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Abstract

Zero- and ultralow-field (ZULF) nuclear magnetic resonance (NMR) is a novel, low-cost,
and portable NMR incarnation, where the phenomenon is studied in the absence or with
very weak external magnetic fields. In contrast to conventional NMR, in which spin
interactions with external fields dominate, ZULF NMR spectroscopy is performed under
dominant spin-spin interactions. Direct observation of intramolecular spin interactions,
which contains valuable information about molecular structures, enables high-precision
(bio-)chemical analysis.

This dissertation presents ZULF NMR studies, revealing the potential of the technique
in many areas of modern science and technology (chemistry and life sciences, but also
agricultural and pharmaceutical industry). The new capabilities of ZULF NMR are
demonstrated through the development of the method and its combination with different
experimental techniques.

The first original part of the dissertation is dedicated to the comprehensive investiga-
tion of the group of phosphorus-containing organic compounds using zero-field NMR.
Due to the 100% natural abundance of the spin-1/2 phosphorous isotope (*'P), the
organophosphorus compounds provide strong ZULF NMR signals of even thermally-
polarized samples. This allows for high-precision chemical analysis of the compounds
without the need for their expensive isotope labelling. The research is extended to key
metabolites in protein metabolism. Specifically, urea and amino acids are investigated
and the role of the solvent, by demonstrating via the chemical-exchange process, is stud-
ied.

As the next step, different versions of the parahydrogen-induced polarization (PHIP)
techniques are employed to overcome the inherent low-sensitivity problem of NMR. For
example, non-hydrogenative PHIP is harnessed for sensitive zero-field detection of natu-
rally abundant >N-pyridine derivatives. These molecules are important for drug develop-

ment because of their antimicrobial, antiviral, or anticancer properties. Also, the first-ever
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ABSTRACT

zero-fleld spectrum of a SABRE hyperpolarized biomolecule, nicotinamide, is reported.
Additionally, the dissertation presents the studies of newly emerged proton-exchange-
based polarization technique (PHIP-X) for sensitive detection of such biomolecules as
urea, glycine, ammonium, and glucose. Specifically, the first studies on the implementa-
tion of the PHIP-X technique into ZULF NMR spectroscopy are presented.

The final part of the dissertation is dedicated to ZULF NMR relaxometry, which
is introduced to study a molecular environment. This goal is realized via monitoring
the relaxation properties of observed ZULF NMR signals. While the strong influence
of paramagnetic oxygen on heteronuclear long-lived singlet state is demonstrated, the
first-ever human blood ultra-low-field NMR relaxometry study is presented as a proof of
concept.

The dissertation presents broad, self-contained, interesting, and often pioneering re-
search in the emerging field of ZULF NMR and forms solid grounds for future studies in
the field.



To love of my life and my sonshine
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Chapter 1

Introduction

Zero- and ultralow-field (ZULF) nuclear magnetic resonance (NMR) is a novel, portable,
and cost-effective spectroscopic technique that enables high-precision chemical analysis
through direct observation of intramolecular spin interactions in the absence of an external
magnetic field. In such a regime, the Zeeman interaction vanishes, and indirect spin-spin
interactions (J-coupling), which exist between spins of nuclei in molecules, become dom-
inant when other interactions averaged out to zero in isotropic liquids. J-coupling is
mediated by the molecule’s electrons over distances of several chemical bonds, hence pro-
viding information about the molecular structure and the strength and orientation of its
chemical bonds [1]. This enables the identification, characterization, and quantification
of molecular structures by providing the high-resolution measurement of spin—spin cou-
plings with remarkably narrow resonance linewidths as a result of the high absolute field
homogeneity and long spin—coherence times |2, 3|. Furthermore, the greater skin depth
at low frequencies enables us to measure samples, and monitor chemical and biochemi-
cal reactions inside even metal containers [4]. ZULF NMR signals are often detected by
optically-pumped magnetometers, which have several advantages such as high sensitivity,
low—price, small footprint, and non-cryogenic operation [5]. Nowadays, such sensors are
also commercially available, which facilitates their application by non-experts [6, 7.
This dissertation explores the applicability of several ZULF NMR spectroscopy tech-
niques in many areas, especially for chemical and biochemical analysis. Chapter 2 pro-
vides essential background on conventional NMR which might be crucial in grasping
the basic principles of ZULF NMR spectroscopy. Further, parahydrogen-based polar-
ization techniques are introduced briefly for conventional NMR as well as ZULF NMR

spectroscopy. Chapter 3 discusses the high-selective detection of organophosphorus com-
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pounds by observing 'H-*'P spin systems at zero-field regime. Chapter 4 concerns the
influence of the chemical-exchange process on spin systems under ZULF conditions, pro-
viding many examples of measurements of key biomolecules (e.g., urea and amino acids).
Chapter 5 presents zero-field NMR of numerous natural-abundance ®N-pyridine deriva-
tives with the implementation of in situ SABRE hyperpolarization. Chapter 6 discusses
the hyperpolarization of a wide range of molecules through polarization transfer by the
proton-exchange process, so-called PHIP-X, and this new technique is introduced for
ZULF NMR studies. Chapter 7 demonstrates the ZULF NMR relaxometry for chemical
and biological samples, including human whole-blood and plasma. Finally, Chapter 8
summarizes the overall presented studies and mentions potential future directions for

ZULF NMR.



Chapter 2

Theoretical Background

"I was taught that
the way of progress

18 neither swift nor easy.”

-Marie Sktodowska Curie

2.1 Nuclear Magnetic Resonance Spectroscopy

This section provides an essential background of conventional NMR to facilitate under-
standing of the work, particularly the work performed using high-field NMR presented in
Chapter 6. It is also a starting point for understanding of ZULF NMR and PHIP tech-
niques discussed in the following chapters. A detailed discussion on conventional NMR

can be found in textbooks such as Refs. [8-10].

2.1.1 Nuclear Spin and Magnetism

An atom is composed of a nucleus surrounded by electrons. The nucleus is made up
of protons and neutrons that are also known as nucleons. An electron has a negative
elementary charge —e. At the same time, a proton has a total charge of +e, while a
neutron is electrically neutral. Since an electron is 1836 times lighter than a proton or
a neutron, the center of mass of an atom lies within the nucleus and hence, in an atom,
the electron moves with respect to the nucleus.

Along with mass and electric electric charge, a specific property of elementary particles
is their spin. A nuclear spin is explained as an angular momentum that arises from an

intrinsic “rotation” (spin) of nucleons and their arrangement within the nucleus (nuclear
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shell model). Despite this composite nature, the resultant angular momentum of a nucleus

is called a nuclear spin. The magnitude of the nuclear spin I is quantized and given by:

1I| = [I(I + 1)]'/2A, (2.1)

where h is the reduced Planck constant and [ is the spin quantum number, which takes
a value of an integer or a half-integer. Projection of the spin on the quantization axis is
given by the magnetic quantum number m; that takes one of the 21 + 1 integer values
between —I and [ separated by a unity, m; = —I,—1 + 1,...,I. In the absence of
external magnetic and electric fields, energies associated with different spin orientation
are identical and the corresponding energy levels are degenerate.

Nucleons are spin-1/2 particles. A net spin of a nucleus I5r, is determined by a

combination of spins of all nucleons and takes the values according to the rule:

Ian=L—-L—..—Ll|L—-L—..—L|+1,. L+ 1+.. +1,, (2.2)

where I, is the spin quantum number of the n'" particle. An energy level of each possible
nuclear spin state is different. The spin quantum number of the nuclear state with the
lowest energy is called the ground-state nuclear spin. There are some guiding rules for

determining the ground-state spin of an atomic nucleus:

1. If the number of neutrons and the number of protons are both even, the ground-

state nuclear spin is 0. Examples of such nuclei are: 12C, 160.

2. If the number of neutrons and the number of protons are both odd, the ground-state
nuclear spin is an integer value higher than zero. Examples are: ?H (I = 1), "N (I

= 1).

3. If the number of nucleons is odd, then the ground-state nuclear spin is a half-integer.
Examples are: 'H (I = 1/2), *C (I = 1/2), '*’N (I = 1/2), P (I = 1/2), **Cl (I

= 3/2).
In conventional NMR, the ground-state nuclear spin is often simply referred to as the

4
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nuclear spin.

Nuclei with spin-1/2 have spherical distribution of electric charge, thus the electric and
magnetic fields originating from the nucleus surrounding such nuclei are homogeneous in
all directions. This is a great property that facilitates the understanding of their behavior
during NMR experiments. On the other hand, for nuclei with spins larger than 1/2, the
charge distribution is not spherically symmetric, which results in nuclear quadrupole and
(potentially) higher moments. In principle, this can complicate the nuclear spin dynamics
in NMR.

Another property of subatomic particles is their magnetic moments. Electrons and
nuclei have a permanent magnetism linked to their spin. Thus, the nuclear magnetic

moment g is proportional to the nuclear spin angular moment I by:

where v is a gyromagnetic ratio, a unique proportionality constant for each nucleus. In
a very simplistic picture, one can assume that nuclei with a non-zero magnetic moment
interact with the magnetic field as if they were small bar magnets. The potential energy
of this interaction Fyag is determined by the magnetic field B and the magnetic moment
o

Erag = —p4 - B. (2.4)

This relation shows that the stronger the field, the larger the energy of the interaction.

2.1.2 Nuclear Zeeman Effect

When an external magnetic field is applied, the (21 + 1)-fold degeneracy of the nuclear-
spin state is alleviated and the magnetic sublevels start to have different energies. The
Zeeman energy-level shift of the m; sublevel, induced by the magnetic field of magnitude

By applied the quantization (z-) axis is given by:

Ep, = —vhm; By. (2.5)
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Figure 2.1: Zeeman splitting of the energy levels for a nuclear spin-1/2 withy > 0 as a
function of the magnitude Bo of the z-oriented magnetic field.

Figure 2.1 shows an energy-level dependence of the mi sublevels versus the magnitude of
the z-oriented magnetic field Bo of a generic spin-1/2 particle.
The energy difference between two magnetic sublevels of the spin-1/2 particle sub-

jected to the magnetic field of magnitude Bo is given by:

AE = Ep . — By . = vhB,. (2.6)

m_1/2 my1/2

Although the spin-1/2 particle can be in the m-1/2 or m+1/2 states, in thermal equilib-
rium, the lower energy state m-+asz is more occupied. This is explained by the Boltzmann
distribution, which is a probability measure that defines the distribution of spin popu-
lations between states as a function of energy and temperature. The population ratio
between two energy sublevels, that is, the probability ratio of finding particles in either
of the two states separated by the energy difference AE, can be calculated using the

Boltzmann equation:

il Y L [ _ 2.7
i exp( kBT> exp< kBT>’ @7)

mi1/2

where Pi is the population in it state, T is the temperature, and ke is the Boltzmann

constant. The nuclear polarization of an ensemble of spin-1/2 nuclei is given by:

Pm+1/2 - mel/Z (2.8)

Pm+1/2 + mel/Z

p:

Equations (2.7) and (2.8) allow one to calculate the polarization of an NMR sample.

It shows that even in several tesla magnetic fields, nuclear spin polarization is on the
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Figure 2.2: Larmor precession of two nuclei characterized by an opposite sign gyromag-
netic ratios in a given magnetic field. For positive y, the direction of rotation is clockwise,
whereas for negative y, the direction is counterclockwise.

order of 10-s. As a result, the total nuclear magnetization of an ensemble is very small.

This results in low sensitivity of NMR as an analytical tool.

2.1.3 Precession and Larmor Frequency

In the absence of an external magnetic field, the spatial orientation of the magnetic mo-
ments is isotropic, meaning that all possible directions are equally represented. However,
once the spins are placed in the field, the nuclear magnetic moment is either in the same
direction as the spin polarization (for nuclei with y > 0), or in the opposite direction of the
spin polarization (for nuclei with y < 0). The spin polarization begins to move around the
field maintaining a constant angle between the spin magnetic moment and the external
magnetic field, this movement is known as spin precession. The reason for such behavior
is that spins have angular momentum, as well as a magnetic moment under a magnetic
field. The frequency of spin precession wo is called the Larmor frequency and is equal to
the frequency of transition between two successive magnetic sublevels of Ami = 1. The
frequency can be calculated using Eqg. (2.6) and the well-known relationship between the
energy and frequency, E = h"

wo — 1B, (2.9)

For a given magnetic field Bo, the direction of Larmor precession depends upon the sign of
the gyromagnetic ratio. As shown in Fig. 2.2, the magnetic moment precesses clockwise
for positive gyromagnetic ratios (7 > 0) and counter-clockwise for negative gyromagnetic

ratios (7 < 0).
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Figure 2.3: Longitudinal magnetization (right) after application of an instant static mag-
netic field along the z-axis (left). The T: time constant corresponding to the shown
longitudinal relaxation process is indicated with a dashed line.

2.1.4 Longitudinal and Transverse Relaxation

The net magnetic moment oriented along the external magnetic field (conventionally
denoted in high-field NMR as the z-axis) is called longitudinal magnetization. When the
field is applied, the longitudinal magnetization grows over time (Fig. 2.3), while the spin

states establish the Boltzmann-equilibrium distribution:

M,(t) = M(eq)(1 — e7/™), (2.10)

where Mz(eq) is the equilibrium magnetization and Ti1 is the constant called the lon-
gitudinal relaxation time or the spin-lattice relaxation time. Relaxation occurs by the
interaction of nuclear spin with magnetic fields produced by fluctuating magnetic dipoles
because of random molecular motions, and this process lies between microseconds to
minutes (for detailed discussion see Sec. 2.1.7).

As described above, spins precess at the Larmor frequency around the main field while
reaching thermal equilibrium. In such a situation, there is no net magnetization perpen-
dicular to the main field because the magnetization distribution in thermal equilibrium
is symmetric around the field. In conventional high-field NMR experiments, in order
to convert (rotate) the longitudinal magnetization into the transverse magnetization, an
oscillating magnetic-field pulse, the so-called radio-frequency (rf) pulse, is applied. If
longitudinal magnetization is along the z-axis and is rotated by n/2 about the Xx-axis,
then the result is the transverse magnetization along the -y axis (Fig. 2.4). In this case,

it might be considered as the pulse duration is considerably shorter than the precession
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Figure 2.4: Schematics of basic NMR experiment. (a) Simple pulse sequence along with
the NMR signal and (b) nuclear magnetization during the NMR experiment at three
stages of a NMR experiment: (1) The longitudinal magnetization M: at thermal equilib-
rium under the Bo magnetic field applied along the z-axis; (2) Rotation of magnetization
due to application of the x-oriented n/2 rf pulse, tilting the magnetization toward the —y
axis (generation of the transverse magnetization, My); (3) Evolution of transverse mag-
netization (Larmor precession) around the z-axis and relaxation toward the longitudinal
magnetization. Note that for clarity no precession is shown during stage 2 (assumption
of pulse duration much shorter than the precession period).

period, thus no spin precession occurs during the pulse.

If the system is exposed to an rf pulse of the same frequency as the Larmor frequency
of the nuclei, the rf field is resonant with the precession of the nuclear spins. Thus, the
nuclei gain energy, which gives rise to a transition between nuclear spin states in the
system (e.g., the transition between the m+i/2 and m-a/2 states in the spin-1/2 nuclei).
However, this resonance does not occur if the rf pulse does not have the appropriate
frequency and duration for this transition. Therefore, the optimal pulse for a specific
nucleus depends on the energy difference between states, thus the gyromagnetic ratio of
this nucleus and the applied magnetic field, as shown in Eq. (2.6). For instance, the rf
pulse tuned to the Larmor frequency of 1H (on-resonant pulse for 1H spins) does not have
same effect on 15N spins (off-resonant pulse for 1sN spins).

When the pulse is turned off, the transverse-magnetization component Mxy(0) pre-
cesses around the main static field at the Larmor frequency. Simultaneously, the trans-

verse magnetization decreases exponentially (relaxes), whereas the longitudinal magneti-
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zation recovers. Transverse magnetization at ¢ time M,,(t) is given by:

Moy (t) = My, (0)e™12, (2.11)

where T; is a constant called the transverse relaxation time or the spin—spin relaxation
time.

The decay of the transverse magnetization can be written separately for the x- and
y-axes:

M, (t) = M,(0)sin (wot)e™ /™,
(2.12)

M, (t) = — M, (0) cos (wot)e™"2,

where M, (0) and M,(0) are the corresponding initial (immediately after the pulse) com-

ponents of the magnetization along x and y.

2.1.5 NMR Signal

After the rf pulse, precessing and decaying nuclear transverse magnetization is detected by
inductive coils surrounding the spin ensemble (NMR sample). According to the Faraday
induction law that is employed in the pickup-detection scheme, the change of magnetic
flux through an enclosed loop of a conductor induces an electric current in the loop.
Thereby, the NMR signal is associated with an oscillating electric current, the so-called
free induction decay (FID).

In conventional NMR, the so-called quadrature detector may be used. The scheme
involves the simultaneous acquisition of an NMR signal with the coils along the x- and

y-axes, which allows to determine complex FID s(t), which is given by:

$(t) = s (t) +isy(t)
— 5(0)[cos (wot) + i sin (wot)]e /™2 (2.13)

_ S(o)e—inte—t/TQ ’
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where sx(t), and sy(t) are x- and y-components of the complex NMR signal. The com-
ponents depend on time-dependent magnetization components Mx(t) and My(t).

Since the interpretation of time-domain FID is challenging, Fourier transform is used
to convert the NMR signal from the time to the frequency domain. Presenting the NMR
signal as its spectrum is useful for discerning information. Application of the (one-sided)
Fourier transform to the NMR signal given by Eq. (2.13) yields the so-called complex

Lorentzian:

s(w) = Fis()}
= /00 s(t)e ™" dt

_ /OO S(O)e—iwote(—t/Tg)e—iwtdt
0

$(0)T5 _; s(0)T2(wo — w)
L+ [To(wy — w)[? 1+ [To{wg — w)]?

(2.14)

As shown in Eqg. (2.14), the complex Lorentzian consists of real and imaginary parts,
which are called the absorption and dispersion Lorentzian, respectively. The real part of
NMR spectrum consists of resonance at at the Larmor frequency wo with a full width at

half maximum (FWHM) given by 1/(nT2), as illustrated in Fig. 2.5

Figure 2.5: x- (top left) and y- (bottom left) components of the complex FID signal and
corresponding real (top right) and imaginary (bottom right) parts of the NMR spectrum.
The FID signal manifests in the spectrum as a resonance of the central frequency wo/2n
and FWHM 1/ (nT2).

11
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2.1.6 Nuclear Spin Interactions

The nuclear spin interaction can be divided into external and internal interactions. To
some extent, the external interactions, i.e., the interactions with static and oscillating
magnetic fields, were discussed above. Here, we briefly review the internal spin interac-

tions to better understand the original work presented in this dissertation.

2.1.6.1 Chemical Shift

The indirect magnetic interaction between the external magnetic field and the nuclear
spins that is agsociated with electrons of the investigated molecules is known as a chemical
shift. Since electrons possess a magnetic moment (both at internal and external levels), in
the presence of the external field they circulate about the direction of the applied magnetic
field around the nucleus and produce a current. This circulating current generates a
magnetic field opposed to the external field (Lenz law), called an induced field. The
strength of the induced field Bi,q is proportional to the strength of the external field By
with the proportionality constant being called the chemical-shift tensor ¢ (in general, the

directions of the external and induced field are not parallel):

Bind — O'Bo. (215>

The induced field Bj,q modifies the magnetic field to which nuclear spin j is subjected,

resulting in the effective change of its Larmor frequency:

Wy = —’}/]Bo(l — O'j). (216)

It should be noted that the chemical-shift tensor is specific for each nuclear spin in a
molecule due to differences in the electronic environment, unless the spins are chemically
equivalent. In order to provide an external-field-independent measure for this parameter,
a relative scale is introduced:

Wj — Wref

§; = 1 el (2.17)

Wref

12
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where ¢; is the chemical shift of the jth nucleus and wyer 18 the reference Larmor frequency
of this type of nucleus in a reference molecule of tetramethylsilane (the chemical shift
of the reference compound is assumed to be zero). Because chemical shifts are small

numbers, they are usually expressed in parts per million (ppm).

2.1.6.2 Indirect Dipole-Dipole Coupling: J-Coupling

The indirect dipole-dipole interactions of nuclear spins, the so-called J-coupling, are
mediated through the electrons of the molecule over the distances of several chemical
bonds. Unlike a chemical shift, J-coupling is magnetic-field independent.

The mechanism of J-coupling involves the magnetic interaction of the electron with
two nuclei (the Fermi contact interaction) and the mutual interaction of the electrons
which obeys the Pauli exclusion principle. Because of the participation of the electrons, .J-
coupling is orientation-dependent, therefore it survives averaging over molecular rotation
in isotropic liquids.

If two nuclear spins with the same sign of gyromagnetic ratios are connected by one
bond, the J-coupling constant takes a positive value and vice versa. On the other hand,
the sign of longer-range .J-coupling constants depends on molecular structural parameters,
such as bond angles and torsional angles.

The J-coupling interaction contributes to the energy of a spin system. When the
J-coupling constant is positive and the spins are parallel, the energy of the spin system
increases and vice versa. This induced energy difference by the J-coupling interaction
results in small frequency changes; as a consequence, specific coupling patterns arise in
the NMR spectra, which may be used for determination of the molecular structures.

Since this dissertation is mainly based on heteronuclear .J-coupling interactions, as a
simple example, 'H NMR and '*C NMR spectra of 1*C-methyl group are demonstrated in
Fig. 2.6. Due to heteronuclear J-coupling interaction between *C and 'H in this group,
the 'H resonance peak observed in the NMR spectrum is split into a doublet, while the
13C resonance peak is split into a quartet. In the following section, ZULF NMR spectra of

13C-methyl are also demonstrated to better understand the difference from conventional

13
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Figure 2.6: Illustration of 1H and 13C NMR spectra of a 13C-methyl group, originating
from the heteronuclear J-coupling interaction of the Jcn constant between 13C and 1H.

NMR.

2.1.6.3 Dipolar Coupling

The interaction of nuclear spins with each other through space is called direct dipole-
dipole coupling. This coupling is averaged to zero in isotropic liquids by rapid molecular
tumbling in solution. On the other hand, in the case of large molecules, this motion is not
fast enough for a complete averaging out of dipole-dipole interaction and the remaining
part contributes to relaxation especially for spins-1/2. This subject is discussed in a

following section from the point of view of a relaxation mechanism.

2.1.6.4 Quadrupolar Coupling

As mentioned above, nuclei with spin larger than 1/2 possess nuclear quadrupole moment
due to the non-spherical charge distribution. The electric quadrupole moment of the nu-
cleus interacts strongly with the electric-field gradients created by a surrounding-electron
cloud. The quadrupolar interaction is averaged by rapid isotropic molecular rotation in
liquids and contributes only indirectly to relaxation processes, leading to short coherence

times and hence broad resonance lines as discussed in the following section.

2.1.6.5 Spin-Rotation Coupling

Since a molecule comprises positive and negative electric charges (nucleus and electrons),
its motion causes the charge circulation, resulting in an electric current. Thus, the molec-

ular rotation produces local magnetic fields. The interaction of the nuclear spins with

14
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this field is known as a spin-rotation coupling. The only importance of this interaction for
the work presented in this dissertation could be its contribution to relaxation, however,

this contribution is negligible except for small molecules in gases or non-viscous liquids.

2.1.7 Relaxation Mechanisms

In the previous section, the processes of transverse and longitudinal relaxations are briefly
introduced. Here, the mechanism of the relaxation process is discussed in more detail,
since understanding of its key concepts is needed for the discussion presented in Chapter 7.

Since the molecule randomly tumbles and reorients over time, the magnitude and
direction of local magnetic fields around a nucleus are subjected to fluctuation. There
are several sources causing such fluctuation including dipole-dipole interaction, chemical-
shift anisotropy, etc. In turn, the field fluctuations cause relaxation of spin polarization.

In general, the fluctuations of different interactions are correlated with each other.
The simplest approach to understanding these correlations requires the assumption that
each nucleus is exposed to an independent, time-varying random field Bj,.(t), which

averages out to zero over long times:

(Bioc(t))r = 0. (2.18)

Although the field averages out, the magnitude of this fluctuating field is not zero, as it

is equal to the square of the field:

(Bio(t))s # 0. (2.19)

To define how fast the field fluctuates, the autocorrelation function G(r) for a time

interval 7 is introduced:

G(7) = (Bloc(t) Bioc(t + 7))t # 0. (2.20)

As shown, slow field fluctuations cause slow decay of the autocorrelation function G(7),

15
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Figure 2.7: Autocorrelation G(t) and the spectral density J(w) functions of fast (a) and
slowly (b) fluctuating local fields Bioc

and fast fluctuations result in a quick decay of the autocorrelation function G(t). This
function is independent of time t and is equal to the magnitude of the fluctuating field
at £t = 0:

G(0) = (Bioc(t)?)s. (2.21)

In general, the autocorrelation function is assumed as a simple exponential function
[11]:

G(1) = (Bige(t)?)e /e, (2.22)

where tc is a measure of the rate of fluctuations and is known as the correlation time.
The correlation time is the average time that the molecule rotates by one radian. In
general, the correlation time increases with molecular size and viscosity and decreases
with temperature.

Since the autocorrelation function is defined in the time domain, the Fourier trans-
form can be applied to obtain a measure of the amount of motion present at different
frequencies. It is called a spectral-density function J(w), which is given by:

0
0

J(w) =F{G(r)} = 2/ G(r)e ™" dr. (2.23)

The real part of the spectral-density function is

Re{J (@)} = 2(Bioe(t))— s = G(0)— o (2.24)

1+ w?r? 1+ w?r?
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Figure 2.8: Dependence of the relaxation times T: and T2 on the correlation time tc. Bn
and BL indicate higher and lower magnetic fields applied during the spin evolution and

and indicate the corresponding the Larmor frequencies. Minimum value of the
relaxation time T is equal to the inverse of the frequency. The correlation time basically
increases by a molecular size. Adapted from Refs. [12, 13].

As illustrated in Fig. 2.7, the fast fluctuation of the local field results in short tc and
broad spectral-density function (the case of small molecules in non-viscous solutions),
while the consequence of slow fluctuations is long tc and narrow spectral-density function
(the case of large molecules).

Based on the assumption introduced in Ref. [12], relaxation originates from only
the intramolecular dipole-dipole interaction, which is the main source of polarization
relaxation for spin-1/2 nuclei. The simplest model for the dependence of relaxation times

T: and Tz on the correlation time Tc is given by [8, 12]

1 3b

T 1—O[J(wo) + 4.J(2wo)],

N (2.25)
7 = 2—0[3J(wo) + 5J{wo) + 2J (2wo)],

where b is the dipole-dipole coupling constant. When the correlation time is very short,
the T1 and T2 relaxation times are equal. This condition is known as the extreme narrow-
ing limit (eeoTc 1). If the correlation time increases, Tz continuously decreases, while
the value of Ta first decreases, until T1 reaches its minimum [12], and then it starts to
increase again. The minimum value of the relaxation time Ti1 depends on the magnetic
field applied during relaxation, since it is equal to the inverse of the Larmor frequency

(1/70) in that field (Fig. 2.8).

17
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There are several sources of relaxation in liquids. As mentioned above, for relaxation
of spin-1/2 nuclei, the most significant interaction is the direct dipole-dipole coupling.
This is because of an orientation dependence of the interaction. Another considerable
source is the chemical-shift anisotropy related to the variation of magnetic shielding with
regards of the orientation of molecules relative to the external field. In the case of spin
larger than 1/2, relaxation is dominated by the quadrupolar interaction. Also, a large
magnetic moment, arising from unpaired electrons in paramagnetic species (e.g., oxygen
or some transition-metal compounds), affects the local field of a nuclear spin, this process

also introduces relaxation.

2.1.8 Product Operator Formalism

To explain basic NMR experiments, the semi-classical vector model was used in the
previous section. However, this approach is not universal and cannot be applied to
modern multiple-pulse experiments. To predict the outcome of such experiments, the
product-operator formalism is often used [14]. Specifically, this approach enables the
analysis of temporal evolution of magnetization under the action of pulses oriented in
different directions.

The product-operator formalism uses two important quantum-mechanical concepts -
wave functions and operators. A wave function describes a quantum state of a system
(e.g., anuclear spin) and operators represent such “observable quantities” of the system as
position, momentum, and energy. Combination of these concepts enables the evaluation
of physical quantities describing the system.

In the context of NMR, nuclear spins are represented by the Cartesian-base operators
(I;, fy, I;) The eigenstates of the spin operators are indicated by two quantum numbers,
I and my, which are described in the previous section. For instance, the eigenequation
of I; is:

fz|17m1> :mI|IymI>7 (226>

where |1, m;) is the eigenstate of the system and my is the eigenvalue of the I, operator

(the Zeeman eigenstate).

18
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For a nuclear spin-1/2 (I = 1/2) there are two Zeeman eigenstates of the I, operator,

denoted by |%,m1>, with two eigenvalues —% or % For these Zeeman eigenstates, the

following notation is often used below:

1 1
a) = |§; +§>,
(2.27)
8 =15 —3)
27 27
The superposition state [¢)) of the Zeeman eigenstates can be written as:
Cao
[¢) = cala) 4 c5]8) = , (2.28)

Cp

where ¢, and cg are the superposition coefficients. These coefficients are normalized as:

lcal® 4 |csl? = 1. (2.29)

The spin density operator p that describes the state of the entire spin ensemble can

be defined as:

) 18)
5 loyi) — [ Fee Pom ] (2.30)
<5| Pap DPss

where p,, and pgg are the diagonal elements of the matrix called populations, which are
the probabilities of occupation of the |a) and |3) level, respectively. The off-diagonal
elements, pas and pga, refer to the coherences between the |o) and |f5) states. The
coherence order between two states in a magnetic field is defined as the difference in their
eigenvalues my. Specifically, a single-quantum coherence is the coherence between the
sublevels of Am; = +1. It should be noted that these coherences give rise to a signal in
conventional NMR.

The energy of a system is given by the Hamiltonian operator #. The interaction of a
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spin-1/2 with an external magnetic field along the z-axis is given by:
Hy = wil, (2.31)

where w; is the Larmor frequency of the spin and I, is the spin operator defined in
Eq. (2.26). A defined density operator p(0), corresponding to the initial state of the

system, evolves under the Hamiltonian Hy according to:
p(t) = e~ Mzt j0)e et (2.32)

For instance, if p(0) = I,, which is the case of thermal equilibrium in the z-oriented
field, there is no evolution of the state, as [Hz, p(0)] = 0. However, if 5(0) is equal to I,

it does not commute with the Hamiltonian, hence, the system evolves as follows:
p(t) = emwrlitf gtorlat cos(wytl,) + sin(wytl,), (2.33)

which is the case occurs in basic NMR experiments mentioned above.
For a system with two coupled spins-1/2, given by operators [ and S , under the
action of the external field along the z-axis, the Hamiltonian can be given as a sum of

the Zeeman Hamiltonian #y and the J-coupling Hamiltonian A J):
H=Hy+Hy, (2.34)

where the terms are given by:
Hy = wil, + wsgz,
(2.35)
Hy= JisI-S,
where Jjg is the J-coupling constant between the I and S spins of the w; and wg are the
corresponding Larmor frequencies of the spins. The Hamiltonian is more complicated for

coupled multi-spin systems, which are the main interest in this dissertation. However,

the absence of the Zeeman interaction in zero field enables us to observe the terms solely
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Figure 2.9: Basic and refocused INEPT pulse sequences. The transfer and refocus spin-

echo time intervals are denoted as T«/2 and Tr/2 respectively. In the case of the coupled
two-spin system, the spin-echo time intervals are equal to 1/(4]|Jis|), where Jis is the
J-coupling constant between the 1 and S spins.

originating from the J-coupling interactions. This specific case is discussed in further

sections using the expressions introduced briefly here.

2.1.9 INEPT Pulse Sequence

Many NMR-active (I > 0) nuclei present in biologically important molecules suffer from
poor inherent sensitivity in the NMR spectroscopy. This originates from a low natural
isotopic abundance of the nuclei and low gyromagnetic ratio, which corresponds to low
thermal polarization and hence low magnetization, but also low Larmor frequency. In
turn, this significantly reduces the signal-to-noise ratio of NMR signals of the nuclei. The
prime examples of such nuclei are 13C and 1sN. In order to enhance the signal of these
nuclei, insensitive nuclei enhanced by polarization transfer (INEPT) pulse sequence is
often used [15]. With this pulse sequence, the polarization from the nuclei with high y is
transferred to the nuclei with low y through the J-couplings between the spins.

In Fig. 2.9, the basic INEPT pulse sequence is demonstrated for a two-spin system,
where the nucleus | has a higher gyromagnetic ratio than the nucleus S and they are

coupled with the coupling constant Jis. In the method, the polarization transfer from
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the spin I to the spin S occurs as follows: Initially, a transverse polarization of the I
spin I, is created on the spin I by the application of the 7/2-pulse applied along the
r-axis. To facilitate the understanding of spin-echo period, one might consider first the
application of = pulse along z-axis which generates 1,-S,, and then ¢t = 7, = 1/(2]J1s|)
delay (combination of two 7/2 periods). During 7 delay, I,-S, term evolves into an anti-
phase magnetization [,S, due to the J-coupling. Finally, the 7 /2-pulse is applied along
the y-axis for the I spin and simultaneously the 7/2 around the x axis is applied for the
spin S. As a result of these pulses, the anti-phase polarization 1,5, is generated resulting
in anti-phase peaks in the spectrum with J-splitting. In the case of application of an
additional decoupling field, J-splitting disappears, hence anti-phase peaks merge and
cancel out each other. In order to yield single peaks in the spectrum using a decoupling
field, the enhanced anti-phase terms can be refocused resulting in an in-phase term (S,)
which corresponds to in-phase peaks. This pulse sequence consisting of transfer and
refocus spin-echo is known as refocused INEPT (Fig. 2.9). Further discussion regarding

polarization transfer can be found in Ref. [8].

2.2 Exotic NMR: Zero- and Ultralow-Field Spectroscopy

In contrast to conventional NMR, ZULF NMR is performed in the absence of a mag-
netic field. In such a regime, the Zeeman interaction vanishes, and spin-spin interactions
that exist between the nuclei in a molecule become dominant (assuming non-existence
of quadrupolar and dipole-dipole couplings). The spin-spin interactions are mediated
by the electrons of the molecules over the distances of several chemical bonds, provid-
ing information about molecular structure and the strength and orientation of chemical
bonds [1]. This opens means for identification, characterization, and quantification of
molecular structures by high-resolution measurements provided by remarkably narrow
ZULF NMR resonance linewidths. The linewidths result from high absolute magnetic-
field homogeneity and long spin-coherence times |2, 3|. Furthermore, a greater skin depth

at low frequencies enables measurements of samples and monitoring chemical and bio-
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chemical reactions inside metal containers [4]. In order to detect ZULF NMR signals,
atomic magnetometers are often used. Their main advantages are low price, small size,
and non-cryogenic operation, leading to technical simplicity and near-zero maintenance
[5]. This is further reinforced by the ever-growing commercial availability of such sensors.

In the following section, the basic principles of ZULF NMR spectroscopy are discussed.
The subject is covered in the context of the dissertation. Further discussion of ZULF

NMR can be found in Refs. [1, 5, 16].

2.2.1 Introduction of Zero-Field Nuclear Magnetic Resonance

Operation at ZULF requires attenuation of external magnetic fields (e.g., the Earth’s
magnetic field). Specifically, zero-field conditions are achieved when the Larmor preces-
sion of a nuclear spin I, in the residual field of the magnitude By, is smaller than the spin
relaxation rate 1/75:

1

i Bol < 7 (2.36)

As a result, contributions of the external-field-dependent spin interactions, such as the
Zeeman effect or chemical shift, are negligible. Moreover, in isotropic liquids consisting
of spin-1/2 at zero field, all spin-dependent interactions are averaged out to zero except
for the J-coupling.

Let us now consider a coupled spin system with two spin-1/2 nuclei [ and S at zero

field. The total nuclear spin Hamiltonian H is equal to the J-coupling Hamiltonian H.:

A A

H=H;=JsI-8, (2.37)

where S and I are the corresponding spin operators and Jig is the J-coupling constant
between the nuclei.

In order to generate an observable zero-field signal, the nuclear spins need to be po-
larized. At zero field, sufficient polarization can be achieved conventionally with thermal
prepolarization (prior to the measurements), using a permanent magnet that is placed

outside of the detection region. Alternatively, instead of thermal prepolarization, hyper-
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Figure 2.10: Energy levels of the eigenstates for a coupled spin-1/2 pair under the- high
and zero-field conditions. Note that the two diagrams are not drawn to scale.

polarization techniques can be used. Both techniques are discussed below.

2.2.2 Generating Zero-Field NMR Signal by Thermal Prepolar-
ization

As illustrated in Fig. 2.10, the eigenstates of the molecule, consisting of two coupled
spin-1/2 at high and zero fields, are different. When the Zeeman interaction is dominant
(high field), the system is described by the projection of the individual spins onto the
guantization axis (often coinciding with the static magnetic field), forming the |aa), |aRR),
|[Ra), |RR) eigenstates. When the J-coupling dominates (zero field), the eigenstates of
the system are those of the singlet (total spin zero) and triplet (total spin one) states,

|So), |To), |T+), [T_). The states correspond to the high-field states via:

Ty) = |aa),
1
To) = —=(laB) + |af)),
V2 (2.38)
1) = |88),
1
|S0) = ﬁ(la@ — |aB)).
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2.2.2.1 Sudden Transfer to Zero Field

After prepolarization at high field that is applied along the quantization axis z, the initial

density matrix ppo can be written as:

ﬁpo1 X (w]fz -+ ngz) = wI ; s (fz -+ SL) -+ 21 ; ws (fz — §Z> s (239)

where w; and wg are the Larmor frequencies of the corresponding fields at the prepo-
larization field Bpo. If the guiding field is suddenly turned off, the high-field state is
maintained during the transfer to zero field. As derived in Ref. [17], the high-field den-
sity matrix can be projected onto the zero-field basis, so that the prepolarization state

|[Eq. (2.39)] can be rewritten into the zero-field basis

wr + ws
2

Wr — Wwsg
2

(T T =TT + (1S0) (Tl = 1To)(Sol),  (2.40)

Psudden X

which contains coherences between the |Sp) and |Tp) states. Since this matrix does not
commute with the J-coupling Hamiltonian (2.37), the state immediately starts to evolve,
giving rige to an oscillating magnetic field. The field can be detected by a sensor with a
sensitive axis along the z-direction (Fig. 2.11a). This time-dependent signal, related to
the oscillating magnetization of the sample (M,)suaden, can be derived using Egs. (2.32)
and (2.39):

<Mz>sudden(t) X TI'{(’HI; + ’}/ng)e_iﬁjtﬁsuddeneiﬁjt} (2 41>

X Bpol(vr — vs)? cos(2m Jyst),
where in the second line we used Eq. (2.33).

As seen in Eq. (2.41), the net magnetization of the system oscillates along the z-axis
(the direction of the initial polarization) at the coupling constant J;g that is typically
given in frequency units. The Fourier transform of this time-domain signal yields a
J-spectrum with a single peak at the frequency J;s. The amplitude of the oscillating
magnetic field depends on the prepolarization field as well as the square of the gyromag-

netic ratio difference of the coupled nuclei. Therefore, one of the main limitations of

25



THEORETICAL BACKGROUND

zero-field NMR is that only heteronuclear systems are directly observable with the tech-
nigue. Nonetheless, the homonuclear couplings can be observed through perturbation of
the heteronuclear couplings.

It should be noted that the spin system also produces non-oscillating (static) magne-
tization along the z-axis (the zero-frequency peak). Since this peak is not used for chem-
ical analysis, it is beyond the scope of this work and hence is not included in Eq. (2.41).

Nonetheless, one can find discussion of the static magnetization in Ref. [18].

Figure 2.11: Time dependence of the static magnetic field during sudden transition exper-
iments without (a) and with (b) an additional transverse DC magnetic pulse. The initial
period of prepolarization in the strong field Bpol is followed by a non-adiabatic transport
through the guiding field and eventually the sample reaches a magnetically-shielded re-
gion. The guiding field Bsol is then switched off suddenly and the signal is either observed
immediately (a) or a sharp DC pulse is first applied in the x-direction, which allows to
observed an enhanced signal (b). The energy levels and induced transitions are presented
with the spin quantization axis aligned with Bsol (@) and Bp (b).

In an alternative approach, after switching off the guiding field, a sharp, transverse

(x- or y-oriented) DC pulse, with duration tp and amplitude Bp, is applied (Fig. 2.11b).

Unlike conventional NMR, in this case, the DC magnetic field is preferred. This is so

because the Larmor frequency is zero in the absence of an external magnetic field. For

instance, in the coupled spin-1/2 spin system, the Hamiltonian for a DC x-pulse is given
by:

Hy = v Byly + 75 BpSa. (2.42)

During the pulse, J-coupling evolution is neglected by assuming Bpyl,Bp7s > Jis

In this case, the DC x-pulse rotates spin 1 and S by angles 01 = yiBptp and 0s = ysBptp
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Figure 2.12: (a) Amplitude of the zero-field NMR signal of the 1H-13C nuclear system
versus the 1H rotation angle On induced by the field applied in x. The dots correspond
to numerical simulations (SpinDynamica), while the solid line is determined based on
Eqg. (2.44). The signal is normalized to the maximum amplitude. (b) Experimental
J-spectra of 13C-labelled formic acid after the sudden transition to the zero field with-
/without the optimum x-pulse. The spectra are the result of four averages.

around the x-axis. Thus, after the pulse, the density matrix ppuise is:

. Wy +ws [+ -
ppulse X 9

I, cosO; + S‘Z COS 93) + % ([Z cos 0; — S‘Z COS 93> X (2.43)

Through the analysis of Egs. (2.39) and (2.40), it is clear that the term 1z +Sz is diag-
onal in the zero-field basis and hence it does not evolve over time. As this term remains
stationary under Ha, it corresponds to decaying static magnetization as mentioned above
for the previous case. However, the term Iz — Sz evolves due to the Hamiltonian, giving
rise to a signal oscillating at Jis.

It is noteworthy that, with optimum pulsing, the factor next to 1z — Sz can be max-
imized. This is achieved when two prefactors in terms in Eq. (2.43) are swapped. The
dependence of coherence (off-diagonal terms which evolves) amplitude on the rotational

angle of the transverse pulse can be derived as:

w1+ws

Peoherence X (cos O — cosbs) + % (cos b — cosbs) . (2.44)

If the gyromagnetic ratios of both spins have the same sign, an angle of the pulse,
maximizing the coherence amplitude, satisfies one of the following conditions: cos 01 =
and cos0s = —1 or cosOr = —1 and cos0s = 1. For example, for a 1H-13C system, in

which yc/yh — 1/4, these conditions are achieved when On « 4n and Oc « n,
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Figure 2.13: Behavior of the 1H-13C system after applying a transverse DC n pulse
for 13C following thermal prepolarization and sudden field switch (see main text for
experimental detail). The blue and orange vectors represent magnetization of 13C and 1H
nuclei, respectively. The navy blue line shows the total magnetization over time which is
an oscillation evolved from quantum beating under J-coupling in this situation.

To support the discussion, the zero-field NMR spectra of the 1H-13C system are simu-
lated using the SpinDynamica package for Mathematica [19]. In Fig. 2.12(a), amplitudes
of the signals simulated for different pulse lengths are shown as orange points. Simu-
lations are performed using a finite-length pulse with an amplitude of 50 ~T, which is
realistic for an experimental implementation. The relationship between signal intensity
and pulse angle is then calculated using Eq. (2.44) and shown in Fig. 2.12(a) as a blue
solid line. As shown, both approaches give consistent results.

For educational purposes, the evaluation of the 1 — Sz term in the 1H-13C system, af-
ter application of the optimal pulse (4n rotation for 1H and n rotation for 13C), is shown
in Fig. 2.13 using the semi-classical vector model. In this particular case, after pulse
rotation, the I — Sz term arises from the first term in the initial density matrix (2.40).
Therefore, the amplitude of the corresponding coherence depends on the population dif-
ference between the |T+), |T_) states, because the transitions occur between these states
and |So) states [Fig. 2.11(b)].

After applying the optimal pulse, the detectable component of the magnetization M:

is proportional to [1, 20]:

(M) puise(t) o< Tr{(vL, + 755, )e~ T j et}
(2.45)

8 Bpol(’YI + VS) (7] - ’}/5) COS(QWJ]St).
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By comparing the z-magnetization amplitudes for sudden transfer without [Eq. (2.41)]
and with [Eq. (2.45)] the transverse pulse, the signal enhancement due to the optimized
DC transverse pulse can be calculated. For the 'H-3C system, the signal enhancement
is:

~ 1.67. (2.46)

As a supporting result, the experimental spectra of *C-label formic acid are shown
in Fig. 2.12(b). The spectra present two discussed cases measured with and without the
transverse pulse applied after the sudden transition to the zero field.

It is worth mentioning that the application of the z-pulse after sudden transfer does
not contribute to the signal, as the initial density matrix pp commutes with the z-field

Hamiltonian.

2.2.2.2 Adiabatic Transfer to Zero Field

If the guiding field is turned off slowly, population of the high-field eigenstates converts
to the population of the zero-field eigenstates, and the density matrix remains diagonal
in the eigenbasis of the Hamiltonian at each stage of the transfer. Thus, there are no
coherences after this adiabatic transfer (as pp, commutes with H 7). To generate the
coherence, a DC pulse should be applied either along the transverse (- or y-) direction
or longitudinal (z-)axis.

Similarly to the sudden transfer, after application of the transverse pulse, the first

term of the initial density matrix ppo evolves according to:

ﬁtransverse X % (COS (9] — COS (95) ) (247)

where the amplitude of the corresponding coherence depends on the population difference
between the |17, ) and |T_) states, the same as in the sudden-transfer case. On the other

hand, the z-pulse causes the transition between |Sp) and |1} due to the second term of
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the initial density matrix ppol, which is derived in Ref. [17] as:

Wy — Wws

ﬁlongitudinal & (Sin (9] — sin (95) . (248)

It can be easily calculated from Egs. (2.47) and (2.48) that the optimum angle to
maximize the coherence amplitude is the 7 pulse for *C (47 for 'H) in transverse direc-
tion, and the 7/6 pulse for 1*C (27 /3 for 'H) in the longitudinal direction. Furthermore,
for a two-spin system, the ratio of amplitudes of signals following transverse and vertical

pulses are given by

(2.49)

2.2.3 Interpretation of Zero Field ./-Spectroscopy

Several studies introduced methods for the interpretation of zero-field NMR spectra [3,
21, 22]. Here, these interpretation methods are discussed using representative zero-field
NMR spectra.

In a simple XA, nuclear spin system, composed of a heteronucleus X and a set
of n magnetically-equivalent nuclei A, in absence of other interactions, the total nuclear

spin Hamiltonian # is the heteronuclear J-coupling Hamiltonian:
M= JxaS Ty = JxaS- ) L= JxaS- 1Ly, (2.50)

where Jxa is the coupling constant and S and iAyi are the spin vector operators, corre-
sponding to the spin X and the individual spins A, while I, denotes the total spin of
all A nuclei. Due to the dominant scalar interaction, the spins Iy and S couple into the
total spin F', F = I, + S. The energy levels, mainly defined by three quantum numbers

S, In, and F', allow one to calculate the eigenenergies of the levels:

EY = % [F(F+1)—Ix(Ian + 1) = S(S+1)], (2.51)

where F' ranges from |Iy — S| to Ix + S by unity. Additionally, the magnetic quantum
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number mpg can be defined for energy sublevels, which takes one of the 2F -+ 1 integer
values between — F and I separated by a unity, mp = —F,—F + 1,..., F. For the XA,
spin system, the observable transitions between the eigenstates of the energies given by

Eq. (2.51) can be found by employing the selection rules [23]:

Al =0,
(2.52)
AF = 0,41

It should be also mentioned that an additional selection rule for the quantum number
mp emerges. The rule depends on the quantization axis, which is chosen to explain energy
levels and observable transitions (Fig. 2.11). If the pulse is applied along the z-axis, the
selection rule is Amp = 0. On the other hand, when the pulse is applied along one of
the transverse axes, the selection rule is Amp = £1 [22].

Using the selection rules and the energies of the levels introduced in Eq. (2.51), one
can show that for a system of spin-1/2 nuclei (S = Ix; = 1/2) and an even number of A
nuclei, the ZULF NMR spectrum consists of (n + 1)/2 lines at frequencies from Jxu to
(n + 1)Jxa/2 with the Jxa intervals. Analogously, if n is even, the spectrum consists of
n/2 lines at frequency from Jxa /2 to (n + 1)Jxa /2 with the Jxa intervals [21].

To demonstrate the ability to chemically fingerprint using zero-field NMR spectroscopy,
a mixture of *C-methanol and 2-'*C-acetonitrile, i.e., two compounds of the same XAs
spin topology, was first investigated. As explained above, the zero-field NMR. spectrum
of the XAj3 spin system consists of two peaks at the frequencies Jxa and 2Jxa, corre-
sponding to the transitions between the F' = 0 and F = 1 states and the F' = 1 and
F = 2 states [Fig. 2.14(a)]. In Fig. 2.14(b), the *C-methanol spectrum, consisting of two
peaks at Joy ~ 141 Hz and 2Jcg ~ 282 Hz, and 2-'*C-acetonitrile spectrum, consisting
of two peaks at Joy &~ 136 Hz and 2Jcy &~ 272 Hz, are shown. In the mixture, all four
distinguishable zero-field peaks are observed in the spectrum [Fig. 2.14(b)|. It is worth
noting that zero-field NMR spectrum is solely determined by the .J-coupling interactions.
Although in high-field NMR, these interactions are also present, they are observed indi-

rectly as a splitting of the main peaks, arising from magnetic precession of spins (e.g., 'H
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or 13C peaks).

The measurements shown in Fig. 2.14 were obtained using the thermal-prepolarization
approach and the following sudden transition to the zero field. The details of the ex-
perimental method and data analysis are described in Chapter 3, where the subject is

discussed in the context of organophosphorus compounds that are larger spin systems.

Figure 2.14: (a) Energy levels and observable Ame=0 transitions for XAs spin system
in zero-field NMR (see main text for details). The manifold are grouped by the quantum
number la = 1/2 (top) and Ia = 3/2 (bottom). Each state is labelled by its charac-
teristic quantum numbers (F and mr). (b) Zero-field spectra of neat 13C-methanol (16
transients), neat 2-13C-acetonitrile (16 transients) and the mixture of these compounds
(64 transients). The noise peaks at 50 Hz and its harmonics, stemming from a power line,
are filtered out.

More complex spin systems, (XAn)Bm, contain a heteronucleus X and two sets
of homonuclei (n nuclei A and m nuclei B) with a dominant Jxa-coupling and weaker
Jxe- and Jas-couplings. The J-spectra of such spin systems can be explained using
perturbation theory. The gist of this approach is that the weaker couplings perturb the
system determined by the stronger coupling, which results in shifting or spitting of NMR
lines observed in the spectrum [21]. To examine the (XAn)Bm spin systems in more
detail, we define additional spin operators. They are the total spin operator of all B
nuclei Ie = nle.,i and the total spin operator of the system Fr = I + F, with F1

being a total-spin quantum number ranging between |Is — F| and I8 + F by a unity.
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As shown in Refs. [21-23|, using the operators and the corresponding quantum numbers,
the energy shift ! from an unperturbed energy of the level, calculated in the first-order

perturbation theory, is:

. Jxs + JaB
Bl =28 AR EL(Fr + 1) — F(F +1) — Ig(Ig + 1)), (2.53)

where Jip and Jig represent the scaled J-coupling constants that can be written as:

1 JIxs S(S+1) = Ix(Ip + 1)
Jxp = 5 1+ F(F+A1)A I »
1 7JAB IA(IA+1)—S(S+1) ( )
JaB = 9 1+ FOEET) .

To find observable transitions between shifted energy levels, we employ the following

selection rules [21]:

Aly = Alg =0,
(2.55)
APy =0, %1,

which allows us to approximately determine the position of the split lines. To predict
the frequency of the lines more precisely, higher-order terms must be included. This is
especially needed in cases where closely spaced spectral lines correspond to transitions
that are degenerate to the first order. Spectral lines with a distance of up to 0.1 Hz,
degenerate within the first-order perturbation theory, can be distinguished by includ-
ing second-order corrections or by exact numerical diagonalization [22]. However, even
the first-order calculations are an approximate solution, they can provide an intuitive,
qualitative interpretation of zero-field spectra.

As an example of the more complex system, the spectrum of [2-1*C]-L-alanine, being
the X ABj spin system, is shown in Fig. 2.15. [2-!3C|-L-alanine is composed of one **C spin
and a single 'H spin with one-bond coupling J!j; = 146.1 Hz and three equivalent 'H spins
with two-bond couplings J2;; = —4.5 Hz. The homonuclear coupling constant between

the inequivalent 'H spins Jiy is 7Hz [24, 25]. The homo- and heteronuclear couplings
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Figure 2.15: Energy-level diagram ofthe XA and (>XA)B:s spin systems (magnetic-sublevel
structure is not shown) along with the ZULF NMR observable transitions indicated by
dashed arrows (left). Experimental zero-field spectrum of [2-13C]-L-alanine with an inset
showing the molecular structure of the compound (right). The high-frequency transitions
are denoted by vi-s. The manifolds are grouped by the quantum numbers Ia and Ie and
each manifold is labelled by its quantum number F or F+. The peak observed in the
spectrum at 150 Hz and marked by a black star is a third harmonic of 50 Hz power-
line noise. The details of the experimental method and data analysis are described in
Chapter 3.

of the groups with exchangeable protons of the -OH and -NH groups are averaged out
under the rapid chemical exchange. This topic is discussed in further detail in Chapter 4.

The energy-level structure of the XA spin system is shown in Fig. 2.15. The levels
are split and shifted due to weak Jxe and Jae as shown in the diagram corresponding to
the XABs spin system. The frequencies of the observable transitions are calculated using
the first-order perturbation and are presented in Table 2.1. The high-frequency peaks,
associated with AF = 1, are labelled in the [2-13C]-L-alanine spectra as vi-s. Since low-
frequency peaks, arising at frequencies lower than 4 Hz and associated with AF = *1
transitions, are not evident in the experimental spectrum due to their spectral overlap
(3 transitions within a 2 Hz window and larger linewidths of the peaks) and flicker (1/f)
noise, they are not presented in the figure. The flicker noise is usually observed at low

frequencies and its amplitude strength is inversely proportional to the frequency.
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Table 2.1: Frequencies v of allowed transitions between levels characterized with the
quantum numbers F' and Fy, corresponding to the dominant spin subsystem XA and total
spin of the whole (XA)Bj3 system, obtained using the first-order perturbation theory. The
J-coupling constants for [2-1*C]-L-alanine, (XA)Bs, are used for perturbative calculation
(see main text).

Fr F v v (Hz)
12— 1/2 [0~ 1 || 1/4(Jxp + Jag) + Jxa | 146.7
1/2—3/2 | L= 1| 3/4(Jxp + Jap) 1.9
3/21/2 [0 1 || =5/4(Jxs + Jap) + Jxa | 143.0
3/2I—>3/2 0—1 —1/2(JXB+JAB)+JXA 144.9
3/2l—>5/2 0—1 3/4(JXB+JAB)+JXA 148.0
3/25/2 | Lo 1 || 5/4(Jxp + Jap) 3.1

For even more complex spin systems than (XA, )B,,, the first-order calculation
might not be straightforward. In such a case, to be able to interpret J-spectra, simu-
lations can be performed by numerical diagonalization of the density matrix, using the
high-performance library for spin simulations [3, 26]. *N-pyridine with its XAA’'BB’C
topology can be an ideal example of such a complex spin system. This compound con-
sists of one N spin and 5 magnetically inequivalent 'H spins. A and A’ represent the
chemically equivalent, however, magnetically inequivalent spins. In brief, the chemical
equivalence is called for the same isotopic species when they precess at the same fre-
quency (the same chemical shift). When the spins are chemically equivalent and have
identical couplings to all other spins in the molecule, they are known as magnetically
equivalent. Fven if A and A’ spins precess at the same frequency in the field, they
display distinct coupling networks, as demonstrated in the Table A.1. The J-couplings
between magnetically equivalent spins are unobservable.

In Fig. 2.16, the simulated and experimental zero-field spectra of >’ N-pyridine are pre-
sented (details of the experimental method and data analysis are described in Chapter 3).
Due to the long relaxation time of the pyridine molecule, narrow lines are observed in its
J-spectrum. Despite the complex pattern of the spectrum, which is difficult to predict
by basic calculations, numerical calculations allow determination of the pyridine unique

spectrum, which agrees well with the experimental results. This paves the way for pattern
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Figure 2.16: Simulated and experimentally measured zero-field spectra of 1sN-pyridine.
The J-coupling values used for the simulation are given in Table A.1

recognition using zero-field NMR.

2.2.4 Ultralow-Field NMR

If the spins precession is larger than the transverse relaxation rate, i.e., when |yBo| >
1/T2, but the Larmor precession difference is still smaller than the J-coupling Jxa between
the nuclei, i.e., |B(yi — ys) < |Ixa|, we may consider the ultralow-field (ULF) range.
Under the ULF regime, the total nuclear spin Hamiltonian H is equal to the sum of

the J-coupling Hamiltonian Has and the Zeeman Hamiltonian Hz, which arises from the

interaction of all nuclei with the external ultralow field B:

H=H,+Hz=Hs— > (vli-B), (2.56)
4
where li and Yi are the nuclear spin operator and the gyromagnetic ratio of the it nucleus,
respectively.

To provide a comparison between zero, ultralow, and high-field regimes, 13C-methanol,
being the XAs spin system, is considered. In presence of an ultralow transverse (x- or y-
oriented) magnetic field, the unperturbed (zero-order) energy-level structure of the XAs
system is modified due to the Zeeman interaction (Fig. 2.17). In this situation, the
selection rules for observable transitions are determined as AF = 0, +1, Ala = 0, and
Ame = %1 [27] where the quantization axis is chosen along the applied small perturbative
field direction, namely transverse axis.

As derived in Ref. [27] using first-order perturbation calculations, in the system with a
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Figure 2.17: (a) Schematic energy-level diagram of the XAs spin system at the ultralow
field. In the presented case, the spin gquantization axis is oriented along the magnetic
field. The observable transitions are represented by vi-i11. The manifolds are grouped
by the quantum number l1a. (b) Experimental ultralow-field spectrum of 13C-methanol.
The black star denotes 1/f noise. The peak denoted by red star arises from precession
of uncoupled 1H spin of 13C-methanol.

total spin 1a = 1/2, which at zero field has a single line at a the frequency JcH, additional
line can arise at low frequency when there is non-zero magnetic field. The line appears

at:

v :’Y]+’Ys
! 2

B,, (2.57)
and it is a result of a transition between successive magnetic sublevels of the F = 1 state.
For the total A-nuclei spin la= 3/2, the line at 2JcH is observed at zero field. However,
due to the Zeeman interaction, the energies of magnetic sublevels change at non-zero field,

both inthe F =1 and F = 2 levels. The energy shifts of the magnetic sublevels lead to

the transition of the frequencies vz and vs in the F =2 and F = 1 levels, respectively:

3
Vo — WBI’
2.58
O — s (2:58)
V3 — TBm

The calculated frequency of observable transitions between the manifolds are summa-
rized in Table A.5. The experimental ultralow-field spectrum of 13C-methanol is presented
in Fig. 2.17 by defining all peaks with the corresponding transitions. The peak stemming

from the precession of uncoupled 1H is discussed further in Chapters 6 and 7.
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2.2.5 Detection of Zero and Ultralow Field NMR:

Optical Magnetometry

In conventional NMR, inductive detectors (pick-up coils) are used. The sensitivity of
such sensors depends on an oscillating-field frequency and hence the static magnetic-field
strength [28]. As the Larmor frequencies in high-field are on the order of tens or even
hundreds of megahertz, pickup coils are well suited for the detection of NMR. signals.
In zero and ultralow fields, however, the dominant interaction comes from the scalar
coupling, which ranges between a single and hundreds of hertz. For detection of such
fields, conventionally used inductive sensors are not suitable.

Several methods were introduced to acquire ZULF NMR signals. Initially, zero-field
experiments were performed by field cycling [29]. In this method, a sample is polarized in
a high field and then transferred to the zero-field region for evolution. Finally, the sample
is transferred back to the high-field region and measured with a high-field instrument.
The field cycle approach is time consuming due to the need to detect the signal point by
point by varying the evolution time in the zero field.

An example of a non-inductive detection method that was used for ZULF NMR is the
superconducting quantum interference device (SQUID). Such sensors achieve a sensitivity
of about 10 fT/+/Hz [30], which makes them particularly attractive for the measurements.
SQUIDs were used for both spectroscopy and imaging and their advantages, such as lower
requirements for relative field homogeneity and the ability to measure in the presence of
a metal object, were demonstrated [31, 32]. However, the necessity of a cryogenic cooling
limits applicability /portability of the technique as well as increases its cost. Another non-
inductive magnetic sensor is nitrogen-vacancy (NV) centers in diamond. The NV center
have optically accessible electron spin states, which enables initialization and readout of
the state. Moreover, the state is magnetically sensitive, thus can be used for magnetic-
field detection. Unfortunately, the sensitivity of the method is still in the nT/v/Hz range,
l.e., it is significantly lower than those of SQUID (and atomic magnetometers discussed

below and used in this dissertation) [33]. On the other hand, they are an attractive
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method for nanoscale NMR because of their small size and ability to be positioned closer
to the target sample [34].

In this dissertation, 8" Rb atomic magnetometers are employed to detect ZULF NMR
signals. The principle of this, used in this dissertation, magnetic-field sensors may be
explained as follows: (1) Resonant, circularly polarized laser generates atomic (total-
angular-momentum) polarization of alkali atomic vapor, creating their bulk magnetiza-
tion along the optical pumping axis; (2) External magnetic field, originating from the
NMR sample, causes the Larmor precession of the atomic polarization/magnetization;
(3) Precession changes optical properties of the atomic vapor, which manifests by modifi-
cation of properties of light. Monitoring these properties allows one to measure magnetic
fields generated by NMR sample [35].

The main advantages of the atomic magnetometry is its low cost, as well as small
size and non-cryogenic operation of the sensors. Combined with ever-growing commer-
cial availability of the sensors, these are the attributes that make the magnetometers
particularly attractive for ZULF NMR. These are also the main motivation for using the
magnetometers for research presented within this dissertation.

The study presented in the dissertation can be divided into several groups with regard
to the applied magnetometric scheme. Measurements of zero-field spectra of thermally-
prepolarized samples are presented in Chapters 3 and 4. For the measurements, the
home-built atomic magnetometer was used. On the other hand, for the ZULF NMR
studies exploring parahydrogen-based hyperpolarization, i.e., the research presented in
Chapters 5 and 6, a setup with commercially available magnetometers was used. The
combination of commercial magnetometers with the piercing solenoid, enabling ultralow-
field NMR, is described in Chapters 6 and 7. A comprehensive description of all these
setups is provided later when related studies are discussed. Nonetheless, some general
features of atomic magnetometry and its application in ZULF NMR are presented below.

The sensitivity of an atomic magnetometer is one of the main parameters determining
the applicability of ZULEF NMR in chemical and biochemical analysis. The fundamental

sensitivity limit of atomic magnetometers arises from spin projection noise. This noise
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can be recalculated in the limit on magnetic-field sensitivity, which is given by [35]:

1
6B = (2.59)

Va vV naTZa Vtm ’

where ~, is the gyromagnetic ratio of an alkali atom, n, is the density of alkali atoms
(here, ¥ Rb), Ty, is the transverse spin relaxation time of alkali-atom polarization, V'
is the vapor-cell volume, and t,, is the measurement time. It is easy to deduce from
Eq. (2.59) that to maximize the sensitivity of atomic magnetometers, one needs to in-
crease the vapor density and relaxation time. A higher vapor density is achieved by
increasing the temperature of a gas container (vapor cell), since it is a function of the
parameter. Furthermore, the relaxation time is improved under low magnetic field with
high alkali vapor density since the spin-exchange relaxation, being one of the main sources
of relaxation in atomic vapors, vanishes when the spin-exchange collision rate is higher
than the Larmor frequency of the atoms. This regime is known as a spin-exchange
relaxation-free (SERF) [36]. The sensitivity of an atomic magnetometer operating in the
SERF regime reaches < 1fT/v/Hz. However, this sensitivity might not be adequate for
measuring ZULF NMR signals from dilute samples or samples containing low-abundance
isotopes, which are thermally polarized. To overcome this limitation, hyperpolarization
techniques have been used and this subject is discussed in further section as well as in
Chapters 5 and 6.

One of the drawbacks of an atomic magnetometer is its dead time. This is the time
between the device being saturated or turned off and the time when it resumes its full
measurement capabilities. It was discussed above that, for ZULF NMR measurements,
a static field or magnetic-field pulses are applied to the samples. Often the same field
also perturbs the atomic magnetometer. As the dynamic range of the magnetometer is
typically below 10nT, application of the field that is many orders of magnitude larger
saturates the magnetometers. Thus, even after the fields have been turned off, the mag-
netometer resumes its full sensitivity within ~ 30-50 ms. This constrains the ability to
measure NMR, samples with shorter relaxation times. Although the use of higher-power

lasers can reduce the dead time to &~ 1 ms [37|, this approach was not explored for ZULF
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NMR. It should be noted that the dead time in high-field NMR, arising from the use of
the same coil to pulse and detect the signal, is on the order of 5-10 us [38]. Thus, it does
not form a significant limitation for the measurements.

Another limitation of atomic magnetometers is their finite bandwidth. The bandwidth
is determined by the transverse relaxation time of the alkali polarization (it reveals the
opposite dependence on quantity as the sensitivity). The bandwidth of the magnetometer
used in the work presented in Chapters 3 and 4 is about 400 Hz. Therefore, the sensitivity
drops significantly above this frequency. However, despite this constraint, the ability of
atomic magnetometers to detect compounds with high J-coupling constants, such as

one-bond H-3!P, is discussed further in Chapter 3.

2.3 Parahydrogen-Based Hyperpolarization

The main drawback of ZULF NMR, as well as conventional NMR, is low sensitivity,
originating from the extremely low spin polarization of samples thermal polarized even
in the strongest magnets. To overcome this limitation, such hyperpolarization methods
as spin-exchange optical pumping, dissolution dynamic nuclear polarization (d-DNP),
chemically-induced dynamic nuclear polarization, and parahydrogen-induced polarization
(PHIP), were developed. Among them, parahydrogen-induced polarization methods are
of particular interest since they offer fast hyperpolarization with inexpensive and simple
equipment. To provide background for the studies presented in Chapters 5 and 6, the
main principles of PHIP and related techniques are briefly discussed in this section. A
detailed explanation of the spin dynamics and chemical kinetics behind parahydrogen-
based hyperpolarization can be found in several comprehensive reviews (see, for example,

Refs. [39-41]).

2.3.1 Parahydrogen

The hydrogen molecule consists of two coupled nuclear spin-1/2 particles. Due to the

difference in nuclear-spin configurations, it exists as two nuclear spin isomers: parahy-
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Figure 2.18: Left: Schematic representation of four possible states of the hydrogen
molecule: grouped in parahydrogen (pHz2) and orthohydrogen (oH:) states [42]. Right:
The equilibrium populations of the hydrogen isomers as a function of temperature (De-
tailed calculation for isomer fraction can be found in the Ref. [39]).

drogen (pH2) and orthohydrogen (oH2). Parahydrogen is a singlet state, i.e., it has a
total nuclear spin of I = 0 and only one magnetic sublevel mi = 0. Because of spin zero,
parahydrogen is non-magnetic and hence NMR silent. Orthohydrogen has a total nuclear
spin I = 1, therefore it has three magnetic sublevels (mi1 = -1, 0, 1) and is called a triplet.
These four spin states of the hydrogen molecule can be written on a singlet-triplet basis
as shown in Eq. (2.38). The hydrogen states are also artistically shown in Fig. 2.18.
The Pauli principle states that fermions, i.e., particles with half-integer spin (e.g., 1H)

are described by the antisymmetric overall wave function [43]:

The overall wave function of the hydrogen molecule can be written as the product of

the following five wave functions:

wtot _ wgrbw:pinwzibwzothpin’ (261)

where ~°rh is the wave function associated with the orbital motion of electrons, ~epin with
the electron spin state, ~”’b is the wave function associated with the vibrational motion of
the nuclei, O with the rotational motion of the nuclei, and with the wave function
related to the nuclear spin state. Since the first three wave functions (“orb,*ePn, ~*nb) are
all symmetric, the product of the rotational and nuclear spin wave functions (“not”*»pin)

must be antisymmetric.
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As the nuclear spin wave function of the singlet state |Sp) is antisymmetric under
the exchange of two identical fermions, the rotational wave function of pH, is symmetric
with its rotational ground state quantum number j = 0. On the contrary, the spin wave
functions of the triplet states |T1), |1o), and |T_1) are symmetric. Thus, the rotational
wave functions of oH, are antisymmetric with its rotational ground-state quantum number
j = 1. The rotational ground state of pHy has a lower energy than the ground state of
o, by about 120ecm ~! (173K) [39]. As a result, at room temperature (293K), the
composition of hydrogen gas is ~25% pH, and ~75% oHj, as the four states, following
the Boltzmann distribution, are almost equally populated. At lower temperatures, the
equilibrium distribution shifts in favor of the lower energy pHy, even Hy at its boiling
point (20.3 K) exists as almost 100% pH,y (Fig. 2.18). However, the transition between
the singlet and triplet states is strictly forbidden due to quantum mechanics. Thus,
the spontaneous conversion between isomers is extremely slow, unless the symmetry in
the hydrogen molecule is temporarily broken. This can be done by exposing hydrogen
molecules to a paramagnetic catalyst (such as charcoal or iron(IIl) oxide) so that the
spins experience a strong magnetic field. On the other hand, once the pH, is generated

at low temperature, it can be stored for several weeks even at room temperature [39].

2.3.2 Hydrogenative Parahydrogen-Induced Polarization

The alignment of the nuclear spins in parahydrogen can be transferred to other molecules,
resulting in drastically enhanced NMR signals. This allows one to overcome the limitation
of low sensitivity in NMR. In order to exploit the spin order of parahydrogen, the sym-
metry of the parahydrogen molecule must be broken. In the classical version of the PHIP
method, it is achieved via the addition of parahydrogen to an unsaturated substrate as a
consequence of catalytic hydrogenation. Because two protons become chemically and /or
magnetically inequivalent in the product molecule. It is worth pointing out that the
hydrogenation reaction must be performed in a pairwise manner. This means that two
atoms of the hydrogen molecule are added to the substrate together, maintaining the spin

order. Otherwise, the uncoupling of protons during the reaction causes the singlet order
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Figure 2.19: Top: Hydrogenative PHIP and PHIP-X reactions. In the presented scheme,
propargyl alcohol is hydrogenated using Rh-catalyst, yielding hyperpolarized allyl alcohol
(PHIP). This hyperpolarized product can be used as a transfer agent to hyperpolarize
a target molecule with exchangeable protons (PHIP-X). Bottom: SABRE and SABRE-
RELAY reactions. Parahydrogen and a compound with an amine group are bound to
an iridium catalyst, transferring the polarization to the amine group (SABRE). In the
following step, the amine group can be used as a source of hyperpolarized exchangeable

protons, thus polarization can be transferred to another compound through a chemical
exchange (SABRE-RELAY).

to disappear and unequal population of the Zeeman sublevels of the target molecule are
not achieved (molecule is not polarized).

In conventional NMR, there are two well-known procedures for performing PHIP
experiments: PASADENA (Parahydrogen And Synthesis Allow Dramatically Enhanced
Nuclear Alignment), where the hydrogenation reaction is conducted in a high magnetic
field, and ALTADENA (Adiabatic Longitudinal Transport After Dissociation Engenders
Net Alignment), where the reaction is carried out in a low field and then the product is
transferred adiabatically to the magnet for the NMR experiment [44]. These methods
are discussed to some extent below.

To understand the mechanism of PHIP experiments in an intuitive way, the popula-
tion approach is often considered [40, 44]. In this context, as the parahydrogen protons
are magnetically inequivalent in the target molecule, the protons can be considered as a
weakly coupled two-spin system (AX) isolated from the rest of the molecule. If the hydro-
genation reaction is performed using thermal hydrogen at room temperature (pHz2/o0Hz2=
1/3), the energy levels of this AX spin system (Jaa), |aR), |Ra), and |RR)) are almost

equally populated with a minor difference arising from the Boltzmann distribution, which
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is of the order of 10-5. As shown in Fig. 2.20, the four transitions between the states

give rise to two doublets with the same amplitude proportional to the Boltzmann factor.

Figure 2.20: Population models used to explain PHIP experiments (thermal polarization,
PASADENA, and ALTADENA). The energy levels and spectra are not drawn with scale.

When the hydrogenation reaction is conducted in a high magnetic field with 100%
enriched parahydrogen, only the singlet state is populated in the PASADENA approach.
Thus, the states with a partially singlet character |al3) and |3a) become populated. Due
to the selective population of these states, the NMR spectrum consists of two antiphased
doublets with great intensity arising from the large population difference (Fig.2.20).

On the other hand, if the hydrogenation reaction with 100% enriched parahydrogen
is carried out in a low field (outside the strong NMR magnet), the evolution occurs
in the strongly coupled spin system (in the singlet-triplet eigenbasis). Then only the
singlet states become populated. The adiabatic transfer to a high field ensures that the
system remains in the state corresponding to the high-field state |aR). Therefore, under
ALTADENA conditions, two antiphase peaks appear in the NMR spectrum due to the
transition between |3) and [alR) and |aa) and |al3) (Fig. 2.20).

Even though the population-difference approach allows us to simply predict the peaks
and their signs, it is not adequate to describe the whole process. This is particularly true
in more complex spin systems, where the density-operator formalism must be employed.

A further discussion on the subject can be found in Ref. [39-41].
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Figure 2.21: (a) Pairwise addition of parahydrogen to dimethyl acetylenedicarboxy-
late to form dimethyl maleate catalysed by [1,4-Bis(diphenylphosphino)butane](1,5-
cyclooctadiene)rhodium(l) tetrafluoroborate. The positions of 13C in the carboxyl and
vinyl groups at 2.2% natural abundance are indicated by green and blue stars. (b) Zero-
field spectra of hyperpolarized dimethyl maleate via repeated (five transients) PHIP (see
main text for the experimental details). The green and blue boxes highlight the peaks aris-
ing from hyperpolarized dimethyl maleate with 13C in the carboxyl group and the vinyl
group, respectively. The black star indicates the position of noises stemmed from the
experimental setup. (¢) Experimental and simulated spectra of hyperpolarized dimethyl
maleate with 13C in the vinyl group. The J-coupling values used for simulations with
SpinDynamica are given with structural formula.

The major limitation of PHIP is the necessity to use dedicated compounds with
unsaturated bonds. This shortcoming may be addressed by the exchange-based polar-
ization method called PHIP-X [45]. This opens means for hyperpolarization of many
biomolecules. The main principle of the method is the polarization of a suitable transfer
molecule (e.g., propargyl alcohol) and then successive transfer of the polarization to a tar-
get molecule via a proton-exchange process, occurring at a low magnetic field (Fig. 2.19).
PHIP-X has been implemented to hyperpolarize water, ethanol, pyruvic acid, and lac-
tic acid [45]. In Chapter 7, this method is further discussed with exciting results for
hyperpolarization of important biomolecules such as urea, glycine, and ammonium.

As first presented in Ref. [46], the hydrogenative-PHIP method can be employed for
spin polarization in zero-field NMR, yielding substantial signal enhancement. Unlike con-
ventional NMR, in ZULF NMR experiments, the spherical symmetry of parahydrogen
is broken by a DC pulse that induces the precession of different nuclear species at dif-

ferent angles (evolution under the J-couplings can be ignored during the pulse). Taking
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advantage of the absence of magnetic susceptibility, zero-field NMR has been used to
monitor the heterogeneous/biphasic hydrogenation reaction with continuous bubbling.
Furthermore, due to the greater penetration of the electromagnetic field into metals at
lower frequencies, monitoring chemical reactions inside metal containers becomes possible
[4]. It should be noted that for PHIP, ZULF NMR commercial atomic magnetometers
are advantageous because of their temperature stability, i.e., chemical reactions enabling
hyperpolarization are sensitive to temperature variation [6].

As an example of a preliminary study, zero-field spectra of dimethyl maleate hyper-
polarized with the use of PHIP are presented in Fig. 2.21. A sample of 1 M natural isotopic
abundance dimethyl acetylenedicarboxylate (DMAD) and 7 mM [1,4-Bis(diphenylphosphino)
butane| (1,5-cyclooctadiene) rhodium(I) tetrafluoroborate [([Rh (dppb)(COD)|BFy)| di-
solved in 500 pL of acetone was subjected to parahydrogen bubbling (~ 100 ml/min flow
at 6 bar) for about 20 s at zero field (to form hyperpolarized dimethyl maleate) followed
by a sharp DC pulse and then data acquisition. The sequence was repeated five times
until no clear spectral pattern remained. After four transients, no distinguishable signal
was obtained from the NMR sample. It can be shown that a concentration limit for the
detection of the compound using the method is at a level of tens of mM, however, a high
concentration of the substrate in the solution allowed us to obtain numerous transients
which can be averaged to increase the signal-to-noise ratio, as shown in Fig. 2.21(¢c). The
experimental setup and data analysis for zero-field PHIP NMR are explained in Chap-
ter 6. A more detailed discussion of the zero-field NMR, using PHIP can be found in
Ref. [47].

2.3.3 Non-hydrogenative Parahydrogen Induced Polarization: Sig-

nal Amplification by Reversible Exchange

An alternative parahydrogen-based polarization technique is non-hydrogenative PHIP,
also known as SABRE (Signal Amplification By Reversible Exchange), where a spin order
is transferred catalytically from parahydrogen to a molecule of interest without chemical

alteration of the target molecule (Fig. 2.19). Polarization transfer occurs through a
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scalar coupling when the hydrogen molecule and the substrate bind to the metal center
of the catalyst (e.g., Ir complex) simultaneously. The hydrogen molecule is attached to
the metal center in a dehydrated form. Since this bilateral exchange is reversible, after
the polarization transfer, derived orthohydrogen and hyperpolarized substrates dissociate
from the metal complex. This allows the SABRE procedure to be repeated by requiring
only parahydrogen as the consumable reactant within the process.

Polarization transfer can be conducted either in the low or high field. If this step
is performed at a low magnetic field, spontaneous polarization transfer occurs without
the need for nuclear spin manipulation by rf pulses [48]. The optimum polarization-
transfer field depends on a J-coupling network between the attached substrate and the
parahydrogen-derived hydride in the metal complex. Generally, the transfer of polar-
ization to the 'H nuclei of the substrate is observed in 5-8 mT field (e.g., in pyridine
through four-bond H-'H coupling), while N nuclei are polarized in 0.2-0.4 pT' field
through two-bond "H-'N coupling [49, 50]. To provide pT-field conditions, a mu-metal
shield is used, and this approach is named SABRE-SHEATH (SABRE in SHield Enables
Alignment Transfer to Heteronuclei) [51]. However, as a limitation, after polarization in
a low field, a sample must be transported quickly to the detection high-field region, where
NMR measurements are performed. However, the main advantage of ZULF NMR here is
its ability to perform in situ SABRE experiments at a low-field regime without the need
for sample shuttling [52].

Until now, SABRE has only been successfully implemented in zero-field NMR spec-
troscopy for the *N-pyridine molecule by achieving four orders of magnitude signal en-

hancement with respect to thermal prepolarization by a permanent magnet [6, 52, 53|.

As a preliminary study, the catalyst activation process was evaluated by obtaining
zero-field NMR spectra of "N-labelled pyridine [Fig. 2.22(a)]. A sample with 70 mM
"N-pyridine (CAS# 34322-45-7) and 2 mM Crabtrees’s catalyst, (1,5-cyclooctadiene)
(pyridine)-(tricyclohexylphosphine)-iridium(I) hexafluorophosphate (CAS# 64536-78-3),

dissolved in 300 ul. methanol was bubbled with parahydrogen (&~ 100 ml/min flow at
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Figure 2.22: (a) Schematic of the SABRE reaction. Parahydrogen and target compound
(pyridine) are temporarily bounding to an iridium catalyst, transferring the polarization
from parahydrogen to the molecule. (b) Experimental (512 averaged transients) and sim-
ulated zero-field spectra of SABRE-hyperpolarized 1sN-labelled pyridine. The J-coupling
values used in simulations are given in Table A.1. (c) Relative amplitude of the peaks
in zero-field spectra of hyperpolarized 1sN-pyridine versus transient number. Initially,
the upward trend in peak amplitudes is observed due to more potent activation of the
Ir-catalyst through continuous reversible bilateral exchange reactions (stage 1). After the
amplitude of zero-field peaks remains constant for a while (stage Il), the evaporation of
the sample over time due to continuous bubbling, reducing the amount of 1sN-pyridine
in the sample, results in a decrease in the NMR signal (stage I11).

6 bar) for 6 s at the zero field. After bubbling, a sharp DC pulse was applied to trans-
form the spin order to observable magnetization by breaking the symmetry of the initial
state for heteronuclear couples because nuclei with different gyromagnetic ratios rotate at
a different angle during the pulse. And then signal acquisition was started. The sequence
was repeated 512 times. As shown in Fig. 2.22(c), during repeated measurements, the
increment in peak amplitudes was observed in the zero-field spectrum of 1sN-pyridine
hyperpolarized by SABRE due to the elevated efficiency of catalyst activation over time
[54]. As a consequence of proper catalyst activation, the curve of relative amplitude ex-
hibits a plateau. Following the plateau, the relative amplitude of each transient gradually
decreases because of sample evaporation under continuous bubbling. This issue is dis-
cussed in more detail in Chapter 5 with an experimental design to prevent evaporation
of a sample during the SABRE experiments.

The main limitation of SABRE is the range of molecules that are amenable to hy-
perpolarization due to the need for the target molecule to reversibly bind to the SABRE

catalyst on a suitable timescale [55]. To improve the applicability of the technique,
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SABRE-RELAY is introduced which is based on a similar principle with PHIP-X ex-
plained above. The hyperpolarized substrate via the SABRE approach can be used as a
transfer molecule to yield a hyperpolarized target molecule through the chemical-exchange
process (Fig. 2.19). For conventional NMR spectroscopy, SABRE-RELAY has been used
to hyperpolarize various amides, carboxylic acids, alcohols, phosphates, and carbonates
by transferring polarization from hyperpolarized amine and ammonia [56]. Moreover,
recently, zero-field NMR has been combined with SABRE-RELAY technique to detect
hyperpolarized ['*C|-methanol, [1-1*C|-ethanol, and [2-'*C]-ethanol [57].

In this chapter, the basic principle of conventional NMR is discussed to provide a
background that enables explaining ZULF NMR. While introducing ZULF NMR spec-
troscopy on a theoretical level, the interpretation of the J-spectrum, which is an essential
tool to comprehend further chapters, is studied in detail. Additionally, the theoretical ex-
planations are supported with experimental examples. Furthermore, parahydrogen-based
hyperpolarization methods are examined for conventional NMR as well as ZULF NMR

under the scope of the dissertation.
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Chapter 3

Zero-field NMR of Organophosphorus Com-

pounds

The work in this chapter is based on material presented in the following publication [58]:

S. Alcicek, P. Put, V. Kontul, and S. Pustelny, "Zero-Field NMR J-Spectroscopy of
Organophosphorus Compounds", The Journal of Physical Chemistry Letters 12, 787-792
(2021).

3.1 Motivation and Overview

As mentioned in Chapter 2 previously, zero-field J-spectroscopy has been used success-
fully for thermal studies of isotopically enriched compounds containing *C and N nu-
clei. In this chapter, the study of the naturally abundant phosphorus-31 (*'P) nucleus is
presented using zero-field NMR.

Although some of the organophosphorus compounds are highly toxic chemicals utilized
as herbicides, insecticides, or fungicides; natural phosphorus-containing compounds play
vital roles in cell structure, energy metabolism, pH homeostasis, bone mineralization, etc.
[59-61]. The naturally abundant isotope of phosphorus (*'P accounts for nearly 100%
of the total phosphorus population) is an attractive target for NMR, due to its spin-1/2
property [62]. This is a particular reason why *'P magnetic resonance spectroscopy is used
for in vivo detection of phosphorus-containing metabolites such as inorganic phosphate,
adenosine triphosphate (ATP), and phosphocreatine, yielding information on intracellular
pH, cellular energy metabolism, and phospholipid metabolism in cells [62, 63]. This
information is valuable especially for the evaluation of tumor prognosis [64, 65]. However,

there are some difficulties with the technique, including long measurement time and
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complex data analysis [66].

This chapter presents theoretical and experimental studies on organophosphorus com-
pounds using zero-field NMR. In order to investigate relatively large spin systems, com-
pared to those previously studied, trimethyl phosphate and trimethyl phosphite were
measured and their J-spectra were analyzed and identified using a straightforward inter-
pretation method. To study yet slightly more complex molecules, dichlorvos and dimethyl
phosphite were successively used. With the J-spectrum of dimethyl phosphite, we demon-
strate the applicability of zero-field NMR in detecting compounds with a wide range of
J-coupling values. In particular, the spectrum of the molecule with the largest J-coupling
values ever reported in zero-field NMR was measured. An analysis of the spin system
was performed using the first-order perturbation theory. The spectra of the compounds
were also simulated to support the theoretical investigations. Finally, the J-spectrum of

dimethyl methylphosphonate is reported.

3.2 Material and Method

3.2.1 Sample Preparation

The experiments reported in this dissertation were performed using liquid NMR samples.
The general description of the sample preparation process for the studies presented in
Chapters 3, 4 and 7 can be found below:

For ZULF NMR experiments using thermal prepolarization, the NMR samples are
degassed and sealed to eliminate the paramagnetic effect of oxygen, which causes faster
relaxation (for a detailed discussion of this effect, see Chapter 7). This is achieved by
the freeze-pump-thaw method, which uses a glass vacuum manifold (Fig. 3.1). Standard
5 mm tubes can be attached to the manifold through a piston PTFE valve. A liquid-
nitrogen cold trap is placed between the glass vacuum manifold and a vacuum pump to
protect the pump from condensable vapors. High-vacuum J. Young needle valves allow
one to perform freeze-pump-thaw cycles. A cycle starts with cooling an NMR sample by

immersion of the tube in a dry ice-acetone mixture (-78°C) or liquid nitrogen (-196°C).
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Figure 3.1: Photographs of the sample-preparation setup. A glass vacuum manifold
with multiple channels is connected to a vacuum pump through a cold trap. During the
sample preparation, the cold trap is held in a liquid nitrogen container. A pressure gauge
is placed on top of the vacuum pump line to monitor the system pressure. High-vacuum
valves (J. Young and piston valves) are employed to perform freeze-pump-thaw cycles.
To freeze NMR samples, liquid nitrogen is used. A detailed explanation of the procedure
can be found in the main text.

The dry ice-acetone mixture cannot be used when the melting point of the sample of
interest is below -780C. On the other hand, the use of liquid nitrogen to freeze samples,
particularly those with water content, might break the NMR tubes because of rapid
cooling. To avoid the problem, such samples can be cooled down with nitrogen vapor
by keeping the samples above the liquid nitrogen. When the sample is frozen, the valves
are opened to vacuum the NMR tube. The pressure drop is observed using a pressure
gauge. When the pressure stabilizes, the valves are closed. Then, the liquid nitrogen
container is moved away and the sample begins to melt, freeing gas bubbles from the
solution. However, if we let the frozen sample thaw itself, the bottom of the sample
melts before the top part, which might cause the tube to break. Therefore, to control the
procedure, the tube can be heated from the top during melting by squirting it with tepid
water or acetone. The cycles are repeated until the pressure over frozen liquid reached
<10-4 mbar. The tubes are then flame-sealed under vacuum, while the valves are closed.
It is recommended that NMR tubes with flammable and/or temperature-sensitive samples

are flame-sealed while the samples are frozen.
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For this study, trimethyl phosphate (CAS# 512-56-1), trimethyl phosphite (CAS#
121-45-9), dimethyl phosphite (CAS# 868-85-9), dichlorvos (CAS# 62-73-7), and dimethyl
methylphosphonate (CAS# 756-79-6) were purchased from Sigma-Aldrich. Dimethyl
methylphosphonate was also sourced from Thermo Scientific to verify the reliability of
the method. The neat liquid samples (0.15 - 0.2 ml) were transferred into standard 5 mm
NMR tubes and degassed multiple times using the freeze-pump-thaw method as explained

above. The tubes were then flame-sealed under vacuum.

3.2.2 Experimental Setup

A single-beam spin-exchange relaxation free (SERF) atomic magnetometer [35] is em-
ployed for zero-field NMR measurements. In Fig. 3.2, a schematic of our zero-field NMR
setup is shown. The three-layer mu-metal magnetic shields attenuate external magnetic
fields to a level of 107%. Additionally, an innermost ferrite layer (not shown in Fig. 3.2)
is used to reduce magnetic noise stemming from thermal Johnson currents induced in
mu-metal. A set of coils located within the shielding is used to provide an absolute-
zero-magnetic-field region. Field shimming at the position of the NMR sample was per-
formed by measuring a neat *C-formic acid, until a single narrow line at ~222Hz is
observed in the J-spectrum. A rubidium-87 (¥*'Rb) vapor cell (3x3x3 mm?), containing
about 300 Torr of Ny as buffer gas, is placed on a resistively heated ceramic element. To
maintain a sufficient density of alkali vapor and operate in the SERF regime, the cell
temperature is maintained at 160°C [67]. To optically pump and probe the alkali polar-
ization and thus measure magnetic field, circularly-polarized, resonant (795nm) light is
employed to illuminate the cell. After passing through the cell, the intensity of the light
is measured by a photodiode. In this setup, the magnetic field is modulated along the
z-direction at high frequency (14 kHz) and the photodiode signal is demodulated at the
frequency. The phase-sensitive signal from a lock-in amplifier is used for magnetometric
purposes, providing sensitivity along the z-axis. The magnetometric sensitivity of this
setup reaches 60 fT/+/Hz level, while the measurement bandwidth is above 400Hz mean-

ing that sensitivity drops significantly above this frequency (for a detailed description of
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the experimental setup, see Ref. [18]).

Figure 3.2: Schematics of the experimental setup. After thermal prepolarization in a
1.8 T Halbach magnet, a sample is transferred to the magnetic shield, to the vicinity of
the 87Rb vapor cell. The z-component of the magnetic field, originating from the sample,
is measured by monitoring the intensity of light traversing a vapor cell. Adapted from
Ref. [58].

The samples are thermally polarized for about 20 s by a 1.8 T Halbach magnet [18]
located above the magnetic shield, and mechanically shuttled into a zero-field detection
region, inside the shield. During the transfer, taking about 300 ms, a guiding field of
roughly 100 pT is applied by a solenoid coil. When the sample reaches the detection
region, the guiding field is suddenly turned off to generate an oscillating zero-field NMR
signal [1]. As an alternative approach, a sharp transverse DC magnetic-field pulse along
the y-axis, following turning off the solenoid, is used to acquire signals with higher am-

plitude (see Sec. 3.3.3).

3.2.3 Data Processing and Simulation

Zero-field signal is often saved in the time domain and then converted to a function of
frequency by Fourier transform following the digital signal processing. A signal-baseline
drift, which results in a large, non-linear background, present in the magnetometer read-
out is removed by subtracting a high-order polynomial from the signal. The initial part
of the raw data obtained via the magnetometer consists of corrupted data points that
originate from the saturation of the magnetometer by a guiding field and a DC pulse (see

Sec. 2.2.5). Therefore, this initial recuperation period of approximately 30-50 ms of the
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signal is dropped. The missing data points are replaced by backward prediction using
Burg’s autoregressive all-pole model method [68]. To correct for non-optimal acquisition
time and minimize spectral leakage, the signals are apodized by decaying exponential and
subsequently zero-padded to provide sufficient spectral resolution. Additionally, a digital
notch filter is employed to remove 50 Hz magnetic noise and its harmonics. As the last
step of data processing, an ACMA algorithm was used for automatic phase correction
[69]. The entire data processing is performed using a digital signal processing software
(ZULF-DSP) on Python [70].

Simulations of zero-field NMR spectra are performed by numerical diagonalization
of the density matrix, using the high-performance library for spin simulations [3, 26].
The J-coupling values for the spin simulations are taken from the literature, providing a

match between the simulations and the experimental data.

3.3 Results and Discussion

3.3.1 Simple XA, Spin Systems

Trimethyl phosphate and trimethyl phosphite are XAg spin systems, where spin dynamics
are dominated by the 'H-*'P three-bond J-coupling (Fig. 3.3a). In the molecule, the effect
of the 3C nucleus is negligible due to its low abundance (1.1%). As in these compounds
all 'H nuclei are magnetically equivalent, using the rules described in Sec. 2.2, the allowed-
transition frequencies and hence the NMR-line positions are Jpy, 2Jpu, 3Jpu, 4Jpy and
5Jpu (Fig. 3.3b). Yet, due to their unique electronic environment, the Jpy-coupling values
of trimethyl phosphate and trimethyl phosphite are slightly different (11.0 Hz and 10.5 Hz,
respectively) and hence the resonances are at slightly different frequencies (Fig. 3.3c).
The experimental spectra (Fig. 3.3c) agree nicely with the results of the simulations
(Fig. 3.3d). Owing to narrow linewidths, all peaks are clearly distinguishable, allowing

for chemical differentiation of such compounds despite their identical spin topology.
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Figure 3.3: (a) Structural formulas of trimethyl phosphate (left) and trimethyl phosphite
(right) with heteronuclear J-coupling. (b) Energy-level diagram along with the observable
transitions of the XAs spin system. The manifolds are grouped by the quantum number
la, and each manifold is labelled by its quantum number F (the magnetic-sublevel struc-
ture is omitted for clarity). (c) Experimental and (d) simulated J-spectra of trimethyl
phosphate and trimethyl phosphite. The experimental spectra are the result of 128 aver-
aged signals. Adapted from Ref. [58].
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3.3.2 (XA,)B,, Spin Systems

Dichlorvos is an example of a (XAg)B spin system, which consists of one *'P spin and six
equivalent 'H spins coupled with three-bond couplings Jay; = 11.4 Hz and another, single
'H spin with a three-bond coupling J&; = 5.2Hz [60, 71]. Weak (<0.1Hz) six-bond
homonuclear J-couplings between inequivalent 'H nuclei are negligible in such a system.
Also, quadrupolar nuclei, 3*/37Cl, is neglected from spin system analysis, due to their fast
relaxations (see discussion in Chapter 4) [72]. In Fig. 3.4a, the zero-order energy-level
structure is demonstrated. The levels are split and shifted due to the weak Jxp-coupling
and the frequencies of the observable transitions are calculated using the first-order per-
turbation (Fig. 3.4b). The reason for the small systematic difference (~ 0.42 Hz) between
estimated and experimental peak positions is the inadequate difference between the weak
and strong J-coupling values, which reduces the precision of the first-order correction pro-
vided by a perturbative calculation. The low-frequency (<3.5Hz) AFr = £1 transitions
are not evident in the experimental spectra due to their spectral overlap. The spectral
overlap in the low-frequency range is a result of existing 6 observable transitions within a
2 Hz window, short relaxation times of dichlorvos (it reduces spectral resolution), and the
presence of excessive flicker (1/f) noise. The peaks resulting from AFp = 0 transitions
are scarcely visible in the J-spectra due to their relatively low amplitudes besides spectral
broadening stemming from fast spin relaxation rate (Fig. 3.4¢). On the other hand, as
shown in Fig. 3.4c, a good agreement is presented between measurement and numerical
simulation. The 2.5 times broader linewidth (0.85 Hz) in the measured dichlorvos spec-
tra compared to trimethyl phosphate is a result of a faster relaxation rate. This may
originate from the longer rotational correlation time of this larger compound [73].
Dimethyl phosphite is a (XA)Bg spin system with a coupling topology similar to
dichlorvos. The main difference from dichlorvos is the strongest J-coupling between 3P
and single 'H instead of six equivalent 'H nuclei. The one-bond coupling between 'H
and 3P is J&y; = 695 Hz and the three-bond coupling between six 'H and *'P equals J5;

= 11.7Hz [60, 74]. The zero-order energy-level structures of the XA and (XA)Bg spin
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Figure 3.4: Energy-level diagrams of the (a) XAs to (b) (XAs)B spin system and related
observable transitions. For the perturbed XAs spin system, vo-e denote the high fre-
quency (>3.5 Hz) AFT = #1 transitions. The manifolds are grouped by the quantum
number la and each manifold is labelled by its quantum number F or Ft. For clar-
ity, the magnetic-sublevel structure is omitted. (c) Experimental (solid orange line) and
simulated (solid blue line) dichlorvos spectra. The dashed lines are line positions (vVo-s)
predicted by the first-order perturbation theory. The experimental spectrum is the result
of 128 averaged transients. The heteronuclear J-coupling values used for simulation are
given with the structural formula. Adapted from Ref. [58]
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systems are shown in Fig. 3.5a and Fig. 3.5b, respectively. Weak four-bond homonuclear

J-coupling (<0.5Hz) between inequivalent 1H nuclei are neglected in this analysis.

Figure 3.5: Energy-level diagram of the (a) XA and (b) (XA)Bs spin systems along with
transitions observable at the zero field (dashed arrows). The high and low-frequency
transitions are denoted by vi-10 and v~—o, respectively. The manifolds are grouped by
the quantum numbers la and Ie and each manifold is labelled by its quantum number
F or Fr. (c) Experimental and simulated (blue solid line) spectra of dimethyl phosphite
along with transition predicted by the first-order perturbation theory (black dashed lines).
The heteronuclear J-coupling values used for simulation are given with the structural
formula of dimethyl phosphite. The experimental spectrum is the result of 128 averaged
transients. Adapted from Ref. [58].

The J-spectrum of dimethyl phosphite can be divided into two frequency ranges, which
arise from the presence of weak and strong couplings present in the molecule. The high-
frequency (670-720 Hz) transitions, denoted as vi-i1o, and the low-frequency (5-25Hz)
transitions, represented as va—o, were calculated using the J-coupling values given above
(Fig. 3.5c). It is noteworthy that the first-order calculation still produces systematic
line shifts and more notably does not reproduce additional line splitting seen both in
the experiment and exact numerical calculations (Fig. 3.5¢). The spectrum of dimethyl

phosphite contains the highest frequency lines reported to date in zero-field NMR. After
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averaging 128 transients, the signal-to-noise ratio (SNR) of the strongest line in the J-
spectrum in the low and high-frequency ranges are ~100 and ~25, respectively. While
both signals should have similar amplitudes, the difference in the signals originates from
a reduced sensitivity of the magnetometer at higher frequency (measurements beyond the
bandwidth). The simulated and experimental J-spectra yet again present an adequate
agreement at both low and high frequencies (Fig. 3.5¢).

The detailed results of the first-order perturbative calculation for dichlorvos and
dimethyl phosphite spin systems can be found below. The values of all observable transi-
tions are presented in Tables 3.1 and 3.2. Note that not all of the transitions in the case

of dichlorvos are visible in the experimental spectra, as explained above.

Table 3.1: Frequencies (v) of the allowed transitions between the energy levels char-
acterized with the quantum numbers F' and Fp, corresponding to the dominant spin
subsystem XAg, and the total spin Fp of the whole (XAg)B system, obtained using the
first-order perturbation theory. The J-couplings used for the perturbative calculations
are Jby = 11.4Hz and JB; = 5.2 Hz. Adapted from Ref. [58].

Fr F v v (Hz)
0~ 1| 1/2— 1/2 || Jxg 5.2
12| 1/23/2 || 1/3Jxp + 3/2Jxa | 188
0 1| 1/2—3/2 || =2/3Jx5 + 3/2Jx4 | 13.6
1—0|1/2—1/2 | 1/3Jxs 1.7
12| 3/20 3/2 | 2/3]x5 3.5
23 | 3/25/2 || 2/5Jxg +5/20xa | 30.6
23 | 5/2 5/2 || 3/5Jxs 3.1
2 1]3/2— 3/2 || 2/5Jxz 2.1
34| 5/20 7/2 || 3/TJxs + 7/20xa | 42.1
3+ 3 5/2'—>7/2 —1/7JXB‘|‘7/2JXA 39.2
23 | 5/20 7/2 || —4/TJxp + 7/2JxA | 36.9
S 4| 72 72 || 4T xn 3.0
32| 5/25/2 || 3/TJxs 2.2

For molecules with more complex spin topologies, the prediction of spectral patterns
via the perturbation theory might be challenging. Dimethyl methylphosphonate, be-
ing the (XAg)Bs spin system is shown as an example for complex 'H-*'P spin systems

(Fig. 3.6a). This chemical is composed of a single *'P spin, three equivalent 'H spins
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Table 3.2: Frequencies v of the allowed transitions between the energy levels characterized
with the quantum numbers F' and Fr, corresponding to the dominant spin subsystem
XA, and the total spin I of the whole (XA)Bg system, obtained using the first-order
perturbation theory. The J-couplings used for perturbative calculation are Jo; = 695 Hz
and JBy = 11.7Hz. Adapted from Ref. [58].

Fr F v v (Hz)
O0—10—=1]| Jxa 695.0
1—=2|0—=1|1/2Jxg+ Jxa 700.9
l—1]0—1 —1/2JXB‘|“JXA 689.2
1—=0|0—1| —Jxp+ Jxa 683.3

01| L1 1/2Jxg 5.85
T2 1 1| Jxg 11.7
2—310—1 JXB+JXA 706.7

2>210—1 1/2JXB‘|‘JXA 689.2
2—110—~1 —3/2]){3 + Jxa | 677.5
=2 1=1| Jxg 11.7
23| 1—1 3/2]){3 17.6
341011 3/2Jxp+ Jxa 712.6
3—3|0—1 —1/2JXB‘|‘JXA 689.9
3—=2|0—11| —2Jxg+ Jxa 671.6
23| 1—1 3/2])(3 17.6

with two-bond couplings of Ji;= 17.3 Hz, and six equivalent 'H spins with three-bond
couplings of J5;= 11 Hz [75]. The proximity of heteronuclear J-coupling strength in com-
pound influences the precision of the first-order perturbation calculation as mentioned
above. In the J-spectrum of dimethyl methylphosphonate, numerous multiplets are ob-
served in a 0-75 Hz window, resulting in a unique spectral pattern shown in Fig. 3.6b.
Even though the elucidation of each peak in J-spectra of such compounds is not sim-
ple, their specific spectral patterns can be used for chemical fingerprinting by serving
our primary goal. The consistency of the J-spectral pattern is crucial for the reliability
of the chemical fingerprinting determined by the zero-field NMR technique. To test it,
dimethyl methylphosphonate was purchased from two different suppliers and measured
many times using three different experimental zero-field NMR setups. Subsequent to em-
ploying two different software for post-processing, we obtained the same spectral pattern
and proved the applicability of zero-field NMR. as a tool for chemical fingerprinting and

pattern recognition.
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Figure 3.6: (@) Structural formula of dimethyl methylphosphonate with the heteronu-
clear J-couplings reported given in the literature [75]. (b) Experimental J-spectrum of
dimethyl methylphosphonate. The experimental spectrum is the result of 512 averages.

3.3.3 Generating Zero-field NMR Signal in 1H-31P Spin Systems

There are few ways to generate zero-field NMR signals as explained at length in Sec. 2.2
1H-13C spin systems. In this subsection, the generation of zero-field NMR signals orig-
inating from 1H-31P spin systems is comprehensively studied for different experimental
seguences.

Let us consider a zero-field NMR experiment of thermal-prepolarized sample that
undergoes non-adiabatic transfer from high field (polarization field) to the ultralow field
(guiding field). Since in our setup, the NMR tube is positioned above a sensor, i.e., along
the z-direction that is a magnetometer sensitivity axis, we analyze only the detection of
the z-component of magnetization Mz. In this case, after the transfer of the NMR sample
to the detection region (inside the shield), the guiding field applied by the solenoid is
suddenly switched off. Then the NMR signal is either acquired immediately (Fig. 2.11a)
or the signal acquisition follows a transverse DC pulse (Fig. 2.11b).

The calculation of the optimum transverse pulse angle is discussed in Sec. 2.2 for the
1H-13C spin system. If we use the same argument for the 1H-31P spin system, where
Yp/Yh 2/5, the optimal condition is achieved when rotation phase is On ~ 5n and
Op « 2n.

As derived in Ref. [17] and also in Sec. 2.2, applying the transverse DC pulse enhances

the NMR signal by ¢~-~a) for the XA spin system, compared to the NMR signal obtained

without the transverse pulse. Therefore, for the 1H-31P system, the achievable maximum
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signal enhancement is
(v +p)
(va —p)

~ 2.36. (3.1)

To support our inference and calculations, we simulate zero-field NMR signals of
the 'H-3!'P system using the SpinDynamica package for Mathematica [19]. The calcu-
lations are performed using a finite-length pulse with an amplitude of 50 uT, which
closely matches the experimental conditions (in the simulation, the J-coupling evolution
is present during the pulse). The amplitudes of such signals for different pulse lengths

are shown as red points in Fig. 3.7a. The signal-pulse dependence is then compared with

a more general analytical formula (solid line in Fig. 3.7a):

M,(0n) x (yq + vp) <COS Oy — cos z—P0H> + (vu — vp) <cos O + cos z—P0H> . (3.2
H H

derived in Ref. [76] for a similar 'H-1*C spin system as mentioned in Sec. 2.2. Figure 3.7b
shows simulated spectra for a simple 'H-2'P system, following the sudden transition to the
zero field with and without the optimal pulsing. The experimental signal enhancement

using a transverse DC pulse obtained for trimethyl phosphate is shown in Fig. 3.7c.

3.3.4 Limitations and Outlook

A major limitation of measurements presented in this work is the low thermal polar-
ization provided by the permanent magnet and hence low amplitudes of the observed
ZULF NMR peaks. This implies application of highly concentrated samples or, in many
cases, averaging over many transients (long measurement time). For instance, the de-
tectable concentration limit of the molecules in this work is about 1 M in a single scan.
This limitation needs to be overcome to be able to obtain zero-field spectra of diluted
phosphorus compounds, e.g., such as those present in biological samples. The hyperpo-
larization methods such as PHIP [46, 47] and SABRE [6, 53], but also dynamic nuclear
polarization (DNP) [77], etc., which already have been combined with zero-field NMR
spectroscopy, have the potential to facilitate the observation of the important molecules

in living cell metabolism [55, 78, 79]. In this context, hyperpolarization, providing about

64



ZERO-FIELD NMR OF ORGANOPHOSPHORUS COMPOUNDS

Figure 3.7: (a) Amplitude of the zero-field NMR signal of the 1H-31P nuclear system
versus the 1H rotation angle On induced by the field applied along the y-axis. The red
dots are results of numerical simulations (SpinDynamica), while the solid line corresponds
to the signal amplitude determined based on Eq. (3.2). The signal is normalized to the
maximum amplitude. (b) Simulated J-spectra of the 1H-31P spin system with JrpH =
11 Hz, following sudden transition to zero-field with/without the optimum y-pulse. (c)
Experimental J-spectra of trimethyl phosphate obtained after the sudden transition to
zero-field with/without optimum the y-pulse. The spectra are the result of 32 averages.
Adapted from Ref. [58].
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four orders of magnitude signal enhancement, reduces the detectable concentration limit
to under the millimolar level [53]. The hyperpolarization of 3'P nuclei in phosphocreatine
and inorganic phosphate was shown in physiological aqueous solution by dissolution DNP
[80]. In addition, *'P hyperpolarization in a phosphine, a phosphine oxide, a phosphine
sulfide, and a phosphonate ester, achieved using SABRE, resulted in a substantial signal
enhancement [81, 82].

Another drawback of the presented approach is the finite bandwidth of the mag-
netometer, which reduces sensitivity of measurements of phosphorus compounds with
stronger one-bond H-*'P J-couplings (see Fig. 3.5¢). This limitation may be addressed
by detecting an oscillating field in a given frequency range. Numerous atomic-magnetometer

schemes allow to detect oscillating magnetic fields in a tunable frequency range [83, 84].

3.4 Conclusion

The organophosphorus compounds were investigated using a novel modality of NMR,
zero-field J-spectroscopy. J-spectra of basic organophosphorus molecules were analyzed
using straightforward interpretation methods and demonstrated the ability of chemical
identification of compounds forming spin systems of the same spin topologies and only
small differences in J-coupling constants (at a level of 0.5 Hz). In addition to the first mea-
surements of zero-field spectra of the 3'H-3'P systems, the broadest frequency-range J-
spectrum measurements were demonstrated. This allowed us to investigate the chemicals
with weak and strong .J-couplings in a single transient. A good agreement between high-
spectral-resolution measurements and numerical simulations confirmed that the zero-field
NMR can be used to identify the chemical fingerprinting of phosphorus-containing com-
pounds. However, the analysis and identification of more complex molecules might require
additional tools (e.g. a dedicated software) to facilitate further investigations.

Zero-field NMR techniques, with their promise of portability and low cost, combined
with the ability to study naturally abundant phosphorus compounds, can be attractive

for the cell metabolism studies. In particular, the use of zero-field NMR either to assess
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energy metabolism via measurement of the important phosphorylated metabolites such
as ATP, phosphocreatine, and glucose-phosphate or to evaluate tumor differentiation by

analysis of phospholipids is an exciting subject for future research [64, 66, 85, 86].
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Chapter 4

Zero-field NMR of Biomolecules:
Spin Topology Modification Under Chemical

Exchange

The work in this chapter is based on material presented in the following publication [87]:

S. Alcicek, P. Put, D. Barskiy, V. Kontul, and S. Pustelny, "Zero-Field NMR of Urea:
Spin-Topology Engineering by Chemical Exchange", The Journal of Physical Chemistry
Letters 12, 10671-10676 (2021).

4.1 Motivation and Overview

As chemical exchange alters spin-spin couplings and NMR relaxation rates, ZULF NMR
is capable of monitoring this process. In particular, chemical reactions (bond breaking,
bond making) or conformational modifications (bond rotation) of molecules can be in-
vestigated [77]. Until now, the application of ZULF NMR has been demonstrated in the
context of biomolecules consisting of 2-5 coupled nuclear spins [4, 7|. However, for larger
spin systems, ZULF NMR spectra become complicated as a result of the increased num-
ber of coupled nuclei, making the spectral analysis challenging. In this chapter, the study
reporting various approaches to modifying and simplifying zero-field spectra of molecules
consisting of a large number of spins, some of which undergo chemical exchange, is pre-
sented. Specifically, ZULF NMR .J-spectroscopy is used to investigate solutions of urea,
a molecule with a large coupling network and exchangeable protons.

Urea is a prominent biomolecule that plays a key role in amino-acid and protein

metabolism, enabling 80-90% of nitrogen excretion from human body. It is produced
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in the liver through the urea cycle, transported through the bloodstream, and excreted
into urine by the kidneys [88]. Therefore, measuring the urea level in urine and blood
is a routinely used medical diagnostic technique to examine liver and kidney function
[89-91]. Furthermore, ["*ClJ-urea and ['*C, »N,]-urea have recently become attractive
contrast agents for magnetic resonance imaging, as urea is a highly biocompatible and
valuable marker for the evaluation of myocardial perfusion and renal physiology. [92-94|.
Finally, interest in urea is also stimulated by a growing demand for robust and reliable
compound detection in fields such as environmental monitoring, agricultural and food
chemistry [95].

In this study, ["*Ny]-urea and ['*C,'*N,]-urea are investigated in various solution en-
vironments by observing an alteration in the zero-field NMR, J-spectra. First, the effect
of the proton-exchange process on spectra is reported by measuring [\*Ny|-urea and [**C,
1%NyJ-urea in an aprotic solvent, dimethyl sulfoxide (DMSO), and a protic solvent, water
(H50). Since the proton-exchange rate in urea is both acid- and base-catalyzed, aqueous
solutions of urea at various pH levels are studied. The results are explained by zero-field
NMR simulations, considering the combined effects of chemical exchange and nuclear spin
dynamics using a simple theoretical model. [**N,]-urea was also measured in mixtures
of HyO and D»O to study the influence of deuterium nuclei on zero-field J spectra. The
experimental findings are supported by simulations that take into account the propor-
tion of 'H/D isotopologues of urea in solution. By analyzing the energy-level structures
of isotopologues using a perturbation theory, all spectral lines, arising from .J-coupling
interactions (!°*N-'H, N-D, and 'H-D) in spin subsystems, are identified. Based on the
results, straightforward ways to study complex biomolecules with ZULF NMR are possi-
ble by taking advantage of the chemical-exchange process. Lastly, this approach is used

to study zero-field NMR spectra of amino acids.
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4.2 Material and Methods

4.2.1 Sample Preparation

For the measurements presented, all chemicals were purchased from Sigma-Aldrich and
used without further purification. [*C, ¥Ny]-urea (CAS# 58069-83-3) and ['°Ny]-urea
(CAS# 2067-80-3) solutions at various pH values were prepared in 8 M concentration
by dissolving them in sodium hydroxide (CAS# 1310-73-2) or hydrochloric acid (CAS#
7647-01-0). The pH of each sample was measured at room temperature by a portable
pH meter (Mettler Toledo Seven2Go) with a micro electrode (Mettler-Toledo InLab Pro-
ISM). For the study of the 'H-D exchange, 8 M [!*N,]-urea solutions were prepared by
dissolving urea in distilled water, DoO (CAS# 7789-20-0), and 25%, 50%, 75% distilled
water-DoO (CAS# 7789-20-0) mixtures. For the preparation of urea solutions in an
aprotic solvent, [1*C, N,]-urea (CAS# 58069-83-3) and [!°N,|-urea were dissolved in
DMSO (CAS# 67-68-5) with a final concentration of 5.4 M.

For the amino-acid study, 3 M [2-13C]-glycine (CAS# 20220-62-6) solution was pre-
pared by dissolving the compound in distilled water. [2-13C]-L-alanine (CAS# 62656-85-
3) and [2,3-13Cs]-L-alanine were dissolved in a diluted hydrochloric acid (CAS# 7647-01-
0) solution making 2 M alanine solutions with pH of 2.38.

Each sample (0.15 ml) was placed inside a standard 5 mm NMR tube and then
flame sealed under vacuum (<10~* mbar) following degassing by several freeze-pump-

thaw cycles (see Sec. 3.2.1 for detail regarding the sample preparation).

4.2.2 Zero-field NMR Experiments

While a comprehensive description of the experimental setup can be found in Sec. 3.2.2,
here we just recall its crucial elements. The NMR samples were thermally polarized for
20 s using the 1.8 T Halbach magnet placed above the magnetic shield, and mechanically
shuttled into the zero-field detection region, where the magnetic field of the sample is

measured using the home-built alkali-vapor atomic magnetometer. During sample trans-
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portation, which takes about 300ms (plus an additional 700 ms delay after reaching the
final position), a guiding field of 10T is applied by a solenoid wrapped along the whole
length of the shuttling path. When the sample reaches the detection region, the guiding
field is turned off suddenly to generate an oscillating zero-field NMR signal [1]. Each

zero-field NMR spectra is the result of averaging 2048 transients.

4.2.3 Data Processing and Simulations

The entire data processing was performed using Python as described in Sec. 3.2.3. A high-
performance spin simulation library Spintrum was employed to simulate zero-field NMR
spectra through numerical diagonalization of density matrices describing spin systems
[3, 26]. The J-coupling values used in the simulations were taken directly from the
literature or estimated using the gyromagnetic ratios of the nuclei (see discussion below).
Simulations of chemical-exchange effects on the zero-field spectra of urea were obtained
using an approach presented in Ref. [77]. Details of the calculations can be found in

Ref. [87]

4.3 Results and Discussion

4.3.1 Zero-field J-spectra of Urea in Protic and Aprotic Solvents

The urea molecule consists of two -NHy groups joined by a carbonyl (C=0) functional
group. To analyze the general structure of J-spectra of [Y*N]-urea and ['*C, PNy]-
urea, first, numerical simulations were performed using J-coupling constants presented
in Fig. 4.1 and taken from Refs. [96, 97|. Since one-bond "H-'’N coupling in the -NH,
group, marked by a dashed line in Fig. 4.1, is the strongest interaction in this system,
the main features in the J-spectra of both isotopologues of urea are centered around
(3/2)| Jnu| &~ 133.65 Hz. This is expected for an XAy nuclear spin system, corresponding
to the transitions in the manifold with the total proton spin I of a unity (see Sec. 2.2).
Hereafter, we refer to this group of peaks as high-frequency peaks. Weaker homonuclear

and heteronuclear interactions result in the appearance of low-frequency peaks (<10 Hz),
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as well as further modifications (splitting and shifting) of the high-frequency peaks. The
presence of an additional, relatively strong *C-'°N interaction in [**C, »N,]-urea in-
creases the shifts in corresponding energy manifolds, giving rise to a wider span of low-
and high-frequency peaks compared to the spectrum of [1°Ny|-urea.

In Fig. 4.1, the J-spectra of [\°N]-urea and [**C, ®Ny|-urea in dimethyl sulfoxide and
water are compared. The experimental spectrum of urea in DMSO agrees well with
the simulation, particularly in terms of line positions. The peaks become substantially
(3 times) broader when water is used as a solvent (Fig. 4.1). This influence is expected
since amide protons are known to undergo chemical exchange with water protons, and this
process contributes to the nuclear-spin relaxation rate [98]. Nevertheless, the mere fact
of being able to observe the multiplets in J-spectra indicates that the proton-exchange
rate in urea at a neutral pH level is slow compared to the J-coupling evolution. This is
confirmed by a measured chemical-exchange rate value of ~1.9s7!, being considerably
slower than the dominant interaction in the system (*Jyn) [98].

Since, at truly zero field, water contributes only to a ZULF NMR spectrum via a peak
at 0 Hz (absence of heteronuclear coupling), the water signal does not overlap with high-
frequency part of the J-spectra of target molecules. This feature makes zero-field NMR
an attractive modality for the analysis of biological samples with a high concentration
of water (e.g., blood, urine, or cell cultures), eliminating the necessity for water solvent

suppression [99].

4.3.2 Effects of pH-dependent Chemical Exchange on Zero-field

Spectra

The proton-exchange process in aqueous solutions of urea is pH-dependent and both acid-

and base-catalyzed. These two variants of the process can be written as [100-103]:

CON,H, + H' == CON,I,*, (4.1)

CON,H, + O~ == CON,H,” + IL,0. (4.2)
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Figure 4.1: Simulated and experimental zero-field spectra of [1sNz]-urea and [13C, 15Nz]-
urea in aprotic (DMSO) and protic (H20) solvents. The structural formulas are shown
along with the J-coupling constants used for the simulations. Adapted from Ref. [87]
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For the presented pH study, the effect of the proton-exchange rate on J-spectra was
studied by varying pH of the solution while maintaining the same concentration of urea
(8 M). As shown in Fig. 4.2, due to the increased proton-exchange rate, the amplitudes
of high-frequency peaks (120150 Hz) observed in the spectra gradually decrease without
considerable line broadening at both low and high pH values. It is evident that, when the
proton-exchange rate was much higher than the J-coupling (kex > Jyu), the 'H nuclei
were effectively decoupled from the rest of the spin system and the .Jyg-coupling did
not contribute to the observed zero-field spectrum. Thereby, the high-frequency peaks
vanished in the spectra of highly acidic (pH = 1.4) and highly basic (pH = 14) solutions.
This effect was also confirmed by simulations of the urea spin system (Fig. 4.2). The
disappearance of high-frequency peaks under highly acidic/basic conditions resembles the
results reported in a work on zero-field NMR of ammonium under highly acidic conditions
[77]. The authors of the work demonstrated that an increase in the proton-exchange rate
resulted in the vanishing of the zero-field NMR signals. This was explained by the nature
of the experiment; after thermal prepolarization, a sample spends a significant amount of
time (1 s) in the low-field region (tens of nT') before being detected in zero field. In the
experiment, the time between prepolarization and signal acquisition was down-limited
due to the necessity to reduce vibration noise, stemming from NMR-tube transport,
which had a detrimental effect on the spectra. For such a delay, the water protons
depolarized despite a guiding field of 10 nT. In the case of a faster proton exchange,
unpolarized protons are more often involved in the chemical-exchange process. This
affects the “memory” of nuclear spin orders, causing a reduction in the peak amplitudes.

To investigate the influence of the guiding-field strength on the peak amplitudes, we
applied a magnetic field along the shuttling path and varied its magnitude from 0.01 mT to
0.1mT (note that outside of the magnetic shield, the Earth’s magnetic field coincided with
the solenoid guiding field, effectively increasing the magnitude of transfer field, but inside
the shield, the Earth’s magnetic field is completely attenuated). As shown in Fig. 4.3,
increasing the field strength by an order of magnitude results in ~25% enhancement of

the signal due to the slower proton relaxation time 7 (Fig. 4.3). In this way, we verified
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Figure 4.2: Experimental (top) and simulated (bottom) zero-field J-spectra of [15Nz]-
urea and [13C, 15Nz]-urea in aqueous solutions at various pH values. The lines aris-
ing from mainly one-bond, strong J-coupling interaction between 15N and 1H are green
shaded (120-150Hz), while the narrow peaks (around 30 Hz), originating from one-bond
J-coupling between 13C and 15N, are highlighted in red. Adapted from Ref. [87]
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that guiding-field strength had a significant influence on the amplitude of the zero-field
NMR signal of molecules under the chemical exchange.

The boost of the signal amplitude in the stronger guiding field is predicted to be
universal for molecules under rapid chemical exchange and can be exploited in measuring
zero-field spectra of such molecules. The enhancement in the signal, originating from a
stronger transfer field, may not only be beneficial for remote prepolarization experiments,
but also find use in ZULF hyperpolarization techniques, which are based on chemical
exchange [45, 56]; a stronger magnetic field slows relaxation of protons in a solution,

which yields higher signal amplitudes of zero-field NMR signals.

Figure 4.3: Zero-field J-spectra of [15sN2]-urea solutions measured for guiding fields of
0.01 mT and 0.1 mT. NMR signals were acquired after the field was switched off. Adapted
from Ref. [87].

On the other hand, a rapid proton exchange leads to a modification of the effective spin
system, which can thoroughly facilitate the interpretation of the obtained spectra. This
was demonstrated in the spectra of [13C, 1sNz]-urea in highly acidic and basic solutions
(red boxes in Fig. 4.2), where a narrow peak arose at about 30 Hz. This signal appeared at
(3/2)JcnN and originated from the J-coupling between 13C and 15N nuclei in the CN2 spin
system, where, due to fast exchange, the protons were effectively decoupled from the rest
of the spin system. The emergence of the low-frequency peak was also supported by the
numerical simulations for the spin system under rapid chemical exchange, as shown at the
bottom of Fig. 4.2, It should be emphasized that, by taking advantage of the accelerated
chemical exchange, a narrower single peak (1 Hz width) with higher amplitude arose
in the zero-field spectrum due to a modification of the spin topology from the complex
XAB2A'B'2 system to the simple XAz system. This simplified spectrum still relied on the

molecule-specific combination of the J-coupling strength and coupling pattern, enabling
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chemical fingerprinting.

4.3.3 Zero-field J-spectra of Deuterium Isotopologues of Urea

As the next stage of the study, 'H/D isotopologues of urea were investigated. In such
a case, the spin coupling network was modified, replacing 'H (spin-1/2) with deuterium
(spin-1), by dissolving urea in DyO/H,0 mixture. To simulate the spectra of urea solu-
tions with various DO /H20O ratios, the proportion of each isotopologue in the solution
was calculated using a binomial distribution. As the probability of an amide-proton site
being occupied by deuterium depends on the fraction p of deuterium in the solution, the

molar fraction x of each isotopologue is given by:

r = (Z)pku — (43)

where n is the number of possible sites where deuterium nuclei can reside and & is the
number of deuterium nuclei that each isotopologue contains. The simulation spectra
of all isotopologues shown in Fig. 4.4 were then summed after weighing each spectrum
with an appropriate binomial coefficient. The N-D coupling constants were estimated
using the appropriate Jyy constants and the gyromagnetic ratios of deuterium and hydro-
gen, where the Jxp coupling constant was equal to Jyp ~ (vp /v )JInu. This approach
neglected secondary isotope effects, but still offered the good approximation [104]. As
shown in Fig. 4.5, a good agreement was obtained between the experimental spectra of
urea solutions with the various ratios of DyO/Hy0 and their simulated counterparts.

In the analysis of J-spectra of urea 'H/D isotopologues, two nitrogen atoms were
treated as magnetically equivalent. Hence the isotopologues consist of three different
spin subsystems: -NHy — an XA spin system, -NHD — an (XA)B spin system, and -ND,
— an XB, spin system. As shown in Fig. 4.6, the lines originating from -NHy and -NHD
groups are predicted using the first-order perturbation theory (for detailed calculation, see
Table 4.1). It should also be noted that signals from the -NDy group were not observed in

the spectra. This resulted from the fact that the amplitude of the zero-field NMR signal
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Simulations

Figure 4.4: Simulated zero-field J-spectra of deuterated [15sNz]-urea isotopologues with
corresponding structural formulas. A unique zero-field spectra of isotopologues were
averaged with an appropriate weight to generate the resultant spectrum (see main text).
Adapted from Ref. [87].

Figure 4.5: Experimental and simulated zero-field J-spectra of [1sNz]-urea in aqueous
solutions with various 1H/D ratios. The J-coupling values used in simulations are given
with the chemical structures of a representative 1H/D isotopologue of urea. Adapted
from Ref. [87]
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was proportional to the square of the difference between the gyromagnetic ratios of the

J-coupled nuclei [1], which equals to (yp — yis5)?/(vig — 55 )% & 0.0025.

Table 4.1: Allowed transition frequencies (v) between levels characterized with the quan-
tum numbers F and Fr, obtained using first-order perturbation theory, in the (XA)B spin
subsystem. The last column gives the numerical values of the corresponding transitions
in (NH)D group, using the J-coupling constants of Jyg= 89.1 Hz and Jxp= 13.68 Hz [96,
97|. The table is taken from Ref. [87]

FT — Fjlw F— F V(XA)B V(NH)D (HZ)
1—0 01 _JXB+JXA 75.42
1—=1 0—1 —1/2Jxp + Jxa 82.26
12 0—1 1/2Jxp+ Jxa 95.94
01 | 11 1/2Jxs 6.84
1—2 1—1 JXB 13.68

In ZULF NMR, the observation of quadrupolar nuclei (spin larger than 1/2) is chal-
lenging because of their additional electric influence on nuclei reorientation that can lead
to faster relaxation [8]. Some studies reported that although the J-couplings to deu-
terium, N, and **/*7Cl nuclei may not be directly visible as peaks in zero-field spectra,
they may cause additional line fracturing [58, 105]. On the contrary, in the study on
zero-field NMR of quadrupolar nuclei, peaks originating from J-coupling interactions of
'H-D and 'H-N are presented in J-spectra of ammonium isotopologues [106]. Due to
high local symmetry of *N-ammonium and a relatively small electric moment of deu-
terium, resulting in small nuclear quadrupolar interactions, the detection of J-coupling
interactions of such nuclei using zero-field NMR is feasible [8|.

These findings show that zero-field NMR is qualified to detect 'H/D isotopologues
of urea molecules, as well as provide information on the 'H/D ratio in solution due to
the simulation of the J-spectrum. It was also demonstrated with our research that the
J-spectra of complex molecules with more than two heteronuclei can be easily interpreted

by analyzing the energy structure of each small spin subgroup separately.

4.3.4 Zero-field J-spectra of Amino acids in Aqueous Solutions

By exploiting the manipulation of the effective spin system through the chemical-exchange

process, which was proven with the urea work, the zero-field NMR study was next ex-
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Figure 4.6: Energy-level structures of the (XA)B, and XA: spin subsystems. High and
low-frequency transitions in the (XA)B spin system are denoted by vi-z and vj_2, re-
spectively. The transition in the XA: spin system is represented as va, which is given
by 3/2Jxa. The manifolds are grouped by the quantum numbers la and Is that denote
the spin of the A and B nuclei, respectively. Each manifold is labelled by its total spin
quantum number F or Fr (see Table 4.1 for the detailed energy-level calculations). For
clarity, only a single sublevel in each manifold and a single transition at each frequency
are shown. Middle: Experimental spectra of [15Nz]-urea in the mixture of D20O/Hz20 (1:1).
For all peaks in the spectrum, the corresponding transitions (vi-a, v~_2) are determined
by the first-order perturbation theory. Adapted from Ref. [87]
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tended to the detection of amino acids. Amino acids play an essential role in regulation
and metabolism as building blocks of proteins. Proteins consist of 20 different amino
acids, half of which are synthesized endogenously (non-essential), while the remaining
amino acids are obtained from dietary sources (essential). The analysis of amino acid is
one of the most commonly used analytical procedures [107]. It is utilized for many pur-
poses, such as the elucidation of the structure of proteins, the diagnosis of disease states,
the determination of the nutritional value of foods, etc. [108]. Thus far, the simplest
amino acid, [1-1*C|-glycine, is the only amino acid detected using zero-field NMR with
thermal prepolarization approach [7]. The zero-field spectrum of [1-*C]-glycine displays
a peak at low frequency (<10 Hz), where detection can suffer from flicker noise.

Here, we discuss the zero-field NMR spectra of a group of *C-labelled amino acids
from the simplest spin systems to the more complex systems. Since one-bond J-coupling
interactions between *C and 'H are in the range of 120-250 Hz, where the zero-field NMR
exploiting optical magnetometer provides the highest sensitivity (below 60T/ VHz for
this setup), the amino acids with *C-labeling at the carbon position C, were investigated.

As the first stage of the ZULF NMR amino-acid studies, [2-'*C|-glycine was measured.
Glycine molecule consists of a single *C spin and two 'H spins with one-bond couplings
Jly= 143.6Hz. In the molecule, the J-coupling interactions of exchangeable-proton
groups -OH and -NH average out under rapid chemical exchange. Hence, one may predict
the existence of a single peak in zero-field spectra arising at 3/2.Jx4, which originates
from the transition between the F=1/2 and F=3/2 state of the XA, spin system. As
shown in Fig. 4.7, the experimental and simulated spectra of [2-1*C]-glycine reveals good
agreement.

The next amino acid is [2-'*C|-L-alanine being the XAB3 spin system. The zero-field
NMR spectrum of this biomolecule (Fig. 2.15) could be explained based on Sec. 2.2 using
first-order perturbation calculations. In its zero-field spectrum a multiplet appears in
140-155 Hz range. This multiplet originated from the single peak associated with the
one-bond J-coupling interaction between *C and 'H (J&y= 146.1Hz) that was split

due to additional heteronuclear two-bond couplings (J&,;= -4.5Hz) and homonuclear
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Figure 4.7: Simulated and experimental zero-field NMR spectra of [2-13C]-glycine, [2-
13C]-alanine, and [2,3-13Cz]-L-alanine in aqueous solutions. The structural formulas are
shown with the J-coupling constants used in the simulations. To clear up yet not to
affect the spectra of interest, AC-line noise at 50Hz and its harmonics were filtered out
during post-processing, with an exception of the 150 Hz line (the resonance is marked
by black stars). The orange and blue shades in zero-field NMR spectra of [2,3-13Cz]-L-
alanine (100-160 Hz and 240-290 Hz frequency ranges, respectively) are used to facilitate
the spectral interpretation (see main text for details).

couplings (Jsn= = 7 Hz) [24, 25]. This was confirmed by numerical simulations both in
terms of splitting pattern and position of peaks (Fig. 4.7).

Next, L-alanine with 13C-labelling at the C2 and Cs carbon position, i.e., [2,3-13C2]-L-
alanine, was measured by zero-field NMR. The presence of an additional 13C spin (denoted
by Y) modifies the spin topology, forming an XY ABs spin system. A simple interpretation
of the experimental spectrum of this compound can be as follows: In the absence of weak
J-coupling interactions, the one-bond J-coupling interaction between a single 13C2 spin
and a single 1H spin results in a main peak at 146.5Hz, as expected from the XA spin
subgroup [24, 25]. On the other hand, the one-bond J-coupling between a single 13Cs
spin and three 1H spins produced two peaks at J1n=130.7 Hz and 2Jan= 261.4Hz, as
expected for the YB3 spin subgroup. In specified frequency regions, the multiplets arising
due to more complex spin topology leading to splitting and shifting of the main peaks
are expected. As shown in Fig. 4.7, in the L-alanine zero-field spectrum, the peaks in the
100-160 Hz frequency range (highlighted in Fig. 4.7 with orange) are determined by both

XA and YBs spin subsystems, while the peaks in the 240-290 Hz range (blue highlight in
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Fig. 4.7) stem predominantly from the YB3 spin subsystem. As also shown, the simulated
spectrum was in good agreement with the experimental spectrum (Fig. 4.7). Even though
for such a not-too-simple system, the prediction of positions and amplitudes of all peaks
using the first-order perturbation approach was time-consuming and impractical, the
overall interpretation of the spectrum was straightforward and, good agreement can be

obtained with numerical simulations.

4.4 Conclusion

To conclude, urea, one of the key biomolecules, was investigated under various solution
conditions using ZULF NMR. It is reported that the compound can be readily detected
in water by modifying spin topology under the chemical-exchange process. Then the
research was extended to other key biomolecules with similar structures (i.e., amino
acids). It is also reported that the J-spectra of complex molecules, such as urea and
alanine isotopologues, can be clearly interpreted by identifying simple subgroups in the
system and analysing their energy structures independently. All the experimental results
are congruent with simulations, confirming our theoretical interpretation.

This study could allow future in vivo/in vitro investigations of complex biomolecules,
especially, in biofluids with a high concentration of water such as blood, urine, etc.
Specifically, one of the prominent clinical-analysis methods, the determination of urea
level in urine and blood, can be a subject of the future research. On the other hand,
in the presented study, highly concentrated (2-8 M), isotopically-enriched biomolecule
solutions were harnessed. Even with such high concentrations, low thermal prepolariza-
tion with the use of 1.8 T magnet, results in low amplitude of zero-field NMR signals.
As mentioned previously, to address this issue, zero-field NMR is combined with hyper-
polarization methods such as parahydrogen-induced polarization (PHIP) |46, 47], signal
amplification by reversible exchange (SABRE) [53], dynamic nuclear polarization (DNP)
[77], etc. However, as these methods are limited to just a selection of molecules, widely-

applicable exchange-based polarization methods such as SABRE-RELAY and PHIP-X
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may be preferable for a diverse set of biomolecules [45, 56, 57, 109]. Therefore, as the
next step, we used PHIP-X to hyperpolarize biomolecules such as urea, ammonium and

glycine. The results of the PHIP-X study can be found in Chapter. 6.
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Chapter 5

Zero-field NMR of Natural Abundance PN-
Pyridine Derivatives with In Situ SABRE Hy-

perpolarization

5.1 Motivation and Overview

Despite its various advantages, ZULF NMR spectroscopy suffers from low sensitivity,
originating from extremely low spin polarization achieved with thermal prepolarization
by a permanent magnet (see Chapters 3 and 4). To improve sensitivity, ZULF NMR
has been combined with various hyperpolarization methods such as PHIP [46], SABRE
[53], d-DNP [77], SABRE-RELAY [57]| as mentioned in Sec. 2.3. Among them, SABRE
is of particular interest due to its cost effectiveness and ability to continuously source
hyperpolarization without altering the chemical structure of the target molecule [55].

In zero-field NMR, SABRE has been only employed to detect the molecule of °N-
pyridine [6, 52, 53|. In this chapter, we present our research that aims at extending these
studies by investigations of pyridine derivatives. The molecules are interesting because
of their antimicrobial, antiviral, or anticancer properties, which are determined by the
attached substitutes and their positions. Due to these properties, they play a crucial
role in medicine, particularly in drug development [110, 111|. Furthermore, one of the
pyridine derivatives, nicotinamide (a form of vitamin Bs), is a potential contrast agent for
magnetic resonance imaging due to its biocompatibility and long relaxation time [111-
114).

In the presented ZULF NMR studies, investigations of >N-pyridine derivatives with

the same substitute attached at different positions are presented. Additionally, the
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molecules with various substitutes placed at given positions on pyridine ring were mea-
sured. To be able to perform the measurements, an experimental setup was constructed.
It provides detection of signals with a high signal-to-noise ratio by repeatable/long-term
in situ SABRE measurements. With this method, we present the experimental zero-
field NMR spectrum for each natural abundance *N-pyridine derivative (contains 0.36%
of 1N, spin=1/2) and report the distinguishability of such compounds by means of .J-
spectroscopy-based chemical fingerprinting. The analysis of pyridine derivatives with
similar strength of dominant interactions also revealed the influence of even weak J-
coupling interactions in the zero-field spectrum. The experimental results were supported

by numerical simulations.

5.2 Material and Methods

5.2.1 Parahydrogen Generator

For this research a home-built parahydrogen (pHy) generator was constructed (Fig 5.1).
The generator consists of several gas cylinders, containing hydrogen and nitrogen, and a
cylinder to be filled with pHy that are connected with stainless tubings, Swagelok con-
nectors, and valves, Additionally, there is a cold-finger system that enables ortohydrogen-
to-parahydrogen conversion and a vacuum pump.

As oxygen has a crucial effect on the relaxation time of parahydrogen, prior to parahy-
drogen production, it must be removed from the system (tubings and cylinders). To ad-
dress this problem, a nitrogen gas was used to purge the entire parahydrogen system and
then the system was vacuumed to 1072 mbar. The generator can produce theoretically up
to 50%-enriched parahydrogen. by passing pure hydrogen gas through a chamber (cold
finger made of 2 m of tubing) filled with an iron (III) oxide catalyst (CAS # 371254-50G)
immersed in 77 K liquid nitrogen. Subsequently, a 10 L vacuumed aluminum cylinder was
filled with pHs. During the process, the cylinder was slowly filled until the pressure inside
the cylinder reached 5-6 bar. The filling of the 10 L cylinder usually takes about 5 h with

a maximum gas flow of ~100 ml/min. The fill flow was set using a needle valve mounted
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on top of the parahydrogen cylinder. Following production, the parahydrogen cylinder
was detached from the generator and transported to the main experiment, where it was

connected to a bubbling system used for samples hyperpolarization.

Figure 5.1: Photograph of the home-built parahydrogen generator with additional image
of the cold-finger part. The cold finger was filled with a paramagnetic catalyst (Fe203)
and filters were attached to both ends of the cold finger to hold the catalyst in place. For
parahydrogen production, the cold finger was immersed inside a liquid nitrogen dewar
(77 K). Hydrogen pressure in the system was controlled by a pressure regulator attached
to a hydrogen cylinder. A needle valve was mounted on top of the parahydrogen cylinder
to restrict filling flow. Nitrogen gas was employed to purge the line. The system was also
connected to a vacuum pump, which allows removing other gases (e.g., oxygen) from the
system. Following the production, a line with PTFE tubing was used to ventilate the
system with high-pressure hydrogen. The procedure of parahydrogen production can be
found in the main text.

5.2.2 Bubbling System

The bubbling system was constructed using Swagelok 1/4 inch tubes, connectors, and
valves (Fig. 5.2). It has two inlets for pH2 and Nz gases and one outlet where the
flow is controlled by a needle valve and a mass flow controller (Aalborg GFC17A-VALG6-
A0). This arrangement enables us to purge the system with only nitrogen gas before
parahydrogen bubbling. A manual short valve is implemented between the inlet and outlet
valves to bypass the NMR tube; hence, the system can be pressurized without bubbling

into the NMR sample. Additionally, during the experiment, an automatic short valve
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allows us to turn off bubbling quickly (less than 0.2 ms) before starting data acquisition.

When the manual and automatic short valves were closed, gas (during purging: ni-
trogen, during measurement: para-enriched hydrogen) passes through Teflon capillary
(1/16 inch O.D. x 0.012 inch 1.D.), which was inserted onto a 1/4 inch PTFE tube and
stabilized by the surrounding holder. The NMR tube (5 mm diameter, 14 inch long) with
a sample of interest was attached to the system by stretching a PTFE tube around it.
In the system, the capillary reached almost to the bottom of the NMR tube for efficient

bubbling.

Figure 5.2: Schematic (a) and photograph (b) of the bubbling system. The nitrogen
gas, which was used to purge the NMR sample prior to the measurement, was supplied
by a high-pressure nitrogen cylinder through a pressure regulator. Using the manual
valves, the gas in the system can be switched from nitrogen and parahydrogen. Then,
the needle valve attached to the parahydrogen cylinder was used to pressurize the system
slowly. By means of two solenoid automatic valves, the experimental sequence of the in
situ measurements was fully automatized. The bubbling system was mounted nearby the
ZULF NMR device. Before the measurements, the NMR tube with a sample of interest
was placed inside the shield. Only one of the symbols is nhamed in the figure for the sake
of clarity.

For SABRE experiments, a vapor condenser was placed on top of the mu-metal shield,
surrounding the upper part of the NMR tube (Fig. 5.3). The liquid-nitrogen vapor was
used to cool the NMR tube by means of the condenser to prevent vaporization of volatile

compounds in a sample such as methanol. By placing a heater inside the liquid nitrogen
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container, the flow of the liquid-nitrogen vapor could be increased and controlled. During

the SABRE measurements, the temperature inside the condenser was held around 0°C.

5.2.3 Sample Preparation

Chemicals: pyridine (CAS# 110-86-1), 3,5 dichloropyridine (CAS# 2457-47-8), nicoti-
namide (CAS# 98-92-0), 3-methoxypyridine (CAS# 7295-76-3), 4-methoxypyridine (CAS#
620-08-6), 3-methylpyridine (CAS# 108-99-6), 4-methylpyridine (CAS# 108-89-4), methanol
(CAS# 67-56-1) were purchased from Sigma-Aldrich and used without further purifica-
tion. NMR samples consisted of 25 mM an air-stable SABRE pre-catalyst 'IrC1{(COD )(IMes)’
(COD = 1,5-cyclooctadiene, IMes= 1,3-bis(2,4,6-trimethyl-phenyl)-imidazolium) mixed
with 2 M pyridine derivatives (except for nicotinamide) in 500-pL; methanol. Due to the
low solubility of nicotinamide in methanol, 1 M nicotinamide was prepared by adding
20 pLh of DMSO and 480 pl. of methanol additional to 25 mM pre-catalyst.

Since the pre-catalyst forms to an active catalyst in the presence of pHy and a sub-
strate, the activation process was performed in the Earth field by bubbling pH, through
the samples for a few minutes. The change in the color of the sample (the solution be-
coming transparent) indicated catalyst activation (see Sec. 2.3.3 for detailed description
of the process). Then, the sample was placed in a magnetic shield near the atomic mag-
netometer. The SABRE experiments were carried out by bubbling pHy through sample
solutions located in the zero-field region for 15 s at a flow rate of 80 sccm and a pressure
of 5 bar, followed by a DC magnetic-field pulse, aligned with the sensitive axis of the
magnetometer (Fig. 5.4a and b). The optimal pulse angle for the '°*N-'H spin system is
7/2 = 0y — Oy [53], which can be explained as in the case of applying a pulse parallel
to the sensitive axis of the magnetometer to generate an oscillating magnetization after

thermal prepolarization (see Sec. 2.2).

5.2.4 Experimental Setup

A zero-field NMR setup with two commercial ready-to-use optically-pumped magnetome-

ters (QuSpin QZFM) was used for SABRE experiments (Fig. 5.3). Although the magne-
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tometers were sensitive for both transverse axes (x and y), a zero-field signal, originating
from oscillating magnetization, can be detected by only one channel of each sensor, de-
pending on the applied DC pulse direction. The magnetometers were placed oppositely
in the coil holder, near the piercing solenoid coil, where the bottom of a 5 mm NMR
tube was located. The coils wired around the coil-holder were used to apply DC mag-
netic pulses. The piercing solenoid coil can provide a guiding field for spins during a
parahydrogen-gas bubbling through an NMR sample. The three-layer mu-metal shields
were used to attenuate external magnetic fields with an additional ferrite cylinder as the
innermost layer (compare to the home-built setup described in Chapter 3). The magnetic-
field coils, located within inside the shield, enabled us to achieve an truly zero magnetic
field (< 0.1nT). A 16-bit DAQ card (NI USB-6002) was employed to acquire the magne-
tometer signals and control the experimental sequence (e.g., to control automatic valves
in the bubbling system and magnetic-field pulses). The experimental sequence was pre-
programmed using LabView software, which also provided data acquisition (for a detailed
description of the setup see Ref. [18]).

As described in Sec. 3.2.3, Python was used for data processing while the simulations
of zero-field NMR spectra were performed by Spintrum, a high-performance library for
spin simulations [3, 26]. The J-coupling values provided in the literature were used in

the simulations (Tables A.1, A.2, A.3, A.4).

5.3 Results and Discussion

Zero-field spectra of natural abundance 2 M Y N-pyridine, 1°N-3,5-dichloropyridine, *N-
3-methoxypyridine, **N-4-methoxypyridine, *N-3-methylpyridine, *N-4-methylpyridine,
and 1 M ®N-nicotinamide are presented in Fig. 5.4. Since in the molecules, the strongest
J-coupling occurs between »N and two ortho protons on the pyridine ring Jyu (see
Fig. 5.4¢), the main peaks in their spectra are located at 3/2.Jyu, which is about 15 Hz.
Even though the strengths of the dominant J-couplings are similar for the molecules, the

spectral patterns of the molecules are different due to the weaker hetero- and homonuclear
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Figure 5.3: Photograph from the outside and schematics of the inside of the zero-field
NMR setup for SABRE measurements, using the commercial optically-pumped magne-
tometers. An NMR tube, containing a SABRE sample, was attached to the bubbling
system via a Teflon tubing. A capillary inside the NMR tube allowed the exposure of
the sample to pH=2. The top of the long NMR tube was surrounded by a vapor condenser
supplied by liquid nitrogen vapor (black cylinder on the top). The bottom of the tube
is inserted into the magnetic shielding (silver cylinder at the bottom) to achieve zero-
field conditions (attenuating the Earth and other uncontrollable fields). Additionally,
the shim coils (goldish stripes in the schematics) were employed to provide an absolute
zero-field detection region. The NMR tube surrounded by a piercing solenoid reached the
detection region (marked in blue), where two commercial magnetometers were oppositely
positioned in the coil holder (white element). The pulse coils, wounded around the coil
holder, were used to generate DC magnetic field to the NMR sample.
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J-couplings (**N and 'H, 'H and 'H) of bonds larger than 2.

In the zero-field spectrum of ®N-3,5-dichloropyridine, we observe a narrower line at
15.7 Hz compared to the broader peak at 15.4Hz in the *N-pyridine spectrum. This
can be explained by the presence of Cl atoms that self-decouples due to rapid relaxation
under the influence of the quadrupole interaction, rather than protons with weak Jng
interaction which has a significant effect on the main peak, as presented in this study.
This argument can also be used for N-nicotinamide where a substitute is an amide
group. If ortho or meta protons are not chemically equivalent by symmetry, as in the case
of »N-nicotinamide, ®N-3-methoxypyridine, and ' N-3-methylpyridine, the J-coupling
constants within the neighboring spins differ, resulting in the peaks with relatively high
amplitude around the main lines. It should be noted that even though in this study,
the solubility issue of nicotinamide in methanol was considerably overcome by using
DMSO as a co-solvent, the concentration of nicotinamide was two times less than other
substrates. Therefore, the lower signal-to-noise ratio in the *N-nicotinamide spectrum is
observed compared to other spectra. Nevertheless, the first hyperpolarized nicotinamide
spectrum ever reported in this regime indicates the prospect of the use of this molecule
for ultralow-field imaging in the future [115]. Because, according to the in vivo research
presented in Ref. [113]| that evaluated the pharmacokinetics of SABRE hyperpolarized
4,6-d2-nicotinamide in the plasma of healthy rats, it is a promising contrast agent with
potential use for imaging studies in humans.

When a substitute is a methyl group, consisting of three 'H, the system forms a more
complex spin network with additional weak J-couplings. This results in a broader peak,
as seen in the zero-field spectra of 1°N-3-methylpyridine and ®N-4-methylpyridine. In the
simulations, this is taken into account as an additional light broadening. On the other
hand, narrower spectral patterns appear in the spectra of '®N-3-methoxypyridine and
15N-4-methoxypyridine, even though the methoxy group also consists of three 'H. The
reason for such behavior is the existence of weaker J-couplings to the methoxy protons
with the presence of an additional oxygen nucleus in between. As each pyridine derivative

has a different spin system, modified mainly by weak J-coupling interactions, the zero-
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Figure 5.4: (a) Schematic of the SABRE reaction. Parahydrogen and target substrate
(e.g., 1sN-pyridine) are temporarily bounding to an iridium catalyst, transferring the
spin order from parahydrogen to the molecule of interest. (b) Scheme of the experimen-
tal sequence for the SABRE experiments. (c) Structural formula of 1sN-pyridine with
the strongest J-coupling interaction JnH marked with dashed, double-headed gray ar-
row. Ortho, meta and para positions on 1sN-pyridine ring are denoted with (2,6), (3,5),
and (4), respectively. (d) Experimental (left) and simulated (right) zero-field spectra
of natural abundance 1sN-pyridine (128 averaged transients) and its derivatives: 15N-
3,5-dichloropyridine (128), 1sN-nicotinamide (256), 15N-3-methoxypyridine (128), 15N-4-
methoxypyridine (82), 1sN-3-methylpyridine (256), and 1sN-4-methylpyridine (238) hy-
perpolarized by SABRE.
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field spectrum is unique for each compound. This is confirmed by numerical simulations
(Fig. 5.4d, right column).

As demonstrated above, SABRE can be successfully implemented in ZULF NMR
for sensitive and selective detection of various molecules, with a particular example of
heterocycle compounds containing an electron-donating atom (e.g., pyridine derivatives).
However, the range of molecules suitable for SABRE hyperpolarization is limited due
to the necessity of reversibly binding of the molecules to the SABER catalyst on an
appropriate time scale [49]. In order to make this method widely applicable, a novel hy-
perpolarization technique, referred to as SABRE-RELAY approach, has recently emerged
[56]. This method is based on polarization transfer under chemical exchange from the
SABRE-hyperpolarized transfer molecule to a target molecule with an exchangeable pro-
ton (Fig. 2.19). As shown in Ref. [57], SABRE-RELAY has been successfully combined
with zero-field NMR to detect *C-labelled methanol and ethanol, as well as vodka. Even
though the SABRE-RELAY approach cannot provide a signal enhancement as strong as
in the traditional SABRE method fundamentally, the development of in situ SABRE-
RELAY technique can still improve its efficiency which suffers from the relaxation of
magnetization during the transfer from an external solenoid into the detection area.

For this study, as the long-time bubbling (15 s for each transient) during SABRE ex-
periments results in the evaporation of an NMR sample, a vapor condenser, maintained
by liquid-nitrogen vapor, was invented to enable many measurements with a single sam-
ple. Additionally, when an NMR, sample consists of a high-amount solid substrate dis-
solved in a solvent, the evaporation of solvents causes precipitation of the solid substrate.
This precipitation can cause capillary obstruction, resulting in non-efficient parahydro-
gen bubbling throughout the SABRE experiment. In our experimental setup, by holding
the condenser temperature at 0°C, a sample with 0.5 ml can be used for measurements
of 1024 transients (~7.5 h). Furthermore, if lower temperatures were provided (e.g., by
increasing the amount of liquid-nitrogen vapor), the measurements could be performed
even for longer times. It should be noted that even though a higher signal-to-noise ratio

is eagily achievable by means of this design, in our study with 1-2 M natural abundance
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1°N-pyridine derivatives, an experiment with less than 200 transients was adequate to
observe the spectral pattern of each compound. On the other hand, this design enable us
to measure ZULF NMR spectra of naturally abundant '°*N compounds at the millimolar
level. In Ref. [52], an alternative method has been introduced to prolong the SABRE
experiments for more than 5 h by supplying solvent vapor with a methanol presaturator
during the bubbling of the parahydrogen through the solution. Despite the success of
the technique presented in Ref. [52], no need for additional solvent consumption, purpos-
ing longer measurement time by controlling the condenser temperature easily, could be

mentioned as advantages of the method introduced in our study.

5.4 Conclusion

To conclude, we investigated naturally abundant *N-pyridine derivatives using zero-field
NMR and analyzed their spectral patterns for chemical fingerprinting. In this study, zero-
field NMR has been combined for the first time with SABRE hyperpolarization to detect
nicotinamide, which is a vitamin B3 amide and a potential contrast agent for imaging, and
many other " N-pyridine derivatives. With the study, the significant effect of even weak J-
coupling interactions on zero-field spectra was demonstrated. This enabled high-precision
chemical analysis even for the group of molecules derived from the same compound, i.e.,
I N-pyridine. All acquired spectra contribute to the ZULF-NMR library, which can be
used for future pattern recognition. This has great potential in chemical analysis and
homeland security. Moreover, the developed experimental setup allowed multiple/long-
term, in situ SABRE experiments to be performed under the ZULF conditions leading
to detection of signals with a higher signal-to-noise ratio. However, it would also be
of interest to extend this work to develop in situ SABRE-RELAY hyperpolarization
for ZULF NMR. Owing to this research, we improve the applicability of ZULF NMR
spectrometer as a highly specific, sensitive, compact, and cheap sensor for chemical and
biochemical analysis. This paves the way for further applications of ZULF NMR for

biochemical in vivo analysis and fundamental-physics investigations (e.g., spin-gravity
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searches).
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Chapter 6

Proton-Exchange-Based Hyperpolarization for

Biomolecules

The material presented in this chapter is being prepared for publication:
S. Alcicek, E. Van Dyke, J. Xu, S. Pustelny, D. Barskiy, "Parahydrogen-based Hy-

perpolarization of Biomolecules via Chemical Exchange", In preparation.

6.1 Motivation and Overview

As explained above many times, the main sensitivity limitation of NMR/MRI can be over-
come using hyperpolarization techniques. Parahydrogen-based methods are advantageous
because of their low cost, technical simplicity, and ability to quickly produce large vol-
umes of hyperpolarized material. Integration of such techniques with portable (benchtop
or zero- and ultralow-field) NMR spectrometers holds great promise for democratizing
NMR equipment and improving its sensitivity. A major drawback of parahydrogen-
induced polarization is the need for a dedicated compound (precursor), which is modified
during the reaction to produce a hyperpolarized target molecule. Recently, this prob-
lem has been addressed through the relay of hyperpolarization to the target by chemical
exchange (PHIP-X) [45]. This approach might extend the applicability of PHIP toward
biomolecules with exchangeable protons, without affecting the target molecule. In the
original work, PHIP-X was used to hyperpolarize such biomolecules with -OH groups as
pyruvic acid, lactic acid, and D-[**Cg|-glucose, achieving maximum 'H polarization level
of the target biomolecule of 0.07%, while a polarization level of 13% was reported in a
transfer molecule [45]. Even though PHIP-X is a newly emerged and attractive method in

numerous aspects, optimization studies are required for an efficient polarization transfer
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to the molecule of interest.

Here, we expand PHIP-X research to (bio-)molecules with -NH/-NH, groups, such
as urea. This was done using an NMR benchtop spectrometer (1 T) combined with a
robotic arm, which allowed automated optimization studies. As a transfer molecule, al-
lyl alcohol, produced from propargyl alcohol, was used with a subsequent polarization
transfer via the proton-exchange mechanism at low magnetic fields. In the molecule, all
protons interact strongly and polarization can be distributed through all coupled nuclear
spins. To maximize the efficiency of the polarization transfer, key parameters such as cat-
alyst concentration, parahydrogen bubbling time, polarization transfer field, and transfer
time were studied. A specific NMR pulse sequence (insensitive nuclei enhanced by po-
larization transfer — INEPT) was used to enhance the 1’N-NMR signal of hyperpolarized
target molecules: [“Ny]-urea, [1*C, ¥N,]-urea, [*®N]-glycine, [**N]-ammonium nitrate,
and [®N]-benzamide. In addition, D-[1-13C|-glucose was hyperpolarized via PHIP-X and
detected using 'H-"*C INEPT NMR spectroscopy (1.4 T). In order to introduce PHIP-X
for ZULF NMR, hyperpolarization of the transfer molecule and polarization transfer to
water protons were investigated by means of ZULF NMR spectroscopy. This study aims

at developing a widely applicable ZULF NMR in situ detection scheme.

6.2 PHIP-X in Conventional NMR

In this section, high-field NMR detection via PHIP-X technique is examined comprehen-

sively with optimization studies.

6.2.1 Material and Methods

All chemicals: propargyl alcohol (CAS# 107-19-7) acetone (CAS# 67-64-1), [13C, 1PN,]-
urea (CAS# 58069-83-3), [1°Ny|-urea (CAS# 2067-80-3), [Y*N]-glycine (CAS# 7299-33-
4), ["*N]-benzamide (CAS# 31656-62-9), and ['°NJ|-ammonium nitrate (CAS# 31432-46-
9), D-[1-13C]-glucose (CAS#40762-22-9), and [1,4-Bis(diphenylphosphino)butane| (1,5-
cyclooctadiene)rhodium(I) tetrafluoroborate ([Rh(dppb)(COD)|BF4) (CAS# 79255-71-
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3) were purchased from Sigma Aldrich and used without further purification. High-field
NMR measurements were performed using bench-top NMR spectrometers: a SpinSolve
Nitrogen ULTRA 43 MHz and a SpinSolve Carbon 60 MHz, Magritek.

To study hyperpolarization of the transfer agent, solutions of 0.5 M propargyl alcohol
and various concentrations of Rh-catalyst (5, 10, 15 mM) were prepared in acetone. For
PHIP-X experiments, 0.5 M propargyl alcohol, 5 mM Rh-catalyst, and the labelled target
compound were mixed. Due to the poor solubility of biomolecules in acetone, 50 uL of
dimethyl sulfoxide (DMSO) was used for each NMR sample to increase the amount of
dissolved molecule of interest. In this way, 100 mM [**C, "N,]-urea and [*N,]-urea;
60 mM D-[1-13C]-glucose (CAS#40762-22-9); 50 mM ['°N]-ammonium nitrate and [*N]-
benzamide (CAS# 31656-62-9); and 15 mM ['°N]-glycine solutions were prepared.

For each experiment, a 650 pnl. sample was transferred to a pressurizable 5 mm NMR
tube. The NMR tube was then attached to a bubbling system, described in Ref. [57], for
parahydrogen exposition. Parahydrogen-enriched hydrogen gas was prepared by passing
high-purity hydrogen over a hydrated iron(III) oxide catalyst at 30 K. Each NMR sample
was bubbled with para-enriched hydrogen gas via a thin capillary (PTFE, OD: 0.9 mm) for
a given time (detailed information is provided below for each experiment). The flow rate of
parahydrogen was held at 80 scem at 6 bar using a mass flow controller. Subsequent to the
bubbling with parahydrogen, the NMR tube was placed in a magnet bore of a benchtop
NMR spectrometer using a robotic arm (Fig. 6.4a). A whole experimental sequence,
including NMR-signal acquisition, was controlled electronically using an Arduino Uno
microcontroller board. This automated experimental setup ensures consistency, which
is essential to carry out optimization studies with high accuracy. Additionally, using a
magnet with adjustable field strength (1-100mT) designed by Dr. Peter Bliimler, various
magnetic fields during bubbling were studied to investigate the influence of magnetic field

over polarization transfer through exchangeable protons.
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6.2.2 Results and Discussion

PHIP-X approach can be described as a two-stage process. Initially, a transfer molecule,
e.g., propargyl alcohol, is hyperpolarized by adding parahydrogen to its structure. Then,
polarization is transferred from the hyperpolarized transfer agent (e.g., hyperpolarized al-
lyl alcohol) to a target molecule at low magnetic field via the proton-exchange mechanism
(Fig. 6.2a). The first step, which is the well-known hydrogenative-PHIP-ALTEDENA ex-
periment [116], has significant effect on target-compound hyperpolarization. Thus, the
efficiency of the parahydrogenation reaction of propargyl alcohol to hyperpolarized allyl
alcohol and then propanol was studied for various amounts of Rh(I)-catalyst (5, 10, 15
mg) and different parahydrogen bubbling times, the result is presented in Fig. 6.1. An
NMR sample was bubbled with parahydrogen for a given time (5-60 s) at the Earth’s
field, above the NMR spectrometer for each data point shown in Fig. 6.1b and c¢. The
sample was then transferred to the detection region with the robotic arm to obtain an 'H-
NMR spectrum of hyperpolarized products: allyl alcohol (B*) and propanol (C*). After
acquisition, the NMR tube was detached from the bubbling setup and purged with ni-
trogen gas to prevent further hydrogenation with the remaining dissolved parahydrogen.
When the hyperpolarized products in the solution were relaxed to thermal equilibrium,
a thermal 'H-NMR spectrum was obtained to estimate the relative concentrations of
the substrate (A) and the products (B and C). The peak assignments used for 'H-NMR
spectral analysis in this kinetic study can be found in Fig. A.1 of Appendix A.4.

As presented in Fig. 6.1b, the high amount of catalyst induced a fast consumption of
propargyl and allyl alcohols. In the experiments with 5 mM catalyst, propanol production
is shown after 40 s of hydrogen bubbling, while for higher catalyst concentration, propanol
appeared in the solution after 20-30 s of bubbling with hydrogen. Since the gradual pro-
duction of allyl alcohol might allow us to perform many transients, thus achieving a higher
SNR, the 5 mM catalyst was used in further experiments of this study. As demonstrated
in Fig. 6.1, allyl alcohol have the highest polarization after 20-30 s bubbling, and propanol

begin to be hyperpolarized more efficiently after 50-60 s of exposure to parahydrogen.
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However, during the first 60 s of bubbling, the polarization level of propanol is never as
high as the maximum polarization of allyl alcohol. Even though propanol could also be
considered as a transfer agent for the PHIP-X technique, allyl alcohol seems to be more

suitable for high-polarization transfer to a target molecule.

Figure 6.1: (a) Scheme of two-steps hydrogenation of propargyl alcohol in acetone cat-
alyzed by [1,4- bis(diphenylphosphino)butane] (1,5-cyclooctadiene)rhodium(l) tetra flu-
oroborate. Parahydrogen undergoes pairwise addition to propargyl alcohol to first form
allyl alcohol and then propanol. (b) Kinetic of propargyl alcohol hydrogenation reaction
versus hydrogen bubbling time for the various concentrations of Rh(l)-catalyst. The ini-
tial substrate, propargyl alcohol, and products, allyl alcohol and propanol are denoted
by A, B, and C, respectively, while XA, XB, and XC represent their fractions in the
solution after hydrogenation reaction. (c) The relative intensity of signal arising from
hyperpolarized allyl alcohol (B*) and propanol (C*) via ALTADENA-PHIP for various
parahydrogen bubbling times (see main text for experimental detail).

As the next step, the polarization transfer to a target molecule was investigated. Due
to the complexity of the 1tH-NMR spectrum, with many peaks originating from the trans-
fer and target compounds, the 1H-1sN INEPT technique was used to facilitate spectral

analysis. 1H-1sN INEPT is a specific pulse sequence used in NMR to enhance signal reso-
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lution by transferring polarization from the coupled proton (here, hyperpolarized protons
via PHIP-X) to 1sN. While the basic INEPT sequence generates anti-phase magnetization,
the refocused INEPT produces in-phase magnetization [15]. If decoupling is applied with
basic INEPT, the anti-phase peaks cancel each other. However, with refocused INEPT,
decoupling is applied to obtain singlet in-phase peaks (for more details, see Sec. 2.1.9).
Optimal spin echo delays for the INEPT pulse sequence for each molecule were calculated

based on numerical simulations (for details see Sec. A.3).

Figure 6.2: (a) Schematic representation of the PHIP-X process and (b) basic and re-
focused 1H-15N INEPT NMR spectra of hyperpolarized [13C, 15sNz]-urea and [15Nz]-urea
via PHIP-X.

Figure 6.2b presents the single-transient basic and refocused 1H-1sN INEPT spectra
of hyperpolarized [13C, 15Nz]-urea and [15sNz]-urea via PHIP-X. The NMR samples (0.5M
propargyl alcohol, 5mM Rh(l)-catalyst, 100mM urea in DMSO and acetone mixture)
were bubbled with parahydrogen at the Earth's field for 20 s before acquiring the 15N-
NMR spectra. As expected, in spectra of [15Nz]-urea subsequent to refocused INEPT
(with proton decoupling), a single line appears at ~75 ppm, while in the basic INEPT
spectrum (no proton decoupling), the line is split by the JnH-coupling between 1H and 1sN.
The existence of an additional 13C-15N J-coupling interaction in [13C, 15Nz]-urea results in
further splitting of the peaks into doublets, possessing half the signal intensity. Narrower

line/lines in the refocused INEPT spectra, compared to the basic INEPT spectra, resulted
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from decoupling, eliminating the effect of proton exchange on line broadening.

After hyperpolarizing urea using PHIP-X, optimization of the bubbling field (0.05-
80mT) and bubbling time (5-1208) was performed. To study the influence of the parahy-
drogen bubbling time on the signal enhancement, four identical NMR samples (0.5 M
propargyl alcohol, 5mM Rh(I)-catalyst, 100 mM [*C, °Ny]-urea dissolved in DMSO and
acetone mixture) were prepared. For each bubbling time interval (5, 20, 40, and 60 ), one
of the samples was bubbled with parahydrogen in the Earth’s field and then the NMR
tube was transferred into the spectrometer via the robotic arm to obtain the 'H-'*N
refocused INEPT NMR spectrum of hyperpolarized ['*C, N,|-urea. This process was
repeated for each sample several times: 24, 6, 3, and 2, respectively. Owing to the high
concentration of the substrate, the production of hyperpolarized transfer agents carries
on for many transients, allowing repolarization of the target molecule in each transient.
This approach enables us to acquire many NMR signals originating from the repolarized
target molecule as shown in Fig. 6.3a. The highest signal enhancement is observed after
60 s of bubbling, when allyl alcohol and propanol exhibit almost the same polarization
level (Fig. 6.1). This may lead to the conclusion that the effect of propanol as a transfer
agent is not insignificant. Although the long bubbling time appears more efficient, the av-
eraged spectra of repeated measurements with various bubbling time intervals show that
PHIP-X repetitions with short bubbling time can provide an overall higher signal-to-noise
ratio (Fig. 6.3b).

In order to investigate the influence of the parahydrogen bubbling field on the sig-
nal enhancement, ten different magnetic fields (0.05-80mT) were used to investigate the
NMR spectra of samples (0.5 M propargyl alcohol, 5mM Rh(I)-catalyst, 100mM [**C,
1%Ny]-urea in DMSO and acetone mixture) exposed to parahydrogen for 20 s (Fig. 6.3d).
Immediately after bubbling, the sample was transferred to a robotic arm to record the
refocused 'H-N INEPT NMR spectrum of hyperpolarized ['*C, 1°Ny]-urea. For each
sample, the measurement was repeated three times, as a result, the calculated mean val-
ues and standard deviations of the relative signals are presented in Fig. 6.3c. When the

bubbling field was around 2mT, the highest signal enhancement was observed. As a con-
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Figure 6.3: (a) Effect of parahydrogen bubbling time on peak intensity in the 1H-1s5N
INEPT NMR spectra of hyperpolarized [13C, 15Nz]-urea. The graph corresponds to four
NMR samples of urea which were bubbled with parahydrogen several times (24, 6, 3,
and 2) in different time intervals (5, 20, 40, and 60 s, respectively). (b) Averaged 1H-
15N refocused INEPT NMR spectra of hyperpolarized [13C, 15N2z]-urea for each bubbling
time interval. For instance, the average of 24 signal transitions, each obtained after 5 s
of parahydrogen exposure in the Earth's field. (c) The magnetic field (0.05-80 mT) in
which the parahydrogen bubbling was conducted versus signal enhancement in the 1sN-
NMR spectrum of hyperpolarized [13C, 15Nz]-urea. Each data point is a consequence of
averaged three transients after repeated 20 s of the parahydrogen supply. Error bars rep-
resent standard errors. (d) The image of the adjustable magnet consisting of transversely
oriented Halbach arrays that was used for adjusting bubbling field. This constructed
magnet is capable of generating a field from 1 mT to 101 mT depending on the relative
angle between Halbach magnets.
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sequence of the bubbling field rising up to 80 mT, a gradual decrease in signal intensity
was observed. However, in the previous PHIP-X study [45], the numerical simulations
show that if the magnetic fields during parahydrogenation increase up to 80 mT, the pro-
ton polarization in the -OH group of the transfer molecule increases significantly. On the
other hand, the polarization transfer from the -OH group of the transfer molecule to the
target molecule is the key step that can be influenced by magnetic field strength. There-
fore, to explain this disagreement, further simulations could be performed to evaluate the

polarization level of a target molecule.

Figure 6.4: (a) Experimental setup used for the ALTADENA-PHIP and PHIP-X experi-
ments. The NMR tube was connected to the parahydrogen bubbling system and hooked
to the robotic arm from the top part. The robotic arm transferred the NMR sample
between the region with a low magnetic field (0.05-80 mT), where parahydrogen bub-
bling occurs, and the detection region in the spectrometer. Thus, the parahydrogenation
reaction could conduct in a given magnetic field before the signal was measured inside
the magnet. (b) Intensity of hyperpolarized [13C, 15Nz]-urea signal versus the position of
NMR tube inside the bore of spectrometer during parahydrogenation. Each data point
corresponds to a measurement, following a transfer of the sample into the detection re-
gion after 10 s of parahydrogen bubbling in a given position inside the spectrometer.
Magnetic field profile inside the bore of spectrometer was measured using a gaussmeter.
The location of the tube determined based on 'O' position of robotic arm (see Fig. A.5).

Although hyperpolarization of the target molecule by PHIP-X becomes more efficient
by applying an optimal magnetic field during parahydrogenation, relaxation through-
out the transfer, taking roughly 3 s, lowered the signal intensity significantly. However,

above the detection region of the 1sN/1H NMR spectrometer, where 1 T magnetic field
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was applied for thermal polarization, the magnetic field varied from 1 T towards to the
Earth’s field. By taking advantage of this field profile inside the bore of the spectrometer,
we performed parahydrogenation at different positions in the bore to vary the bubbling
field, as well as to shorten the transfer time. For this purpose, an NMR sample (0.5 M
of propargyl alcohol, 5mM of Rh(I)-catalyst, of 100 mM [*3C, *Ny]-urea dissolved in the
DMSO and acetone mixture) was exposed to parahydrogen for 10 s in a given location
inside the bore and, subsequently, the NMR tube was moved to the detection region by
robotic arm to acquire the refocused 'H-?N INEPT NMR spectrum of hyperpolarized
[13C, 15N,]-urea. This experiment was repeated for ten different locations inside the bore.
When the NMR tube was in the middle of magnetic bore during the parahydrogenation, a
single-scan enhancement of 17,100 was observed for [1*C, 1°Ny|-urea. This corresponded
to a polarization level of 1.2% per molecule. In this way, with a short relaxation time,
the most enhanced ['*C, "Ny]-urea signal was detected due to the reduction of relaxation
in the course of the sample transfer. When the sample was parahydrogenated at a mag-
netic field closer to the Earth’s field or high field (1 T), drops in signal intensity were
observed. By taking into account the effect of the differences in the sample transfer times
for each measurement, these results are congruent with the previous result concerning
optimization of the applied magnetic field during parahydrogenation.

In addition to urea, ['*N]-glycine, [**N]-ammonium, and ['*N]-benzamide were hy-
perpolarized to demonstrate the potential of PHIP-X for hyperpolarization of a wide
range of chemicals. Samples of 15 mM [’ N]-glycine, 50 mM [**N]-ammonium and 50 mM
['*N]-benzamide in the DMSO and acetone mixtures were prepared with additional 0.5 M
propargyl alcohol and 5mM Rh(I)-catalyst. Fach sample was subjected to parahydro-
gen bubbling for 20 s in the Earth’s field and transferred to the spectrometer to obtain
the refocused 'H-'°N INEPT NMR spectrum of hyperpolarized *N-labelled compounds.
Spin-echo delays for INEPT experiments were calculated using numerical simulations (see
Sec. A.3 for details). The peaks in spectra of [**N|-glycine [**N]-ammonium, and [**N]-
benzamide were observed with a few orders of magnitude signal enhancement, particu-

larly, corresponding to 0.1%, 0.13% and 0.02% polarization levels per spin, respectively
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Figure 6.5: (a) Refocused 1H-15sN INEPT NMR spectra of hyperpolarized [15N]-glycine,
[1sN]-ammonium, and [15N]-benzamide by PHIP-X. (b) Refocused 1H-13C INEPT NMR

spectrum of hyperpolarized products: allyl alcohol and propanol (above) and refocused
1H-13C INEPT NMR spectrum of D-[1-13C]-glucose hyperpolarized via PHIP-X. The

peaks at ~100 ppm denoted with star originates from D-[1-13C]-glucose.

(Fig. 6.5a). It is pertinent to note that the polarization levels could be improved by
performing experiments in the optimum bubbling field, but even more by shortening the
transfer time.

As the last result for this section, the investigations of PHIP-X hyperpolarized D-[1-
13C]-glucose are reported to show the feasibility of the use 1H-13C INEPT pulse sequence
which allows straightforward spectral interpretation for hyperpolarized target compound
unlike crowded 1H-NMR spectrum with numerous peaks originating from hyperpolarized
protons of transfer and target compounds. For this purpose, the parahydrogen gas was
bubbled at the Earth's field into a sample containing 60 mM D-[1-13C]-glucose, 0.5 M
propargyl alcohol and 5mM Rh(l)-catalyst dissolved in the DMSO and acetone mix-
tures. Immediately after bubbling, the NMR tube was transferred into 1H-13C NMR
spectrometer to acquire the refocused 1H-13C INEPT NMR spectrum of hyperpolarized
D-[1-13C]-glucose. In addition, to be able to assign the peaks, arising from the naturally
abundant 13C isotope in hyperpolarized allyl alcohol and propanol, the PHIP solution
consisting of the chemicals listed above, except for D-[1-13C]-glucose, was measured in
the same way. In Fig. 6.5b, the spectrum above is the result of the experiment with the

mentioned solution without D-[1-13C]-glucose, while the spectrum below is a consequence
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of experiments with the sample containing D-[1-'*CJ-glucose. The peak associated with
hyperpolarized D-[1-'*C]-glucose arose at about 100 ppm with the 0.024% polarization
level while the other peaks originate from hyperpolarized allyl alcohol and propanol.
Other proton-exchange-based hyperpolarization method (SABRE-RELAY) was also
used to hyperpolarize [1*C, ®Ny]-urea and ['*CJ-urea. It has allowed achieving two or-
ders of magnitude signal enhancement compared to thermally measured at 9.4T [56].
Moreover, SABRE-RELAY hyperpolarization of ['*C|-glucose has been reported to a
lesser extent. Despite a lower polarization level compared to the results presented here,
SABRE-RELAY has the advantage of allowing rehyperpolarization and signal accumula-
tion without consuming transfer and target agents, thereby improving the signal-to-noise
ratio [109]. On the other hand, we also reported that by increasing the amount of transfer

agent, PHIP-X can be repeatable without the consumption of the target molecule.

6.3 PHIP-X in ZULF NMR

In this section, the first-ever implementation of the PHIP-X method into ZULF NMR

spectroscopy is reported along with the results of optimization experiments.

6.3.1 Material and Methods

All chemicals exploited in the presented research were supplied from Sigma-Aldrich and
used without further purification as stated above. For zero-field NMR using PHIP, so-
lutions with 1M propargyl alcohol, 7mM Rh(I)-catalyst ([Rh(dppb)(COD)|BF4) were
prepared in acetone. For PHIP/PHIP-X experiments at ultralow fields, solutions with
0.5 M propargyl alcohol, 7mM Rh(I)-catalyst, and various amounts of distilled water were
prepared in acetone. For each experiment, 500 nL of sample was transferred to an NMR
tube of 14inch in length, which was made by welding two standard NMR tubes.

ZULF NMR experiments were conducted using the setup described in Chapter 5.
The home-built parahydrogen generator and the bubbling system, which are already

introduced in Chapter 5, were used to expose the prepared sample to partially para-
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enriched hydrogen gas. Before each experiment, the NMR tube was attached to the
bubbling system and the sample was purged with nitrogen gas, as previously described.
After placing the NMR tube inside the shield, an experimental sequence was initiated
through LabView software (for details see Sec. 5.2).

For PHIP experiments with zero-field NMR detection, after bubbling parahydrogen
through the sample for about 20s in the zero-field regime (inside the shield), a DC pulse
was applied along the sensitive axis with a pulse angle of /2, optimized for the 1*C-'H
spin system, i.e., 7/2 = 0y — 0, where 0y ¢ are the rotation angles for 'H and '*C
[46]. Then data acquisition was started (Fig. 6.6a). In PHIP/PHIP-X measurements at
ultralow field, at first, a given field By was applied (0.1-3mT) by the piercing solenoid
during the bubbling. The solenoid was then switched off adiabatically and a 7 /2-proton
DC pulse was applied to generate proton precession under the ultralow detection field,
~820 nT (Fig. 6.7a). Additionally, a sample of 150 nl. distilled water was measured in
an ultralow field after thermal prepolarization using a 1.4 T Halbach magnet to draw
a comparison between thermal prepolarization and the PHIP/PHIP-X technique (for
experimental details on thermal prepolarization see Sec. 3.2.2).

Post-processing and data analysis were conducted using Python code (see Sec. 3.2.3
for details). Simulations of ZULF NMR spectra were performed using the SpinDynam-
ica package for Mathematica [4, 19]. Homonuclear 'H-'H .J-coupling constants used in
the simulations were taken from the literature [45], while heteronuclear *C-'H coupling

constants were calculated based on the results presented in the previous section.

6.3.2 Results and Discussion

In this section, the implementation of the PHIP-X technique into ZULF NMR is discussed
with the preliminary results. As mentioned in the previous section, PHIP-X consists of
two main stages: hyperpolarization of the transfer molecule and polarization transfer to
the target molecule. Therefore, first, hyperpolarization of the transfer molecule was in-
vestigated under ZULF conditions. As demonstrated in Figs. 6.6a and b, a solution of 1M

propargyl alcohol and 7mM Rh(I)-catalyst in acetone was bubbled with parahydrogen
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for 20 s in zero field, and, following a DC pulse, a zero field spectrum of hyperpolarized
allyl alcohol was measured. This experimental sequence was repeated until no visible
peaks were observed in the spectrum. Each recorded zero-field spectrum is presented in
Fig. 6.6¢c. We observed three groups of peaks in the first eight transients, while the first
transient showed a lower signal-to-noise ratio, which might be a result of either bubbling
with remaining nitrogen in the system instead of parahydrogen for the first a few sec-
onds of the experiments, hence delayed catalyst activation, or residual impurities (e.g.,
oxygen) causing fast relaxation. In the ninth transient spectrum, no peaks are observed
due to the consumption of all substrates, except for the peak up to 10 Hz, corresponding
to flicker noise.

For spectral interpretation, the isotopomers of the product compound, allyl alco-
hol, must be considered in detail. As the natural abundance of *C nuclei is 1.1%, we
examine zero-field spectra of [1-2Cy]-, [2-13Cy]- and [3-12C]-allyl alcohols (Fig. 6.6d).
Since the probability of existing a *C-'3C fragment within a molecule is about 0.0121%
(1.1% x 1.1%), other isotopolgues of allyl alcohol are negligible. As described previously,
the main peaks in the zero-field spectra originate from the heteronuclear .J-couplings such
as the ¥ C-'H coupling, and they are split with the influence of the homonuclear couplings,
e.g., between 'H nuclei. Based on that, we can easily interpret the spectrum as follows: a
group of peaks at 140-165 Hz (orange shading in Fig. 6.6¢) corresponds to the one-bond
coupling of a parahydrogen-derived hydrogen to the *C nucleus in [2-12C,]-allyl alcohol
(J4y=156.2 Hz), which is than split by the coupling to other protons. Another group of
peaks (215-245 Hz, marked in blue in Fig. 6.6¢) arises mainly from the one-bond coupling
between *C nucleus and two magnetically inequivalent 'H nuclei in [3-13C,]-allyl alcohol
(JLy=156.3 Hz, Jy=158.2 Hz). If we disregard the magnetic inequality of these two 'H
nuclei for a while, thus we assume the dominant spin system as XA, instead of XAA’,
a line at frequency 3/2.J};; (roughly 234 Hz) is expected. Also, it is inevitable that the
line is split with other weaker interactions that form multiplets. In this way, we can ex-
plain the group of peaks that appears in the 215-245 Hz range in the zero-field spectrum.

The low-frequency peaks, i.e., peaks up to about 30 Hz (green shading in Fig. 6.6c) are
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Figure 6.6: (a) Experimental sequence for the zero-field NMR experiment using PHIP.
The sequence is divided into three stages: parahydrogen bubbling through a solution in
the zero field, a DC magnetic-field pulse, and data acquisition. (b) Scheme of parahy-
drogenation reaction of propargyl alcohol to form allyl alcohol. (c) Experimental spec-
tra of hyperpolarized allyl alcohol for many transients. (d) Structural formula of [2-
13Ca]-allyl alcohol and [3-13Ci]-allyl alcohol with the heteronuclear J-coupling between
parahydrogen-derived hydrogen and 13C nucleus used to generate the simulated spectra.
Peaks in the zero-field spectra form three groups highlighted with green, orange, and blue
shading (for further discussion, see main text). (e) Simulated spectra of [2-13Ca]-allyl al-
cohol (orange solid line) and [3-13Ca1]-allyl alcohol (blue solid line).
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results of the weak J-coupling interactions in [2-1*Cy]-, and [3-!*C]-allyl alcohol, as well
as, [1-13Cy]-allyl alcohol. Thus, due to many overlapping peaks in this small region of the
spectrum, a complex spectral pattern is observed. Additionally, flicker noise hinders the
analysis of the low-frequency region in a spectrum. However, apart from our interpreta-
tion of spectral patterns, the zero-field spectra of [2-13C4]-allyl alcohol and [3-13C|-allyl
alcohol were simulated (see Sec. 6.3.1) and a good agreement between the experimental
and simulated spectra was achieved (as demonstrated in Figs. 6.6¢ and e).

As the next step, polarization transfer from the transfer agent, hyperpolarized allyl al-
cohol to a target molecule, water was investigated. A solution of 0.5 M propargyl alcohol,
7mM Rh(I)-catalyst in acetone was bubbled with parahydrogen for 20 s at 3mT magnetic
field. Subsequently, the bubbling field was adiabatically switched off, and following a DC
pulse, an ultra-low field spectrum of hyperpolarized allyl alcohol was acquired where the
detection field was ~820 n'T' (Fig. 6.7a). In the spectrum, the peak with high amplitude
at about 35 Hz originates from the precession of protons uncoupled to *C, while the
peaks around this peak in 25-45 Hz range with a lower amplitude are results of ¥C-'H
couplings in isotopomers of hyperpolarized allyl alcohol. The polarization level in the
target molecule after the PHIP-X process strongly depends on the transfer agent polar-
ization and also the distribution of the polarization across all protons in the molecule,
especially labile proton in -OH group.

Since the peak at 35 Hz represents protons uncoupled to *C including labile proton
which exchanges between transfer agent and target molecule (e.g. water), we exam-
ine the influence of water content in sample on the intensity of this peak. Samples of
0.5 M propargyl alcohol and 7mM Rh(I)-catalyst in acetone with various concentrations
of water (0-5M) were prepared for this study. Parahydrogen gas was bubbled through
each sample for 20 s under 1mT field. Subsequent a DC pulse, an ULF spectrum was
recorded. For each sample the sequence repeated three times. Averaged peak amplitudes
with standard error values are presented in Fig. 6.7c. A significant signal enhancement
was observed in the spectrum of the sample with 0.5 M water and propargyl alcohol, sup-

porting the argument that the most efficient polarization transfer occurs when the transfer
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Figure 6.7: (a) Experimental sequence for the ULF NMR experiment using PHIP and
PHIP-X. The sequence is divided into three steps: parahydrogen bubbling through a
solution in ultralow field, a DC pulse, and data acquisition. Bx is the magnetic field
during parahydrogen bubbling, while the detection field is denoted by Bp. (b) Ultralow-
field NMR spectrum of hyperpolarized allyl alcohol. The main peak at 35Hz arises from
the precession of protons uncoupled to the 13C nucleus, while the peaks around the main
line with a lower amplitude are results of 13C-1H couplings in isotopomers of allyl alcohol.
(¢) Comparison of signal amplitude at 35Hz, originating from protons uncoupled to 13C
in allyl alcohol (0.5M), and various concentration of water (0-5M) hyperpolarized via
PHIP/PHIP-X (orange data points). For a comparison, relative signal intensity in the
ULF NMR spectrum of thermally-prepolarized water protons is presented as a blue data
point. Data is presented as meanzstandard error. (d) The influence of the Bn (0.1-
3mT) field on the amplitude of peak associated with protons uncoupled to 13C. Data is
presented as mean = standard error.
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and target molecule are present at the same concentration in a sample. When samples
contained higher amount of water, the signal intensity drops considerably. The reason
might be inefficient polarization transfer as a result of too rapid proton exchange, and
increased proton pool to polarize despite limited available parahydrogen (spin-dilution),
besides the reduced catalyst activity in aqueous media [117, 118]. This limitation comes
into prominence, particularly if PHIP-X is harnessed for a study with samples in aque-
ous media such as cell cultures, urine, blood, etc. Furthermore, in Fig. 6.7c, a result of
measurement after thermal prepolarization using a 1.4 T magnet was denoted as a blue
point demonstrating the achievement of two orders of magnitude signal enhancement for
water protons via PHIP-X.

Lastly, the impact of bubbling field on signal enhancement by PHIP/PHIP-X was
studied using ULF NMR. Samples of 0.5 M propargyl alcohol, 7mM Rh(I)-catalyst, and
0.5 M water were prepared. Each sample was supplied with parahydrogen for 6 s at a given
magnetic field (0.1-3m'T). The experimental sequence demonstrated in Fig. 6.7a repeated
six times for each sample. Averaged peak amplitudes with standard error values are
presented in Fig. 6.7d. When the bubbling field increases from 0.1 m'T to 3m'T, the signal
intensity grows gradually. This outcome is also congruent with the results of the high-field
NMR study presented in the previous section. Especially, the elimination of the need for
a sample transfer to apply desired ultralow field during the parahydrogenation reaction
makes ZULF NMR an appealing method for PHIP-X. Even though we demonstrate the
feasibility of the use of the PHIP-X technique for ZULF NMR spectroscopy, this subject

requires further study towards the sensitive detection of a wide range of biomolecules.

6.4 Conclusion

In this study, we employed a newly investigated hyperpolarization , called PHIP-X, to
hyperpolarize biologically relevant materials such as urea, amino acids, ammonium, and
glucose. Owing to the reported optimization studies, we achieved a 17,100-fold enchace-

ment of the urea signal through PHIP-X compared to the thermal signal measured at
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1 T. We also showed that the use of a higher concentration of the transfer agent enables
re-hyperpolarization of the target molecule with no change in its identity, thus yielding
the acquisition of accumulated signals with a higher signal-to-noise ratio. In using hyper-
polarized biomolecules as MRI probes for various diseases, the leading challenge is the
non-biocompatible components of hyperpolarized samples: the toxic solvent, the cata-
lyst, and, in the case of PHIP-X, the transfer agent, all of which must be removed from
solution [45, 119, 120]. On the other hand, novel approaches to purify the sample solution
after hyperpolarization using parahydrogen hold great promise for in vivo applications
[121].

We have also introduced the PHIP-X technique for ZULF NMR spectroscopy, enabling
the increase in the efficiency of the hyperpolarization of the transfer agent, allyl alcohol,
and the target molecule, water. This study showed the feasibility of developing the ZULF
NMR spectrometer combined with the PHIP-X technique as a highly specific, sensitive,

compact, and inexpensive sensor for the analysis of (bio)chemicals.

115



Chapter 7

Zero- and Ultralow-Field NMR Relaxometry

The material presented in this chapter is being prepared for publication:
S. Alcicek, P. Put, A. Kubrak, F. Alcicek, J. Dybas, D. Barskiy, S. Pustelny, "Zero
and Ultralow Field NMR Relaxometry for Chemical and Biological Analysis", In prepa-

ration.

7.1 Motivation and Overview

NMR relaxometry is a method that enables the characterization of physical and dynam-
ical properties of samples by measuring nuclear-spin relaxation times. Measurements of
longitudinal and transverse relaxation times, denoted as T} and 15, respectively, provide
valuable information. For example, the 15 variation, originating from the change in the
blood proteome, could be an indicator for inflammation, insulin resistance [122)].

Recently, ultralow-field NMR relaxometry became possible [123]. This is due to the
application of non-inductive sensors, which are overly sensitive to low-frequency signals
(up to 1kHz) [5]. As already mentioned many times, among the sensors, atomic mag-
netometers are the most promising candidates due to their high sensitivity, considerable
bandwidth, low price, small size, and non-cryogenic operation [6, 7].

In this chapter, the investigation of NMR relaxometry of chemical and biological sam-
ples at zero and ultralow fields is presented. Initially, the effect of dissolved paramagnetic
oxygen on relaxation processes is examined for trimethyl-phosphate, and *C-formic acid
which have long-lived heteronuclear singlet states [17] and numerous other states. This is
done by the analysis of ZULF NMR line positions that are determined by the 'H-*'P and
'H-13C J-couplings. Next, different concentrations of CuSQy solutions (0.2-1mM), which

are of particular interest for quantitative imaging studies using phantom (to mimic bio-
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logical samples), are used to study the influence of paramagnetic agents on water-proton
relaxation under ULFs (10-500 p'T). Finally, 77 and T relaxation magnetic-field profiles
of human whole-blood and blood plasma are investigated at ULFs to demonstrate the

potential of the ZULF NMR relaxometry method for analysis of biological samples.

7.2 Material and Methods

7.2.1 Sample Preparation

Trimethyl phosphate (CAS# 512-56-1) and *C-formic acid (CAS# 1633-56-3) were pur-
chased from Sigma-Aldrich. For each compound, four neat liquid samples with a 0.2-ml
volume were prepared by transferring them into standard 5 mm NMR tubes. To investi-
gate the effect of oxygen on relaxation times in each compound, one sample was sealed
without being degassed. The other three samples were degassed one, two, and three times
using the freeze-pump-thaw method with the use of a two-stage vacuum pump, enabling
pumping out the pressure to a level of 107% mbar. After the degassing, the tubes were
flame-sealed under vacuum.

Copper sulfate (CuSOy) (CAS# 7758-98-7) was also purchased from Sigma-Aldrich.
The CuSO, solutions with various concentrations were prepared by dissolving the com-
pound in distilled water. For each concentration, 0.2 ml of solution were placed inside two
standard 5mM NMR tubes. One of the tubes was sealed without degassing, the other
tube was degassed twice using the freeze-pump-thaw method and then flame-sealed. The
pressure on the frozen liquid after the second cycle was already <10~*mbar.

Human whole-blood samples from healthy adults (male volunteers) were collected in
tubes containing heparin as an anticoagulant (volume ratio: 9:1) on the day of the exper-
iment (blood came from the Regional Blood Transfusion Centre, Krakéw, Poland). The
volunteer donors had not taken any medicines for the two weeks prior to the withdrawal.
Informed consent was given by each volunteer prior to the blood withdrawal and the study
was in accordance with the principles outlined in the World Medical Association (WMA)

Declaration of Helsinki, as well as Bioethical Commission of the Jagiellonian University.
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300 ulL of whole blood were kept for the measurements. The remaining whole blood was
subjected to centrifugation (acceleration of 800 g and run time: 15min at room temper-
ature, with soft stop) to separate the plasma from the rest of the blood components.
Plasma was collected and placed in Eppendorf tubes for further sample preparation pro-
cedures and measurements. 0.2 ml of whole blood and plasma were transferred to NMR
tubes and flame-sealed without degassing. The samples were kept at 4°C to reduce the
metabolism until measurement and they were measured up to an hour after blood with-

drawal.

7.2.2 Experimental Technique

The ZULF NMR setups are described in Chapters 3 and 5 are used for zero-field and
ultra-low field relaxation measurements, respectively. For this research, 1.4 T perma-
nent magnet was placed on top of the mu-metal shield in the experimental setup with
commercial magnetometers, after removing the vapor condenser (Fig. 5.3).

For the relaxation study using zero-field NMR, the NMR. samples, prepolarized for
about 20 s inside the permanent magnet, were mechanically shuttled to the zero-field
region through a guiding field (10 4T) applied by the solenoid (Fig. 7.1a). The NMR
sample reached the detection region in roughly 300 ms. Since sample transfer caused
vibration noises that disrupted data acquisition, the generation of the zero-field NMR
signal was suspended for another 700 ms, so that the shortest total time between the end
of polarization and the beginning of the acquisition was 1s. Varying this waiting time
in the ultra-low field from 1 s to 15 s in zero-field NMR experiments, the longitudinal
relaxation time constants (77) for formic acid and trimethyl phosphate solutions with
different dissolved oxygen concentrations were calculated. After the given storage time,
the guiding field was switched off suddenly, and then an optimal transverse pulse was
applied to generate oscillating magnetization with a maximum amplitude. For the 'H-
13C spin system, the optimal pulse-induced rotation angle is 47 for 'H, while in the
'H-31P system, the maximum amplitude is achieved with 57 pulse angle for the 'H spin

(see further discussion in Chapters 2 and 3).
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For the investigation of the water-proton relaxation times in the CuSOa4 solutions,
whole blood, and plasma, ULF NMR spectroscopy was used. After thermal prepolar-
ization for 15 s in 1.4 T permanent magnet, the NMR sample was transferred into the
zero-field region in a minimum 500 ms period. Note the stepper motor in this experi-
mental setup allowed us to perform faster sample transfer compared to the other setup in
which zero-field measurements were conducted. When the sample reached the detection
region, it was stored in various fields (10-510~T) at the given time (0.5-6.05 s) to obtain
the T1 relaxation profile. Then the guiding field was switched off while a detection field
of «800 nT, corresponding to 34 Hz of precession of 1H, was applied along the transverse
axis (Fig. 7.1b). The detection field was chosen in such a way that the proton-precession
signal appeared in a convenient region of the spectrum, i.e., far from 50 Hz electrical noise
and low-frequency flicker noise. It should be noted that further increase of the solenoid

storage field could introduce inhomogeneities, which may affect relaxation.

Figure 7.1: Experimental sequence for zero- (a) and ultralow-field (b) NMR relaxometry.
The magnetic field, experienced by the sample during the experiment, is plotted. The
initial period of thermal prepolarization in the strong field Bpol is followed by a non-
adiabatic transfer to ZULF. Subsequent to transfer, the sample is kept under the storage
field Bswo for a given time . Then the DC pulse of the magnetic field Bp is applied to
generate oscillating magnetization detectable by the magnetometer. By varying €, the
relaxation profile of nuclei in ULFs can be determined. The main difference between (a)
and (b) sequences is the application of the detection field Bdet to obtain the ULF NMR
spectrum (see main text).

In the Ta studies, each data point was obtained after averaging 4-16 transients and is
presented with a standard deviation as an error bar. The transverse relaxation times Tz
were calculated from the linewidths of the peaks in spectra. Full maximum half-width
(FWHM) values were derived by fitting NMR spectra to the Lorentzian function (see

Sec. 2.1.5). Standard errors on the fitting parameters are denoted with error bars. Data
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processing and data analysis was performed using Python as described in Sec. 3.2.3.

7.3 Results and Discussion

7.3.1 Effect of Oxygen on Zero-field NMR

Figure 7.2: (a) Zero-field NMR resonance (33Hz) measured in the J-spectra of the
trimethyl phosphate samples prepared with a different number of the freeze-pump-thaw
cycles (0, 1, 2, and 3). (b) Measured transverse relaxation time Tz of trimethyl phosphate
versus the number of the freeze-pump-thaw cycles performed during sample preparation.

Paramagnetic nature of oxygen molecules, originating from unpaired electrons, influ-
ence the nuclear spin relaxation process [124]. This effect can be demonstrated using
ZULF NMR relaxometry by observing zero-field NMR spectra and using the measure-
ments to extract information about the longitudinal and transverse relaxation constants.
To avoid fast spin relaxation of the molecules, caused by dissolved oxygen in NMR solu-
tions, ZULF NMR samples are usually prepared using the freeze-thaw-pump technique.
The technique allows to degas the samples, thereby affecting the lifetime of spin polariza-
tion, but the significance of this procedure on ZULF NMR has never been demonstrated.
In order to study the effect, first, we examined the trimethyl phosphate solutions after
application of the preparation procedure that involved a different number of freeze-thaw-
pump cycles. The reduced amount of oxygen dissolved in trimethyl phosphate allows
slower relaxation and hence quantitative measurements of spin relaxation.

The detailed discussion of the trimethyl phosphate zero-field spectra can be found

in Chapter 3. Here, we only study the peak at about 33 Hz, arising from the 1H-31P
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three-bond J-coupling. The analysis allows us to extract the peak linewidth, and hence
gain information about relaxation.

As demonstrated in Fig. 7.2a, a substantial increase in the amplitude of the 33 Hz
peak and a decrease in its linewidth were observed up to two freeze-pump-thaw cycles.
This change can be result of longer T1 and T2 relaxation process. The derived transverse
relaxation times T2 are presented in Fig. 7.2b. The results show that no significant
differences in the signal intensity and linewidth were observed by increasing the number
of cycles above two (compare the results obtained with 2 and 3 cycles). Most likely, after
two cycles of vacuuming, an oxygen level in the solution is small (potentially negligible)
in terms of its contribution to relaxation. Thus no improvement in the signal with the
third cycle of vacuuming was achieved. Alternatively, even though the vacuum pump is
eligible to pump out the pressure over the frozen liquid to about 10-6 mbar, it might not

be sufficient to remove remaining dissolved oxygen any further after 2 cycles.

Figure 7.3: (a) Relaxation times T1, Tf, and Ts of 13C-formic acid versus the number of
the freeze-pump-thaw cycles performed during sample preparation. (b) As an example, a
part of the experimental zero-field spectrum of 13C-formic acid (solid blue line) containing
the 222.2 Hz peak, originating from the 1H-13C coupling. The fitting of the peak to the
Lorentzian function is presented as a dashed line. (c) Transverse relaxation time T2
extracted from experimental signal induced by a non-adiabatic transition to the zero
field with/without y-pulse.

As the next step, we investigated the influence of paramagnetic oxygen on long-lived
spin-singlet states, which are relatively protected from the source of relaxation. Such
a state has been demonstrated in high-field NMR for homonuclear spin-1/2 pairs (e.g.,

parahydrogen), where two coupled spins are magnetically equivalent, and they compose
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a spin-0 system (singlet state) and a spin-1 system (triplet state). The triplet states are
symmetric and the singlet is antisymmetric with respect to the interchange of the spin
labels. Since the main relaxation mechanism, the dipolar coupling, is symmetric with
respect to the spin exchange of particles, it is unlikely to cause a symmetry-breaking
singlet-triplet transition, thus dipole-dipole coupling cannot contribute to the relaxation
of the singlet state [125]. Moreover, at zero-field, strong coupled heteronuclear spin-1/2
pairs can be considered as singlet-triplet states as well. Therefore, heteronuclear long-
lived singlet states were previously reported for '*C-formic acid and '*C;-benzene under
the zero-field regime [17]. The zero-field spectrum of *C-formic acid consists of a peak at
about 222.2 Hz equal to the strength of the one-bond 'H-'3C coupling while the proton
in the hydroxyl group can be neglected due to fast exchange. As discussed in Sec. 2.2
in detail, after thermal prepolarization using the permanent magnet, followed by the
non-adiabatic transfer to the ZULF region, the guiding field (so-called storage field) was
switched off suddenly to generate coherences between the zero-field states (e.g., singlet
and triplet). In this case, the relaxation was separated in two processes characterized
by so-called slow relaxation (singlet lifetime) with 7§ time constant and fast relaxation
determined by the relaxation time 7Ty. The transition between the singlet |.Sy) and triplet
states (|T'11), |To), and |T_;) ) causes slow decay and indicates the lifetime of the singlet
state. On the other hand, the building the equilibrium among triplet states results in fast
relaxation by reducing the population difference between |Sp) and |75). These constants
can be derived from bi-exponential decay of zero-field NMR signal (see Sec. 7.2.2 for
details).

Alternatively, after a sudden switch of the guiding field, a transverse DC pulse (y-
pulse) can be applied to manipulate the polarization in the singlet and triplet manifolds
(Fig. 2.11). In this case, since a signal intensity is proportional to a population difference
between the |T';1) and |T_) states (Sec. 2.2), the lifetime of this difference is described
by the T value, similar to that used in the high-field NMR. description. This constant
can be easily derived from an exponential decay of the zero-field signal (see Sec. 7.2.2 for

details).
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In this study, we examine the variation of the T, Ty, and 7 constants measured
in C-formic acid solutions prepared with different times of freeze-pump-thaw cycles
(Fig. 7.3a). In addition, the linewidth of the peak at zero-field NMR is used to extract
information about the transverse relaxation time, T, (Fig. 7.3b). The calculated 75 con-
stants are reported for two described experimental schemes (with/without the transverse
y-pulse after the sudden switch off) in Fig.7.3c. While the increase in all relaxation terms
is observed up to 2 cycle of vacuuming due to efficient removal of oxygen from the sample,
there is no significant contribution of the third free-thaw-vacuum cycle. To explain this,
the discussion presented above can be refined. It should be mentioned that the highest
relaxation constants derived in this study is lower than the values reported in Ref. [17].
The reason is that even though there is no peak in the zero-field spectrum of *C-formic
acid that originates from the exchangeable proton in the hydroxyl group, the contribution
of the proton-exchange-mediated relaxation mechanism is noticed with the shortened re-
laxation time. Increasing the proton-exchange rate enables elimination of this relaxation
mechanism. However, contrary to the previous study where water and acetonitrile were
mixed to induce chemical exchange, in our study, we used neat '*C-formic acid. Neverthe-
less, besides presenting the influence of oxygen on the long-lived singlet state, we report
the singlet lifetime in neat '*C-formic acid as about 16s. It should be also noted that the
experiments with a non-adiabatic transfer results in narrower zero-field peaks compared
to the measurements with an additional transfers pulse which is an indicator of a longer
T value. On the other hand, as discussed in Sec. 2.2, application of the transverse pulse
increased the signal intensity.

As shown in this part of the work, a paramagnetic oxygen molecule has an impact
on zero-field NMR, therefore dissolved oxygen level could be quantified through ZULF

NMR relaxometry studies to detect paramagnetic gas impurities [126, 127].

7.3.2 Effect of Paramagnetic CuSO, on Ultralow Field NMR

In order to demonstrate the feasibility of the ZULF NMR relaxometry for the analysis

of biological samples, paramagnetic copper sulfate (CuSOy), which is the widely utilized
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Figure 7.4: (a) Ultralow-field experimental spectra, consisting of a peak at about 34 Hz,
versus the storage time. (b-f) The variation in Ti relaxation time constant of water
protons at various ULFs (10-510 pT) with respect to the different CuSO4 concentration
(mM) in a solution prepared with/without 2 cycles of freeze-pump-thaw (denoted as Vac
and No vac, respectively) prior to the measurement.
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for quantitative imaging studies of “phantoms” by mimicking samples with short relax-
ation times, was used [128]. Water-proton precession was observed using the ULF NMR
spectroscopy to gather information about the T1 and T2z relaxation processes which are
accelerated by paramagnetic ions in solution (Figs. 7.4a and 7.5a). As demonstrated
in Fig. 7.4b-f, when the CuSOa concentration in solution rose, the expected decreasing
trend in the proton Ti relaxation time was observed. On the other hand, the gradual
rise of the storage field from 10 pT to 510 pT results in the steady increase of the T:
relaxation time. It was also observed that oxygen has a great impact on the relaxation
process in the case of higher storage fields and lower CuSOa4 concentration. On the other
hand, no significant influence of dissolved oxygen on T: relaxation was observed when
the CuSOa concentration was increased and/or the storage field was decreased. This
could be a result of the negligible contribution of dissolved oxygen to the T: relaxation
process, compared to the contribution of the high concentrate CuSOa4. Also, since the
T: relaxation time is shorter for lower storage fields, the effect of oxygen might become
indistinguishable. Furthermore, to test the detection limit of ZULF NMR relaxometry,
even higher concentrations of CuSO4 were measured. The proton T: constants at 10pT
in 1.5 and 2 mM CuSOs solutions were derived as 0.382+0.05 and 0.364+0.07, and it
should be also mentioned that the proton peak on the ULF NMR spectrum was visible

evidently even after a single transient in spite of quick relaxation.

Figure 7.5: (a) As an example, a serial experimental ultralow-field spectra consisting
of a peak at about 34 Hz versus various CuSOa concentration (mM). (b) Tz relaxation
time constants of water protons versus different CuSO4 concentration (mM) in solution
prepared with/without 2 cycle of freeze-pump-thaw (denoted as Vac and No vac, respec-
tively).
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In Fig. 7.5a, the line-broadening, induced by paramagnetic CuSQa, is demonstrated.
As expected, the derived Tz time is gradually decrease by increase of an amount of
paramagnetic species in solution. According to general theory, the relaxation rates (1/T:
and 1/T2) are proportional to the concentration of the paramagnetic species and can
be calculated by summing paramagnetic and diamagnetic relaxation rates [129]. As
shown here, the results agree well with this general statement. Additionally, it is worth
underlining that despite the fast relaxation of protons (T: and Tz on the order of 300 ms)
induced by paramagnetic ions, the peak originating from water protons in the ULF NMR
spectrum can be visible evidently allowing us to perform a relaxation study. This phantom
study has paved the way for the first-ever ULF NMR relaxometry study with human blood

using an optical magnetometer.

7.3.3 Ultralow-Field Relaxometry of Whole Blood and Plasma

Figure 7.6: First-ever 1H ULF NMR signal of human whole-blood (left) and blood plasma
(right) detected by optical magnetometer. The signals were measured with the 10 pT
field by increasing the storage time.

Blood is an attractive biological specimen for NMR relaxometry studies, which holds
great promise in diagnoses and prognosis of metabolic disorders (e.g., insulin resistance
and dyslipidemia), inflammation (candidiasis, malaria) and hemostatic disorders. This is
achieved by probing the relaxation rate of protons [130-133]. The blood with all its com-
ponents (white and red blood cells, platelets, and plasma) intact, that has been collected
using a tube containing an anticoagulant solution, is called whole blood. On the other

hand, plasma (45% of whole-blood) is the cell-free supernatant obtained by centrifuging
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blood. The high water content of whole blood and plasma allows us to observe a ULF
NMR proton signal. The relaxation properties of water can provide valuable informa-
tion about blood proteomes, since water protons form hydrogen bonds with proteins,
lipoproteins, and metabolites in the blood, influencing the relaxation process. While the
contribution of macromolecules (proteins and lipoproteins) to the relaxation process is
considerable, the influence of small metabolites (e.g., glucose and amino acids) on the
process can remain negligible due to their fast molecular motion, causing inefficient dipo-
lar relaxation [133, 134]. While the variation in the molecular weight profile of blood
proteins also affects the relaxation rate, in general, a linear correlation between protein
concentration and relaxation rate is expected due to the slower rotational and diffusional

mobility of macromolecules (see Chapter 2 for detailed discussion) [135].

Figure 7.7: T1 and Tz relaxation magnetic-field profiles of human whole-blood and blood-
plasma measured at ultralow fields (10-510 pT).

In the last part of the study, whole blood and blood plasma were used to demonstrate
the applicability of ULF NMR relaxometry to biological samples (despite their short
relaxation). As presented in Fig. 7.6, the :H ULF NMR signal intensity was higher
in plasma samples compared to whole-blood samples due to a higher water content in
plasma and hence its slower relaxation [136]. The T1 and T2 relaxation times of protons
at 10 pT were determined as 0.30(4) s - 0.29(5) s; 0.3(9) s - 0.30(4) s for whole-blood and
plasma, respectively. Additionally, T1 and Tz relaxation magnetic-field profiles of human
whole-blood and blood plasma at ULFs was obtained to determine the limitation of the

method (Fig. 7.7). The T1 and Tz relaxation times of protons in whole-blood samples
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was varied with the change in a storage field from 10pT to 510 pT without a specific
pattern. The reason might be the affects of residual cellular metabolism, which may
change the protein content. On the other hand, since there is no cellular component
in plasma, the metabolites can remain stable over time [137]. Therefore, plasma and
serum are preferable biofluids to study. The T and T, relaxation times of protons in
plasma decrease with the variation of the storage field from 10pT to 510 pT. Besides
this inverse relation between the relaxation times and the storage field does not agreed
with the literature, it can be explained by the heating effect of an optical magnetometer.
In these measurements, the storage field is increased step by step without the change
in the sample. Since a sample can reach about 40°C around the optical magnetometer
as mentioned in Chapter 2, the repeated measurements might cause an increase in the
temperature of the sample over time and that might cause fast relaxation in ULFs [138|.
To overcome this limitation, active cooling can be implemented into the setup to maintain
temperature stability [123]. It should be also mentioned that the T, times are consistently
lower than T values because of the additional contribution of low-frequency fluctuations

such as slow rotational motions, chemical exchange [8].

7.4 Conclusion

In summary, in this study, ZULF NMR relaxometry was employed to collect information
on the molecular environment in solutions and biofluids. The influence of paramagnetic
oxygen on ZULF NMR spectroscopy was demonstrated by monitoring 3'P-'H and *C-
'H couplings. Further, the strong dependence of the lifetime of the heteronuclear singlet
state on dissolved oxygen in solution was presented, leading to future research on oxygen
level determination with this technique. The T} and T, relaxation magnetic-field profile,
studied with phantoms consisting of paramagnetic CuSQOy, agreed well with general re-
laxation theory as a proof of the reliability of the method. Even though the measured
relaxation times of protons are on the order of 300 ms, sensitive optical magnetometers

enabled us to detect ULF NMR signals from human whole blood and blood plasma. Our
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work demonstrates the applicability of ZULF NMR relaxometry by employing optical

magnetometers as a portable, robust, inexpensive, and sensitive tool in chemical and

biological analysis.
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Chapter 8

Summary and Outlook

In this dissertation, the potential use of zero- and ultralow-field nuclear magnetic reso-
nance (ZULF NMR) spectroscopy in many areas of modern science were examined. This
was achieved by the development of the technique and its combination with other experi-
mental methods. This technique was next used for the analysis of molecular /biomolecular
structures by elucidating their molecular environment based on J-couplings. This allowed
us to measure high-resolution spectra of the molecules and hence gain molecular-specific
information about them. In this way, the great capabilities of the technique were demon-
strated.

In order to provide good foundations for the presented experimental research, the
dissertation started with the introduction of the basics of conventional NMR, and then
ZULF NMR was discussed. This approach leads to comparing the techniques, and build-
ing intuitions based on the well-known principles of conventional NMR. Subsequently,
promising parahydrogen-based hyperpolarization methods, used to solve the inherent
sensitivity problem of NMR spectroscopy, were examined for conventional and ZULF
NMR.

In Chapter 3, the first-ever theoretical and experimental zero-field NMR studies on
a wide and diverse clags of chemicals, organophosphorus compounds, were presented.
These compounds are particularly attractive for ZULF NMR due to the existence of 100%
abundant *'P (spin-1/2) isotope in the molecules. While reporting distinguishability of
the molecules of similar structures, the strongest J-coupling (> 700 Hz) ever measured in
ZULF NMR was demonstrated. This research clearly revealed the capabilities of ZULF
NMR in (bio-)chemical analysis of naturally abundant phosphorus compounds, which

can be attractive for cell-metabolism studies. A particular example of such research
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would be the assessment of energy metabolism that could be performed via monitoring of
important phosphorylated metabolites and evaluating tumor differentiation by analysis of
phospholipids. Although it is demonstrated that the spectra of coupled ten-spin systems
were interpretable, the analysis of more complex systems could be facilitated with the use
of additional tools (e.g., dedicated software), which is the subject of an ongoing project
in Krakow.

As an alternative method, complex spin systems modified under the chemical-exchange
process were investigated in Chapter 4. This approach enables simplifying observed spec-
tral patterns. In this way, the spectral-complexity problem was addressed for several
key biomolecules involved in protein metabolism (e.g., urea and amino acids). While
monitoring the influence of solvent (HyO/DyO mixtures, DMSO, acidic/neutral /basic
aqueous solutions) on zero-field spectra of the investigated molecules, a straightforward
interpretation of 'H/D isotopologues of urea, was demonstrated by analyzing isolated
spin subsystems. This study has shown the potential application of zero-field NMR for
future in-vivo/in-vitro investigations of complex biomolecules in biofluids (such as blood
and urine) without the need for water-signal suppression. However, it should not be disre-
garded that zero-field NMR studies via thermal prepolarization are often performed with
highly concentrated (2-8 M) solutions because of the low sensitivity issue which must be
addressed.

In this dissertation, to overcome the low-sensitivity limitation of ZULF NMR spec-
troscopy, parahydrogen-based hyperpolarization techniques were employed. In Chap-
ter 5, in-situ SABRE method was studied and the ability of its application to per-
form multiple/long-term experiments for natural abundance *N-pyridine derivatives was
demonstrated. The investigated compounds are of particular interest in drug develop-
ment because of their antimicrobial, antiviral, or anticancer properties. The first-ever
J-spectra of SABRE hyperpolarized biomolecule, nicotinamide (a vitamin By amide and
a potential contrast agent for imaging), and many other hyperpolarized N-pyridine
derivatives were reported. With this research, the extension of capabilities of ZULF

NMR spectroscopy as a highly specific, sensitive, compact, and inexpensive technique for
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chemical and biochemical analysis was presented.

Since one of the goals of the presented research was to develop ZULF NMR spec-
troscopy as a widely applicable tool, a novel, yet appealing hyperpolarization method,
called PHIP-X was studied. The technique is based on the indirect transfer of polarization
from parahydrogen to the molecules of interest through a proton-exchange process, which
makes the technique applicable for a broad range of molecules. With this advantage, the
optimization of the PHIP-X technique was demonstrated using a benchtop NMR /robotic-
arm setup for biomolecules and achieved a substantial (17,100-fold) enhancement of the
urea signal (Chapter 6). The application of the technique was also shown for many other
molecules, including glycine, ammonium, benzamide, and glucose. Finally, the PHIP-X
technique was combined with ZULF NMR obtaining promising results on hyperpolar-
ization of a transfer agent and successive polarization transfer to water protons. The
use of such hyperpolarized biomolecules as MRI probes for various diseases is an appeal-
ing research subject, particularly with new developments on removing non-biocompatible
components of hyperpolarized samples [45, 119-121|

Finally, in Chapter 7, another technique for (bio-)chemical analysis, namely ZULF
NMR relaxometry was introduced. This technique allowed to gain information on a
molecular environment in chemical solutions and biofluids, by investigating longitudi-
nal and transverse relaxation processes in the molecules. Owing to this technique, the
strong dependence of the lifetime of the heteronuclear singlet state on dissolved oxygen
in solutions was reported, leading to future research on oxygen-level determination. The
relaxation magnetic-field profiles of phantoms consisting of paramagnetic CuSO,, which
mimic biological samples, were determined and discussed with general relaxation theo-
ries. The prime result of these investigations was the first-ever human whole-blood and
blood-plasma ultralow-field NMR signals detection using an optical magnetometer. This
led to the study of magnetic-field relaxation process in blood, paving way for further
investigations into biofluids towards ZULF MRI.

In conclusion, this dissertation has presented the effort on the development of ZULF

NMR spectroscopy as a portable, robust, inexpensive, specific, and sensitive analytical
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method with many interesting applications in chemical and biological analysis to be

developed in the future.

133



Appendix A

A.1 J-Coupling Constants

Table A.1: The J-coupling constants of neat '® N-pyridine and '° N-pyridine in methanol
solution [53].

J coupling || Neat * N-pyridine (Hz) | ' N-pyridine in methanol (Hz)
J12 -10.93 -10.14
J13 -1.47 -1.56
J1a 0.27 0.18
Jas 4.88 4.87
Jo4 1.83 1.85
Jos 0.97 1.01
Jos -0.12 -0.15
J34 7.62 7.65
J3s5 1.38 1.35
J36 0.97 1.01
Jus 7.62 7.65
Jus 1.83 1.85
56 4.88 4.87
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Table A.2: The J-coupling constants of '® N-nicotinamide and 1° N-3,5 dichloropyridine
in methanol [139], [140].

J coupling || ¥ N-nicotinamide (Hz) | ¥ N-3,5 dichloropyridine (Hz)
J12 -10 -10
UE - -
J1a - -
Jis 1.7 -
J16 -10.3 -10
Jas - -
Joy 2.3 -2.1
Jas 0.8 -
Jog - -2.1
J34 - -
Jas - -
J36 - -
Jus 8.0 -
Jus 1.6 -
J56 4.9 -

Table A.3:  The J-coupling constants of !'°N-3-methoxypyridine and '°N-4-
methoxypyridine in methanol [141].

J coupling || ® N-3-methoxypyridine (Hz) | ' N-4-methoxypyridine (Hz)
J12 -10 -10.6
J13 = _1
J14 _1.4 -

J15 - -1
Ji6 -10 -10.6
Ja3 - 5.75
J24 3 =

Jos 0.7 0.6
Jog -0.35 -0.2
J34 - -

Jar : 2.6
J36 - 0.6
Jys 8.6 -

Jag 1.4 -

J56 4.75 5.75
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Table A.4: The J-coupling constants of !5 N-3-methylpyridine and ' N-4-methylpyridine
in methanol [140].

A.2

J coupling || ¥ N-3-methylpyridine (Hz) | '® N-4-methylpyridine (Hz)
Ji2 -11.2 -10.1
Ji3 - -1.85
J14 -0.4 -

Jis - -1.85
Jie 11 -10.1
Jos - 5.2
Joy 2.2 -

Jos 0.3 0.8
Jog -0.35 0.4
Ja4 0.7 0.7
Jas - 1.7
J36 - 0.8
Jus 7.8 0.7
Jus 2.2 -

JIr6 4.4 5.2

Zero-field NMR Spectral Analysis via First-order

Perturbation Theory

Table A.5: The observable transitions for *C-methanol in ultralow field.

Transition || I mpg v

Vo 22| 410,42, =1 = 0,—-2 | B.(3vg +7c)/4
V3 Il—=1]0— =1 B.(5vg — ve) /4
Vi O0—1]0—~ -1 JCH_Vl

Vi O0— 1|0~ +1 Jog + w1

Vg 1—=2|4+1—0 2Jcg — vs3

V7 1—=2|0— —1 2Jcg — va

Vg l—2] -1+— -2 QJCH—2V2+V3
Vg 1—=24+1— 42 2JCH -+ 2V2 — V3
Vio 1—2|0—+1 2Jom + v

Vi1 1l—2|-1—0 2JCH+V3
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A.3 Calculation of Optimal Delays for the INEPT Se-

quence

The simulations were performed for the spin density matrix where 'H nuclei were in a

singlet state and other nuclei were non-polarized. Nondiagonal elements of the density

matrix expressed in the high field eigenbasis were extracted considering the coherence

damping because of averaging over parahydrogenation time. The corresponding matrix

was subjected to the basic/ refocused INEPT pulse sequence (i.e., a series of rotations and

free-evolution spin-echo delays). Optimum spin-echo delays were estimated by calculating

transverse magnetization of "N/ *C nuclei (Table A.6).

Table A.6: Spin-echo delays used for the INEPT pulse sequence in the detection of each

molecule of interest.

Target compound

Transfer delay (ms)

Refocus delay (ms)

[13C, PNy |-urea

2.8

1.4

[Ny |-urea 2.8 1.4
['"N|-glycin 2.7 1.35
['N|-benzamide 2.8 1.4
['*NJ]-ammonium nitrate || 3.3 L.
D-[1-?Cl-glucose 1.5 1.5

A.4 Conventional NMR Spectral Analysis for Kinetic

Study of PHIP reaction
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Figure A.1: (a) 1tH NMR spectrum of the initial solution (propargyl alcohol, Rh(l)-
catalyst in acetone-De) was recorded. Specifically, 5 pL of D=0 was added into the
solution to prevent overlappingas shown in Ref[45]. (b) Stacked iHNMRthermal spectra
of seven samples (from initial solution) after different times of hydrogen exposure (5-
60 s). The peaks used in data analysis was shown explicitly with the structural formula of
corresponding molecule (for details see Chapter 6). (c¢) 1H NMR spectra of hyperpolarized
products (i.e. allyl alcohol and propanol) after ALTADENA PHIP. The peaks used in
data analysis was shown again with the structural formula of corresponding molecule.
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A.5 Calibration of the Magnetic Field Using Gaussme-

ter

Figure A.2: (a) Photograph of a gaussmeter used for calibration of the benchtop NMR
fringe magnetic field to which the NMR sample is subjected in the course of transfer by
means of a robotic arm. (b) Photograph of the gaussmeter placed at the 'O’ position
based on robot units (see Chapter 6). One unit change in the robot unit corresponds to
one mm of displacement in the tube's position.
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