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Chapter 1

Introduction

NMR is a well-known method that allows to study the molecular-level struc-
ture of a sample by observing the interactions of nuclear spins when the
sample is placed in a strong magnetic field. These interactions can be ob-
served inductively, meaning that the precession of nuclear magnetic moments
induces a current to a receiver coil, and the current is then digitized in an
analogue-to-digital converter. While other detection methods, such as al-
kali vapor magnetometry [1], nitrogen-vacancy center magnetometry [2], and
superconducting quantum interference devices (SQUID) [3], have been devel-
oped, the inductive detection has been the only essential signal acquisition
mechanism for decades.

Recently, Savukov et al. [4] introduced a fundamentally different way of
acquiring the signal through optical detection. The optical detection is based
on observing a rotation of the plane of polarization when a linearly polar-
ized light interacts with electrons in a transparent sample. The states of
the electrons are modified by hyperfine interaction, which is an interaction
between nuclear spins and electrons. Therefore, the optical signal contains
information about the nuclear spins in the sample. Compared to the induc-
tive detection, the optical detection has a couple of advantages. In the optical
detection, the spatial resolution is basically limited only by light diffraction
and thus allows superior resolution, comparable to the wavelength of the
light. Moreover, since the light interacts with electrons, the optical detection
can contain information related to the excited electronic states.

While the detection of NMR through optical rotation is a very promising
method, its usability is currently hindered by a poor signal-to-noise ratio
(SNR) compared to the regular inductive detection [4–10]. There have been
several attempts at improving the SNR, for example, by utilizing multi-pass
sample cells, by optimizing the wavelength of the light, or by using a high
magnetic field. Another possibility for improving the signal strengths is to
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apply hyperpolarization before signal acquisition. There are several ways of
achieving hyperpolarization, one of them being a quite recently discovered
method called signal amplification by reversible exchange (SABRE) [11]. In
SABRE, hyperpolarization of a substrate is obtained by associating it tem-
porarily to an iridium complex, where the spin order from parahydrogen can
be transferred to the substrate. While there are many studies on the po-
larization transfer process [11–27], there are still inconsistencies within the
theory of actual polarization transfer mechanisms, especially when it comes
to heteronuclei, i.e., nuclei other than the proton. A deeper understanding
of the process could unveil new practices of improving the hyperpolarization
process along with extending the scope of possible applications of SABRE.

This thesis aims to determine whether using SABRE to improve the signal
strength could enable the detection of 19F with optical rotation. To answer
the question, several SABRE experiments with 3-fluoropyridine sample are
performed in different circumstances in order to better understand the po-
larization transfer mechanisms and to find out ways to optimize an existing,
continuous-flow NSOR system.

This work has been divided into seven chapters, the first one being this
introduction. In Chapter 2, a basic theory of NMR spectroscopy is presented,
covering NMR interactions, magnetization, use of RF pulses, relaxation, a
single-pulse experiment, and an NMR spectrum for a scalar-coupled two-spin
system. The chapter should provide a fundamental comprehension of NMR
that is necessary in order to understand optical detection and hyperpolar-
ization. Chapter 3 is dedicated to nuclear magneto-optic spectroscopy. It
includes a description of the classical magneto-optic effects, followed by a
presentation of nuclear spin-induced optical rotation and other, theoretically
predicted, nuclear magneto-optic effects. Hyperpolarization is the topic of
Chapter 4, which begins with a motivation of why hyperpolarization methods
are often required in NMR along with a small history of the development of
different hyperpolarization methods. The chapter continues by introducing
parahydrogen, which is the essential source of spin order in SABRE. Pri-
mary focus in this chapter is on SABRE, for which the existing literature
is reviewed thoroughly. Finally, a technique called SABRE-SHEATH, which
is essentially applying SABRE at ultralow magnetic fields, is introduced.
The goal of our experiments and an explanation of the used methods are
given in Chapter 5. The results from the experiments are then presented in
Chapter 6 along with implications that can be made from them. In addi-
tion, improvements to the existing system and upcoming measurements are
proposed. Finally, in Chapter 7, conclusions of the thesis are outlined.



Chapter 2

Nuclear magnetic resonance

Nuclear magnetic resonance, or in short, NMR, is a universally well-
established method with applications in many fields, such as physics, chem-
istry, biology, and medicine. It gives molecular-level information about chem-
istry and dynamics of a sample. The popularity of NMR can be explained by
a few main selling points. Due to involving only magnetic fields and radio-
frequency waves, it is a safe, non-invasive method, which means that it does
not destroy the samples under study. Also, nearly every nucleus has at least
one isotope that has a non-zero spin quantum number I, which means that
it is detectable with NMR. With addition to spectroscopy, NMR is also used
in hospitals as an imaging method, magnetic resonance imaging (MRI), due
to its non-invasive nature and rich information content.

Having a fundamental understanding of NMR is important, as it shares
many basic concepts with nuclear magneto-optic spectroscopy (Chapter 3),
which is essentially NMR using optical detection instead of electromagnetic
induction. Knowledge of NMR is also necessary in Chapter 4 when discussing
hyperpolarization methods used to improve the notoriously low NMR signals.
This chapter is divided into six sections, which introduce the reader to the
basics of NMR spectroscopy. The theories presented in this chapter are
based on NMR books written by Apperley et al. [28], Brown et al. [29] and
Keeler [30], unless cited otherwise.

2.1 NMR interactions
NMR is based on an interaction between the magnetic moments of nuclei and
external magnetic fields. The magnetic moment is associated with a nuclear
spin, which is a property of a nucleus described by spin quantum number I.
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A nucleus that has non-zero spin, has a magnetic moment determined by

µ = γh

2π I, (2.1)

where γ is the gyromagnetic ratio of the nucleus and h is the Planck constant.
The gyromagnetic ratio is different for each isotope.

Generally, NMR spectra are obtained from samples in the presence of
a strong and static magnetic field B0, by probing the system with radio-
frequency (RF) pulses and then recording the behaviour of the nuclear spins
with a receiver coil. The behaviour of the spins depends on the numerous
NMR interactions, which are Zeeman interaction, nuclear shielding, dipolar
coupling, spin-spin coupling, and quadrupolar coupling. These interactions
contribute to the total energy of the spins, which can be calculated as

ENMR = EZ + ERF + ES + ED + EJ + EQ. (2.2)

Usually, at high fields, the Zeeman interaction is the dominant term, and
the other terms can be treated as first-order perturbations to the Zeeman
interaction. Sometimes this is not the case though, as, for some nuclei,
quadrupolar interactions can be equal to or even greater than the Zeeman
interaction.

2.1.1 Zeeman interaction
Zeeman interaction is most often the strongest of the NMR interactions and
it is the basic foundation of both NMR spectroscopy and magnetic resonance
imaging. For nuclei with non-zero spin quantum number I, Zeeman interac-
tion leads to splitting of nuclear energy levels in the presence of an external
magnetic field B0. The spin is quantized into 2I+1 directions, each of which
is represented by a magnetic quantum number mI . For example, a nucleus
with spin I = 1/2 has two different eigenstates defined by magnetic quan-
tum numbers 1/2 and −1/2. These two states have different energies, and
the magnetic moment is said to be aligned parallel and antiparallel to the
external magnetic field.

For a nucleus with spin I, the different spin states are usually denoted
with Dirac bracket notation |I,mI⟩. For such a spin, the Hamiltonian for
the Zeeman interaction is

ĤZ = −γhB0

2π Îz, (2.3)

where Îz is an operator for the z component of the nuclear spin. Energies
for these states can be found by solving the time-independent Schrödinger
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Figure 2.1: Splitting of energy levels caused by Zeeman interaction. This
demonstration applies for a nucleus with I = 1/2 and positive γ.

equation
Ĥψ = Eψ, (2.4)

which gives the following eigenvalues (in frequency units)

h−1EZ = −γmIB0

2π . (2.5)

These energy levels for a spin I = 1/2 nucleus are demonstrated in Figure
2.1.

In NMR, what is then observed is the transition between these different
states mI . The only directly observable transition is called single-quantum
transition, which means that the transition occurs between two adjacent
states, (∆mI = ±1), leading to an energy difference of

h−1∆EZ = γB0

2π = νNMR. (2.6)

Again, the energy is in frequency units, and it is usually denoted as νNMR.
This frequency is called the Larmor frequency.

As an example, when a proton, which has gyromagnetic ratio of γ =
26,75 · 107 1/Ts, is placed in a B0 = 9,4 T field, the Larmor frequency is
equal to νNMR = 400 MHz.
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2.1.2 Nuclear shielding
Because of the Zeeman interaction, different nuclei can be distinguished, as
they have very different Larmor frequencies νNMR thanks to their different
gyromagnetic ratios γ. However, this does not give any information about
the chemistry yet. Luckily, nuclei with different chemical surroundings have
slightly different Larmor frequencies thanks to an interaction called nuclear
shielding. When a sample is placed in an external magnetic field, the nu-
clei are magnetically shielded by the presence of the surrounding electrons.
That is because electrons are also charged particles, and their motion around
the nuclei produces small local magnetic fields. These local fields are often
slightly opposite to the external magnetic field, basically reducing the field
felt by the nuclei. The shielding is actually a tensor property, but in liquid-
state NMR only the isotropic value is considered, as the molecular motion in
solutions averages anisotropies to zero. The total field felt by a given nucleus
can be written as

B0(1 − σ), (2.7)
where σ is a shielding constant for the nucleus.

Naturally, as the field is now different, it causes a shift to the Larmor
frequency (Equation (2.6)), leading to

νNMR = γ

2πB0(1 − σ). (2.8)

This small shift in the Larmor frequency is called the chemical shift, and it
is usually expressed in ppm (parts per million). The formula defined for the
chemical shift is

δ = ν − νref

νref
, (2.9)

where ν is the observed frequency from the spectrometer and νref is a prede-
termined reference frequency.

As the chemical shifts depend on the surrounding electrons, they can
be used to assign resonances to different chemical sites, and therefore they
are very important for NMR spectroscopy. As can be seen from the above
equation, the effect is proportional to B0, meaning that the use of higher
magnetic field strengths allows to spread the chemical shift more, allowing
to better resolve different chemical sites.

2.1.3 Dipolar coupling
Dipolar coupling D is a dipole-dipole interaction between magnetic moments
of two nuclei µj and µk. It operates through space and is strongly dependent
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on the distance between the two nuclei. Dipolar coupling is a tensor property,
and its strength is described by a dipolar coupling constant, given by

Djk = γjγk

(
h

4π2

)(
µ0

4π

)
r−3

jk , (2.10)

where µ0 is the vacuum permeability and rjk is the distance between nuclei.
Dipolar coupling is something that cannot be directly observed in

solution-state NMR spectra, and in consequence, it is usually not very impor-
tant when studying liquids. That is because when using liquid samples, the
molecules are rotating and moving in all possible directions, which leads into
isotropic averaging, and, unlike chemical shift, the isotropic average of the
dipolar coupling tensor is zero. When quadrupolar nuclei are not present in
a molecule, dipolar couplings are often the strongest NMR interactions after
Zeeman interaction. Also, usually the stronger the interaction, the greater
the effect on relaxation, so therefore dipolar couplings are one of the biggest
sources of relaxation. This means that even though they cannot be directly
observed, dipolar couplings are affecting solution-state NMR by broaden-
ing the linewidths. Dipolar couplings are important in cross relaxation and
cross-correlated relaxation, two important polarization transfer mechanisms
in SABRE [23]. This will be discussed later in Chapter 4.

2.1.4 Spin-spin coupling
Spin-spin coupling, or J-coupling, is also an interaction between nuclear mag-
netic moments, but it is mediated by electrons on chemical bonds that are
connecting these nuclei. The interaction tends to be the strongest when the
nuclei are separated by the least number of bonds, and it becomes signif-
icantly weaker when a greater number of bonds separates the nuclei. The
magnitude of this interaction is noted with a coupling constant J , and it is
usually expressed in Hz. Generally, spin-spin coupling is the smallest NMR
interaction in magnitude, so it is not very relevant for solid-state NMR, where
many stronger interactions are present. However, in solution-state NMR, the
stronger interactions are averaged out and J-coupling becomes significant due
to its isotropic value. In solution-state NMR, spin-spin coupling is often re-
ferred to as scalar coupling. The presence of scalar coupling will lead into
splitting of the peaks into multiplets in NMR spectra.

Scalar coupling is also important when considering experiments using
SABRE hyperpolarization [12]. In the presence of sufficiently large J and
low B0, scalar coupling enables level anti-crossings, where spin order from
parahydrogen can be transferred efficiently into polarization of a substrate.
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SABRE and the importance of scalar coupling to it are discussed more in
Chapter 4.

2.1.5 Quadrupolar coupling
Quadrupolar coupling, expressed by a constant Q, is only present with nuclei
that have spin quantum number greater than 1/2. The interaction is electric
in nature; the quadrupole moment of a nucleus, eQ, couples with an electric
field gradient, eq, at the nucleus, which is originating from the local electrons
and nuclei in the molecule.

The quadrupolar interaction can be very significant, on the order of
Zeeman interaction or even exceed it. However, the isotropic value of the
quadrupolar interaction is zero, so solution-state NMR is basically unaffected
by it. Due to its magnitude though, quadrupolar interaction is contributing
significantly to relaxation, causing the signal to disappear quickly. This can
also be the case in molecules that contain both spin-1/2 and quadrupolar nu-
clei. If a spin-1/2 nucleus is scalar-coupled to a quadrupolar nucleus, there
can exist another relaxation mechanism called scalar relaxation of the second
kind [31], which is typically ineffective at high fields, but can become efficient
at ultralow fields. For example, when using a 3-fluoropyridine sample, there
is a quadrupolar 14N that might lead to scalar relaxation of the second kind
when studying the hyperpolarization of 19F and 1H.

2.2 Magnetization
As stated in the beginning of Section 2.1, nuclei with non-zero spin quantum
number I possess a magnetic moment µ. When these magnetic moments are
placed in an external magnetic field B0, there are slightly more spins oriented
along the field, as it is the lowest energy state of the system, given by the
Zeeman interaction. This population difference between the different nuclear
spin states is called polarization, P , and it gives rise to the macroscopic
magnetization, or "bulk magnetization", M .

Now, let’s consider a spin-1/2 nucleus, which has two states; a "spin-up"
state |α⟩ and a "spin-down" state |β⟩. The polarization, P , which is defined
as the normalized population difference between the nuclear spin states, can
be written as

P = pα − pβ

pα + pβ

, (2.11)

where pα and pβ refer to the populations of states |α⟩ and |β⟩, respectively.
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Figure 2.2: In thermal equilibrium, the orientations of the individual mag-
netic moments are almost random with slightly more spins orientated along
the external magnetic field, giving rise to the macroscopic magnetization.

In thermal equilibrium, the populations of the states |α⟩ and |β⟩ follow
Boltzmann distribution

pβ

pα

= exp (hνNMR/kT ) . (2.12)

The orientations of the magnetic moments are strongly disturbed by the
thermal energy kT , which is at room temperature much greater than the
energy difference between the magnetic states, hνNMR. This results in a tiny
population difference and therefore a small polarization. In thermal polariza-
tion, the spins are in almost a random orientation with slightly more spins in
the direction of the external field. These individual magnetic moments give
rise to the macroscopic magnetization, which, for spin-1/2 nuclei, is in this
thermal equilibrium equal to

M0 = ρ0γ
2h2

16π2kT
B0, (2.13)

where ρ0 refers to the spin density of the sample. The above-described situ-
ation is demonstrated in Figure 2.2.

The magnetization is a vector quantity, which obeys the rules of classi-
cal electrodynamics, and it provides a convenient way to describe an NMR
experiment. In an external field, the magnetization obeys the equation of
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Figure 2.3: Magnetization vector precesses around the external field. For
nuclei with positive γ, this direction is clockwise when viewed from above.

motion
dM

dt
= γM ×B. (2.14)

According to the cross product, the magnetization starts to precess around
the external field if there exists a component of M that is perpendicular to
B. This is visualized in Figure 2.3.

As a reminder, precession is the rotation of a spinning axis about another
axis. The frequency of this precession is the Larmor frequency νNMR. The
precession is important when considering detection of the magnetization, as
in NMR, the magnetic fields induced by nuclei are really small, and the
magnetization can only be detected if it is not static, by making use of the
Faraday’s law of induction.

2.3 RF pulses and rotating frame of reference
In the previous section, it was concluded that the magnetization starts to
precess around the external magnetic field if it has a component perpendic-
ular to the field. This means that in order to measure the magnetization, it
must be displaced away from the external field. The displacement is done by
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Figure 2.4: Rotating frame of reference is rotating at Larmor frequency
about z axis.

applying a radio-frequency (RF) magnetic field B1, preferably at the exact
Larmor frequency, νNMR, of the spins.

Because the applied magnetic field is oscillating at radio-frequency, the
precession is difficult to visualize in a laboratory frame. A more convenient
approach to the problem is to use a frame that is rotating at the Larmor
frequency, which is demonstrated in Figure 2.4. In this frame, the applied
RF fieldB1 appears to be static, and the precession around B0 is non-existent.
For example, if the B1 field is switched on, at resonance condition, along the
x′ axis, the magnetization will rotate about the x′ axis towards the x′y′ plane.

The angle, through which the magnetization is rotated, is called the pulse
angle θ, which can easily be calculated from

θ = γB1τp, (2.15)

where τp is the pulse duration. The strongest signal for a single-pulse experi-
ment is achieved when the magnetization is rotated exactly to the transverse
plane. In experiments that use repeated pulses, the optimum pulse angle
might be different.

2.4 Relaxation
After a radio-frequency pulse has been applied, the magnetization is no longer
in its equilibrium state. Afterwards, the transverse magnetization starts to
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decay, and the longitudinal magnetization starts to build up again, ultimately
resulting back into the circumstances given by the thermal equilibrium. This
process is called relaxation, and it is driven by different kinds of relaxation
processes. Relaxation gives a limit for how long a signal should be measured
and how quickly the experiment can be repeated. The decay in the signal is
defining a finite linewidth to the spectral peaks.

Longitudinal relaxation, or T1 relaxation, is the process of regaining equi-
librium in the z direction. During the process, energy is transferred from
the spins to the lattice, hence the other name spin-lattice relaxation. The
rate at which the relaxation happens is often empirically described with a
single-exponential function involving a time constant T1. At time t after a
90◦ pulse, the magnetization is given by

Mz(t) = M0(1 − exp (−t/T1)). (2.16)

Typically, a relatively short T1 is preferred in NMR experiments, as it allows
for quicker repetition of the acquisitions.

Another type of relaxation is called transverse relaxation, or T2 relax-
ation, which describes how quickly the transverse magnetization is decaying.
Transverse relaxation is also often called spin-spin relaxation, as it is caused
by spins interacting with each other and causing them to become out of phase,
inevitably losing the transverse magnetization. It is also often described with
a time constant, T2, and an exponential equation

Mxy(t) = M0 exp (−t/T2) . (2.17)

Transverse relaxation must be slow enough that a signal can be recorded
before the it decays completely.

In some experiments, where spins are being locked to a transverse plane
by applying an RF field, there is a third type of relaxation called spin-lattice
relaxation in the rotating frame. It is similar to the transverse relaxation in a
sense that it describes the process of regaining equilibrium in the transverse
plane. On the other hand, it is similar to the longitudinal relaxation because
there now exists a low magnetic field, which determines the equilibrium con-
dition. Time constants for this type of relaxation are noted by T1ρ. They
are greatly extended by the spin-lock compared to the transverse relaxation
time constants.

Relaxation is caused by NMR interactions that are modulated by molec-
ular motions at a certain frequency. If the molecular motion can match the
Larmor frequency, it is in resonance condition, and the NMR interactions are
able to drive transitions between different states efficiently. In liquid-state
NMR, a motion called rotational diffusion is the main source of modulation at
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the correct frequency. The relaxation rate is also determined by the strength
of the NMR interaction. A stronger NMR interaction leads into faster relax-
ation rates, and therefore dipolar couplings tend to be the strongest cause
of relaxation if quadrupolar nuclei are not present. Also, hyperfine coupling,
which is the coupling between unpaired electron spins and nuclear spins,
is an effective relaxation mechanism if paramagnetic molecules are present.
For this reason, in our experiments, we want to degas our sample to get rid
of paramagnetic oxygen, which is a strong relaxation agent due to its very
strong hyperfine couplings.

2.5 Single-pulse experiment and common ex-
perimental parameters

After the magnetization has been tipped to the transverse plane, the NMR
signal, known as free induction decay (FID), can be recorded until it has
been attenuated by the relaxation. In the simplest NMR experiment, called
single-pulse experiment, the signal is recorded once over a certain acquisition
time. A sequence diagram of a repeated single-pulse experiment is outlined
in Figure 2.5. As can be seen, the experiment starts with an RF pulse, which
excites the spins into the transverse plane. Thereafter is a short delay called
dead time, after which the signal is being sampled. Once the sequence is
completed, it is repeated according to the set repetition time. There exist
much more complicated pulse sequences, but they are not relevant to our
experiments explained in Chapter 5, so they are not covered in this section.
Next, the most common parameters, some of which are also displayed in the
sequence diagram, are explained.

Repetition time TR, or sometimes called recycle delay, is a time interval
at which the pulse sequence is being repeated. From previous section, it
can be remembered that after the RF pulse, the longitudinal magnetization
starts to build up again according to the relaxation time constant T1. There-
fore, the repetition time must be set so that the magnetization has enough
time to build up before applying another excitation pulse. For quantitative
experiments, the magnetization should be almost fully recovered, meaning
that the required repetition time should be at least 5T1. To maximize the
signal-to-noise ratio, the optimum value is approximately 1,26T1 when using
a 90◦ pulse.

Dwell time δt is the time interval at which the signal is sampled during
data acquisition. It directly gives the bandwidth, the frequency range under
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Figure 2.5: Sequence diagram for a single-pulse experiment explaining com-
mon NMR parameters. Sampling points, depicted with red dots, are drawn
only for a small period of time for clarity.

observation, as its inverse
BW = 1

δt
. (2.18)

It is important to set the dwell time so that a sufficient bandwidth is achieved,
as too small values cause signals that fall outside of the width to be folded
back into the spectrum in wrong places on the ppm scale. Oversampling, in
other words, having too high a bandwidth, is usually not a problem. Actually,
most modern spectrometers apply oversampling under the hood and then
digitally downsample the data afterwards.

Acquisition time is the time during which the FID signal is detected. It
is determined by the chosen dwell time δt and the number of points N ,

Tacq = Nδt. (2.19)

It is important to set the acquisition time longer than the actual signal to
avoid truncating the signal, as the truncation will cause artefacts to the spec-
tra. Excessive recording of noise can be removed by applying an apodization
filter, that is, multiplying the FID by a weighting function. However, setting
a proper acquisition time to begin with is better, as it reduces the need of
post processing.
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Dead time is a short period of time that the spectrometer waits after an
RF pulse before starting the signal acquisition. This is done because the
same circuitry that applies the pulses is used to record the signal. While the
pulses are drawn as rectangles in the sequence diagram, in reality they are
not ideal, and without waiting the dwell time, some of the pulse could break
through to the signal.

2.6 NMR spectrum for a scalar-coupled two-
spin system

In this thesis, the concept of in-phase and anti-phase peaks appear frequently
in the following chapters when hyperpolarization is discussed. Here, a system
consisting of two scalar-coupled spins is considered, as it turns out that the
evolution of scalar coupling is behind the observed in-phase and anti-phase
peaks.

Before the example is continued, a quick introduction to product oper-
ators is given. When an ensemble of spin systems is examined, the current
state of the system can be described with a density operator, which, in turn,
can be expressed as a linear combination of product operators. In Table
2.1, the different product operators and their descriptions are outlined for a
two-spin system. There are two types of product operators that result in an
observable signal. These are in-phase x and y magnetization, and anti-phase
x and y magnetization.

Under the influence of Hamiltonian Ĥ, the density operator evolves in
time according to

ρ̂(t) = exp
(
−iĤt

)
ρ̂0 exp

(
iĤt

)
. (2.20)

Here, ρ̂(t) is the density operator at time t, and ρ̂(0) is the operator at time
t = 0. Next, the product operators corresponding to an observable signal are
examined under free evolution.

In the rotating frame, the free evolution Hamiltonian in angular frequency
units for a scalar-coupled two-spin system can be written as

Ĥ = Ω1Î1z + Ω2Î2z + 2πJ12Î1z Î2z. (2.21)

Here, Ω1 and Ω2 denote the offset frequencies of spins 1 and 2. The effect of
this Hamiltonian can be considered one term at a time because the operators
commute with each other.
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Table 2.1: Product operators for a two-spin system.

Description Product operator
Longitudinal magnetization Î1z, Î2z

In-phase x and y magnetization Î1x, Î1y, Î2x, Î2y

Anti-phase x and y magnetization 2Î1xÎ2z, 2Î1y Î2z, 2Î1z Î2x, 2Î1z Î2y

Multiple-quantum coherence 2Î1xÎ2y, 2Î1xÎ2x, 2Î1y Î2x, 2Î1y Î2y

Two-spin order 2Î1z Î2z

First, let’s consider what happens to Î1x, the in-phase x magnetization
on spin 1. The evolution of the offset term of spin 1 results in

Î1x
Ω1tÎ1z−−−→ cos (Ω1t) Î1x + sin (Ω1t) Î1y. (2.22)

The offset of spin 2 does not have any effect on spin 1, so it can be forgotten.
The third term, the evolution of scalar couplings, results in

cos (Ω1t) Î1x + sin (Ω1t) Î1y
2πJ12tÎ1z Î2z−−−−−−−→ cos (πJ12t) cos (Ω1t) Î1x

+ sin (πJ12t) cos (Ω1t) 2Î1y Î2z

+ cos (πJ12t) sin (Ω1t) Î1y

− sin (πJ12t) sin (Ω1t) 2Î1xÎ2z.

(2.23)

The observable signal at time t can be obtained from

S(t) = Mx(t) + iMy(t), (2.24)

where Mx(t) and My(t) are the coefficients of operators Î1x and Î1y. There-
fore, using some trigonometric identities, the signal arising from in-phase x
magnetization on spin 1 can be written as

S(t) = cos (πJ12t) cos (Ω1t) + i cos (πJ12t) sin (Ω1t)

= 1
2 exp [i (Ω1 + πJ12) t] + 1

2 exp [i (Ω1 − πJ12) t] .
(2.25)

Here, it is seen that there exist two peaks with frequencies Ω1 + πJ12 and
Ω1−πJ12. Thus, the observed signal is an in-phase doublet, with the splitting
of 2πJ12, as shown in Figure 2.6.

Next, let’s consider Î1xÎ2z, the anti-phase x magnetization of spin 1. The
calculations are similar, so only the end results are presented here. The free
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evolution leads to

2Î1xÎ2z
Ĥt−→ cos (πJ12t) cos (Ω1t) 2Î1xÎ2z

+ sin (πJ12t) cos (Ω1t) Î1y

+ cos (πJ12t) sin (Ω1t) 2Î1y Î2z

− sin (πJ12t) sin (Ω1t) Î1x.

(2.26)

The observed signal is then

S(t) = − sin (πJ12t) sin (Ω1t) + i sin (πJ12t) cos (Ω1t)

= 1
2 exp [i (Ω1 + πJ12) t] − 1

2 exp [i (Ω1 − πJ12) t] .
(2.27)

Here, the signal is again a doublet, with the splitting of 2πJ12. However, one
of the peaks is positive and one of them is negative as shown in Figure 2.6.
This is referred to as an anti-phase doublet.

(a) (b)

Figure 2.6: NMR spectra for a scalar-coupled two-spin system. (a) In-
phase doublet. (b) Anti-phase doublet.

In Chapter 4, it is shown that applying SABRE hyperpolarization may
give rise to two-spin order. For a heteronuclear (I, S) spin-spin coupled pair,
where the S nucleus is coupled to a hyperpolarized I nucleus, this means
the generation of the two-spin order term ÎzŜz. If a 90◦

y pulse is applied,
the two-spin order term will lead to anti-phase magnetization ÎzŜx. This has
been observed for heteronuclei in SABRE experiments.



Chapter 3

Nuclear magneto-optic
spectroscopy

In this chapter, the reader is introduced to a new way of recording NMR
spectra by using optical detection instead of the regular inductive detection.
This new area of spectroscopy is called nuclear magneto-optic spectroscopy,
or NMOS in short, and it has promising features compared to the regular
NMR. Before giving an explanation of nuclear magneto-optic spectroscopy,
first a quick review on classical magneto-optic effects is presented in order to
have a better understanding of the phenomena behind NMOS. This is because
the nuclear spin-induced magneto-optic effects are basically the same, with
the key difference being that the effects are caused not by the presence of an
external magnetic field but by the local fields from the nuclei.

3.1 Classical magneto-optic effects
Classical magneto-optic effects include several phenomena that take place
when electromagnetic waves propagate through a medium that is placed in
an external magnetic field [32]. They were first introduced to the world by
Michael Faraday in 1845. He discovered that the polarization of a linearly
polarized light is rotated when the light propagates through material placed
in a magnetic field parallel to the direction of propagation [33]. This phe-
nomenon is nowadays called the Faraday rotation. Since the discovery of
Faraday rotation, a number of other interactions between light and magnetic
medium have been detected, namely magnetic circular dichroism, Cotton-
Mouton effect, and magnetic linear dichroism [32]. The most important of
these with regards to NMOS is the Faraday rotation, because, as of today,
it is the only nuclear magneto-optic effect that has been detected. Hence, it
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(a) (b)

(c) (d)

Figure 3.1: Summary of classical magneto-optic effects. (a) Faraday ro-
tation. (b) Magnetic circular dichroism. (c) Cotton-Mouton effect. (d)
Magnetic linear dichroism.

is the only effect that is described here in detail. A summary of the other
effects is shown in Figure 3.1.

Faraday rotation
Faraday discovered that there exists an interaction between light and mag-
netic fields [33]. Here is a quick summary of how he managed to observe the
phenomenon. First of all, the pieces of equipment that Faraday used in his
experiment, were a light source, a reflective glass surface, an electromagnet,
a piece of transparent glass, and an eyepiece. The light source was initially
linearly polarized by reflecting it from the glass surface and then passed
through the transparent glass sample that was placed in between the poles
of the electromagnet. When the electromagnet was not turned on, Faraday
observed no effect on the propagating light. Afterwards, he turned on the
electromagnet and observed that the light was no longer visible. From the
experiment, Faraday deducted that the polarization of the light must have
been rotated. He also reversed the direction of electric current and thus
reversed the magnetic field, which resulted in also reversing the rotation.

The following description of Faraday rotation is based on a book by Coey
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Figure 3.2: A linearly polarized electromagnetic wave propagating in the z
direction.

[32]. In order to understand why the interaction between light and magnetic
fields emerges, let’s have a quick reminder of what light is. Light is an
electromagnetic wave, meaning that it has a magnetic component B and an
electric field component E, which are perpendicular to each other and to the
direction of propagation. If the E field is restricted to oscillate in one plane,
it is said that the light is linearly polarized (see Figure 3.2).

Interestingly, it is the interaction between the electric field component
E and the magnetization M that causes the rotation, as the magnetic field
component has virtually no influence on the Faraday effect. This can be
understood as follows. The electric field E of a linearly polarized light can
be thought as a superposition of two circularly polarized fields rotating in
the opposite directions. When propagating through a magnetized sample,
these two modes experience slightly different refractive indices and propa-
gate at slightly different speeds. This causes a phase difference to the two
modes, which on the other hand is equal to the rotation of the plane of linear
polarization.

Demonstration of the Faraday rotation is outlined in Figure 3.3. The
plane of polarization gets rotated through an angle

θF = V
∫
µ0M · dl, (3.1)

where V is the Verdet constant of the material, µ0 is the vacuum permeability
and the integration is through the optical path of the light. For a uniformly
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Figure 3.3: Faraday rotation. The plane of polarization gets rotated
through the angle θF when a linearly polarized light passes through a mag-
netized sample.

magnetized sample, the equation is simplified to

θF = V Bl, (3.2)

where B is the external magnetic field and l is the sample length through
which the light passes. An important note here is that, if the light is passed
and then reflected back through the sample, the overall rotation angle is not
zero, but rather twice that for a single pass. This can be useful when de-
signing experiments in order to achieve a greater angle of rotation. For the
convention of the sign of the angle, θF is positive when the plane of polariza-
tion turns clockwise when viewed against the direction of the propagation.

3.2 Nuclear spin-induced optical rotation
NSOR, which stands for nuclear spin-induced optical rotation, is a funda-
mentally different way of detecting NMR based on the optical rotation of a
linearly polarized light caused by nuclear spins in a transparent sample. It is
a very close relative to the aforementioned Faraday rotation, the key differ-
ence being the source of magnetization. In NSOR, the rotation is caused by
small magnetic fields induced by the nuclei instead of the external magnetic
field. An illustration of NSOR is given in Figure 3.4.

3.2.1 Previous NSOR experiments
Initially, a connection between light and NMR was considered when it was
suggested that one could cause NMR frequency shifts by illuminating a sam-
ple with circularly polarized light [34]. This effect was proven to be extremely
tiny and undetectable as for now [35]. However, when the complementary
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Figure 3.4: Nuclear spin-induced optical rotation. The fundamental differ-
ence compared to Faraday rotation is the source of magnetization, which is
originating from nuclear spins.

effect was investigated, Savukov et al. [4] found out that the rotation of the
plane of polarization was readily measurable. In their paper, they presented
measurements for 1H in water and for liquid 129Xe. In addition, they showed
that NSOR is heavily increased in samples that contain nuclei with high
atomic number Z.

The group used two different arrangements for measuring NSOR for the
two different nuclei. Here, only the set-up for measuring 1H is covered. The
group flowed water through a 9 T magnet, inside of which the 1H spins were
thermally polarized. From there, the water was passed through a measure-
ment cell that was placed in a smaller static magnetic field of B0 = 0,5 mT.
This static field was modulated with a frequency of 8 Hz. In order to lock the
spins to the transverse plane, an oscillating transverse field of B1 = 17 µT
with frequency of 21 kHz was applied. Light coming from a 770 nm laser was
first passed through a linear polarizer and then through the measurement
cell. After the cell, there was a beam splitter that was used to split the beam
into two beams with different polarization angles. These two beams were
then detected with two photodiodes, and a difference of these signals was
calculated. When no optical rotation is present in the sample, no signal is
observed, and once optical rotation takes place, the difference between these
two signals is no longer zero, and signal is detected. Final part in the signal
detection was a lock-in amplifier that was referenced to the NMR frequency
of 21 kHz.

While the group was able to measure this new NSOR signal, their first
demonstration left some room for improvement. In their article, they men-
tion that decreasing the laser wavelength increases the signal as 1/λ2 when
tuned far from optical resonances and even faster when closer to resonances.
Also, as can be remembered from Faraday rotation, passing light through
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and back of a magnetized sample will cause double the rotation. Hence, a
multi-pass arrangement could be used to further increase the signal by ef-
fectively increasing the optical path length l. Moreover, by using a thinner
measurement cell, one could reduce the sample volume by a great margin.

After the initial discovery, additional experiments have been performed
with slightly different approaches in quest to improve the signal-to-noise ra-
tio. In 2008, Meriles [5] described in his paper an approach to increase the
optical path length by making use of optical cavities and performing the
experiments at high magnetic fields. In later publications [6, 7], his group
reported results of detecting NSOR at high magnetic fields while still omit-
ting the use of optical cavities. The experiments were performed inside of a
9.4 T magnet using an approximately 2 cm long sample container. Remark-
able, yet rather expected, in the results was that the chemical shift could
be observed with NSOR in a similar manner than with inductive detection.
Unfortunately, in a similar fashion to results by Savukov et al. [4], the issue
with really low SNR remained persistent.

In 2013, a couple of publications making use of the multi-pass approach
were released. First, paper by Shi et al. [8] demonstrated a continuous-flow
system that used prepolarized water from a 0,85 T magnet. The multipass
cell had 14 passes, which resulted to a total optical path length of 3,15 m.
Also, a lock-in amplifier was used in the signal detection. This system led
into a SNR of greater than 15 after 1000 s of signal acquisition, a signifi-
cant improvement over the old continuous-flow system. Later in the same
year, Savukov et al. [9] demonstrated another approach for measuring NSOR.
Analogously, the apparatus was a multi-pass continuous-flow system, where
water was prepolarized by flowing it through a magnet. However, the pre-
polarizing field was stronger (7 T), and the number of passes was lower (5).
Also, the signal was measured without the use of a lock-in amplifier, replac-
ing that with a greater emphasis on software-based processing. The group
was able to achieve a significant improvement on SNR, which they reported
as 25 after 1000 s of integration. This meant that now a signal could be
detected in less than 1 min. As a conclusion, both of these studies display a
clear benefit in SNR when using multi-pass arrangement.

Until recently, NSOR was observed mainly in liquids with high concen-
tration due to the low signal-to-noise ratio. As a solution to this problem, yet
another different approach for improving SNR in NSOR signals was unveiled
here in the NMR Research Unit located at the University of Oulu [10]. This
new approach involved a quite similar continuous-flow system as described
earlier, with the important distinction of using SABRE hyperpolarization
instead of polarizing the sample by flowing it through a high-field instru-
ment. The use of hyperpolarization granted a significant signal enhancement
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of more than a factor of 100 compared to thermally polarized reference.

3.2.2 Theory of NSOR
Being a very close relative to Faraday rotation, it is unsurprising that a very
similar formula to Equation (3.2) can be written for NSOR. Basically, now
that the source of magnetization is the nuclear spins instead of an exter-
nal magnetic field, according to Savukov et al. [4], for nuclear spin-induced
optical rotation θN one can write

θN = V BN l. (3.3)

Comparing to Equation (3.2), one finds that only the external magnetic field
B is replaced by the magnetic field induced by the nuclei BN .

While the above description is conceptually very simple and gives a rather
nice first understanding of the phenomenon, there are several problems with
it. First of all, it is not very practical because it is quite cumbersome to
find out accurate values for the magnetic field induced by the nuclei. This
spin-induced field can be split into two components, a local contact field
and a distant dipolar field [4]. The distant dipolar field is dependent on
the geometry of the sample, and the local contact field is dependent on the
hyperfine interaction between nuclear spin angular momentum I and electron
orbital angular momentum L. Measuring these fields directly is not possible,
and what is actually received from the measurements is the polarization
P of the sample. Another problem is that, in experiments, a non-linear
relationship with angle θN and Verdet constant V has been found, indicating
that the above expression is too much of a simplification [7]. Therefore, the
description above should be used as a qualitative tool only.

With these problems in mind, regarding NSOR experiments, it is much
more sensible to express the angle in terms of measurable parameters. The
angle of rotation can be written as

θN = VNnlP, (3.4)

where VN is the molar NSOR constant, n is the sample concentration, l
is again the optical path length and P is the polarization of the sample
[10]. Now, the sample concentration n along with the optical path length l
are predetermined, and the polarization P and optical rotation θN can be
measured. Therefore, the molecule-dependent molar NSOR constants VN

can be experimentally determined. The molar NSOR constants can also be
theoretically calculated for comparison with the experimental results. If a
nuclear spin with spin quantum number I is considered in the direction of
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the beam, a formula for the molar NSOR constant, dependent on the sample
and the frequency of linearly polarized light ω, can be expressed as

VN = 1
2ωNAµ0cI Im

〈
α

′(I)
XY,Z

〉
, (3.5)

where NA is the Avogadro constant, c is the speed of light and Im
〈
α

′(I)
XY,Z

〉
is

the imaginary component of the complex antisymmetric polarizability [36].

3.3 Other nuclear magneto-optic effects
In addition to NSOR, theoretical work has been dedicated to predict other
magneto-optic effects caused by nuclear magnetic moments. These are again
analogues from their classical counterparts. The theoretically predicted ef-
fects are nuclear spin circular dichroism and a selection of nuclear spin-
induced Cotton-Mouton effects, which are yet to be observed experimentally.

Nuclear spin circular dichroism (NSCD), an analogue to the magnetic
circular dichroism, has been proposed by Vaara et al. [37]. It involves the
formation of ellipticity to a linearly polarized light when the light is passed
through a sample that has magnetically polarized nuclei such that the mag-
netization is parallel to the passing light. The formation of ellipticity can be
understood by thinking the linearly polarized light as a combination of left-
and right-circularly polarized components, which are differentially absorbed
due to the nuclear magnetization. Calculations of NSCD have demonstrated
that the signal strengths should be observable and that they are strongly
enhanced when the wavelength of the passing light is tuned such that it
approaches optical transitions of the molecule [37]. Also, a computational
study in fullerenes has shown that the NSCD signal is nucleus-specific, po-
tentially allowing the distinction of different chemical environments similarly
to NMR [38].

Nuclear spin-induced Cotton-Mouton effect (NSCM) is an analogue to
the regular Cotton-Mouton effect, and it has been first proposed by Lu et
al. [39]. The effect is also observed as a formation of ellipticity to a linearly
polarized light. However, the difference to NSCD is that the NSCM effect has
a quadratic dependence of the nuclear magnetization and that the magnetiza-
tion is perpendicular to the propagation of light. Calculations of the NSCM
have demonstrated that, with a proper set-up, the signal strength should
be small but possibly observable [40]. In addition to regular NSCM, two
fundamentally different NSCM effects have been proposed, namely the nu-
clear spin-induced Cotton-Mouton effect in external magnetic field (NSCM-
B) [41, 42] and nuclear quadrupole moment-induced Cotton-Mouton effect
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(NQCM) [43,44]. For NSCM-B, calculations with fully polarized nuclei have
shown that the order of magnitude in the induced ellipticity should be com-
parable to NSCM [42]. However, in practice, the magnitude of NSCM-B is
expected to be much larger. That is because NSCM is proportional to the
spin polarization of two nuclei, whereas NSCM-B is dependent on the spin
polarization of one nucleus only. For NQCM, calculations in atoms [43] and
in molecules [44] have demonstrated that the signal strengths should be su-
perior compared to the NSCM, making NQCM a more likely candidate for
experimental detection.



Chapter 4

Hyperpolarization

The topic of this chapter is a phenomenon called hyperpolarization, which
refers to a state where the polarization exceeds its thermal equilibrium value
given by Boltzmann distribution. Nowadays, there exist numerous hyperpo-
larization techniques, such as spin-exchange optical pumping (SEOP), dy-
namic nuclear polarization (DNP), and parahydrogen-induced polarization
(PHIP). There are several methods in the PHIP family, such as signal am-
plification by reversible exchange (SABRE) and ‘SABRE in shield enables
alignment transfer to heteronuclei’ (SABRE-SHEATH). This chapter begins
with an explanation of why hyperpolarization is useful and commonly re-
quired in NMR, followed by a brief historical overview of the development of
aforementioned hyperpolarization methods. Primary focus in this chapter is
the theoretical presentation of SABRE and SABRE-SHEATH, which are the
phenomena that we investigate. Finally, existing SABRE-SHEATH research
on 3-fluoropyridine is reviewed thoroughly.

4.1 Background
NMR is notorious for being an insensitive method, giving relatively weak
signals, particularly when measuring a nucleus with a low natural abundance
and a small gyromagnetic ratio γ. The reason for this low signal was discussed
in Chapter 2, where it was noted that, in thermal equilibrium, the population
difference of states |α⟩ and |β⟩ is tiny, resulting in a small polarization P .
As a demonstration, let’s consider a proton 1H, which has one of the largest
gyromagnetic ratios with γH = 26,75 · 107 1/Ts [28], in a strong magnetic
field of B0 = 10 T. At room temperature, T = 293 K, Equation (2.12) gives

pβ

pα

≈ 0,99993,
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which corresponds to polarization

P ≈ 35 · 10−6.

Now that the main cause for weak NMR signals has been introduced,
namely the polarization, the next obvious step would be to increase the
polarization in order to achieve a better signal. The most intuitive solution to
this problem would be to look at the Equation (2.12). From that equation, it
is seen that, in order to achieve a better polarization, one could use a nucleus
that has a high gyromagnetic ratio γ, use as high an external magnetic field
B0 as possible, and conduct the experiments at a very low temperature T .
However, the improvements from these solutions are not that substantial and
they restrict the experiments to very specific circumstances.

In order to achieve a decent NMR signal in more conventional measuring
conditions, one would need to achieve a polarization that is beyond its ther-
mal equilibrium. This kind of polarization is called hyperpolarization. Due
to possibilities of increasing the signal strength by orders of magnitude and,
thus, decreasing the experiment times, numerous hyperpolarization methods
have been developed in recent decades.

Spin-exchange optical pumping
Initial step towards achieving hyperpolarization by spin-exchange optical
pumping (SEOP) was taken in 1950, when Kastler [45] discovered that it
is possible to electronically excite alkali metals by placing them in a mag-
netic field and illuminating them with circularly polarized light. It was only
until 1960 when the second important discovery was made by Bouchiat et
al. [46]. The group showed that a spin exchange between the electronic spins
of alkali metals and the nuclear spins of noble gases occurs during gas-phase
collisions. Combining these two findings laid the basic foundations of a new
hyperpolarization method, which was then later called spin-exchange optical
pumping [13].

Over the years, SEOP has been improved significantly, and polarization
levels are approaching unity for some noble gases [13]. Therefore, SEOP
is an important method nowadays. It is used to create large amounts of
hyperpolarized noble gases, such as 3He and especially 129Xe, which is used
in human clinical applications, such as in lung imaging. To achieve a high
level of polarization, a high-power, circularly polarized, infrared light source
is used to electronically excite alkali metals from which angular momentum
is transferred to the noble gas nuclei that are to be hyperpolarized. This
whole process takes place in the presence of a buffer gas, usually N2, which
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suppresses fluorescence of the alkali metal, a process that would depolarize
the other alkali metal spins. A spin-1/2 noble gas is preferred in the process,
as noble gases do not chemically react with the alkali metals and they have
long T1 relaxation constants, allowing the polarization to build up efficiently.
Quadrupolar isotopes of the noble gases may also be used, but they suffer
from faster relaxation due to the quadrupolar interaction.

Dynamic nuclear polarization
About the same time as SEOP, the development of another hyperpolariza-
tion method called dynamic nuclear polarization (DNP) began. It utilizes
spin order from unpaired electrons by transferring it to nuclear spins using
microwave radiation, theoretically allowing an enhancement up to the ratio
between the gyromagnetic ratios of the electron and the nucleus, γe/γl [47].
For proton, the ratio is roughly 660.

The phenomenon behind DNP is called the nuclear Overhauser effect,
named after its finder Overhauser, who predicted in 1953 that polarization
could be transferred from unpaired electrons to nuclear spins [48]. He pro-
posed that, by placing a metallic sample in a magnetic field and irradiating
that with a microwave magnetic field, one could achieve a nonequilibrium
condition for the electrons, which would lead to relaxation processes, ulti-
mately resulting in the hyperpolarization of nuclear spins. Later in the same
year, Carver et al. [49] verified Overhauser’s theory by observing a nearly
100-fold increased polarization in lithium. Ever since its discovery, several
other underlying spin order transfer mechanisms in DNP have been found,
such as the solid effect, the cross effect and thermal mixing [47].

Parahydrogen-induced polarization
Parahydrogen-induced polarization (PHIP) was first proposed in 1986 by
Bowers et al. [50]. They predicted that one could transfer spin order from
parahydrogen to another compound by utilizing hydrogen addition reactions
and radio-frequency (rf) irradiation. This was shown to be the case only a
year later when the same group performed a set of experiments [51] and were
able to observe the predicted effect.

Nowadays, PHIP is an expression for many hyperpolarization methods
where the essential source of signal enhancement is the spin order from
parahydrogen. For example, SABRE and SABRE-SHEATH, which are the
main topic of this work, belong in the PHIP family. Because of its im-
portance, a whole section has been dedicated for parahydrogen, where it is
introduced more thoroughly.
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Figure 4.1: Parahydrogen and orthohydrogen have different spin states.
Parahydrogen corresponds to a singlet state and orthohydrogen to a triplet
state.

4.2 Parahydrogen
Hydrogen gas exists naturally as dihydrogen H2, which has two different
spin states called parahydrogen and orthohydrogen. They are spin isomers,
which means that the only thing that separates them is how the individual
nuclear spins are arranged in the molecule. From quantum mechanics, it can
be remembered that protons are fermions and thus the total wavefunction
of the hydrogen molecule must be antisymmetric with exchange of nuclei.
The total wavefunction for a hydrogen molecule can be written as a product
of its rotational (spatial) and nuclear spin wavefunctions |ψ⟩ = |ψrot⟩ ×
|ψnuc⟩. Because the total wave function must be antisymmetric, there are
two possibilities here:

• |ψrot⟩ is symmetric and |ψnuc⟩ is antisymmetric

• |ψrot⟩ is antisymmetric and |ψnuc⟩ is symmetric

The first option has an antisymmetric nuclear spin part, corresponding to
a singlet, which has a total nuclear spin I = 0, and a symmetric rotational
part, corresponding to an even rotational quantum number J . This state
is called the parahydrogen. The second option, on the other hand, has a
symmetric nuclear spin part, corresponding to a triplet with I = 1, and
an antisymmetric rotational part, corresponding to an odd J . This state
is called the orthohydrogen. These different states are visualized in Figure
4.1 [12].

At thermal equilibrium, the ratio of populations of these two spin states
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can be calculated from

Npara

Northo
=

∑
J, even gJ exp

(
−EJ

kT

)
3∑J, odd gJ exp

(
−EJ

kT

) , (4.1)

where EJ is the energy of state J , and gJ is its degeneracy. At room temper-
ature, the ratio is approximately 1/3, which means that in order to utilize
the spin order from parahydrogen, orthohydrogen must be first converted to
parahydrogen. Based on the previous equation, this can be achieved quite
easily by lowering the temperature. However, the transition from orthohydro-
gen to parahydrogen (and vice versa) is magnetic-dipole forbidden, meaning
that after lowering the temperature, the time it takes for a new equilibrium
to set is exceedingly long. Therefore, it is necessary to use a conversion cat-
alyst, which is typically activated charcoal or iron oxide. The use of catalyst
will speed up the process significantly. Also, because the transition is not al-
lowed, once orthohydrogen has transitioned to parahydrogen, in the absence
of a catalyst, it will stay as parahydrogen for a long period of time. This is
convenient, as it allows to storage parahydrogen at room temperature [12].

4.3 SABRE
SABRE stands for signal amplification by reversible exchange, and it is a
promising hyperpolarization method in the family of PHIP methods [12].
It enhances NMR signals by orders of magnitude by transferring spin order
from parahydrogen to a substrate that is to be polarized in an organometallic
complex.

SABRE was initially discovered in 2009 by Adams et al. [11] when they
achieved hyperpolarization of a sample by temporarily associating a sub-
strate and parahydrogen to a transition metal in a low magnetic field. Pre-
viously, the parahydrogen-induced polarization methods have required that
the parahydrogen is incorporated into the sample that is to be probed, which
affects the chemical properties of the sample. In these experiments, the re-
searchers used an iridium-based catalyst as the transition metal, which al-
lowed hyperpolarization without adding the parahydrogen to the sample.
A demonstration of the process is outlined in Figure 4.2. The team used
pyridine as their substrate, marked with S in the figure. Both pyridine
and parahydrogen were able to chemically react with the iridium catalyst
(marked with Ir in the figure) forming an iridium complex. In this complex,
the polarization transfer from parahydrogen to the pyridine takes place, es-
sentially returning the parahydrogen back to orthohydrogen and at the same
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Figure 4.2: Simplified representation of spin order transfer from parahy-
drogen to substrate.

time hyperpolarizing the substrate. This hyperpolarized complex then goes
through chemical exchange again, releasing the hyperpolarized sample and
orthohydrogen to the solvent.

Since its discovery, SABRE has been under heavy research, as it is a
highly promising method for improving the notoriously low NMR and even
lower NSOR signals. To this date, SABRE has been successfully utilized
to hyperpolarize samples from ultralow (< 1 µT) [14–21] to high (> 0,1 T)
[23–25] magnetic fields. The applications in various magnetic field strengths
include different polarization transfer mechanisms, which can be divided into
spontaneous and RF-driven mechanisms [12]. Spontaneously polarization can
be transferred incoherently through cross relaxation and coherently in spin
mixing at level anti-crossings (LACs). When utilizing RF pulses, polarization
can be transferred using coherence transfer or LACs in the rotating frame.
Particular transfer mechanism should be chosen according to the specific
application.

4.3.1 Cross relaxation and cross-correlated relaxation
Cross relaxation is a relaxation process where magnetization from one spin
to another is transferred. The following theory is based on the book by
Keeler [30].

Cross relaxation, which gives rise to the nuclear Overhauser effect (NOE),
is driven by dipolar interaction, and it is active in systems that are comprised
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Figure 4.3: Quantum transitions between spin states driven by dipolar
coupling in a system consisting of two spin-1/2 nuclei. The transitions re-
sponsible for cross relaxation are the double- and zero-quantum transitions,
marked with red arrows.

of two or more spins. Because dipolar interaction has a strong dependence
on the distance between nuclei (1/r3), cross relaxation is most effective with
spins that are very nearby. In addition, it is strongly dependent on the
gyromagnetic ratios of the nuclei. Cross relaxation can also be effective if a
large number of more remote spins contribute to the interaction.

Consider a system of two dipolar-coupled spin-1/2 nuclei. The system
has four different energy levels. The dipolar coupling between the spins can
drive relaxation-induced transitions between any of these energy levels. In
Figure 4.3, there is a demonstration of the transitions. Each transition is
also labelled with the corresponding transition rate constant.

Now, the rate of change of the spin 1 magnetization can be written as
dI1z

dt
= −R(1)

z

(
I1z − I0

1z

)
− σ12

(
I2z − I0

2z

)
. (4.2)

Here, magnetizations of the spins are denoted by I1z and I2z, and the equi-
librium magnetizations are denoted by I0

1z and I0
2z. R(1)

z is the self-relaxation
rate of spin one, given by

R(1)
z = W

(1,α)
1 +W

(1,β)
1 +W2 +W0, (4.3)

and σ12 is the cross-relaxation rate, given by

σ12 = W2 −W0. (4.4)
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The name cross relaxation is quite representational of the phenomenon,
as in cross relaxation the states of two spins are simultaneously changed.
If the spin 2 is not in thermal equilibrium, i.e., I2z ̸= I0

2z, Equation (4.2)
suggests that the rate of change of the spin 1 magnetization is affected by
the magnetization of spin 2. Hence, polarization transfer from spin 2 to spin
1 is possible through cross relaxation.

A similar polarization transfer to cross relaxation can occur when the
spin system has at least two spins and at least one of the spins is affected
by another relaxation mechanism in addition to dipolar interaction. For ex-
ample, if the relaxation of a spin system is driven by dipolar interaction and
chemical shift anisotropy, the polarization transfer can take place through
cross-correlated relaxation. Cross-correlated relaxation differs from cross re-
laxation in the sense that it is able to give rise to an interconversion between
net spin order Î1z and two-spin order Î1z Î2z.

Incoherent polarization transfer in SABRE

In SABRE, the polarization is transferred incoherently from parahydrogen
to a substrate through cross relaxation. However, cross relaxation cannot
explain the whole transfer process, as the initial spin order is not net mag-
netization, but rather a two-spin order.

Mechanism of incoherent polarization transfer in SABRE has been ex-
plained by Knecht et al. [23]. The description is divided into three main
steps:

1. Generation of intermediate two-spin spin order Î1z Î2z of catalyst-bound
H2.

2. Spin order conversion from Î1z Î2z to Î1z + Î2z due to cross-correlated
relaxation, which leads into net polarization of H2.

3. Polarization transfer from net polarization of H2 to the SABRE sub-
strate due to cross relaxation.

At first glance, the first process is not seemingly possible, since the transition
from the singlet state |S⟩ to the triplet state |T0⟩ is forbidden. However, when
parahydrogen binds into the complex, the two protons occupy magnetically
non-equivalent positions, and the symmetry is broken. Consequently, the
transitions become allowed, which gives rise to the formation of two-spin
order Î1z Î2z. The conversion from this two-spin order to net polarization
Î1z+Î2z cannot be explained by simple cross relaxation, since it must take into
account different symmetries of these states. However, the above-mentioned
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cross-correlated relaxation can induce the transition from Î1z Î2z to Î1z + Î2z.
In this case, the relaxation mechanism is driven by chemical shift anisotropy
in addition to the dipolar couplings. What is important in this process, is
that it is linearly dependent on the magnetic field strength, which has been
both observed previously by Pravdivtsev et al. [24] and demonstrated later
by Knecht et al. [23]. Once the net spin order has been generated, the final
step in achieving hyperpolarization for a SABRE substrate is the regular
cross relaxation, which was explained earlier.

Overall, the contribution to SABRE given by cross relaxation and cross-
correlated relaxation is relatively weak, and it is usually being dominated by
coherent polarization transfer occurring through spin mixing at level anti-
crossings, which are explained in the next subsection. However, level anti-
crossings are mostly present at low magnetic fields, in the range of 5−15 mT
for protons and in the µT range for other nuclei [12]. In addition, the use
of high magnetic fields can be desirable in order to better resolve chemical
shifts, and it is more convenient to polarize the sample at the same, high field,
in order to avoid field cycling [23]. Field cycling is not usually preferred, as
it must be quick enough compared to relaxation times. In consequence, due
to the absence of level anti-crossings, cross relaxation and cross-correlated
relaxation become important when SABRE experiments are conducted at
high field strengths [22].

At high magnetic fields, the polarization can also be transferred coher-
ently in addition to cross relaxation [12]. Direct polarization transfer from the
two-spin order of catalyst-bound H2 into a net polarization of the substrate
spin is not possible due to forbidden transitions. However, it is possible
to generate two-spin order of the substrate, which is then observed as an
anti-phase peak in the NMR spectrum [24], instead of an in-phase peak pro-
duced in cross relaxation. The formation of these anti-phase peaks is more
likely for heteronuclei, as, for protons, it is most likely being masked by the
more efficient polarization transfer through cross relaxation. This has been
demonstrated in previous measurements [24,25].

4.3.2 Spin mixing at level anti-crossings
Level anti-crossings have been proposed as the key explanation behind the
spin order transfer in SABRE experiments, giving an answer to the strong
magnetic field dependence of the polarization transfer [22]. In order to obtain
a general understanding of the level anti-crossings, let’s first consider a well-
known example from quantum mechanics; a system consisting of two spin-
1/2 nuclei that are coupled by scalar coupling J . The example is based on a
comprehensive SABRE review by Barskiy et al. [12].
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Level anti-crossings in a two-spin system

The total Hamiltonian for a system consisting of two spin-1/2 nuclei can be
written as a sum of the individual Zeeman Hamiltonians and a scalar-coupling
term

Ĥ = −ν1Î1z − ν2Î2z + J(Î1 · Î2), (4.5)
where Î1 and Î2 are the spin operators, and ν1 and ν2 are the Larmor fre-
quencies for the two spins. Here, the Larmor frequencies include the chemical
shift δi, and are therefore νi = B0

2π
γi(1 + δi). The given Hamiltonian has the

following eigenstates

|1⟩ = |αα⟩
|2⟩ = cos θ |αβ⟩ + sin θ |βα⟩
|3⟩ = − sin θ |αβ⟩ + cos θ |βα⟩
|4⟩ = |ββ⟩ .

(4.6)

Here, the angle parameter θ defines how much mixing there is between the
Zeeman states |αβ⟩ and |βα⟩. The angle is calculated from

θ = 1
2 arctan

(
J

∆ν

)
, (4.7)

whereof it is seen that it is defined by the ratio of the scalar coupling J and
the difference the between Larmor frequencies ∆ν.

First, let’s consider the case where the coupling strength J is weak com-
pared to ∆ν. This leads to an angle θ ≈ 0, essentially reducing the represen-
tation given in Equation (4.6) back to the Zeeman states |αα⟩, |αβ⟩, |βα⟩
and |ββ⟩. These eigenstates of the Hamiltonian have energies (in frequency
units)

h−1Eαα = −1
2(ν1 + ν2)

h−1Eαβ = −1
2(ν1 − ν2)

h−1Eβα = 1
2(ν1 − ν2)

h−1Eββ = 1
2(ν1 + ν2).

(4.8)

For a visual representation, see Figure 4.4, where the energies have been
plotted for a 1H − 13C pair (γH = 26,75 · 107 1/Ts, γC = 6,728 · 107 1/Ts) [28]
with arbitrary chemical shifts δH = −10 ppm and δC = 5 ppm.

If the scalar coupling strength J is large compared to ∆ν, angle θ ≈ π/4,
and it is said that the spins are strongly coupled. This leads to a coupled
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(a) (b)

Figure 4.4: Energies of a two-spin system. In (a) the energies are unper-
turbed, and in (b) energies are perturbed by J coupling. Note that there
now exists a level anti-crossing between energy levels ES and ET0 in the same
position, where they used to cross.

representation of the states

|T+⟩ = |αα⟩

|T0⟩ = 1√
2

(|αβ⟩ + |βα⟩)

|S⟩ = 1√
2

(|αβ⟩ − |βα⟩)

|T−⟩ = |ββ⟩ .

(4.9)

Here, |S⟩ is the singlet state and |T+⟩, |T0⟩ and |T−⟩ are the triplet states.
Now, if one constructs a Hamiltonian matrix using the singlet-triplet ba-
sis set, the energies ET+ and ET− can be found directly from the diagonal,
whereas energies ES and ET0 must be calculated according to first-order per-
turbation theory by solving the secular equation. Ultimately, one finds that
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the energies are equal to

h−1ET+ = −1
2(ν1 + ν2) + 1

4J

h−1ET0 = 1
2
√
J2 + (ν1 − ν2)2 − 1

4J

h−1ES = −1
2
√
J2 + (ν1 − ν2)2 − 1

4J

h−1ET− = 1
2(ν1 + ν2) + 1

4J.

(4.10)

Again, these energies have been plotted in Figure 4.4 with the same parame-
ters as before, with the exception of J = 100 Hz. When comparing these two
plots together, one notices that there now exists an anti-crossing of energy
levels ES and ET0 . This level anti-crossing (LAC) is caused by the perturba-
tion to the Hamiltonian from the J coupling, and the strength of the minimal
splitting in the energies is equal to |J |. All in all, the take-home message
here is that, when there exists a perturbation to the main Hamiltonian, it
mixes the states so that there is no longer an energy-level crossing.

Level anti-crossings in a SABRE complex

Now that the concept of level anti-crossings is explained, let’s find out how
the LACs are formed when dealing with a SABRE complex. According to
Barskiy et al. [12], the minimal spin system that can be used to model a
SABRE complex consists of three spins: two spins coming from the hydride
protons (HH’) and one spin that is going to be polarized (X). The use of this
minimal spin system is a simplification. However, by using a four-spin system
(HH’XX’) it has been shown that the additional couplings do not significantly
change the LAC conditions, since JXX′ is usually small compared to JHH′ [12].
Hence, this approximation will give some insights on the polarization transfer
process.

Unfortunately, two additional assumptions must be made to the system
[12], as analytically solving a three-body system in quantum mechanics is not
possible. Luckily, the assumptions are valid for typical SABRE experiments.
First, it is assumed that the hydride spins HH’ have identical chemical shifts.
Second, the scalar coupling between the hydride spins JHH′ is assumed to be
much stronger than the scalar couplings to the other spin JHX and JH′X. This
allows to treat the other scalar couplings as perturbations.

The Hamiltonian for this kind of a system with these assumptions can be
divided into two parts, a main part Ĥ0 and a perturbing part Ĥ1 [12]. The
main part of the Hamiltonian is similar to the one given in Equation (4.5); it
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(a) (b)

Figure 4.5: (a) A three-spin system representing main Hamiltonian given
in Equation (4.11). (b) Energies of states |Sα⟩ and |T+β⟩ from Equation
(4.13) display a level crossing at a non-zero magnetic field. Here the third
spin is assumed to be a proton.

consists of the individual Zeeman Hamiltonians and a scalar coupling term
from hydride protons

Ĥ0 = −νH
(
ÎHz + ÎH′z

)
− νXÎXz + JHH′

(
ÎH · ÎH′

)
. (4.11)

The perturbation part, on the other hand, includes scalar couplings from
both hydride spins to the other spin that is going to be polarized

Ĥ1 = JHX
(
ÎH · ÎX

)
+ JH′X

(
ÎH′ · ÎX

)
. (4.12)

First, let’s consider the case where there is no perturbation from scalar
couplings JHX and JH′X. This is demonstrated in Figure 4.5. Calculating
the eigenvalues for the main Hamiltonian gives the following unperturbed
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energies
h−1ESα = −νX

2 − 3JHH′

4
h−1ESβ = νX

2 − 3JHH′

4
h−1ET0α = −νX

2 + JHH′

4
h−1ET0β = νX

2 + JHH′

4
h−1ET+α = −νH − νX

2 + JHH′

4
h−1ET+β = −νH + νX

2 + JHH′

4
h−1ET−α = νH − νX

2 + JHH′

4
h−1ET−β = νH + νX

2 + JHH′

4 .

(4.13)

Here, the first subscript denotes the hydride protons, and the second sub-
script denotes the state of the other spin. From these energies, it is seen
that the states |T+α⟩ and |T−β⟩ have very different energies compared to the
other states. These do not mix with any other states, and they do not have
to be considered, as level anti-crossings require mixing of the states. The
states |Sα⟩, |T0α⟩ and |T+β⟩ have something in common; they all have a
total spin of +1/2, and they have very similar energies. Similarly, the states
|Sβ⟩, |T0β⟩ and |T−α⟩ all have a total spin of −1/2 and similar energies.
Treatment for these two groups of states is identical, so the spin +1/2 case
is demonstrated here.

Between the three spin +1/2 energy levels, there exist two level crossings,
one between states |T0α⟩ and |T+β⟩, and another between states |Sα⟩ and
|T+β⟩. Since in SABRE the source of hyperpolarization is the spin order
from parahydrogen (singlet state), the crossing that involves the singlet |Sα⟩
is more interesting. Therefore, the energies of states |Sα⟩ and |T+β⟩ have
been plotted in Figure 4.5, where they have been normalized to the Zeeman
energies. Here, the third spin is assumed to be a proton, X = 1H. Chemical
shifts were assumed as δH = −23 ppm and δX = 7 ppm, and a value of
JHH′ = −7 Hz was used for the scalar coupling between the hydride protons.

The interesting finding from the figure is the level crossing at B0 ≈ 6 mT.
By looking at the Equations 4.13, one finds that the level crossing occurs
when the following condition is met:

νH − νX = ±JHH′ =⇒ B0 = ±JHH′

γH
2π

(1 + δH) − γX
2π

(1 + δX) . (4.14)
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The crossing is between |Sα⟩ and |T+β⟩ when νH − νX = JHH′ , and between
|Sβ⟩ and |T−α⟩ when νH − νX = −JHH′ .

In the presence of the perturbation provided by the scalar couplings JHX
and JH′X, the two states |Sα⟩ and |T+β⟩ are no longer true eigenstates of
the Hamiltonian. A demonstration of the system under observation is shown
in Figure 4.6. Similarly, as with the two-spin system, these energy states
become mixed

|1⟩ = cos θ |Sα⟩ + sin θ |T+β⟩
|2⟩ = − sin θ |Sα⟩ + cos θ |T+β⟩ .

(4.15)

In order to find the energies of these states, let’s use the first-order pertur-
bation theory. The essential Hamiltonian matrix element is the one that
involves the states |Sα⟩ and |T+β⟩, which is equal to

⟨Sα| Ĥ1 |T+β⟩ = JH′X − JHX

2
√

2
. (4.16)

By solving the secular equation, one ends up with the following energy levels

E1 = −νH

2 − JHH′

4 − 1
2

√
(−νH + νX + JHH′)2 + 1

2 (JHX − JH′X)2

E2 = −νH

2 − JHH′

4 + 1
2

√
(−νH + νX + JHH′)2 + 1

2 (JHX − JH′X)2.

(4.17)

Now, looking at the equations, one finds that the states |Sα⟩ and |T+β⟩
become mixed when spins H and H′ are magnetically inequivalent, or in
other words, when JHX − JH′X ̸= 0. A plot of these energy levels with the
same parameters as before, with the addition of JHX −JH′X = 1 Hz, is shown
in Figure 4.6. Again, it is observed that the level crossing is turned into a
level anti-crossing, with the minimum separation of energy levels being equal
to |JHX − JH′X| /

√
2.

Polarization transfer process in a SABRE complex

How this polarization transfer then occurs? If a system that is initially in
one of its Zeeman eigenstates is brought to a LAC by having the external
magnetic field adjusted to the value given by Equation (4.14), the system
will start to evolve, as it is no longer in a true eigenstate of the Hamiltonian.
This will cause a coherent oscillation between the two energy states, in this
case between |Sα⟩ and |T+β⟩, or between |Sβ⟩ and |T−α⟩ [12], depending
on which LAC the system is in. Then, if the system is taken away from
the LAC, it will again get stuck in one of its eigenstates. Now, if there is a
constant flow of fresh parahydrogen into the system, it will cause the system
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(a) (b)

Figure 4.6: (a) Three-spin model for a SABRE complex that includes
perturbation from scalar couplings JHX and JH′X. (b) States |Sα⟩ and |T+β⟩
become mixed if JHX = JH′X. This causes a level anti-crossing.

to lean towards the state that has no parahydrogen, essentially forcing all of
the substrate spins into a same state, hence causing the hyperpolarization.

In the beginning of this section, it was mentioned that utilizing LACs is
most efficient at low magnetic fields and the calculations above demonstrate
that well. For hyperpolarization of protons, the optimum field is usually
in the low mT range, depending on the chemical shifts and the strengths
of the scalar couplings. However, sometimes using a higher field to record
the spectra is necessary, for example, to better resolve the chemical shift. If
one would like to utilize the efficient polarization transfer provided by LACs
at a higher magnetic field, one could simply use field-cycling strategy, i.e.,
hyperpolarize the sample at a low field and transfer the sample to the high
field for measuring, or apply a set of RF pulses to mimic low-field conditions
in the rotating frame [26], in order to avoid field cycling.

4.4 SABRE-SHEATH
SABRE-SHEATH is an abbreviation of ‘SABRE in shield enables alignment
transfer to heteronuclei’, and it is a field-cycling method down to extremely
low magnetic fields in the µT range, introduced by Theis et al. [14]. Basically,
it is an extension to the regular SABRE, where a Mu-Metal magnetic shield is
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utilized in order to achieve such low magnetic fields. Additionally, a solenoid
coil can be placed inside the shield for fine tuning the field strength more
precisely.

Previously, SABRE was effectively performed for homonuclei (protons),
but rather ineffectively for heteronuclei. That is because the level anti-
crossings, which are the main drivers for polarization transfer, occur at ul-
tralow magnetic fields for heteronuclei. For homonuclei, the LACs are present
in the mT range. The reason for this can be found in the previous section
by looking at the Equation (4.14), which gives the condition for level anti-
crossings. In the case of homonuclei, the difference in Larmor frequencies
is basically driven only by the chemical shift and the magnetic field, and
therefore the required magnetic field strength given by the equation is in the
mT range. In the case of heteronuclei, the gyromagnetic ratios are different,
causing the Larmor frequency difference to be larger, and thus needing ul-
tralow magnetic fields in order to match the scalar coupling. Using Equation
(4.14), a condition for the required magnetic field can in the latter case be
written as

B0 ≈ 2π ±JHH′

γH − γX
. (4.18)

4.4.1 Previous SABRE-SHEATH experiments on 15N
In the first SABRE-SHEATH experiments, Theis et al. [14] studied the hy-
perpolarization of 15N in pyridine and nicotinamide. To reach these ultralow
magnetic fields, which are much lower than the Earth’s magnetic field, the
group used a field-cycling strategy. They hyperpolarized the sample by bub-
bling it inside a Mu-Metal shield and then quickly transferred it into a regular
NMR magnet for signal acquisition. With this method, the group was able
to enhance the signals by several orders of magnitude, which corresponded to
approximately 10% spin polarization. In their later studies, the same group
has demonstrated the feasibility of using SABRE-SHEATH in 15N magnetic
resonance imaging [19, 20], and have observed polarization levels up to 24%
in metronidazole molecules [21].

There are several benefits of performing SABRE with heteronuclei even
though they have a lower NMR sensitivity compared to protons [14]. First
of all, heteronuclei usually exhibit longer hyperpolarization lifetimes, which
can exceed 10 minutes in special cases. This is a major difference compared
to protons, for which the hyperpolarization lasts usually up to a few seconds.
Another benefit compared to the protons is that the use of heteronuclei avoids
background signals arising from protons in the solvent, or from water in MRI.
Also, when compared to other hyperpolarization techniques, such as DNP,
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SABRE is more time- and cost-efficient. While a promising method, SABRE
comes with its limitations that remain to be resolved [14]; SABRE requires
that the substrate transiently binds into a transition metal catalyst, which
limits the available molecules to be exploited by SABRE. Also, as for now,
SABRE has not been performed with heteronuclei to a very high degree.

4.4.2 Previous SABRE-SHEATH experiments on 19F
Because of the high potential of SABRE, effort has been put into trying
SABRE-SHEATH with other heteronuclei. A few studies have been per-
formed recently in an attempt to extend SABRE hyperpolarization to 19F
and to study the underlying polarization transfer mechanisms. The first of
these is by Shchepin et al. [17], where they were able to hyperpolarize 19F
by SABRE-SHEATH using the same set-up as they used previously with
15N [14]. The only difference between these set-ups was the addition of a
solenoid coil inside the shield to allow adjusting the magnetic field precisely.
The group described several benefits for hyperpolarization of 19F. First of all,
it has a high gyromagnetic ratio and a natural abundance of 100%, leading to
an NMR sensitivity that is comparable to protons. In addition, hyperpolar-
ization of 19F could be used in biomedical applications, as many commercial
drugs contain 19F. Viability of the biomedical applications is also made pos-
sible by virtually zero background signals, as 19F is naturally occurring in
humans only in small amounts.

In their study, Shchepin et al. [17] used a 3-fluoropyridine sample that
can transiently bind into an IMes catalyst IrCl(COD)(IMes), where COD is
cyclo-octadiene and IMes is 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene.
For the solvent, the group used deuterated methanol. This transient bind-
ing leads into a hexacoordinate complex, where the spontaneous polarization
transfer takes place. To get a quantum-mechanical description for the po-
larization transfer in the aforementioned hexacoordinate complex, the group
used a relevant four-spin system, first described with detail in supporting
information of their older work [14]. In this model, the four-spin system is
formed between the two hydride protons and the two fluorines in equatorial
positions [17]. Couplings to the fluorine in axial position were neglected, as
they are significantly weaker. A diagram for the hexacoordinate complex
along with the four-spin system is shown in Figure 4.7.

Hypothesis here was that the polarization transfer occurs through level
anti-crossings. Condition for the LACs was calculated by using the four-spin
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(a) (b)

Figure 4.7: 3-Fluoropyridine transiently binds into a hexacoordinate irid-
ium complex (a), which can be modeled by a four-spin system (HH’XX’)
with the relevant scalar couplings (b). Note that JHX = JH′X′ and J ′

HX =
JH′X = JHX′ .

system, and it turned out to be

B0 = 2π J1T

γH (1 + δH) − γX (1 + δX) or

B0 = 2π J2T

γH (1 + δH) − γX (1 + δX) ,
(4.19)

where J1T = ± (JHH′ − JXX′) and J2T = ± (JHH′ + JXX′ − (JHX + J ′
HX) /2) .

The reported maximum signal enhancement for fluorine resulted in po-
larization of 0,28%, which is a significant improvement over the thermal
polarization, but far from the numbers achieved for 1H in the mT range and
for 15N in the µT range. The group predicted that the fast T1 relaxation time
constant of 19F together with long sample transfer times from the ultralow
field into the magnet were the main culprits for the weaker observed signal.
Interestingly, the group also did not notice a well-defined maximum in the
hyperpolarized signal as a function of polarizing field strength, unlike with
15N, but rather a very flat profile from zero field up to 10 µT. The possible
explanation for this was that the presence of a quadrupolar nucleus 14N re-
duces the polarization transfer, which has been shown to be the case with 13C
hyperpolarization studies. An alternative explanation for that could be that
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the polarization is not transferred through LACs but rather through other
mechanisms. The group also performed SABRE for 19F in the mT range,
which resulted in significantly less polarization than SABRE-SHEATH con-
ditions. The peaks were in phase, just like with ultralow fields.

A follow up study (Chukanov et al. [18]) was performed by the same
group, which gave some answers to some of the questions laid out in the
previous study, but also raised some new ones as well. The group executed
measurements with both 14N-3-fluoropyridine and 15N-3-fluoropyridine. That
gave some information about how much the quadrupolar 14N contributes to
the polarization transfer. What they found out is that the polarization levels
were quite similar, demonstrating that the effect from quadrupolar 14N is
quite low. Another important comment there was that the similar polariza-
tion levels indicate that the polarization is predominantly transferred to 19F
through scalar couplings directly from the hydride protons rather than being
relayed via 15N. Further evidence for this was given when studying magnetic
hyperpolarization profiles between 15N and 19F, where a mismatch was found.
There was some conflicting information when comparing the results to the
first study, though. This time, the group showed a clear magnetic field depen-
dence for 19F hyperpolarization levels in the µT range, which would better
be explained by the presence of LACs. This discrepancy was not commented
in the study, however.

Another research group has performed SABRE-SHEATH studies on 19F.
Olaru et al. [16] studied how the use of different substrates, such as 2-
fluoropyridine, 3,5-difluoropyridine, or pentafluoropyridine, in addition to the
previously studied 3-fluoropyridine, affect the amount of hyperpolarization
for 19F. From the molecules they studied, 2-fluoropyridine and pentaflu-
oropyridine were not able to bind efficiently with the iridium complex,
whereas 3-fluoropyridine provided the best enhancement followed by good
enhancements with 3,5-difluoropyridine, fluoropyrazine and 5-fluoropyridine-
3-carboxylic acid. Interestingly, when performing SABRE at ultralow fields,
3,5-difluoropyridine showed peaks with anti-phase character whereas 3-
fluoropyridine showed in-phase peaks. The opposite case was observed when
SABRE was performed in the fringe field of the NMR magnet. These findings
were not commented in the paper.



Chapter 5

Experimental methods

5.1 Hypothesis and objectives
The goal of our experiments is to acquire more information about how at dif-
ferent magnetic field strengths the polarization is transferred from hydride
protons in the SABRE complex to 19F nuclei and how these fields affect
the relaxation rates. In addition, the time scale of the polarization build-up
process is of interest. The experiments should also give important informa-
tion about the polarization transfer process to 1H, since that is essential for
understanding a possible relayed polarization transfer from 1H to 19F.

Based on current knowledge on SABRE, the hypothesis here is that
when performing SABRE at ultralow magnetic fields, the polarization mainly
transfers through level anti-crossings directly from the hydride protons to the
fluorine. On the other hand, when performing SABRE in the mT range, there
are no LACs present anymore, so the prediction is that the polarization is
then transferred incoherently, either directly from the hydride protons or
through the proton network in the 3-fluoropyridine molecule. In case of pro-
tons, level anti-crossings are expected in the mT range, whereas other, inco-
herent processes are expected elsewhere. The existing SABRE measurements
on 19F [17,18] already gave some perspective on the situation. However, due
to some conflicting data and limitations in the experimental procedure, more
evidence is required.

Information about the polarization transfer is interesting on its own, al-
though it is not the end goal of these measurements. The ultimate goal
would be to measure an NSOR signal from 19F, most likely by making use
of SABRE hyperpolarization and by utilizing the existing continuous-flow
system [10]. In order to achieve this goal, the polarization transfer process
would have to be optimized, and the results from these measurements should
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give us more insights on how the system could be improved. Most obvious
optimizations would be to set an optimum magnetic field in the polarizing
cell to obtain maximum polarization and to accurately set an optimum field
for the sample transfer in order to lose as little polarization as possible due
to relaxation.

5.2 Experimental set-up
To conduct our experiments, we built a custom-made SABRE-
hyperpolarization system, very similar to one used by Shchepin et al. [17].
Our set-up is a closed high-pressure system (see Figure 5.1), where we are
able to flow parahydrogen up to ∼ 3 atm, from a Bruker parahydrogen gen-
erator through a sample placed inside a regular 5 mm NMR tube, and safely
outlet the hydrogen into an exhaust. To control the pressure inside the sys-
tem, there is a pressure regulator before the exhaust. In addition, the outlet
pressure from the parahydrogen generator can be set to a certain value, and
there are several valves and a flow controller in the system for optimizing
and controlling the parahydrogen flow throughout the experiments.

Figure 5.1: A simplified sketch of our experimental set-up: (a) parahydro-
gen generator, (b) pressure gauge, (c) flow controller, (d) valve, (e) NMR
tube, and (f) pressure regulator.

To achieve different magnetic fields, we have two power sources, a self-
made current reducer, and two different coil set-ups. For ultralow fields, we
use a Mu-Metal magnetic shield, inside of which is a small self-made solenoid.
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The magnetic field produced by the solenoid is controlled by setting a certain
current using the current reducer and a digital multimeter. For fields in the
mT range we have a larger factory-made Helmholtz coil, which can be driven
up to approximately 9 mT. The Helmholtz coil is connected directly to the
power source, and the desired field is then set by adjusting the current and
measuring the field using a gaussmeter. For signal acquisition, we have a 1 T
SpinSolve benchtop NMR spectrometer by Magritek. The aforementioned
SABRE system has been built near the spectrometer for convenient transfer
of the sample from the polarizing field to the spectrometer.

5.3 Sample and system preparation
In these experiments, we used the same substrate as in the previous SABRE-
SHEATH studies on 3-fluoropyridine [16–18]. A new sample was prepared
for every day of measurements (see Table 5.1), as it turned out that using a
sample that had stayed overnight inside the system no longer produced good
hyperpolarization. A possible explanation for this is that some chemical
reactions take place after a long period of time. Therefore, it is safer to
start with a fresh sample. Moreover, the system requires only a little of the
sample, so it is rather inexpensive to prepare a new one.

Table 5.1: Information about the sample used in each measurement.

Sample Measurements
1 19F polarizing field dependence (10 s bubbling)

19F relaxation time
19F bubbling time dependence

2 Activation time
19F polarizing field dependence (60 s bubbling)

3 1H relaxation time
4 1H polarizing field dependence

1H bubbling time dependence

To prepare the sample, we dissolved 1,2 mg of IMes catalyst and 4,6 µl
of 3-fluoropyridine into 600 µl of deuterated methanol in a small glass con-
tainer. IMes was measured using a precision scale, and the liquids were
measured with adjustable micropipettes. With these measurements, we had
a concentration of 90 mM for the 3-fluoropyridine solution. After preparing
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the sample, it was transferred into a 5 mm thick medium-wall NMR tube,
which was then attached to the system by a high-pressure connection.

If the sample would be bubbled with parahydrogen immediately after in-
serting it into the system, no significant hyperpolarization would be achieved.
That is because the IMes catalyst is still not activated. In order to activate
the sample, the solution must be bubbled with (para)hydrogen for a certain
period of time. During this activation process, the sample will turn from a
darker yellow colour into almost transparent solution. Another way of spot-
ting the activation is to observe changes in hydride NMR signals [15]. Imme-
diately after introducing parahydrogen into the system, the catalyst forms
intermediate species that can be observed at −12,3 ppm and −17,4 ppm.
Further bubbling then activates the sample completely, which can be ob-
served as an increase in the peak at −22,8 ppm.

Another consequence of the parahydrogen bubbling is that it removes all
other gases inside the system, in particular the oxygen. This so-called de-
gassing process is important, as there exist quite strong hyperfine couplings
to the oxygen, which is an effective relaxation agent. Therefore, when oxygen
is present in the system, the T1 relaxation times are shortened significantly.
The degassing process can easily be monitored during the bubbling by record-
ing the T1 relaxation times. Luckily, getting rid of most of the oxygen does
not take too long, approximately 20 minutes. However, this requires that
the system is prepared so that most of it is filled with parahydrogen before
inserting the sample.

Figure 5.2: Increase of T1 relaxation time constant monitored during sample
activation (sample 2).
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During our sample preparation (sample 2), we noticed that the activation
time depends strongly on the amount of oxygen in the system and possibly
on the pressure inside the NMR tube. When we had our system filled with
air initially, and in atmospheric pressure, the colour change took place only
after 30 minutes of parahydrogen bubbling. This was most likely caused
by the existing oxygen in the system, which seemed to prevent the sample
from activating properly. Also, it is possible that some unknown chemical
processes occurred during the slow activation.

Simultaneously, we monitored the T1 relaxation times by performing an
inversion recovery experiment for 1H every 5 minutes of bubbling. The ob-
served T1 relaxation time constants are displayed in Figure 5.2, where we can
see that flowing parahydrogen through the system is rather ineffective when
trying to reduce the oxygen content while having the sample inserted in the
system. It took 70 minutes of bubbling, and even then, the curve had not
reached a plateau quite yet. Furthermore, it looks like the oxygen did not
start to leave the system until 25 minutes of bubbling. Approximating from
the curve, the T1 values seem to converge at 20 s.

A more efficient procedure was used with the rest of the samples. Before
inserting the sample, we flushed the system with parahydrogen to get rid
of most of the oxygen. Flushing the system was quite fast, as much greater
flow rates could be used. Using this procedure, the sample changed its colour
almost immediately after starting the bubbling, and, after 20 minutes, the
measured T1 relaxation time constant was already quite high (16,1 s), which
is in agreement with the maximum value displayed in Figure 5.2.

Figure 5.3: General procedure in the experiments.
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5.4 Running the experiment
We ran various experiments over several days studying both 19F and 1H
nuclei. A general measurement procedure in the experiments is shown in
Figure 5.3. More detailed specifications about the measurements are given in
the next subsections. In all measurements, we used a single-pulse experiment.
The most important experimental parameters are given in Table 5.2.

Before these experiments, we wanted to see whether the pressure inside
the system affects the level of obtained hyperpolarization. While we obtained
slightly varying results between pressures of 2,0, 2,5, and 3,0 atm, there was
no clear consensus about one pressure being more effective than another.
However, there is some existing evidence in favour of using higher pressures
[15], which led us to use a pressure of 3,0 atm. We also tried to operate the
system with a higher pressure of 3,5 atm, but that proved to be ineffective due
to drastically decreased parahydrogen flow rates. This decrease in the flow
rate was caused by the pressure being almost the same as the parahydrogen
generator output.

Table 5.2: Experimental parameters.

Nucleus 19F 1H
B1 frequency (MHz) 41,1847172 43,7730188
Repetition time (s) 60 100
Pulse length (µs) 56 8,6
Receiver gain 28 10
Dead time (µs) 50 50
Number of points 4096 16384
Dwell time (µs) 50 50

5.4.1 Effect of polarizing field strength
Finding out how the polarizing field affects the level of hyperpolarization on
19F is relevant for the upcoming NSOR measurements. From these results,
we should be able to find an optimum field, which should then be used
with the SABRE-NSOR system to achieve the best possible signal. It is
also important for studying the polarization transfer mechanisms in SABRE.
From these measurements, it is expected that the largest signal is achieved at
ultralow fields, as there the polarization transfer should be driven by LACs.
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Effect of the polarizing field strength for 1H SABRE hyperpolarization
was studied because it might give hints on the polarization transfer that
occurs indirectly from 1H to 19F and possibly vice versa. The most likely
situation would be that, at ultralow fields, we barely observe any hyperpo-
larized signal for 1H since the LACs between protons are in the mT range.
Similarly, low levels of hyperpolarization are expected at high fields. If a sig-
nificant polarization at ultralow fields would be observed, that would most
likely have been originated from fluorine or nitrogen. Also, finding a max-
imum for 1H hyperpolarization in the mT range would be interesting, as it
could then be compared to the SABRE data from 19F to find out whether
there is also a maximum and to see whether they are correlated with each
other.

To study how the achieved hyperpolarization depends on the polarizing
field strength, we set the polarizing field to a certain value and bubbled the
sample inside the field. Then, immediately after stopping the bubbling, the
sample was transferred quickly to the spectrometer for signal acquisition.
The transfer process took approximately ∼ 2 s. The polarizing field strength
was systematically changed in minor steps both in the µT and mT ranges.
Bubbling was also performed inside the spectrometer to see how polarization
transfer occurs at high fields. The bubbling time was kept constant through-
out the measurement set. For 19F, we measured first a set with a bubbling
time of 10 s and repeated the measurements a month later with a bubbling
time of 60 s. For 1H, we performed the experiments with slightly different
bubbling times of 30 s and 60 s. This was done because it was previously
reported that it takes approximately 60 s for the maximum hyperpolarization
to build up due to much longer build-up time constant [17].

5.4.2 Relaxation time study
T1 relaxation time constants at different magnetic fields were determined
experimentally for both 19F and 1H. This was done by making use of the
hyperpolarization. Initially, the sample was bubbled to obtain the hyperpo-
larization. The bubbling time was 10 s for 19F and 60 s for 1H. The magnetic
field strengths were also different for the two nuclei, 5 µT for 19F and 6 mT
for 1H. Immediately after the bubbling, the sample was transferred into a dif-
ferent magnetic field, where the relaxation was allowed to take place. Finally,
the sample was transferred to the spectrometer for signal acquisition.

Knowing the T1 relaxation time constants at different magnetic fields is
relevant not only for studying the polarization transfer processes but also for
optimizing the SABRE-NSOR system. In the system, the sample is contin-
uously pumped from a polarizing cell into a measurement cell. During the
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process, relaxation takes place. To minimize the effects of relaxation, one
could have a well-defined magnetic field during the sample transfer. In ad-
dition, the knowledge of relaxation can also be used to optimize the SABRE
system that is used to perform these experiments.

5.4.3 Effect of bubbling time
Measurements for determining the effect of bubbling time on the observed
hyperpolarization levels were performed similarly as the polarizing field de-
pendence measurements, differing only by making systematic changes in the
bubbling times. These measurements allow us to determine the polarization
build-up constants Tb at different magnetic field strengths. These build-up
constants give information about the polarization transfer process and are
invaluable for optimizing the existing continuous-flow SABRE-NSOR sys-
tem. Having a fast build-up is beneficial in the SABRE-NSOR system, as
the sample does not get to stay in the polarizing cell for a long time.

5.5 Data processing and polarization level
calculation

Data from the SpinSolve spectrometer was processed using MNova software.
This was done in a few main steps. First, if the FID was acquired for too long,
the number of data points was truncated in order to get rid of excessive noise
and to improve signal-to-noise ratio. After that, the FID was multiplied by
a decaying exponential apodization filter to further increase SNR. Then, the
data was Fourier transformed into frequency domain. Zeroth- and first-order
phase corrections were applied manually, and the baseline was corrected using
an automatic algorithm. Finally, the peak under observation was integrated
using manual integration. Each dataset containing several spectra was pro-
cessed simultaneously to ensure that every spectrum was processed in the
same way. In some cases, where combinations of in-phase and anti-phase
peaks were observed, the magnitude mode was used without any baseline
correction. The baseline correction was omitted, as the automatic algorithm
produced very unpredictable spectra and manual correction proved to give
inconsistent results. The use of the magnitude mode was checked to be ap-
propriate by applying both manual phase and magnitude mode to in-phase
spectra and comparing the achieved levels of polarization with each other.

CSV-files containing absolute values for the integrals were saved in MNova
and opened in Excel for further data processing. As we had taken multiple
measurements for reducing the effects from human error, simple averages
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were calculated from the results. The data points that had a great deviation
from the average result were discarded. To calculate the polarization levels,
the thermal polarization was calculated using following formula given by the
Boltzmann’s law

P (%)Thermal = tanh
(
hγB

4πkT

)
· 100%. (5.1)

For gyromagnetic ratios, the values of γF = 25,15148 · 107 rad/Ts and γH =
26,7522128 · 107 rad/Ts [28] were used. The temperature of the solution was
assumed to be the same as the room temperature (20 ◦C) and the magnetic
field strength of the spectrometer was 1 T. Using the above result, the
acquired hyperpolarization levels were calculated from

P (%)SABRE = ϵP (%)Thermal, (5.2)

where ϵ is the enhancement factor given by

ϵ = SSABRE

SThermal
. (5.3)

Here, SSABRE and SThermal denote the signal strengths, or in other words,
the integral values obtained from the SABRE-hyperpolarized and thermally
polarized samples, respectively.

The obtained levels of polarization from the experiments were transferred
into Origin software, where the polarization levels were plotted as a function
of either the polarizing field strength, the relaxation time or the bubbling
time. In order to find the relaxation and build-up time constants, an expo-
nential formula

y = A1 exp (−x/t1) + y0 (5.4)
was fitted to the relaxation time and bubbling time datasets. Note that, in
cases where there were only three data points, the error in the fit is reported
incorrectly as zero, as the software is not able to calculate errors with so few
data points.
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Results and discussion

6.1 Effect of polarizing field on 19F SABRE
hyperpolarization

Spectra obtained from 3-fluoropyridine using different polarizing field
strengths are displayed in Figure 6.1. A larger peak at -128 ppm and a
considerably smaller peak at -124 ppm are observed. The larger peak is
originating from the free 3-fluoropyridine molecules in the solution, whereas
the smaller peak is from the 3-fluoropyridine molecules bound to the iridium
complex.

Comparing the spectra obtained with SABRE to thermal polarization re-
veals a significant increase in the signal strength, when performing SABRE
hyperpolarization. While the signal intensities given in this figure are not
directly comparable, it can already be deduced that using high fields (1 T)
is not very effective for optimal polarization transfer. The most interest-
ing feature of these results is, however, the observed change of phase with
polarizing field strength of 6 mT. There are signals with different phases
contributing to the peak, so it cannot be phased properly as an absorptive,
in-phase peak. The observed peak is not purely anti-phase either. Therefore,
the peak is a mixture of in-phase and anti-phase signals, which are most
likely originating from different polarization mechanisms. Since no LACs
are present in the mT range for 19F, the two possible mechanisms are cross
relaxation and coherent transfer at high field. Cross relaxation results in
longitudinal magnetization, whereas the coherent transfer mechanism results
in two-spin order. These are observed as in-phase and anti-phase peaks, re-
spectively. Thus, it is likely that these two polarization transfer mechanisms
are responsible for the observed signals.
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(a) (b)

(c) (d)

Figure 6.1: 19F spectra from 3-fluoropyridine with different polarizing field
strengths (sample 1, bubbling time 10 s). The peak at -128 ppm is from the
free 3-fluoropyridine molecules, whereas the tiny peak at -124 ppm is from
the catalyst-bound 3-fluoropyridine. (a) Thermal polarization (64 scans).
(b) 5 µT. (c) 6 mT. (d) 1 T.

In the previous SABRE-SHEATH studies on 19F, anti-phase peaks were
reported as well, but the phenomenon was not explained thoroughly and
mostly ignored [17, 18]. In addition, our results are not in agreement with
the previous papers, as the anti-phase peak on 19F was reported only at
Earth’s magnetic field (70 µT) and not in the mT range. The most likely
explanation for this is the ambiguity in the polarizing field strength, as the
other group did not use a Helmholtz coil to produce magnetic fields in the
mT range. Instead, the hyperpolarization was performed on the fringe field
of a 9,4 T NMR spectrometer. In addition, the sample was kept much longer
in the stray field, so it is possible that some polarization transfer processes
continued during the sample transfer.
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Anti-phase peaks have been reported previously on 15N experiments as
well [24]. In that study, the appearance of the anti-phase peaks was as-
signed to the coherent polarization transfer directly from the two-spin order
of catalyst-bound protons to the substrate. There is one interesting differ-
ence between the 15N and 19F studies. We did not observe an anti-phase peak
at a high polarizing field, unlike in the study of 15N. This can be attributed
to the stronger scalar couplings between hydride protons and 15N, as the
coherent polarization transfer depends on the scalar couplings. Furthermore,
it is likely that, at higher fields, the polarization transfers to 19F indirectly
through the proton network by cross relaxation. This is supported by the
observation of a weakly hyperpolarized, in-phase signal.

Results from studying the effect of the polarizing field strength with a 10 s
bubbling time are displayed in Figure 6.2. Here, the most polarization was
observed at ultralow fields with a quite well-established maximum at 5 µT,
corresponding to a polarization of 0,46%. This dependence on the magnetic
field strength was observed in one of the previous studies [18], but not in an-
other study [17], and there was no explanation for the discrepancy. In terms
of the maximum achieved polarization, our results are in agreement with the
previous research on 19F [17,18]. The observation of a well-defined maximum
would be in favour of the theory that the polarization transfer occurs mainly
through level anti-crossings, as the level anti-crossings on fluorine are only
present at ultralow fields. What is interesting, though, is that the maximum
obtained polarization for 19F is considerably less than for previously reported
studies for 15N, where up to 24% hyperpolarization has been observed [21].
The reason for the weaker hyperpolarization could be having weaker scalar
couplings between the hydride protons and 19F compared to 15N, as the flu-
orine is further from the hydride protons. In addition, it is possible that the
relaxation time constants for 19F are much smaller, which would then lead
to a greater loss of hyperpolarization before obtaining the spectra. Scalar re-
laxation of a second kind due to quadrupolar 14N was suggested as the main
reason for the significantly weaker signals [17], but this was later debunked,
when comparison with signals from 15N enriched 3-fluoropyridine revealed no
significant difference [18].

Hyperpolarization in the mT range reveals no clear dependence on the
magnetic field strength. The obtained level of polarization is clearly lower
than at ultralow fields, but also clearly greater than at high fields. If the
polarization transfer would occur as a relayed transfer through the proton
network, one would expect to find a maximum, where the proton gets the
greatest net polarization. These results could indicate that, in the mT range,
the polarization transfer happens directly from the hydride protons to 19F.
Because the observed signal is mostly anti-phase, the 19F polarization is
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(a)

(b) (c)

Figure 6.2: Effect of polarizing field strength on 19F SABRE hyperpolariza-
tion with 10 s bubbling time (sample 1). (a) From 0 to 1 T in a logarithmic
scale. (b) From 0 to 40 µT in a linear scale. (c) From 0,5 to 9 mT in a
linear scale.
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likely originating from the coherent transfer. Something that one needs to
keep in mind, though, is that the bubbling time was rather short, and in the
upcoming results it is shown that both the fluorine and proton build-up time
constants can be on the order of 10 s in the mT range, so the explanation of
polarization transfer through proton network should not be totally discarded
yet.

When the bubbling time was increased from 10 s to 60 s, the initially
observed magnetic field dependence at the ultralow fields diminished, as is
shown in Figure 6.3. Additionally, comparing the level of polarization reveals
that considerably less polarization was achieved throughout the experiments
with these longer bubbling times.

Figure 6.3: Effect of polarizing field strength on 19F SABRE hyperpolar-
ization with 60 s bubbling time (sample 2).

There are several possible explanations for these findings. First of all,
these measurements were conducted on a different day using sample 2, for
which the activation process was not as effective (see Figure 5.2), as the sys-
tem was not filled with parahydrogen before inserting the sample. Hence,
it is possible that some unknown chemical processes took place during the
process, leading to improper activation and to a considerably weaker hy-
perpolarization. Secondly, the bubbling time was different, and therefore
it is possible that, in addition to LACs, there are other competing mecha-
nisms, leading to sample polarization with different build-up time constants
and different signs. Finally, in our measurements, we observed that the 19F
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polarization both builds up and relaxes very rapidly in the µT range, and
outside the shield there are very weak magnetic fields, which are indeed in
the µT range. Therefore, it is possible that during the sample transfer pro-
cess, the sample has gone through an optimum field of around 5 µT, where
the polarization might have built up instead of inside the Mu-Metal shield,
which would explain the same level of observed polarization regardless of the
field strength inside the shield. Also, because of the very rapid relaxation,
it might be that this time the magnetic field during sample transfer process
was such that the process was heavily dominated by relaxation and hence no
clear maximum was observed.

When considering these results, it is possible that the initially observed
magnetic field profile in Figure 6.2 stems from a statistical error. This seems
unlikely, however, as the effect was very reproducible. Previously, an imme-
diate effect on polarization levels was observed when changing the polarizing
field strength. In addition, since another group has also observed quite similar
behaviour on 19F measurements on the same 3-fluoropyridine substrate [18],
the probability of pure coincidence is rather low. All in all, concluding all this
information, it is still too early to comment about the field dependence and
the polarization transfer mechanisms with confidence. However, these mea-
surements tend to lean towards finding a maximum somewhere near 5 µT,
and explaining that by polarization transfer through LACs.

To draw better conclusions, more measurements with 3-fluoropyridine
will be conducted in the near future regarding the effect of polarizing field
strength on the observed level of hyperpolarization. In these measurements,
one should optimize the sample transfer process by having a well-defined
magnetic field, preferably in the lower mT range, while the sample is outside
the Mu-Metal shield and the spectrometer. This would diminish both the
polarization transfer and the relaxation processes during the sample transfer.
Additionally, acquiring a more appropriate mass-flow controller to the system
would lead to more consistent results, as currently the parahydrogen flow
is fluctuating to some degree. Another thing to take into account is that
bubbling the sample will eventually cause an increase to the concentration
of the solution, as methanol tends to evaporate rather easily. Therefore, the
following measurements should be performed by changing the polarizing field
strength between every signal acquisition, which would average out effects
caused by increased concentration.
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6.2 Effect of polarizing field on 1H SABRE
hyperpolarization

We performed two different sets of experiments with bubbling times of 30 s
and 60 s. Unfortunately, the first set with shorter bubbling times had to
be discarded, since the hyperpolarized signal caused receiver overflow due to
using too high a receiver gain. However, the other set of experiments was
successful, and the acquired 1H spectra at different polarizing field strengths
are displayed in Figure 6.4.

(a) (b)

(c) (d)

Figure 6.4: 1H spectra from 3-fluoropyridine with different polarizing field
strengths (sample 4, bubbling time 60 s). The peaks under interest are at
7,9 ppm (ortho) and 6,9 ppm (para + meta). (a) Thermal polarization (4
scans). (b) 5 µT. (c) 6 mT. (d) 1 T.

Here, due to lack of chemical resolution, two peaks originating from the
four protons with different chemical sites are observed. The first peak at
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7,9 ppm is from the ortho positions and the second peak at 6,9 ppm is from
the meta and para positions. The other peaks at 4,2 ppm and 2,7 ppm are
from the solvent, the catalyst, and the ortho-H2 gas. The best hyperpolar-
ization levels are observed for the ortho-protons, which are the closest to the
nitrogen. Also, significant hyperpolarization is generated for the protons in
meta and para positions. In addition, there are small peaks around -24 ppm
originating from the hydride protons in the iridium complex (not visible in
the Figure 6.4). Again, these spectra reveal that a significant enhancement
is obtained when performing SABRE hyperpolarization. The enhancement
is the greatest in the mT range, followed by weaker hyperpolarization levels
in the µT range. At high field (1 T), hardly any hyperpolarization is gen-
erated. As is the case with fluorine, the signs of the peaks become different
when the polarizing field strength is changed. However, the observed effect
is not about the anti-phase peaks. Instead, the peaks are from different pro-
tons and they have opposite signs. Nevertheless, there could be some mixed
in-phase and anti-phase peaks; the type of the peaks cannot be determined
with confidence due to lack of resolution.

Levels of acquired polarization as a function of polarizing field strength
are displayed in Figure 6.5. Here, it is also clearly demonstrated that very
low levels of hyperpolarization are achieved at ultralow and high magnetic
fields, whereas a significant enhancement is received in the mT range. There
is a clear dependence on the magnetic field strength in the mT range, indicat-
ing that the protons get their hyperpolarization through level anti-crossings.
In our measurements, we were not able to observe a maximum but rather
an almost linear dependence on the polarizing field strength. We received
the greatest amount of polarization (0,94%) at a polarizing field of 8 mT.
According to the previously conducted studies [18, 27], there should be a
maximum around 6 − 8 mT, so it highly likely that we would have observed
a maximum if the polarizing field had been pushed to higher values. Unfor-
tunately, the Helmholtz coil available is capped around 8 mT, so this was
not possible for the time being.

Comparing the levels of polarization between 1H and 19F reveals inter-
esting information about the polarization transfer. In the mT range, a very
clear dependence of the polarizing field is observed for 1H, but not for 19F.
Therefore, it is unlikely that the polarization transfer for 19F would occur as
a relayed transfer through the proton network. Of course, one aspect that
one needs to keep in mind here is that the field profile for 19F in the mT
range was measured with 10 s bubbling time, whereas for 1H the bubbling
time of 60 s was used. It is thus possible that there was not enough time for
the polarization to build up for protons and then to transfer to the 19F. Cor-
respondingly, the polarization levels of 1H are low in the µT range, whereas
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(a) (b)

Figure 6.5: Effect of polarizing field strength on 1H SABRE hyperpolariza-
tion in 3-fluoropyridine (sample 4). (a) From 0 to 1 T in a logarithmic scale.
(b) From 0 to 8 mT in a linear scale.

a significant enhancement is observed for 19F. This indicates that there is
not much polarization transfer from 19F to 1H. Another possibility is that
relaxation, which is fast at µT fields, prevents the observation of relayed
polarization transfer from 19F to 1H.

In the future, it would be appropriate to repeat the measurements for
1H with a Helmholtz coil that is able to produce magnetic fields well past
8 mT so that a possible maximum could be observed. Also, for comparison
purposes, it would be interesting to have a dataset for 19F in the mT range
with longer bubbling times of 60 s to see whether that makes a difference or
not. In addition, having another dataset for 1H polarizing field dependence
with 10 s bubbling time would be beneficial, as it would allow for another
comparison with the dataset for 19F.

6.3 Relaxation time for 19F at different mag-
netic fields

Fits for relaxation time experiments are shown in Figure 6.6, along with
calculated values for the relaxation time constants T1. These results clearly
demonstrate that relaxation is faster at ultralow fields compared to fields
in the mT range, which is in agreement with previous studies [17, 18]. The
reason for faster relaxation is that the molecular motions, which modulate the
relaxation mechanisms, happen to match the Larmor frequency at ultralow
fields. For relaxation field strength of 1 T, there is no fit, as it would result
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in negative T1, which is an unphysical result.
Performing these relaxation time studies accurately is rather difficult, es-

pecially when having the relaxation field in the mT range, as the sample is
first hyperpolarized inside the Mu-Metal shield and afterwards transferred
from the shield to the Helmholtz coil, followed by a transfer to the spectrom-
eter. In addition, after stopping the parahydrogen flow, there is still some
parahydrogen left in the system for some time, so the relaxation process does
not show up instantly after stopping the flow. This is indicated by the fact
that sometimes we observe an anti-phase peak when the relaxation field is
in the mT range, even though the hyperpolarization takes place at ultralow
field, where only in-phase peaks were observed. Regardless of these problems,
however, these results give a first understanding of the order of magnitude
for the relaxation. If one would repeat these measurements, one would like to
have the sample stay longer in the relaxation field, as in these measurements
the level of polarization is still quite high at the 20 s data point, especially
when the relaxation field is set above ultralow fields.

Considering NSOR experiments, these results reveal that we would like
to have a well-defined magnetic field in between the polarizing cell and the
measurement cell, preferably in the mT range, as then we would not lose
much of the polarization during the sample transfer. However, we might not
want to have the field set to the optimum field for proton if that is the source
of the anti-phase peaks for fluorine. Also, since the current NSOR system
has a measurement field of 0,5 mT, initially it could be wise to try to set this
transfer field to the same value.

Another important discovery here is that, since the relaxation time T1
in the stray field and in the mT range is on the order of 10 s, it would
take approximately 5T1 ≈ 50 s in order to achieve equilibrium after applying
hyperpolarization through bubbling. This is important to take into account
when designing the upcoming experiments, so that the polarization decays
before starting the bubbling for the next signal acquisition. If one would
like to speed up the process, one could place the sample inside the shield
while waiting for the relaxation to take place. In addition, these results show
that it is important to start the bubbling while having the sample in the
polarizing field, as otherwise it is possible that some unwanted polarization
is generated outside the polarizing field, which would still be persistent when
acquiring the signal.
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(a) (b)

(c) (d)

(e) (f)

Figure 6.6: Effect of magnetic field strength on 19F relaxation times (sample
1). (a) 0 µT. (b) 5 µT. (c) Stray field. (d) 0,5 mT. (e) 5,25 mT. (f) 1 T.
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6.4 Relaxation time for 1H at different mag-
netic fields

The results from the relaxation time experiments for proton are shown in
Figure 6.7. Here, the results reveal a similar story as for fluorine. The
relaxation takes place much quicker at ultralow fields and is a lot slower in
the mT range or at high fields. Again, this is due to molecular motions
matching the Larmor frequency. Another similarity with the 19F relaxation
time experiments is the observation of peaks with different signs when the
relaxation field is in the µT regime.

(a) (b)

(c) (d)

Figure 6.7: Effect of magnetic field strength on 1H relaxation times (sample
3). (a) 5 µT. (b) 0,5 mT. (c) 6 mT. (d) 1 T.

The other groups that have performed experiments on 3-fluoropyridine
did not report relaxation times for 1H at smaller fields, so a direct comparison
to other studies is missing. At 9,4 T, however, relaxation times have been
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reported for individual protons of the substrate [16]. For protons in the
ortho position, the reported relaxation times are 19,03 s and 11,56 s, for
the para position 21,11 s, and for the meta position 13,47 s. Our data has
been acquired by taking an integral over all of the four proton peaks since
the chemical shift resolution is insufficient of clearly separating the peaks.
Nevertheless, our observed relaxation time constant at a 1 T field (∼ 16 s)
lands in between the values reported in literature and, hence, is in agreement.

Comparing the relaxation time constants T1 between 1H and 19F reveals
that they are on the same order of magnitude. This result is quite expected
when considering the relaxation mechanisms. At the magnetic fields below
1 T, dipolar coupling is likely the dominating relaxation mechanism. As 1H
and 19F have very similar gyromagnetic ratios, they have similar dipolar cou-
plings. Therefore, the relaxation time constants are comparable. At higher
magnetic fields, the chemical shift anisotropy could become an important
relaxation mechanism, and a larger difference in the relaxation times might
be observed between 1H and 19F.

6.5 Effect of bubbling time on 19F SABRE
hyperpolarization

Fits for the 19F bubbling time experiments are shown in Figure 6.8. When
the polarizing field was 5 µT, the polarization process was very quick, and
maximum polarization was obtained almost immediately after starting the
parahydrogen flow, whereas with the polarizing field of 6 mT, the build-
up time constant was on the order of 10 s. These values are close to the
determined relaxation time constants.

Comparison to the previously conducted studies reveals interesting dif-
ferences with the results. With 14N-3-fluoropyridine, the build-up time
constants at ultralow fields are quite similar [17], whereas with 15N-3-
fluoropyridine the results show a significantly longer build-up period of the
polarization [18]. This difference could be explained by the quadrupolar 14N
nucleus making the relaxation much faster in regular 3-fluoropyridine and
therefore observing a plateau much sooner, however, the reported relaxation
time constant for 19F in 15N-3-fluoropyridine was on the same order of mag-
nitude as for 14N-3-fluoropyridine, contradicting this explanation. Moreover,
observing a significantly longer build-up time constant compared to relax-
ation time constant should not be possible, as then the polarization would
decay before it could build up in the first place.

An important consequence of the slower build-up time constants in the
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(a) (b)

Figure 6.8: Effect of bubbling time on 19F SABRE hyperpolarization in
different polarizing field strengths (sample 1). (a) Bpol = 5 µT (b) Bpol =
6 mT

mT range is that, in order to achieve full hyperpolarization, a bubbling time
of approximately 5Tb ≈ 50 s should be used. In our measurements of polariz-
ing field dependence for 19F, hyperpolarization in the mT range was measured
using bubbling times of 10 s, which most likely resulted in lower levels of po-
larization than what one would have obtained with longer bubbling times.
Actually, measuring the field dependence for 19F hyperpolarization in the
mT range with longer bubbling times would be interesting, as it could reveal
higher levels of polarization and it also would be useful when comparing the
results to the 1H measurements.

These bubbling time experiments give also invaluable information for im-
proving our existing NSOR system. Considering the continuous-flow NSOR
system, these results suggest that using ultralow polarizing fields instead of
mT fields is favourable, as the sample does not get to be in the polarizing
cell for too long. Since the maximum level of hyperpolarization for 19F is
achieved almost immediately after starting the bubbling, it is most likely
being hyperpolarized to its maximum level in the polarizing cell before being
pumped to the measurement cell. Additionally, the fast polarization build-
up enables the use of faster pumping speeds, which minimizes the effect of
relaxation during sample transfer, further enhancing the signal.
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6.6 Effect of bubbling time on 1H SABRE hy-
perpolarization

Results from the 1H bubbling time experiments reveal a similar story as with
19F, as is shown by the fits in Figure 6.9. Polarization builds up rather fast
in the µT range, whereas it is a bit slower at the mT fields. However, this
dataset is rather insufficient to describe the build-up time constants properly,
especially at the polarizing field of 6 mT, where a decreased polarization was
observed with 60 s of bubbling compared to 10 s of bubbling. The reason for
this is most likely the bubbling being more aggressive initially after opening
the parahydrogen flow and then slower after the valves have been open for
several seconds. The use of a mass-flow controller could solve this issue, and
therefore these experiments should be repeated after that device is acquired.

If the polarization would really build up faster for 1H in the mT fields com-
pared to the fluorine, that could be an indication of possible relayed transfer
through the proton network to the fluorine, since that would allow to build
up the polarization for proton, which then could transfer to fluorine through
cross relaxation. Any confirmation for the build-up time constants for 1H in
3-fluoropyridine could not be found from the literature, though. The closest
results are from a paper by Barskiy et al. [25], where they have reported a
build-up constant of (21 ± 2) s with pyridine instead of 3-fluoropyridine and
at a stronger magnetic field of 9,4 T.

(a) (b)

Figure 6.9: Effect of bubbling time on 1H SABRE hyperpolarization in
different polarizing field strengths (sample 4). (a) Bpol = 5 µT (b) Bpol =
6 mT
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Conclusions

Nuclear spin-induced optical rotation is a fundamentally new way of detect-
ing NMR signals. It is intrinsically information-richer compared to inductive
NMR, and it provides a better resolution, limited only by light diffraction.
However, NSOR suffers from poor signal-to-noise ratio, limiting its applica-
tions. One compelling method to increase the SNR is to apply SABRE. It
is a relatively new hyperpolarization method that enhances NMR signals by
orders of magnitude by transferring spin order from parahydrogen into the
polarization of a substrate in an organometallic complex. The polarization
transfer process can occur through several different mechanisms of which the
most relevant are spin mixing at level anti-crossings and cross relaxation.

The objective of this thesis was to find out whether the use of SABRE
hyperpolarization could enable NSOR signal detection of 19F. In order to an-
swer this question, existing literature dedicated to NSOR and SABRE was
examined thoroughly, and SABRE experiments with 3-fluoropyridine were
performed. The purpose of the experiments was to obtain more information
about the underlying mechanisms in the polarization transfer process to 19F
nuclei, since there is no general consensus about that in the current literature.
These experiments involved studying three different parameters for both pro-
tons and 19F nuclei. First, the polarizing field strength was systematically
changed to find out how it affects the level of obtained hyperpolarization.
Second, the relaxation times were studied at different field strengths. Third,
the bubbling time was altered to obtain information about the polarization
build-up constants.

Measuring the effect of polarizing field strength gave conflicting results.
Hypothetically, if the polarization transfer was to take place through level
anti-crossings, one should see a well-defined maximum somewhere in the
low µT range for 19F nuclei. This was initially observed when the mea-
surements were performed using short bubbling times, but later the effect
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disappeared when using longer bubbling times. Similar behaviour was previ-
ously described in the literature [17,18]. Therefore, the polarization transfer
mechanisms at ultralow fields cannot be commented with confidence, but
the results tend to support the theory of LACs. At mT fields, no clear field
dependence was observed for 19F, despite the fact that for 1H the LACs ex-
ist at the mT fields, which was experimentally observed. This is a strong
indication that the polarization transfer takes place directly from hydride
protons to 19F instead of by relayed transfer through the proton network in
3-fluoropyridine molecule.

Relaxation time measurements in different field strengths gave invalu-
able information about further optimizing SABRE measurements with 3-
fluoropyridine. It appears that the relaxation times for 1H and 19F are com-
parable. They are on the order of ∼ 10 s at low and high magnetic fields,
whereas values around ∼ 3 s are found at ultralow fields, which is consistent
with previous research [17, 18]. The stray fields in the laboratory are in the
µT range. Therefore, having a well-defined magnetic field during the sample
transfer would diminish the effects of relaxation, resulting in better levels of
polarization and possibly more consistent results between measurements.

Polarization build-up constants obtained from bubbling time measure-
ments were also quite comparable between 1H and 19F, while also being
similar to the relaxation time constants. However, the fits were unreliable
to say the least. The existing values in the literature were not very consis-
tent either [17, 18, 25], so more accurate measurements are required. What
was clear from the results, though, is that at ultralow fields the polarization
builds up faster than at higher fields. Considering the continuous-flow NSOR
system, this is actually a favourable result for obtaining good 19F hyperpo-
larization, as the sample is continuously pumped and does not get to spend
too much time in the polarizing cell. This enables the use of faster pumping
speeds to minimize the effects of relaxation.

While these experiments gave some information about the polarization
transfer process, there is still some room for improving the set-up to obtain
more consistent results. First of all, the parahydrogen flow was controlled
by a flow meter whose flow is dependent on the inlet pressure, which is
fluctuating to some degree. This resulted in a slightly inconsistent flow.
The effect was more prominent in experiments with longer bubbling times.
Acquiring a dedicated mass-flow controller to the system would solve the
problem. Secondly, the magnetic field between the polarizing field and the
spectrometer was not optimized, which means that the sample goes through a
very inconsistent magnetic field during the sample transfer. By having a well-
known transfer field in the mT range, the effects of relaxation and unwanted
polarization transfer processes would be diminished. Thirdly, being able
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to control the flow using a computer would be beneficial, as it would reduce
human error in the bubbling times. Finally, the upcoming experiments should
be conducted in a way that reduces the effect of increased concentration
because of the evaporating solvent. One solution for the problem would be
to measure data points by changing the parameter under study back and
forth for each measurement set.

Performing a new set of experiments is already scheduled with the afore-
mentioned improvements. In addition, theoretical work involving quantum-
chemical calculations and spin dynamics simulations is being performed by
another team in our research unit. The ultimate goal for the future is to
obtain consistent experimental results that would be supported by the theo-
retical calculations.
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