyperpolarized sample solution via helium gas in high-field NMR. spectrometer for signal

acquisition with different NMR pulse sequences.

Cowley et al. [131] initially used this automated polarizer to validate the performance of
their developed iridium N-heterocyclic carbene complexes ([IrCl(COD)(IMes)]) for efficient
SABRE hyperpolarization. These catalysts later became as the standard catalyst in SABRE

experiments.

As the schematic representation of the polarizer shown in Figure 3.18c, the gas-liquid
reaction cell is located in a solenoid copper coil for generating the PTF in range from -15 mT
to 15 mT . The para-Hy gas is bubbled through into the solution from the bottom of the
reaction cell. After a predetermined bubbling time period, the hyperpolarized solution was
shuttled to the NMR flow probe for signal acquisition via a liquid transfer line connected to
the chamber. The flow rate and the bubbling time of this automated polarizer was computer
controlled and thus ensured a high level of reproducibility. Taking these benefits, this setup
is also exploited for studying the impact of experimental variables, such as the bubbling time,
the pressure of para-Hs in the mixing chamber, and the magnetic field strength on efficiency
of SABRE hyperpolarization [120].

Several years later, the automated polarizer was modified to be compatible with Spin-
solve benchtop NMR spectrometer [132]. In this work, the para-Hs gas was bubbled through
SABRE sample solution in the external mixing chamber, which is connected to a home-built
flow cell with fluorinated ethylene propylene (FEP) tubing (Figure 3.18d). After a 15 s bub-
bling period, there is a 3 s delay to release the para-Hs. The hyperpolarized sample is then
transferred pneumatically with nitrogen gas into a home-built flow cell at the NMR detection
area in 0.9 s, followed by a 0.1 s waiting period for the sample to settle for signal acquisi-
tion. After each measurement, the pneumatic system drives the sample solution back to the
mixing chamber for re-polarization. This automated polarizer offers high reproducibility and

facilitates SABRE hyperploarized multi-dimensional spectroscopy.
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Figure 3.18: Overview of bubbling apparatus used in gas-based hyperpolarization tech-
nologies. (a) A bubbling setup for SABRE hyperpolarization, consisting of capillary tubing
inserted into a 5 mm NMR tube, equipped with valves and a mass flow controller. [128§]
Copyright (C) Licensee MDPI, Basel, Switzerland. (b) Schematic of a polarizer based on the
bubbling method for in situ SABRE hyperpolarization and detection at the Earth’s magnetic
field. [130] para-Hy was bubbled via a porous frit into a reaction chamber located in a com-
mercial Earth’s field NMR spectrometer. Copyright (C) Licensee MDPI, Basel, Switzerland.
(c) Schematic of an automated polarizer compatible with high-field NMR spectrometer. [131]
para-Hy gas was introduced from the bottom of through the solution in the mixing chamber.
After a certain bubbling time, the hyperpolarized solution was automated transferred to the
high-field NMR spectrometer using helium gas. Copyright (©) John Wiley & Sons, Ltd. (d)
An automated polarizer compatible with Spinsolve benchtop NMR. [132] The hyperpolarized
sample solution in the mixing chamber (left) is pneumatically shuttled into the flow cell inside
of benchtop NMR for signal acquisition. Copyright (C) The Royal Society of Chemistry 2018.
(Adopted from [JYO01].)
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Although gas bubbling utilizing batch-type hyperpolarization offers its own merits for gas-
liquid reaction and for producing hyperpolarized MRI contrast agent [133, 16|, the bubbling
method at the macroscale still faces the following limitations. Firstly, gas bubbles create
havoc with magnetic field homogeneity because the magnetic susceptibility of para-Ho differs
from that of the surrounding liquid sample phase. Therefore, the spectral resolution deterio-
rates significantly. The stop flow strategy has been used to maintain spectral resolution at the
cost of losing polarization, due to delay caused by switching off the flow [134] (Figure 3.18c).
Secondly, it suffers from an inherent gas-liquid mass transfer limitation due to low interfacial
areas, which is determined by the surface area of the capillary generated bubbles. Finally,
handling flammable and hazardous hydrogen gas in batch hyperpolarization can harbor a

severe safety issue.

3.6.2.3 Membrane gas-liquid reactor

With the development of flow chemistry and MEMS technology, the use of membrane-based
gas-liquid reactors has been increasingly affirmed in many applications, such as gas strip-
ping, water treatment, and fundamental research such as studying kinetics and mechanisms
gas-liquid reactions. [135, 136, 137, 138, 139, 140] These reactors utilize a semi-permeable
membrane—often porous or selectively permeable—to separate the reacting media, allow-
ing gases and liquids to flow on opposite sides of the membrane without direct contact.
[141, 142, 143]

The membrane provides a stable and significantly larger gas-liquid interface for enhanced
mass transfer, reducing the limitations associated with conventional gas bubbling methods.
This section gives a brief introduction of strategy utilizing membrane-based gas-liquid reactors
for PHIP and SABRE. With various configurations, the membrane reactors demonstrate the
ability to achieve continuous and efficient hyperpolarization across a range of NMR detection

scenarios.

Roth et al. [144] employed a hollow fiber-based membrane reactor for PHIP experiments
at high-field (Fig. 3.19a). The hollow fiber membrane acts like a micro sieve, in which the
hydrophobicity prevents fluids from wetting the wall of the fibers. The gas diffused through
the micropores distributed in the membrane and dissolved in the liquid phase inside the
hollow fiber. It has been demonstrated that utilizing the hollow fiber membrane reactors for
dissolving hyperpolarized gas substances is fast, robust, and without the formation of foam

or bubbles, thus diminishing the deleterious effects on NMR spectral resolution.

In addition to the hollow fiber reactor, a flat membrane configuration has also been explored
to accomplish para-Ha-based hyperpolarization. Lehmkuhl et al. [119] utilized a flat mem-
brane reactor for continuously achieving high polarization of target molecules via the SABRE
method using benchtop NMR systems (Figure 3.19b). Moreover, the influence of experimen-
tal conditions, such as the flow rate and pressure of both phases, on signal enhancement
was studied in detail. In this work, a membrane reactor with meandered microchannels was

fabricated by 3D printing, and a composite membrane (poly(ethylene oxide)- poly(butylene
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Figure 3.19: Overview of micro gas-liquid reactors in gas-based hyperpolarization tech-
nologies. (a) A hollow fiber membrane implemented in PHIP [144]. Copyright (©) 2010
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) A flat membrane reactor consist of
3D printed channel structure and an embedded PolyActive®™ membrane [145]. Copyright

2018 Elsevier Inc. (c) Schematic of an on-chip gas-liquid reactor for PHIP with a three-layer
configuration of PMMA-PMMA-PDMS [146]. Copyright (C) 2019 American Chemical Soci-

ety. (d) A micro-SABRE platform consisted of a membrane gas-liquid reactor, a microfluidic

chip and a micro-Helmholtz coil for chemosensing [147]. Copyright (C) The Royal Society of

Chemistry 2019. (e) A flow reactor system consisted of two tube-in-tube reactors, tee unions,

mass flow controllers and pump for producing continuous SABRE hyperpolarization [148].
Copyright (©) 2021 Wiley-VCH GmbH. (Adopted from [JYO01].)
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terephthalate) (PEO-PBT) copolymer) was used to separate the gas and liquid phase. Dur-
ing the experiments, the membrane reactor was located near the NMR, spectrometer, and
the polarized solution was transported to the detection area by a short length of tubing, to

minimize loss of polarization via relaxation.

Eills et al. [146] conducted PHIP experiments on a micro gas-liquid reactor compatible
with a custom transmission line probe. Thin PMMA sheets with cut channel structures
were directly bonded together with a solvent plasticizer (Fig. 3.19c). Unlike the sandwich
layout of the flat membrane reactor mentioned before, the silicon elastomer PDMS membrane
layer attached at the liquid channel side acted as both diffusion media and fluid sealing.
para-Hy gas flowing in the gas channel diffused throughout the bulk PDMS membrane and
contacted the solution in the liquid channel above the membrane. The performance of PHIP

hyperpolarization could achieve high resolution with picomole sensitivity.

Bordonali et al. [147] designed and fabricated a micro gas-liquid reactor for in situ
chemosensing SABRE processes at a high-field (11.7 T) (Fig. 3.19d). The reactor featured
a sandwich structure consisting of glass-PDMS membrane-glass. The gas and liquid mi-
crochannels with dimensions 300 pm x 100 pm = widthxdepth were engraved on two 210
pm thick glass substrates respectively by nanosecond laser cutting. A 20 pm thick PDMS
membrane fabricated by spin coating was plasma bonded between the channel faces of the
two glass layers. This micro gas-liquid reactor was connected via polyethylene (PE) tubing
to a microfluidic chip inserted in a custom micro-Helmholtz coil for NMR signal detection.
Due to the flexibility of the PDMS membrane, which may deform and block the channels
under excessive pressure, a safe working pressure of 2 bar was applied to the gas phase dur-
ing experiments for safety reasons. This lower pressure difference also leads to a reduced
polarization efficiency. Despite these challenges, the signal of the dihydride on the hyperpo-
larized substrate can still be detected with the highly sensitive micro-Helmholtz coil. The
sufficient signal intensity allows it to be effectively exploited as a probe for SABRE-driven

chemosensing.

More recently, TomHon et al. [148] utilized a gas-liquid reactor system with a tube-in-tube
configuration to yield continuous 'H, 3C, and N hyperpolarization on various substrates
by SABRE (Fig. 3.19e). The highly gas-permeable AF 2400 tubing inserted in an outer
FEP tubing significantly increased the mass transfer rate of para-Hys. The two tube-in-tube
gas-liquid reactors were arranged both upstream and downstream to efficiently deliver and
subsequently remove the hydrogen gas. In the secondary tube-in-tube reactor, inert gas with
lower pressure with respect to the liquid phase was delivered in the outer tubing to reduce
the concentration of the remaining para-Hs gas in the solution flowing in the inner AF 2400
tube. The degassing process enabled a better saturation of the fresh para-Hs gas in the
primary reactor, and thus optimized the polarization level. The scalable overlapped length
of the inner and outer tubing provides extremely contacting area of the gas and liquid phase.

[149, 150] This facilitates highly efficient reaction rate and sufficient polarization level.

In this work, a similar tube-in-tube reactor was employed for hydrogenation of para-Hs on
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vinyl acetate at the Earth’s field. [JY02] The achieved polarization level of 'H of the generated
ethyl acetate molecules was sufficiently high to exceed the RASER threshold. Compared with
the bubbling method, the tube-in-tube reactor enables continuous hyper-polarization without
the need to introduce a phantom. This feature allows the acquisition of steady-state RASER
signals rather than brief RASER bursts that decay within seconds. More detailed information
of this work can be found in Chapter 6.
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Continuous-Flow Platforms for SABRE and
PHIP

4.1 Overview

In the preceding chapter three methods for implementing SABRE and PHIP were compared.
Among these, membrane gas-liquid reactors as continuous-flow platforms stand out, offer-
ing the unique advantages of enabling in-line measurement of the hyperpolarized signal in

continuous flow conditions and flexible control of gas and liquid phases.

This chapter therefore focuses on the design and evaluation of several membrane gas—liquid
reactors optimized for para-Ho-based hyperpolarization, together with one membrane-free

reactor that produces a sandwich multiphase flow by direct gas—liquid contact.

Each continuous-flow platform prototype is outlined from fabrication through proof-of-
concept testing using CO2 gas and a pH indicator solution. While all prototypes underwent
initial validation, only a subset were further evaluated in preliminary SABRE hyperpolar-
ization experiments, some of which delivered encouraging results. A concluding feasibility
assessment summarizes the remaining challenges and identifies key refinements needed to

advance continuous-flow SABRE and PHIP platforms.

4.2 Introduction

In a gas-liquid reactor (contactor), the gas and liquid phases come into contact under stable
flow conditions. Based on the flow behavior of the two phases, gas-liquid contactors can be

classified into two categories: those with continuous phases and those with dispersed phases.

In continuous-phase gas-liquid contactors, the gas and liquid phases are introduced sepa-
rately into distinct regions of the contactor. This configuration is typically achieved through
two primary methods: falling film and membrane-based systems. In a falling film contactor,
the gas and liquid phases interact through a thin, falling liquid film—only a few tens of mi-
crometers thick—that flows down vertical open channels under the influence of gravity. [151]

These channels are typically grooved into the surface of a plate using advanced microfabri-
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cation techniques, such as dry etching; or using precision 3D-printing to obtain the desired
channel structure. Typically, the liquid film measures approximately 100 pm in thickness.
This thin, stable film creates a large surface-to-volume ratio, enhancing mass transfer effi-
ciency. However, this approach can also have certain drawbacks, such as partial vaporization.
The resulting flow regimes are influenced by various factors, including viscosity, wettability,

flow rate, and surface tension. [152]

The second type, membrane gas—liquid contactors, separate the gas and liquid phases into
two channels divided by a membrane or mesh. These structures function as selective barriers
that, depending on their permeability, allow specific molecules or ions to pass while blocking
others. Membranes can be fabricated from dense metals (e.g., nickel), ceramics (e.g., silicon
nitride), or polymers (e.g., Teflon, PTFE, or PVDF) [140, 153]. Microstructured meshes
created via etching or laser processing typically feature dimensions on the order of 10 pum,
while porous membranes such as PTFE or Teflon exhibit pore sizes ranging from tens to

hundreds of nanometers.

In a membrane contactor, the gas phase diffuses into the liquid phase through the pores
on the membrane. The small size of these pores helps prevent liquid from breaking through
into the gas phase, primarily due to capillary forces. However, careful control of operating
parameters—such as the pressure difference between the gas and liquid phases—is necessary

to avoid such breakthroughs.

In dispersed-phase gas-liquid contactors, the dispersion is achieved by an inlet that com-
bines the gas and liquid streams. [154] The two phases in such system can form different
flow regimes, such as bubble flow, slug flow, churn flow, annular flow, mist flow and so on.
[155, 156]

The flow regime in a dispersed-phase contactor depends on the operating conditions, includ-
ing channel dimensions, inlet conditions, phase superficial velocities, liquid surface tension,
and the wettability of the channel surface (hydrophilic or hydrophobic). Among these, the
gas-to-liquid flow rate ratio is the most critical. If the ratio becomes too high, the flow regime
transitions from discrete bubbles and slugs to annular flow. In many practical studies, slug
flow is highlighted for especially intense local mass transfer due to the strong recirculation in
the slugs and the vigorous interfacial renewal at the Taylor bubble boundaries. Meanwhile,
annular flow can achieve comparable or higher overall mass transfer rates if a large fraction

of the liquid is entrained as droplets, thereby increasing the effective interfacial area.

In the context of para-Hs-based hyperpolarization, once the sample solution has mixed and
reacted with para-Hs, it is typically analyzed using liquid NMR. Nonetheless, any residual
gas bubbles can disrupt the magnetic field’s homogeneity, leading to broadening of the NMR
signal’s linewidth. Therefore, when employing a falling film contactor or a dispersed-phase
contactor for SABRE and PHIP, it is necessary to first separate the bubbles from the liquid

before introducing the solution into the NMR spectrometer for measurement.

The following sections introduce the different prototypes of gas—liquid contactors fabricated
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for continuous-flow SABRE and PHIP platforms during this PhD project. These include three
membrane-based gas-liquid contactors for continuous-phase operation, and a direct-contact

gas—liquid reactor designed for dispersed-phase systems.

4.3 Membrane-based gas-liquid contactor

The membrane-based contactor offers a particularly advantageous approach, as the mem-
brane consistently isolates the liquid throughout the entire mixing and reaction process. Its
simplified operation for both gas and liquid phases make it a more practical choice compared
to falling film or dispersed-phase contactors. By employing a membrane design, this approach
not only simplifies operations but also provides the flexibility to independently control the
gas and liquid phases. This independent control enables more adaptable experimental setups,

making it easier to optimize conditions and streamline the overall process.
Typically, a membrane gas-liquid contactor consists of the following parts:

e the membrane, as the core component of the contactor to separate the gas and liquid
phases. The porous pores on the membrane only allows for the gas molecule diffuse
through and dissolved in the liquid phase.

e the distinct channels for gas and liquid phases, in which the gas and liquid flow on
opposite sides of the membrane.

e fluidic distribution system including an inlet distributor and an outlet collector. The
inlet distributor ensures the fluid is evenly spread over the membrane surface, prevent-
ing areas of excessively high or low flow. The outlet collector guides the processed gas
or liquid out of the contactor;

e sealing components such as sealing rings or bonded seals are used around the membrane
to prevent gas or liquid leaks. Effective sealing ensures that the gas and liquid phases

exclusively interact through the membrane.

The following sections introduce two categories of fabricated membrane gas—liquid contactors,
classified according to the configuration of the membrane: flat-sheet membranes and tubular
membranes. The structural design and fabrication process of each type will be discussed in
detail.

4.3.1 Flat PTFE membrane gas-liquid contactor

4.3.1.1 Configuration of the prototypes

This design employs a commercial porous, hydrophobic PTFE membrane (Aspire QL217,
Sterlitech, USA). The membrane has a pore size of 0.2 pm and a porosity of 70%-80%. It is a
laminated structure composed of a functional PTFE layer and a polypropylene support layer.
The total membrane thickness is 250 pm. The water entry pressure and gas breakthrough

pressure are 4 bar and 1.2 bar, respectively.
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The first version of the flat PTFE membrane gas-liquid contactor is shown in Figure 4.1.

The flat membrane gas-liquid contactor comprises two poly(methyl methacrylate) PMMA

(b) (c)

Figure 4.1: (a) The main components of the first version flat membrane gas-liquid contactor.
(b) The assembled gas-liquid contactor with four fluidic connectors (IDEX XP-215) for fitting
with the PTFE tubing with OD of 1.6 mm. (c) 3D drawing of the assembled gas-liquid

contactor.

layers featuring a meandering channel structure (width: 1.5 mm, depth: 1 mm), fabricated
using a micro-milling process. A PTFE membrane is sandwiched between these PMMA
layers. This PMMA-PTFE-PMMA sandwich structure is clamped in place by the stainless
steel upper and lower holders with four screws for sealing of the reactor. In addition, four
rubber rings are placed at both top surfaces of each holder to seal the liquid and gas channel

inlets and outlets.

However, this configuration is not optimal for fluidic flow because the reactor must remain
vertical during experiments (Figure 4.1b). Moreover, the stainless steel holder can produce
a magnetic field, which may interfere with hyperpolarization experiments conducted in the

spin transfer field.
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As a result, a second version of the PTFE membrane gas-liquid reactor was developed
with improvements in both holder material and fitting arrangement. The aluminum holders,
manufactured via CNC machining, each feature two circular observation windows. The four
fittings were repositioned to the side surfaces of each holder (Figure 4.2). Additionally, a 3D
printed positioner is made for alignment of the two channel layers. Two tailored designed set
screws replaced the four smaller screws used in the first version of the reactor, simplifying

the assembly process.

tailored set screws

-

upper and downer shells
(Aluminum)

channel layers

positioner for
channels alignment

locating pin for
alignment of shells

(d)

Figure 4.2: (a) Explosion view of the flat membrane gas-liquid contactor. (b) The channel
layers aligned with the 3D-printed PEEK positioner. (c) 3D drawing of the assembled flat-
membrane contactor. (d) Photo of the manufactured holder parts connected with fittings

for gas and liquid solution.

4.3.1.2 Test of the prototype with SABRE hyperpolarization

Here, the prototype of the second version was preliminarily tested with 'H SABRE hyperpo-
larization of pyridine at Earth’s field.
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The SABRE sample solution contained 3 mmol/L standard homogeneous SABRE pre-
catalyst [IrC1(COD)(IMes)| and 60 mmol/L of pyridine dissolved in degassed methanol-dy.
The prepared sample solutions were deposited in two Falcon tubes and capped tightly until
activation. The pre-catalyst in the sample solution was activated by bubbling normal Hs
at a flow rate of 20 sccm, ambient pressure, and room temperature (25°C) for 10 minutes.
The para-Hs with an enrichment level of 50% was generated using a liquid nitrogen para-Ho

generator (HyperSpin Scientific, Germany).

Throughout the experiments, the sample solution was initially pumped into the liquid
channel of the prototype using a peristaltic pump (BT100-2J, LongerPump, China) at a flow
rate of 1 mL/min. The sample solution was then directed towards the detection area of the
Spinsolve NMR spectrometer using PTFE tubing (OD: 1.6 mm, ID: 0.8 mm) inserted into
the bore of the magnet. Subsequently, the sample solution was subjected to NMR analysis
in reaction monitoring mode. Here, a 90-degree pulse was applied every 15 seconds. After
acquiring the NMR signal at thermal equilibrium as a reference, 50% para-Hy was introduced
into the gas channel in a counter-current flow at a controlled rate of 10 mL/min via a mass
flow controller (MFC).

As depicted in the figure, a total of 20 acquisitions were recorded over a period of less
than 8 minutes. The spectra of the sample solution, hyperpolarized using SABRE at Earth’s
magnetic field, display two enhanced antiphase peaks corresponding to the proton nuclei at

the ortho (highlighted in red) and para (highlighted in green) sites on pyridine (Figure 4.3).

4.3.1.3 Challenges of the flat PTFE membrane gas-liquid reactor in SABRE
and PHIP hyperpolarization applications

Firstly, the poor spectral resolution observed during the proof-of-concept experiments is pri-
marily attributed to the mismatch between the inner diameter of the PTFE tubing (0.8 mm)
and the detection region of the NMR coil (5 mm). This size disparity results in a low filling
factor, thereby reducing the signal quality. This limitation can be mitigated by incorporating
a glass flow cell with an expanded internal diameter (see more details in section 4.3.4.4), pro-
viding a larger detection volume and improving the filling factor of the NMR coil, ultimately

enhancing signal acquisition.

Besides, the prototype of the second version encountered sealing issues after being used
multiple times. Gas bubbles were observed at the interface between the PMMA and the
PTFE membrane, suggesting that the sealing provided by mechanical force through screws is
inadequate for maintaining airtight integrity. This issue highlights the need for revising the

sealing approach to ensure reliable performance of the reactor under operational conditions.

4.3.2 Micro gas-liquid contactor with flat PDMS membrane

This section describes a flat PDMS membrane micro gas-liquid contactor designed to be com-
patible with a custom micro-NMR. detector (LiquidVoxel ™, Voxalytic GmbH, Germany) for
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Figure 4.3: Stacked NMR spectra of the sample solution hyperpolarized using SABRE
in a prototype flat PTFE gas-liquid reactor. The bottom spectrum serves as a reference
and represents the sample solution at thermal equilibrium, acquired before introducing para-
Hs into the reactor. The sample solution consisted of 3 mmol/L pyridine and 60 mmol/L
standard Ir-IMes SABRE catalyst, all dissolved in deuterated methanol.

measurements in an 11.74 T magnet (ELMAR, Bruker, Germany) (Figure 4.4). The micro-
Helmholtz coil pair is embedded between two glass chips. The vertical spacing between the
coils is 0.5 mm, allowing for the insertion of a chip with dimensions of 5 mm x 0.5 mm (width
x height). Due to these dimensional constraints, the compatible microfluidic gas-liquid con-
tactor integrates two functional components: a gas-liquid contactor positioned outside the
micro-Helmholtz coil, optimizing the contacting area for the gas and liquid channels, and a
microfluidic chip with a circular reservoir for sample measurement inserted into the micro-
Helmholtz coil. (Figure 4.5).
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Figure 4.4: The micro-NMR detector (LiquidVoxel™) equipped with 1.2 mm diameter

micro-Helmholtz coil pair.

In the micro gas-liquid reactor, the liquid channel features 185 mm long meandering chan-
nel with a cross-section of 0.2 mmx0.1 mm = widthxdepth while the gas channel is 85 mm
long with the cross-section of 1.2 mmx0.1 mm = widthxdepth (Figure 4.5). The two chan-
nels are arranged in a crisscross pattern to provide sufficient bonding area for the PDMS
membrane. The total area available for the exchange of gaseous species is 16.18 mm?. The
reservoir on the inserted chip has a diameter of 1.5 mm and a depth of 0.1 mm, providing a
detection volume of 0.18 pL (Figure 4.5). The 50 pm-thick PDMS membrane serves as both
a porous membrane for gas exchange and a sealing basket for the gas and liquid channels on

the glass substrate.

4.3.2.1 Fabrication of micro gas-liquid reactor

The patterns for the meandering channels on the gas and liquid sides of the reactor were
engraved on a 4-inch, 210 pm-thick square borosilicate glass wafer (263D-Eco Schott) using
a nanosecond UV laser (PIRANHA, ACSYS, Germany) pulsing at 30 kHz. Two inlet and
two outlet holes (0.5 mm diameter) were fabricated by completely cutting through the glass
layer of the gas sides with the laser. The wafer was diced by laser around the perimeter of
the reactor halves (Figure 4.5a). After fabrication, the two halves with engraved channels
were sequentially cleaned in an ultrasonic bath with acetone, isopropyl alcohol (IPA), and
deionized (DI) water. Subsequently, the two glass halves with engraved channels were dried
under pressurized nitrogen flow and baked at 200 °C for 2 hours. Completely drying the

surfaces intended for bonding is essential to achieve a strong glass-PDMS bond.

Meanwhile, the thin PDMS membrane was fabricated by spin coating of the PDMS elas-
tomer solution prepared using the standard 10:1 elastomer-to-binding agent ratio. A 125
pm Kapton film sheet was cut into a 4-inch round shape, cleaned with IPA and dried under
nitrogen gas flow at 70 °C for 10 min. The Kapton film was vacuum-clamped on a spin-coater
(SCC-200, Quantum Design GmbH, Germany) and 2.5 mL of PDMS solution was statically
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(a) (b)

Figure 4.5: (a) The gas and liquid channels fabricated on borosilicate glass wafer with
nanosecond laser cutting system. (b) The alignment of the two glass substrate layers. (c) The
bonded micro gas-liquid reactor as a chip inserted in the micro-NMR detector. The circular

reservoir with detection volume of 0.18 nL located in the center of the micro-Helmholtz coil.

dispensed and spun at 1500 rpm for 3 min to achieve a uniform layer of 50 pm thick PDMS
film. The Kapton handling film was transferred to a hot plate and baked at 120 °C for 5 min

for curing the silicon film.

The bottom half of the reactor (gas side) was prepared for bonding to the PDMS membrane
by activating the contact glass surface in an oxygen plasma cleaner at 200 W RF power for 10
min. The PDMS was similarly activated by driving the plasma cleaner at 50 W RF power for
60 s. After the plasma treatment, the Kapton-supported PDMS film was then immediately
attached to the activated surface of the gas side under a standard laminator (Mylam 12,
GMP, Germany) at room temperature and roll speed of 1 cm/s. After a waiting time of 10
min the Kapton film layer was peeled off from the bonded PDMS film. The exposed PDMS
and the second glass half (liquid side) were then treated with oxygen plasma under the same
conditions for PDMS and glass surface activation, respectively. Finally, the top half (liquid

side) was aligned to the bottom half (gas side) under a microscope and brought into contact
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with the activated PDMS layer. The completed stack with the sandwich configuration of
glass-PDMS-glass was placed on a hot plate set at 90°C for 2 h under mechanical pressure,
to further increase bond strength at the glass-PDMS interfaces (Figure 4.5b).

A PDMS block fitting was tailor-cut to couple the polyethylene tubing (OD: 0.97 mm,
ID: 0.51 mm, BTPE25, Instech Laboratories, Germany) to the contactor inlets and outlets,

secured in place by oxygen plasma bonding (Figure 4.5¢).

4.3.2.2 Proof of the prototype

To demonstrate the performance of the fabricated prototype, the pH indicator bromothymol
blue (BTB) solution and CO4 gas were used to visualize the pH change as CO4 dissolved into
the sample solution, indicated by a change in color. In solutions with a pH of 6.4 or lower,
BTB appears yellow, whereas in solutions with less dissolved CO4 (pH above 7.1), it appears
blue. The BTB sample solution was prepared by dissolving 0.1 g of BTB powder into 3.2
mL of a 0.05 mol/L NaOH solution, and then diluting with DI water to a total volume of
200 mL, resulting in a pH of 8.1.

During the experiment, the BTB sample was delivered to the micro gas-liquid reactor at
a flow rate of 200 pL/min using a syringe pump, while COy gas was introduced into the
gas channel at a flow rate of 10 mL/min and a pressure of 23 psi, regulated by a mass flow
controller (MFC) and a back-pressure regulator (BPR). As shown in Figure 4.6, the blue
BTB sample solution is introduced into the liquid channel of the micro gas-liquid reactor
successfully demonstrated that CO5 gas diffused through the PDMS membrane and dissolved
into the BTB solution, resulting in a pH decrease and a corresponding color change from blue

to greenish yellow.

4.3.2.3 Challenges of micro gas-liquid reactor in application of SABRE
and PHIP hyperpolarization

Although the prototype of the micro gas-liquid reactor was successfully demonstrated using
CO3 gas and aqueous BTB solution, it faces several challenges when applied to SABRE and
PHIP hyperpolarization experiments.

A significant issue is the deformation of the thin PDMS membrane when subjected to gas
pressures exceeding 2.5 bar. Such deformation often leads to clogging of the liquid channel
with the height of 100 pm. Consequently, the allowable pressure difference between the gas
and liquid phases is restricted, which in turn limits the mass transfer efficiency of para-Hs

into the sample solution.

Additionally, methanol, the solvent most commonly used in SABRE and PHIP hyperpo-
larization experiments, aggressively attacks the covalent Si—O—Si bonds formed during the
oxygen plasma bonding of PDMS to glass, thereby weakening the adhesion at the bonding
interface. When the sample solution flows for more than 5 minutes, the bond between the

PDMS and the glass chip fails, resulting in a compromised seal of the micro gas-liquid reactor.
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(b)

Figure 4.6: Proof of the micro gas-liquid reactor prototype by measuring dissolved COq
gas with a BTB sample solution as a pH indicator. (a) Different colors of BTB solution at
different pH values. [157] Copyright (C) John Wiley & Sons, Ltd. (b) Testing the fabricated
micro gas-liquid reactor prototype, the dissolved COq caused the color of BTB solution

changes from blue to greenish yellow as it flowed through the liquid channel.

4.3.3 Gas-liquid reactor based on PDMS matrix with bonded PMMA

layers

In this section, a new version of gas-liquid reactor compatible with the 10 mm saddle coil
at high-field NMR spectrometer (11.74 T, Bruker) was fabricated. The gas-liquid reactor
comprises a microfluidic chip, a PDMS matrix, and a chip holder with microfluidic fittings
(Figure 4.7a). The PDMS matrix with the thickness of 1 mm serves a dual purpose: it

functions as both the membrane material and a sealing gasket for the microfluidic chip.

The microfluidic chip is composed of three layers of PMMA sheet (0.5 mm x 10 mm x
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150 mm = height xwidthxlength). The meandering gas on the bottom layer of the microflu-
idic chip features a width of 300 pm and a total length of 55 mm. The liquid channel with the
same meandering manner located on the same layer parallel to the gas channel with distance
of 600 pm (Figure 4.7b). This differs from conventional flat membrane gas-liquid reactors,
where the gas and liquid channels are positioned on opposite sides of the membrane. In this
design, gas molecules first diffuse into the PDMS block, then spread throughout the entire
PDMS matrix, and ultimately diffuse into the liquid phase. After coming into contact with
the gas molecules, the liquid sample flows along the channel into the middle layer, where it
reaches a 5 mm-wide reservoir for NMR detection. The open channel on the middle layer was
sealed by another piece of blank PMMA sheet as a cover layer. As illustrated in the assembly
drawing in Figure 4.7c, half of the reservoir’s length is positioned within the 10 mm saddle

coil, providing a detection volume of 25 pL for the sample solution.
S
Chip holder
O o

PMMA sheet

PDMS membrane

_-- Solution inlet
@‘ Gas inlet =l
- — _— 1 [ > Gas outlet =)
“=> Solution outlet
(b) (c)

Figure 4.7: (a) Explosive drawing of the gas-liquid reactor based on PDMS block and
PMMA sheet. (b) Assembly drawing of the gas-liquid reactor located in the 10 mm saddle

coil. (c) Top view of the microfluidic chip.

4.3.3.1 Fabrication of the prototype

The single layer PMMA sheet of the microfluidic chip were fabricated using a COq laser cutter
(Universal Laser Systems, VLS 3.50) equipped with a laser diode operating at a wavelength
of 630-680 nm and a maximum power of 1 mW. The 2D design of the channel structure
for each layer was created using CorelDraw software. These patterns were then laser-cut

onto the 0.5 mm thick PMMA sheets using cutting parameters of 8% power intensity and a
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cutting speed of 4 mm/s, which were sufficient to achieve a clean and precise cut through the

material.

Prior to the bonding experiments, the thermoplastic substrates were ultrasonically cleaned
(Sonorex Super RK 100 H, Bandelin, Germany) using isopropyl alcohol (IPA) solution for
10 min for the removal of debris and dust. The substrates were then rinsed and washed using
DI water and dried on a hotplate at 70°C for 10 min.

The cleaned, laser-cut PMMA sheets were then assembled using the solvent bonding
method, which employs specific organic solvents to dissolve polymer chains at the surface.
The dissolved polymer chains diffuse across the interface and re-crosslink with those from the
opposing substrate, creating entanglement through mechanical interlocking of the diffusing
chains, and ultimately forms a durable and permanent physical bond. [158] Solvent bonding
method enables strong adhesion at low temperatures with minimal equipment requirements
compared to other bonding methods (thermal bonding, ultrasonic bonding, and adhesive
bonding). [159]

In this bonding process, ethanol was selected as the bonding solvent due to its low toxicity
and widespread use with thermoplastic substrates such as PMMA, cycloolefin copolymer
(COCQ), polycarbonate (PC), and polyethylene terephthalate (PET). Ethanol can effectively

dissolve these materials without compromising their optical properties.

During the bonding process, ethanol was applied to the surface of the PMMA sheet by
dispensing 0.1 mL per square centimeter of bonding area onto the blank cover layer. The
middle layer was then aligned and placed in contact with the treated surface. The same
procedure was repeated to bond the middle and top layers. After assembly, the three-layer
chip was placed in an oven at 90°C and pressed under a metal weight overnight to ensure a

strong and uniform bond.

The rectangular chip holder was fabricated using CNC machining, with microfluidic fit-
tings (thread size: 1/4 — 28 UNF) arranged perpendicular to the chip surface (Figure 4.8b).
However, this design requires a large lateral space for the fittings, making it unsuitable for
insertion into the NMR probehead. To address this limitation, a redesigned chip holder was
developed with a cylindrical outer shape and microfluidic fittings (thread size: 10-32 UNF)

oriented longitudinally along the chip’s length, minimizing space requirements (Figure 4.8c).

4.3.3.2 Proof of the prototype

The prototype of the fabricated gas-liquid reactor, incorporating a PDMS matrix and a
bonded PMMA chip, was demonstrated using CO4 gas and the BTB solution as a pH indica-
tor. The prepared BTB solution with a pH of 8.1 exhibited a blue color. More details about

the preparation of BTB solution can be found in section 4.3.2.2.

The BTB sample solution was continuously pumped with a syringe pump with flow rate
of 100 pL/min into the reactor until filling all the liquid channel. The COgy gas was then
introduced into the gas channel with flow rate of 10 mL/min controlled with a MFC.
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(b) " (©

Figure 4.8: (a) Three laser-cuat PMMA sheets with the corresponding channel patterns.
(b) Bonded microfluidic chip integrated with a CNC-machined chip holder. The channels
are filled with red and blue ink solutions, representing the gas and liquid flow paths, respec-
tively. (c) 3D structure of the new version chip holder with more compact arrangement for

microfluidic fittings.

As shown in the captured images of the reactor during the experiment (Figure 4.9a-c), the
color of the solution in the reservoir gradually shifts from blue to greenish-yellow as the BTB

sample solution is continuously pumped through the channel after interacting with CO gas.

Another set of experiments was conducted with a lower liquid flow rate of 10 pL/min, while
keeping the gas flow rate unchanged. After interacting with COsy gas, the BTB solution
exhibited a bright yellow color (Figure 4.9d). The reduced flow rate resulted in a longer
residence time of the BTB solution within the reactor, allowing for more efficient mass transfer

and increased CO4 dissolution in the solution.

4.3.3.3 Challenges of the prototype in application of SABRE and PHIP

hyperpolarization

The prototype test for SABRE hyperpolarization failed due to leakage issues, which occurred
after less than 30 min of sample flow with a methanol-based SABRE or PHIP sample solution.
The primary cause was the insufficient strength of the solvent-bonded PMMA, which was

unable to withstand prolonged exposure to methanol.

Additionally, in this design, para-Hs diffuses into the PDMS matrix and disperses through-
out before interacting with the sample solution in the liquid channel. This configuration may
pose a potential safety concern, as part of the PDMS matrix is exposed to air, allowing

para-Hs to escape from the reactor.
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(b)

uL/min (Time: 03:25)

Figure 4.9: (a)—(c) Photos of the gas-liquid reactor with a BTB sample solution flowing
at 100 pL/min. (d) At a lower BTB solution flow rate of 10 pL/min, the solution entering

the reservoir exhibited a more intense yellow color.

Furthermore, the long mass transfer distance for gas diffusion results in lower gas-liquid
reaction efficiency. This issue can be mitigated by reducing the liquid flow rate to extend the
residence time, thereby enhancing gas dissolution. However, a lower flow rate also increases
the delivery time of the HP sample solution to the detection reservoir, leading to signal loss

due to relaxation, ultimately reducing the detected NMR signal intensity.

4.3.4 Tubular membrane gas-liquid reactor

Membrane reactors can be classified based on their configuration into several types, includ-
ing flat-sheet membranes, spiral-wound membranes, and tubular membranes. Among these,
tubular membrane reactors, characterized by their cylindrical geometry, offer distinct advan-

tages over other configurations.

Due to their structural and operational versatility, tubular membrane reactors have been
widely adopted in both industrial and biological applications. Their modular design enhances
flexibility and scalability; the number of membrane modules (such as hollow fiber membranes)
or the total length of the tubing can be easily adjusted to accommodate different throughput
and operational demands. [141, 160]
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Furthermore, the unique tubular architecture of these reactors enables the emulation of
tissue-like environments, analogous to networks of arteries, veins, and lymphatics in living
systems. [161] This makes them particularly valuable in bioreactor applications, where such
conditions are essential for mimicking physiological processes and improving the efficiency of

biochemical reactions. [162]

In this section, a gas-liquid reactor with configuration of tube-in-tube based on a commer-
cial tubular membrane (Teflon™ AF 2400) is introduced. First, the gas permeable property
of AF 2400 is explained, followed by the configuration of a tube-in-tube gas-liquid reactor
using AF 2400 tubing.

4.3.4.1 Material properties of AF 2400 membrane

The material of the tubular membrane AF 2400 is an amorphous glassy copolymer of fluo-
roethylene and perfluorodioxolane. It is known for the excellent gas permeability for various
gases (i.e., NHs, Ha, Og, CO2) and resistance to aqueous and organic solvents due to their
unique molecular structure. For instance, the Hs gas permeability of AF 2400 tubing is more
than 220 times greater than that of PTFE tubing [163]. The amorphous fluoropolymers lack
the tightly packed crystalline regions typical of semi-crystalline polymers, which allows for
more free volume within the material. This free volume creates pathways that facilitate the
easier transport of gases, contributing to their high permeability. The highly electronega-
tive fluorine atoms in these polymers form a protective barrier around the polymer chains,
providing a shield that resists interaction with other molecules. Therefore, amorphous fluo-
ropolymer material is hydrophobic (water-repellent) and oleophobic (oil-repellent), which is

impermeable to (non-fluorinated) liquids and resistant to a wide range of corrosives.

Moreover, fluoropolymers are generally chemically inert due to the strong carbon-fluorine
bonds. [164] These bonds are among the strongest in organic chemistry and resist breaking
down or reacting with most other chemicals, including organic solvents. These properties
make amorphous fluoropolymers as ideal material for applications of continuous flow chemical
reactions that require precise control over the contact time and conditions between gases and

liquids, such as catalytic hydrogenation reactions, gas absorption processes.

In addition to its high gas permeability and chemical resistance, AF 2400 also features
a low refractive index, which minimizes light scattering and reflection. This characteristic
is especially advantageous for applications that require optical clarity and minimal light
interference, such as protective coatings and anti-reflective coatings for optical devices. [165,
166]

4.3.4.2 Configuration of tube-in-tube gas-liquid reactors based on AF 2400

tubular membrane

As it shown in Figure 4.10a, the AF 2400 tubing (ID: 0.8 mm, OD: 1 mm) as an inner tubing
inserted in an outer PTFE tubing (ID: 1.6 mm, OD: 3.2 mm). Their concentric inner and

outer ends are typically connected with Swagelok tee union or T-type connectors with thread
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compatible to microfluidic flangeless fittings (Figure 4.10b). The overlapped length of the
inner and outer tubings is extendable to provide extremely large interfacial area between
the gas and liquid phases and can be wrapped to be more compact. Furthermore, the wall
thickness of the AF 2400 tubing is approximately 100 pm, and the inner radius is 400 pm,

resulting in a short mass transfer distance.

Therefore, the high gas permeability, large interfacial area, and short mass transfer distance
of the tube-in-tube reactor contribute to significantly higher liquid volumetric mass transfer

coefficients, ranging from 0.1 to 1.0 s~! [149], and enable efficient gas-liquid contact.

Generally, for the implementation of gas-liquid reactions, the liquid flows within the inner
tubing while the gas flows in the outer tubing. The flow directions of the gas and liquid
can be configured either in countercurrent or co-current flow arrangements. With a positive
pressure differential between the gas and liquid phases, the gas molecule diffused across the

tubular membrane (wall of inner tubing) and dissolved in the liquid phase.

T-type connector

|
[ -°N | .
L3

-JA-.._;'
. Liquid out 4
Liquid in % :

Teflon™ AF2400
ID:0.8 mm, OD :1 \

PTFE tubing
ID: 1.6mm, OD: 3.2mm

N

(b)

Figure 4.10: (a) Representation of a continuous flow setup based on tube-in-tube gas-liquid

reactor.(b) Sketch of the T-type connector for assembling the inner and outer tubings.
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4.3.4.3 Proof of the prototype

To assemble the tube-in-tube reactor, two T-type connectors with female thread size of
1/4 — 28 UNF were 3D printed using an SLA 3D printer (Photon Mono 4K, Anycubic,
China). A 510 mm long inner tubing AF 2400 and a 450 mm long PTFE outer tubing were
fitting with the microfluidic fittings (ID-XP-230X, IDEX), and then concentrically assembled
with the T-type connectors to form the tube-in-tube reactor with an overlapped tubing length
of 450 mm.

To demonstrate the performance of the tube-in-tube reactor, a BTB solution was employed
as the pH indicator in the liquid phase, and CO2 gas was used as the gas phase. The BTB
solution was prepared at a pH value of 8.1, exhibiting a blue color. More details on the

preparation of the BTB solution can be found in Section 4.3.2.2.

The BTB solution was initially pumped into the AF 2400 tubing using a peristaltic pump
(BT100-2J, LongerPump, China), prior to the introduction of COy gas. The inner tubing
appeared blue, indicating a basic pH value (Figure 4.11a).

Subsequently, COs gas was introduced into the PTFE outer tubing of the reactor at a
flow rate of 5 mL/min in a countercurrent direction. Shortly thereafter, the BTB solution
exhibited a color gradient from yellow to blue along the gas flow direction (Figure 4.11b). This
gradient reflects the mass transfer of COo within the reactor, with reduced COq dissolution

near the liquid inlet due to shorter contact time.

Next, the flow of the liquid phase was stopped while maintaining the gas flow at 5 mL /min.
As a result, the solution near the liquid inlet also turned yellow, since no fresh BTB solution

was supplied to the reactor (Figure 4.11c).

4.3.4.4 Flow rate dependence of SABRE using a tube-in-tube reactor

The advantages of the tube-in-tube reactor, including its high gas permeability, large inter-
facial surface area with scalable length, and resistance to chemicals (notably to methanol, a
common solvent in SABRE samples), make it particularly suitable for investigating SABRE
hyperpolarization. Additionally, the ability to independently control the flow dynamics of the
gas and liquid phases renders the tube-in-tube reactor ideal for real-time monitoring SABRE

reactions under continuous flow condition.

As mentioned in Section 3.6.1, the delivery time of the hyperpolarized substrate to the
NMR detection region needs to be carefully considered when performing SABRE using a
continuous-flow gas—liquid reactor. In the tube-in-tube reactor, there is a trade-off between
the delivery time and retention time of the sample solution, which impacts the intensity of
the NMR signal.

On one hand, a short delivery time, resulting from a fast flow rate of the sample solution,
leads to a shorter retention time of the sample inside the reactor. This reduces the amount
of para-Hs that dissolves into the sample solution, thereby decreasing the efficiency of the

SABRE reaction. On the other hand, the rapid transport of the sample to the NMR spec-
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(b)

(c)

Figure 4.11: Photos of the tube-in-tube reactor at the section near the T-type connector
(gas: COg2, liquid: BTB solution). (a) Prior to the introduction of CO4 gas into the reactor.
(b) Introducing CO2 while maintaining the flow rates of both gas and liquid at 5 mL/min.
(c) Stop the flow of the liquid while maintaining the CO at a flow rate of 5 mL/min.

trometer minimizes relaxation decay of the hyperpolarized substrate, which in turn allows for
greater signal intensity to be detected. Therefore, it is essential to determine the optimal gas
and liquid flow rates in a tube-in-tube reactor used in SABRE hyperpolarization to balance

these factors effectively.

Here, the SABRE hyperpolarization of pyrazine was performed in the custom-built tube-
in-tube reactor, where the inner and outer tubing had an overlapping length of 450 mm
(Figure 4.12a). The reactor was spiral-wound around a holder and placed inside a homemade
electromagnetic coil. A magnetic field strength of 6.5 mT for optimal spin transfer of 'H
SABRE was achieved at the center of the coil by adjusting the voltage applied on it (Figure
4.12b).

Three different sample solution flow rates were investigated. The flow rate of the para-Ho
was 40 sccm for all three sets of experiments. A positive pressure difference between the

gas and liquid phases was set to 55 psi to facilitate the mass transfer efficiency of para-Hs.
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The 5 mL activated SABRE solution was firstly pumped into the reactor with flow rate of
1.5 mL/min. The hyperpolarized sample was then directed out of the reactor and delivered
through PTFE tubing (OD: 1.8 mm, ID: 1 mm) to the bottom of a glass flow cell (OD:
5 mm, ID: 1 mm) positioned inside the Spinsolve NMR spectrometer. The central section
of the flow cell featured an expanded inner diameter of 4 mm, where the sample solution
was detected by the NMR coil, ensuring an improved filling factor for signal acquisition
(Figure 4.12¢). Subsequently, the sample exited from the top of the glass flow cell and was
recirculated via PTFE tubing back to the reservoir, forming a closed liquid loop for continuous

rehyperpolarization using the SABRE method.

After running the experiment for 5 min, the signal of the hyperpolarized solution was
measured using a single scan. Following each NMR acquisition, the sample was degassed and

allowed to return to thermal equilibrium.

Adhering to this protocol, measurements of pyrazine sample solutions hyperpolarized via
SABRE in the same tube-in-tube reactor were conducted at liquid flow rates of 1.5 mL/min,
2.5 mL/min, and 3.5 mL/min. As the results shown in Figure 4.13, the signal intensity of
the hyperpolarized pyrazine reached its maximum at a flow rate of 2.5 mL/min. At a higher
flow rate of 3.5 mL/min, the observed NMR signal intensity decreased, suggesting a reduced
SABRE hyperpolarization efficiency in the tube-in-tube reactor despite the shorter delivery

time.

4.4 Direct contact gas-liquid reactor

In the previous section, it was discussed how planar and tubular membrane gas-liquid con-
tactors achieve gas-liquid separation while facilitating mass transfer through a membrane
structure. Although effective for specific applications, the efficiency of mass transfer in these

systems is limited by the membrane area and its properties (porosity and the pore size).

In contrast, direct contact gas-liquid reactors employ a fundamentally different approach,
the two phases interact without the separation afforded by membranes or other solid media.
The absence of such physical barriers allows for immediate and direct contact between the
phases, typically resulting in higher mass and heat transfer efficiencies compared to contactors
that utilize membrane structures. The design of these contactors is relatively straightforward,
facilitating easier fabrication and maintenance. This simplicity, combined with enhanced
operational efficiency, makes direct contact contactors favorable for a wide range of industrial

applications.

For a two-phase flow system in direct contact gas-liquid reactor, the flow patterns such as
slug flow, churn flow, and annular flow differ significantly in their structure and thus in their

gas-liquid interfacial area. [167]

The slug flow typically occurs at moderate gas and liquid flow rates, it consists of alternat-

ing sequences of liquid slugs and gas bubbles. The liquid slugs often carry a film of liquid on
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(b)

Figure 4.12: (a) Photo of the experimental setup for SABRE hyperpolarization using a
tube-in-tube reactor. (b) Left: The reactor is positioned within an electromagnetic coil to
generate the optimal PTF (6.5 mT) for 'H SABRE. Right: The tube-in-tube reactor with an
overlapped length of 450 mm is spiral-wound around a 3D printed holder. Arrows indicate
the countercurrent flow direction of para-Hs and the sample solution within the reactor. (c)
Photo of the glass flow cell with a total length of 500 mm and an outer diameter of 5 mm
used for flow measurements on the Spinsolve NMR. The internal diameter of the flow cell at
its central part is expanded from 1 mm to 4 mm, designated as the detection region within
the NMR coil.

the pipe walls and encapsulate large gas bubbles or gas slugs (Figure 4.14a). Therefore, the
surface of the bubbles provides the main interface of contact between the gas slugs and the
surrounding liquid. These bubbles or gas slugs typically move within the liquid, completely
or partially enveloped by it, causing vigorous mixing in the liquid slug ahead of and behind
each bubble. This dynamic interaction between the gas and liquid phases creates fluctuating
boundaries, which leads to frequent renewal of the gas-liquid interface, enhancing local mass

transfer.
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Figure 4.13: NMR spectra of pyrazine measured at thermal equilibrium and static fluidic
condition (red) as reference, and hyperpolarized by SABRE in tube-in-tube reactor at differ-
ent flow rates of the sample solution. The pyrazine peak (7.6-8.7 ppm) and the ortho-Hg peak
(4.3-4.5 ppm) are magnified to facilitate a clearer comparison. Sample solution: 60 mmol/L

pyrazine with 3 mmol/L standard Ir-IMes catalyst in deuterated methanol.

As the velocity of the gas phase increases, the gas slugs begin to interact more turbulently
with the liquid slugs. The kinetic energy of the gas phase becomes sufficient to disrupt the
liquid slugs more violently. With further increases in gas flow rate, the liquid slugs start
to break down into smaller fragments. These fragments are less capable of maintaining a
coherent slug structure and begin to mix more chaotically with the gas. The breakdown of
liquid slugs leads to increased turbulence within the pipe. The flow becomes more mixed
and chaotic, with no distinct large gas or liquid slugs. This mixed and chaotic state is
characteristic of churn flow (Figure 4.14b). In churn flow, the flow is highly turbulent,
consisting of a frothy, churned mixture of gas and liquid without any orderly structure. The
interface between the gas and liquid phases increases significantly, enhancing mass and heat
transfer, although the interfacial area becomes less predictable due to the chaotic nature of
the flow. [168|

As gas velocity increases beyond the churn flow regime, the momentum of the gas is
sufficient to push most of the liquid phase towards the pipe walls. With the gas phase
dominating the core of the pipe, it forces the liquid into a thin film along the walls. This film
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may initially appear wavy and uneven but tends to stabilize into a smoother, more continuous
film as gas velocity continues to increase and stabilize, thus initiating the formation of annular
flow (Figure 4.14c¢). In the annular flow regime, the gas needs to flow at high velocity through
the center since the gaseous void fraction is very high, and the liquid, primarily in the form
of a film, lines the walls. Droplets may be entrained in the gas stream, but the main body of
the liquid remains at the periphery. The annular flow offers efficient heat and mass transfer

because of the large surface area of the liquid film and the rapid gas flow in the core. [169]

A]

|

0%,

(@ (b)

Figure 4.14: Representation of flow patterns of gas-liquid two phase system in vertical
pipe. [170] (a) Slug flow. (b) Churn flow. (c¢) Annular flow. Copyright (C) 2012 American
Chemical Society.

4.4.1 On-chip sandwich flow gas-liquid reactor

Among the formed flow patterns (such as slug flow, churn flow and annular flow) in a direct
contact gas-liquid reactors, the annular flow exhibits large interface between the two phases.
Nevertheless, annular flow gas-liquid reactors place higher demands on control of the flow
dynamics, particularly regarding the meticulous management of gas-liquid flow rate and

balanced gas-liquid ratio.

In this subsection, a 3D-printed prototype of annular flow gas-liquid reactor based on
a microfluidic chip is introduced. Unlike conventional reactors that achieve annular flow
in circular channels, this design utilizes a channel with a rectangular cross-section to form
a sandwich flow with multi-phases of liquid-gas-liquid, which adapts from the traditional

concept of annular flow.

4.4.1.1 Fabrication of the on-chip sandwich flow gas-liquid reactor

The on-chip gas-liquid reactor features a compact footprint measuring 2 cm in width and

10 cm in length. The liquid phase inlets are arranged in a Y-shaped configuration on both
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sides of the central gas inlet, each forming a 30° angle with the main axis (Figure 4.15). This
configuration leads to three inlet channels, each 1 mm wide, which converge to form a main
channel with a width of 1.82 mm. This arrangement facilitates the formation of a sandwich
flow pattern, where the gas layer is effectively sandwiched between two layers of liquid along
the length of the channel. With a stable sandwich flow established in the main channel, the
total gas-liquid interface effectively doubles the channel length. This maximizes the contact
area between the phases, thereby enhancing mass and heat transfer between the gas and

liquid phases within the compact microfluidic platform.

To accommodate the high flow rate of the gas, the ports of the chip were custom-designed
and 3D-printed to connect seamlessly with flangeless microfluidic fittings (Model LVF-KFI-
29, ELVEFLOW, France). These connections support rigid PTFE tubing with OD of 1/16
inch, ensuring stable and efficient gas delivery to the reactor. As shown in Figure 4.15¢, both
the microfluidic ports and the sandwich flow gas-liquid reactor were 3D printed using an
SLA printer (Photon Mono 4K, Anycubic, China). The cured 3D-printed ports were aligned
with the corresponding inlets and outlet on the chip and then assembled using UV glue
(PHOTOBOND 4436, DELO, Germany). The assembly required a curing time of 90 s under
the 100% power setting of a high-intensity UV lamp (DELOLUX 20, DELO, Germany).

71,58 =

1.82

(a) (b)

Figure 4.15: (a) Dimensions of the on-chip sandwich flow gas-liquid reactor (unit in mm).
(b) 3D rendering of the ports with 10-32 UNF thread size for microfluidic fittings. (c)
Assembled 3D-printed on-chip sandwich flow gas-liquid reactor.

4.4.1.2 Proof of the prototype

To demonstrate the performance of the sandwich flow gas-liquid reactor, BTB solution was

employed as the pH indicator for the liquid phase, and CO2 gas was used as the gas phase.

98



4  Continuous-Flow Platforms for SABRE and PHIP

The BTB sample solution was prepared with pH value of 8.1 and the color was blue. More

details of the BTB solution preparation can be found in section 4.3.2.2.

Here, three different gas-liquid flow rate ratios were tested on the gas-liquid reactor. All
flow photos shown in Figure 4.16 were captured 30 s after the stable sandwich flow had been
established. As illustrated, a well-defined sandwich flow was successfully formed in all three

experiments.

In the first experiment, the flow rates for the gas and liquid phases were set at 10 mL/min
and 1000 pL/min respectively, resulting in a gas-liquid flow rate ratio of 10:1. The two layers
of the solution predominantly occupied the channel space, leaving only a narrow gap for the
gas in the center. At the outlet terminal, the color of the blue BTB solution remained almost

unchanged. (Figure 4.16a).

As deducing the flow rate of the liquid phase to 150 pL/min in the second experiment,
the gas-liquid flow rate ratio increased to 200:3 (Figure 4.16b). Consequently, the BTB
solution was pushed further towards the both sidewalls of the main channel, and the blue
color began to transition to greenish-yellow halfway down the channel, indicating increased
CO4 dissolution due to the longer residual time of the solution in channel. A clear color
gradient from yellow to blue was observed from the center to the sidewalls in the cross-section

of the channel.

In the third experiment, while the flow rate of the BTB solution was maintained, the
gas flow rate was increased to 30 mL/min, resulting in the color transition occurring before
reaching halfway along the channel (Figure 4.16¢). At the outlet port, the BTB solution
displayed a bright yellow color. Despite the unchanged residence time of the solution, the
higher gas-liquid flow rate ratio—caused by the faster flow of the gas—resulted in thinner
liquid films along the sidewalls. Consequently, this produced a shorter diffusion path for CO2
gas across the cross-section of the main channel, which explains the earlier transition of the
BTB solution compared to the other two experiments. Furthermore, the increased flow rate
of the gas also led to higher pressure inside the channel, which enhanced the dissolution of

the gas into the liquid.

The on-chip sandwich flow design offers a simple reactor configuration that is scalable and
compatible with various fabrication processes. While 3D printing is used for prototyping, this
design can also be integrated with other manufacturing techniques, such as soft lithography
for PDMS chips or UV lithography on glass substrates. This flexibility enhances the reactor’s

applicability across different research and industrial contexts.

4.4.1.3 Challenges of the sandwish flow gas-liquid reactor in application
of SABRE and PHIP hyperpolarization

Despite the advantages in perspective of design, challenges persist, particularly in applying
PHIP and SABRE hyperpolarization. A critical issue is the separation of gas and liquid
after they flow from the reactor towards the NMR detector. Although installing a bubble

remover can facilitate degassing, it introduces a drawback: the additional time required for
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(a) (b) (c)

Figure 4.16: The sandwich flow formed with different flow rates of gas (CO2) and liquid
(BTB solution) phases in the 3D-printed gas-liquid reactor. Different colors indicate the
interaction of COq dissolved in the BTB solution. Gas-liquid flow rate ratio: (a) 10:1 (b)
200:3 (c) 200:1.

degassing may substantially reduce the NMR signal intensity of the hyperpolarized sample

due to relaxation decay during this period.

Additionally, establishing a stable sandwich flow within the reactor typically requires sev-
eral seconds. During this interval, the fast-flowing gas propels the sample solution out of the
reactor, necessitating a larger volume of the sample solution. This issue becomes particu-
larly problematic when testing SABRE and PHIP sample solutions that involve expensive

catalysts or isotope-labeled substrates, as the increased volume leads to higher costs.

Furthermore, unlike membrane contactors with a physical barriers facilitate phase separa-
tion, the operation of such sandwish flow reactor requires careful management of the dynamic
balance between gas and liquid phases to ensure efficient mass transfer while avoiding insta-
bilities such as bubble formation or liquid accumulation. The high level of flow condition
control makes the design and operation of sandwish flow reactors more complex; however, in
applications where high mass transfer efficiency is critical, these additional efforts are often

justified by the performance gains.
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Parallelization of SABRE under Continuous-

Flow Conditions

5.1 Overview

Building on the preliminary evaluation of the fabricated continuous-flow platforms for PHIP
and SABRE presented in the previous chapter, this chapter introduces an NMR . acceleration
strategy that integrates SABRE hyperpolarization in tube-in-tube gas-liquid reactors with
parallel detection using dual NMR cells (NCs).

The chapter begins by outlining the motivation for combining SABRE hyperpolarization
and parallel detection to accelerate NMR analysis, particularly for low-concentration analytes.
It then provides a detailed description of the two main components of the system: (i) parallel
printed circuit board (PCB)-based NCs consisting of two spatially separated, locally shimmed
saddle coils, and (ii) a continuous-flow SABRE setup using tube-in-tube reactors to ensure

stable and uninterrupted delivery of hyperpolarized solution.

The performance of the integrated platform is evaluated through a series of experiments,
including flow rate optimization to balance polarization efficiency and throughput, compar-
ison of MRI measurements using thermally polarized reference samples and hyperpolarized
analytes at low concentrations, and simultaneous single-scan detection of such hyperpolarized
samples in both channels. These results collectively demonstrate the feasibility and effective-
ness of the parallelized SABRE approach in enabling high-throughput NMR measurements.
The results presented in this chapter are part of a manuscript entitled " Accelerating NMR
spectroscopy via parallel SABRE in a continuous-flow system", which has been submitted to

the journal Review of Scientific Instruments and is currently under peer review [JY04].

5.2 Introduction

NMR is one of the most powerful analytical tools, capable of extracting enormous amounts of
information from the spin of a target sample, widely used in chemistry, medicine, and phys-

ical sciences. However, when measuring low-concentration samples, NMR typically requires
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extended acquisition times due to the need for multiple scans to improve the signal-to-noise
ratio (SNR). [171, 32| This is a limitation for time-dependent effects, such as occurring in
fast chemical reactions, or for low-concentration analytes such as arising in biological set-
tings. Consequently, there is growing interest in developing fast and cost-effective screening
methods using NMR coil arrays. [172, 173, 174, 175] These arrays consist of multiple coils
that are arranged and operated either in a time-interleaved or synchronized manner, achiev-
ing an n-fold reduction in detection time. For instance, an NMR coil array comprising two
identical, parallel NCs integrated with local shimming coils—as described in previous work
[176]—enables the simultaneous measurement of two independent samples with precise field
homogeneity. This configuration effectively doubles the detection throughput. However, the
sensitivity of NMR, detection using such NCs remains fundamentally limited by the inherently
low nuclear spin polarization at thermal equilibrium—a constraint that becomes particularly

pronounced when analyzing small sample volumes or low-concentration analytes.

A common but time-consuming approach is to acquire multiple replicate spectra for signal
averaging to increase the SNR. This method leads to prolonged experiment’s duration, for
example, achieving a twofold enhancement in SNR necessitates quadrupling the number of
replicate measurements. Other hardware-perspective approaches to increase the sensitivity
of NMR detection involve the use of ultra-high field superconducting magnets, which operate
in the GHz range and enhance the population difference between spins at different energy
levels, potentially improving the SNR. Additionally, employing cryoprobes to cool the RF
coil and preamplifier can significantly reduce thermal noise from the electronics, potentially
enhancing the SNR by up to fourfold. However, these methods are costly and the capacities
of increasing the sensitivity are limited. Furthermore, the cooling systems may complicate
the implementation of RF coil arrays due to the constrained space within typical magnet

bores and the challenge of maintaining precise temperature control for each RF coil.

Hyperpolarization techniques provide an alternative and efficient way to overcome the
fundamentally low sensitivity by breaking the thermal equilibrium state through physical
or chemical means and establishing the non-equilibrium polarization with large population
difference at different energy states, thereby boosting the sensitivity of NMR and MRI.
[48, 72, 177]

As previously mentioned in Chapter 3.5, SABRE as a non-hydrogenative variant of PHIP,
has its own merits of rapid generation substantial polarization of substrates within seconds
by harnessing the spin order from para-Hg (Figure 5.1a). (98, 102] Consequently, it enables
the acquisition of an NMR spectrum or MR imaging with dramatically enhanced SNR, from
a single scan experiment, thereby greatly accelerating NMR detection. Additionally, the
unpolarized substrates can rebind to the catalyst and re-hyperpolarize as long as the sample
solution is replenished with fresh para-Hs, allowing SABRE to continuously produce HP

substrates.

Inspired by capabilities of SABRE, this study integrates NMR detection coils with SABRE
hyperpolarization to enable rapid, high-throughput NMR measurements. Here, the first
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demonstration of parallel '"H SABRE hyperpolarization under continuous-flow conditions is
presented, achieved by combining a parallel NMR detector system with SABRE hyperpo-
larization on a commercial 1.05 T MRI system for real-time NMR and MRI sensing. Two
different sample solutions were hyperpolarized using SABRE in gas-liquid reactors with a
tube-in-tube configuration (Figure 5.1b), where the optimal flow rate was initially determined
using both NMR and MRI techniques.

to-be-polarized
para-I,

NHC-ligand ~ e N
/ ’7/ IMes -, . Q 2 =\ R
H /f,h") | ‘“\\\\\i\\__'s/) - IMes = )& N\"/Nﬁ

i
I .
- :
dt/ 7 L@ @O
P N p 1 s L [ j
ortho-H, \ S ,3 : / ~ N”
Y pyridine pyrazine S

______________________

free hyperpolarized
H substrate

(a)

Liquid

Tube-in tube reactor

(b)

Figure 5.1: (a) Schematic representation of SABRE hyperpolarization on a catalytic com-
plex. The spin orders derived from para-Hs are transferred to the substrates (pyridine and
pyrazine) on the equatorial plane through the J-coupling network. The hyperpolarized sub-
strates with boosted magnetization dissociate from the catalyst form free substrates without
chemical modification. (b) Section view of the tube-in-tube reactor under countercurrent

condition.

To evaluate the feasibility of parallelized SABRE hyperpolarization, single-scan acqui-
sitions were performed simultaneously on two distinct SABRE solutions—one containing
pyridine and the other pyrazine—measuring their signals in both thermal equilibrium and
hyperpolarized states. By applying different pressure conditions in the tube-in-tube reactors,
variations in hyperpolarization efficiency were observed, with SNR enhancements of 140-fold
for pyridine and 43-fold for pyrazine. These results provide a direct comparison of SABRE
efficiency under varying conditions and lay the groundwork for implementing multi-sample
parallel NMR detection.

This study establishes a framework for integrating SABRE hyperpolarization with parallel

NMR detection, allowing for single-scan acquisition of hyperpolarized signals from multiple
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samples. Through the implementation of continuous-flow conditions and parallel coil de-
tection, high-quality spectral acquisition is achieved without the need for signal averaging,

significantly accelerating NMR, detection.

5.3 System design and setup for parallel SABRE measurement

The experimental setup consists of two main components: parallel PCB-based NCs and a

continuous-flow SABRE system (Figure 5.2).

The parallel PCB-based NCs are designed to enable simultaneous acquisition of NMR
signals from multiple samples, effectively doubling the throughput and improving the overall
efficiency of NMR, detection. The core of continuous-flow SABRE system is two tube-in-
tube gas-liquid reactor housed within two electromagnetic solenoid coils. Each tube-in-tube
reactor hyperpolarizes the SABRE sample solution under continuous-flow conditions at the
optimal magnetic field provided by the solenoid coils. The following two subsections provide

a detailed description of each component.

5.3.1 Parallel NCs with local shimming coils

Commercial NMR magnet systems are conventionally designed with a single RF coil and
a single shim set, restricting measurements to one sample at a time. These shim systems
rely on co-located spherical harmonics to achieve field homogeneity, but their effectiveness is
inherently limited to a single coordinate origin. Additionally, practical deviations arise due

to the non-ideal spherical geometry of both the sample and the RF coil.

To overcome this limitation, a parallel NMR detection system was adapted for a 1.05 T
MRI system, incorporating localized field correction to enable independent and simultaneous
NMR signal acquisition from multiple samples. This system consists of two modular NCs,
each functioning as an independent measurement unit, denoted as CH 1 and CH 2. The design
allows for scalable parallelization while maintaining signal integrity. Each NC comprises an
RF coil responsible for both excitation and detection, along with a dedicated set of shim
coils for localized magnetic field correction. The Bj field orientations of the two NCs are

deliberately arranged orthogonally to minimize mutual magnetic flux interference.

As illustrated in Figure 5.3, both the RF and shim coils are fabricated using flexible PCB
technology and assembled onto cylindrical 3D-printed PLA-based supports. The sample
holder is designed for glass tubes with an inner diameter of 5 mm, while the RF detector coil
is a saddle coil with an optimized 8 mm diameter. The shim coils are positioned around the
outer support structure, which has a radius of 8.5 mm. The RF coil geometry follows the

design principles outlined by Ginsberg et al. [178], ensuring uniform excitation fields.

By implementing localized shim coils, the conventional isocenter of the magnet is effec-
tively subdivided into multiple, sample-specific isocenters, allowing for precise spatial field

correction in each NC. The key advantage of this approach lies in the independent control of
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Figure 5.2: Overview of continuous parallel SABRE experiment setup. The tube-in-tube
reactors for continuous SABRE hyperpolarization are wrapped and located inside of the
electromagnetic coils with the generated magnetic field of 6.5 mT. The SABRE sample
solutions (pyrazine in red color, pyridine in blue color) are continuously hyperpolarized within
the tube-in-tube reactors at different pressure differences of the gas and liquid phase. The
HP solutions are pumped into the 3D-printed conical-sided flow cells located inside of the
RF coils on the NC-based parallel probe positioned at the 1.05 T horizontal field magnet.
(Adopted from [JY04].)

the orthogonal spherical harmonic shim fields, enabling flexible and effective compensation
for inhomogeneities within the measurement regions (details on the design of the NC shim

can be found in previews work [176]).
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Figure 5.3: (a) Photograph of the proposed parallel system, featuring two NCs mounted on
a PCB. (b) 3D model of a single NC, featuring an inner holder for the RF signal detection coil
and an outer surrounding holder for shimming coil (r; = 2.5 mm, ro =4 mm, r3 = 8.5 mm.)
(c) Photograph and schematic of a flexible substrate RF coil PCB, and a shim coil stack
PCB, prior to wrapping the PCBs onto the coil support. [176] Copyright (C) Springer Nature
Limited 2022.

5.3.2 Continuous flow SABRE in tube-in-tube reactor

The continuous SABRE hyperpolarization setup featured two identical gas-liquid reactors in
a tube-in-tube configuration, as shown in Figure 5.2. The inlets and outlets of the outer
and inner tubing were assembled via two T-junctions (P-713, IDEX Science&Health) and
microfluidic tubing fittings (1/4-28 flat-bottom, XP-348 and XP-245, IDEX Science&Health).
An extended contacting surface of gas and liquid was provided by 1.5 m overlapping length

of the outer and inner tubing.

To achieve efficient polarization of 'H via SABRE, the tube-in-tube reactors were coiled
and positioned inside two home-made solenoid electromagnetic coil, each providing an optimal

magnetic field strength of 6.5 mT for optimal polarization transfer.

SABRE sample solutions were pumped through the highly gas-permeable inner tubing
(Teflon™ AF 2400, OD: 0.8 mm, ID: 0.6 mm) using two peristaltic pumps, establishing a
counter-flow between the gas and liquid phases. Additionally, two back-pressure regulators
(IDEX Science&Health, JR-BPR1 and P-791) were installed downstream of the liquid flow
in the reactors, maintaining pressures of 35 psi and 20 psi (1 psi =~ 6.89 kPa) for the pyridine

and pyrazine sample solutions, respectively (Figure 5.2).

Para-Ho supply was evenly split into two paths and directed through the outer PTFE
tubing (OD: 3.2 mm, ID: 2 mm) of each reactor at a flow rate of 20 mL/min, regulated by

a mass flow controller (MFC). Two identical back-pressure regulators with 40 psi cartridges
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were installed downstream of the gas flow in each reactor. This setup ensured consistent
pressure differences Ap between the gas and liquid phases: Ap = 5 psi was applied on the
reactor for hyperpolarization pyrazine, while Ap = 20 psi was applied to the reactor used for
pyridine. The positive Ap facilitated the diffusion of parahydrogen molecules through the

inner tubing wall and into the sample solutions, ensuring efficient mass transfer of para-Ho.

The HP sample solutions were continuously fed into the 3D-printed flow cells centered
within the RF saddle coils. The flow cell was designed with a cylindrical middle section (5 mm
in OD) to achieve a high filling factor for the detection coils. The ends of the cell were conically
shaped, tapering to 2 mm in diameter, to facilitate easy connection to tubing, minimize dead
volume, and conserve sample solution. The middle section of the flow cell was modified with
a cross-shaped flow cross-section for better visualization for MRI detection. After traversing
the detection area, the sample solutions were continuously pumped to their respective sample

reservoirs forming a closed loop for subsequent regeneration of hyperpolarization.

5.4 Experiments and results

5.4.1 Chemical preparation

e Preparation of SABRE sample solution

All SABRE sample solutions were prepared under inert gas conditions. For SABRE hyperpo-
larization of 'H pyrazine and pyridine, each sample solution contained 3 mmol /L of standard
homogeneous SABRE pre-catalyst [IrCl(COD)(IMes)| (IMes=1,3-bis(2,4,6- trimethylphenyl)
imidazole-2-ylidene; COD=cyclooctadiene) and 60 mmol/L of each substrate dissolved in de-
gassed methanol-dy. The prepared sample solutions were deposited in two Falcon tubes and
capped tightly until activation. The pre-catalyst in each sample solution was activated by
bubbling fresh para-Hs at a flow rate of 20 mL/min, ambient pressure, and room temperature
(25°C) for 10 min.

e Enrichment of para-Ho

Normal hydrogen gas (ALPHAGAZ™ Hj, 99.999%) flows along the pipeline with an appro-
priate flow rate (0.5 L/min) controlled by a mass flow controller. A commercial water-cooled
helium compressor (Advanced Research System, Model ARS-4HW) offers the cooling source
to the cryostat (cold head) at 23 K. After contacting the paramagnetic hydrated iron (III)
oxide catalyst (FeoOs-H90) in the chamber at the bottom of the cold head, the para-Ho

fraction of 98% was generated and collected within an aluminum gas bottle.

5.4.2 Dependency of volume flow on the rate of continuous SABRE hy-

perpolarization

The hyperpolarization of a substrate in a gas-liquid reactor is critically influenced by the

volumetric flow rate and the size of the fluidic circuit. Upon leaving a reactor, the sample’s
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level of polarization relaxes during transport to the detection volume, and the remaining
polarization passing through a detection coil of average traversal length I, will have time
t = ./, for acquisition, where . is the average fluid velocity. High volumetric flow rates,
which would compensate for loss of polarization during transport between a reactor and the
detection coil, but suffer from reduced residence time in the reactor, leading to a decreased
para-Ho uptake and consequently less efficient polarization transfer, and loss of detection
time in the coil. In contrast, lower volumetric flow rates allow to generate more HP substrate
in the reactor, while needing longer transfer time to reach the detection coil, which again
results in polarization loss. Therefore, an optimal volume-flow rate needs to be determined
to obtain the best compromise between short transport time, and a long enough residence

time to both maximize the polarization level, and have sufficient time for detection.

In this work, the flow rate dependency on the signal intensity of the generated HP pyrazine
was studied using a 3D printed flow cell with a cross-shaped cross-section. The sample flow
rates varied from 1 mL/min to 10 mL/min, while the pressure difference between the gas and

liquid phases in the tube-in-tube reactor was maintained at 20 psi.

For this flow rate study, NMR measurements were performed in single-scan mode using a
single detection channel on the parallel NC probe. As shown by the stacked NMR spectra of
HP pyrazine in Figure 5.4a, the signal intensity initially increased and reached a maximum as
the flow rate increased from 1 mL/min to 6 mL/min (Figure 5.4b). Upon further increasing
the flow rate, the signal intensity decreased again due to the shorter residence time of the

sample in the reactor, which resulted in a less efficient SABRE process.
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Figure 5.4: (a) 'H NMR spectra of HP pyrazine as a function of the volumetric flow rate
in the tube-in-tube reactor, with a positive pressure difference of 20 psi (137 kPa) between
the gas and liquid phases. The sample solution contained 60 mmol/L pyrazine and 3 mmol/L
Ir-IMes catalyst dissolved in methanol-d4. (b) Signal intensities of HP pyrazine with different

flow rates. Middle: 3D-model of the flow cell with a cross-shaped cross section.
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5.4.3 SNR enhancement analysis based on MRI comparison

To quantitatively assess the sensitivity enhancement enabled by SABRE hyperpolarization
under low-concentration conditions, a comparative MRI study was conducted using thermally
polarized methanol and SABRE-hyperpolarized pyrazine solutions. The corresponding pro-
ton concentrations were cipy gy = 98.88 mol/L for the methanol reference sample (accounting
for four protons per methanol molecule) and ciyyp = 0.24 mol/L for the hyperpolarized

pyrazine sample (60 mM pyrazine, four protons per molecule).

Both samples were imaged under identical acquisition parameters, differing only in the
number of signal averages: Nrrrp = 16 scans for the thermally polarized methanol reference
and Nyp = 2 scans for the hyperpolarized pyrazine sample. All MRI measurements were
performed under continuous flow conditions at a flow rate of 6 mL/min, which was determined
as the optimal flow rate based on the flow rate versus signal intensity analysis discussed in
the preceding section. Both reference and hyperpolarized measurements were conducted at

this optimized flow rate.

The SNR of each MR imaging were determined by manually selecting four signal-dominant
regions and four background regions within each MRI dataset (Figure 5.5). Circular ROIs of

identical physical area were used to ensure consistent sampling.

For each ROI, the mean pixel intensity was extracted, and SNR of MR imaging was
calculated according to the relation
5
SNR; = —, (5.1)
ON
where S indicates mean values for the signal and oy represent the standard deviation of the
background noise. This approach emphasizes the practical detectability of low-concentration
signals, which is the primary objective of hyperpolarization-enhanced detection, rather than

assessing instrument-limited noise characteristics.

Therefore, the calculated SNR values were

696.3

N = —— ~31.
SNRRet = 55757 & 316,
and
491.88
N = ~ H8&.6.
SNRpnp 239 58.6

To account for differences in proton concentration and acquisition time, the per-proton nor-

malized sensitivity enhancement factor (e1yg) is introduced by

SNRpup - ¢1HRet * V NRef
SNRRet - e up - vVNoP

g1y = (5.2)

Substituting the experimental values yields

 58.6x 98.88 x V16 58.6 x 98.88 x 4

= - ~ 2161.
H T T 6% 024 %32 31.6x0.24x 1.414
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(b)

Figure 5.5: MR images and corresponding ROI selections for SNR analysis under continuous
flow conditions at a flow rate of 6 mL/min. (a) Thermally polarized methanol reference sam-
ple (ciyg et = 98.88 mol/L, 16 scans); (b) SABRE HP pyrazine sample (ciyg yp = 0.24 mol/L,
2 scans). Left: Original MRI images acquired using identical imaging parameters. Right:
ROI selections for SNR calculation, where central small ROIs represent signal-dominant re-

gions and peripheral ROIs represent background noise regions.

This result indicates that, after normalizing for proton concentration and scan time, SABRE
hyperpolarization provides approximately a 2161-fold improvement in detection sensitivity
per proton compared to thermal equilibrium conditions. Such a enhancement demonstrates
the particular suitability of SABRE hyperpolarization for the detection of metabolites and
biochemical intermediates that typically exist from nano to milli molar concentrations in bio-
logical systems. In these scenarios, conventional NMR and MRI methods are often inadequate

due to insufficient sensitivity and prohibitively long acquisition times.

5.4.4 Parallel SABRE hyperpolarization of pyrazine and pyridine

Parallel 'H SABRE hyperpolarization of pyrazine and pyridine was performed with simulta-
neous NMR detection in two parallel channels using the dual RF coils on the NC-based probe.
With tube-in-tube gas-liquid reactors, HP pyrazine and pyridine were continuously fed into

parallel RF coils (CH 1 and CH 2), at an optimized flow rate of 6 mL/min, as determined
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Reference HP
(Methanol, 16 scans) (Pyrazine, 2 scans)

ClH,Ref = 98.88 M 01H,HP =0.24 M

1 217.0 85.18
Signal region 2 246.7 159.50
(Mean value, 5) 102.9 104.20
4 129.7 143.00
) 5.50 1.99
Background region 6 5.43 2.29
(8td Dev, on) 7 5.42 2.18
8 5.72 1.93

Table 5.1: Comparison of mean signal and standard deviation of background noise levels
for a reference sample (methanol) and hyperpolarized pyrazine under different proton con-

centrations and scan numbers.

from preliminary experiments (Figure 5.4b).

One RF coil was connected to the ICON MRI system to perform a standard 'H single-pulse
experiment using the ParaVision software interface (version 6.0.1, Bruker), while the second
coil was connected to a separate NMR spectrometer system (Kea2, Magritek). A transistor-
transistor logic (TTL) line connected the two systems to ensure precise synchronization of
RF pulse excitation and signal acquisition, enabling truly parallel data collection from both

hyperpolarized samples.

Four sets of experiments were conducted to simultaneously acquire signals from the samples
fed into the flow cells in CH 1 and CH 2. The results are presented as stacked spectra in
Figure 5.6. In the initial set of experiments, the supply of para-Hs was turned off in the gas
pathways of both tube-in-tube reactors to measure the thermal equilibrium signals of pyrazine
and pyridine. However, due to the low millimolar-range concentrations in the single-scan

experiments, the peaks in the recorded spectra were scarcely discernible (Figure 5.6a).

In the second set of experiments, para-Ho delivery was then commenced to both reactors,
which initiated the hyperpolarization of substrates via SABRE. After 60s of para-Ho expo-
sure, NMR signals from both channels were acquired simultaneously within a single scan.
Notably, a distinct singlet peak at 8.5 ppm with an amplitude-based SNR of 43 was observed
in the pyrazine spectrum, while peaks between 7.0 to 8.6 ppm were resolved in the pyridine
spectrum. The expected triplet splitting of pyridine in the NMR spectrum was not fully

resolved under our experimental conditions. Instead, the signals from the protons at the
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para and meta positions coalesced into a broader peak, resulting in an apparent doublet-like
pattern. The most intense peak, originating from the ortho proton, exhibited an SNR of 140
(Figure 5.6b). The higher SNR value of the pyridine peak, compared to that of pyrazine, re-
sulted from the greater pressure difference (Ap = 20 psi) applied to the tube-in-tube reactor
for hyperpolarizing the pyridine sample solution, relative to that used (Ap = 5 psi) for the

pyrazine sample.

Subsequently, the para-Hy supply in CH 1 was discontinued, while it remained constant
in CH 2. The absence of para-Hs caused the pyridine sample in CH 1 to revert to its
thermal equilibrium state, rendering it undetectable with a single scan. In contrast, CH 2
still contained hyperpolarized pyrazine solution, which produced a sufficiently strong signal
to be observed with an SNR of 120 (Figure 5.6c).

In the fourth set of experiment, the para-Hs supply was reactivated in CH 1 and turned
off in CH 2, resulting in rehyperpolarization of pyrazine and relaxation of the HP pyridine
to its thermal equilibrium state. However, the signal intensity of hyperpolarized pyridine
was weaker than in the second set of experiments, possibly due to magnetic field drift of the
non cryo-cooled MRI system. Meanwhile, in the CH 2 spectrum, the thermally equilibrated

pyridine resonance was too weak to be detected (Figure 5.6d).
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Figure 5.6: Parallel 'H NMR spectra of pyrazine and pyridine, acquired under SABRE hy-
perpolarization or thermal equilibrium conditions, with sample solutions continuously flowing
from tube-in-tube gas-liquid reactors under different para-Hs supply conditions (Ap = 5 psi
in pyrazine channel and Ap = 20 psi in pyridine channel). (a) CH 1: para-Hy off, CH 2:
para-Hy off (b) CH 1: para-Hg on, CH 2: para-Hy on (c¢) CH 1: para-Hy off, CH 2: para-Hy
on (d) CH 1: para-Hy on, CH 2: para-Hg off.

The experimental results demonstrated that, following SABRE hyperpolarization, the main
peak of each HP substrate became discernible from a single scan—an outcome that was
unattainable under thermal equilibrium conditions with the parallel coils and samples at
such low concentrations. While both pyridine and pyrazine samples were hyperpolarized in

each channel, no coupling effect was observed in the parallel coil pair, which is attributed
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to an effective parallel shimming approach. Since the thermal signal was undetectable in a
single scan in our case, we use an amplitude-based SNR definition to quantify enhancement,
where we assigned SNRipermal = 1 for reference. The enhancement factor is then given by
esNk = SNRpp/SNRihermal, which provides a practical metric for quantifying signal gain

achieved through hyperpolarization.

In our experiments, hyperpolarized signals corresponding to enhancement factors of 140
and 43 were achieved from a single scan. This implies that, approximately 140% = 19, 600
and 432 = 1,849 scans, respectively, would be required under thermal conditions to reach
equivalent signal levels. Therefore, it demonstrates that SABRE hyperpolarization effec-
tively reduces the acquisition time by several orders of magnitude. When combined with a
parallel coil array, the measurement throughput is further increased, enabling simultaneous
acquisition of multiple hyperpolarized samples. This dual approach not only accelerates data
collection but also extends the applicability of high-throughput NMR to analytes present at

concentrations previously undetectable by conventional methods.

It is worth noting that, while the MRI experiments in a single channel presented earlier
provided a direct quantitative comparison between thermal signal from a pure protonated
methanol solution and hyperpolarized signal from a low-concentration sample solution, the
NMR experiments in this section highlight a complementary advantage of hyperpolariza-
tion—the ability to achieve rapid single-scan detection even when thermal signals are com-

pletely undetectable.

5.5 Conclusion

A continuous-flow SABRE hyperpolarization system integrated with parallel NMR detection
was developed and demonstrated, enabling real-time, high-throughput acquisition of hyper-
polarized signals from low-concentration liquid samples. The successful implementation of
parallel SABRE under continuous-flow conditions also establishes a practical foundation for
future plug-flow-based hyperpolarization of diverse samples, facilitating the development of

scalable platforms for advanced NMR analysis.

Despite these achievements, the current setup remains limited to 'H detection. Expanding
its capability to additional nuclei such as '3C would significantly broaden its applicability for
multi-channel, multi-sample high-throughput NMR, measurements. Furthermore, simultane-
ous MRI imaging of both channels is currently restricted by the requirement for independent
gradient fields at each detector. Potential solutions include the incorporation of localized

gradient coils or the application of RF encoding techniques to overcome this limitation.

While SABRE hyperpolarization inherently depends on reversible substrate binding, ongo-
ing efforts in catalyst and ligand design continue to expand the range of polarizable substrates.
Several biologically and pharmaceutically relevant molecules—such as isoniazid, pyrazinamide
[179], 5 N-imidazole [101], and 3C-pyruvate [16]—have already been successfully hyperpolar-
ized, further highlighting the growing potential of SABRE in biomedical and pharmaceutical
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applications.

In conclusion, the developed parallel SABRE hyperpolarization system provides a robust
foundation for designing scalable and specialized hardware platforms aimed at the rapid
characterization of low-concentration samples. This advancement holds promise for future

applications in biomolecular research, metabolic studies, and pharmaceutical screening.
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PHIP-Pumped Steady-State RASER

6.1 Overview

This chapter explores how continuous-flow PHIP can be advanced beyond mere signal en-
hancement, creating a self-sustained source of coherent radio-frequency emission—a phe-
nomenon termed RASER (Radio-frequency Amplification by Stimulated Emission of Radia-
tion). In a RASER system, a large population inversion among nuclear spin states is typically
established through hyperpolarization techniques such as SABRE or PHIP. Under suitable
conditions, stimulated emission occurs, leading to long-term NMR signals with high inten-
sity. This process generates coherent radiation in the RF range, analogous to coherent optical

emission in LASER systems (Light Amplification by Stimulated Emission of Radiation).

The work presented in this chapter investigates the steady-state ALTADENA-RASER
phenomenon through a combination of experimental observations and numerical simulations.
It begins with a brief review of the historical background of related stimulated emission
techniques—specifically MASER and LASER—to contextualize the emergence of RASER
in NMR spectroscopy. Subsequently, the chapter describes how the RASER effect in NMR

fundamentally arises from radiation damping.

Following this foundational discussion, a method to precisely control the operational regime
of the RASER is introduced. By manipulating pressure differential applied on the gas and
liquid phases of a tube-in-tube reactor, various RASER regimes emerge over extended dura-
tions at elevated polarization levels. These regimes exhibit nonlinear dynamic phenomena,

including frequency combs, chaos, and period doublings.

To provide a comprehensive interpretation of these experimental findings, numerical sim-
ulations based on a theoretical model of two nonlinearly coupled RASER modes are pre-
sented. The resulting bifurcation diagram offers a clear visualization and predictive capabil-
ity regarding the accessible operational regimes of the continuous-flow RASER system. The
results which are presented within this chapter are published under title " The steady-state
ALTADENA RASER generates continuous NMR signals" in the journal ChemPhysChem
[JY02].
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6.2 Introduction

6.2.1 Development of MASER and LASER techniques

RASER technique is analogue to MASER or LASER. The similarity of the three techniques
are electromagnetic wave amplification by stimulated emission of radiation. Before delving
deeper into the study of RASERs, a brief introduction about the development of MASER
and LASER is worth to depict here since both of the two discoveries have obtained the Nobel
Prices for their outstanding contributions to the field of MASER and LASER. [180]

The principle of LASER dates back to 1917, when Albert Einstein first described the theory
of stimulated emission, in which he had deduced theoretically the existence of stimulated
emission—the process by which electromagnetic waves of the right frequency can “stimulate”
an excited atom or molecule to fall to a lower energy state and emit more waves. Subsequently,

several scientists continued to explore this avenue of research extensively.

By the late 1940s and early 1950s, it was recognized that stimulated emission and popu-
lation inversion—the redistribution of particles such that higher energy states become more
populated than lower ones—are essential prerequisites for the coherent amplification of mi-
crowave radiation. Inspired by this concept, Charles Townes, along with Arthur Schawlow of
Bell Laboratories, published a paper in 1958 proposing a system that would work at infrared
and optical wavelengths. [181] This development paved the way for the invention of the first
light-emitting MASER, known as the LASER, by Theodore Maiman in 1960 using a syn-
thetic ruby crystal [182]. LASER technology operates in the visible, infrared, or ultraviolet
regions and delivers a highly coherent and directional beam of light, enabling widespread

applications in fields such as communication, medicine, and industry. [183, 184, 185]

Historically, the MASER was the first technology to demonstrate stimulated emission, later
followed by the LASER, which gained broader recognition and more widespread applications.
More recently, the RASER has emerged in NMR research, utilizing stimulated emission in
the radiofrequency (RF) range. It enables a variety of advanced applications, including the
generation of continuous NMR signals without decay for precise J-coupling measurements,
spontaneous signal acquisition without excitation pulses, background noise-free MRI, and the

study of nonlinear spin dynamics, among others.[186, 187, 188, 189, 190|

6.2.2 Radiation damping and negative polarization in RASER

While the previous section highlighted the similarities between the RASER and conventional
MASER or LASER systems, this section focuses on the distinctive characteristics of the
RASER. Unlike MASER and LASER, RASER exploits the phenomenon of stimulated emis-
sion in RF range to enhance the NMR signals of certain molecules, providing a novel approach
to NMR spectroscopy. Additionally, the RF-emission is spontaneous due to the interaction

of the large negative magnetization and the detection coil.
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In a standard NMR procedure, transverse magnetization is induced by applying RF pulses.
This magnetization arises from nuclear spins within a static magnetic field and proceeds to
precess at the Larmor frequency. The coherence duration in traditional NMR is constrained
by the decay of this transverse magnetization, characterized by the time constant T3, which

sets the limit for resolution (Figure 6.1a).

When the magnetization of a sample is significant, an interaction occurs between the RF-
circuit and the nuclear spin system, termed radiation damping. [191, 192| This phenomenon
involves the current generated by the precession of transverse magnetization in the coil, which
in turn produces a magnetic field. This field influences the magnetization to rotate towards
thermal equilibrium, namely towards the +z direction, characterized by a time constant 7,4,

given by:

9
- ponQyM

where pg is the magnetic permeability of vacuum, 7 represents the filling factor of the NMR

. (6.1)

detection coil, @ is the quality factor of the RF circuit on the coil, v denotes the nuclear
gyromagnetic ratio, and M stands for the magnitude of the nuclear magnetization. After a 90°
pulse, radiation damping reorients the magnetization away from the transverse plane, thereby
contributing to the decay of transverse magnetization and acting as a source of broadening
(Figure 6.1a). This phenomenon is commonly encountered in liquid-state NMR analyses
involving samples with high proton concentrations, leading to substantial magnetization.
[193]

Conversely, if the initial magnetization of the sample is negative, the radiation damping ef-
fect on any transverse component functions to pivot the magnetization towards the transverse
plane, as depicted in Figure 6.1b. This mechanism facilitates the generation of spontaneous

transverse magnetization within a RASER.

As a self-organized system, the stimulated emission in RASERs of a spin-1/2 system be-
gins spontaneously after the system is "pumped" to a state where the population inversion
between the two Zeeman levels is achieved by hyperpolarization techniques. In this case, the

population inversion generates a negative magnetization. |[186]

In RASER, the equilibrium negative magnetization My is used to define the initial radiation

damping constant 7,40:

1
M = [Mo| = Shyoms| Pyl (6.2)

where |Py| is the negative polarization at thermal equilibrium of the spin system, ng is the
density of spin species. Therefore, the functional relationship of the radiation damping in

terms of the negative polarization in RASER is:

1
= */Loth’yQ')’LS‘P()’ (6.3)
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Figure 6.1: Schematic showing the effect of radiation damping (7,4) in the case of (a)
normal NMR detection with a 90° RF pulse applied on a positive magnetization and (b)

negative longitudinal magnetization with a small flip-angle.

If the generation rate of this transverse magnetization through radiation damping exceeds
its relaxation rate (1/740 > 1/T5), the spin system can develop the transverse magnetization

spontaneously and it is RASER active.

6.3 Hyperpolarization pumped RASER

NMR is a versatile and powerful analytical tool in many fields, such as chemistry, biology,
pharmacy, and beyond. However, the resolution of any NMR experiment is still limited
by the effective transverse relaxation time 7. In this way, any NMR experiment has a
minimum natural linewidth, and higher frequency resolution can only be gained at low speed
through signal averaging. This limitation can be overcome by a RASER with sub-mHz NMR

resolution. [194]

Additionally, a RASER can be used to study nonlinear phenomena in coupled spin systems

[189, 186], or to transfer polarization to molecules-of interest (e.g. amino acids) using a

PRINOE (Para-hydrogen and RASER Induced Nuclear Overhauser Effect) [195, 187].

As mentioned above, to operate a RASER of the spin-1/2 system, a population inversion

between the two Zeeman splitting energy levels is required. This can be generated for example
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by hyperpolarization methods. The most common hyperpolarization methods are SEOP,
DNP and PHIP. RASERs have been demonstrated with all these techniques: previous work
has shown RASERs of 'H, 17O and '7Al by using DNP in solid-state at low temperature
and at high magnetic field. [196, 188, 197] The innovation of dissolution-DNP makes the
measurement of DNP-RASER in liquid-state more favorable. [198] Alternatively, the liquid-
state RASERs are observed by dissolving SEOP hyperpolarized nobel gases (*He and 12°Xe).
[199, 200] However, SEOP and DNP are currently mostly limited to single-mode operation,
and require sophisticated equipment. [201, 202]

With parahydrogen fueled RASERs, various new use-cases were unveiled in recent years, all
based on RASERs with multiple frequencies. These included a chemical reaction tracked by a
13C RASER, [203] the study of nonlinear phenomena, [186, 189] and background-free NMR,
[204, 205, 206| reaching a frequency resolution below the mHz regime. [194] Additionally, by
introducing magnetic field gradients, RASER modes were used to encode spatial information,
i.e., RASER MRI. [207]

Despite all these advantages, a para-Ho fueled RASER operating at a high magnetic field
is burdened by the para-Hs pumping itself. para-Ho bubbles formed in a solution generate
susceptibility artifacts that broaden the RASER signals. [206] Turning off the pumping
during acquisition alleviates this problem, but limits RASER signals to bursts that only
last until the polarization is depleted. [189, 207] Additionally, over the course of a RASER
burst, it passes through different operating regimes and features different types of nonlinear

phenomena due to the decaying polarization.

6.3.1 Continuous steady-state ALTADENA PHIP-pumped RASER

This work presents a steady-state RASER operating in different regimes. Utilizing two
nonlinear-coupled RASER modes, various operational states are demonstrated, including
a starting RASER, a “normal NMR” RASER, a RASER dominated by frequency combs, a
RASER dominated by period doublings, and a chaotic RASER (Figure 6.2a).

To achieve the steady-state RASER, highly polarized ethyl acetate (EA) is continuously
supplied to the NMR magnet (Figure 6.2b). Continuous flow reactors for para-Hy applica-
tions can avoid susceptibility artifacts caused by bubbles and continuously generate a highly
polarized liquid. [145, 208, 184, 209] The hyperpolarized EA is generated within a tube-in-
tube reactor [209, 210| by hydrogenating vinyl acetate (VA) with para-Hs (Figure 6.2c).

A convenient alternative to hydrogenative PHIP is SABRE [98], which allows for repetitive
polarization of the same solution. [210| However, the polarizations at high concentrations is
often lower than in hydrogenative PHIP. [186, 204| Therefore, a hydrogenation reaction is
chosen as a model system to access higher population inversions, and with it a broader range

of RASER regimes.

In this work, VA is hydrogenated with para-Hs in a tube-in-tube reactor at the Earth’s
magnetic field with detection at 1.45 T, and thus under ALTADENA condition [96]. Hydro-
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|
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Figure 6.2: Controlling and monitoring continuous-flow RASERs pumped by para-Hs. The
experimental setup (cyan) features a chemical reaction at its core (green) to detect RASER
signals precisely over long periods of time (purple). Five different RASER regimes were
acquired on a 60 MHz benchtop spectrometer. At the heart of the experimental setup is a
tube-in-tube gas-liquid reactor. Within this reactor, the liquid flow (green arrows) as well
as the para-Hy pressure and flow rate (blue arrows) can be controlled. The chosen chemical
system is a hydrogenation reaction of vinyl acetate (VA) to ethyl acetate (EA). (Adopted
from [JY02].)
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genation under PASADENA condition is possible with this setup for example by adding a coil
to generate a higher magnetic field around the reactor. [204] However, ALTADENA provides
an ideal condition for observing different RASER regimes: an antiphase 'H spectrum of the
hydrogenation product ethyl acetate (EA) is obtained in this work, characterized by a posi-
tively polarized ethyl group and a negatively polarized methyl group (Figure 6.3). The triplet
of the methyl group (highlighted in green) can fuel a RASER, as the negative polarization
constitutes a population inversion. If the population inversion is high enough, the RASER
threshold dy, is surpassed and a RASER initiates. [186] The triplet entails three potential
RASER modes dy,, (1 = 1,2, 3) separated by a 7.10 Hz J-coupling. Only two of these modes
are RASER active, as the mode with the smallest polarization does not surpass the RASER
threshold, but can fuel the other modes as described previously. [204] The identification of
the two RASER-~active modes will be detailed discussed later in section 6.4.1

— Hyperpolarized 1 ‘

H Il “ _CHz
— Thermal reference M M‘ H ‘\/
A 'A_/\_A_A
Bo

@’\fc

EthyI acetate ( EA)

RASER pumped by
population inversion on 'H spins

5 4 3 2 1

Chemical shift (ppm)
Figure 6.3: 'H NMR spectrum of ALTADENA-PHIP hyperpolarized EA at the Earth’s
field (blue) compared to a thermal reference spectrum recorded at 1.45 T (grey). The methyl
group (highlighted in cyan) is negatively polarized and its resonances can therefore be RASER
active. The two modes with the highest intensity (the middle and right mode) surpass the
RASER threshold, yielding the two RASER active modes shown in Figure 6.4-Figure 6.9.
Details on the RASER-active modes and the threshold can be found in section 6.4.1. (Adopted
from [JY02].)

6.3.2 Experiments

6.3.2.1 Chemical preparation

e Preparation of PHIP sample solution
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All PHIP sample solutions were prepared under inert gas conditions. KEach solution con-
tained 400 mmol/L VA and 4.0 mmol/L [Rh(dppb)(COD)|BF, in methanol-d4. The deuter-
ated methanol was degassed by three freeze-pump-thaw cycles using a bath of liquid nitro-
gen and argon. All other chemicals were purchased from Sigma-Aldrich and used without
further purification. VA (CAS number: 108-05-4, Sigma-Aldrich, 100 mL) and [1,4-Bis-
(diphenylphosphino)-butan|-(1,5-cyclooctadien)-rhodium(I)-tetrafluoroborat (CAS number:
79255-71-3, Sigma-Aldrich, 500 mg).

e Enrichment of para-Hg

Normal hydrogen gas (ALPHAGAZ™ Hy, 99.999%) flows along the pipeline with an appro-
priate flow rate (0.5 L/min) controlled by a mass flow controller. A commercial water-cooled
helium compressor (Advanced Research System, Model ARS-4HW) offers the cooling source
to the cryostat (cold head) at 23 K. After contacting the paramagnetic hydrated iron (III)
oxide catalyst (Fe2Os-H20) in the chamber at the bottom of the cold head, the para-Ho

fraction of 98% was generated and collected within an aluminum gas bottle.

6.3.2.2 Experimental setup

The basic experimental setup used for exploring the PHIP-RASER phenomenon is shown in
Figure 6.2. The PHIP experiments were conducted using the ALTADENA protocol.

The main parts of the continuous flow experimental setup are: a mass flow controller
for para-Hy gas, a peristaltic pump (BT100-2J, LongerPump, China) for pumping the PHIP
sample solution, two back pressure regulators for control the pressure applied in gas and liquid
phase, and a tube-in-tube gas-liquid reactor that introduces the para-Hs into the solution for

the PHIP hyperpolarization.

The tube-in-tube gas-liquid reactor consists of an outer PTFE tubing (ID: 1.6 mm, OD:
3.2 mm) with an inserted inner tubing (Teflon™ AF 2400, ID: 0.8 mm, OD: 1 mm). The
inner tubing is a semi-permeable membrane with high gas permeability. It allows for gas
transfer from one side to according to the pressure difference. The inner and outer tubing
have an overlapped length of 1.5 m to achieve a high contacting area. More details of tube-

in-tube reactor can be found in Chapter 4.3.4.

Here, the PHIP solution and para-Ho gas flow in opposite directions in the outer and inner
tubing. To increase the conversion of the hydrogenation reaction, the tube-in-tube reactor
is wrapped into a compact winding, and immersed in a hot water bath at 75 °C. To halt
the reaction after the reactor and enhance the quality of the spectra, an ice-water bath was
placed immediately after the tube-in-tube reactor to cool the sample solution before NMR

signal acquisition.
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6.4 Results and discussion

In this study, a series of 'H RASER signals were recorded at 1.45 T under continuous flow
conditions (Figure 6.4-Figure 6.9). To explore different operating regimes, the pressure differ-
ential Ap between the gas and liquid phases in the tube-in-tube reactor was varied. Higher gas
uptake efficiency enhanced the conversion of the hydrogenation reaction, thereby increasing

the amount of hyperpolarized EA.

To ensure that Ap was the sole experimental variable, the sample flow rate was kept
constant at 4 mL/min throughout all experiments. The flow rate affects both the residence
time in the reactor and the transport time to the detection zone. Any variation would
influence the efficiency of the hydrogenation reaction and the extent of relaxation losses,
thereby altering the effective pumping level of dy. Therefore, this Ap-controlled method
enabled quantitative control over the pumping of the RASER, with the amount of population

inversion dy reaching the magnet given by Equation (6.4):
dy=Na -Vs-c- Py (6.4)

where Nj is Avogadro’s number, V5 is the sensitive volume of the NMR detection coil, ¢ is

the concentration, and Py is polarization of the RASER active 'H spins.

6.4.1 Identifying different RASER regimes

The identification of each measured RASER signal was performed through analysis of the
corresponding NMR spectrum. To obtain spectra from a five-second time slice, a Hamming
filter was applied to the RASER signal to suppress Sinc wiggles. The selected time-domain
segment was zero-filled with twice the signal length, both before and after the slice. The
final RASER spectra were obtained by applying a Fast Fourier Transform (FFT) and are

displayed in absolute mode.

For longer time slices, correction for magnetic field drift, as described by TomHon et al.
[209] and Nelson et al. [203], or for magnetic field fluctuations, as in the method by Suefke
et al. [194], would be required. However, a five-second time window of the RASER signal
is sufficient to analyze the spectral features characteristic of each RASER regime. In this
way, the five RASER spectra in Figure 6.4-6.9 are generated. The corresponding time slices
are depicted in the insets of each regimes. (A composite version combining all measured five
RASER regimes is shown in Appendix B.1.)

e RASER startup

The startup of a RASER was initiated by applying a small pressure differential of Ap =
5 psi. The corresponding pumping level dy was sufficient to sustain a steady-state RASER.
The steady-state population inversion during RASER emission was measured by applying a
90° pulse. After the FID decayed (¢t > 5 s), RASER activity resumed (Figure 6.4a), illus-
trating the competition between two RASER-active lines during the initial stage of RASER
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formation (Figure 6.4b). The RASER spectrum between ¢ = 10—15 s shows two RASER-
active modes separated by their J-coupling, with differing signal intensities; one mode is more
highly polarized and therefore extends further above the RASER, threshold. At ¢ > 20 s, the
RASER signal reaches a steady state, in which only two components of the methyl proton
triplet persist.

N

Amplitude (a.u.)
o

-2 -
0 5 10 15 20 25
Acquisition time (s)
(a)
05| RASERSstariup 01 |
: dy = 1.87 - 1017 0
— Ap = 5 psi 1 710Hz 1 o4
= ! 10 11 12 13 14 15
© I
° 1
So025¢ : 1
2 :
E .
1
1
0 AN

1.0 0.9 0.8 0.7 0.6 0.5 04 0.3 0.2 0.1
Chemical shift (ppm)

(b)
Figure 6.4: (a) Continuously pumped RASER signal of EA in the startup regime. (Signal
measured with a 90° excitation pulse with acquisition of 131072 points and 200 ps dwell
time.) (b) FFT of the time sliced RASER start signal. (Adapted from [JY02].)

As discussed above, for the PHIP hyperpolarization of EA, the para-Ho molecule is added
to the C=C bond of VA yielding hyperpolarized EA (ALTADENA conditions), which results
a spectrum of positively polarized quartet and a negatively polarized triplet (see Figure 6.3).
The positively polarized mode is not RASER-active, as population inversion is required for
RASER emission.

To identify the two RASER-active modes, the FID section with the sliced time window of
0 — 2 s of RASER startup signal in Figure 6.4a is analyzed. This FID recorded after the 90°
pulse contains signals from both RASER-active modes, as well as from modes that lie below
the RASER threshold or are positively polarized, such as the third resonance of the methyl
group and the quartet signal from the ethyl group of EA (Figure 6.5a).

By analyzing the FFTs of different time windows during the RASER startup regime, it is
observed that all non-RASER-active modes decay together with the FID (Figure 6.5b). In
particular, the intensity of the leftmost component of the methyl triplet remains below the
RASER threshold. As a result, only the two peaks on the right side persist and are identified

124



6 PHIP-Pumped Steady-State RASER

as RASER-active. This confirms that the EA-pumped RASER operates as a two-mode
RASER.

Furthermore, the gradual shift of chemical shifts in the stacked spectra indicates magnetic
field drift in the compact NMR magnet.
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Figure 6.5: Identification of the two RASER-active modes. (a) 'H spectrum of the FID with
sliced time window of 0 — 2 s in RASER startup regime. The ethyl group and methyl group
of EA with J-coupling of 7.067 Hz are positively and negatively hyperpolarized respectively.
The two negatively polarized lines with high intensity (2 and 3) are RASER active. The
most left peak (1) is less intense and RASER inactive. (b) Five 'H spectra acquired from
different time windows of the continuous RASER signal (displayed in absolute mode). The
peak positions shift due to magnetic field drift. (Adapted from [JY02].)

e “Normal NMR”

By increasing the population inversion to dy = 5.22 - 10'7, a RASER with almost equal
intensities on both modes is obtained (Figure 6.6a). This regime offers a convenient means of
accurately measuring the J-coupling, as long as the RASER signal is sustained for a sufficient
duration. As shown in the FFT of the 5 s RASER signal in this mode (Figure 6.6b), the
measured frequency difference of 7.10+0.01 Hz between the two RASER-active peaks is equal
to the J-coupling of the methyl group, as previously measured for both thermally polarized
and hyperpolarized EA (Figure 6.3).

e Frequency comb

At an even higher population inversion level (dy = 9.98 - 10'7) (Figure 6.7), the spectrum
exhibits a frequency comb structure. The two main peaks are separated by 7.18 Hz, and sim-
ilar spacing is observed in the sidebands, indicating a regular frequency modulation pattern
(Figure 6.7b). In this case, the measured frequency difference no longer corresponds to the
J-coupling constant, as frequency shifts arising from nonlinear spin dynamics dominate the

spectral features, which is a typical characteristic of non-linear systems.

e Chaos
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Figure 6.6: (a) “Normal NMR” regime. (Signal measured with a 3° excitation pulse with
acquisition of 131072 points and 200 ps dwell time.) (b) FFT of the time sliced RASER signal
with a frequency difference of 7.10 Hz between the two RASER-active peaks. (Adapted from
[JY02].)

At a pumping level of dy = 1.09-10'®, the RASER signal evolves through distinct dynamical
regimes. Between 10-20 s, the signal exhibits a complex mixture of periodic and irregular
behavior. This transitional phase is marked by intermittent period-doubling features and
the gradual onset of chaotic dynamics, reflecting the system’s proximity to a narrow chaotic
region in parameter space. From 20 to 25 s, a clear chaotic regime emerges, characterized by
irregular beat patterns (Figure 6.8a) and a broadband, noise-like spectrum with a continuum
of frequencies (Figure 6.8b). This spectral signature, resulting from the overlap of multiple

bifurcation processes [207], confirms that the system has fully entered a chaotic state.

The chaotic behavior observed in this study is sustained for several seconds, in contrast
to previous works where the chaotic regime appeared only transiently (<1 s) due to rapid
changes in population inversion within an acquired RASER burst, and thus narrowing the
width of the chaotic window [189]. The long-lived chaotic emission observed here is enabled

by the strategy of steady-state RASER operation driven by continuous hyperpolarization.
e Period doublings

Upon slightly increasing the population inversion (dy = 1.15 - 10'8) beyond the chaotic
regime, the RASER . enters a well-defined period-doubling regime. As shown in Figure 6.9a,
the time-domain signal exhibits a regular beat pattern, and the corresponding spectrum forms
an even frequency comb (Figure 6.9b). Multiple period-doubling processes are evident, with

consecutive peaks spaced by 1.40 Hz and the two dominant peaks separated by 6.99 Hz. This
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Figure 6.7: (a) Frequency comb regime. (Signal acquired with a 3° excitation pulse,

131072 acquisition points, and 200 psdwell time.) (b) FFT of the time sliced RASER signal
in frequency comb mode with equidistance between the peaks. (Adapted from [JY02].)

observation reveals the re-emergence of structured nonlinear behavior and indicates that the

system remains highly sensitive to small changes in population inversion pumping strength.

Notably, the observation of period doubling behavior both before and after the chaotic
window underscores that chaos emerges within a relatively narrow interval of the control
parameter, here it is the population inversion in RASER system, where small variations
in pumping strength can drive the system through repeated transitions between order and
apparent "disorder". Nevertheless, chaos does not merely represent a state of randomness.
Rather, it embodies a complex and highly structured dynamical behavior characterized by

an infinite hierarchy of motions.

6.4.2 Measurement and calculation the parameters in steady-state RASER

To better understand the pumping conditions underlying the population inversion in the
observed RASER regimes, this section presents a quantitative analysis of key parameters in
the steady-state RASER system. These include the measurement of the Tjrelaxation time,
the calculation of polarization levels under both thermal equilibrium and hyperpolarized
conditions, the threshold for continuous-flow RASER onset, and the resulting population
inversion for each observed regime. The extracted parameters also serve as input for the

numerical simulations of the two-mode RASER model discussed in the following section.
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Figure 6.8: (a) Chaos regime. (Signal acquired with a 3° excitation pulse with acquisition
of 131072 points, and 200 psdwell time.) (b) FFT of the time sliced RASER signal in Chaos
mode. (Adapted from [JY02].)

6.4.2.1 Measuring 7 of the 'H protons in the methyl group of EA to

estimate the polarization loss in the sensitive volume

As VA is hydrogenated with para-Hy at the Earth’s magnetic field, the resulting spin order in
EA exhibits a high singlet character. The hyperpolarized EA is then adiabatically transferred
into the 1.45 T, the singlet-triplet basis no longer represents an ideal eigenbasis for the spin
system, as the singlet character is substantially reduced. At this field, RASER emission be-
comes active and is therefore relevant for the simulations. All polarization changes occurring
prior to entry into the sensitive volume—including the generation at the Earth’s field and
relaxation losses during sample transfer—are collectively represented in the simulations as
a “pumping” term in the form of dy. Consequently, thermal T} relaxation is considered a
reasonable approximation for polarization loss during the experiment and is used as an input
parameter for the RASER simulations. The measured T} relaxation time of EA is shown in
Figure 6.10.

6.4.2.2 Calculating the thermal polarization and the polarization of the
HP EA

The thermal polarization Pihermal is given as:

h- -B
Pthermal = tanh <£>

5 kg T (6.5)
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Figure 6.9: (a) Period doublings regime. (Signal measured with a 3° excitation pulse with
acquisition of 131072 points and 200 ps dwell time.) (b) FFT of the time sliced RASER
signal in period doublings mode. (Adapted from [JY02].)
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Figure 6.10: T} relaxation time of the protons in the methyl group of EA (highlighted

in green) measured with the inversion recovery sequence. The sample contained 4 mmol/L
[Rh(dppb)(COD)|BF4 and 400 mmol/L EA in a methanol-d4 solution and was measured in
a standard 5 mm NMR tube on the 1.45 T benchtop NMR. (Adopted from [JY02].)

which gives

1.054 - 10734 .2.675- 108 - 1.45

Ptherrnal = tanh (

2-3.38-10723-293

) =1.98-107° (6.6)
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at 61.92 MHz (1.45 T) and room temperature (293 K). The polarization Py under hyperpo-

larized conditions can be estimated using the following relation:

Sup
Pi=e- F)therrnal = ﬁ : Pthermal (67)
therma

6.4.2.3 Calculation of the continuous-flow RASER threshold

The initiation of RASER action depends on reaching certain threshold conditions. A RASER
starts and is sustained, if the population inversion of the RASER active modes is above the
RASER threshold. Following [186], the RASER threshold is given by:

Ym~Km
2

m

dep = (6.8)

with ym = 1/T5 as the effective transverse relaxation rate of H, km = wo /@ as the damping
rate of the LC circuit with resonance frequency of wy and quality factor of Q, and g,,? as the

magnetic coupling constant given in SI units as:

2 _ pohyawn

Im AV, (6.9)

Below are the values of all the constants and parameters:

kg = 3.38-107% m? - kg/(s* - K) - Boltzmann constant;

T =293 K - room temperature;

By=14T - static magnetic field strength;

wy = 3.745 - 108 rad/s - Larmor frequency of 'H nucleus;

Ve=25-10"" m? - sensitive volume of the NMR, detection coil;

po =1.257-107° T- m/A - magnetic permeability of vacuum;

hi=1.054-10"%* m? - kg/(s - rad) - reduced Planck constant;

= 2.675-10% rad/(s - T) - 'H gyromagnetic ratio;

Ty =1/(m-3.20 Hz) =0.13 s - effective transverse relaxation time;

Q =68 - quality factor of the 'H detection coil.

In addition, the unit for magnetic field Tesla [T] = kg/[A - 2] in SI units. Thus, the value of

the magnetic coupling constant is:

gQ _ MOH’YHQWH

4V
~ 1.257-107°-1.054 - 1073 - (2.675-10%)%-3.745- 10 T -m* - kg (6.10)
a 4.25-1073 A-s-rad®-s2. T?
1
=3.55-107" =
S

Following Equation (6.8) and Equation (6.9), the RASER threshold can be rewritten as:

4V

din = ——5—
BT 0hQYRTS

(6.11)
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the RASER threshold during continuous flow is:

4-25-1077" m?

din = T -m m? -k rad
1.257-106 —— .1.054-10-34 m-xe, 68 - (2.675 - 108 T)Z -0.13 s (6.12)

A S - ra S -

=1.19-10'

6.4.2.4 Estimating the pumping of population inversion during continuous

flow

Here, a method is introduced to estimate the pumping of population inversion dy under
continuous flow conditions. The equilibrium amplitude Aeq of the transverse spin component

and the equilibrium population inversion deq can be calculated as:
Aeq = Na ¢ Vs Phermal €ERASER (613)
deq = Na - ¢+ Vs Pihermal * €FID (614)

With Na as the Avogadro constant, ¢ as the RASER active proton concentration in the
sample solution, V; as the sensitive volume of the NMR magnet, and Pipermal as the thermal
polarization of the NMR magnet. The enhancements egasgr and eprp are obtained by FFT
of the RASER signals and FID signal calculating the corresponding 'H NMR signal integral
ratio of the two RASER active modes on methyl group between the hyperpolarized and at
thermally polarized EA.

Since d ~ 0 and A ~ 0 in the steady state RASER, only T}-relaxation and effective

Th-relaxation are considered as loss terms to estimate the pumping of dy during continuous

deg \? Aeg \?
do = \/(el/T1> + <6_1/T2*> (6.15)

with e /Tt and e~ V12" as the T}- relaxation and effective Ts-relaxation loss rates.

flow:

Here, the pumping of population inversion dy of the continuous flow RASERs in Figure 6.4-
Figure 6.8 is estimated. First, the signal enhancement ¢ is calculated and the corresponding
polarization levels and then estimate the pumping of population inversion dy as described in

the experimental procedures.

6.4.3 Simulation of the two nonlinear-coupled RASER modes

6.4.3.1 Model of two nonlinear-coupled RASER modes

To complement the experimental results, RASER signals were simulated based on the equa-
tions from previous works of Appel et al. [186] for N nonlinear-coupled RASER modes.

Following these equations, the evolution of each mode u is described the population inversion
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Table 6.1: Calculation of the pumping of population inversion dy of the five RASER

regimes for Figure 6.4-Figure 6.9 based on Equation (6.5)—(6.15).

Signal enhancement e

Polarization level Py (%)

Estimated pumping dg

FID!

RASER start?
"Normal NMR"3
Frequency comb?
Chaos®

Period doublings®

1589
137
953

3440

3972

4514

0.314
0.027
0.189
0.523
0.604
0.894

1.87 x10'7
5.22 x 107
9.98 x10'7
1.09 x10'8
1.15 x10'8
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20-22 s);

2 Figure 6.4a )
)
20-22 s);
)
)

3 Figure 6.6a
4 Figure 6.7a :

20-22 s);
20-22 s).

° Figure 6.8a

~ o~ o~ o~ o~ o~

6 Figure 6.9a

d,, the amplitude of the transverse spin component A, and the phase ¢, of each mode:

du = Fu(d/w -

2
A 9m
Ay = —ymAy + Td” Z A cos(or

_ 2
Gp = wWp + =

du)_ Ay 4gm ZA A, cos(

=1

~ ¢u)

— bu)

(6.16)

(6.17)

(6.18)

As the simplest model for this case, N = 2 modes are used, with a frequency difference

of 7.0 Hz, corresponding to the two active RASER modes observed in the experiments (for

details on which modes are RASER-active, see Figure 6.5). Distant dipolar fields generated

by high spin polarization or magnetic field fluctuations of By are not considered. Using this
model, RASER signals are simulated in MATLAB (2021b) by solving the ordinary differential
equations with the ODE45 solver. (The MATLAB codes can be found in Appendix B.2.)

For the simulations, two nonlinearly coupled RASER modes with a frequency difference

Av = 7.0 Hz are assumed, matching the two RASER active modes from the experiments.

The spectra are compiled into a bifurcation diagram (Figure 6.12a), which shows how a

system’s long-term behavior changes as a control parameter (here is the population inversion

dp) is varied, and is often used to visualize nonlinear chaotic systems such as the logistic map.

[211, 212, 213
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6.4.3.2 Generation of a bifurcation diagram of the two-mode RASER sys-

tem

To generate a bifurcation diagram of the nonlinear-coupled system, several steps are followed.

The flow chart is presented in detail in Figure 6.11.

Define the bifurcation parameter r
r = lg(do)

Input parameters
N=21,=015s""% T;, = 588s, p, = 7.2257",
g%, —=355-10 7, k,, —554-10°
Av= (w, — w,)/2n=7 Hz

Solve the multimode RASER for N =2

N
. . di g’ .
du = Fu(_dp._.o i di.L) -t = ZA\.‘ Ac COS[_¢‘. o ¢cr)
4

TL H Km
=

L N
é e i
Ap = _TmAu o K_mdu Z A-r COS(d’T o d’u}
m =

""11]

. N
: gm dy .
by =wy, + A—‘Z Acos(¢, — ¢'u_}
H=

Calculate the RASER signal for N =2

N
Sig(t) = Z AyRe{exp[ig, ()]}

p=1

Process the simulated RASER signal
Snip the signal
Apply Hamming window
Zerofilling
Fast Fourier Transform (FFT)

Plot figure 4{a) Plot figure 4{b)

Define the cutoff value for small peaks in spectra
Save the frequencies value of the peaks f(ay,)
when the peak amplitudes @,,> 0.05@ 1, max

Define the contrast for peaks in spectra
Set the value limitations of colormap
with signal amplitudes

Plot a diagram of the spectra-of-interest
(dy., f(A,))forr € [16.3,18.6]

Plot the bifurcation diagram
(dy, f(4,)) for € [16,19]

Figure 6.11: Flow chart of the main steps to simulate the bifurcation diagram of two
nonlinear-coupled RASER modes (in Figure 6.12). The values for T} ,, ym, and Av are
chosen to match the experimental conditions in Figure 6.3. (Adopted from [JY02].)

First, RASER signals are simulated at different values dy. The pumping dy is the key
parameter that defines the nonlinear system and its logarithm is the analogue to the bifur-
cation parameter r from bifurcation theory. In the simulation, the input parameters are the

pumping rate for the two RASER active modes I';,, the longitudinal relaxation time 77 ,, the
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effective transverse relaxation rate vy, the magnetic coupling constant gfn, the damping rate
Kkm of the LC circuit at the NMR detection coil, the frequency difference of the two modes
Av.

Here, the simplest case is considered, where the pumping rates and 7T; relaxation rates
are identical for each mode, i.e., v1 = v2 and T1; = T 2. In this way, the RASER signal is
obtained as

Sig(t) = AiRe {exp [ip1 ()]} + Az2Re {exp [ig2(t)]} - (6.19)

The signal is then processed by snipping a slice-of-choice of the signal, applying a Hamming
window to suppress Sinc wiggles and zerofilling before and after the signal. After that, the

signal is Fourier transformed to obtain a RASER spectrum.

Finally, a contrast method is selected to visualize the dominant frequencies in the bifurca-
tion diagram. This is done either by (a) using a color bar that reflects the peak amplitude
(as shown in Figure 6.12a), or (b) applying a cutoff threshold to suppress small peaks (as
shown in Figure 6.12b). For Figure 6.12b, a prominence threshold of 0.05 is chosen to select
significant peaks. A peak is displayed if its amplitude a,, exceeds 5% of the largest peak
amplitude am max Within the same spectrum, i.e., am > 0.05am max. (A 3D version of the

simulated bifurcation diagram is shown in Appendix B.4.)

6.4.3.3 Mapping the 5 measured RASER signals within simulated bifur-

cation diagram

The predicted RASER spectra in the bifurcation diagram match with the experimental re-
sults. Depending on dy, they feature the same regimes: two peaks, frequency combs, period
doublings, and chaos (Figure 6.12b).

The increase of Av with increasing dy due to frequency shifts, and the reduced Av right
after the chaotic regime, match the experimental findings. However, global shifts generated
for example by distant dipolar fields [191, 214, 215, 216] or external magnetic field fluctuations
[194] are not included in the simulation as there are several correction algorithms in post
processing. [194, 209] The model is thus kept as simple as possible. Therefore, the model
slightly deviates from the experimental results as it neglects other polarized spins in the
resonator, and the loss of population inversion by polarized material flowing out of the NMR

magnet.

6.5 Conclusion

In summary, a steady-state continuous ALTADENA-PHIP-pumped RASER at 1.45 T was
successfully demonstrated. Long-term stability and precise control were achieved using a
continuous-flow setup centered on a tube-in-tube gas—liquid reactor. Within the reactor, a
highly polarized liquid was generated via hydrogenation of VA with para-Hs, serving as the
pump source for "H RASER emission. The tube-in-tube gas-liquid reactor not only mitigates

susceptibility artifacts such as bubble-induced instability, but also ensures reliable RASER
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(a) Bifurcation diagram (simulated)
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Figure 6.12: Simulated spectra of two continuously pumped RASER modes separated by
7 Hz at different pumping rates dyp. In (a), the signal amplitudes are highlighted in a blue
color, while (b) depicts the peaks of 45 spectra (only peaks > 5% of the maximum intensity)
in the range of dy € [2-10'6,4-10'8] (highlighted on the pumping axis dg). With increasing dj,
all RASER regimes appear in the same sequence as for the experiments shown in Figure 6.6-

Figure 6.9: two peaks, frequency comb, chaos, and period doublings. (Adopted from [JY02].)

operation over extended durations.

By tuning the polarization level (population inversion), various nonlinear RASER regimes
were accessed, as reflected in the corresponding Fourier-transformed spectra. These in-
clude two-mode regimes with both equivalent and inequivalent amplitudes, frequency combs,
period-doubling sequences, and chaotic behavior. The experimentally observed regimes are
in good agreement with simulations based on a two-mode RASER model, enabling regime

prediction through mapping the system’s behavior onto a logistic bifurcation diagram.

Overall, PHIP in the tube-in-tube platform under continuous-flow conditions offers a robust
and tunable experimental framework for RASER applications, including high-precision J-

coupling measurements and fundamental investigations of nonlinear spin dynamics.
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Automated SABRE Workstation on a Bench-
top NMR

7.1 Overview

Despite the advances demonstrated in Chapters 5 and 6, where continuous-flow gas—liquid re-
actors were employed to extend SABRE and PHIP methods for accelerating NMR detection
and the generation of steady-state RASER emission for precise J-coupling measurement, the
implementation of SABRE in routine laboratory practice remains largely manual. Existing
routine SABRE workflows often rely on operator-controlled bubbling and sample handling,
introducing variability and limiting experimental reproducibility. These constraints present
a barrier to the broader adoption of SABRE, particularly in applications requiring standard-

ization, automation, and consistent performance.

To overcome these limitations, this chapter presents the design and implementation of a
fully automated SABRE workstation, specifically developed to support routine hyperpolar-

ization experiments on a benchtop NMR platform.

The subsequent sections of this chapter detail the development of the automated system
and validate its performance through a series of SABRE experimental protocols. These in-
clude assessments of reproducibility across consecutive hyperpolarization cycles, magnetic
field optimization for 3C polarization, and time-resolved studies of polarization buildup
and decay. In addition, automated SABRE-SHEATH experiments on 3C-pyruvate are per-
formed to demonstrate the platform’s capability to support more advanced pulsed protocols.
Through these developments, the chapter highlights how automation can streamline SABRE
workflows, improve repeatability, and facilitate the routine application of hyperpolarization
techniques. The results which are presented within this chapter are published under title " De-
velopment of a fully automated workstation for conducting routine SABRE hyperpolarization"
in the journal Scientific Reports [JY03].
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7.2 Introduction

As it mentioned in Chapter 3.6.2, SABRE can be implemented through three primary meth-
ods: shaking, bubbling, and utilizing a gas-liquid reactor. [111] Among these, shaking ex-
hibits the least reproducibility, largely attributable to variations in manual force, making it
less suitable for automated processes. [217, 218] The gas-liquid reactors and flow cell setups
face challenges due to their large sample volumes and complex fluid management, hindering
widespread adoption. [208, 219] Additionally, achieving optimal hyperpolarization requires
balancing between contact time and sample transfer time, often leading to compromises in
polarization levels. [209, 220] Bubbling is a simple method for delivering para-Hs into the
sample solution, and it is compatible with field cycling as well as automation techniques.
This makes it a preferred choice for enhancing reproducibility and scalability in SABRE
applications. 221, 99, 222]

While some automated setups have demonstrated in specific SABRE application [223, 99,
219] and shown improvements in the reproducibility of SABRE hyperpolarization [224, 221],
there is still room for enhancement, particularly in terms of achieving full automation and and
broadening functionalities for routine SABRE hyperpolarization. These routine SABRE pro-
tocols including activation of the pre-catalyst for SABRE hyperpolarization, field cycling for
'H via SABRE hyperpolarization in milliTesla (mT) range [225, 226] and heteronuclei, such
as 13C, 15N via SABRE-SHEATH at microTesla (pT) field [227, 26, 228, 74|, and determin-
ing polarization buildup and relaxation times across various fields. Additionally, automated
setups are ideal for studying the polarization mechanism, such as using field pulse sequences
to enhance heteronuclei polarization under SABRE-SHEATH conditions. [229, 230, 231]

To address these challenges and take the opportunities, this study introduces a fully au-
tomated lab workstation for conducting routine SABRE and SABRE-SHEATH hyperpo-
larization at either mT or pT fields with high reproducibility through precise control over
experimental conditions. Leveraging an integrated graphical user interface (GUI), even first-
time users are able to conveniently operate various SABRE experimental protocols, making

the automated workstation a practical tool for studying SABRE hyperpolarization.

7.3 Development of an automated SABRE workstation

The automated SABRE workstation integrates a commercial desktop robotic arm as a core
component of the shuttling system for transferring the sample tube (Figure 7.1a). The mag-
netic field for efficient polarization transfer with SABRE is generated by a self-wound solenoid
coil positioned either inside or outside of a mu-metal magnetic shield. This component is
referred to as the polarization transfer field (PTF) generator. A custom-built controlling
system (Figure 7.1b) controls the PTF generator, ensuring accurately manipulate both the
strength and orientation of the magnetic field required for optimal hyperpolarization condi-

tions. In the subsequent sections, each component of the system will be described in detail to
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provide a clear understanding of how they contribute to the overall experimental operation.

Robotic arm Magritek™
(DOBOT 400) NMR tube benchtop NMR

-

and bubbling unit

(a)

Figure 7.1: (a) 3D rendered overview of the automated SABRE workstation for bench-
top NMR. The workstation consists of a robotic arm-assisted shuttling system, a self-wound
solenoid coil placed in the mu-metal shielding as a pT-field PTF generator and a custom
controlling system. (b) Explosion view of the controlling system. Several pins on the micro
controller (Arduino® UNO R3) are configured to control the bubbling of para-Hy and the
gripper on the robotic arm. With the Pulse Width Modulation (PWM) function of Arduino,
the H-bridge driver is able to precisely generate the desired magnetic field on the electromag-
netic coil. (Adopted from [JY03].)

7.3.1 Robotic arm-assisted shuttling system

The 4-axis desktop robotic arm (MG400, Dobot Robotics, China) featuring a repeatability
of +0.05 mm and a maximum joint speed of 300° per second, enables precise and rapid field
cycling of the sample (Figure 7.2a). The movement of the robotic arm, including the position
coordinates and speed, can be customized through programming in a Python environment.
Consequently, the desired position of the sample tube can be programmed by specifying
the corresponding spatial coordinates for the gripper (Figure 7.2b). The gripper is equipped
with a digital servo (LDX-335MG, Hiwonder, China) and features a custom 3D-printed finger
designed to match the curvature of the sample holder (Figure 7.2c). By programming the
gripper to open or close, it is capable of seamlessly picking up and dropping off sample tubes
at desired positions. In this work, the average movement speed of the robotic arm was set
to 70% of its maximum capacity to balance the transfer speed with safety considerations.

Consequently, the transfer time of the hyperpolarized (HP) sample from the PTF to the
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detection area of the benchtop NMR was consistently maintained at 3 s across all experiments.

Figure 7.2: (a) The robotic arm-assisted shuttling system for fast magnetic fields cycling.
(b) The anti-block gripper with high torque steering gear. The opening and closing of the
gripper were independently controlled by a digital servo, allowing the action of grasping or
releasing to be completed within 0.5 s. (c¢) 3D schematic of the finger for the gripper with a
curved contour. (Adopted from [JY03].)

7.3.2 Bubbling unit

As mentioned in the introduction, the bubbling method is compatible with field cycling and
automated setups. In this work, an automated bubbling unit was developed to efficiently
deliver para-Hs into the sample solution (Figure 7.3). The bubbling unit is comprised of a
standard 5 mm NMR tube, to which PTFE tubing (ID: 4.35 mm, OD: 6.35 mm) is affixed
at the upper portion. The other end of the PTFE tubing is connected to a Y-type fast
pneumatic connector, splitting the gas flow into two pathways: one for bubbling and the
other for gas release through a back-pressure regulator (BPR) mounted at the downstream.
In the bubbling pathway, a capillary tubing (ID: 0.30 mm, OD: 0.60 mm) is inserted into the
outer tubing, with its end submerged in the sample solution. A bypass line, created using two
T-connectors, bridges the bubbling and releasing pathways to ensure equal pressure in both.
A shut-off valve ( P-782, IDEX Health&Science, USA) controls the state of the bubbling.
When this valve is open, bubbling ceases, and the gas is diverted through the bypass line
and subsequently released. Closing the valve blocks the bypass, directing the gas through the
capillary tubing where it forms bubbles in the sample solution, before being released through
the BPR. This setup was previously introduced in earlier research, where the bubbling process

was controlled by manually opening and closing the shut-off valve.[128]
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Figure 7.3: (a) Schematic drawing of the bubbling unit (not shown in real scale). The
automated bypass gas valve includes a shut-off valve (b), a digital servomotor (c), and a
scaffold (d) for mounting these components together. By controlling the digital servomotor,
the automatic bubbling of para-Hs into the sample solution through the capillary tubing is
managed. (Adopted from [JY03].)

To automate the bubbling procedure, traditional solenoid valves could be employed as
replacements for the manual shut-off valve. However, when controlling hydrogen gas, the
solenoid valve must be explosion-proof, which increases the cost and requires more installation
space. To enhance experimental safety while maintaining automation, a digital servomotor
(HV2060MG, Amewi AMX Racing) is implemented to automatically drive the handle of the
shut-off valve (Figure 7.3c). A 3D-printed scaffold, as depicted in Figure 7.3d, is utilized to
assembly of the servomotor and the shut-off valve. The primary benefit of this mechatronic
modification to the manual valve is the automated control of the hydrogen gas valve, achieved
in a cost-effective and safe manner. Additionally, leveraging the rapid response capability
of the digital servomotor, the bubbling process can be switched on and off by the digital
servomotor within 0.5 s, ensuring consistent operation of the bubbling process and enhancing

the reproducibility of experiments.

7.3.3 PTF generator

SABRE is well known for its dependence on magnetic field strength, thus, selecting an optimal

PTF is essential for achieving spontaneous and efficient spin order transfer from para-Hs to

141



7 Automated SABRE Workstation on a Benchtop NMR

target substrates. In this study, two solenoid coils were constructed, each specifically designed
for SABRE hyperpolarization of 'H and heteronuclei, respectively. The first coil is positioned
within the stray magnetic field of a benchtop NMR to generate fields in the mT range, suitable
for 'H SABRE experiments. The second coil, intended for heteronuclei hyperpolarization via
SABRE-SHEATH, is capable of generating PTFs ranging from -13.5 pT to 13.5 pT. This
coil is housed within a mu-metal magnetic shield (ZG 206, Magnetic Shield Corporation,
USA) to shield the Earth’s magnetic field. The core component of the PTF generator is
an H-bridge-based driver circuit integrated with a PWM-controlled voltage signal. The H-
bridge configuration consists of four switches, which can be transistors or relays, arranged in a
manner that allows current to flow through the solenoid in either direction. By programming
and toggling these switches in various combinations, it is possible to alter the direction of

the magnetic field induced in the coil.

The schematic diagram of the circuit connections of the PTF generator is detailed in Fig-
ure 7.4. The process for generating PTFs operates as follows: the micro controller (Arduino®
UNO R3) is programmed to emit a square wave signal, which can be modulated using PWM
to produce signals with varied duty cycles. Consequently, the H-bridge driver board then
outputs the average voltage based on this square wave signal, generating the designated PTF

within the electromagnetic coil.

H Bridge Driver HHIHL

Logic level - and B

Figure 7.4: Schematic diagram of the circuit connections of the PTF generator. Combi-
nation the functions H-bridge and PWM on Arduino, it is capable to precisely control both
strength and direction of the magnetic field generated on the solenoid coil. (Adopted from
[JY03].)

With the minimum duty cycle change of 1/255, the resolution of the PTF generator
achieves a precision of 0.05 milligauss (mG). By programming the corresponding duty cy-
cles into the microcontroller, the PTF was able to be swept precisely and automatically for
each SABRE hyperpolarization, facilitating the determination of the optimal PTF for various

substrates.

In addition, the PTF generator is capable of producing a field pulse sequence that consists
of two alternating magnetic fields with different durations. This functionality facilitates
investigation of the polarization transfer mechanisms in SABRE. The following part of this
section details how the solenoid coil’s delay time is calculated and how the PWM-generated
PTF is validated.
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In this work, two self-wound solenoid coil A and B are applied for 'H SABRE and 3C
SABRE-SHEATH experiments respectively (Figure 7.5). The 'H SABRE experiments were
designed to demonstrate high reproducibility and were conducted using a PTF of 6.5 mT.
This magnetic field was generated by solenoid coil A powered by direct current (DC).

(a)
Solenoid coil A | Solenoid coil B
Ly (cm) 21 21
L, (cm) 20 20
D (cm) 4 4
N (Tums) 3500 1300
Ry (Q) 50 46.1
PTF range -10.5mT-10.5mT -135 puT—-13.5 T
(b)

Figure 7.5: (a) Schematic illustration of self-wound solenoid coil. (b) Parameters of
solenoid coil A and B utilized for generating PTFs in 'H SABRE and *C SABRE-SHEATH
respectively. (Adopted from [JY03].)

To determine the optimal PTF for 3C SABRE-SHEATH experiments, which required
a series of magnetic field sweeps of the PTF, a PWM function was employed [232]. This
function enabled the generation of a square wave signal through an H-bridge, which was sub-
sequently applied to solenoid coil B. By setting the duty cycle of the PWM and programming
the H-bridge circuit, the magnetic fields required for the experiments can be automatically
controlled. The calculation and measurement of the time constant 7. involve assessing the
coil’s inductance and resistance, which determine how swiftly it can reach its full magnetic

field strength upon signal application and decay once the signal ceases.

The effectiveness of this setup hinges on understanding (1) the time constant e of
solenoid coil B, which influences how quickly the coil can respond to changes in the PWM
signal; (2) the averaging of Hamiltonian of a square wave-shaped magnetic field with fast

period T
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In the following content, the calculation and measurement of the time constant of solenoid
coil B are depicted, along with an explanation of how the generation of the PTF is controlled
by the PWM signal. Furthermore, the hyperpolarization signals from *C SABRE-SHEATH
at the PTF of —0.6 pT, generated by PWM signal and DC power, are presented to validate
that there is a negligible difference in the hyperpolarization effects. This holds true whether
employing a fast-period, square wave-shaped magnetic field or a static magnetic field, as long

as the average field strengths are equivalent.

7.3.3.1 The magnetic flux density inside the solenoid coil

The relationship between the magnitude of the current applied in the solenoid coil and the

strength of the generated magnetic field is described as follows:

H-L=N-I (7.1)

where:

H is the magnetic field strength measured in Ampere per meter (A/m);

N is the number of turns in the coil;

I is the current measured in Ampere (A);

L is the length of solenoid measured in meters (m).

The magnetic field strength inside the solenoid coil is:
B=u-H (7.2)

where:

e B is the magnetic flux density (T);
e 4 is the magnetic permeability of the material (T-m/A).

The solenoid coil is placed in air, the magnetic permeability of which is usually considered
close to that of a vacuum. Therefore, the vacuum permeability pg ~ 47 x 1077 T-m/A is

chosen for the next calculations.

By combining Equation (7.1) and Equation (7.2), and incorporating the parameters pro-
vided in the Figure 7.5, the relationship between the applied current and the magnetic field

generated inside coil B can be derived as follows:

:NB'MO

B
B In

- Ip ~ 0.008161p (7.3)

7.3.3.2 Calculating the inductance of the solenoid coil

During the calculation of the solenoid coil inductance, the selection of the applicable method
is crucial for the subsequent analysis of the circuit time constant, especially in scenarios
where the magnetic field needs to be switched quickly. The forward and reverse calculations

are two common methods, and in the case of manually wound solenoids, it is important to
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choose the correct calculation method to minimize errors due to irregularities in the structure.
[233, 234, 235]

The forward calculation method directly calculates the inductance value by considering
parameters such as the shape, dimensions, number of turns, and permeability of the solenoid
coil. In previous work, many researchers applied this method for calculating inductance values
of solenoids of different shapes. [233, 236] This method is theoretically accurate, but in the
case of manual winding, the irregularity of the solenoid may lead to complex mathematical

modeling, making the calculation cumbersome and prone to introducing errors. [236]

The inverse calculation method means that the inductance value can be solved indirectly
by measuring some parameters in the circuit, such as the time constant in current decay
process. This approach is rooted in the fact that the inertial effects of the inductor result in a
non-instantaneous response of the circuit, requiring a finite duration to reach a steady state.
This method is more feasible in practical applications because it can overcome irregularities
in the shape of the solenoid coil during manual winding. A variety of inverse calculation

methods were summarized in previous work. [237, 238]

In the experiments, the method of measuring the time constant in the discharge series
RL loop has been chosen, as shown in Figure 7.6. L represents the solenoid coil, Ry is the
resistance of the solenoid coil itself, and R; represents the series resistance. The process for
measuring inductance involves the following steps. Firstly, the circuit parameters need to
be established: The resistance of Ry is 46.1 €2 and a resistance of 1333 €2 was selected for
R;. Second, energize the circuit and then use an oscilloscope (KEYSIGHT DSOX1240A) to
measure the voltage across the resistor R;. By employing Kirchhoff’s laws under the influence
of a step voltage (illustrated in Figure 7.6), the relationship between current ¢ and time ¢ in

the RL circuit is depicted as follows:

: Vhigh _Ro+Ry,
iy = (1 - 4
(6) = o o (7.0
This implies that after the step voltage occurs, i(¢) undergoes an exponential growth process,
: . Vhigh L .
radually reaching a steady-state value. Setting Iy = ——+— and 7 = ———— yields:
g y g y g 1o Ro+ Ry Ro+ Ry y

i(t) = Io (1 - e—%) (7.5)

When t = 7, it gives:

i(r) =1I (L —e ') = 0.631 (7.6)

where 7 represents the time required for the current to increase from 0 to 63% of its steady-

state value. In electronics, 7 is referred to as the time constant.

From the voltage waveform over time depicted in Figure 7.7, it is discernible that the
time constant 7 of the circuit with series of the electromagnetic coil B and the resistor R; is

approximately 10 ps.
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Signal generator

Figure 7.6: A circuit of series RL loop for measuring the inductance of the self-wound
solenoid coil. (Adopted from [JY03].)
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Figure 7.7: Step signal (yellow line) with voltage across the resistor (green line). (Adopted
from [JYO03].)

L
By utilizing the relationship 7 = Rr R the inductance value L of the coil is calculated
0 1
as following:

L=7-(Ry+Ry)~13.8 mH (7.7)

It needs to emphasize that due to the use of manually wound coils and associated measurement
uncertainties, the purposes of Equation (7.3)-(7.7) are to provide a qualitative understanding

and analysis of the system behavior rather than obtain absolute accurate results.

7.3.3.3 Controlling the direction of PTF by H-bridge

In the PTF generator, the manipulation of the magnetic field direction is facilitated by an
H-bridge-based drive circuit. Named for its schematic representation that resembles the letter
"H", as depicted in Figure 7.8. H-bridge is an electronic circuit that allows for the reversal
of the polarity of a voltage applied to a load. [239] The components Q1, Q2, @3, Q4 are
Metal Oxide Semiconductor Field Effect Transistors (MOSFETS), which serve as electronic
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switches. Dy, Do, D3, D4 are diodes designed to protect the electronic switches. When
integrated with PWM, precise adjustments of the voltage at both ends of the load are made
achievable. The power supply voltage of the controlling system, represented by Vpp, is set
at 24 V DC.

Vob
Qq Q3
— L
=g D4 Dy x| =
— —
Solenoid
- T
) —
= D, Ds & =
— _—
Q2 Qd

Figure 7.8: The circuit of H-bridge for switching the polarity of the voltage applied to the
solenoid. (Adopted from [JY03].)

7.3.3.4 Selecting the appropriate serial resistor to generate nT-field

In 3C SABRE-SHEATH procedures, the required magnetic field range is up to 13 pT.
According to Equation (7.3), this necessitates a current range from 0 to 1.59 mA. Given the
solenoid coil’s resistance Ry of 46.1 €2, the required current range translates into a voltage
variation from 0 to 0.073 V for the field strength from near-zero to 13 pT. Achieving such
voltage control with an accuracy of 0.0056 V per 1 nT present challenges in practice. For
the convenience of voltage control within the circuit, a resistor, labeled Rs, is incorporated

in series (Figure 7.9).

Another factor that needs to be considered when selecting the resistance in the circuit is
the relationship between the resistor value and the time constant, which will be discussed in

detail in the next section.

7.3.3.5 Calculating the electromagnetic coil’s time constant 7.4;

The time constant in circuits is crucial for characterizing the response capability of the
circuit. It quantitatively describes how quickly a circuit can respond to changes in input,
fundamentally defining the dynamics of its electrical behavior. The time constant is closely
related to the process in which the current changes from its initial variation to a stable
state. A small time constant means that the circuit can quickly adapt to changes in signals,

achieving the purpose of rapid magnetic field switching. Conversely, a large time constant
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Signal generator

Figure 7.9: The circuit of the solenoid coil in series with the capacitor Ry for generating
nT-field. (Adopted from [JYO03].)

means that the circuit cannot adapt quickly to signal changes, requiring a longer time for
the magnetic field intensity to stabilize after the switching signal occurs. In the RL circuit,
where the solenoid coil is connected in series with resistor R, the time constant is defined

as follows:

L

L
- -_ - 7.8
R Ro+ R (7.8)

Teoil =

where L is the inductance of the coil and R is the total resistance in the circuit. In case of
fixed value of inductance (L), only the effect of the series resistance value (R2) on the time
constant needs to be considered. Both the phase difference and time constant are important
physical parameters with significant implications for the functionality of the PTF generator.
Therefore, it is necessary to select the circuit parameters (such as the resistance value and
the signal frequency) appropriately to ensure that the phase difference and the time constant

are within suitable ranges.

From Equation (7.8), it can be inferred that an increase in the series resistor value leads
to a decrease in the time constant. For *C SABRE-SHEATH at pT-range, an series resistor
Ry with resistance of 8116 ) was selected to meet the requirements for both the range and
fast response of the magnetic field generated by solenoid coil B. Therefore, a time constant
of 1.7 ps was determined by utilizing Equation (7.8). Figure 7.10 depicts the waveform
obtained by measurements on oscilloscope with 7. = 1.7 118, states the agreement between

experimental observations and theoretical predictions.

7.3.3.6 Averaging the Hamiltonian in situation of shaped magnetic field

The Hamiltonian of the spin system at this square wave-shaped magnetic field B(t) is:
7‘1(75) = A’yCHB(t)S'Z + 27 (JHHfl . fg + JCHfl . S’ + JCH7f2 . S') (7.9)

where B(t) consists of two magnetic fields By, (t) and By(t), the above equation can be rewrit-

ten in:
7:[(75) = A’)/CHBh(t)S'Z + A’yCHBl(t)S'Z + 27 (JHHjl . fz + JCHjl . S’ + JCH’fQ . S) (7.10)
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Figure 7.10: (a) Square wave signal (yellow line) with voltage across the resistor (green
line). (b) Local scaling of the signal at the step. (Adopted from [JYO03].)

where the magnitude of By = 13.5 nT and B; = 0 are corresponding to the high and low level
of the PWM signal. The working times of By, and B in a period are t; and to respectively
(Figure 7.11). This gives:

ﬁ(t) = A'YCHBh(tl)gz + 27 (JHHjl . fg + JCHfl . S’ + JCH’jQ . S) (7.11)
= H(t) + 27 (JHHfl I+ Jouh - S+ Jowls - 5’) (7.12)

When the period of the pulse shaped magnetic field T is faster than any other term in the
Hamiltonian at any time, the average Hamiltonian can be applied. [240, 241] The term 7:[1(t)

can be averaged and this gives:

—(0) 1 [ir .
#, :/ H1(t) dt (7.13)
T 0
= %AVCHB}]SZ (7.14)

where the ratio ¢1/7T equals to the duty cycle of the PWM signal applied on the electro-
magnetic coil. By the definition of the duty cycle of PWM function, the average voltage
is:

V= %Vh (7.15)
For an electromagnetic coil, the generated magnetic field strength is proportional to the
applied voltage (B oc V). The relationship of the average magnetic field B and the high

magnetic field By, gives:

— 4
B=—-B 1
7 Bn (7.16)

Therefore, Equation (7.14) can be rewritten in:

—(0) — .

H, = AyeuBS. (7.17)
and the total Hamiltonian is:

7‘1(75) = A’)/CHES'Z + 27 (JHHfl . fg + JCHfl .S + JCH7f2 . S) (7.18)
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Hence, when the spin system evolves under square-wave shaped magnetic field with period
faster than the coherence dynamics of spin evolution, there is negligible difference in hy-
perpolarization outcomes generated whether at a static magnetic field or at instantaneously
changing field, as long as the average magnetic field strength is equivalent to that of the
static field.

Figure 7.11: Schematic illustration of the average voltage achieved by PWM signal with
corresponding duty cycle. Within the period time T, the working durations of high and the
low level are t; and ty respectively. The duty cycle ¢1/T is the ratio between the high level
duration and the period time. The average voltage over time can be controller by adjusting
the duty cycle. (Adopted from [JY03].)

In this work, the PWM signal with the default frequency on Arduino f = 976.56 Hz,
was employed in the experimental procedures of field sweeping for determining the optimal
PTF, buildup time measurement, and 7} relaxation time measurement for generating desired
magnetic field. The time constant of the electromagnetic coil 7.;; = 1.7 ps has been calculated
theoretically and measured experimentally. With 7., is much small than the period time
of PWM (T = 1/f = 1024 ps), the resulting magnetic field closely follows the square wave
pattern dictated by the PWM signal. The period time T < (AycuBn) ™! = 2324 ps, the
output of the hyperpolarization under a rapidly changing square wave-shaped magnetic field
is nearly identical to that observed under a static magnetic field with strength equal to B.
Therefore, by adjusting the duty cycle of the PWM signal from the PTF generator, SABRE

hyperpolarization could be controlled at the desired magnetic field.

7.3.3.7 Validation of '3C pyruvate SABRE-SHEATH at the magnetic field
generated by PWM

To demonstrate the the average effect of hyperpolarization at square wave-shaped magnetic

field with fast period, serial experiments of C pyruvate hyperpolarization at its optimal
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PTF (Bprr = —0.6 pT) generated by the PWM with period of 1024 ps and by the DC
power were conducted. For the DC-generated magnetic field, a 12 V DC power supply was

used, and the current was manually adjusted to achieve a static field of —0.6 pT.

For each magnetic generation approach, three times hyperpolarization of the same sample
solution were conducted sequentially. The results are shown in Figure 7.12, the spectra
with blue and red color are the signal of [1-13C| pyruvate signal hyperpolarized at —0.6 pT
generated by PWM function and DC power respectively. By comparison the spectra, the
signal intensities of the free and bound pyruvate are nearly identical under both conditions.
This demonstrates that the magnetic field generated using the PWM approach at a frequency
of 976.56 Hz can effectively be treated as a static magnetic field for the purposes of these

experiments.

— PWM
——— DC power

Signal intensities (a.u.)
Free pyruvate | Bound pyruvate

1 -1.21 -0.17

PWM 2 -1.29 -0.11
3 -1.28 -0.14

4 -1.25 -0.14

DC power | 5 -1.23 -0.14
6 -1.22 -0.13

169.5 169.0 168.5 168.0 167.5 167.0

Chemical shift (ppm)

Figure 7.12: Spectra of [1-!3C] pyruvate hyperpolarized at —0.6 nT generated by PWM
(blue) and by DC power (red). (Adopted from [JY03].)

7.3.4 User-friendly GUI

A GUI is designed based on the experimental procedures of SABRE and SABRE-SHEATH,
allows users to easily control various parameters, such as the strength and direction of the
PTF, the bubbling time, and configure the field pulse sequence. It typically includes features
such as real-time monitoring of system status, automated sequence initiation, and data log-
ging capabilities. The main window of this GUI is depicted in Figure 7.13. The upper left
part of the GUI features the general function module, where users can individually operate
the bubbling and gripper functions by clicking the corresponding buttons. This design allows

for routine tasks such as activating the SABRE pre-catalyst in sample solution or moving the
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SABRE Workspace

General Function Q Magnetic Field Sweeping
/ Bubbling N Magnetic Field: () uT — (] uT, A= JuT
[ ON ] [ OFF ] Bubbling time: (] s Waiting time: (] s )
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U (LowField: [ ) uT  HighField: [ ) uT |
\[ on | [ o | ‘j Bubbling Time: (] s Waiting Time: () s |
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(State of the SABRE WorksF’ace}  Magnetic Field: () wr  waitingtime: [ ] s
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2nd. | Set All Parameters Low Field: E] N
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Bubbling Time: s

Figure 7.13: The main window of the GUI developed for controlling SABRE and SABRE-
SHEATH experiments, showing the layout and functional elements. Upper left: general
functions for activation the pre-catalyst by clicking ’Bubbling’, and for grasping and releasing
the sample tube by clicking ’ON’ or ’OFF’. Bottom left: state indicator and issuance of

instructions. Right column: four categories of SABRE experimental procedures. (Adopted

from [JY03].)

sample tube to a desired position. For instance, the sample tube can be transferred to the
benchtop NMR for detection of the thermal equilibrium after activation. The real-time status
of the SABRE workstation is visualized by different colors displayed at the bottom of the
GUI: blue signifies standby, green indicates operating, and red alerts to a bug. Clicking the
Experiment Start’ button without selecting any additional procedures or inputting param-
eters will automatically initiate the SABRE experiments using a set of default parameters.
These default settings involve bubbling at the PTF of +0.4 pT for 40 s with a para-Hs gas
flow rate of 85 sccm and a pressure of 90 psi. Immediately after bubbling, the sample is
transferred to a benchtop NMR for detection. Additionally, all ongoing operations can be
immediately halted by clicking the ‘Emergency Stop’ button for ensuring the safety of both

the personnel and the workstation in case of any unexpected situations.

Within the GUI, users can operate four categories of SABRE experimental procedures:
magnetic field sweeping, measurements of polarization relaxation time, measurements of po-

larization buildup time, and pulse sequence. Users can select the desired experiments and
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input the necessary parameters displayed in each module to initiate the experiments. The
subsequent sections will detail each procedure and present the corresponding experimental

results to demonstrate the capabilities of the constructed system.

7.4 Experiments

7.4.1 Chemical sample preparation

e Sample solution for 'H SABRE and '*C SABRE-SHEATH hyperpolarization

For SABRE hyperpolarization of 'H substrates (pyrazine, pyridine, and nicotinamide). Each
sample solution contained 3 mmol/L of standard SABRE pre-catalyst [[rC1(COD)(IMes)|

and 60 mmol/L of each substrate dissolved in degassed methanol-dy.

For SABRE-SHEATH and pulsed SABRE-SHEATH of [1-13C] pyruvate, each sample con-
tained 5 mmol/L pre-catalyst [[rCl(COD)(IMes)| (the same catalyst used in 'H SABRE),
25 mmol/L sodium [1-'3C] pyruvate, and 40 mmol/L water-free DMSO dissolved in degassed
methanol-d4. All the chemicals were purchased from Sigma Aldrich and used without further

purification.
All SABRE sample solutions were prepared under inert gas conditions.
e Enrichment of para-Ho

Normal hydrogen gas (ALPHAGAZ™ Hy, 99.999%) flows along the pipeline with an appro-
priate flow rate (0.5 L/min) controlled by a mass flow controller. A commercial water-cooled
helium compressor (Advanced Research System, Model ARS-4HW) offers the cooling source
to the cryostat (cold head) at 23 K. After contacting the paramagnetic hydrated iron (III)
oxide catalyst (FepOs-H90) in the chamber at the bottom of the cold head, the para-Ho

fraction of 98% was generated and collected within an aluminum gas bottle.
e Activation of the pre-catalyst

The prepared sample solution was transferred into a modified 5 mm NMR tube using a
10 c¢m long needle syringe and tightly capped until connected to the tubing of the bubbling
unit. Prior to the experiment, the entire gas line of the bubbling unit was flushed with fresh
para-Ha at a flow rate of 30 sccm under ambient pressure for 2 min to ensure the removal of

residual air.

After connecting the sample tube to the pneumatic connector of the bubbling unit, the
flow rate was set to 85 sccm until the bubbling unit reached a stable over-pressure of 90 psi.
Activation of the sample is initiated by clicking the ’ON’ button of the bubbling module in
the GUI window. Full activation of the SABRE pre-catalyst typically requires 10 min of
bubbling time.
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7.4.2 Experimental protocols

All the experiments conducted under the room temperature of 25°C. All NMR signals were
measured on a Benchtop NMR operating at a 'H frequency of 61.92 MHz (1.45 T, Spinsolve
60 Carbon Ultra, Magritek, Germany). The 'H NMR spectra were obtained with a single
pulse excitation experiment, collecting single scan of 32768 points with 200 ps dwell time over
a sweep width of 20 ppm using 90° RF pulse with length of 15.8 ps (signal acquisition time
6553.6 ms). The 13C NMR spectra were obtained with a single pulse excitation experiment,
collecting single scan of 16384 points with 200 s dwell time over a sweep width of 240 ppm
using 90° pulse length of 81.9 ps (signal acquisition time 3276.8 ms). All the recorded NMR
data were processed using MNOVA Software (Mestrelab Research), where the acquired FID

were apodized with an exponential filter of 0.3 Hz.
e Regeneration of '"H HP substrates with SABRE at 6.5 mT

'H SABRE hyperpolarization of each sample was performed in three consecutive trials using
this automated workstation with the procedure shown in Figure 7.14a. The activated sample
was bubbled for 20 s with flow rate of 85 sccm at 90 psi at the PTF of 6.5 mT. Immediately
after this, the samples were transferred with the robotic arm-assisted shuttling to the bench-
top NMR within 3 s to measure the hyperpolarized 'H signal. After each measurement cycle,
the sample was returned to the solenoid coil, with the coil powered off for a duration of 60 s.
During this period, the signal relaxed back to its thermal equilibrium at the Earth’s magnetic
field. This process readied the sample for the next batch of hyperpolarization, ensuring that

each cycle started from a consistent baseline state.
e Studying field dependency in SABRE-SHEATH of [1-'3C] pyruvate

The experimental protocol of ‘Magnetic Field Sweeping’ on the GUI window was chosen for
studying field dependency in SABRE-SHEATH (Figure 7.13). As the procedure illustrated in
Figure 7.15c, the activated [1—130] pyruvate sample was hyperpolarized at different magnetic
fields by sweeping the generated PTFs in increments of ABptgp = 0.1 uT from —1 nT to 1 pT.
In each cycle, the sample solution was bubbled for 40 s with a flow rate of 85 sccm at 90 psi
inside the degaussed magnetic shield at the desired PTF. Upon immediate cessation of the
para-Hy bubbling, the sample was transferred to the benchtop NMR for 3C detection. After
each acquisition, the sample was transferred back into the magnetic shield with the solenoid
coil powered off for 60 s. The '3C polarization then relaxed at near-zero field conditions back

to its thermal equilibrium.
e Measuring '3C polarization buildup time 7 at optimal PTF

The experimental protocol for 'Polarization Buildup Time’ was selected on the GUI window
(Figure 7.13). As the procedure illustrated in Figure 7.17a, the activated [1-13C] pyruvate
sample was bubbled for varying durations (from 0 to 75 s in increments of 5 s) at its optimal
PTF of —0.6 uT and at 25°C. The sample was transferred to the benchtop NMR for detection
immediately after cessation of bubbling. After each acquisition, the sample was transferred

back into the magnetic shield with the solenoid coil powered off for 60 s. The '3C polarization

154



7 Automated SABRE Workstation on a Benchtop NMR

then relaxed at near-zero field conditions back to its thermal equilibrium.
e Measuring '3C polarization relaxation time 7; at different interesting fields

The experimental protocol for "Polarization Relaxation Time’ was selected on the GUI window
(Figure 7.13). As the procedures illustrated in Figure 7.19a-d, the sample was initially fully
polarized by bubbling para-Hs at —0.6 pT and 25°C for 80 s. Subsequently, the sample
tube was immediately exposed to various magnetic fields to observe polarization relaxation.
The sample was maintained inside the shield at —0.6 pT, or kept near-zero field (0.026 pT)
in situ, or moved outside the magnetic shield to the Earth’s field (50 nT), or transferred
to a benchtop NMR system at 1.45 T. After varying wait durations at these fields, 3C
NMR signals were measured at the benchtop NMR. After each acquisition, the sample was
transferred back into the magnetic shield with the solenoid coil powered off for 60 s. The 3C

polarization then relaxed at near-zero field conditions back to its thermal equilibrium.
e Pulse sequence of 13C SABRE-SHEATH hyperpolarization

The experimental protocol for "Pulse Sequence’ was selected on the GUI window (Figure 7.13).
As the procedure illustrated in Figure 7.21a, the sample was bubbled at a flow rate of 85 sccm
and 90 psi at the set PTF with field pulse sequence, involving two alternating magnetic fields
with corresponding durations 77, and 7y for each field. The low and high fields of the pulse
sequence were set to near-zero field (0.026 nT) and 13 pT, respectively. Upon immediate
cessation of the para-Hs bubbling, the sample was transferred to the benchtop NMR for 3C
detection. After each acquisition, the sample was transferred back into the magnetic shield
with the solenoid coil powered off for 60 s. The '3C polarization then relaxed at near-zero

field conditions back to its thermal equilibrium.

7.5 Results and discussion

7.5.1 Estimating the reproducibility by regeneration of HP substrates
with "H SABRE at 6.5 mT

Multiple 'H SABRE hyperpolarization experiments were conducted on pyridine, pyrazine,
and nicotinamide to evaluate the reproducibility of the constructed automated workstation.
The enlarged thermal equilibrium spectra (shown in red) and the HP spectra (represented in

purple, green, and cyan) are displayed in Figure 7.14b-d.

The signal enhancements € of the HP proton species on each substrates with three consec-
utive SABRE hyperpolarization at a PTF of 6.5 mT shown in Table 7.1. The reproducibility
of SABRE hyperpolarization for each substrate was quantified by calculating the relative
standard deviation (RSD) of € observed for individual HP species. The results are presented
in Table 7.1 with an average relative standard deviation € of 1.03%, indicating an improve-
ment in reproducibility compared to other automated shuttling systems reported by other

research groups. For instance, the pneumatic shuttling system operating at high-field condi-
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tions documented a standard deviation of 2%, [221] while the shuttling system employing a
stepper motor and gear rod reported deviations ranging from 0.2% to 3%. [224]

Duration 20s 3s 8s 8s 60 s
Procedure Transfer Acquisition. Transfer |
PTF (6.5 mT)
Field strength
Location Solenoid coil BQRCIV:‘?;OP Solenoid coil
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Figure 7.14: 'H SABRE hyperpolarization of pyrazine, pyridine and nicotinamide executed
by the automated SABRE workstation. (a) Schematic illustration of the experimental pro-
tocol for consecutive SABRE hyperpolarization at a PTF of 6.5 mT. (b-d) 'H spectra of the
thermal references of each sample (red) and the corresponding HP pyrazine, pyridine and
nicotinamide generated by repeating the protocols for three times. Insets: zoomed-in views

of the HP spectra (in purple, green, and cyan) for each substrate. (Adopted from [JY03].)

7.5.2 Studying field dependency on polarization transfer efficiency of HP
[1-°C] pyruvate via SABRE-SHEATH

In this work, the impact of magnetic field strength on the polarization transfer efficiency of
[1-13C] pyruvate was studied by systematically varying the magnetic field across a range of
values. Previous works on simulations of the spin system at the LAC condition provides a
reasonable estimation of the optimal PTF at 0.4 nT for [1-13C| pyruvate. [242, 243] However,
the accuracy of the predictions are constrained by the simplification of the actual spin system
dynamics, neglecting the influence of external parameters such as binding rates, dissociation

rates, and fluctuations in real-time temperature. [103, 109, 244, 229]

To determine the optimal PTF for [1-'3C| pyruvate under conditions of this work, the
PTFs were set in range from -1 pT to 1 nT. As shown in Figure 7.15a, the 21 NMR spectra
of HP [1-13C] pyruvate with SABRE-SHEATH at various PTFs demonstrate a significant
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Pyridine Nicotinamide
Pyrazine
ortho para meta a b c d
€1 -1494.92  -1002.87 -863.95 -622.42 -403.80 -337.25 -304.52 -52.41
€2 -1528.72  -1007.73 -868.30 -627.85 -418.58 -346.45 -317.17 -51.43
€3 -1466.27  -1005.73 -867.05 -623.20 -417.55 -345.24 -319.01 -51.56

RSD of € 1.711% 0.20% 021% 0.38% 1.63% 1.19%  2.05% 0.84%

Table 7.1: The calculated signal intensity enhancements e of HP pyrazine, pyridine (across
three sites: ortho, para, and meta), and nicotinamide (across four sites: a, b, ¢, and d). The
RSDs of the enhancements of each proton species on the three substrates are in the range
from 0.20% to 2.05%. (Adopted from [JY03].)

dependence of pyruvate signal intensities on both the strength and direction of the magnetic
field. The variations in polarization level across different PTFs present an asymmetrical
curve-like pattern (Figure 7.15b). Notably, minor differences in the polarization levels at the

same magnetic strength but in opposite directions (positive and negative) were observed.

Given that the Earth’s magnetic field in the z-direction measured in the laboratory is
negative, the reduced signal intensity observed with positive PTFs was speculated due to
alterations in the z-direction of the magnetic field when the sample is adiabatically removed
from the shield and transferred to the benchtop NMR. The maximum signal intensity of free
pyruvate with SABRE-SHEATH at 25°C is observed at —0.6 pT (Figure 7.15b).

By taking a sample of [1-'3C] vinyl acetate (in a normal 5 mm NMR tube) at thermal equi-
librium as a reference (Figure 7.16), the calculated signal enhancement of HP free pyruvate

is
Sup _ CRet _ ARet  13.1605 _ 10.13 mol/L
SRef CHP AHP N 0.2696 25 mmol/L

e13q = - 1.053 = 20828 (7.19)

The '3C thermal polarization level is

vBoh _ 67.262MHz/T - 1.45T - 1.0545718 x 1034 Js
2kT 2-1.380649 x 10~23 J/K - 298 K

Pihermal = =125 x107%% (7.20)

Therefore, the polarization level of HP free [1-13C] pyruvate with SABRE-SHEATH at
—0.6 pT and 25°C is

Pisc = €13¢ - Prpermal = 20808 - 1.25 x 107%% = 2.6% (7.21)

Previous studies have demonstrated that higher polarization levels can be achieved using
a temperature cycling method, which involves cooling the sample to 0°C with ice water or

air during the bubbling process. [27, 242]. However, cooling introduces practical challenges,
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Figure 7.15: Magnetic field dependency on polarization level of [1-'3C| pyruvate with
SABRE-SHEATH. (a) Stacked NMR spectra of HP [1-'3C] pyruvate hyperpolarized with
SABRE-SHEATH at various PTFs sweeping from —1 pT to 1 pT. (b) Polarization levels
of the HP free pyruvate at corresponding PTFs. (c) Schematic illustration of experimental

procedure for studying field dependency. (Adopted from [JY03].)

such as condensation forming on the exterior of the NMR tube, which necessitates manual
intervention, such as wiping the tube before insertion into the NMR for detection. This
additional step conflicts with the goal of full automation and continuous operation, making
such cooling techniques currently incompatible with fully automated systems. Overcoming
these limitations would require modifications to the system design, potentially by integrating

an automated mechanism to manage or prevent condensation without manual intervention.

7.5.3 Measuring *C polarization buildup time Ty at optimal PTF

The polarization build-up time in SABRE is influenced by several factors, including the
chemical exchange rate within the substrate, the J-coupling network within the spin system,
the strength of the PTF, the efficiency of para-Hs delivery to the sample solution, the sample
transfer passage and the concentration of the chemicals. Each of these elements plays a
role in determining how quickly and effectively polarization can be built up and maintained,

affecting the overall polarization level achieved with SABRE.

The polarization buildup time T of [1-!3C] pyruvate was measured at the optimal PTF
of —0.6 pT by varying the bubbling time. The results of the calculated polarization buildup
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Figure 7.16: NMR spectra of the thermal reference sample of [1-13C] vinyl acetate (orange,
signal intensity enlarged with 32 folds) and [1-'3C| pyruvate hyperpolarized at —0.6 pT (blue)
shows in free (i) and different bound forms (ii and iii). The polarization level of the free [1-
13C] pyruvate is 2.6%. (Adopted from [JY03].)

times for both the free and catalyst-bound forms of pyruvate are illustrated in Figure 7.17.
The fitting curves were derived using a limited exponential growth equation to model the
process of polarization development. The calculated polarization buildup time for the three

forms of [1-13C] pyruvate (i, ii and iii) were 38.35 s, 41.57 s and 49.53 s respectively.

The calculated outcome, especially Ty of the two bound form pyruvate (ii and iii), dif-
fers from previously reported results of *C-pyruvate hyperpolarization at low temperatures,
where the polarization buildup times for the two forms of catalyst-bound pyruvate are signif-
icantly shorter [27]. The primary reason for this discrepancy is that at low temperatures, the
exchange of para-Ho is much more efficient than the exchange of pyruvate, which promotes
rapid accumulation of polarization on catalyst-bound species |27, 227, 243], leading to shorter

polarization time compared to the condition at higher temperature.

7.5.4 Measuring '*C polarization relaxation time 7 of free pyruvate at

different magnetic fields

As a crucial intermediate in numerous biochemical pathways, 13C pyruvate is an ideal marker
to study and monitor various metabolic activities within biological systems. [65] A longer
polarization relaxation time Tj of '3C pyruvate allows a more extended monitoring period
and observation of more metabolic products. T relaxation time can be determined on an

NMR spectrometer using an inversion recovery pulse sequence to measure the NMR signal
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Figure 7.17: Measuring '>C polarization buildup time Ty of free and bound pyruvate.
(a) The schematic illustration of the experimental procedure for measuring the polarization
buildup time. (b) Chemical structures of the free and bound [1-13C] pyruvate. (c) Left: the
measured polarization levels (circles) of the free pyruvate (i) and bound pyruvate (ii and iii)
achieved with different bubbling times of para-Hs and the fitting curves with the model of a
limited exponential growth equation S(t) = L—Ae~*/T8. The parameter L is the limitation of
the polarization level with infinite bubbling time ¢ and A is initial difference from the limiting
value. Right: fitting results of polarization buildup time for the three types of pyruvate. For
the pyruvate in forms of i, ii and iii, the corresponding Ty are 38.35 s, 41.57 s and 49.53 s
respectively. (Adopted from [JY03].)

over time. However, measuring the hyperpolarization relaxation time of HP substrates is
challenging with this method, as they are typically generated at the PTF of low magnetic

fields, where the spin—lattice relaxation may occur significantly faster.

In this work, the '3C polarization relaxation time was determined at different magnetic
fields using nuclear magnetic resonance dispersion (NMRD) measurements. [245, 246] The
HP sample was positioned at specific locations where the polarization was allowed to decay
under selected magnetic fields. Four representative magnetic fields were selected for the
experiments: a near-zero field, the optimal PTF of —0.6 uT for '3C pyruvate, the Earth’s
magnetic field of approximately 50 pT, and the high field of 1.45 T from the benchtop NMR
magnet. The decay at the first two fields smaller than the Earth’s geomagnetic field is
facilitated using the PTF generator within the shielding chamber. However, for the fields of
50 puT and 1.45 T, which exceed the capacity of the PTF generator (—13.5 pT to 13.5 uT),
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the decay processes are practically conducted at the corresponding locations outside of the

shielding chamber.

After decay at the desired magnetic field, the sample was subsequently transferred to
the benchtop NMR without delay for the measurement of the residual magnetization. This
procedure was iterated multiple times, each with an extended decay duration at the same
magnetic field. The measured signal intensities were then utilized to construct a relaxation
curve for estimating 77. The experimental procedures for measuring HP free [1—130] pyruvate
relaxation time 77 at 1.45 T, 50 uT, —0.6 pT, and near-zero field are illustrated in Figure
7.18a-d respectively. The blue block labeled "waiting" in the diagram indicates the intervals
during which the HP sample was exposed to the corresponding magnetic fields for relaxation

purposes.

The polarization decay curves of free pyruvate under different field conditions (circles) are
shown in Figure 7.19. Each data point on the decay curves represents a periodic recording
of the HP free pyruvate polarization using a 90° RF pulse at the acquisition field of 1.45 T.
A single exponential equation was used to fit the polarization relaxation curves at different
fields. The analysis revealed that the polarization decay for free pyruvate varied significantly
across different magnetic fields. Specifically, the relaxation times were measured as 96.08 s
at 1.45 T, 49.99 s at the Earth’s magnetic field, 22.75 s at —0.6 nT', and 4.18 s in a near-zero

field environment.

7.5.5 Optimization parameters of pulse sequence for [1-13C] pyruvate hy-

perpolarization

To showcase the versatility of the constructed workstation, pulsed SABRE-SHEATH exper-
iments were conducted—an innovative technique in the field of SABRE hyperpolarization.
This technique involves applying an oscillating pulse sequence to the electromagnetic coil
during the bubbling phase, allowing the SABRE-SHEATH hyperpolarization to evolve at
two alternating pT-fields, which are deviated from the optimal PTF. Despite these fields
creating a weaker J-coupling network, they still facilitate the achievement of a high level
of polarization. Preliminary results suggest that this capability stems from the fact that
the heteronuclei coupling can be readily interconverted between strong and weak coupling
regimes. [243| Therefore, pulsed SABRE-SHEATH allows investigating the complex spin
dynamics and optimizing the generated polarization by varying the parameters of the pulse

sequence.

The [1-13C] pyruvate SABRE-SHEATH hyperpolarization was optimized by adjusting the
parameters of the applied field pulse sequence. In this procedure, the two alternating magnetic
fields Brow ~ 0 pT and Bpyjg, = 13 nT with respective durations 7, and 7y were generated
using a square wave consisting of two voltage levels (Figure 7.20a). These voltage levels
were modulated by PWM with corresponding duty cycles to precisely control the timing and

intensity of each magnetic field. The switch time 7 = 1.7 ps between high and low levels
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Figure 7.18: Measuring '3C polarization relaxation time of HP free [1-13C] pyruvate at
four interesting magnetic fields. (a-d) Schematic illustration of experimental procedures for
measuring polarization decay time of HP free [1-13C] pyruvate at 1.45 T, the Earth’s field
(50 puT), —0.6 pT and near-zero field (0.026 nT). (Adopted from [JY03].)

was determined by measuring the time it takes the system to reach approximately 63% of its
stable state (Figure 7.20b).

To determine the optimum duration time of the low and high fields respectively, four series
of pulsed SABRE-SHEATH of [1-13C| pyruvate were performed (Figure 7.21). Initially, the
dependence of polarization on the duration of the high-field pulse was investigated while
maintaining the duration of the low-field pulse fixed at 7, = 6 ms. By sweeping the duration
of the high-field pulse from 0 to 12 ms in increments of 0.25 ms, the signal intensity of the

hyperpolarized free pyruvate was observed to follow a curve resembling a sinusoidal pattern
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Figure 7.19: Normalized signal intensity (circles) of HP free [1-'3C] pyruvate relaxing under
the four interesting fields. The polarization relaxation time 77 was calculated by fitting the
normalized signal intensity data to a mono-exponential equation S(t) = e t/Ti . The fitting
results of the polarization relaxation time 77 are 96.08 s at 1.45 T, 49.99 s at the Earth’s
field, 22.75 s at —0.6 pT, and 4.18 s at near-zero field. (Adopted from [JY03].)
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Figure 7.20: (a) Example of a square wave signal consisting of two high-and low-levels
with duration (7 = 6 ms and 7, = 12 ms) applied to solenoid coil for generating two
alternative fields. (b) Estimating the switching time 7 of the two magnetic fields verified on
the oscillator. (Adopted from [JY03].)
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(Figure 7.21b, blue). As 71, increases, the extremum of the polarization within the periodic

interval gradually decreases.

An additional set of experiments was conducted by sweeping 71, from 0 to 4 ms with even
smaller increments of 0.125 ms to more precisely determine the optimal duration of the high-
field pulse. The results indicated that the maximum signal was observed when 71, was set
at 0.25 ms (Figure 7.21b, orange). Building on this, the dependence of polarization on the
duration of the low-field pulse was iteratively studied. By sweeping 71, from 0 to 25 ms in
increments of 1.25 ms, the maximum polarization was observed when 71, was set to 7.5 ms
(Figure 7.21c). This is also demonstrated by the iterative experiments of 71, sweeping with
fixed 7, = 7.5 ms (Figure 7.21b, green). Therefore, the optimal duration times of the high
and low fields for pulsed SABRE-SHEATH were 11 = 0.25 ms and 71, = 7.5 ms, respectively.
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Figure 7.21: Optimizing the polarization level of free pyruvate with respect to durations
in pulsed SABRE-SHEATH experiments. (a) Schematic illustration of the experimental
procedure for pulsed SABRE-SHEATH. The sample solution was bubbled for 40 s at the
PTF involving two alternating fields with corresponding durations of 71, and 7g. (b) Signal
intensities of HP free pyruvate hyperpolarized with sweeping the duration time 7y in the
high magnetic field (13 pT). (c) Signal intensities of HP free pyruvate hyperpolarized with
sweeping the duration time 71, in the low magnetic field (near-zero field). The maximum
signal intensities occur when 7y = 0.25 ms and 71, = 7.5 ms of the pulse sequence. Lines

connecting each measured point are included to guide the eyes. (Adopted from [JY03].)
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7.6 Conclusion

In summary, the constructed SABRE workstation with the robotic arm-assisted shuttling sys-
tem and the controlling system allows fully automated execution of the SABRE and SABRE-
SHEATH hyperpolarization experiments. The tailored GUI simplifies the implementation of
various hyperpolarization protocols. These include sample activation, magnetic field sweep-
ing, measurement of buildup and relaxation times under different field conditions, as well
as the execution of pulsed SABRE-SHEATH experiments. The flexibility and automation
of this setup have enabled multiple applications. These include continuous SABRE hyper-
polarization of different substrates with high reproducibility and the precise determination
of optimal experimental parameters, such as the PTFs or pulse sequences. The automated
SABRE workstation shows promise for optimizing polarization transfer efficiency, investigat-
ing the mechanisms of polarization transfer, and high-throughput testing the performance of
new SABRE catalysts.

In the future, efforts will be dedicated to developing multi-channel Hs gas pipeline control
systems. This development will facilitate the integration and compatibility of the automated
system with a multi-sample carousel, thereby meeting the demands for high-throughput hy-

perpolarization.
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Concluding Remarks

The research presented in this dissertation focuses on advancing hyperpolarization techniques,
specifically SABRE and PHIP, through the development of innovative gas-liquid reactor
systems and automated experimental platforms to enhance the efficiency and applicability of

NMR spectroscopy.

To overcome limitations of conventional para-Ha-based hyperpolarization setups, multiple
types of gas—liquid reactors were designed, fabricated, and validated through proof-of-concept
experiments. Among them, the tube-in-tube reactor demonstrated superior compatibility
with both SABRE and PHIP across different NMR spectrometers. Its scalable gas—liquid
interfacial area enables efficient polarization transfer, producing high-intensity NMR signals
in single-scan acquisitions. This capability significantly reduces acquisition time, especially

for low concentration samples.

Building upon these advancements, parallel SABRE hyperpolarization was implemented
using a probe equipped with dual NMR detection coils. This configuration enables simulta-
neous acquisition from two independent channels, effectively accelerates NMR detection and

advancing the feasibility of high-throughput NMR workflows.

The tube-in-tube reactor offers additional advantages beyond gas—liquid exchange effi-
ciency, including precise control over flow conditions and full compatibility with continuous-
flow operation. Leveraging these attributes, a steady-state RASER was realized via continuous-
flow ALTADENA-PHIP. By manipulating gas and liquid pressures, a range of nonlinear
RASER regimes—including frequency combs, period-doubling behavior, and chaos—were
observed over extended time scales. These results establish the tube-in-tube reactor as a
robust platform for exploring nonlinear spin dynamics under well-controlled experimental

conditions.

In addition, the stable two-mode RASER regime, operating within the linear response
domain, enabled high-precision measurements of scalar J-couplings. To further interpret
the experimental observations, numerical simulations based on a two-mode nonlinear model
were performed. A three-dimensional bifurcation diagram was developed for the first time,
providing a comprehensive visual framework for understanding the transition mechanisms

among different RASER regimes. These simulations not only corroborated experimental data

167



8 Concluding Remarks

but also offer predictive capabilities for the design of future hyperpolarized spin systems.

Complementing the continuous-flow platforms, a fully automated SABRE workstation was
developed based on a robotic arm, tailored for routine hyperpolarization on benchtop NMR
spectrometers. This system integrates a precision robotic shuttle for sample handling, a high-
efficiency bubbling unit, and a programmable PTF generator capable of delivering precision
magnetic fields from zero-field to the micro-Tesla regime via PWM control. All operations
are fully automated and accessible through a user-friendly graphical interface, enabling re-
producible SABRE hyperpolarization for both proton and heteronuclear targets. This devel-

opment substantially improves throughput and standardization in routine experiments.
Looking ahead, several promising directions arise from this work:

Further optimization of gas—liquid contactor designs could enhance polarization levels and
expand the range of polarizable substrates. The development of falling film gas-liquid reac-
tors with multiple channels presents a promising approach for enhancing mass transfer effi-
ciency through direct gas—liquid contact, while simultaneously enabling the hyperpolarization
of multiple sample solutions flowing through separate channels. This reactor design offers

potential for scaling up hyperpolarization processes and increasing experimental throughput.

Furthermore, integrating parallel SABRE under continuous-flow conditions with plug-flow
operation provides a scalable platform for high-throughput screening. This approach is par-
ticularly beneficial for the rapid analysis of low-concentration analytes and holds significant

promise for applications in drug discovery and pharmaceutical screening.

Additionally, integration of machine learning algorithms with the automated SABRE work-
station could enable real-time optimization of hyperpolarization conditions and adaptive ex-
perimental protocols. In the context of RASER-based MRI, the high reproducibility of the
automated workstation may support multi-projection acquisition on benchtop instruments,

enabling rapid, fully automated, background-signal-free MRI measurements.

Taken together, these contributions advance the field of NMR spectroscopy by improving
both sensitivity and throughput, while facilitating the development of scalable and practical
hyperpolarization platforms. The multidisciplinary nature of this work—spanning engineer-
ing, chemistry, and physics—provides a solid foundation for the continued advancement and

broader application of hyperpolarization techniques across scientific research and industrial

fields.
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A Appendix to Chapter 3

A.1 MATLAB code for calculation the equilibrium percentage of para-H,
at different temperature (Figure 3.2).

1
2 function calcHydrogenIsomersRatio ()
3 % Constants
A hbar = 1.0545718e-34; % Planck’s constant over 2%*pi, in J*s
5 k = 1.380649e-23; % Boltzmann constant, in J/K
6 I = 4.5829284120656074e-48; % Corrected moment of inertia for hydrogen molecule,
in kg*m~2
7
8 % Specific temperature points and their range for plotting
9 T = linspace (20, 400, 100); Y’ Temperature range from 20 K to 400 K
10 specificTs = [23, 77, 3001; 7 Specific temperatures to highlight
11
12 % Preallocate arrays for percentages
13 paraPercentages = zeros(size(T));
14 orthoPercentages = zeros(size(T));
15
16 % Calculate para-Hydrogen and ortho-Hydrogen percentages for each temperature
17 for idx = 1:length(T)
18 sumEven = sum(arrayfun(@(J) (2*J + 1) * exp(-(J*x(J+1) * hbar~2) / (2*%I*kx*T(
idx))), 0:2:100));
19 sum0dd = sum(arrayfun(@(J) (2*J + 1) * exp(-(J*(J+1) * hbar~2) / (2xIxkx*T(idx
))), 1:2:100));
20 total = sumEven + 3 * sum0Odd;
21 paraPercentages (idx) = 100 * sumEven / total;
22 orthoPercentages (idx) = 100 * 3 * sumOdd / total;
23 end
24
25 % Plotting
26 figure;
27 plot (T, paraPercentages, ’b-’, ’Display Name’, ’Para-Hydrogen’); 7’ Plot para-
Hydrogen percentage
28 hold on;
29 plot (T, orthoPercentages, ’r-’, ’DisplayName’, ’0Ortho-Hydrogen’); J Plot ortho-
Hydrogen percentage
30
31 % Highlight specific temperatures for para-Hydrogen with dashed lines
32 specificParaPercentages = interpl (T, paraPercentages, specificTs, ’linear’);
33 for i = 1:length(specificTs)
34 xline (specificTs (i), ’k--’, ’DisplayName’, sprintf(’%d K’, specificTs(i)));
% Vertical dashed line at specific temperature
35 yline (specificParaPercentages (i), ’b--’, ’DisplayName’, sprintf (’Para-H2 at %
dK: %.2f%%’, specificTs (i), specificParaPercentages(i))); 7’ Horizontal
dashed line at percentage
36 end
37
38 title(’Percentage of Hydrogen Isomers vs. Temperature’);
39 xlabel (’Temperature (K)’);
40 ylabel (’Percentage (%) ’);
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legend (’show’) ;
grid on;

end

A.2 MATLAB code for generating Figure 3.9

% Define the initial parameters
El1_values = linspace(-100, 100, 5000); % Range of E1 values
E2_values = linspace (100, -100, 5000) 7’ Energy level of the second state

W = 10; % Perturbation value, kept constant

% Preallocate arrays for the eigenvalues
E_plus = zeros(size(El_values));

E_minus = zeros(size(El1_values));

% Compute the eigenvalues for each El value using the provided formula
for k = 1:length(El1_values)

El = El_values(k);

E2 = E2_values(k);

% Compute eigenvalues using the provided formula

delta = E1 - E2;

E_plus(k) = 0.5 * (E1 + E2) + 0.5 * sqrt(delta~2 + 4xabs(W)~2);

E_minus(k) = 0.5 *x (E1 + E2) - 0.5 x sqrt(delta~2 + 4xabs(W)"2);
end

% Compute E1-E2 values
E_diff = El1_values - E2_values;

% Plot the results

figure;

plot(E_diff / 2, E_plus, ’b-’, E_diff / 2, E_minus, ’r-’, ’LineWidth’, 1.5);
hold on;

% Compute and plot the asymptotes for large |deltal (E1-E2)

asymptote_E_plus = 0.5 * (El1_values + E2_values) + 0.5 * abs(El_values - E2_values);
asymptote_E_minus = 0.5 * (El_values + E2_values) - 0.5 * abs(El_values - E2_values);
plot (E_diff / 2, asymptote_E_plus, ’k--’, ’LineWidth’, 1); /), Asymptote for E_+

plot (E_diff / 2, asymptote_E_minus, ’k--’, ’LineWidth’, 1); 7 Asymptote for E_-

xlabel (’Energy splitting (\Delta [a.u.])’);

x¥1im([-110,1101);

ylabel (’Energy Eigenvalues’);

%title (’Energy Levels of a Two-Level System with Perturbation’);
%legend (’E_+’, ’E_-’, ’Asymptote E_+’, ’Asymptote E_-7);

grid on;

hold off;

A.3 MATLAB code for generating Figure 3.11

% Define the initial parameters
El1_values = linspace(-100, 100, 5000); 7 Range of E1 values
E2_values = linspace (100, -100, 5000) ; % Energy level of the second state

W = 10; % Perturbation value, kept constant
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YA
E_

%

Compute E1-E2 values
diff = El1_values - E2_values;

Compute mixing angle theta

theta = 0.5 * atan2(W, E_diff / 2); % calculate theta

A
Cc_
C_

yA
C_
C_

YA

fi
pl
ho
pl
x1
yl
i
le

gr
ho

Compute mixing coefficients
1 cos (theta) ;
2 sin(theta);

Compute the square of the mixing coefficients
1_squared = C_1 .~ 2;
2_squared = C_2 .~ 2;

Plot the results

gure;

ot (E_diff/2, C_1_squared, °’b-’, ’LineWidth’, 1.5); 7 figure for [C_1|"2
1d on;

ot (E_diff/2, C_2_squared, ’r-’, ’LineWidth’, 1.5); 7 figure for [C_2|"2
abel (’Energy splitting (\Delta)’);

abel (’Mixing coefficient of LACs (|C_al~2, [C_bl~2)?);

itle(’Squared Mixing Coefficients as a Function of E_1 - E_2);
gend(’|C_a|~2’, ?|C_b|~2)?);

id on;
1d off;

A.4 MATLAB code for generating Figure 3.12

%

Constants

gamma_H = 2.675e8; J, Gyromagnetic ratio of hydrogen (rad T~-1 s~-1)

gamma_C = 6.728e7; ) Gyromagnetic ratio of carbon-13 (rad T~--1 s~-1)

I
J_

%
I
Sx
Sy
Sz

%

CH = 10; % Coupling constant in Hz, converted to rad s~-1 later

CH = 2 x pi * J_CH; % Convert to rad s~-1

Pauli matrices

= [1/2 0; 0 1/2];
= [0 1; 1 0];

= [0 -1i; 1i 0];
= [1 0; 0 -1]1;

Define spin matrices for both spins

I_Hx = kron(Sx, I); I_Hy = kron(Sy, I); I_Hz = kron(Sz, I);

Sx

yA
B_

)

= kron(I, Sx); Sy = kron(I, Sy); Sz = kron(I, Sz);

External magnetic field values (in microTesla)
fields = linspace(-1le-6, le-6, 200); 7 From -10 \muT to 10 \muT

Preallocate energy levels and diagonal elements array

energy_levels = zeros(length(B_fields), 4); 7/ 4 energy levels for a two-spin system

di

ei

agonal_elements = zeros(length(B_fields), 4); 7/ 4 diagonal elements for each B
field

g_2x2_levels = zeros(length(B_fields), 2); 7 Eigenvalues of the 2x2 matrix for each
B field

for i = 1:length(B_fields)

197




26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

69

A Appendix to Chapter 3

B_field = B_fields (i);

% Hamiltonian construction

H_zeeman_H = -gamma_H * B_field * I_Hz;

H_zeeman_C = -gamma_C * B_field * Sz;

H_coupling = J_CH * (I_Hx * Sx + I_Hy * Sy + I_Hz * Sz);

H_total = H_zeeman_H + H_zeeman_C + H_coupling;

% Calculate eigenvalues (energy levels)

energy_levels (i, :) = eig(H_total);

% Extract diagonal elements

diagonal_elements (i, :) = diag(H_total);

% Extract 2x2 submatrix from the middle two rows and columns of H_total
H_2x2 = H_total(2:3, 2:3);

% Calculate eigenvalues of the 2x2 submatrix
eig_2x2_levels (i, :) = eig(H_2x2);

end

% Plot the energy levels as a function of the magnetic field
figure(’Position’, [100, 100, 300, 150]);
hold on;

% Plot diagonal elements H_11 and H_44
plot(B_fields * 1e6, diagonal_elements(:, 1) / (2 * pi), ’r-’, ’LineWidth’, 1.5); %
Plot H_11

% Plot eigenvalues of the 2x2 submatrix

plot (B_fields * 1e6, eig_2x2_levels(:, 1) / (2 * pi), ’b-’, ’LineWidth’, 1.5); 7 Plot
first eigenvalue of 2x2 submatrix

plot (B_fields * 1le6, eig_2x2_levels(:, 2) / (2 * pi), ’g-’, ’LineWidth’, 1.5); 7% Plot
second eigenvalue of 2x2 submatrix

plot(B_fields * 1e6, diagonal_elements(:, 4) / (2 * pi), ’m-’, ’LineWidth’, 1.5); %

Plot H_44

hold off;

% Labels and Title

xlabel (’Magnetic Field (\muT)’, ’FontSize’, 22);

ylabel (’Energy (Hz)’, ’FontSize’, 22);

%title (’Energy Levels vs Magnetic Field?’);

set (gca, ’FontSize’, 22);

pbaspect ([4 2 1]1);

grid off;

figure (’Position’, [100, 100, 300, 1501);
hold on;
% Plot all diagonal elements H_11 and H_44

plot(B_fields * 1e6, diagonal_elements(:, 1) / (2 * pi), ’r--’, ’LineWidth’, 1.5); 7
Plot H_11

plot(B_fields * 1e6, diagonal_elements(:, 2) / (2 * pi), ’b--’, ’LineWidth’, 1.5); 7%
Plot H_22

plot(B_fields * 1e6, diagonal_elements(:, 3) / (2 * pi), ’g--’, ’LineWidth’, 1.5); 7
Plot H_33

plot(B_fields * 1e6, diagonal_elements(:, 4) / (2 * pi), ’m--’, ’LineWidth’, 1.5); 7
Plot H_44

hold off;
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% Labels and Title
xlabel (’Magnetic Field (\muT)’, ’FontSize’, 22);
ylabel (’Energy without perturbation terms (Hz)’, ’FontSize’, 22);
%title (’Energy Levels vs Magnetic Field’);
set(gca, ’FontSize’, 22);
grid off;

A.5 MATLAB code for generating the Hamiltonian with singlet-triplet
basis in three-spin system (Equation 3.67)

% Symbol tool
syms gamma_H gamma_C B_field J_HH J_CH_O01 J_CH_02 real

% Definetion of the symbol of H
H = [ -gamma_H*B_field-gamma_C*B_field/2+J_HH/4+J_CH_01/4+J_CH_02/4, 0, 0, O, O, O,
0, 0;
0, -gamma_Hx*B_field+gamma_C*B_field/2+J_HH/4-J_CH_01/4-J_CH_02/4, J_CH_02
/2, 0, J_CH_01/2, 0, 0, O;
0, J_CH_02/2, -gamma_C*B_field/2-J_HH/4+J_CH_01/4-J_CH_02/4, 0, J_HH/2, O,
0, 0;

0, 0, 0, gamma_C*B_field/2-J_HH/4-J_CH_01/4+J_CH_02/4, 0, J_HH/2, J_CH_O01
/2, 0;

0, J_CH_01/2, J_HH/2, O, -gamma_Cx*B_field/2-J_HH/4-J_CH_01/4+J_CH_02/4, O,
0, 0;

0, 0, 0, J_HH/2, 0, gamma_C*B_field/2-J_HH/4+J_CH_01/4-J_CH_02/4, J_CH_02
/2, 0;

0, 0, 0, J_.CH_01/2, 0, J_CH_02/2, gamma_H#*B_field-gamma_C*B_field/2+J_HH/4-
J_CH_01/4-J_CH_02/4, 0;

0, 0, 0, 0, 0, O, O, gamma H*B_field+gamma_Cx*B_field/2+J_HH/4+J_CH_01/4+
J_CH_02/4]1;

% Definition of unit matrix =z

z = [
f+, o, o, o, 0, 0, 0, 0];
fo, 1, o, o, 0o, 0, 0, 0];
fo, o, 1, o, 0, 0, 0, 0];
o, o, o, 1, 0, 0, 0, 0];
o, o, o, o, 1, 0o, 0, 0];
fo, o, o, o, o, 1, 0, 01;
[o, o, o, o, 0o, 0, 1, 0];
fo, o, o, o, o, o, 0, 1]

I

% Definition of SO, Tp, Tm, TO and alpha, beta
so = [0, -1, 1, 0];

Tp = [1, 0, 0, 0];

Tm = [0, 0, O, 1];

TO = [0, 1, 1, 0];

alpha = [1, 0];

beta = [0, 1];

% Calculation of Kronecker of the singlet-triplet and the Zeeman basis and save it in
the tramsformation matrix (tr)

tr = [
kron (SO, alpha);

199




37
38
39
40

N R

ot

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

Appendix

to Chapter 3

kron(Tp,
kron (TO,
kron (SO,
kron (Tm,
kron (TO,
kron (Tm,
kron(Tp,
1;

% Normalizati

for i = 1:siz
tr(i, :)

end

% transform i

tr = sym(tr);

% calculation

Transform = z

beta);
alpha) ;
beta);
alpha) ;
beta) ;
beta) ;
alpha)

on of each row
1)

= tr(i,

e(tr,
89D 8

:) / norm(tr (i,

n symbol matrix

of the transformation matrix

* tr;

YA
H_

%

calculation of H_trans

trans = Transform * H * Transform?’;

Display the matrix H_trans

disp(’Transformed Hamiltonian:’)

disp(simplify (H_trans))

A.6 MATLAB code for generating Figure 3.14

%hhwithout perturbation

%%hCaculation of the row of the H_transform and the diagonal elments of the
%%H_transform (ii). The real B values are consistent with the crosssection
%%of the H_transform (ii).

clear all;

% Definition of constants

gamma_H = 42.57e6; J, Gyromagnetic ration of proton
gamma_C = 10.7e6; 7% Gyromagnetic ration of carbon

J_HH = -10.6; % J-coupling constant of I_a and I_b
J_CH_01 = -0.97; % J-coupling constant of I_a and S
J_CH_02 = -0.06; % J-coupling constant of I_b and S
B_min = -1e-6; J Minimum magnetic field (in Tesla)
B_max = le-6; % Maximum magnetic field (in Tesla)
B_points = 1000; 7% Number of points for magnetic field
% Magnetic Field Range

B = linspace(B_max, B_min, B_points); 7/ Magnetic field values
min_value_001 = inf;

min_value_002 = inf;

B1_001 = NaN; %

B1_002 = NaN; 7%

z = eye(8);

so = [0, -1, 1, 0];

Tp = [1, 0, 0, 0];

Tm = [0, O, O, 1];

T0 = [0, 1, 1, 0];
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alpha = [1, 0];
beta = [0, 1];

tr = [

kron (S0, alpha)
kron(Tp, beta);
kron(TO, alpha)
kron (S0, beta);
kron(Tm, alpha)
kron(TO, beta);
kron(Tm, beta);

kron (Tp, alpha)

1;

for i =1
tr (i,

end

Transform

:size(tr,

5

>

>

1)

:) = tr(i, :) / norm(tr(i, :));

= z *x tr;

energy_levels = zeros(B_points, 8);

for i = 1

:B_points

B_field = B(i);

% Hamiltonian Matrix (8x8) for the two-spin system
H = [ -gamma_Hx B_field-gamma_C* B_field/2+J_HH/4+J_CH_01/4+J_CH_02/4, 0, 0, O,
0, 0, 0, 0O

H_transformed

0, -gamma_Hx B_field+gamma_C* B_field/2+J_HH/4-J_CH_01/4-J_CH_02/4,

/2, 0, J_CH_O01/2, 0, 0, O;

J_CH_02

0, J_CH_02/2, -gamma_C* B_field/2-J_HH/4+J_CH_01/4-J_CH_02/4, 0, J_HH/2, O,
0, 0;

0, 0, 0, gamma_C* B_field/2-J_HH/4-J_CH_01/4+J_CH_02/4, 0, J_HH/2, J_CH_O1
/2, 03

0, J_CH_01/2, J_HH/2, 0, -gamma_Cx* B_field/2-J_HH/4-J_CH_01/4+J_CH_02/4, O,
0, 0;

0, 0, 0, J_HH/2, O, gamma_C* B_field/2-J_HH/4+J_CH_01/4-J_CH_02/4, J_CH_02
/2, 0;

0, 0, 0, J_.CH_01/2, 0, J_CH_02/2, gamma_H#* B_field-gamma_Cx B_field/2+J_HH

/4-J_CH_01/4-J_CH_02/4, 0;
0, 0, 0, O, gamma_Hx B_field+gamma_C* B_field/2+J_HH/4+J_CH_01/4+
J_CH_02/4];

0, 0, 0,

Transform * H * Transform?’;

energy_levels (i, :) = sum(H_transformed, 2)’;
ii_energy_levels(i, :) = diag(H_transformed)’;
end
figure;
hold on;
for j = 1:3

plot (B * 1le6,

end

energy_levels(:, j), ’>--’, ’LineWidth’, 1.5);

xlabel (’Magnetic Field (\muT)’,’FontSize’, 16);
ylabel (’Energy of each basis state’,’FontSize’, 16);
’FontSize’, 16);

set (gca,
pbaspect (
%x1im ([0,

[2 3 1]1);

0.6e-61);
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%title(’>Sum of Row Values as a Function of Magnetic Field’);
legend (’S_O\alpha’, ’T_+\beta’, ’>T_O\alpha’);

grid off;

hold off;

figure;

hold on;

for j = 1:3
plot(B * 1e6, ii_energy_levels(:, j), ’--’, ’LineWidth’, 1.5);

end

xlabel (’Magnetic Field (\muT)’,’FontSize’, 16);

ylabel (’Energy without purterbation terms (Hz)’,’FontSize’,

16) ;

16) ;
set (gca,
pbaspect ([2 3 1]1);

%title(’Diagonal Elements H(ii) as a Function of Magnetic Field’);
legend (>S_O\alpha’, ’T_+\beta’, ’T_O\alpha’);

grid off;

hold off;

>FontSize?,

figure;

hold on;

for j = 4:6
plot(B * 1e6, energy_levels(:, j), ’>--’, ’LineWidth’, 1.5);

end

xlabel (’Magnetic Field (\muT)’,’FontSize’, 16);

ylabel (’Energy of each basis state’,’FontSize’,

16) ;

16) ;
set (gca,
pbaspect ([2 3 1]);

%x1lim ([0, 0.6e-61);

%title (’Sum of Row Values as a Function of Magnetic Field?’);
legend (’S_O\beta’, ’T_-\alpha’, >T_O\beta’);

grid off;

hold off;

FontSize’,

figure;

hold on;
plot (B * 1le6,
plot (B * 1le6,
plot (B * 1le6,

A) 5 P==7,
B)y, ?==7;
6), ’--7,

1.5,’Color’,
1.5, ’Color’,
1.5, ’Color’,

ii_energy_levels(:, ’LineWidth?,
’LineWidth?’,

’LineWidth’,

ii_energy_levels(:,

ii_energy_levels(:,

xlabel (’Magnetic Field (\muT)’,’FontSize’, 16);
ylabel (’Energy without purterbation terms (Hz)’,’FontSize’,
16) ;

16) ;
set (gca,
pbaspect ([2 3 1]1);

%title(’Diagonal Elements H(ii) as a Function of Magnetic Field’);

>FontSize?,

legend (’S_O\beta’, ’T_-\alpha’, ’T_O\beta’);

grid off;

hold off;

figure;

hold on;

plot(B * 1le6, ii_energy_levels(:, 1), ’--’, ’LineWidth’, 1.5, ’Color’,
0.7410]) ;

plot (B * 1e6, ii_energy_levels(:, 2), ’--’, ’LineWidth’, 1.5, ’Color’,
0.3250, 0.0980]);

plot(B * 1e6, ii_energy_levels(:, 3), ’--’, ’LineWidth’, 1.5,
>, [0.9290, 0.6940, 0.12501); %

plot(B * 1e6, ii_energy_levels(:, 4), ’--’, ’LineWidth’, 1.5,’Color’,

plot(B * 1e6, ii_energy_levels(:, 5), ’--’, ’LineWidth’, 1.5, ’Color’,
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>#006400°) ;
>#BDB76B’) ;

[0, 0.4470,
[0.8500,

’Color

J#FFOOFF ) ;

>#0064007) ;
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137 | plot (B * 1e6, ii_energy_levels(:, 6), ’--’, ’LineWidth’, 1.5, ’Color’, ’#BDB76B’);
138 | plot (B * 1e6, ii_energy_levels(:, 7), ’--’, ’LineWidth’, 1.5, ’Color’, [0.4500,
0.3250, 0.09801]1);

139 | plot(B * le6, ii_energy_levels(:, 8), ’--’, ’LineWidth’, 1.5, ’LineWidth’, 1.5,
Color’, [0.1290, 0.6940, 0.1250]);

140
141 | xlabel (’Magnetic Field (\muT)’,’FontSize’, 16);

142 | ylabel (’Energy without purterbation terms (Hz)’,’FontSize’, 16);

143 | %x1im ([0, 11);

144 | set(gca, ’FontSize’, 16);

145 | % pbaspect ([2 3 1]);

146 | %title(’Diagonal Elements H(ii) as a Function of Magnetic Field’);

147 |% legend(’S_O\alpha’, ’>T_+\beta’, ’T_O\alpha’, >S_O\beta’, °’T_-\alpha’, ’T_O\beta’);
148 | legend (’S_O\alpha’, ’T_+\beta’, ’T_O\alpha’, ’>S_O\beta’, ’T_-\alpha’, ’>T_O\beta’, ’T_
-\beta’,’T_+\alpha’);

149 | grid off;

150 | hold off;

A.7 MATLAB code for generating Figure 3.15

1

2 | clear all

3 |% Definition of constants

4 | gamma_H = 42.57e6;

5 | gamma_C = 10.7e6;

6 | J_HH = -10.6;

7 | J_CH_01 = -0.97;

& | J_.CH_02 = -0.06;

9 |B_min = -1e-6; 7% Minimum magnetic field (in Tesla)
10 |B_max = le-6; % Maximum magnetic field (in Tesla)

11 | B_points = 1000; % Number of points for magnetic field

13 | % Magnetic Field Range

14 |B = linspace(B_max, B_min, B_points); 7 Magnetic field values
15

16 [ min_value_001 = inf;

17 |min_value_002 = inf;

18 | B1_001 = NalN;
19 | B1_002 = Nal;
20
21 |z = eye(8);

22 |so = [0, -1, 1, 0];
23 |Tp = [1, 0, 0, 0];

24 | Tm = [0, O, O, 11;

25 |To = [0, 1, 1, O];

26 | alpha = [1, 0];

27 |beta = [0, 1];

28

29 |tr = [

30 kron (SO, alpha);
31 kron(Tp, beta);

32 kron(TO, alpha);
33 kron (SO, beta);

34 kron(Tm, alpha);
35 kron (TO, beta);

36 kron(Tm, beta);

37 kron(Tp, alpha)
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1;
for i = 1:size(tr, 1)

tr(i, :) = tr(i, :) / norm(tr(i, :));
end
Transform = z * tr;
transformed_energy_levels_01 = zeros(B_points, 2);
transformed_energy_levels_02 = zeros(B_points, 2);
transformed_energy_levels_03 = zeros(B_points, 2);
transformed_energy_levels_04 = zeros(B_points, 2);

for i = 1:B_points
B_field = B(i);

% Hamiltonian Matrix (8x8) for the two-spin system

H = [ -gamma_H* B_field-gamma_C* B_field/2+J_HH/4+J_CH_01/4+J_CH_02/4,

0, 0, 0, O

0, -gamma_Hx B_field+gamma_C* B_field/2+J_HH/4-J_CH_01/4-J_CH_02/4,

/2, 0, J_CH_O01/2, 0, 0, O;
0, J_CH_02/2, -gamma_C* B_field/2-J_HH/4+J_CH_01/4-J_CH_02/4,
0, 0;

0, 0, 0, gamma_C* B_field/2-J_HH/4-J_CH_01/4+J_CH_02/4, 0, J_HH/2,

/2, 0;

0, J_CH_O01/2, J_HH/2, 0, -gamma_C* B_field/2-J_HH/4-J_CH_01/4+J_CH_02/4,

0, 0;

0, 0, 0, J_HH/2, O, gamma_C* B_field/2-J_HH/4+J_CH_01/4-J_CH_02/4,

/2, 0;

J_CH_02

O’

J_CH_O1

0,

J_CH_02

0, 0, 0, J_.CH_01/2, 0, J_CH_02/2, gamma_H* B_field-gamma_Cx* B_field/2+J_HH

/4-J_CH_01/4-J_CH_02/4, 0;

0, 0, 0, 0, 0, O, O, gamma H* B_field+gamma_C* B_field/2+J_HH/4+J_CH_01/4+

J_CH_02/4]1;
H_transformed = Transform * H * Transform?’;
lac_01 = H_transformed(1:2, 1:2);
lac_02 = H_transformed(2:3, 2:3);
lac_03 = H_transformed(4:5, 4:5);
lac_04 = H_transformed(5:6, 5:6);
ii_energy_levels(i, :) = diag(H_transformed)’;

eig_lac_01 = eig(lac_01);
eig_lac_02 = eig(lac_02);
eig_lac_03 = eig(lac_03);
eig_lac_04 = eig(lac_04);
transformed_energy_levels_01 (i, = eig_lac_01;
transformed_energy_levels_02(i, = eig_lac_02;

transformed_energy_levels_03(i, = eig_lac_03;

~

transformed_energy_levels_04(i, = eig_lac_04;
diff_value_001 = abs(eig_lac_01(1) - eig_lac_02(2));
diff_value_002 = abs(eig_lac_03(1) - eig_lac_04(2));

if diff_value_001 < min_value_001
min_value_001 = diff_value_001;
B1_001 = B_field;

end
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if diff_value_002 < min_value_002
min_value_002 = diff_value_002;
B1_002 = B_field;

end
end
[, i1] = min(abs(B - B1_001));
[, i2] = min(abs(B - B1_002));

eig_values_001 nan(1l, B_points);

eig_values_002 = nan(l, B_points);

eig_values_001(1:i1l) = transformed_energy_levels_02(1:il1l, 2);

eig_values_001(il:end) = transformed_energy_levels_01(il:end, 1);

eig_values_002(1:i2) = transformed_energy_levels_03(1:i2, 1);
eig_values_002(i2:end) = transformed_energy_levels_04(i2:end, 2);

figure; %%LAC_01 02

hold on;

plot(B * 1le6, transformed_energy_levels_01(:, 2), ’LineWidth’, 2); % S_0O\alpha
plot(B * 1le6, transformed_energy_levels_01(:, 1), ’LineWidth’, 2); % S_0O\alpha
% plot(B * 1le6, eig_values_001, ’LineWidth’, 2); % T_+\beta

plot(B * 1e6, transformed_energy_levels_02(:, 2), ’LineWidth’, 2); 7% T_O\alpha
plot(B * 1e6, transformed_energy_levels_02(:, 1), ’LineWidth’, 2); % T_O\alpha
hold off;

set (gca, ’FontSize’, 16)

xlabel (’Magnetic field strength (\muT)’,’FontSize’, 16);

ylabel (’Energy (Hz)’,’FontSize’, 16);

pbaspect ([2 3 11);

grid off;

% legend(’S_O\alpha’, ’T_+\beta’, ’T_+\beta’, ’T_O\alpha’)

figure;%%LAC_03 04
hold on;
plot(B * 1e6, transformed_energy_levels_03(:, 2), ’LineStyle’, ’-’, ’LineWidth’, 2, °’
Color’, ’#FFOOFF’); % S_O\beta
% plot(B * 1le6, transformed_energy_levels_03(:, 2), ’LineStyle’, ’-’, ’LineWidth’, 2,
’Color’, °’#006400°); % S_O\beta
plot(B * 1e6, eig_values_002, ’LineStyle’, ’-’, ’LineWidth’, 2, ’Color’, ’#006400°);
% T_-\alpha
% plot(B * le6, transformed_energy_levels_04(:, 1), ’LineStyle’, ’-’, ’LineWidth’, 2,
>Color’, ’#006400°); % S_O\beta
plot(B * 1e6, transformed_energy_levels_04(:, 1), ’LineStyle’, ’-’, ’LineWidth’, 2,°
Color’, ’#BDB76B’); % T_O\beta
hold off;
set (gca, ’FontSize’, 16)
xlabel (’Magnetic field strength (\muT)’,’FontSize’, 16);
ylabel (’Energy (Hz)’,’FontSize’, 16);
pbaspect ([2 3 11);

grid off;
% legend(’S_O\beta’, ’T_-\alpha’, ’T_-\alpha’, ’T_O\beta’);
% legend (’>S_O\alpha’, °’T_+\beta’, ’T_O\alpha’, ’S_O\beta’, ’T_-\alpha’, ’T_O\beta’);

%

figure; %% all LACs

hold on;

plot(B * 1e6, transformed_energy_levels_01(:, 2), ’LineWidth’, 2); % S_0\alpha
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plot(B * 1e6, eig_values_001, ’LineWidth’, 2); % T_+\beta
plot(B * 1le6, transformed_energy_levels_02(:, 1), ’LineWidth’, 2); % T_O\alpha

plot(B * 1le6, transformed_energy_levels_03(:, 2), ’LineStyle’, ’-’,

Color’, ’#FFOOFF’); % S_O\beta

plot(B * 1e6, eig_values_002, ’LineStyle’, ’-’, ’LineWidth’, 2, ’Color’,

% T_-\alpha

plot(B * 1e6, transformed_energy_levels_04(:, 1), ’LineStyle’, ’-7,

Color’, ’#BDB76B’); % T_O\beta

plot(B * 1e6, ii_energy_levels(:, 7), ’--’, ’LineWidth’,

0.3250, 0.0980]) ;

plot(B * 1e6, ii_energy_levels(:, 8), ’--’, ’LineWidth’,

>, [0.1290, 0.6940, 0.12501);

hold off;
set (gca, ’FontSize’, 16)

xlabel (’Magnetic field strength (\muT)’,’FontSize’, 16);

ylabel (’Energy (Hz)’,’FontSize’, 16);
grid off;

legend (’S_O\alpha’, ’T_+\beta’, ’T_O\alpha’,’S_O\beta’,

-\beta’,’T_+\alpha’)

hhhhhhh%hh State of population in LAC 01 and 02

’LineWidth’,

’LineWidth’,

1.5, ’Color’,

[0.4500,

2, 7

’#006400°) ;

2,7

1.5, ’LineWidth’, 2, ’Color

’>T_-\alpha’,

d_transformed_energy_levels_011 = diff (transformed_energy_levels_01(:
* 1e6);

d_transformed_energy_levels_012 = diff (transformed_energy_levels_01(:
* 1e6);

d_transformed_energy_levels_021 = diff (transformed_energy_levels_02(:
* 1e6);

d_transformed_energy_levels_022 = diff (transformed_energy_levels_02(:
* 1e6);

hhhhhh%h%h% State of population in LAC 03 and 04

d_transformed_energy_levels_031 = diff (transformed_energy_levels_03(:

* 1e6);

d_transformed_energy_levels_032 = diff (transformed_energy_levels_03(:

* 1e6);
d_transformed_energy_levels_041
* 1e6);

diff (transformed_energy_levels_04(:

d_transformed_energy_levels_042 = diff (transformed_energy_levels_04(:

* 1e6);

figure; %%%state of population for LACs 01 and 02 in onr

hold on;

plot(B(l:end-1) * 1e6, d_transformed_energy_levels_011
0.4470, 0.74101);

plot(B(l:end-1) * 1e6, d_transformed_energy_levels_012
[0.8500, 0.3250, 0.09801);

plot(B(l:end-1) * 1le6, d_transformed_energy_levels_021
[0.8500, 0.3250, 0.09801);

plot(B(l:end-1) * 1e6, d_transformed_energy_levels_022
[0.9290, 0.6940, 0.1250]);

hold off;

figure; %%hstate of population for LACs 03 and 04 in onr

hold on;
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plot(B(l:end-1) * 1e6, d_transformed_energy_levels_031, ’LineWidth?’, 2, ’Color’, ’#
FFOOFF’) ;

plot(B(l:end-1) * 1le6, d_transformed_energy_levels_032, ’LineWidth?’, 2, ’Color’, 2
#006400°) ;

plot(B(l:end-1) * 1e6, d_transformed_energy_levels_041, ’LineWidth’, 2, ’Color?’, 2
#0064007) ;

plot(B(l:end-1) * 1le6, d_transformed_energy_levels_042, ’LineWidth’, 2, ’Color’, ’#
BDB76B°) ;

hold off;

% he

E22 = nan(1l, length(d_transformed_energy_levels_012));
E22(1:i1) = d_transformed_energy_levels_022(1: i1, 1);
E22(il+1:end) = d_transformed_energy_levels_011(il+1:end,1);

E33 = nan(l, length(d_transformed_energy_levels_032));
E33(1:i2) = d_transformed_energy_levels_031(1: i2, 1);
E33(i2+1:end) = d_transformed_energy_levels_042(i2+1:end,1);

figure; %%kstate of population for LACs 03 and 04 in onr figure

hold on;

plot(B(l:end-1) * 1le6, d_transformed_energy_levels_032, ’LineWidth?’, 2, ’Color’, ’#
FFOOFF’) ;

plot (B(l:end-1) * 1e6, E33, ’LineWidth’, 2, ’Color?, *#006400°) ;

plot(B(l:end-1) * 1e6, d_transformed_energy_levels_041, ’LineWidth’, 2, ’Color’, ’#
BDB76B’); ha

hold off;

set (gca, ’FontSize’, 16)
xlabel (’Magnetic field strength (\muT)’,’FontSize’, 16);
ylabel (’State of population)’,’FontSize’, 16); %dE/dB unit in [Hz/\muT]

grid on;

figure; %%%state of population for LACs 01 and 02 in onr figure

hold on;

plot(B(l:end-1) * 1le6, d_transformed_energy_levels_012, ’LineWidth?’, 2, ’Color’, [O,
0.4470, 0.74101);

plot (B(l:end-1) * 1le6, E22, ’LineWidth’, 2, ’Color’, [0.8500, 0.3250, 0.0980]);

plot(B(l:end-1) * 1e6, d_transformed_energy_levels_021, ’LineWidth?’, 2, ’Color’,
[0.9290, 0.6940, 0.1250]);

% plot(B(l:end-1) * 1e6, d_transformed_energy_levels_032, ’LineWidth’, 2, ’Color?’,
#FFOOFF ?) ;

% plot (B(l:end-1) * 1le6, E33, ’LineWidth’, 2, ’Color’, ’#006400°);

% plot(B(l:end-1) * 1e6, d_transformed_energy_levels_041, ’LineWidth’, 2, ’Color’,
Y#BDB76B ) ;

hold off;

pbaspect ([4 3 1]);

set (gca, ’FontSize’, 16)

xlabel (’Magnetic field strength (\muT)’,’FontSize’, 16);

ylabel (’State of population’,’FontSize’, 16); %dE/dB unit in [Hz/\muT]

grid on;

figure; J%%state of population for all four LACs in onr figure

hold on;

plot(B(l:end-1) * l1le6, d_transformed_energy_levels_012, ’LineWidth?’, 2, ’Color’, [O,
0.4470, 0.74101);

plot (B(l:end-1) * 1e6, E22, ’LineWidth’, 2, ’Color’, [0.8500, 0.3250, 0.0980]);
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plot(B(l:end-1) * 1e6, d_transformed_energy_levels_021, ’LineWidth?’, 2, ’Color’,
[0.9290, 0.6940, 0.1250]1);

plot(B(l:end-1) * 1le6, d_transformed_energy_levels_032, ’LineWidth?’, 2, ’Color’, ’#
FFOOFF?) ;

plot (B(l:end-1) * 1e6, E33, ’LineWidth’, 2, ’Color’, ’#006400°);

plot(B(l:end-1) * le6, d_transformed_energy_levels_041, ’LineWidth’, 2, ’Color’, ’#
BDB76B’) ;

hold off;

pbaspect ([4 3 1]1);

set (gca, ’FontSize’, 16)

xlabel (’Magnetic field strength (\muT)’,’FontSize’, 16);

ylabel (’Partial dirivative of energy’,’FontSize’, 16); %dE/dB unit in [Hz/\muT]

grid on;
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B.1 An integrated representation of the measured five RASER regimes
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Figure B1: Continuously pumped RASERs of hyperpolarized EA. Left column: 'H RASER
signals stemming from the two RASER active modes introduced in Figure 6.3. Right column:
Corresponding Fourier transformed spectra of selected time slices (shown in the insets). The
spectra show different RASER regimes depending on the pumping dp: (b) starting RASER,
(d) the “normal NMR” mode with two peaks, (f) frequency comb, (h) chaos, and (j) period
doublings. The flow rate was set to 4 mL/min in all experiments as a compromise between

residence time in the reactor and transport time to the magnet. (Adopted from [JY02].)

B.2 ODE system for simulation of the two-mode RASER system

%% mainfunc

function dydt = ODEsystem(~,y,GAMMA_m,gamma_m,k_m,T_1_inv,g m2,w_m,d_O,N,d_O_same)
dydt = zeros(3*N,1);

Ti=@sumterml; Y%sumterm in d_m

T2=@sumterm2; Ysumterm in A_m

T3=@sumterm3; ’sumterm in phi_m
for u = 1:N %3N Gleichungen zeugen

if d_O_same==
dydt (3*u-2) = GAMMA_m*(d_0-y(3*u-2))- y(3*u-2)*T_1_inv - T1i(u);
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else
dydt (3*u-2) = GAMMA_m*(d_0-y(3*u-2))- y(3*u-2)*T_1_inv - T1(u);
end
dydt (3*u-1) = -gamma_m*y(3*u-1) + T2(u);
dydt (3*u) = w_m(u) + T3(u);

end

function T1 = sumterml (™)
Ti=zeros ();
for m = 1 :3: 3*N % A v, v = 1,2,3...
for n =1 :3 :3*N ), A_sigma,sigma = 1,2,3...
Tl = T1 + 4xg_m2/k_m*y(m+1)*y(n+1)*cos(y(m+2) -y(n+2));
end
end
end
function T2 = sumterm2(u)
T2=zeros () ;
for m = 1:3:3*%N % tao = 1,2,3...
T2 = T2 + g_m2/k_m*y(3*u-2)*y(m+1)*cos (y(m+2) -y (3*u));
end
end
function T3 = sumterm3(u)
T3=zeros () ;
for m = 1:3:3*%N ) tao = 1,2,3...
T3 = T3 + g_m2/k_m*xy(3*u-2)/y(3*u-1)*y(m+1)*sin(y(m+2) -y (3*u));
end
end

end

B.3 MATLAB code for generating Figure 6.12

%% read from input.xlsx
Name= {’jing’}; % always from 1 in the beginning

N=readmatrix ([cell2mat (Name),’ (input).xlsx’],"Sheet","Sheetl",’Range’,’A2:A2°);

GAMMA _m=readmatrix ([cell2mat (Name),’(input) .xlsx’],"Sheet","Sheetl",’Range’,’B2:B27);

% GAMMA_m=GAMMA_m(2:end) ;

gamma_m=readmatrix ([cell2mat (Name),’ (input).xlsx’],"Sheet","Sheetl",’range’,’C2:C2°);

k_m=readmatrix ([cell2mat (Name),’(input) .xlsx’],"Sheet","Sheetl",’range’,’D2:D27%);

T_1_inv=1./(readmatrix([cell2mat (Name),’(input).xlsx’],"Sheet","Sheetl", ’range’,’E2:
E2°));

g_m2=readmatrix ([cell2mat (Name),’ (input).xlsx’],"Sheet","Sheetl",’range’,’F2:F27);

Fs=readmatrix ([cell2mat (Name),’ (input) .xlsx’],"Sheet","Sheetl",’range’,’G2:G2°);

T_max=readmatrix ([cell2mat (Name),’ (input).xlsx’],"Sheet","Sheetl",’range’,’H2:H27);

yO_matrix_read=readmatrix ([cell2mat (Name),’ (input).xlsx’],"Sheet","Sheet2", ’range’,’
A1)

delta_nu=readmatrix ([cell2mat (Name),’ (input).xlsx’],"Sheet","Sheetl",’range’,’J2:J2’)

d_Ostart=readmatrix ([cell2mat (Name),’ (input).xlsx’],"Sheet","Sheetl",’range’,’I12:12’)

yO_matrix=yO_matrix_read(:,1:N);

yO = reshape(yO_matrix,1,[]); % reshape matrix to vector

d_th=1lo0g10( d_Ostart) ;

d_O=zeros (numel (d_th) ,50) ;
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for j =1:numel(d_th)
d_0(j,:)=logspace(d_th(j),19,50);
end
Delta=N*delta_nu; %0.1 0.1375 0.175 0.2 0.25 0.3
Nu_O=readmatrix ([cell2mat (Name) ,’ (input).xlsx’],"Sheet","Sheetl",’range’,’K2:K27);

%% result compute
str = cell(1,numel(d_th));

color=rand (numel (d_th) ,3); % color definition

m =1 ; %8:numel(d_th)

delta_nu=Delta./N; Y interval compute

w_m=zeros (N,1) ;

for n =1:N
w_m(n)=2*pi*(Nu_0-0.5*(Delta(m)-delta_nu(m)*(2*n-1)));

end

str{m}=[’Frequency \nu_{2}-\nu_{1}=’ mat2str(delta_nu(m)) °’Hz’];
tspan = (0:1/Fs:T_max);

f_max= nan(15000,numel (d_0(1,:)));
spectrum_max=nan (15000 ,numel (d_0(1,:)));

lenalpha=numel (tspan) ;

f_end=100; %find the max alpha in 0- 100 Hz
d_O_reduced=zeros (1,length(d_0));

d_O=zeros(1l,length(d_0))

for i=1:numel(d_0(1,:))
Sumalpha=zeros () ;

if d_0(i)<=10"17
Min_Prominance=0.05;

elseif (10°17<d_0(i))&&(d_0(i)<10°18)
Min_Prominance=0.05;

elseif d_0(i)>10"18
Min_Prominance=0.01;

end
for section=1:numel (GAMMA_m)

[t,y] = ode45(@(t,y) ODEsystem(t,y,GAMMA _m(section),gamma_m,k m,T_1_inv,g_m2,
w_m,d_0(m,i),N),tspan,y0);

for n1=2:3:3%N
Sumalpha =real(y(:,n1).*exp(li.*y(:,n1+1)))+Sumalpha;
end

end

snippet=Sumalpha(ceil ((lenalpha-1)/4):end); 7 filter Anfangsauslenkungen
[f,spectrum]=FFT_HemmingO (snippet ,Fs);

spectrum=abs (spectrum) ;

f_1=f(l:ceil (2*xf_end/Fs*numel (spectrum))) ;

spectrum_1(:,i) = spectrum(1l:ceil (2*%f_end/Fs*numel (spectrum))).’;

[TF,P]= islocalmax(spectrum_1(:,i),’MinProminence’,Min_Prominance*max (spectrum)) ;
%find the max alpha in O- 100 Hz; threshold 0.1 Maximum of spectrum

f_max(:,i)=[£_1(TF) ,nan(1,15000-1length(£f_1(TF)))1;

spectrum_max (:,i)=[spectrum_1(TF,i) ;nan(15000-1length(spectrum_1(TF,i)) ,1)1;

211




B Appendix for Chapter 6

79 t_reduce=40; 7 d_0_reduce t

80 d_0_reduced (i)=GAMMA _m (1) *(d_0(i)-y(Fs*t_reduce,1))- y(Fs*t_reduce,1)*T_1_inv;
81 | end

82 | %% logistical map

83

84 | fig = figure(1);

85 | fig.WindowState = ’maximized’;

86 | semilogx(d_O0(m,:) ,f_max,’0’,’MarkerSize’,4,Color="b’,MarkerEdgeColor=’auto’,
MarkerFaceColor=’auto’ );

87 | xlabel (’Pumping d_{0}’,’FontSize’,12);

88 | ylabel (’Frequency (Hz)’,’FontSize’ ,12);

89 |legend(str{m},’Location’,’northwest’,’FontSize’ ,12);

90 | grid on

91 | saveas (gcf, [[num2str ((Delta(m)/N))] ’(1)Hz.jpg’l,’jpg’)

92 | save(’output(y).mat’>,’d_0’,’f_1’,’spectrum_1’)
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B.4 Simulated bifurcation diagram with 500 spectra

According the flowchart shown in Figure 6.11, 500 spectra are simulated in the range of
do € [2-10%,4-10'] to plot the bifurcation diagram (Figure B2a). The blue colorbar shows
the amplitudes of the peaks in the spectra. In Figure B2b, the peak amplitude is visualize
in a 3D plot.
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Figure B2: Two visualizations of a simulated bifurcation diagram of two nonlinear-coupled

RASER modes following the flow chart showing in Figure 6.11. The image is based on 500

spectra in the range of dy € [10'¢,10'9] with the peak amplitudes visualized by (a) the color

bar at right (as in Figure 6.12a) and (b) in a 3D mesh surface plot. (Adopted from [JY02].)
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