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Abstract

Dynamic Nuclear Polarization (DNP) is, nowadays, the most well-established and
widespread Nuclear Magnetic Resonance (NMR) hyperpolarization technique. With
respect to other methods, the main advantage of DNP is, with no doubt, its versatility.
In theory each NMR active nuclear spin species can be polarized via DNP, allowing
to obtain enhanced NMR signals from samples in the solid state, liquid state and gas

state. Thus its utility ranges from material science to biomedicine.

The DNP process efficiency is strongly influenced by experimental conditions (tem-
perature and magnetic field) as well as samples preparation. The fine tuning of these
features is often asserted as the key point for practical purposes, where it is desirable to

obtain a nuclear polarization as high as possible in a relatively short amount of time.

The aim of the present thesis work is to look into some of these aspects, trying to
understand up to which point the technique can be improved. Big emphasis is given to
the study of the phenomenon at high magnetic field, one of the current hot topics within
the DNP community. Moreover the feasibility for the production of hyperpolarized
129 X'e gas is studied, showing that sublimation-DNP represents a promising alternative
to the well-established Spin Exchange Optical Pumping (SEOP), when the sample
preparation is carefully optimized. The most interesting and innovative part of the
thesis is centered around the investigation of a new kind of photo-induced non-persistent

radicals. Their use as DNP polarizing agents was tested on several nuclei (13C, % Xe,

A%



674, 1 H) in unfavorable hyperpolarized (HP) solution transfer conditions. It was indeed
demonstrated that, the natural recombination of the paramagnetic centers, when the
temperature is increased, helps in preserving the highly out-of-equilibrium nuclear spin
order of the dissolved sample. Moreover, we believe the UV-radicals unique property of
self-quenching could represent the first step towards the development of a simple way
to handle and store nuclear polarization, by means of the generation of highly polarized

radical-free solid samples.

Keywords

Nuclear Magnetic Resonance (NMR), Electron Spin Resonance (ESR), Dynamic Nu-
clear Polarization (DNP), dissolution-DNP, sublimation-DNP, nitroxyl radicals, UV-

induced non-persistent-radicals, *C' NMR, '*Xe NMR, Li NMR, 'H NMR.
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Résumé

La technique de Polarisation Nucléaire Dynamique (DNP) est, aujourd’hui, la méthode
d’hyperpolarisation la plus répandue et la plus établie en Résonance Magnétique Nu-
cléaire (RMN). Par rapports aux autres méthodes, I'avantage principal de la DNP est,
sans aucun doute, son large champ d’application. En effet, en principe, n’importe quel
noyau de spin non nul (donc actif en RMN) peut étre hyperpolarisé (HP) par DNP,
ce qui permet d’obtenir un rehaussement du signal RMN d’échantillons a 1'état solide,
liquide ou gazeux. Elle trouve donc des applications dans des domaines aussi variés que

la physique des matériaux ou I'imagerie médicale.

L’efficacité du mécanisme DNP est trés influencée par la composition de 1’échan-
tillon et par les conditions expérimentales (température et champ magnétique). L’opti-
misation de ces paramétres est un point clé pour pouvoir obtenir expérimentalement la
polarisation nucléaire la plus élevée dans un temps raisonnable. L’objectif de cette thése
est de mieux comprendre les mécanismes en jeu et les optimisations pratiques possibles
pour tirer le meilleur parti de cette technique. D’abord, une attention particuliére a été
portée a I'’étude du phénoméne a haut champ magnétique, une question actuellement
trés discutée dans la communauté DNP. Ensuite les nouvelles stratégies pour la pro-
duction de % Xe Hyperpolarisé proposées dans cette thése, montre que la technique
dite de “sublimation-DNP” est une alternative prometteuse a la technique de référence

actuelle, & savoir le pompage optique indirect par échange de spins (SEOP), lorsque la

vii



préparation des échantillons est soigneusement optimisée. La partie la plus innovante et
intéressante de ce travaille de thése est centrée sur I’étudie des propriétés et applications
potentielles d'un nouveau type d’agent polarisant : des radicaux non persistants photo-
induit dans une molécule organique bio-compatible. Ce nouveau type de radicaux a été
utilisé pour polariser différents noyaux (*C, 1?9 Xe, 6Li, ' H) dans des conditions peut
favorable de transfert de la solution hyperpolarisée. De plus on croit que cette unique
propriété de recombinaison naturelle des centre paramagnétiques, peut représenter un
bon point de départ en vision d’'une solution bon marché et technologiquement simple
pour le stockage de la polarisation nucléaire, par mit de la génération d’un échantillon

hyperpolarisé sans radical.

Mots clés

Résonance Magnétique Nucléaire (RMN), Résonance Paramagnétique Electronique (RPE),
Polarisation Nucléaire Dynamique (DNP), dissolution-DNP, sublimation-DNP, radi-
caux nitroxyl, radicaux non persitant photo-induit, RMN du 3C, RMN du ?°Xe,

RMN du °Li, RMN du 'H.
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Chapter 1

Introduction

"Dubium sapientiae initium.”

R. Descartes

1.1 Context

Nuclear magnetic resonance (NMR) was discovered by L. I. Rabi in 1938 |119|. With its
two main applications, magnetic resonance spectroscopy (MRS) and imaging (MRI),
NMR plays nowadays a crucial role in many different fields. MRS is considered one
of the most powerful analytic techniques due to the detailed information that can be
obtained concerning, for instance, molecular and macromolecular structures, dynamic
processes, chemical reactions and living tissues. MRI is a medical diagnostic technique
characterized by high anatomic spatial resolution and a plurality of image contrast
mechanisms able to highlight, as appropriate, different pathologies. Moreover, since no
ionizing radiations are involved, MRI is completely non invasive in contrast to other

diagnostic techniques such as CT (computed tomography) and PET (positron emission

1



2 CHAPTER 1. INTRODUCTION

tomography). However, all these applications suffer of a lack of sensitivity that entails,
in most of the cases, experiments characterized by long acquisitions and thus a poor
time resolution. The NMR signal is proportional to the nuclear polarization that can be
defined as a measure of the nuclear spins order expressed by the entropy of the system
[79, 134]. The polarization represents the nuclear spin population difference between
distinct Zeeman levels and is the result of two competing energies: the magnetic energy,
tending to arrange all spins on the lower energy level, and the thermal energy tending
to equipopulate them. At thermal equilibrium the energy levels population follows the
Boltzmann distribution and, since the ratio between the magnetic and thermal energy
is generally around 107° — 1079, the nuclear polarization is intrinsically low.! Although
significant technological improvements (such as higher magnetic field, cryo-probes and
multichannels probes) increased the NMR. sensitivity during the years, hyperpolariza-
tion techniques represent the most dramatic way to overcome NMR’s main drawback .
The general concept behind these experimental strategies is to create a non-equilibrium
polarization state forcing all the nuclear spins of a given sample to seat on a single Zee-
man level, in order to maximize the population difference. The experimental approach
that is currently the most versatile and established in terms of achieving high polar-
ization in a reasonable amount of time and applicability to a large variety of nuclear
species is known as dynamic nuclear polarization (DNP).

The idea that electron spins can be used to enhance the polarization of nuclear spins
in metals was presented for the first time in a seminal theoretical work by Overhauser
and shortly thereafter confirmed experimentally by Craver and Slichter in the early '50s
|33, 113|. The same concept was later extended to the case of liquids containing param-
agnetic impurities and to paramagnetic ions [2]. As far as we will be concerned in this

thesis, the concept of DNP is limited to the case of polarization transfer from electron

TAt 9.4 T and room temperature an ensemble of 'H nuclei has a polarization of 32 ppm that
decreases to 8 ppm for C nuclei.
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spins of fixed paramagnetic centers to nuclear spins, both embedded in a diamagnetic
glassy solid and coupled by dipolar interaction, at low temperature (1—1.5 K) and mod-
erate magnetic field (3.38 — 7 T) [4]. This technique first found application in the field
of high energy particles physics with the intent of producing "polarized targets”, usually
consisting of frozen beads of water/alcohol solutions, for performing spin scattering ex-
periments |103|. DNP is also used to increase NMR sensitivity. Besides applications in
solid state NMR experiments, already introduced in the "80s [50, 52, 137], DNP was suc-
cessfully employed, in more recent years, for increasing the polarization of low-gamma
nuclei that exhibit a long liquid state longitudinal relaxation-time (7}) in solutions
such as 13C, °Li, 1°N |44, 63, 138|. This technique, invented by Ardenkjaer-Larsen et
al. in 2003, is known as dissolution-DNP [8]. The overwhelming liquid state nuclear
polarization enhancement (e.g. > 10000 at room temperature and 9.4 T) turned out
to be of primary utility in many MRS applications ranging from real-time enzyme and
polymers kinetics |28, 86|, to drug discovery from ligands analysis [87], to studies of cell
metabolism [89]. Concerning MRI, dissolution-DNP found its most prominent employ-
ment in early cancer diagnosis in the picture of what is currently known as metabolic
imaging [56]. For instance highlighting the increased pyruvate-to-lactate conversion in
breast cancer and lymphoma was made possible thanks to *C' NMR signal enhance-
ment yielded by this technique [45, 61|. Most studies published so far were performed

M a commercial dissolution-DNP instrument working at 3.35 T,

using Hypersense
and the proprietary trityl radical as source of unpaired electrons for [1 —13 C]pyruvic
acid hyperpolarzation [10, 102]. At the same time several home-made dissolution-DNP
machines were developed, working also at higher magnetic field [34, 40, 71], and other
most widely available radicals (e.g. BDPA, DPPH, TEMPO, Galvinoxyl) investigated
[81, 101, 98, 100, 99]. More recently the possibility to create non-persistent UV-induced

paramagnetic centers, suitable for DNP, was also pointed out [49]. The efficiency of
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dissolution-DNP was additionally extended to noble gases: after a minimal modifica-
tion of the experimental procedure, Comment et al. managed to produce HP '??Xe at

room temperature and atmospheric pressure (sublimation-DNP) [41].

1.2 Aim of the thesis

The development of the dissolution-DNP technique has led to renewed interest in the
theoretical models to elucidate details concerning the mechanism generating the out-
of-equilibrium nuclear polarization. Especially for experimental conditions routinely
achieved in dissolution-DNP experiments, where the electron polarization is close to
unity and the radical electron spin resonance (ESR) line is characterized by pronounced
g-anisotropy, all main theoretical works have been developed about thirty years ago
and a generally applicable theory is not acknowledged [3]. The goal of the thesis is to
experimentally investigate the principal parameters influencing the electron-to-nuclei
polarization transfer, especially at high magnetic field (5T and 7T). Hardware as well

as sample composition can have strong influence on the absolute DNP enhancement
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and polarization time. Four main features were taken under consideration: the effect
of the strength of the magnetic field, the species and concentration of the nucleus of
interest (target nucleus), the efficiency of a new kind of endogenous non-persistent
radical induced by UV-illumination [49] and the role of the glassing matrix in which

the radical and the nuclear species to hyperpolarize are embedded (see Figure 1.1).

1.3 Structure of the thesis

Generally speaking, all the main elements suitable for the understanding of the work
accomplished during the thesis are presented in Chapters 2 and 3, while Chapters 4 to
6 contain the core of the manuscript and deal with the four main subjects investigated.
After an overview of the concept of polarization and the different hyperpolarization
techniques, the main aspects characterizing dissolution-DNP are reported in Chapter
2. Chapter 3 pictures the theoretical background of the thesis. First, basic interactions
and relevant parameters of an ideal DNP system are presented; then the main classic
DNP mechanism involved in dissolution-DNP condition, "Thermal Mixing” (TM), is
treated in both high and low temperature cases. In Chapter 4, the effect of the strength
of the magnetic field on the DNP performances in the case of "broad-line” radicals
is studied on a standard sample containing TEMPOL and sodium [1 —' Clacetate.
Big emphasis is given to the validity of the Borghini model in the picture of ”Spin
Temperature” theory. This project was accomplished in collaboration with the Institute
for Molecules and Materials of the Radboud University in Nijmegen (Netherlands)
where the measurements at the lower field (3.4 T) were performed. In Chapter 5, the
potentiality of non-persistent UV-radicals are investigated in some depth, testing their
capability of polarizing different low-gamma nuclear species (*C, 12 Xe and 9Li) and

preserving the nuclear polarization under unfavorable HP solution transfer conditions.
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The importance of the solvent, constituting the DNP sample glassing matrix, and the
concentration of the target nucleus are pointed out in Chapter 6 in the picture of 2 Xe

sublimation-DNP. Conclusions and perspectives are reported in Chapter 7.



Chapter 2

Hyperpolarization techniques overview

“Order is something artificially imposed; the natural state is chaos”

A. Schnitzler

2.1 Concept of spin polarization and NMR signal

Spin angular momentum, usually called just spin, is an intrinsic property of elementary
particles as the mass and the charge [78]. By convention I denotes the nuclear spin,
result of the coupling between protons and neutrons constituting the nucleus, and
S the electron one. Let us consider a nucleus with spin quantum number [ (what
reported in the dissertation that follows applies also to electrons, it is sufficient to
replace momentum I with g) As a consequence of the quantization of the angular
moment, the allowed values of the projection of I along a given direction (the z-axis

by convention) are m; = —I, —1 + 1,..., I — 1, I; where m; represents the magnetic

7
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quantum number. Each nucleus with spin posses a magnetic moment /i given by

it = gnBul = yihI (2.1)

where i = 1.054x1073* J - s and 3, = 5.051 x 10727 J/T are the Planck constant divided
by 27 and the nuclear magneton respectively, while v; and g, are characteristic of the
nuclear species and represent the gyromagnetic ratio and nuclear g-factor.! In presence
of an external magnetic field By = By the magnetic moment interacts with the latter
generating what is known as Zeeman effect. The Hamiltonian describing this kind of

interaction writes:

Since I, can assume only integer or half integer values, the allowed energy states are

discrete and characterized by energy values of the kind:

Em[ = —’}/jhm[Bo = —h(,d[m[ (23)

where w; = 77 By represents the nuclear Larmor frequency; successive Zeeman levels are
separated in energy by hw;. Indeed the magnetic moment is not statically aligned with
the external magnetic field, but it precesses around the z-axis with angular speed w;.?

Let us now consider a system of N identical, isolated and non interacting nuclear
spins [, in thermal equilibrium at a given temperature 7;. In case no external magnetic

field is applied all Zeeman levels are degenerate and so the N; spins are randomly

'For a free electron jiy = geﬁeg = yshg where g. = 2.0023 is the electron g-factor and g, =
9.274 x 10724 J/T the Bohr magneton; for bound electrons the value of the g-factor is affected by the
molecular environment and can also assume tensorial form (g).

2The term Larmor frequency is a convention, indeed from the physical quantities point of view w;
is measured in rad/s. The actual frequency of precession or frequency of resonance is v; = wy/2m.
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oriented in the space. If now EO = Bz is "switched on” the spin system is going to evolve
into the minimum available energy configuration. Since Zeeman levels characterized by
a parallel orientation of g with the field are less energetic, the magnetic moments
are going to point preferably in that direction. The polarization P; = (I,) /I is the
degree to which, on average over all N; nuclei of the system, the nuclear spin angular
momentum is aligned with the magnetic field. As already anticipated in Chapter 1,
at thermal equilibrium, the spin polarization can be expressed through the Boltzmann

distribution:
1 me myexp (=L, /kpTr)

Py = =
oy > o, XD (= Em, /kpTr)

(2.4)

where kp = 1.38 x 1072* J/K. In case of spins 1/2 there are only two Zeeman levels

corresponding to m; = £1/2 with energy ./, = Fhw;/2, thus (2.4) becomes:

Py; = tanh ( oy ) = tanh (FWIBO> (2.5)

2]{337'[

It is interesting to analyze two extreme situations characterized by a finite value of By:
if the temperature is zero all spins are in the lower energy level because there is no
thermal energy trying to destroy the spin alignment created by the magnetic field and
the polarization value is 1; if the temperature is infinite the two levels are equipopulated
and the polarization is zero. For given experimental conditions (magnetic field and
temperature) equation (2.5) is strongly influenced by the value of the gyromagnetic ratio
only. Indeed in standard dissolution-DNP conditions (1.2 K and 3.35 T) the polarization
of an ensemble of unpaired electron, 'H nuclei and 3C nuclei is respectively 0.9545,
0.0028 and 0.0007. Since for nuclei the magnetic energy is, in most of the cases, much

smaller than the thermal one (even for temperatures around 1K) the high-temperature
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’ Spin species ‘ Spin quantum number ‘ ~v/2m7 [MHz/T]| ‘

e 1/2 -28024.952
H 1/2 42.576
129 Xe 1/2 11777
Be 1/2 10.705
’H 1 6.536
SLi 1 6.265

Table 2.1: The two characteristic parameters (spin quantum number and gyromagnetic ratio)
of the spin species encountered in the thesis are reported.

approximation is often used:

(2.6)

P()[:tanh( hCL)[ ) =~ hw[

2]6’37'[ - 2]637']

In Table 2.1 are listed the main features of the spin species treated in the present work.

Besides the efficiency of the hardware and other features linked to the spectrometer,
the NMR signal is strictly linked to the amount of magnetization inducing the electro-
motive force inside the detection coil (for further information about basics of NMR see
[60, 90]). The magnetization M is defined as the average magnetic moment per unit
volume thus, assuming the N; nuclear spins to be distributed in a volume V', at thermal

equilibrium its modulus writes:

- N[ 4 N] hw]
== = —quytanh 2.7
M v (Uin),) = 7 prtan (km) (2.7)

é;m

and it is oriented with the same direction of the magnetic field. So that the maximum

available NMR signal can be written:

N
Signal o VI,uIPOI (2.8)
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Figure 2.1: Pictorial description of the orientation of the nuclei at thermal equilibrium and
in the hyperpolarized state. In the sketch, the magnetic field By is directed vertically upwards
and the nuclear gyromagnetic ratio assumed positive [104].

From equation (2.8) follows directly that improving the polarization leads to a linear
increase of the signal. Whenever hyperpolarization is mentioned, it is referred to a ma-
nipulation of a nuclear spin system ending with one Zeeman energy level highly more
populated than the others. Figure 2.1 shows a pictorial representation of the Zeeman
levels population for spins 1/2 at thermal equilibrium and in a HP state. The HP state
has, however, a limited lifetime: once the hyperpolarization has been created, the po-
larization will strive to return to the thermal equilibrium level at a rate governed by the
T longitudinal-relaxation time. Nuclear T} strongly depends on the chemical structure
and environment (magnetic field and temperature) of the hyperpolarized compound. It
can typically range from few milliseconds to several hours [90]|. Four different methods
of hyperpolarization are currently known |55]: brute force approach (BF), spin exchange

optimal pumping (SEOP), parahydrogen-induced polarization (PHIP) and DNP.?

2.2 Brute force

Equation (2.5) shows how the thermal equilibrium polarization, and thus the maximum

available NMR signal, is an increasing function of By/7; so the most straightforward

30mne could argue that also chemical induced dynamic nuclear polarization (CIDNP) is such a
method, although is of very limited utility (see [76] for a deeper dissertation of the topic).
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magnetic field

circular
polarizer

Ve -
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Figure 2.2: Pictorial representation of the SEOP method. In the upper part of the picture is
reported the pumping cell where the noble gas is hyperpolarized, in the lower part a pictorial
representation of the angular momentum transfer collision between a xenon nucleus and a
rubidium atom.

method to improve Fy; consists in cooling down (as much as possible) the sample in
a strong magnetic fields (as high as possible). Although the method is conceptually
simple and applicable to large samples [66], it is rather unpracticable since it presents
one main drawback: the polarization time. For instance, assuming to use a 14T su-
perconductive magnet, in order to achieve a high nuclear polarization (e.g. 0.80 for 'H
and 0.20 for 13C'), a temperature around 15 mK is required. This temperature has to be
maintained for long time because in the above mentioned experimental conditions the
nuclear longitudinal relaxation time (7};) in a diamagnetic material can be hundreds

of hours, thus the sample could take several days to reach thermal equilibrium.

2.3 Spin exchange optical pumping

The nuclear spins of 2 Xe and other noble gases (such as *Kr and *He) can be

hyperpolarized to fairly high levels and in short time by SEOP [132]. In this two-
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steps process, the electron spin polarization of an alkali metal vapor, such as rubidium,
is firstly increased by the absorption of angular momentum from circularly polarized
laser light (795 nm). Spin-exchange collisions between the alkali metal atoms and the
xenon ones then transfer the angular momentum to the 2 Xe nuclear spins through
Fermi hyperfine-interaction, resulting in a high non-Boltzmann population distribution
of the xenon nuclear Zeeman levels that increases the NMR detection sensitivity (a
pictorial representation of the method is reported in Figure 2.2). The two most common
approaches to hyperpolarize 12 Xe through SEOP are termed "continuous-flow” [64, 123]
and "stopped-flow” (usually called also "batch-mode”) [112, 122] with respect to the
delivery of xenon gas to and from the polarization cell. The nuclear polarization of
the noble gas, after a given duration of optical pumping, depends on many parameters
such as the electron spin polarization of the alkali atoms, the rate of spin exchange
collisions between the latter and the noble gas nuclei and the spin relaxation of both
electrons and nuclei. A buffer gas, typically Ny or *He which are chemically inert,
is generally added to the xenon/alkali metal gas mixture. The function of the buffer
is threefold: spin confinement, pressure broadening of the optical absorption line and
quenching of the alkali metals fluorescence [17|. These three factors together allow to
efficiently excite the alkali atoms via laser light pumping and keep them polarized until
an angular momentum transfer collision with a noble gas atom occurs. Concerning
applications, "batch-mode” systems are attractive not only for their relative simplicity,
but also because they can operate in a xenon rich regime that obviates the need to
separate the polarized xenon from the buffer gas via cryocollection, thus eliminating
a potential source of polarization loss [82]. In addition it facilitates applications using

quadrupolar noble gas isotopes |126].
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2.4 Parahydrogen-induced polarization

The PHIP method can improve nuclear polarization via a chemical reaction (hydrogena-
tion) involving the zero spin configuration of the Hy molecule (parahydrogen, p — H,
see Figure 2.3A). Bowers and Weitekamp initially predicted and verified that the PHIP
effect arises in molecules catalytically hydrogenated with parahydrogen [30, 29|. Dif-
ferently from other hyperpolarization techniques (e. g. SEOP and DNP), where the
coupling between nuclear spin ordering and electron spin degrees of freedom is involved,
PHIP may be seen as a coupling, through a chemical reaction, of molecular rotation to
nuclear-spin polarization and relies on the strict correlation between rotational states
and nuclear spin states which arises in molecules with identical nuclei from the sym-
metrization postulate of quantum mechanics [30].

Indeed the quantum states of molecular hydrogen, in both gaseous and condensed
phases are divisible into two manifolds, ortohydrogen (0o — Hs) and the above mentioned
p — Hy, with interconversion between them at a rate usually much slower than the rate
of equilibration within each manifold in absence of a catalyst. The requirement that the
overall molecular wave function must be antisymmetric with respect to exchange of the
two nuclei restricts the rotational states associated to a manifold in a well-known way
[121]. In particular p — Hs represents the lowest-energy configuration of the molecule
that is separated by the lowest ortho states by a rotational energy quantum equivalent
to 190 K, allowing preparation of essentially pure p — Hy at cryogenic temperatures.

The enrichment of parahydrogen represents the first step of the PHIP method.
Conventionally it is performed by cooling down hydrogen gas to77 K (at the equilibrium
the amount of p — Hy is around 50 %) in presence of a catalyst (e. g. charcoal) to
speed up the conversion process from one spin multiplicity to the other. Decreasing
the temperature down to 22 K, just above Hy’s boiling point, the amount of p — H, is

around 100 %, when equilibrium is achieved [110]. As p— Hy and o — H, are reasonably
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Figure 2.3: The four possible orientations of the nuclear spin in the hydrogen molecule are
reported (A). A substrate molecule containing, e.g. '3C is hydrogenated with parahydrogen
(B). The spin order of the parahydrogen molecule is converted to nuclear polarization of the
BC nucleus via a diabatic-adiabatic field cycling scheme or by a sequence of radiofrequecy
pulses (C) [104].

stable in absence of a catalyst, the gas can be successively warmed up without a change
of spin state. At this stage of the process Hs molecules posses a large spin order (spin
entropy close to zero), but p— Hy has no NMR signal, since the spin angular momentum

of the system is zero.

In order to transform this spin order into useful NMR polarization the magnetic
symmetry of the Hs molecule must be broken [30]. The second step (i. e. molecular
addition) of the PHIP method deals with this issue: p— Hy is added to another molecule
through a catalyst induced hydrogenation reaction. The coupling with other nuclei
and the new electronic environment (i. e. different chemical shifts) allow to treat
the two p — H, hyperpolarized protons separately from the NMR point of view. A
requisite is that the hydrogenation mechanism operates by transfer of the hydrogen
molecule as a unit onto the substrate (see Figure 2.3B). The non-equilibrium spin

order of the nascent protons of the parahydrogen molecule can be directly used for
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imaging applications [26] or intramolecularly transferred to longer-lived lower-gamma
nuclei of the substrate, either by means of diabatic adiabatic field cycling [54, 73] or
by a sequence of radio frequency pulses |74| (see Figure 2.3C). The technique, despite
its capability to increase the nuclear polarization by several orders of magnitude in a
really short time (few seconds after the hydrogenation reaction has been completed),
is generally limited to *C and hyperpolarization of specific organic molecules because
the hydrogenation reaction is the key point of the technique and it is therefore most
efficient in substrates including mainly double or triple C' — C' bonds [104]. Recently,
an extension of this method to hyperpolarize a larger variety of molecules has been

proposed |[7].

2.5 Dissolution-DNP: a practical approach

A detailed description of the physical mechanisms through which the highly out of
equilibrium nuclear polarization is obtained, in dissolution-DNP conditions, will be
given in Chapter 3. We here aim at introducing the technique mostly from a practical
point of view, in order to highlight the main features affecting the efficiency of the

process.

In principle, each molecule containing a NMR sensitive nucleus (I # 0) can be
successfully polarized via DNP. The basic idea is to enhance the nuclear spin polar-
ization by driving highly polarized unpaired electron spins out of thermal equilibrium,
by means of slightly off-resonance microwave irradiation with respect to the electron
Larmor frequency. Thus, cross-polarization between electrons and their surrounding
nuclei allows to transfer the spin order to the latter. The two essential parameters
determining the DNP efficiency are the electron spin longitudinal relaxation time 7T)g

and the thermal equilibrium electron spin polarization FPyg. At first approximation, the
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nuclear spin longitudinal relaxation time 7'; is not an independent parameter because
it is directly proportional to Tig, as the main relaxation mechanism of the nuclear spins
is dipolar coupling to the unpaired electron spins [42]. Ideally, Pys should be as large
as possible, since it represents the theoretical upper limit of the achievable maximum
nuclear polarization [4], and Tig sufficiently long to allow an efficient saturation of
the ESR line (see Section 3.3.1) with a minimal amount of microwave power, thereby
avoiding excessive sample heating. The latter effect is facilitated if the unpaired elec-
tron spins are homogeneously distributed inside the sample with random orientations
even between nearest neighbors. Such a configuration yields strong dipolar couplings
between electron spins that are spectrally far apart facilitating spectral diffusion [71]
(see Section 3.3.1).

In Chapter 1 (see Figure 1.1), it was pointed out that the achievement of these con-
ditions depends on the optimization of six main features: the species and concentration
of the target nucleus to hyperpolarize; the species and concentration of the radical (elec-
tron paramagnetic agent, EPA); the nature of the glassing matrix; the temperature; the

strength of the magnetic field; the microwave irradiation.

2.5.1 Sample preparation

The DNP sample is made of three components: the substrate bearing the target nucleus,
the electron paramagnetic agent (or its precursor in case of photo-induced radicals) and,
unless the molecule of interest is self-glassy when frozen, a so-called "glassing solvent”.
The sample is first prepared in the liquid state, carefully mixing the above mentioned
components, and then, before transfer to the DNP-polarizer, frozen in liquid nitrogen.
The role played by the solvent is fundamental because the solid sample has to be
characterized by an amorphous glassy structure. Indeed a random distribution of the

radicals cannot be achieved in a polycrystaline sample because the paramagnetic centers
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Figure 2.4: (A) Calculated ESR spectrum at 5T of 6.0 x 1018 spins/cm?® 0X063 trityl radical
(blue stars), UV-irradiated neat [1 —13 C] pyruvic acid generating a radical concentration of
about 1.1 x 1019 spins/cm? (black circles), and 3.0 x 1019 spins/cm® TEMPO nitroxyl radical
(red triangles) assuming a spatial random distribution of the paramagnetic centers. (B) Mi-
crowave spectra at 5T and 4.2 K. Comparison between the microwave spectra measured by
13C' MR in [1 — 130] pyruvic acid doped with 6.0 x 108 spins/cm?® OX063 trityl radical (blue
stars), UV-irradiated neat [1 —13 C’] pyruvic acid generating a radical concentration of about
1.1 x 10" spins/cm? (black circles), and a frozen 3 M sodium [1 13 C] pyruvate aqueous solu-
tion doped with 3.0 x 10! spins/cm® TEMPO nitroxyl radical (red triangles) . A corresponds
to the ' H MR frequency at 5 T.

will migrate to the boundaries of the microcrystals leading to a poor DNP effect [68].

The concentration of the substrate to hyperpolarize is usually around 10%! spin/cm3.
Higher nuclear spins concentration yield, in general, to faster polarization because of a
more efficient spin-diffusion mechanism [96] (see Section 3.3.2). Nevertheless, especially
when the substrate appears in the form of salt, a too high presence of the latter in the
solution could negatively affect the quality of the amorphous structure of the solid
frozen sample. A compromise between the two effects has to be found.

The typical EPA concentration is in the range 10'® — 10 spins/cm?® depending on
the kind of dopant and, to date, trityl radicals and the persistent 1,3-bisdiphenylene-2-
phenylallyl (BDPA) radical have proven to be the most efficient agents for polarizing
low-gamma nuclei |72, 101]. One of the most important characteristic of a radical
in the context of DNP is its ESR line width, which correlates with the width of the

frequency dependent nuclear polarization enhancement microwave spectrum (see Figure
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2.4). The essential feature behind the high DNP efficiency of "narrow-line” radicals (e.g.
trityls) is that their ESR line width is narrower than the 'H resonance frequency at
a given magnetic field. As a consequence the probability of enabling electron spins
to cross-polarize proton spins under microwave irradiation is very low, increasing the
chance of polarization transfer to low-gamma nuclei [42]. Although less efficient, since
characterized by a much larger spectrum line width (more than four times the trityl one,
see Figure 2.4), the nitroxyl radical TEMPO was used in many studies [81, 71, 34]. More
recently a new kind of non-persistent radical was developed [49]. Instead of chemically
doping the DNP sample solution (as for trityl, TEMPO or BDPA) the paramagnetic
centers are induced directly in frozen pyruvic acid via UV-irradiation at liquid nitrogen
temperature. The UV-irradiated pyruvic acid (UV-PA) shows an ESR line width in
between TEMPO and trityl (see Figure 2.4), with the additional advantage of quenching

at the moment of dissolution.

2.5.2 Experimental conditions

Once the solid state sample is ready it is loaded inside the dissolution-DNP machine.
In order to achieve an electron spin polarization suitable for efficient DNP, a moderate
magnetic field and low temperature are required. In Figure 2.5 the scenario is pic-
tured at 5T in the range 0.1 K — 300 K. It is clear that the conditions are much more
advantageous at 1 K than at liquid nitrogen temperature (77 K) or room temperature
(~ 290K). Indeed at 1K PFyg is essentially 100% and Tjg around 1s; on the other
hand at 77K the former is only 4% and the latter on the order of few hundreds of
microseconds making the saturation of the radical ESR line really challenging even for
high microwave power [42|. The situation is even worse at room temperature. Note that
the values given for the T}g are only representative, since they refer to nitroxyl radicals

at 0.35T [84]. Nevertheless the same trend was found for other radicals at higher field
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Figure 2.5: '3C (dashed black curve) and electron (solid black curve) spin polarization at
5 T together with the electron spin longitudinal relaxation time (red curve) at 0.35 T as a
function of temperature. The relaxation times for nitroxyl radicals were calculated from the
fitting curved given in [84]. The graph was taken from [42].

[97]. Tt is important to notice that reaching and keeping a temperature around 1K
is not that complicated from the technological point of view. The temperature is still
"high” enough to just immerse the sample in liquid *He at a pressure of ~ 1mbar.
Complicated 3He dilution cryostats, often employed in the “brute force” method are

not required.

The device that allows to work in the desired experimental conditions is called
dissolution-DNP polarizer (or "pre-polarizer”) and consists of three main hardware com-
ponents: a superconducting magnet to set the external magnetic field, a helium cryostat
connected to a vacuum pumping system to cool the sample to ~ 1 K and a microwave
source to enable the polarization transfer from the incorporated electron spins to the
surrounding nuclear spins. The original system developed by Amersham Health is re-

ported in Figure 2.6 [8].

Concerning the magnetic field strength, the original dissolution-DNP machine was

developed at 3.35T because microwave sources are readily available at 94 GHz [8, 68].
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Figure 2.6: Schematic drawing of the original dissolution-DNP polarizer developed by
Ardenkjaer-Larsen et al.: (1) DNP polarizer, (2) vacuum pumps, (3) variable-temperature
insert, (4) microwave source, (5) pressure transducer, (6) sample port, (7) microwave cavity,
(8) sample holder, (9) sample container, (10) dissolution wand |[8].

It has been shown that increasing the magnetic field up to 7T yields to higher nuclear
polarization, at least for ¥C, using common radicals [34, 71, 72|. According to the
scenario described above, besides technological issues such as complicated cryogenics
and large microwave losses when the frequency is increased, one would conclude that
the higher the field and the lower the temperature, the larger the maximum achievable
nuclear polarization. The drawback of working at very high field and low temperature
is that the polarization time becomes prohibitively long. Indeed, as we will see in the
Chapter 3, the dynamics of the DNP mechanism slows down with a factor (1 — P34) / B}
[4]. Increasing the microwave power is not the solution because, if on one hand side
the number of photon-electron spin interactions per unit time is increased, speeding up
the DNP process, on the other sample heating will negatively affect the polarization

efficiency [70]. A temperature of 1K and a field of 5T seems to be a good compromise
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for dissolution-DNP [42].4

2.5.3 The dissolution step

As already mentioned in Chapter 1, the groundbreaking innovation that led, about 10
years ago, to a renewed interest of the scientific community in the DNP process was the
addition of a dissolution procedure for producing HP liquid state spectroscopic/imaging
agents at physiological temperature [42|. Once the maximum nuclear polarization is
achieved in the solid state, dissolution is performed by propelling a hot solvent onto
the frozen sample to rapidly melt it. The resulting solution is chased out of the po-
larizer using pressurized helium gas and collected for injection into an NMR tube, an
animal, or more recently a human. A pivotal point that has made dissolution-DNP
feasible was the determination of the appropriate environment in which to perform the
solid-to-liquid phase transformation. The main problem is that, in general, the nuclear
spin-lattice relaxation time 77; of a substrate embedded in a diamagnetic solid doped
with paramagnetic impurities becomes really short (down to few ms) when the temper-
ature is increased especially at low magnetic field [1, 42|. Thus, the key for an efficient
dissolution, limiting polarization losses, is to melt the frozen solid sample almost instan-
taneously in a region with a rather strong magnetic field. In practical terms that means
performing dissolution directly inside the cryostat (just above liquid helium), employed
for reaching the DNP working temperature, in the magnetic field of the polarizer using
a large (compared to the solid state sample) volume of super-heated solvent with a big
heat capacity (water represents the solvent with the highest specific heat capacity that
is liquid at room temperature). In that way it is possible to transform, in less than

1s, the HP frozen glassy block in a diluted liquid state solution, limiting interactions

4The dissolution-DNP hyperpolarizer for clinical use SPINlab, developed by GE Healthcare operates
at 0.8K and 5T.
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Figure 2.7: Sketch of the dissolution-DNP setup installed at the Center for Biomedical Imag-
ing (CIBM) of the EPFL. A 5T, 1K polarizer is located ~ 4m from a 9.4 T rodent MR
scanner. A specific device (infusion pump/separator) minimizing the delay between dissolu-
tion and infusion of the HP substrate in the test subject has been implemented for in vivo
applications. The delay can be as short as 3s [42].

between HP nuclei and paramagnetic centers (the distances between them are now

increased), thus slowing down the relaxation processes.

Once the HP solution is ready, it has to be transferred from the DNP polarizer
into the bore of the MR system where the HP spectroscopy/imaging experiment is
performed. During the path between the two magnets the HP nuclear spins will usu-
ally experience drastic magnetic field variations crossing regions where 7T7; might be
extremely short. For this reason, it is of primary importance to keep the distance
between the two systems as short as possible and to perform the transfer as fast as

possible.

The Ti; is influenced by the chemical environment of the nuclear spins, the magnetic
field and the temperature. The main feature is not to cross regions characterized by
very strong magnetic field gradients or zero field spots that would reduce the nuclear
polarization. Concerning the temperature, in order to minimize relaxation prior to
injection, a good strategy can be to quickly stabilize the HP liquid sample’s temperature

using a massive receiver maintained at an optimal value (in Figure 2.7 is reported the
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HP solution transfer set-up routinely used in our lab for in vivo applications) |35, 40].
The chemical environment can be partially controlled using an appropriate solvent (e.g.
using D20 instead of HoO minimizes the nuclear dipolar relaxation in solutions) and/or

scavenging the radical after dissolution [105].



Chapter 3

Theoretical background

“It doesn’t matter how beautiful your theory is, it doesn’t matter how smart

you are. If it doesn’t agree with experiments, it’s wrong.’

R. Feynman

3.1 Introduction

The aim of the present chapter is to give a description of the physical interactions
characterizing a nuclear spins system embedded in an amorphous diamagnetic solid
with small concentration of paramagnetic centers at moderate magnetic field and low
temperature with the contingent presence of microwave irradiation. The subject is
restricted to the pertinent information for the understanding of the DNP process. Sec-
tion 3.2 deals with the Hamiltonian of the spin system. Section 3.3 is about relaxation
processes and the effect of microwave irradiation. In the last section the classic theory

of DNP is presented; the theoretical dissertation is restricted to the mechanism known

25
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as "Thermal Mixing” (TM), active in case of "broad-line” radicals with non-negligible

dipolar coupling.

3.2 The spin Hamiltonian

Let us consider a system composed by Ng electron spins and N; nuclear spins per unit
volume, assumed all of the same species and such as N;/Ng = m ~ 1000, immersed in
a static magnetic field By = By? (the interaction with the lattice is neglected for the
moment). For simplicity we normalize to one single electron spin S and we take into
account the interaction with the surrounding nuclear spins I;; the interactions among
nuclear spins themselves are also considered. The time independent Hamiltonian of the

system writes |125]:
Ho=Hrez +Hzrs + Hur +Hyz +Hng + Han

=3.B05-S+5D-S+> "S- ALi—B.g. Y Bolu+ Y Li-P-Li+ Y Li-dy- I, (3.1)

m

k=1 k=1 k=1 j#k
The different terms in equation (3.1) represent, in the order, the electron Zeeman
interaction, the zero-field splitting, the hyperfine coupling of the electron spin and the
m nuclear spins, the nuclear Zeeman interaction, the nuclear quadrupolar interaction

and the nuclear spin-spin interaction.

3.2.1 Electron and nuclear Zeeman interaction

We explain here in more detail what was briefly introduced in Section 2.1. The inter-
action between the unpaired electron spin of a radical and the external magnetic field

EO = ByZ expressed in an arbitrary coordinate frame is given by the electron Zeeman



3.2. THE SPIN HAMILTONIAN 27

X
ed
= ° |
HC N CH,
H.C CH,

Figure 3.1: Drawing of the TEMPO free radical. The molecule is drawn in 2-D on the left
with its molecular axis, and in 3-D on the right. The molecule is neither axial symmetric
nor planar, so its g and A tensor result to have orthorhombic symmetry: g, # g, # g. and

Ay # Ay # A..

term

HEZ = Bego ’ g ’ § (32)

For a spin S = 1/2 at moderate magnetic field, the Zeeman term represents the dom-
inant interaction characterizing the radical ESR spectrum. Most of the time Hpgy is
anisotropic; meaning that its expectation value, the Zeeman energy, depends on the
spatial orientation of the paramagnetic center with respect to the magnetic field. This
feature is expressed by ¢ that is a symmetric 3 x 3 second order tensor. Thus g , fixed
the reference frame, can always be written in diagonal form characterized by the three
principal values g,, g, and g,. Usually the g principal axes frame is considered as the
molecular frame of the radical and all interaction tensors are referred to this frame
(see Figure 3.1). For a non-degenerate electronic ground state the orbital angular mo-
mentum is quenched (L = 0). The deviation of the principal values from the g. value
of the free electron spin and the orientation dependence of the electron Zeeman term
is determined by the interaction between the electron spin S and the orbital angular
momentum L from the excited states, known as spin-orbit interaction. Since for most
organic radicals the excited states are high in energy, the spin-orbit coupling is weak

and, in general, the principal values of g deviate by less than Ag = 0.01 from g, [125].
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The interaction of one nuclear spin [ with an external magnetic field go = Bz is
given by equation (2.2). For protons, the nuclear Zeeman interaction is only 1/685 of
the electron one, and for all other nuclear species, it is even less. In the present work,
for simplicity, the nuclear Zeeman interaction will be considered as isotropic. Thus, g,
will assume the form of a proportionality factor rather than a tensor as in the electronic

case.

3.2.2 Hyperfine interaction

The hyperfine interaction between an electron and a nuclear spin given by the Hamil-

tonian

Hur=S-A-T (3:3)

represents one of the most important sources of information that can be understood from
the observation of an ESR spectrum as regarding the paramagnetic species molecular
structure. The hyperfine tensor A is the sum of two contributions: the isotropic Fermi
contact interaction Hypr and the electron-nucleus dipole-dipole coupling Hpp. The

Fermi contact interaction writes

HF - aisog' f (34)

where, introducing the vacuum permeability constant py = 47 x 1077 H/m,

iso < JoTi2Yeyn |10 (0)] (3.5)

is the isotropic hyperfine coupling constant and |t (0)] is the electron spin density

probability at the nucleus site.
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The electron-nuclear dipole-dipole coupling is described by

S-7)(I-7
to B2ysvr | & # < ) < >
HDD = E’r’—g S-I1—3 2 (36)

where 7, representing the vector connecting the electron and nuclear spins, has an
orientation dependence from the two polar angles 6 and ¢ (the z-axis is assumed always
parallel to magnetic field). Integration over the spatial electron distribution allows to

calculate the anisotropic dipolar coupling tensor T so that

Hpp =S -T-T (3.7)

As in the case of the § tensor also the T tensor can be always expressed in diagonal
form characterized by the three principal values T, T, and T",. Since the scalar nature

of Hp., the same applies to A, identified by the three principal values A,, Ay and A,.

It is important to underline two main features about the hyperfine interaction: it is
magnetic field independent and strongly affected by the distance between the electron
and nuclear spins. As far as we will be concerned in this work only the nuclear spins in
close vicinity to the unpaired electron (e.g. the nuclei composing the radical molecule)

will be taken into account concerning the interpretation of the ESR spectra.

3.2.3 Zero-field splitting

For electron spin systems with effective spin S > 1/2 and non-cubic symmetry, the
dipole-dipole coupling between the electron spins lifts the (25 + 1) degeneracy of the

ground state. This interaction is field independent and is known as zero-field splitting.
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The related Hamiltonian assumes the form:

Hyps=S-D-S (3.8)

where D is the symmetric and traceless zero-field interaction tensor. In the principal

axes system of the D tensor equation (3.8) can be written as
1
Hyps = DoS? + DyS2 + D52 = D [53 ~ls(s+ 1)} LE(S-8) (39

with D = 3D,/2 and E = (D, — D,) /2. At X-band frequencies (~ 9.5GHz) the
zero-field splitting is often the main magnetic interaction in systems with S > 1/2

[125].

3.2.4 Nuclear quadrupole interaction

Nuclei with spin I > 1 are characterized by a non-spherical charge distribution ex-
pressed by the nuclear electrical quadrupole moment @); the charge distribution inter-
acts with the electric field generated by nuclei and electrons in close proximity and the

relative Hamiltonian writes:

Hyo=1-P-T (3.10)
where P is the nuclear quadrupole tensor. In its principal axis system P is traceless
and can be written as

eqQ

=PI*+PI*?+PI*?=—"° _
tng R R T O )

(B2 —T(I+1)*) +n(I2-12)] (3.11)

where e is the elementary charge, eq the electric field gradient and n = (P, — P,) /P,

the asymmetry parameter. The two quantities, usually reported in the literature, char-
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acterizing the nuclear quadrupole interaction, are its strength e?qQ and the asymmetry

.

3.2.5 Nuclear dipolar interaction

The dipole-dipole interaction between m like nuclear spins I is a special case of equation

(3.6), the Hamiltonian writes [1]:

L 22 | L (I; . r;’k> (.ﬁ€ . r;’k>
HNN:ZIj-djk-Jk:Z—OZ USSP . (3.12)
2k Tk Tk Tk

The nuclear dipole-coupling tensor ;.. too small to be resolved on the ESR scale,
provides one of the main sources of information in solid state NMR and, describing the
vector 7, joining the nuclear spins j and k through the polar angles  and ¢, can be

expressed as:

3 po W97
dyp =22 AL B4 C+ D+ E+F) (3.13)
dm oy
where
A = LI (1—3cos*0)
1 1 - o
B = =1 (1=3800s0) (It lu + ;- Iii) = 5 (1= 3cos?) ([j,sz,z . Ik)
3
C = 5 sinf cos 0 exp (—ip) (L; L+ + Ik .15 +)
3
D = ) sin @ cos @ exp (i¢) (L; L, — + Ii .15 ) (3.14)
3
E = ~1 sin? @ exp (—2i¢) I, I ¢
3
F = ~1 sin® @ exp (2i¢) I, I,

In equations (3.14) the only terms of the dipolar-coupling tensor dj, that commute with

the nuclear Zeeman Hamiltonian H yz are A and B. The latter are called secular terms
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and, according to first order perturbation theory, are responsible of the broadening
of the nuclear Zeeman levels. Without any dipolar-coupling all the m nuclear spins
would resonate at w; = 77yBy. In presence of dipolar interaction the secular terms
add a contribution to the static magnetic field EO called dipolar local field Bl_:II whose
direction and intensity depends on the spins distribution. Thus, the nuclei are going
to resonate in a frequency range Aw; around w; given by Aw; = ;B ;. Moreover
the B term in equation (3.14) allows also an energy conserving simultaneous reversal
of two neighboring spins in opposite direction. As we will see in the next section this
mechanism called, "flip-flop” transition, is responsible of the phenomenon known as
nuclear spin-diffusion. Terms C, D and E, F are responsible, respectively, for those
interactions that expect the spin-flip of one nuclear spin only and two nuclear spins
in the same direction simultaneously. Those terms do not commute with the nuclear
Zeeman Hamiltonian H 7 so, at the first order, they have no influence on the NMR line
shape and are not going to be considered here. The truncated form of the homonuclear

dipolar coupling writes:

'R Y el o~ 7 , L
HNN—E;T]TI{[A]]C—FBJ]C] _E#Zk T‘?k 5(1—3COS tgjk) <3Ij,zlk,z_]j']k)
(3.15)

A fair estimation of the NMR line width Aw; is the square root of the homogeneous
second moment Moays pom |1]:

Awr =v1By 11 = 011 (3.16)

where 077 = /Mo pom- The dipolar contribution given by H'yy to the NMR line

second moment can be evaluated through the Van Vleck formula and writes [1, 131]:

3 2 1—3cos26;,)”
Morrhom = — <@> Ryl (1+1) Z ( cos” be) (3.17)

6
4 \4r - Tk
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3.2.6 DNP system approximations

As far as we will be concerned we are going to deal with ensembles of low-gamma NMR
active nuclear spins (~ 10%' spins/cm?®) embedded in a glassy diamagnetic solid (~
10%2 spins/cm?® of 'H and/or 2H nuclei) with small concentrations (~ 10' spins/cm?)

of organic radicals at moderate magnetic field and low temperature.

From the ESR point of view all paramagnetic centers are fixed and randomly ori-
ented in space. For the values of the magnetic field investigated in the present work
(3.4 T —7T) the main electron interaction is the Zeeman followed by the hyperfine one.
The ESR line, looking like an inhomogeneously broadened powder spectrum, is the re-
sult of the superposition of several "spin packets” with distinct Larmor frequencies (see
Section 3.3.1), which do not change in time. The position of the resonances is spread

around the center of gravity wyg of the line shape function f (w) defined as

+o0

1 = f(w)dw (3.18)
oo

wos = / wf (w) dw (3.19)

while its width is parameterized through the square root of the inhomogeneous second

moment Mg,m}mm

+o00o
M inhom = / (w— w05)2 f(w)dw (3.20)

o0

Equation (3.1) was normalized to one single electron spin. In the systems we are
going to study the coupling between the paramagnetic centers, homogeneously dispersed
in the glassy matrix, is not negligible. The electron spin-spin coupling Hamiltonian
is composed by two parts: the exchange coupling and the electron-electron dipolar-
coupling such as

HEE - Hex + HSS (321)
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The first term of equation (3.21) starts to be observable in solids for distances be-
tween electron spins shorter than 1.5nm [125]. The second term is the same reported
in equation (3.12) written for electron spins. The Van Vleck formula (3.17) can be
used for evaluating the homogeneous broadening of a spin packet. A rough estima-
tion of Msgg nom is obtained by assuming 7, to follow a Poissonian distribution. The
probability of finding no other electron spins within a distance r;, from a given one
S; is exp (—4/37TN57’§-’,§) where Ng represents the electron spin concentration per unit
volume. Setting this probability to 1/2 the average distance between first neighboring

paramagnetic centers results to be [67]
Te_e ~ 0.55N 5/ (3.22)

Since the free radicals are randomly oriented, the (1 — 3 cos? ij)2 factor in (3.17) can
be averaged over # from 0 to w. Assuming S = 1/2 the Van Vleck formula becomes [1]

9 2 1 2
Msss hom = 535 =30 (Z—;) h27§T6— ~ 16 (Z—;) h27§]\7§ (3.23)

Written in frequency units equation (3.23) gives Awg ~ 55 = 1.3 x 1072 Ng Hz with
Ng expressed in spins/cm?® i.e. 13 MHz every 10" spins/cm?. The latter represents the
main contribution to the broadening of each electron spin packet because, according to
the radical concentration range considered in DNP experiments, the exchange coupling
can be neglected since the average distance between first neighboring paramagnetic

centers r._. is larger than 3nm.

All the calculated or fitted ESR spectra we are going to encounter in next chapters
were evaluated using the PEPPER routine (for powder spectra) of the MATLAB-based
software Easyspin [128] considering only S = 1/2 electron spin systems including Zee-

man interaction, hyperfine interaction with the nuclei composing the radical molecule,
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Figure 3.2: Calculated TEMPO radical ESR spectrum at 5T without electron-electron dipo-
lar broadening (A) and with a "phenomenological” electron-electron dipolar broadening ex-
pressed as a convolution of the powder spectrum with a Gaussian line of 39 MHz FWHM,
corresponding to a radical concentration of 3.0 x 10! spins/cm?® (B). For both spectra the
square root of the inhomogeneous second moment My ;pp0m, resulted to be 148 MHz.

and a “phenomenological” electron-electron dipolar broadening expressed as a convo-
lution of the powder spectrum with a Gaussian line width equal to Awg (only in one
case the zero-field splitting of a .S = 1 spin system was taken into account and resulted
in a negligible contribution, see Chapter 5). The effect of the dipolar-broadening on a
powder spectrum is reported in Figure 3.2 in the case of TEMPO radicals. The spectra
at 5T were calculated using the following parameters [53|: g = [2.0094; 2.0065; 2.0017];
A = [20.48; 17.68; 101.00] MHz related to the interaction with the * nucleus sharing
the same molecular site as the unpaired electron; moreover, for the spectrum reported
in panel B, a 39 MHz dipolar-broadening was added. The square root of the inhomoge-
neous second moment My j,nom resulted to be 148 MHz confirming that for such a value
of the magnetic field, the radical ESR spectrum is dominated by the anisotropy of the
Zeeman and hyperfine interactions. Nevertheless the homogeneous dipolar-broadening
plays a fundamental role in the phenomenon known as "spectral diffusion” and thus, as

we will see, the establishment of a homogeneous spin temperature across the ESR line

under microwave irradiation (see Section 3.4).
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Concerning the NMR spectrum analysis relative to the DNP target nuclear species
(13C, °Li and '**Xe), besides the nuclear Zeeman interaction that determines the Lar-
mor frequency, only the heteronuclear dipolar coupling was considered for investigating
the effect of the solvent constituting the glassing matrix. The homogeneous broad-
ening for unlike spins can be evaluated by means of a modified version of the Van
Vleck formula since in equation (3.14) only term A commutes with the nuclear Zeeman
Hamiltonian (the flip-flop term does not conserve the energy this time). The broaden-

ing observed on nuclear spin species I caused by nuclear spin species I’ can be written

L /poN2 .5 9 9,0 (1—300529jk/)2
Mo == I (] 1 .24
211" hom = 3 (47r> Ry I (I'+ 1) Ek, T?k/ (3.24)

Moreover, when the nuclear spins under investigation are not single entities, but
(as generally happens) each of them is born on a molecule, their resonance frequency
can be slightly different from w; = ~; By, because of the influence of the molecule’s
electrons. This phenomenon known as chemical shift (CS) is a two-step process. First
the external magnetic field By induces currents in the electronic cloud surrounding the
molecule; then the circulating molecular currents in turn generates a magnetic field
called induced field Bj;nd. The nuclear spins feel the sum of the applied external field

and the induced one such as

Bj = Bjina + Bo (3.25)

where éj represents the total magnetic field in the j-site of the molecule. Typically
the B;ina value is only 107 of By. This is small, but large enough to give rise to
measurable shifts in the spin precession frequencies. The induced field can either shield
or increase the external one depending on if the induced currents are generated by
electrons in the ground state (diamagnetic term) or in the excited states (paramagnetic

term) respectively [90].
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The induced field is, to a very good approximation, linearly dependent on the applied
field, and may be written
Bjina =90, - By (3.26)

where (5; is a 3 x 3 matrix of real numbers called chemical shift tensor. The use of
the matrix takes into account that the direction of the induced field can be different
with respect to the one of the external field. For each nuclear site, there are three
special directions of the external magnetic field for which Bj;nd is parallel to §0, These
directions are always perpendicular to each other and are called principal axis of the
chemical shift tensor. The principal axis are indicated by the capital letters X, Y, Z
and often correlate with molecular structures features. In the principal axis system (5}
is always diagonal and its trace is represented by the principal axis values 0; xx, d; vy
and d; 77 |90]. The mean of the three principal axes values is called isotropic chemical
shift d;,s,. If all three principal axis values are equal, then 5; is said to be isotropic.

If two or more are not equal, then 5; is said to be anisotropic and the nuclear system

under investigation affected by chemical shift anisotropy (CSA).

In an isotropic liquid, because of motional averaging, the chemical shifted resonance

frequency (wjr) of the nuclear system results to be, even in case CSA is present [90]:

wj,1 = Y1Bo (14 0j,is0) (3.27)

In a solid the scenario changes dramatically, because the orientation © of the nu-
clear framework with respect to the external magnetic field becomes of fundamental

importance. In this case the w;; of each nucleus assumes the form [90]:

ij = ’VIBO (1 + 5]’,2;; (@)) (328)
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Interaction ‘ Spin Hamiltonian component ‘ Magnitude [MHz]| ‘
Electron Zeeman Hez 10% — 10°
Zero-field splitting Hzrs < 10t
Hyperfine Hor 10" — 102
Electron dipolar Had 10!
Nuclear Zeeman HNz 101 — 102
Nuclear quadrupolar HNQ <1073
Nuclear dipolar HnN 1073 — 1072
Chemical shift Hes 1073 — 1072

Table 3.1: Relevant terms of the spin system Hamiltonian we will encounter in the present
work with the corresponding magnitude range reported in frequency units. The expression of
tNheqchemical shift Hamilton Heg, not explicit in the text, has the form Hos = —fngn Y peq Bo-
Ok Ii, see [90] for an extended dissertation about the topic.

where §; .. (©) depends on © and the chemical shift principal values. In the case of a
powder (or a glass) all possible orientations are possible and, as we will see in Chapter
4, the solid state NMR, spectrum can be really broad if CSA is present especially for
high values of the external magnetic field [115].

On the other hand, the homonuclear dipolar-broadening, because of the spin concen-
trations and gyromagnetic ratios involved, was always found to be negligible (< 1kHz)
and, in the special case of 9Li the quadrupole moment ) = —8.0 x 1072® cm? is one of
the smallest among spins [ > 1/2 [46, 136].

In Table 3.1 are summarized the relevant terms of the spin system Hamiltonian we
will encounter in the present work with the corresponding magnitude range reported in

frequency units.

3.3 Spin transitions and relaxation processes

The possibility of obtaining dynamic orientation of nuclear spins in dielectric solids con-
taining unpaired electron spins, at low temperature and moderate magnetic fields, rely

on the existence of particular transitions between spin states. Some of them, involving
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Figure 3.3: Spin transitions responsible for main relaxation processes. Electron spin-lattice
relaxation and microwave excitation (A). Electron spectral diffusion (B). Nuclear spin-lattice
relaxation (C). Nuclear spin diffusion (D). Electron-nucleus cross-relaxation (E).

one spin kind only, conserve energy and angular momentum and are thus called "allowed
transition”; the others, involving both spin kinds, are called "forbidden transition” be-
cause they would not conserve angular momentum in the absence of a electron-nucleus
dipolar coupling. For simplicity, hereafter only spin 1/2 will be considered. See Figure

3.3 for a summary of the different spin transitions treated.
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3.3.1 Electron relaxation processes

The orientation reversal of an electron spin from a state = [S, = +1/2) to a state
1= |S. = —1/2) (or vice versa) can occur because of the coupling of the spin with the
lattice vibrations or under the action of an applied microwave field with a frequency w,,.,
equal or close to the Larmor frequency (ws = vsBg) of the electron spin in the applied
magnetic field. If such time-dependent perturbation is applied, the Hamiltonian describ-
ing the coupling between the microwave rotating field gl = By (T coS Wyt + 7 sin wpt)
(perpendicular to the static magnetic field By = By2) and the electron spin magnetic

moment can be written [1]:

How = —7shB1 (S5 €08 Wit + Sy SIN Wyt) = —hwy (S COS Winyt + Sy, SN Wiy t)
(3.29)
Using the Fermi golden rule the transition probability per unit of time induced by

equation (3.29) between the two spin states results to be:
=W = ~wif(w) = =% (3.30)

where f (w) defined in equation (3.18) is the electronic line shape function and 7,,,, the
characteristic time constant. Considering an ensemble of electron spins under contin-
uous irradiation, at thermal equilibrium, an energy absorption is observed because the
low energy state |= |S, = —1/2) is more populated. When the population of the two
energy levels is equalized, the system is called saturated. The latter is a non-equilibrium
state, the mechanism of spin-lattice relaxation characterized by the constant time Tig
tends to restore the Boltzmann condition expressed by equation (2.5), but written for

the electrons case.

Several processes are known to cause electron spin-lattice relaxation [3]. For values
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Figure 3.4: Sketch of the ESR line spin packet model.

of temperature and magnetic field routinely used in dissolution-DNP conditions, the
mechanism known as "direct process” dominates, consisting simply of an electron flip
followed by absorption or emission of a phonon of energy equal to hwg. The param-
agnetic centers used for DNP are always of the so-called Kramers type (i.e. with an
odd number of unpaired electrons). For such paramagnetic species, in a crystal and
at very low concentration, the acoustic phonon dispersion leads to a dependence on
temperature and magnetic field given by [4|

1 hwg
— = wZcoth 31
T wg o (2]{5373) (3.31)

with n = 5 for strict Kramers degeneracy, n = 3 if the latter is lifted by hyperfine
coupling and 7g representing the temperature of the electron spins ensemble. It is
experimentally proved that for DNP systems the value of Tjg is radical concentration
dependent [57, 65] so, assuming that equation (3.31) is also valid in a glass, it represents

a higher limit for the T}g value.

When the unpaired electron concentration increases, the dipolar coupling becomes
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important. The S;. Sy _ terms of the dipolar interaction Hamiltonian (see equation
(3.14)) are responsible for a kind of spin transition characterized by the orientation
exchange between two electron spins (flip-flop transition). This pure spin-spin process
(it conserves angular momentum and the Zeeman energy) takes place with the charac-
teristic time constant Thg called electron spin-spin relaxation time. The latter, function
of the distance between the electron spins is concentration dependent; a good estima-
tion is given by 1/Ths = Awg (see Section 3.2.6). As already mentioned, those flip-flop
transitions are at the origin of the mechanism known as ”spectral diffusion” consisting
in the propagation, among the electron spin ensemble, of a given spin order reducing
polarization differences. The concept was theoretically developed by Portis [116] who
introduced the idea of the dependence of the diffusion rate on the ratio between the
inhomogeneous line width and the homogeneous line width. Later Bloembergen [20]
followed by Mims [107] worked on a model that assumes the inhomogeneous line com-
posed of a series of partially overlapped dipolar-broadened adjacent resonances called
"spin packets” (see Figure 3.4). The diffusion time T, required by an absorbed en-
ergy quantum to diffuse across the inhomogeneous line, through several electron spin

flip-flops, among the spin packets can be roughly evaluated as [20]:

M. inhom 3/2
#) (3.32)

Tsq = Tas (MSSh
2S5S,hom

Equation (3.32) does not take into account higher order spin transitions (e.g. four or six
spins flip-flops) that would eventually shorten T,4. The spectral diffusion is therefore
very efficient as soon as the dipolar broadening of one single spin packet is not too small
compared to the inhomogeneous broadening. If we consider the example reported in
Figure (3.2) T, turns out to be around 1 us much shorter than T} that for typical DNP

conditions (e.g. 5T and 1K) is between several hundreds of ms and 1s [65, 72]. As we
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will see, this feature represents a key point in the efficiency of the TM mechanism for
DNP: it is possible to saturate the radical ESR line, under microwave irradiation, even
if the inhomogeneous broadening dominates. The electron spin lattice relaxation will
start to efficiently compete with the spectral diffusion time for radical concentrations

around 10'® spins/cm? i.e. 1.5mM.

3.3.2 Nuclear relaxation processes

The orientation reversal of a nuclear spin from a state T= |I, = +1/2) to a state
1= |I, = —1/2) or vice versa represents the basic process behind nuclear spin-lattice
relaxation. It is well known that the latter proceeds mostly via interaction with para-
magnetic centers, because the number of phonons “on speaking terms” with the low
energy corresponding to the nuclear Zeeman one is extremely small at low temperature
[3]. The "direct” (or "leakage” as we will see later) nuclear spin-lattice relaxation can be
described, in the frame of the random field approach (BPP theory [19]), as due to the
fluctuations of the electronic dipolar field at the nuclear site. For low concentration of
unpaired electrons and at low temperature (fixed paramagnetic centers), the correlation

time of the random field is T7g and the nuclear spin-lattice relaxation can be written

[3]:

1 9 M0)2 hysvyr 2 9 9 Tis
— (e 0 cos?—15 3.33
T, 4 (47r ( I A S (3.33)

where 6 represents the angle between the external field By and the vector 7" connecting
the electron and nuclear spins. In most practical case, Tisw; > 1 and equation (3.33)
can therefore be written

19 2 (hys\” 1
T_H:Z(Z_;;) <%) SiIIZHCOSQ@?Tl_Sl (3.34)
0
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At low temperature and moderate magnetic field, the electron polarization is close to
unity. A correction factor has to be added in equation (3.34) for taking into account
the temperature dependence of the nuclear spin-lattice relaxation time |3|:
1 9 r1oN2 [ hys ? 2 2 (1_POQS>

— == (— —2 ) sin?@ cos® 2201 3.35

Ty 4 (47r) ( r3 B (8:35)
where Pyg represents the electron Boltzmann equilibrium polarization. The factor
(1 — Pys)? /BZ gives roughly the transition probability per unit time for an electron
to perform a spin-flip causing the dipolar field fluctuation at the nuclear site. At low
temperature this factor is very small according to the fact that, when almost all elec-

tron spin are frozen in the low energy level, less electron spin-flips triggering nuclear

relaxation can occur.

Equation (3.35) was obtained for one electron-nucleus pair and is not directly appli-
cable to bulk nuclei. In the bulk the nucleus-nucleus dipolar interaction, through the
I; 4 I, — terms, causes rapid energy conserving flip-flops between nuclear spins, some-
what similar to what happens in the spectral diffusion process among electron spins.
This process, known as "nuclear spin diffusion”, happens on a time scale characterized
by the nuclear spin-spin relaxation time constant Ty (see [18]). It allows to maintain a
uniform polarization among the nuclei at all times and starts at a distance b from the
paramagnetic impurity. Indeed the NMR frequency shift due to the dipolar local field
~ hrys/r3, generated by a free electron, does not allow to perform energy conserving
flip-flops between nuclei included in a sphere of radius equal to b such that the frequency
shift is smaller than the nuclear homogeneous dipolar broadening (see equations (3.16)
and (3.17)). The simplest model then assumes that the effective value of Tj;' is the

value given by equation (3.35) averaged over all nuclei comprised between a sphere of
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radius b and a sphere of volume V = 1/Ng |[3]:

1
Tirers

1 (1 ,, .. 27rNs., ,(1—P%),
= V/]Tl(r) d37" ~ E?hQ’ygB—gOSTISl (336)
\4

A fair estimation of the magnitude of the local field BZH generating the nuclear ho-
mogeneous broadening is the the square root of Moarr e divided by 7. As already
demonstrated in Section 3.2.6, \/m is proportional to Ny; in order of magnitude
we can write B ;; oc by Ny. From the definition of diffusion barrier b : B j; ~ h’)/g/bg

we can then write

L Nspots (Bur\” (1= Fi) (1-F)..
~" 0\ B = NoNih? 05 7 3.37
Tirery N ( B? ) Tis SIS B2 15 (3.37)

As far as we will be concerned, we do not really care about the precise expression
for Ty .rf; the remarkable features of equation (3.37) are its linear dependence in the
nuclear concentration and gamma and the strong damping at high field due to the
factor (1 — P2) /B2. Indeed, concerning the expression of Tig reported in equation
(3.31), it does not matter which behavior is predominant (strict Kramers degeneracy or
hyperfine symmetry breaking): 1/T37.ss is a monotonically decreasing function of By

starting from values of the magnetic field interesting for dissolution-DNP (see Figure

3.5A).

If the electronic concentration Ng is not very low, electronic flip-flops will occur at
a rate 1/Thg, much faster than 1/7Tg. It is tempting to argue that Thg rather than Tig
is the correlation time of the local electronic field "seen” by the nuclei [3]. We can thus

introduce a new nuclear longitudinal relaxation time constant 77 g5 characteristic of a
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mechanism triggered by the strong dipolar coupling among the paramagnetic centers:

1 1— P?
x NSNIFLZWWS—( bs)

— B2 Tyd (3.38)

It is clear that the rate given by equation (3.38) has nothing to do with the coupling
of the nuclear spins with the lattice since no parameters relative to the latter appear
in the formula (in equation (3.37), Tig reflects the lattice acoustic phonon dispersion
at a given temperature). What is expressed is the existence of a coupling between the
electronic spin-spin energy Hgs and the nuclear Zeeman energy Hyz, a fundamental
step of the DNP process by TM. Indeed we can make the assumption, well verified by
experiments [4], that Hyz and Hgg reach a common spin order (or spin temperature
as we will see later in Section 3.4) in a time of the order of 7} g5 called cross-relaxation
time! (or Thermal Mixing time). On a microscopic scale, the energy exchange between
the two spin systems occurs as a succession of total energy conserving process, each one
of them being a nuclear spin-flip accompanied by a flip-flop between two electron spins

Sp and S, separated in energy by w; = wg, — wg,.

Dealing with an inhomogeneously broadened radical ESR line, equation (3.38) is
still valid if spectral diffusion is efficient (see Section 3.3.1). In that case, a dependence
on the ESR line autocorrelation function evaluated at the nuclear Larmor frequency

g (wr) has to be added such as [135]

1 1—P? w
OCNSNI}.—LQ,YI,YS( OS)g( I)

T4 3.39
TI,SS Bg g (0) 28 ( )

ITn the literature what we referred as “spectral diffusion time” is sometimes reported as “cross
relaxation time”. For the sake of clarity we call “cross relaxation time” or "Thermal Mixing” time
the one associated with a three-particle energy conserving process that concerns a nuclear spin-flip
accompanied by an electron flip-flop.
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Figure 3.5: Magnetic field dependence of the “direct” (or "leakage”) nuclear spin-lattice re-
laxation time 7' as expressed in equation (3.37) for n = 5 (black line) and n = 3 (red line)
(A). Magnetic field dependence of the cross-relaxation (or "Thermal Mixing”) time T7 g5 as
expressed in equation (3.39) calculated at the 13C (black curve) and ' H (red curve) Larmor fre-
quency for an ESR line spectrum corresponding to 50 mM of TEMPO radical (see Figure 3.2);
the two curves are almost superimposed due to the strong dumping given by the(l — POQS) / Bg
(B). Both graphs are normalized to the relaxation time value at 3.35T.

where
g(w) _ J3F (@) f(w—wr)dw
9(0) S F (@) dw

(3.40)

gives the probability to have a flip-flop transition between two electron spins S; and
Sy separated in energy by w; = wg, — ws,. The parameters dependence considerations

made for equation (3.37) are valid also for (3.39) (see Figure 3.5B).

3.4 DNP via Thermal Mixing

The DNP process takes place through the TM mechanism when the radical ESR line
width is comparable or larger than the nuclear Larmor frequency (Aws > wy) and
the electron spin-spin relaxation time is much shorter than the electron spin-lattice
relaxation time (Tps < Tig). Those requirements are always fulfilled when dissolution-
DNP is performed on X-nuclei (see for instance [10, 40, 71, 81]). Indeed the field

and temperature values together with the radical concentration used for preparing the
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sample guarantee the validity of the condition on the electron relaxation times; on the
other hand, dealing with nuclei such as 3C, 12 Xe, 6Li, >N ..., the small gyromagnetic
ratio, compared to the proton one, assures the condition Awg > w; even in cases
where sharp ESR line radicals (e.g. Trityls and BDPA) are involved. Contrary to the
"Solid Effect”, for which the electron spin order is directly transferred to nuclei through
microwave driven "forbidden” double-quantum electron-nucleus spin transitions (see
[3] for a detailed dissertation), TM takes place in two steps: "Dynamic Cooling” and
"Thermal Mixing” in the strict sense. The first step is a single-quantum transition, thus

TM generally requires less microwave power.

3.4.1 Spin Temperature theory and "Dynamic Cooling”

The basic hypothesis in "Spin Temperature” theory 6] is that the evolution of an isolated
system of a large number of interacting spins leads to a state of equilibrium characterized
by a temperature, i.e. a Boltzmann distribution of the populations in its various energy

levels. In formal terms the density matrix o of the system assumes the form |3]:

o — P (=pH)
Tr(exp (—pH))

(3.41)

where H is the Hamiltonian of the spin system and p = h/kpTp, is the inverse spin
temperature. In reality spin systems are never completely isolated and the concept
of spin temperature is meaningful only if the rate 1/7., of achievement of internal
equilibrium is much faster than the spin-lattice relaxation rate 1/7}. For intermediate
times between T, and 77, the spin temperature exists and can be different from the
lattice temperature. Spin-lattice relaxation then simply describes the equalization of
the spin temperature 7y, and the lattice temperature 77, through the thermal coupling

between two reservoirs: the spin system and the lattice.
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In that context, the concept of "Dynamic Cooling” uses a fundamental idea first
developed by Redfield for NMR under strong radio frequency saturation [120], and
later applied to ESR and DNP |23, 127|. Let us first consider an ensemble of Ng
electron spins, immersed in a static magnetic field By and in equilibrium with the lattice
at a temperature 77, coupled by dipolar interaction Hg (we consider the truncated
Hamiltonian only; see equation (3.15)). When a microwave field is applied close to
electron Larmor frequency, the effective Zeeman Hamiltonian is time-independent in a
frame rotating with the field around B:, (the so-called "rotating frame”), and the large
Zeeman part of the static-frame Hamiltonian is considerably reduced. Nevertheless
thermodynamics consideration of entropy maximization applies in the rotating frame.
Thus the spin polarization can still be expressed as in equation (2.5) with an appropriate

“spin temperature” in the rotating frame given by

wg — w A B
TTot,L = —S o mw T, = w—TL = éffTL (342)
S S 0

where B, s represents the effective magnetic field parallel to the Z axis felt by the spins.
If microwaves are shined at a frequency close to the electrons resonance such as B,y is
strongly reduced and the electron Zeeman interaction, in the rotating frame, becomes
comparable to the dipolar one hA ~ (Hg) an energy exchange between the two can
happen. Provotorov generalized Redfield theory for weak intensity of the microwave
field in the “high temperature” limit (see equation (2.6)) for electrons, showing that in
the latter case the system can be described by two distinct "spin temperatures” one
for the Zeeman interaction and one for the dipolar one [118]. Indeed, owing to the
dipolar coupling, the Zeeman levels have a certain width of the order of the local field
V5B ss ~ Awg. If hAwg is small with respect to the Zeeman energy, but big enough to

establish a Boltzmann order among the Zeeman levels through fast flip-flop transitions,
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Figure 3.6: Electron spins population distribution pg between and among the energy Zeeman
levels at thermal equilibrium with the lattice (tpz = 795 = 71) (A); under microwave irradi-
ation at frequency wmy < ws (|7ss| < TEz with 765 > 0) (B); under microwave irradiation at
frequency wmw > ws (|7ss| < TEz with 79¢ < 0) (C). Eg represents the total energy of the
spin system.

then we can segregate the dipolar interaction into a reservoir SSR, separated from the
Zeeman one, K Z R, and characterized by its own spin temperature and relaxation time.
The two spin temperatures 7z and 7gg describe the Boltzmann distribution between
the Zeeman levels and the spin ordering in the local field, respectively. The time
constants T gz and Tigg are on the order of the electron spin-lattice relaxation time T g.
The condition required for such situation to be verified is Tog < Tis [118]. At thermal
equilibrium, the two spin temperatures are equal to the lattice one (77 = 755 = 7).
However, under some experimental conditions |7gg| can be reduced with respect to 7py:
if slightly off-resonance microwaves are applied, the EFZ R starts to heat up and the SSR
is cooled down. These two processes are limited by spin-lattice relaxation; however the
overall effect is to take energy out from SSR and dump it to the lattice (which as usual,
is supposed to have an infinite heat capacity, so that its temperature does not change).
Depending on the sign of A = w,,, — wg, Tss can be positive or negative. A pictorial

representation is reported in Figure 3.6.

Under such conditions, the evolution in the rotating frame of the inverse spin tem-
perature of the EZR and SSR, o« = h/kptpy; and 8 = h/kpTss respectively, with

respect to the inverse lattice temperature 5, = h/kp7y, are given by the two Provo-
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torov equations |3, 118|:

T = W@-f - (o) (343)
Yow (%) (@=B)= 7 (8- ) (3.44)

where W =2W, 1 1 = nwif (A) is twice the transition probability per unit of time
induced by the microwave field from state 1= |S, = 4+1/2) to a state |= |S, = —1/2) or
vice versa (see equation (3.30)); D = Awg is the dipolar energy in frequency units and
ap = B (ws/A) is the inverse lattice temperature in the rotating frame. In steady state
conditions (da/dt = 0 and df/dt = 0) we obtain the following value of the equililibrium

inverse spin temperature of the SSR

WTiss (A)D)?

oL WTISS ((JJSA/DQ)
1+ WTigz +WTiss (A/D)

56 -
! " WTipy + WThiss (A/D)?

225

(3.45)

Since wg > A and D, |B,,| is much larger than 5 as soon as WTjgg in non-negligible
compared to unity: this represents a "dynamic cooling” of the spin-spin interaction. In

case of strong saturation (WT gz, WTiss — o0), one has:

ﬁ . ﬂ wSA
@ PEA 4 (Tvpz/Tiss) D?

(3.46)

Is important to stress that the microwave irradiation plays two main roles: cooling
down the EFZR in the rotating frame and allowing an energy exchange between the
EZR and the SSR, since the effective electron Zeeman Hamiltonian becomes similar
to the dipolar one (A ~ D). Note that no nuclei were involved so far; the dynamic
cooling is a manipulation of part of the electron spin Hamiltonian and it exists regardless
of the DNP process. A clean demonstration of dynamic cooling without DNP was given

by Atsarkin |[12].
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3.4.2 ”"Thermal Mixing” in the strict sense

Let us now introduce in our system N; nuclear spins. The DNP step into Provotorov
equations was made by Borghini [23| observing that, if the condition Awg > wy is
fulfilled, the electron dipolar interaction and the nuclear Zeeman interaction have com-
patible quanta of energy, and might therefore come into thermal equilibrium if some
form of coupling is available between the two. We can thus add a third reservoir to
the system, the so-called nuclear Zeeman reservoir NZ R, characterized by a spin tem-
perature 7yz: cooling down the SSR by means of off-resonance microwave irradiation
would result in a reduction of 77 and thus an increased nuclear polarization. TM in
the strict sense is equivalent to what happens when two different liquids at two different
temperatures are poured into the same vessel: through several molecular collision the
system ends up with a common temperature. In case of electron and nuclear spins, the
coupling interaction is represented by cross-relaxation (see Section 3.3.2): through sev-
eral energy conserving three-particle spin transitions the NZR and the SSR are going
to reach the same spin temperature. Once thermal equilibrium is achieved the common
spin temperature relaxes toward the lattice with a time constant result of the coupling
between the two reservoirs. As already reported before, SSR alone would relax with
Tiss, but the NZR acts as an extra "load” slowing down the relaxation processes of
the combined (electron) non Zeeman reservoir nZ R such as [3]:

L1 () 1 D2

Tan - TlSS <H/SS> + < ?VZ> (1 + f) - ED/Q (1 + f) (347)

where D"? = D?*+(N;/Ng) w? represents the relative "heat capacity” of nZ R normalized
to one electron spin? and f the so-called "leakage factor” taking into account all "direct”

nuclear relaxation processes different from the coupling with the SSR (see Section

2Actually D'? represents the nZR relative “heat capacity” multiplied by the square of the off-
resonance frequency A = w,,,, — wg. That’s easy to understand looking at equation (3.44).
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3.3.2). It can be shown that 1/7}, decreases as a function of the magnetic field with

the same factor (1 — P2) /B3 discussed in Section 3.3.2 [3].

In the limit of very fast cross-relaxation (perfect thermal contact between SSR and
NZR) and nuclear spin diffusion, the inverse NZR spin temperature v = h/kp7yz is
uniform among the nuclear system and equals to [ at any time. Replacing T}gss with
Tinz and [ with 7 in equation (3.46), we obtain the steady state solution for the inverse

nuclear spin temperature under strong microwave irradiation [3]:

_ﬁ wSA
et = PLA2 4 (Ty 5y /Trss) D2 (1 + f)

(3.48)

Equation (3.48) can be extended to the case of an inhomogeneous ESR line, if the
spectral diffusion is fast enough to keep the same spin temperature across the radical
spectrum, replacing D? by Ms innom (see equation (3.20)). Equation (3.48), pictured
in Figure 3.7, represents what was called the "DNP microwave spectrum” in Chapter
2. Note that, in the strict sense, TM will exist without microwaves, just as dynamic

cooling can exist without the presence of nuclei.

Is now clear that the main feature of TM is the achievement of a common tem-
perature between NZR and SSR, under off-resonance microwave irradiation. That
temperature is directly related to the maximum nuclear polarization enhancement &
such as

e = (3.49)

AL
If more nuclear species are involved, they are all going to be in thermal equilibrium
with SSR and thus be characterized by the same DNP enhancement. The difference
is in the expression of D’ that would contain more terms [(N;/Ng)w7]; one for each
)

nuclear species, thus increasing the relative "heat capacity” of nZR. Indeed in spin

temperature theories the "heat capacity” of a reservoir is the derivative of the energy
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Figure 3.7: DNP enhancement € = 7.,/fr as a function of the microwave irradiation fre-
quency off-set A = Wy — ws. || is maximum when A% = (Tygpz/Tiss) D' (1 + f). For all
curves reported was assumed T1gz/Tiss = 3.

expectation value with respect to the inverse spin temperature of the reservoir itself
[6, 135]. If we imagine to have two nuclear species "a” and "b”, we can write the NZR
energy content as

(Hnz) = Niahwra Pra + Nphwry Pry (3.50)

where P; = tanh (yw;/2) is the nuclear species polarization expressed in terms of the
inverse spin temperature (we dropped the indexes "a” and "b”). Assuming that the two
nuclei ensembles have the same ~y (as actually happens in TM), in the high temperature
approximation equation (3.50) writes

al

(Hynz) = Nighwy, tanh (ywi,/2) + Npphwrp tanh (ywry/2) & 5

[Nfaw%a + Nlbw%b]
(3.51)
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Thus the NZR "heat capacity” assumes the form

o (H h
% =5 [Niowi, + Nnpw}, | (3.52)

99393
1

Normalizing to one electron spin we obtain, for each nuclear species, the relative
nuclear "heat capacity” term [(N;/Ng)w?] mentioned above.

This feature will not only diminish the maximum achievable 7.4, but also the en-
ergy rate exchange between £'Z R and nZ R, thus increasing 71,7 and the time required
to achieve thermal equilibrium under microwave irradiation, the so-called "polarization
time” T),;. Indeed since, as already mentioned, the temperature of SSR (or the "inho-
mogeneous broadened” SSR) is transmitted to NZR through cross-relaxation, if more
than one kind of nuclei is present, per unit time, not all possible electron-electron-
nucleus three particles flip-flops would involve one single nuclear species. Thus, the
"cooling power” of the EZR has to be shared among more particles yielding to a less
efficient DNP mechanism. Dealing with "broad-band” radicals keeping the nZ R heat

capacity small represents a fundamental task for achieving high nuclear polarization.

A schematic that summarize DNP via TM mechanism is reported in Figure 3.8.

3.4.3 ”"Low temperature case”: the Borghini model

At low temperature the basic idea of increasing the nuclear polarization by cooling
down the EZR through microwave iradiation close to the electron Larmor frequency
is still valid, but, unfortunately, there exists no generalization of Provotorov equations
when the linear expansion of Boltzmann’s exponentials exp (—S#H) into (1 — SH) is not
valid. The root of the problem is the lack of a theory able to predict the temperature
of nZ R upon off-resonance saturation of the ESR resonance line [3]. A special solution

was proposed by Borghini for a simplified model of the ESR line [23]. The Borghini
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model describes DNP via TM in case of radicals with an ESR spectrum characterized
by anisotropy of the g-tensor and/or the A-tensor. The ESR line shape is assumed to
be made of narrow individual spin packets each of them with a resonance frequency
wg; (see Section 3.3.1). In this case the inverse spin temperatures «, 3 and = refer,
respectively, to the reservoir of electron Zeeman energy evaluated at the average reso-
nance frequency wps (analog of EZR), to the reservoir of the electronic offset energy
OZR (the difference between the individual resonance frequency of the packet and the
average value, A; = wg; — wps), and to NZR. It is assumed that the contribution of
the electron dipolar interaction to the ESR line width is negligible (a separate energy
reservoir is not considered). However, the dipolar interaction plays an important role
by inducing, between the various spin packets, a spectral diffusion fast enough to main-
tain, at all times, a single spin temperature inside the offset Zeeman Hamiltonian Hoz,
which describes the distribution of the spin packets. Moreover the coupling between
OZR and NZR is again considered strong (infinitely fast cross-relaxation) such as to
have = ~ at any time. So there is no SSR, and the idea is to cool OZ R, to a certain
spin temperature that is, then, transmitted to NZ R since the energy quanta between
the two reservoirs are comparable. This process is limited by electron and nuclear

spin-lattice relaxation Tig and T7;.

Considering g-anisotropy only and By = Byz, the Hamiltonian of the spin system
writes [3]:

H = CdosSZ — Z AZSZz -+ OJ]IZ (353)

Expressing the ESR line shape following the spin packet model described in Section

3.3.1, but in the offset frequency scale A = w — wyg such as

+o0 +o0

/f(A)dA:I /Af(A)dA:() (3.54)

—00 —00



3.4. DNP VIA THERMAL MIXING o7

Microwave irradiation cooling

EZR Tas SSR Tiss NZR
<—| (OzR) ,[€—>
a ( Tsd) B V
Tl EZ T(TJS) T1 nZT (TIS) THT(TII)
Lattice
BL

Figure 3.8: Diagram of the TM mechanism. The arrows indicate the heat flow. Terms
reported in parenthesis refer to the "low temperature case”.

the energy content of EZR and OZ R can be expressed as:

400
(Hez) = / f (A) hwosPs (A) dA (3.55)
(Hoz) — / £ (A)hAPs (A) dA (3.56)

where Pg(A), representing the polarization of the electron spin packet resonating at

A, is assumed to have at any moment the particular form

(3.57)

Pg = — tanh <M)

2

Working through the equations, it can be demonstrated that shining microwaves at
a frequency wy,, = wos — 4 such as to saturate a particular spin packet resonating at
Ag, a dynamic cooling of the OZR can be obtained [3|. Apart from the value of A,

the other important parameter is the strength w; of the microwave field (see equations
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(3.29) and (3.30)) expressed by the saturation rate

rg = mwilig (3.58)

The original Borghini model was developed under the hypothesis of strong mi-
crowave irradiation (rg >> 1) such as to have the spin packet Ay completely saturated

(Pso = 0). Expressing the energy content of NZR as

(Hnz) = —~hw Py (3.59)

under this condition, we are left with a single spin temperature only (o = = ) and,

imposing steady state conditions, the Borghini relation is obtained |[3]:

“+oo
Ay — A Ny T,
/ (Ao — A) f (A) tanh 1A= A 4 — —AoPos + w2 Py (3.60)
2 Ng ~Tip
where Pyg = —tanh (Srwos/2) and P; = tanh (yw;/2) are the thermal equilibrium

electronic polarization and the nuclear DNP enhanced polarization, respectively.

The Borghini relation is the low temperature equivalent of (3.48): it represents an
integral equation for 7 that can be solved numerically if the ESR line shape f(A)
is known; in this case no nuclear leakage is considered. The hypothesis of a strong
microwave field is not essential to the TM process described above; a model under partial
saturation of the Ay spin packet, analog to Provotorov equations at high temperature,
was recently proposed [70]. Moreover is important to notice that the Borghini model

does not give any information about the dynamics of the process.



Chapter 4

High field DNP: the breakdown of the

Thermal Mixing regime!

“Gutta cavat lapidem.”

P. Ouvidius

In the present Chapter, the effect of the magnetic field on the DNP process in case of
"broad-line” radicals is investigated. Temperature, paramagnetic centers concentration
and target nuclear species (*C) concentration are kept constant. The DNP perfor-
mances in the same sample prepared with three different levels of deuteration (and
thus three different levels of nuclear Zeeman "heat capacity”) are studied as a function

of the polarizer magnetic field strength in the framework of spin-temperature theory.

'Partially adapted from A. Capozzi et al., "High field dynamic nuclear polarization: the role of
proton-assisted 3C spin diffusion”, Journal of Physical Chemistry C, 2015, submitted.

29
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4.1 Introduction

In Section 2.5, dissolution-DNP was described as a two step process: first, the nu-
clear polarization in a frozen sample containing the molecule of interest is enhanced by
DNP in a dedicated "pre-polarizer”; second the frozen sample is rapidly transformed
into a room-temperature solution and brought to a detection NMR spectrometer (or
MRI scanner) for the actual measurement. Since the pre-polarizer is distinct from the
measurement device, its magnetic field and sample temperature can be chosen indepen-
dently of those in the MR spectrometer or scanner.

As already mentioned the original pre-polarizer (see Figure 2.6) [8, 138] worked
at 94 GHz ESR frequency; now 140 GHz is the standard frequency of a clinically-
compatible commercial instrument [9], and in research laboratories 197 GHz machines
have started to appear [34, 69|.

For the efficiency of the DNP process, it is necessary that the combination of solvent,
radicals and molecules of interest forms a glass (see Section 2.5.1), as opposed to a
cluster of microcrystals that can result from rapid freezing of e.g. pure water. Ideally,
the structure of the glass is just a "snapshot of a liquid configuration”, with its positional
and orientational disorder. For this reason, a glassing agent (e.g. ethanol and glycerol)
is often added to the sample preparation prior to freezing.

As a rule, increasing the field slows down the dynamics of the DNP process (see
Section 3.3.2 about nuclear spin relaxation in particular Figure 3.5), which can be, at
least in part, compensated by increasing the radical concentration. However, solubil-
ity and homogeneity become more problematic at higher concentrations, especially in
mixed solvents.

The most common DNP process, certainly for nitroxyl radicals, is TM (see Sec-
tion 3.4). Since usually we are only interested in hyperpolarizing low-gamma nuclei

such as 3C , it is a waste of "cooling power" if a large quantity of high-gamma nuclei
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(in practice 'H) is present in the sample, because it increases the “heat capacity” of
the nuclear Zeeman system. It is thus advantageous to deuterate the solvent [81, 99].
However, in a recent publication using a 197 GHz pre-polarizer, it was found that for a
particular application of the method some of the common wisdom does not hold [34]:
for glycerol /water solvents, a partial deuteration worked better than full deuteration.
The purpose of the present study is to investigate the field-dependence of this phe-
nomenon in the pre-polarizer stage. We have studied *C' and 'H DNP in samples of
a single molecular solvent composition (60:40 water/glycerol in volume) and a fixed
concentration of nitroxyl radicals (50 mM TEMPOL), for three degrees of deuteration
of the solvent, and at three magnetic fields. The '3C nuclei are provided by sodium
acetate (3M), 99 % labeled in the carbonyl position. We will discuss the results within

the framework of the "Borghini model” (see Section 3.4.3).

4.2 Experimental methods

4.2.1 Samples preparation

1.8 x 10?! spins/cm? (i.e. 3M) of sodium [1-3Clacetate and 3.0 x 10" spins/cm? (i.e.
50mM) of TEMPOL (4-hydroxy-2,2,6,6-tetramethypiperidine 1-oxyl) nitroxyl radical
were dissolved in a 60:40 HyO:glycerol (v/v) solution with three different degrees of
deuteration (100%: sample "FD”; 50%: sample "HH”; 0%: sample "FP”). For the HH
sample, both solvents volume were 50% deuterated (30:30:20:20 HyO:D50O:glycerol:ds-
glycerol). All chemicals were purchased from Sigma — Aldrich, Buchs, Switzerland.
These sample compositions have not been optimized for any of the three magnetic
fields considered, but the chosen radical concentration gives a reasonably fast build-
up of the ¥C polarization at each field and the water/glycerol ratio supplies about the

same amount (3.3 X 10%? spins/cm?) of L H (or 2H) nuclei from both solvents. Moreover,
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Figure 4.1: Schematic drawings of the cryostat inserts. (A) The main insert (1, 2, 3) with
the fiberglass sample-holder insert (4), and sample-cup (5) in place. To see just the main
insert, imagine sliding upwards the tube (4), including the sample-cup (5). The main insert
top flange (1) fits into the central access of the polarizer cryostat and through stainless steel
thin tubes (2) retains the microwave cavity (3). The NMR saddle coil sits inside the cavity
(represented by the four black dots), outside the sample-holder insert. (B) The microwave
insert: its main part is a circular tube, its top part a transition from rectangular to circular
waveguide, its bottom part a small cylindrical microwave horn.

we found these samples to be stable and reproducible.

The containers in which the solutions were mixed were sealed and placed in a water
bath at 40°C for 1h to obtain homogeneous liquid samples. After thermalization to
room temperature, a polytetrafluoroethylene (PTFE) sample-cup was filled with 300 uL
of solution and immediately immersed in a polystyrene box containing liquid nitrogen
in order to obtain a frozen glassy block suitable to perform DNP. For best results at low

temperatures the preferred method is to freeze individual droplets in order to minimize
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| By |T] | ESR [GHz| | 'H NMR [MHz| | 3C NMR [MHz] |

3.4 94.88 143.90 36.18
5 140.12 212.50 53.44
7 197.06 298.89 75.16

Table 4.1: ESR and NMR frequencies at the three nominal field values.

the sample heat capacity,? but here we work at 1.5 K and sample blocks are more easily
reproduced across the three different polarizers used. A similar sample preparation
method has been used before [81].

The polystyrene box was then moved in proximity of the DNP machine and the sam-
ple cup was loaded inside the polarizer (already filled with liquid helium) by means of the
fiberglass “sample-holder” insert (see [40, 39| for details about the sample handling and
DNP polarizer components). At that point the waveguide was inserted concentrically
inside the latter and the microwave source connected. A sketch of the sample-holder

insert and microwave insert is reported in Figure 4.1.

4.2.2 Solid state DNP measurements

Solid state DNP measurements were performed using three similar custom-built po-
larizers |40| operating at the nominal field values of 3.4 T, 5T and 7T (see Table 4.1
for a summary of the different resonance frequencies). At all fields DNP was per-
formed at 1.50 4+ 0.05 K. That temperature was reached by pumping the liquid helium
bath inside the polarizer cryostat around 10mbar by means of a 40m3/h rotatory
vane pump (Trivac D65B-Leybold, Zurich, Switzerland), after the sample was loaded.
The microwave sources were, at 94 GHz, a VCOM-10/94/2/200, at 140 GHz, a VCOM-
6/140/1/60, and at 197 GHz, a VCOM-5/197/0.5/60 (ELVA-1, St. Petersburg, Russia).

The 3C polarization time evolution was monitored using a home-made NMR setup

(see Figure 4.2), applying a small ~ 3° radiofrequency (rf) pulse every 5min. Once the

2We here intend the thermodynamic heat capacity, not the one related to the spin system.
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Figure 4.2: Low temperature NMR probe mounted on the main insert (see Figure 4.1A) and
remote room-temperature tuning/matching network. Small arrows indicate variable capaci-
tors.

maximum polarization was reached (within 10 % of the plateau level), a 10-fold stronger
rf pulse (30°) was applied. Microwaves were then switched off and the NMR signal de-
stroyed by applying a comb of rf pulses. Then, the longitudinal relaxation of the sample
was measured by applying the small rf pulse, used for monitoring the polarization build-
up, every 30 min. After waiting for a sufficiently long time to reach thermal equilibrium
(within 10 % of the plateau level), another strong rf pulse was applied to measure the
reference signal corresponding to the nuclear Boltzmann polarization.

The 'H NMR signal was also recorded for each sample in a separate set of ex-
periments. The polarization time evolution and DNP enhancement were measured as
described above, with the difference that the repetition time between the rf pulses was
reduced to 2min during the polarization (microwaves on) and 15 min during relaxation
(microwaves off), because of the faster dynamics of protons. Moreover, the bottom of
the sample-holder insert was replaced by one entirely made of PTFE to avoid any signal
contamination from surrounding protons.

The NMR coils, placed inside the microwave cavity (see Figure 4.1A), were single-
tuned saddle coils pre-tuned and -matched by means of ceramic chip capacitors (ATC-

100B, American Technical Ceramic, USA). Proper matching (50€2) and fine tuning to



4.2. EXPERIMENTAL METHODS 65

16 Experiment ]|

- - - Fit

0.5 1

0.0

ESR signal (arb. units)

-0.5 4

1.0

L p e e e LA B S m a m e e e
330 332 334 336 338 340 342 344 346 348

Magnetic field (mT)
Figure 4.3: HH sample ESR X-band measurement (black continuous line) and relative fit (red
dashed line) using the PEPPER routine of the software package EASYSPIN [128|.
the appropriate nuclear Larmor frequency (see Table 4.1), at the different fields, were
achieved by means of an external serial tuning/matching circuit, following the scheme

shown in Figure 4.2 (see [39] for details).

4.2.3 Calculated ESR spectra

The parameters used to calculate the TEMPOL powder ESR spectra at the three dif-
ferent magnetic fields were obtained from X-band ESR measurements performed at
77K (see Section 5.2.1 for details about measurements). The reference spectrum was
obtained from 24 ul. of HH sample solution, poured in a synthetic quartz cold finger
(Wilmad, 150 mL Suprasil dewar ask type WG-850-B-Q) filled with liquid nitrogen.
The cold finger was subsequently inserted into the ESR spectrometer cavity (EMX,
Bruker Biospin, Rheinstetten Germany) for measurements. The results were fitted
using the PEPPER routine of the software package EASYSPIN [128]. An example is
shown in Figure 4.3. Apart from a phenomenological F'W H M Gaussian line broadening

— 40 MHz, the results for the principal values of the g-tensor = [2.0095; 2.0066; 2.0018]
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| Bo |T] | Sample | e1sg | e1yr | Tpor,sc 8] | Tpor,ior 8] | Trersc [s] | Trerim (8] ]

3.4 FD 100 | 95 110 26 1396 408

3.4 HH 79 78 247 73 2250 800

3.4 FP 52 54 432 190 2442 1054
bt FD 105 | 110 850 65 4280 2300
Y HH 83 90 1512 245 5800 4000
Y FP 66 68 1834 340 6310 3630
7 FD 60 94 6600 103 35000 4519
7 HH 110 | 74 3750 380 18500 10442
7 FP 100 | 76 5410 630 25500 11219

Table 4.2: Summary of experimental results for **C and ' H nuclei in the three samples (FD,
HH and FP) at three magnetic field values By. The estimated error margins are 10 %.
and A-tensor = [20.58; 17.58; 101.10] MHz were in good agreement with results re-

ported at 2.5T [62].

4.3 Experimental results

A summary of the results determined by experimental measurements is presented in
Table 4.2; the standard deviation was typically around 10 %. All data reported, for both
13C" and 'H nuclei, were obtained with the microwave frequency fixed at the negative
extremum of the '3C microwave spectrum (see Figure 4.5 and Figure 4.8) and with the
minimum nominal output microwave power giving the best enhancement (see Appendix
A).

The polarization time constant 7T,y and the relaxation time constant 7. were eval-
uated by fitting the NMR signal integral time evolution (data not shown) to the expo-
nential law S (t) = Sp + Seo [1 — exp (—t/Teost)] were S (), So, Soo and T,,s represent,
respectively, the signal amplitude as a function of time, the signal amplitude at t = 0
(first point recorded), the signal amplitude at t = oo (plateau) and the time constant.
The correction due to the rf pulse was in all cases negligible.

We prefer to report the DNP enhancement (g) rather than the polarization level
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because it is directly deduced from raw data. ¢ was obtained by computing the
ratio between the NMR signal corresponding to the maximum polarization during
microwave irradiation (polarized steady state) and the one corresponding to Boltz-
mann thermal equilibrium, both obtained by integration after a 30° rf pulse i.e. ¢ =

Int (DN P — signal) . /Int(Boltzmann — signal)see.

4.4 Discussion

4.4.1 Relation with earlier results

As described in Section 3.4.3 the original Borghini model |23] discusses only stationary
states, and was developed within the hypothesis of very strong microwave irradiation
(rs — o0, see equation (3.58)) such that the spin packet Ag is completely saturated
(Pso = 0). Moreover, the thermal mixing rate 1/7} gg is supposed to be fast, and the
nuclear spin-lattice relaxation rate 1/77; extremely slow. In that case, only one spin
temperature parameter remains, similar to the Redfield model [120]. It was remarked
[23] that this approximation can only yield an upper limit of the achievable nuclear
polarization. We will refer to this result as the Redfield-Borghini limit. That exper-
imentally the Redfield-Borghini limit cannot be reached by increasing the microwave
power is thought to be due to dielectric heating of the sample by the microwaves, but
the effect is difficult to model [22, 31|. Another result that is only valid in the Redfield-
Borghini limit is the field-independent enhancement of nuclear polarization shown in
[40].

Experimental 3C' microwave spectra at 94 GHz and 140 GHz (that showed very
similar enhancements) could be fitted with two sets of two parameters (including finite
values for rg ) [70], but there is no fundamental reason that the same enhancement

should be found at 197 GHz.
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Figure 4.4: Magnetic field dependence of the normalized TEMPOL ESR line autocorrelation
function g (wy) /g (0) (see equation (3.40)) evaluated for the Larmor frequency of 'H (black
line) and 3C nuclei (red line).

The definition of rg together with the expression of the electron spin-lattice relax-
ation time (see equation (3.31)) suggests that at higher field a higher microwave power
is needed to achieve the same dynamic cooling because of the shortening of T}g. The
nominally 60 mW /197 GHz microwave source that we have used here can probably not
reach the optimum. Moreover, its sweep range does not cover the best frequency for
negative nuclear polarization (see Figure 4.8). However, the relative results that we

find here should be independent of these limitations.

For what concerns the dynamics, if it is assumed that all nuclei have very short
thermal mixing times, then during build-up (and also during decay) of the nuclear
polarizations, all nuclei (and the electronic offset reservoir) have at each instant the
same spin temperature: this was found to be the case for deuterons and protons in one
of the earliest studies of this question [21] (actually, only build-up curves are shown in

that paper).
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Figure 4.5: Calculated TEMPOL ESR powder spectrum at 3.4 T (A) and 5T (C). HH sample
1.5 K DNP microwave spectrum measured at 3.4 T (B) and 5T (D) for both 3C nuclei (red
dots) and ' H nuclei (black circles); each data point represents the steady state DNP enhance-
ment € calculated as explained in Section 4.2.2; the line connecting the points is drawn only
to guide the eye; FP and FD samples showed almost identical spectra (except for the DNP
enhancement value) confirming that TM takes place at the two lower fields. In all panels the
two red dashed vertical lines and the two black dotted vertical ones indicate, respectively, the
13C and 'H Larmor frequencies with respect to the ESR spectrum center of gravity (gray
dot-dashed vertical line).

For samples of the type that we use here, it has already been shown [81] that at
3.4T the dynamics of the carbons is slower than that of the protons; we now find the
latter result to be valid at higher fields as well. This implies that the carbon and proton
thermal mixing times Tgg; are different. If for simplicity one assumes that dynamic
cooling is very fast, then the nuclear dynamics are proportional to the factor Njv;

reported in equations (3.37) and (3.39).
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Figure 4.6: DNP “best enhancement” at 3.4 T (green circles) and 5T (blue triangles). For
each sample (specified by the level of deuteration on the horizontal axes) the data points
reported correspond to the average between the 3C and ! H enhancement and the error bar is
the standard deviation. At both field a linear relation was found between DNP enhancement
and level of deuteration (dotted red line).

In the latter equation there is also an additional nuclear dependence through the
autocorrelation function ¢ (wy) that roughly compensate for -, but its effect is not
comparable to the difference in concentration (about 40 times) between *C and 'H

nuclei in the samples considered (see Figure 4.4).

The fact that the DNP polarization time constant is shortened for increasing nuclear
spins concentration has been experimentally demonstrated at 94 GHz for 3C' |40, 96].
Changing the carbon concentration at otherwise constant sample composition does not
change the nuclear Zeeman total heat capacity expressed in equation (3.52) significantly
(as confirmed from the value of the steady state DNP enhancement in [40, 96]), so this

is a pure dynamic effect.



4.4. DISCUSSION 71

4.4.2 Data analysis at 34T and 5T

At each of these fields and for each of the three samples the proton and carbon mi-
crowave spectra are very similar (see Figure 4.5), which is the typical signature of DNP
by dynamic cooling and thermal mixing. Another typical result, plotted in Figure 4.6, is
the effect of deuteration on the enhancement. At 3.4 T, the linear relation and the dou-
bling of the enhancement upon deuteration has also been found in [81], and the effect
has been studied experimentally for several radicals in [99]. This shows that the main
influence of deuteration on the stationary enhancement is to change the nuclear-Zeeman
heat-capacity of the solvent. Looking at equation (3.52), if among the N; NMR active
nuclear spins composing the solvent x are protons and (1 — z) are deuterons, both with

inverse spin temperature 7 the associated heat-capacity writes:

8<fHNZ> _h 2 2
PG =Bty w

Increasing the deuteration also makes the dynamic faster. For a given dynamic cooling
capacity (determined by the finite value of the rg factor at constant radical concen-
tration), the "lighter” the total NZR, the faster v will increase (see equation (3.47)).
The observed relaxation of the nuclear polarization is not necessarily a measure for
the parameter 7';, because the T g mechanism is also present during relaxation. So,
nuclear relaxation can proceed through two parallel channels: the "direct" (or leakage)
Ti7, and the serial relaxation that first takes place via interaction with the electronic
offset reservoir (77 ss), and then to the lattice through (7g). The two channels have
different field and temperature dependencies, so their relative efficiency varies with B
and 77. The relaxation data in Table 4.2 have been obtained from saturation recovery,

not as a decay of DNP-enhanced nuclear polarizations.
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Figure 4.7: For each sample 1/T,¢; , of both ¥C and 'H, was plotted as a function of the
DNP “best enhancement” shown in Figure 4.6. Each data set was fitted through a straight
line passing from the origin. The behavior pictured here represents a test of the hypothesis
that more efficient thermal mixing (faster relaxing sample) leads to higher enhancement.

We can thus postulate the following approximate relation:

L1
Tre  Tir  Tis+1Trss

(4.2)

The last term of equation (4.2) is conceptually similar to the nZ R relaxation expressed
in equation (3.47). If Tig is short and 7}, is long with respect to 77 gg, then the
relaxation time in equation (4.2) is a measure of the efficiency of TM. We test in Figure
4.7 the hypothesis that more efficient TM will lead to larger enhancements. There is a
strict correlation, and to a reasonable approximation the relation is linear. It can also
be expected that for a given value of the rg parameter, a faster TM will lead to a faster
build-up, so that samples with the fastest dynamics also have the highest stationary
enhancement. Altogether, the DNP behavior of these water/glycerol-based samples at

these two fields does not show any unexpected features.
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Figure 4.8: Calculated TEMPOL ESR powder spectrum at 7 T (A). FD sample (B), HH
sample (C) and FP sample (D) 1.5 K DNP microwave spectrum measured at 7T for both 3C
nuclei (red dots) and 'H nuclei (black circles); each data point represents the steady state
DNP enhancement € calculated as explained in Section 4.2.2; the line connecting the points
is drawn only to guide the eye; at this field, for each of the three samples, the *C and 'H
enhancements were different showing that pure TM is no longer observed at 7T. In all panels
the two red dashed vertical lines and the two black dotted vertical ones indicate, respectively,
the 13C and 'H Larmor frequencies with respect to the ESR spectrum center of gravity (grey
dot-dashed vertical line).

4.4.3 Data analysis at 7T

The 'H and ¥*C microwave spectra for the three samples are reported in Figure 4.8. It
is clear that they do not satisfy the essential result of a Borghini model for a "broad-line”
radical: in the steady state the DNP enhancements of the two nuclei are not equal.

If we consider the nuclei individually, we still observe from the data in Table 4.2

that there is a correlation between enhancement and dynamics, similar to what is
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reported Figure 4.7; but in terms of deuteration, the sequence is now different for the
two nuclei. Within the experimental precision, the proton data can be said to follow the
standard sequence upon deuteration, but the carbon polarization is clearly not optimal
at full deuteration. A similar effect has been reported in [34], for a series of samples
labeled GlyDD66, GlyHD66 and GlyHH66. The 66 in the labels refers to the radical
concentration in mM; and the DD, HD and HH are equivalents of our FD, HH and
FP labels. The enhancements at 7T and 1K were (in round numbers) 90, 140 and
90. However, at the same 66 mM concentration of radical the enhancements in ethanol-
based samples, although fairly modest in absolute value, were better at full deuteration
(roughly 45), than for the mixed proton/deuteron composition (roughly 30). Further
data in that paper 34| show a much stronger variation of optimal enhancement with
radical concentration than what has been reported earlier at 94 GHz [81]. Because of
the limited frequency range available from our 197 GHz source it is difficult to analyze
in detail what mechanism might cause this remarkable solvent specificity; but we can

propose a physical process that for **C' would favor protonation.
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Figure 4.9: Effect of chemical shift anisotropy (CSA) and solvent deuteration on the 3C
NMR line width. For all sample the full-width at half-maximum (FWHM) is plotted as a
function of the magnetic field; a linear fit was imposed for each dataset (dotted red line). The
CSA is reflected by the value of the slope of the linear fit that for all samples was found to
be constant and equal to 75 + 15ppm/T. An estimation of the dipolar broadening due to
13C heteronuclear coupling with the ! H(2H) nuclei composing the solvent is represented by
the different intercept of the three lines: 360 + 96 ppm, 458 + 100 ppm and 544 + 80 ppm for
the FD, HH and FP sample respectively. These values correspond to a local dipolar field of
0.35£0.2mT, 0.47 £ 0.03mT and 0.55 £ 0.03mT.

Whatever the exact DNP mechanism, it is likely that nuclear spin diffusion is im-
portant to establish the stationary state. The chemical shift anisotropy (CSA) pattern
for 13C' in acetate has a width of about 140 ppm [115], and strictly Zeeman-conserving
flip-flops between neighbors are unlikely, since in a glass the orientation of the CSA ten-
sors for neighboring molecules are uncorrelated [130]. The difference can be made up
by a change in the heteronuclear proton-carbon dipolar coupling, a phenomenon known
as proton-assisted carbon spin-diffusion (where no flip of a proton is supposed). Be-
cause of the simultaneous effect of working at higher field in slowing down the thermal
mixing time 77 gg (see Figure 3.5B) and increasing the carbon line width, the carbon
dynamics becomes very slow in a fully deuterated solvent, possibly up to a point where

13C thermal mixing is no longer effective. In that case protonation gives an advantage.
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The balance between solvent heat capacity, equation (4.1), and proton-assisted carbon
spin diffusion then results in an optimum at partial deuteration.

That indeed the observed *C' NMR line width depends on field and on degree of
protonation is shown in Figure 4.9. The constant slopes show a 75 ppm CSA effect on
the FW H M, quite compatible with a 140 ppm total width of a resolved CSA structure.
The intercepts FD: HH: FP, indicating the field independent broadening, are in a ratio
0.35:0.47 : 0.55mT. On the other hand a theoretical calculation of the heteronuclear
dipolar broadening contributions to the 3C solid state NMR line (see Appendix A)
for the three samples FD: HH: FP are in a ratio 0.12 : 0.36 : 0.50mT. While the FP
and HH broadening values, even though slightly smaller, are in good agreement with
the intercept values, the FD one does not. Indeed a more detailed analysis should
take into account that, supposing perfectly deuterated solvents, the FD sample has
residual protons very close to the acetate '3C nucleus residing on the C'Hs; methyl
group. Its contribution to the line broadening is not easy to model, because of the

rotation tunneling phenomenon characterizing methyl groups at low temperature [38].



Chapter 5

UV-induced non-persistent radicals for

DNP!

“We all know that light travels faster than sound. That’s why certain
people appear bright until you hear them speak.”

A. FEinstein

In the present Chapter, non-persistent radicals arising from UV-light illumination of
frozen pyruvic acid (PA) at liquid nitrogen temperature are investigated in some depth
for applications in dissolution-DNP. After the first pioneering work [49], aiming mostly
at demonstrating the applicability of the technique to in vivo metabolic imaging, we
herein focus on the versatility and potentiality of the UV-radical itself.

Providing an exact theoretical analysis of the PA photochemistry is complex and

far beyond the scope of this thesis. The reader should refer to existing literature (e.g.

"Partially adapted from A. Capozzi et al., "Photoinduced Nonpersistent Radicals as Polarizing
Agents for X-Nuclei Dissolution Dynamic Nuclear Polarization”, J. Phys. Chem. C 2015, 119, 22632-
22639.

7
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Figure 5.1: Simplified Jablonski diagram of the lowest energy levels of electronic states of
a molecule ordered by their spin multiplicity (singlet and triplet states, therein the fine-split
sublevels), showing the possible photo-physical processes of excitation and decay of an inter-
mediate paramagnetic triplet state [48].

[59, 58]). The analysis of the radical species and factors that influence its generation is

mostly based on the interpretation of measured ESR spectra.

5.1 Introduction

Many organic molecules dissolved in glassy solvents at low temperatures exhibit phos-
phorescence upon irradiation with UV-light [95]. The lifetime of this phenomenon varies
from few ms to about 30s and was attributed by Lewis and Kasha [91] to the radiative
decay from the lowest excited triplet state |77) (spin multipicity 1) of the molecule to
the ground singlet state |Sp) (spin multiplicity 0). The triplet state is populated via
radiationless transitions, called "Inter System Crossing” (ISC), from the lowest excited
singlet state |S1), into which the molecule reverts following the initial UV-light exci-
tation. The evolution between different multiplicity spin states is driven by spin-orbit
coupling. The situation is summarized in Figure 5.1.

Among those molecules numerous studies have been performed on a-keto acids,
with particular focus on PA (see e.g. [88, 108]). a-keto acids are organic compounds

especially important in biology as they are involved in the Krebs citric acid cycle and
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Figure 5.2: a-keto acid general chemical structure; R represents a chemical non-reactive
residual group that specifies the molecule.

in glycolysis. They contain a carboxylic group and an adjacent ketone group placed in
correspondence of the first carbon from the carboxylic acid (a-position). The general
chemical structure is reported in Figure 5.2, where R represents a chemical non-reactive
residual group that specifies the molecule. In the case of PA the residual group is a
methyl group (C'Hs). In the context of dissolution-DNP, some members of the a-keto
acids family have been used as HP substrates to study in vivo metabolism in real time

(e.g. [56, 77]).

It has been widely demonstrated that under UV-light illumination PA can transform
in intermediate radicals that can be, at least partially, stabilized at liquid nitrogen
temperature |59, 58|. The generation of those paramagnetic species has been explained
by photo-excitation of the n — 7* transition (300 — 350 nm) of the a-carbonyl group,
followed by efficient ISC to an excited triplet state with a yield reported to be close to
unity |32, 88]. This latter molecular state has a lifetime long enough to be chemically
reactive and form radicals. Hydrogen abstraction and/or electron transfer have been
described. Both pathways are critically dependent on the environment of the photo-
excited molecule (e.g. purity and kind of solvent) |88, 5]. Thus two kinds of radical can
be obtained: a lactyl-like radical (product of a hydrogen abstraction) or a pyruvyl-like
radical (produced by a proton coupled electron transfer). In both pathways, either a
second a-keto acid or a solvent molecule can be considered as the partner for the radical

reaction. The two mechanisms are reported, in a very simplified version, in Figure 5.3.
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Figure 5.3: Very simplified version of the mechanism yielding to radicals generation from
an excited triplet state of a PA molecule. The parenthesis superscript represents the spin
multiplicity of the molecular state.

Alternatively to the initiation of a photochemical reaction the excited triplet state can
decay to the singlet ground state generating the classic phosphorescence light emission

process mentioned above.

It was recently shown that by shining UV-light for one hour on neat PA frozen pellets
immersed in liquid nitrogen it is possible to generate a concentration of photo-induced
radicals that is large enough to highly enhance the 3C' polarization of the substance
via DNP. These radicals are non-persistent, indeed they recombine upon dissolution
and no-paramagnetic impurities are left in the HP solution employed for HP MRI and
MRS [49]. The method offers an elegant alternative to the filtering or the artificial
scavenging of the persistent radicals routinely used in dissolution-DNP experiments
[105, 111]. Indeed, as already pointed out in Chapter 2, the main drawback of each
hyperpolarization technique is the nuclear T)-limited lifetime of the HP state which,
in the case of dissolution-DNP, is reduced by the presence of the unpaired electrons
used for the polarization transfer to the nuclei. Moreover for medical applications, the

radicals need to be removed from the final HP solution prior to injection.



5.2. UV-RADICALS FOR X-NUCLEI DISSOLUTION-DNP 81

In this Chapter, after investigating more deeply the nature and main features of the
UV-induced radicals from the ESR point of view, we show that they can be created in
frozen solutions containing a fraction of PA and used to efficiently polarize 3C- or °Li-
salts, as well as 29 Xe nuclei therein dissolved. Emphasis is given to the fact that the
use of these non-persistent radicals prevents the loss of a substantial part of the liquid

state nuclear polarization under unfavorable HP solution transfer conditions.

5.2 UV-radicals for X-nuclei dissolution-DNP

5.2.1 Experimental methods
a. Samples preparation

ESR samples - By means of a micropipet (1 — 20 uL range), three 8.0 £0.5 uL. drops of
neat or diluted (in HoO, EtOH or THF) PA, neat [1—13C|PA, neat [2—'3C|PA and neat
fully deuterated PA (d4-PA) were poured, one by one, inside a synthetic quartz dewar
(Wilmad 150 mL Suprasil Dewar Flask type WG-850-B-Q) filled with liquid nitrogen.
Samples were irradiated for up to 70 min (turning the dewar of 90° every 10 min) using
a 1024 mW maximum output power 365 nm LED array (Hamamatsu LC-L5). Once the
irradiation process was completed, the dewar was inserted into the ESR spectrometer
cavity for measurements.

Carbon DNP samples - To a 2.25 M sodium [1 —!3 Clacetate solution, prepared in
HyO:EtOH 1:1 (v/v), was added an amount of PA or d4-PA corresponding to 30 %
of the total volume to obtain a final 1.5M acetate concentration. The UV-irradiation
procedure was performed as described above for 1h on about 25 frozen beads (~ 200 uL
of solution). An additional sample containing nitroxyl radicals as paramagnetic cen-

ters was prepared by adding 50 mM of TEMPOL to a HyO:EtOH 1:1 (v/v) solution
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containing 1.5 M of sodium [1 —'3 C|acetate.

Xenon DNP samples - following methods that will be extensively described in Chap-
ter 6, liquid xenon was embedded in a 2-methyl-1-pentanol:PA (or d4-PA) mixture (with
the acid corresponding to 10 % of the final volume) to yield 5 M xenon samples. Once
frozen in liquid nitrogen, the samples were extracted from the cold finger and placed
into the quartz dewar filled with liquid nitrogen in order to perform UV irradiation for
1h.

Lithium DNP samples - To a 4.5 M ®LiCl solution, prepared in HoO:EtOH 1:1 (v/v),
was added an amount of PA corresponding to 30 % of the total volume to obtain a final
3 M lithium concentration. About 200 uL of sample (25 frozen beads) were irradiated
at low temperature with UV light for 1h.

Xenon gas was purchased from Carbagas, Lausanne, Switzerland; all the other chem-

icals were obtained from Sigma-Aldrich, Buchs, Switzerland.

b. Low-temperature X-band ESR methods

An X-band spectrometer (EMX, Bruker Biospin, Rheinstetten, Germany) was used
for all ESR experiments. The tail of the quartz dewar, filled with liquid nitrogen, was
placed inside the resonator cavity of the spectrometer. A series of reference ESR signals
arising from three 8.0 + 0.5 uLL frozen beads of ethanol containing TEMPO (2,2,6,6-
Tetramethylpiperidoxyl) radical at various known concentrations (between 25mM and
100 mM) were used to calibrate the radical concentration as a function of signal integral
(see Appendix B, Figure B.1). The same parameters were kept for all ESR measure-
ments, i.e., center of the magnetic field sweep: 338 mT; sweep range: 30mT; sweep
time: 20s; modulation frequency: 6kHz; modulation amplitude: 0.2mT; microwave
output power: 0.063mW. Parameters were optimized in order to work in the linear

range of the detector diode of the ESR spectrometer and to avoid spurious line broad-
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ening effects. All measured ESR spectra were fitted using the PEPPER routine of the

MATLAB®-based software EASYSPIN [128].

c. Sample transfer into the DNP polarizer

Once the low-temperature UV-irradiation was completed, the frozen beads were quickly
transferred from the cold finger into a polystyrene box containing liquid nitrogen. Af-
terward, the handling of the sample was standard: a polytetrafluoroethylene (PTFE)
sample cup was pre-cooled in liquid nitrogen, and the beads were placed inside the cup
before it was rapidly inserted into the cryostat prefilled with liquid helium (see [39| for
details). The handling of the sample is not problematic since the radicals are stable at
liquid nitrogen temperature (77 K). A precise evaluation of their temporal degradation
as a function of temperature has however not yet been performed. It must nevertheless
be noted that it was possible to perform DNP experiments on irradiated samples stored
for months in liquid nitrogen without observing consistent differences in maximum *C

polarization or build-up time constant compared to samples prepared the same day.

d. Solid state and liquid state DNP methods

Solid state DNP measurements were performed using two different custom-built polar-
izers: one operating at 5T and coupled to a 14.1T rodent MRI scanner (Varian, USA)
[71], and the other operating at 7T and coupled to a 9.4 T rodent MRI scanner (Varian,
USA) [34, 35]. The 5T polarizer was used for the *C and ' Xe DNP experiments
whereas the i DNP experiments were performed using the 7T polarizer.

Samples containing sodium [1 —!3 Clacetate were polarized at 1.50 4 0.05 K and
1.15 £ 0.05 K by shining microwaves at a frequency ranging from 139.500 GHz to
140.500 GHz with a nominal output power of 55 mW (ELVA-1, St. Petersburg, Russia).

The 3C polarization time evolution was monitored using the home-made NMR setup
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already described in Chapter 4 (see also [39] for details), applying a 3° radiofrequency
(rf) pulse at 53.44 MHz every 5 min. Once the maximum polarization was reached, a 30°
rf pulse was applied and, once the microwaves were switched off and after waiting for a
sufficiently long time for complete relaxation of the sample nuclear spin magnetization,
an identical 30° rf pulse was applied to measure the reference signal corresponding to
the nuclear Boltzmann polarization. The DNP enhancement was obtained by com-
puting the ratio between the two NMR, signal integrals. Once polarized, the samples
were dissolved and automatically transferred into an injection pump (equipped with a
rf probe tuned at 150.25 MHz) located inside a non-actively shielded 14.1 T rodent MRI
scanner. The setup and procedures were similar to what reported in [35, 39|, with the
notable differences that the length of the plastic tube for the transfer of the HP solution
was 10 m instead of 5m and the solution transfer time was set to 5s instead of 2s. The
LH NMR signal was recorded as well, while polarizing the |1 —1? Clacetate samples, but
in separated experiments. The 'H signal evolution and DNP enhancement were mea-
sured as described above, with the difference that the NMR hardware components (coil,
filter and power amplifier) were adapted to 212.50 MHz and the bottom of the insert
supporting the sample was entirely made of PTFE to avoid any signal contamination

from surrounding protons.

Samples containing 2° Xe were also polarized at 5T and 1.50 £ 0.05 K. Microwaves
were shined at a frequency corresponding to the optimal DNP conditions for each
radical (139.875 GHz for UV-irradiated PA, 139.925 GHz for UV-irradiated d4-PA and
140.300 GHz for TEMPOL see Appendix B, Figure B.2). The 'Y Xe polarization time
evolution and DNP enhancement were measured using a procedure identical to the one
used for the 3C experiments, with the difference that the NMR frequency was set to
58.79 MHz.

The Li samples were polarized at 1.50 £ 0.05K in the 7T DNP setup. The mi-
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crowave frequency was set to the value corresponding to the maximum DNP enhance-
ment (196.750 GHz see Appendix B, Figure B.2) and the nominal output power was
55mW (ELVA-1, St. Petersburg, Russia). The ®Li polarization time evolution was
monitored, using a slightly modified version (adjusted for 9Li) of the home-made NMR
setup already described in Chapter 4 for 3C' (see [39] for details), by applying a 5° rf
pulse at 43.97 MHz every 5 min. Because of the prohibitively long T}, the solid state 5 Li
DNP enhancement was not evaluated. Once dissolved, the 9Li spin-lattice relaxation
time and maximum liquid state polarization were evaluated using a rf probe (tuned at
58.89 MHz) located around a custom-made injection pump, as described in [34, 35, 39].
The HP ®Li signal decay was monitored by applying a 10° rf pulse every 10s. The
thermally polarized NMR signal was measured using the same 10° pulse (16 averages
with a repetition time TR = 57}). The DNP enhancement was obtained by computing
the ratio between the signal integral of the first measured spectrum and the thermally

polarized spectrum.

5.2.2 Results and discussion

ESR measurements

X-band ESR spectra of UV-irradiated neat PA, [1-'3C|PA, [2-3C|PA and d;-PA were
collected in order to better understand the nature of the radical species and its spin
multiplicity. Results are reported in Figure 5.4. The analysis of panel A, panel B
and panel C allows to determine the molecular structure of the photo-induced radical.
The three spectra were fitted assuming a S = 1/2 spin system; in each of the three
cases a tensor g = [2.0041; 2.0037; 2.0042] and a phenomenological dipolar broaden-
ing around 1.02mT turned out to give the best result. More interesting is how the

hyperfine coupling changes as a function of the 3C labeling of the PA molecule. For
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Figure 5.4: X-band ESR spectrum of UV-iradiated neat natural abundance PA (panel A) ,[1-
13CIPA (panel B), [2-13C]PA (panel C) and dy4-PA (panel D) measured at 77 K in 8.04 0.5 uL
frozen beads after 60 min UV-light illumination. The measured spectrum (black line) was
fitted (dashed red line) in order to evaluate in each case the principal values of the g-tensor,
A-tensor and line broadening. In the insets is reported the structural formula of the different
molecules.

natural abundance PA an isotropic hyperfine tensor Acps = 1.71 mT resulting from the
coupling of the electron with the three ! H nuclei of the methyl-group gave the four fea-
tures spectrum reported in panel A. For [1 —!3 C]PA the coupling with the *C nucleus
of the carbonyl-group was also considered through a second, slightly smaller, isotropic
hyperfine tensor A1~30 = 1.07mT, giving the result reported in panel B. Panel C pic-
tures the ESR spectrum arising from UV-irradiated [2 —!3 C|PA; the strong coupling
with the 3C nucleus of the ketone-group was expressed by means of the axial tensor
Aqse = [1.75; 1.75; 5.14] mT; the coupling tensor relative to the methyl-group protons

presented a slightly axial symmetry as well Acys = [1.43; 1.43; 1.71]mT. From the
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analysis of the ESR spectra reported in panels A to C is important to observe that
the photo-generation process of the radicals conserves the number and nature of the
carbon atoms borne by the PA molecule. Going back to panel C, even though the
calculated spectrum cannot exactly reproduce the measured one, a main feature stands
out: the coupling with the *C' is about five times larger than in the [1 —'3 C|PA case.
It is therefore reasonable to think that the photo-induced radical is of the lactyl-like
type (see Figure 5.3) with the unpaired electron located on the a-position of the PA
molecule. The spectrum relative to UV-irradiated d4-PA is reported in panel D. Unlike
what has been reported in the literature [59, 58], it was not possible to fit the measured
single ESR line assuming a S = 1 spin system; the only reasonable fit was obtained for
very small values of the zero-field splitting interaction (D = 0.07mT and E = 0.15 mT)
in contradiction with the fact that, at X-band frequencies, the latter should represent
the dominant interaction in systems with S > 1/2 [125]. On the other hand, assuming
S = 1/2 not only the g-tensor and the dipolar broadening were identical to the former
three cases, but the isotropic hyperfine tensor relative to the three deuterons, borne
by the methyl-group, was found to be Acps = 0.26 mT. The latter is 6.57-fold smaller
than the natural abundance PA Acys, in good agreement with the proportion between

'H and 2H gyromagnetic ratios (vig/v21 = 6.51 see Table 2.1).
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Figure 5.5: Normalized integrated X-band ESR spectrum of UV-irradiated neat PA, PA:H,0O
1:1 (v/v), PA:EtOH 1:1 (v/v) and PA:THF 1:1 (v/v) measured at 77 K after 1h of irradiation
(A). Integrated X-band ESR spectrum of UV irradiated neat PA as a function of the irradiation
time in arbitrary units (B) and normalized to 1 (C).
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The effect of the chemical environment on the UV-radical structure was investigated
on natural abundance PA. Independently of the solvent nature, all the UV-irradiated
PA solutions showed very similar ESR spectra (see Figure 5.5A), suggesting that, in all
cases, the signal arises from an electron located on a PA molecular orbital. Moreover,
it was observed that the broadening of the spectral line is independent of the radical
concentration. A representative example is reported in panel B and C of Figure 5.5,
where UV-irradiated neat PA ESR spectra, measured at 77 K as a function of the illu-
mination time, are presented. A spectrum was measured after each consecutive 10 min
of UV-irradiation and reported in arbitrary units and normalized to 1, respectively.
The comparison between the two pictures clearly demonstrates that, if the ESR signal,
and thus the radical concentration, increases as a function of the irradiation time, the
same does not apply to the line broadening. On the other hand, the latter appeared
to be slightly different in the case of UV-irradiated PA solutions, most probably due to
the dipolar local magnetic field associated to the different solvents (see Figure 5.5A).
The solvent plays a much more important role for what concerns the radical yield. The
radical concentration as a function of the UV-irradiation time is shown in Figure 5.6A
for neat PA, PA:EtOH 1:1 (v/v) and PA:THF 1:1 (v/v) frozen beads. In all cases, a
plateau was reached after about 1h of UV-irradiation. We suggest that a polar sol-
vent such as ethanol (HoO relative polarity = 0.654 |92]) increases the radical yield
(25.0 £ 1.5mM) compared to neat PA (15.0 & 0.7mM), while a less polar one such
as THF (H,O relative polarity = 0.207 [92]) diminishes it (9.0 £ 0.5mM). Samples
prepared by diluting PA in equal volume with water (27.0 + 1.5 mM of radical concen-
tration after 1h UV-irradiation) exhibited a behavior similar to the samples containing

ethanol [49].

It has to be noted that PA molecules have the tendency to appear as hydrogen-bond

dimers and dimerization increases at low temperature [58].
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Figure 5.6: (A) Radical concentration generated by low-temperature (77K) UV irradiation
as a function of the illumination time for frozen beads of neat PA (black diamonds), PA:EtOH
1:1 (v/v) (red circles), and PA:THF 1:1 (v/v). (B) Radical concentration generated after
60 min low-temperature (77 K) UV irradiation as a function of the PA concentration in the
frozen beads of ethanol (red circles) and THF (blue triangles) solutions. Dashed lines serve as
guide for the eyes.

From experimental evidence (see Figure 5.5A), it seems that the solvent is not
directly involved in the mechanism generating the UV-induced radical from the excited
triplet state of the PA molecule. Thus, we tentatively propose that the photo-reaction
involves dimers (or oligomers) of PA molecules only and the solvent polarity affects the

formation and available amount of the latter.

A central point for DNP applications is the determination of the minimum PA-
to-solvent ratio necessary to obtain a sufficient radical concentration, following UV-
irradiation, in particular if PA is not the target substrate to be hyperpolarized. To
elucidate this point, the radical concentration was measured, after 1 h of UV-irradiation,
as a function of the PA dilution in EtOH and THF solutions (Figure 5.6B). For both
solvents, it was observed that the radical concentration is independent of the PA dilution
for any PA concentration above 10 % of the total volume, corresponding to a minimum
of 1.4M. A dramatic reduction of the radical concentration was however observed in

solutions containing only 1% of PA (i.e. 0.14 M).
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Figure 5.7: Solid state '2? Xe polarization build-up curves measured at 5T and 1.5K in 5M
xenon samples prepared in (A) a 2-methyl-1-pentanol/PA mixture (10% of PA in the final vol-
ume) and (B) a 2-methyl-1-pentanol /ds-PA mixture (10% of d4-PA in the final volume). Solid
state 9L DNP build-up curve measured at 7T and 1.5K in a 3M SLiCl sample prepared in
HyO:EtOH 1:1 (v/v) with 30% UV-irradiated PA (A). Liquid state % Li signal decay measured
in an injection pump placed inside a 9.4 T rodent MRI scanner (B).

DNP measurements

In addition to UV-irradiated natural abundance PA, it is also herein proposed to use
UV-irradiated ds-PA as DNP polarizing agent because it has been shown that narrower
ESR line radicals (see Figure 5.4) lead to higher *C' polarization [40]. In the following,
we report experimental results demonstrating that UV-irradiated PA and d4-PA can be
used as efficient polarizing agent for enhancing the polarization of 12 Xe as well as 5 Li
and ¥C in LiCl and sodium [1-'?CJacetate frozen solutions, respectively.

As already mentioned 2 Xe DNP experiments were performed at 5T and 1.5 K. A
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solid state 29 Xe polarization of 5.0 & 0.2% was measured after 3h, about 1.5 times
higher than what was obtained using nitroxyl radicals as polarizing agent (see Chapter
6). A representative 2 Xe polarization build-up curve is shown in Figure 5.7A. The
lithium sample was polarized for 5h at 1.5K in our original (now set to 7T) polar-
izer and subsequently dissolved prior to transfer into the 9.4T rodent MRI scanner
(Varian/Magnex, Palo Alto, CA, USA) coupled to the polarizer [34]. A liquid state
polarization of 4.0 +-0.5% was measured in the infusion pump placed inside the scanner
bore following the protocol described in a former publication [35]. Even though the po-
larization value was lower than what is reported in the literature for samples prepared
with nitroxyl radicals [63]|, a remarkably long relaxation time of 519 + 25s was de-
termined, equivalent to the room-temperature %Li T} measured in thermally-polarized
LiCl aqueous solutions at 9.4 T [14]. Results are reported in panel C and D of Figure
5.7.
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Figure 5.8: 13C and 'H DNP microwave spectra measured at 5T and 1.5 K in 1.5 M sodium
[1-13Cacetate samples prepared in HoO:EtOH 1:1 (v/v) mixtures containing TEMPOL (A),
UV-irradiated PA (B), or UV-irradiated ds-PA (C). The calculated ESR spectrum, using
parameters extrapolated from X-band measurements (see Figure 5.4) for each of the three
radical types is superimposed (solid grey lines). The vertical grey dashed lines represents the
center of gravity of the ESR spectra.
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To investigate in more detail the DNP properties of the UV-induced radicals, sodium
[1-13CJacetate samples were studied. Our analysis relies on the measure of the *H and
13C' DNP microwave spectra of the three samples reported in Figure 5.8. In a simpli-
fied version of the spin temperature theory of DNP [40|, radicals are divided into two
groups: “narrow ESR line” and “broad ESR line” radicals. Those belonging to the first
group will polarize ¥*C' (and other low-gamma nuclei) quite efficiently through the TM
mechanism (see Section 3.4), but have poor results in terms of ' H nuclei polarization
because there is smaller chance for the electrons to cross-polarize the latter because of
the limited ESR line width with respect to the 'H Larmor frequency; moreover the
optimal microwave irradiation frequency is usually not identical for carbons and pro-
tons [138|. Therefore, if the microwave irradiation is set to the optimal frequency for
13C polarization, only a small portion of the electronic "polarization power" is lost to
protons. It is thought that this is the reason why the widely-used trityl radicals polarize
13C" remarkably well, especially in presence of protonated solvents [99]. Conversely, a
"broad ESR line” radical such as a nitroxyl radical will divide its “polarizing power” over
all the nuclei present in the sample, that are supposed to reach the same spin temper-
ature at each microwave frequency, leading to lower DNP performance on the targeted
low-gamma nuclear species. In good agreement with the latter radical-type definition,
the sample containing TEMPOL (Figure 5.8A) exhibits essentially identical spectra for
both nuclei, similar to what has been found for the nitroxyl radical porphyrexide [24].
At each irradiation frequency 'H and '3C reach the same polarization enhancement in
the stationary state. In a comparative study of five radicals, it was found that replace-
ment of protons in the solvent by deuterons leads to a two- or three-fold improvement
of BC-DNP for “broad-line” radicals, while the reverse effect was found for “narrow-
line” radicals [99]. Tt has been also demonstrated for sodium [1-'3Clacetate dissolved

in water/ethanol doped with TEMPO, that the proton and carbon spin temperatures
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decrease and remain essentially identical to one other with increasing degree of deuter-
ation [81]. As a consequence, the composition of the sample reported in Figure 5.8A is
not optimal for a “broad-line radical”, and a doubling of the enhancement is expected
upon deuteration. Further improvement could also be obtained by optimizing the wa-
ter/ethanol ratio as well as the radical and acetate concentration [81]. The choice of a
protonated matrix for the present measurements was made to allow a fair comparison,
based on the physical DNP mechanism, between radicals with different ESR line width.
The ' H microwave spectrum in Figure 5.8B is slightly broader than the corresponding
13C spectrum, but the DNP maxima appear at the same frequency for both nuclei. It
is therefore likely that the kind of radicals present in this sample exhibits a “broad-line”
behaviour, for which deuteration could improve the maximum achievable *C polariza-
tion. From a theoretical standpoint, the sample corresponding to Figure 5.8C is the
most interesting. Compared to what was shown in [24]| and [138], this is an intermedi-
ate case for which the two microwave spectra are clearly distinct, although the proton
spectrum is not well-resolved. The ratio between the best 'H and *C' enhancements
is about 3, which is smaller than what was reported in [138] for trityl radicals. At
the frequencies corresponding to the extrema of the *C microwave spectrum of Figure
5.8C, the ' H enhancement is rather low because most of the "cooling power" delivered
by microwaves is spent on polarizing the low-gamma nuclei, in particular *C. In this
case, deuteration is not expected to improve carbon polarization. The difference in
maximum 3C polarization enhancement between the samples reported in panel B and

C of Figure 5.8 is most likely linked to the two competing effects found in [99].

A similar behavior was found for '?° Xe when the UV-irradiated d4-PA radical was
used: instead of the 5.0£0.2% polarization mentioned above for the protonated radical,

we obtained 9.5 + 0.4% with its deuterated form (see Figure 5.7B).
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Figure 5.9: 3C DNP build-up curves recorded in a 57T/1.15K polarizer (left panel) and
room-temperature relaxation curves measured, after dissolution and transfer, in an injection
pump placed inside a 14.1 T MR scanner (right panel). The samples consisted in 1.5 M sodium
[1-13Cacetate dissolved in HyO:EtOH mixtures containing UV-irradiated PA (red squares),
UV-irradiated dg-PA (blue circles), or TEMPOL (green triangles). Colored dashed lines pro-
long the NMR signal obtained at the end of the DNP process to visually underline the po-
larization losses during the transfer; arrows in the right panel indicate the measured sodium
[1-13Clacetate T} of each sample in the 14.1 T MR scanner.

It is therefore expected that all low-gamma nuclei will follow this trend. The ac-
etate samples were also used for investigating one crucial point of the dissolution-DNP
technique: the transfer of the HP solution from the polarizer to the NMR/MRI system.
To minimize the transfer time, the dissolved sample can be driven through a plastic
tube from one instrument to the other using compressed He gas [8, 27, 39, 138]. An
ill-defined combination of several liquid state relaxation mechanisms may cause loss of
polarization along the way and it is generally believed that the path should not pass
through regions of very low or very rapidly changing magnetic field values (the so-called
adiabatic condition). The above-mentioned issue has been recently studied in some de-
tail for 'H and 3C [106]. As the UV-induced radical species are entirely quenched
when the temperature of the sample is raised up during the dissolution process, there is
a disappearance of the main relaxation mechanism causing polarization losses, namely

paramagnetic relaxation.
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Radical UV PA UV dy-PA | TEMPOL
Rad. conc. [mM]| 25.2+13 | 245+1.2 | 50.0+2.5
Pol. time [s] 2700 £ 270 | 2950 +295 | 880 + 88
Solid state pol. [%] 7.4+£0.7 13.0£1.3 | 3.3£0.3
Liquid state pol [%] 7.0£0.3 124+ 0.6 1.8+0.1
Relax. time [s] 44+ 2 43 +£2 16 £1

Table 5.1: The main parameters concerning the DNP and subsequent dissolution and relax-
ation of the three acetate samples are reported. From left to right we have in the order the
kind of radical, the radical concentration, the polarization build-up time constant, the max-
imum '3C polarization achieved in the solid state, the maximum '3C' polarization measured
in the 14.1 T MRI scanner after the HP solution was transferred and the acetate T7.

In the herein reported hyperpolarized C experiments, the HP solution was trans-
ferred into the bore of a non-actively shielded 14.1 T rodent MRI scanner (Varian/Mag-
nex, Palo Alto, CA, USA) from the polarizer located outside of the massive iron shield-
ing structure of the scanner. The 3C polarization build-up measured in the 5T/1.15K
polarizer is displayed in the left-hand panel of Figure 5.9 (the microwave frequency was
set to the optimal frequency determined by the 3C' microwave spectrum shown in Fig-
ure 5.8). The central panel of the figure pictures the unknown fate of the polarization
during the 5s that it takes to transfer the solution from the polarizer into the infusion
pump placed inside the 14.1T scanner bore [39], where the acetate liquid state 2C
polarization decay was monitored (Figure 5.9, right panel) [35]. The essential result
is that the polarization created by the two non-persistent radicals was almost entirely
maintained throughout the transfer across the complex field path between the polarizer
and the scanner (about 5% relative difference between solid state and liquid state *C
polarization); conversely, the sample containing TEMPOL suffered a clear polarization
loss of around half of its solid state value. A correlation is that the acetate liquid state
1BC Ty measured in the 14.1 T scanner for the sample containing nitroxyl radicals is
much shorter (16.2+0.1s) than for the other two samples in which the UV-induced rad-

icals quenched at the time of dissolution. Indeed the dissolved UV-irradiated samples
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exhibited a T} value nearly identical to the value measured for melted non-irradiated PA
beads in a 600 MHz high-resolution system (45+2s). Numerical results are summarized

in Table 5.1.



Chapter 6

Hyperpolarized Xenon gas via

sublimation-DNP!

“Entia non sunt moltiplicanda praeter necessitatem.”

W. Ockham

In the present Chapter, we will investigate the role played by the solvent, used to form
the sample glassy matrix, and by the target nucleus concentration on the efficiency of
the dynamic nuclear polarization process. The study is carried out in the context of
xenon DNP because of the extreme sensitivity of the 12 Xe nucleus towards the sur-
rounding physico-chemical environment. We show that the optimization of the latter
together with the addition of a sublimation step allows to produce HP 2% Xe gas with
polarization levels suitable for biomedical imaging standards. Sublimation-DNP repre-
sents a promising alternative technique to the well-established SEOP (see Section 2.3)

for the production of HP gases.

"Partially adapted from A. Capozzi et al., "Optimal Glass-Forming Solvent Brings Sublimation
Dynamic Nuclear Polarization to 12 Xe Hyperpolarization Biomedical Imaging Standards”, J. Phys.
Chem. C 2015, 119, 5020-5025.
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6.1 Introduction

Among the several nuclear spins that can be efficiently hyperpolarized (HP), *9Xe
holds a special place because it is in a gaseous phase in standard conditions of temper-
ature and pressure (298.15K, 1.00 bar). The application field of HP 2 Xe ranges from
material science and structural chemistry to medicine [15, 93, 109]. Its value for inves-
tigating human lung function has been extensively demonstrated [37|, and is more and
more established because of the uncertain long-term availability of *He [133]. While
other contrast agents based on hyperpolarized gases are being developed [80, 126], the
long T} of ' Xe and its large chemical shift dispersion opened many applications be-
yond ventilation imaging [109]. Because of its great affinity for hydrophobic molecular
environment, HP 2°Xe¢ is also a compelling blood tracer for in vivo perfusion imaging
[36, 47, 140|. Its large chemical shift and T strongly depend on its environment, which
make it an attractive candidate for molecular imaging [16, 124, 129]. The availabil-
ity of hyperpolarized 1% Xe is often asserted as the limiting factor to a wider spread
of all these applications [133]. The standard technique to hyperpolarize 1% Xe - spin
exchange optical pumping (SEOP), described in Section 2.3 - can lead to remarkably
large maximum 2 Xe polarization of up to 95% (in “stopped flow” or “batch” mode)
in diluted gas mixtures containing a small amount of xenon. However, the apparent
or usable % Xe hyperpolarization rate (taking into account the dilution in N, gas) is
limited to about 30% [112]. For larger throughputs (> 2L/h “continuous flow”), the
reported average polarization is around 20 % [122]. This robust technique always re-
quires a dedicated system and is more technically demanding for the “continuous flow”
SEOP (64, 123|.

In 2010, A. Comment et al. demonstrated that dissolution-DNP could be employed
for the production of HP xenon in standard conditions. This only required a mini-

mal hardware modification of the original setup [40] to separate xenon from the other
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residual gases (in practice helium used to push HP xenon out of the polarizer) and the
sample solvent (the so called cryo-collection). This technique is called sublimation-DNP
[41]. The intrinsic advantage of DNP over SEOP is that the volume of xenon that can
be produced in a single experiment is potentially much larger due to the more than 500
times higher density of solid xenon as compared to the xenon gas phase. However, the
homogeneity of the solid state xenon preparations is a critical feature required for DNP
and the achievable polarization level can be dramatically limited in inhomogeneous
samples, questioning the practical application of this technique [83]. We herein show
that the maximum xenon volume and achievable 2? Xe polarization strongly depends
on the physico-chemical properties of the glass-forming agent in which xenon is em-
bedded, and that sublimation-DNP could compare favorably with SEOP when sample

preparation is optimized.

6.2 Experimental methods

As already explained in Section 2.5, the DNP sample has to be characterized, in the
solid state, by an amorphous (or glassy) phase. This feature not only insures a homoge-
neous distribution of radicals, but also promotes spectral diffusion (see Section 3.3.1) by
forcing nearest neighbor molecules to be randomly oriented with respect to one another
and thus strong interactions between electron spins with large resonance frequency dif-
ference. This feature is undoubtedly the most critical feature to efficiently perform
solid state DNP |11, 13|. In the case of xenon, the amorphous solid is formed by a host
frozen solvent in which liquid xenon has been dissolved [41, 83]. In addition to be glass
forming, the solvent has to dissolve the adapted concentration of radicals (typically tens
of mM). Its melting point has to be in a range compatible with the xenon triple point

(161.40 K and 0.82 bar) [92]. Three solvents with different polarity and suitable melting
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Solvent Ethanol 2-metyl-1-propanol | 2-methyl-1-pentanol
Melting point [K] 159 165 143
log Pow —0.180 0.683 1.702
Xe sol. threshold [M] 1.5 5 8.2
129 Xe freq. shift [ppm] 119 85 51
1H density [nuclei/cm3] || 6.18 x 10?2 6.51 x 10?2 6.82 x 1022

Table 6.1: Main physico-chemical properties of the three solvents considered in the present
study. The partition coefficient log Pow at 25 °C is an indication of the polarity of the solvent
[92]; the xenon solubility threshold (ST) represents the highest xenon concentration generating
a homogeneous solid state NMR spectrum for a given solvent; the frequency shift is defined as
the spectral separation in the solid state 2 Xe NMR between the sharp peak always appearing
at 58.788 MHz and corresponding to pure solid xenon, and the broad down-field peak.

point were chosen for the present study (see Table 6.1). Besides 2-methyl-1-propanol,
which was used in the original study [41], ethanol and 2-methyl-1-pentanol were also
investigated. For each solvent, five samples with different xenon concentration (be-
tween 1M and 10 M) were prepared. The sample preparation procedure is sketched in
Figure 6.1. The xenon gas bottle was connected to a custom-designed glass cold finger
equipped with a pressure gauge and an overpressure valve (panel A). 500 uLi of solvent
doped with TEMPO (2,2,6,6-Tetramethylpiperidoxyl) nitroxyl radicals were placed in
the glass cold finger (panel B). The radical concentration was adjusted to obtain a final
value of 50mM in the frozen sample. The cold finger was filled with a well-defined
volume of xenon gas at adjustable pressure (panel C); the desired xenon concentration
in the sample was obtained by varying the xenon gas pressure above the liquid between
0.5 bar and 5 bar (corresponding to a gas volume at atmospheric pressure between 20 mL
and 200mL). To force xenon gas to condense and diffuse throughout the solvent, the
temperature of the cold finger was gradually lowered using cold nitrogen gas (panel D);
a magnetic stirrer was used to homogenize the liquid mixture. At the end of the process,
the pressure dropped to zero, meaning that essentially all the xenon was incorporated
into the solvent (panel E). The cold finger was then plunged into liquid nitrogen be-

fore extracting the frozen sample (panel F). A sample volume of about 0.40 mL (out of
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Figure 6.1: Panel A pictures the experimental setup composed by a natural abundance xenon
gas bottle (1), one leak-tight plastic pipe (2), one gas inlet valve (3), a custom-designed glass
cold finger (4), one gas outlet valve (5), a second leak-tight plastic tube (6), one pressure gauge
(7), one over pressure valve (8). For the description of the sample preparation procedure (panel
B to panel F) refer to the text.

0.53mL — 0.86 mL, depending on the applied xenon pressure) was rapidly transferred
into the DNP polarizer. All samples were polarized in the 5T home-built DNP polarizer
following methods previously described in Chapter 4 and Chapter 5 (see |40, 39, 71|
for details). Unless differently stated, the experiments were performed at 1.50 + 0.05 K
using 55 mW microwave output power at 140.3 GHz (according to the DNP microwave
spectrum relative to TEMPO, see Figure 5.8A). The 2 Xe polarization build-up was
monitored using a dedicated home-built NMR spectrometer and a remotely tuned and
matched low temperature 2 Xe probe by applying a 2° flip-angle 1f pulse every 5 min.
Once the polarization plateau was reached, a 20° flip-angle pulse was applied and the

signal integral was compared to the one measured with the same pulse after relaxation
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Figure 6.2: (A) Solid state '2? Xe polarization obtained by DNP at 5T and 1.50 + 0.05K in
natural-abundance xenon dissolved in different solvents, namely ethanol (blue triangles), 2-
methy-1-propanol (red circles), and 2-methyl-1-pentanol (black diamonds) doped with 50 mM
TEMPO. For each solvent, an arrow points to the “solubility threshold” (ST) defined as the
maximum xenon concentration for which the solid state 2° Xe NMR spectrum is characterized
by a single peak; in samples containing a xenon concentration lower than ST, the maximum
polarization is independent of the concentration as highlighted by the dotted lines. (B) Sol-
ubility threshold plotted as a function of the log Pow characteristic of each one of the three
solvents (see Table 6.1); data were fitted using a linear regression (red line, R? = 0.992).

to thermal equilibrium. The solid state DNP enhancement factor ¢ was obtained from
the ratio of these two measurements. The 2 Xe enhanced polarization was deduced by

multiplying the theoretical one corresponding to Boltzman thermal equilibrium at 5T

and 1.5 K by e.

6.3 Results and discussion

The maximum % Xe polarization was measured as a function of xenon concentration
in the three different solvents (see Figure 6.2A). For an amount of gas below a certain
solvent-dependent threshold (denominated ST for “solubility threshold”), the maximum
achievable polarization is essentially independent of the xenon concentration, but it
dramatically drops when it is larger than ST. The ST for ethanol, 2-methyl-1-propanol
and 2-methyl-1-pentanol was determined to be 1.5 M, 5 M and 8.2 M respectively. These

values correlate nicely with the polarity of the solvents (Figure 6.2B), which is quantified
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by their partition coefficient through the log Pow at 298.15 K (—0.180 for ethanol, 0.683
for 2-methyl-1-propanol and 1.702 for 2-methyl-1-pentanol [92]). If an amount of xenon
larger than the solvent ST is incorporated into the sample, the solid state 2 Xe NMR
spectrum exhibits a striking feature: a sharp peak superimposed onto the relatively
broad peak characteristic of samples containing a xenon concentration below the ST.
As an example, the 2 Xe NMR spectrum corresponding to a sample prepared with
8.2 M of xenon dissolved in 2-methyl-1-propanol is given in Figure 6.3: a broad (full-
width at half-maximum FWHM = 11.5 + 0.5kHz) peak was observed at 58.783 MHz,
85 ppm away from a sharp (FWHM = 0.9 4 0.1 kHz) up-field peak at 58.788 MHz. This
spectral feature was also observed even in the absence of radicals (Figure 6.2-purple
curve), confirming that the frequency shift is a characteristic of the solvent. In the
radical-doped samples, the evolution of the two peaks under microwave irradiation is
dramatically different, the sharp peak exhibiting a nearly four-fold smaller maximum &
and a longer build-up time constant as compared to the broad peak (see Appendix C).

Similar spectra were also measured for the other two solvents (see Figure D.2).

The broad peak corresponds to the 12 X e signal from xenon homogeneously dissolved
into the glass-forming solvent while the sharp peak, which always appears at the same
frequency (58.788 MHz) in all samples for all solvents, is attributed to the resonance
of 122 Xe in pure xenon crystals formed during sample preparation and embedded into
the glassy matrices [51]. The presence of these crystalline structures could be visually
observed since, unlike for homogeneous samples which are transparent and resistant
to mechanical stress, the inhomogeneous samples show a certain degree of opalescence
and tend to crumble. It was also observed that the larger the frequency shift between
the two peaks, which depends on the solvent, the smaller the e associated with the
sharp peak. This can be explained by the fact that a larger frequency shift difference

leads to a smaller probability of flip-flop transitions between '2°Xe spins of the two
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Figure 6.3: Solid state 2 Xe NMR signal measured at 5T and 1.50 & 0.05K in a sample
containing 8.2 M natural-abundance xenon dissolved in 2-methyl-1-propanol with or without
radical (50 mM TEMPO). Both samples were measured at thermal equilibrium (purple and
black curves), and the radical-doped was also measured after 90 min of microwave irradiation
(red curve). Note that the frequency shift difference between the two peaks is identical in all
three measurements and that the intensity of the purple spectrum is not scaled relatively to
the red and black spectra.

different compartments. The xenon spins that are associated with the sharp peak are
polarized via spin diffusion [83, 117|, and they act as a “load” for the entire nuclear spin
system leading to a reduction in DNP efficiency and hence resulting in a lower global
enhancement factor. For all samples containing a xenon concentration below the ST,
the 129 Xe solid state NMR spectrum exhibited a symmetric shape but its line width
and mean frequency shift were dependent on the solvent (Figure 6.4A). The line width
is dominated by the dipolar broadening induced by the solvent ' H spins (see Appendix
C). The frequency shift increases with increasing solvent polarity, i.e., decreases with
increasing log Pow (Figure 6.4B), because the electron shielding in xenon dissolved in
isotropic solvent is an increasing function of the permanent electric dipole of the solvent
(ethanol = 1.69 D, 2-methyl-1-propanol = 1.64D, and 2-methyl-1-pentanol = 1.48 D)

[75, 139].
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Figure 6.4: (A) DNP-enhanced solid state 29 Xe NMR spectra measured in samples contain-
ing 50mM TEMPO and a xenon concentration corresponding to the ST of each of the three
solvents considered in the present study, i.e., 8.2M for 2-methyl-1-pentanol (black line), 5 M
for 2-methyl-1-propanol (red line), and 1.5 M for ethanol (blue line). (B) 129 Xe frequency shift
from the reference resonance of pure solid xenon as a function of the log Pow for the three
solvents along with a linear fit (R? = 0.995).

A complete characterization of the strong dependence of the maximum achievable
polarization on solvent characteristics is beyond the scope of this work, but it is clear
that the ! H density in the glassy frozen matrix plays a role when broad ESR line width
radicals such as TEMPO are used (see Section 3.4 for the "heat capacity” concept). As
already pointed out in Chapter 4 and 5, reducing proton density through deuteration
leads to increased maximum 3C' polarization at 5T when nitroxyl radicals are used.
Among the three solvents considered in the present study, the longer the alcohol chain
the larger the ' H concentration (see Table 6.1). We observed that solvent deuteration
also leads to increased '?° Xe polarization: the maximum '?° Xe polarization obtained at
1.504+0.05 K and 5T in a 1.5 M xenon sample increased from 10.6+0.5% to 18.1£0.9%

when ethanol was replaced by dg-ethanol (see Figure 6.5).

The 129 Xe polarization in this sample was further improved by reducing the working
temperature to 1.15 4+ 0.05 K to reach a 2 Xe nuclear polarization of about 30 + 1%
(¢ = 295 + 10) within 90 min (see Figure 6.6A). 15mL of hyperpolarized xenon gas

at atmospheric pressure was extracted following the previously described sublimation
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Figure 6.5: 29 Xe polarization evolution measured at 5T and 1.50 £ 0.05 K under microwave
irradiation at 140.3 GHz with 55 mW output power in samples prepared with ethanol or dg-
ethanol containing 50 mM TEMPO and 1.5 M xenon.

procedure [41]. A 10 mL Luer lock plastic syringe was filled with the hyperpolarized gas
and measured in the distant 9.4 T rodent MRI scanner (Varian, USA) located about
30m away from the 5T DNP polarizer and equipped with a '?*Xe Alderman-Grant
rf coil (Figure 6.6B). Pulse calibration was performed on a 9.00 bar xenon gas sample
placed in a high-pressure 10 mm NMR tube (Wilmad, USA). A single loop ' H surface
coil placed inside the 2 Xe volume coil was used for shimming on a water phantom.
Before the acquisition, the syringe containing the HP gas was pressurized to 5.00 bar.
Time evolution of the HP 29 X e signal was measured using a series of 9 ° rf pulses with a
repetition time (TR) of 10s. After having corrected for the effect of the rf pulses (similar
to what is described in Appendix B), a T} of 80 4+ 2 s was deduced (Figure 6.6C). A
129 X ¢ image of the syringe was acquired using a frequency selective 3D balanced steady
state free precession (bSSEFP) sequence [49] with a flip angle of 22° and a TR of 5ms
(Figure 6.6D) . The '* Xe polarization at the time of the MRI measurements was lower

than the value measured in the solid state. Because of the cryo-collection procedure
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employed after dissolution to separate xenon gas from the helium used for propelling
out from the polarizer the HP sample [41], up to half of the 129 Xe polarization can be
lost [82]. Moreover the gas was transported from the polarizer to the 9.4 T scanner in
a non-optimized receptacle (plastic syringe without permanent magnet). These losses
were however determined to be less than 50%. To provide the reader with a fair
comparison between sublimation DNP and SEOP techniques, we calculated the main
parameters proposed by P. Nikolaou et al. (Table 1 of [112]). The maximum '?°Xe
polarization Pyx.(max) = Px. (app), measured in the sample prepared with ethanol
is 30 % (the partial pressure factor being equal to 1 for sublimation-DNP), is lower
than the maximum values reached by SEOP. The calculated maximum magnetization
Mx. (maz) is nevertheless similar (Mx, (maz) = 13.4+0.4 mM for the sample prepared
with ethanol)? because, unlike for SEOP, there is no inherent need to mix the xenon gas
with nitrogen or helium for the production of HP 2 Xe by sublimation-DNP. In our
experiments, the extracted batch volume after 90 min of polarization was 14.1 mL for
the sample containing ethanol, 48.7mL for the sample with 2-methyl-1-propanol, and
79.1 mL for the sample with 2-methyl-1-pentanol, corresponding to a production rate
of 0.009L/h, 0.032L/h, and 0.053 L/h, respectively. This low production rate could

however be improved by increasing the solid state sample volume.

2In ref. [112] the maximum magnetization Mx,. (maz) is defined as the product between the xenon
concentration C' and the maximum polarization Px. (maz). In our case C' = 44.9mM (corresponding
to xenon gas concentration at room temperature and atmospheric pressure), while Py, (maz) = 30+£1.
Thus Mx. (maz) = C - Px. (max) = 13.4 £ 0.4mM.
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Figure 6.6: (A) 129 Xe polarization build-up curve measured at 5T and 1.15+£0.05 K in a 1.5 M
xenon sample dissolved in dg-ethanol containing 50 mM TEMPO; inset: DNP-enhanced (red)
and thermal equilibrium (black) 29 Xe NMR spectra measured to determine the 129 Xe polar-
ization. (B) Phantom composed of a 10 mL plastic syringe inserted into a '2?Xe Alderman-
Grant coil for measuring the hyperpolarized gas signal at 9.4 T in the rodent MRI scanner; a
LH surface coil (not shown) was used for shimming. (C) HP 2 Xe NMR spectra measured
every 10s following a 9° flip-angle rf pulse; the frequency reference was set to the resonance
measured in a 9 x 10° Pa phantom. (D) '2? Xe image representing a 20 mm thickness transver-
sal section of the syringe shown in (B) obtained using a frequency selective bSSFP sequence
with a flip angle of 22° and a TR of 5ms; the color scale is in arbitrary units. The spatial
resolution is 1.7mm x 1.7mm (no interpolation) corresponding to a 50 mm x 50 mm field of
view and a 32 x 32 k-space matrix.

Indeed for human lung MRI applications or to establish a centralized production
of HP % Xe gas, it should be possible to increase the sample volume by a factor up
to 20 without any dramatic loss in polarization level or increase in polarization time,
as was the case for samples containing '*C-labeled compounds [43, 114]. This would
allow producing batches of 300 mL — 1600 mLL HP xenon gas, depending on the solvent

used for the sample preparation. Note that, although residual vapor of ethanol or
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other alcohol widely and routinely used in clinical environment should not be a major
issue, the purity of the extracted gas would have to be checked prior to move to human

applications.






Chapter 7

Conclusions and perspectives

“Acta est fabula.”

0. Augustus

Dissolution-DNP is a powerful and versatile technique allowing to hyperpolarize a va-
riety of nuclear species to levels suitable for clinical and pre-clinical applications. The
efficiency of the process is influenced by several features ranging from fundamental
physics to technology development. The main results of the present work are summa-

rized and discussed in this concluding Chapter.

7.1 The influence of the magnetic field on the DNP
process

In Chapter 4, the dependence of the DNP process efficiency on the magnetic field
strength was studied. From fundamental considerations of DNP, namely dynamic cool-

ing and thermal mixing processes, two qualitative predictions can be made: in the
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stationary state, all nuclei present in the sample polarize to the same spin temperature
(if the ESR line is wide enough so that equation (3.40) has a sizable value for all nu-
clei), and for the solute molecules a higher polarization will be obtained if the solvent is
deuterated (because at constant dynamic cooling power, the heat capacity in equation
(4.1) diminishes). We found that for acetate dissolved in glycerol /water solvents using
TEMPOL as radical, these general predictions apply to the DNP of 3C and 'H for a

value of the magnetic field up to 57T.

We confirmed that for *C, when a 7 T field is applied, a complete deuteration of the
glassing matrix does not necessary lead to higher nuclear polarization in DNP samples
doped with nitroxyl radials (see also [34]). We also showed that the concept of equal
spin temperatures for 3C and 'H is no more valid. These effects are specific to the
glycerol /water-based matrix, since it is known from the literature that for ethanol /water
solvents at 7T, the maximum achievable '3C polarization benefits from preparation of
the DNP sample with DsO and dg-ethanol, instead of their protonated counterparts [34].
Moreover the fully deuterated ethanol /water solvent shows equal spin temperatures for

carbon and proton nuclei [69].

It should be noted that in order to highlight the very peculiar behavior of the
DNP in glycerol /water solvents at 7T, we only need qualitative arguments and we
have attempted to explain the quantitative polarizations that have been reported. The
existing DNP theories do not contain parameters that are explicitly molecular-specific;
but implicitly it is required that a good homogeneous glass is formed. Very tentatively,
we might suggest that glycerol/water has some peculiarities in this respect that only
show up at the highest fields, when all processes slow down considerably, so that a very
homogeneous distribution of the components (water, glycerol, radicals, solute) becomes
important for the DNP process efficiency; but we did not pursue a detailed study on

the mesoscopic properties of each specific glassy matrix.
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The overall conclusion of our findings is that, when broad-line radicals are used,
high-field DNP requires a more careful analysis of the sample composition effect, in
order to achieve high and fast direct low-gamma nuclei polarization. On the other hand,
DNP by cross-polarization could represent a valid alternative in the same experimental
conditions [69]. Because of the fast dynamics and high enhancement shown by protons,
transferring *H nuclei polarization to low-gamma ones allows to achieve larger spin

order in a shorter time for e.g. '3C and ®Li [25, 94].

7.2 UV-induced non-persistent radicals

In Chapter 5, it was shown that radicals created by UV-irradiation of pyruvic acid
exemplify a low-cost and versatile way for polarizing X-nuclei in molecules that can be
co-dissolved, together with a fraction of PA, in a medium with a polarity comparable to
that of water. Moreover, the self-quenching property of these radicals upon dissolution
offers a promising solution for simplifying the HP liquid transfer procedure from the
polarizer to a high-field MRI scanner with minimal polarization losses. An additional
advantage of the automatic elimination of the radical species (potentially toxic) during
dissolution could in principle be to simplify the quality control procedure required for
clinical applications. Even though at the present stage of the work the radical concen-
tration obtained after UV-irradiation of PA is still rather low to efficiently perform DNP
at high magnetic field, other biocompatible solvent systems are under investigation to
improve the radical yield. Furthermore we are directing our efforts in the research or
synthesis of new molecules with the same photochemical properties than PA, but with
a more isolated molecular environment at the site of the unpaired electron. A reduced
hyperfine coupling between the latter and surrounding nuclei would produce a sharper

ESR line radical species, as in the case of d4-PA. Increasing the radical yield, or even
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the discovery of other UV-induced radicals, will provide a more generic improvement
of the method for a widespread use of non-persistent radicals for DNP. Concerning the
practical applications of this new technique, it is important to note that the liquid state
measurements were done inside an injection pump designed for in vivo rodent experi-
ments, meaning that all liquid state values reported for 3C' and Li nuclei correspond
to the polarization levels at the time of injection and, although these values are not the
highest obtained to date, they are sufficient for performing in vivo studies and, after

dissolution, the HP liquid samples have the advantage to be free of radicals [49].

Moreover the radical distribution inside the DNP sample’s frozen beads, after low-
temperature UV-irradiation, is still unknown. The non-mono-exponentiality behavior
of the polarization build-up, upon microwave irradiation, could suggest that radical
molecules are induced only on the surface of the bead, polarizing nuclear spins in close

vicinity; then the nuclear polarization is transferred to the core through spin diffusion.

Furthermore, we believe that the UV-radicals unique property of self-quenching,
when the temperature is increased, could represent the first step towards the devel-
opment of a simple way to handle and store nuclear polarization, by means of the
generation of highly polarized radical-free solid samples. Indeed, it is reported in the
literature that the ESR signal arising from low-temperature UV-irradiated PA disap-
pears around 190 K, temperature related to the onset of ice diffusivity and far below
the compound melting point (285K) |58]. Moreover, M. L. Hirsch et al., with their
“brute-force” hyperpolarization method, recently demonstrated that it is possible to
extract a radical-free polarized solid-state sample from the cryostat placed inside the
superconductive magnet (used for reaching the low-temperatue/high field required con-
ditions). Since a *C' T} of 1h (24h) was measured in frozen [1-'3C|PA at 2T and 50 K
(10K) [66] we aim at quenching the UV-radicals in the solid state. It should indeed be

possible to take advantage of both the high and relatively fast building (when compared
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to "brute force”)¥C polarization attainable via DNP and the slow solid state relaxation

guaranteed by the absence of paramagnetic impurities.

7.3 HP '*Xe gas via sublimation-DNP

In Chapter 6, we demonstrated that the DNP process efficiency dramatically depends
on the homogeneity and content of 29 Xe-based samples. The xenon concentration has
to be optimized in order to hyperpolarize as much 2% Xe spins as possible without chal-
lenging the quality of the amorphous phase favored by the glassing agent. The nature of
the latter, in terms of isotopic distribution and chemical structure, is crucial: the solid
state 12 Xe polarization ranged from about 3.5% to 18 % with a strong dependence
on the level of deuteration and the length of the solvent alcohol chain. Fine tuning of
these parameters allowed to produce HP '?° Xe with a polarization that is competitive
with SEOP, reaching the requirements of advanced biomedical applications.

Further improvements in the xenon magnetization level might be obtained by using
a narrower ESR line radical such as trityl or UV-induced species (as demonstrated
in Chapter 5). In this framework, it could be expected that by using 2-methyl-1-
pentanol, or even longer chain alcohols, it should be possible to take advantage of both
xenon high solubility and large polarization. Indeed, the larger number of molecular
'H nuclei, which increases the Zeeman nuclear heat capacity in case of broad ESR
line radicals, would not affect the DNP process if narrow ESR line ones are employed.
Moreover, replacing natural abundance xenon by '?° Xe-enriched xenon would generate
a twofold advantage: enhancing the spin diffusion rate inside the glassy matrix, thereby
reducing the polarization time constant, and reducing the solid state 12 Xe—1!3! Xe cross

relaxation rate, thus increasing the maximum achievable 2% X'e nuclear polarization [85].

From a more practical point of view, it should also be mentioned that the sublimation-
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DNP method could be easily implementable on commercially available dissolution-DNP
polarizers. These systems are within the same price range as a commercially available
SEOP apparatus dedicated to xenon, with the additional advantage of having the ca-
pability of polarizing other nuclear species. Nevertheless the gas extraction procedure
has still to be optimized in order to reduce polarization losses. We strongly believe
that getting rid of the cryo-collection step would solve the problem. A cryogen-free
extraction setup is already under investigation. The basic idea would be to quickly
dissolve the sample and let it expanding in a vacuum-pumped line eliminating (or at
least minimizing as much as possible) the pressurized helium, used for pushing the HP
sample out from the cryostat, and replacing the cold-trap at the end of the line with a

glass spherical container inside which the HP xenon gas would be collected.
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Chapter 4 supplementary material

A.1 Solid state *C NMR spectral line width

In this section, we present a theoretical calculation of the heteronuclear dipolar broad-
ening contribution to the solid state carbon NMR spectral line width due to the coupling
between acetate *C' nuclei and *H(*H) nuclei for different solvent compositions. Fol-
lowing what has been already described in Section 3.2.6, the simplest way to evaluate
the contribution of the dipolar local field to the 3C spectrum line width is to con-
sider the square root of the homogeneous second moment. For unlike-spins, assuming
a random distribution accross the sample, the "carbon-proton” second moment writes,
according to equations (3.23) and (3.24):

2
M2,13C—1H ~ <Z—7[_)(> h2 (7130)2 (’)/IH)2 (NIH)2 = 667 X 10_51 (NlH)2 (A].)

and the "carbon-deuterium” second moment:

Ho\? .o 2 2 2 592 2
M2,130—2H ~ 19 4— h (’)/130) (’yzH) (NzH) =4.10 x 10 (N2H> (A.Q)
s
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The contribution of equations (A.1) and (A.2) to the *C NMR line width is respectively

VMaisg 1 =810 x 107 Niyy Hz - em?® (A.3)

and

VMyse 2 = 2.00 x 107 Noyy Hz - cm?® (A.4)

with N1y and Nap expressed in spins/cm?. Since the solvent solutions of the FP and
FD samples considered in Chapter 4 have a 'H and ?H nuclear spin concentration of
6.64 x 10?2 spins/cm?, the contribution to the line broadening becomes 5.38 kHz for the

fully-protonated solvent and 1.33kHz for the fully-deuterated solvent. On the other

hand, the contribution for the HH sample is \/(M2’1320‘1H) + <M2’1320‘2H> = 3.92kHz.

In magnetic field units the dipolar broadenings of the three samples FD, HH and FP

are 0.12, 0.36 and 0.50 mT, respectively.

A.2 Microwave power calibration

The microwave power calibration was performed at 1.5K on the three systems. The
aim was to find the minimum power giving the best DNP enhancement in order to
avoid undesired heating of the sample. In Figure A.1 to Figure A.3 the 3C DNP
enhancement is reported as function of the nominal output power. As a consequence,
the working nominal power was set to 100mW at 3.4T and 55mW at the other two
fields. These values correspond to a microwave B field of about 1072mT. Even though
it is well known that at lower frequency, limiting microwave power loss is easier, the
microwave source-to-waveguide coupling system was less efficient at 3.4 T with respect
to 5T and 7T. This is the reason why at the lower field the required nominal output

power is higher.
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Figure A.1: Microwave power calibration at 3.4 T and 1.5K performed on the HH sample.
The DNP enhancement is reported as a function of the nominal output power.
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Figure A.2: Microwave power calibration at 5T and 1.5 K performed on the HH sample. The
DNP enhancement is reported as a function of the nominal output power.
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Figure A.3: Microwave power calibration at 7T and 1.5 K performed on the HH sample. The
DNP enhancement is reported as a function of the nominal output power.






Appendix B

Chapter 5 supplementary material

B.1 X-band ESR spectrometer calibration curve
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Figure B.1: X-band ESR spectrometer calibration curve. The data (black circles) were
measured in reference samples containing known TEMPO concentrations. The integral values
of the ESR integrated spectra are reported as a function of the radical concentration. The
linear fit (red line; slope: 0.145 £ 0.002) was used to estimate the radical concentration of all
UV-irradiated samples.
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B.2 5T '"Xeand 7T °Li (*3C) microwave spectra
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Figure B.2: (A)'29Xe DNP microwave spectra measured at 5T and 1.5K on samples con-
taining 5 M xenon dissolved in 2-methyl-1-pentanol:PA 10:1 (v/v) (red dots) and 5M xenon
dissolved in 2-methyl-1-pentanol:PA 10:1 (v/v) (blue dots). (B) 5Li DNP microwave spectrum
measured at 7T and 1.5K on 3M ®LiCl sample prepared in HyO:EtOH 1:1 (v/v) with 30 %
UV-irradiated PA. Values reported on the vertical axis are rescaled as a function of the maxi-
mum liquid state polarization, measured in the 9.4 T MR scanner after dissolution, irradiating
the sample at 196.750 GHz. The 3C DNP microwave spectrum measured at 7T and 1.5K

on [1-BC|]PA:H20 1:1 (v/v) used for the radical free HP solid experiment in Section 5.3 is
basically identical.



Appendix C

EasySpin ESR spectra fitting and

calculation

Values of the A-tensor (Sys.A) are in MHz; values of the D-tensor and E-tensor (first
and second component of Sys.D respectively) are in MHz; the phenomenological dipo-
lar broadening is expressed in mT and represents the FWHM of the Gaussian line

convoluted with each resonance of the powder spectrum. See [128] for details.

C.1 X-band TEMPO radical fit

% Spin system

[B,spc| = textread (’deriv_tempo.txt’,"%f %f’);
Sys.S = 1/2;

Sys.g — [2.0094 2.0065 2.0017];

Sys.Nucs = "14N’;

Sys.A = [20.48 17.68 101];

Sys.lw — [1.4];
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Exp.mwFreq = 9.520;

Exp.CenterSweep [338, 30];

Exp.nPoints = 2048;

% Simulation

|xa,ya| = pepper(Sys,Exp);

plot (xa,ya);

hold all spcl — rescale(spc,ya, maxabs’);
plot (B, spcl);

xlabel ("magnetic field [mT]’);
ylabel ("normalized intensity ’);
axis tight;

legend (' fit ', experiment ) ;

title ("TEMPO radical ');

% fitting

Vary.g — [0.0001 0.0001 0.0001];
Vary.A = [0.1, 0.1, 0.1];
Vary.lw = [0.1];

esfit ('pepper’, spcl,Sys,Vary, Exp)
spettro = [xa’, ya’]|;

save spettro_ tempo Xband.dat spettro —ascii

C.2 X-band UV-irradiated PA fit

% Spin system
[B,spc| = textread (’deriv_UV_PA . txt’ "%t %f’);
Sys.S — 1/2;



C.2. X-BAND UV-IRRADIATED PA FIT

Sys.g = [2.0041 2.0037 2.0042];
Sys.Nucs — "1H,1H,1H";

Sys.A = [48];

Sys.lw — [1.02];

Exp.mwFreq = 9.448;
Exp.CenterSweep = [338, 30];
Exp.nPoints — 2048;

% Simulation

[xa,ya| = pepper(Sys,Exp);

plot (xa,ya);

hold all spcl = rescale (spc,ya, maxabs’);

plot (B,spcl);

xlabel ("magnetic field [mT]’");
ylabel ("normalized intensity ');
axis tight;

legend (' fit ', experiment ’);

title ('UV—irradiated PA radical 7);

% fitting

Vary.g = [0.0001 0.0001 0.0001];
Vary.A — [0.1, 0.1, 0.1];

Vary.lw = [0.1];

esfit ('pepper’ ,spcl,Sys,Vary,Exp)

spettro — [xa’, ya’];

save spettro UV _PA Xband.dat spettro

—ascili
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C.3 X-band UV-irradiated 1-13C-PA fit

% Spin system

[B,spc| = textread (’deriv_UV_1—-13CPA.txt’ "%t %f’);
Sys.S — 1/2;

Sys.g = [2.0041 2.0037 2.0042];

Sys.Nucs = "1H,1H,1H,13C’;

Sys.A = [48; 48; 48; 30];

Sys.lw = [1.02];

Exp.mwkreq — 9.442;

Exp.CenterSweep = [338, 30];

Exp.nPoints = 2048;

% Simulation

|xa,ya] = pepper(Sys,Exp);

plot (xa,ya);

hold all spcl = rescale(spc,ya, maxabs’);
plot (B, spcl);

xlabel ("magnetic field [mT]");

ylabel ("normalized intensity ’);

axis tight;

legend (' fit ’, experiment ) ;

title ('UV—irradiated 1-13C-PA radical ’);
% fitting

Vary.g = [0.0001 0.0001 0.0001];
Vary.A = [0.1, 0.1, 0.1];

Vary.lw — [0.1];



C.4. X-BAND UV-IRRADIATED 2-13C-PA FIT

esfit (’pepper’ ,spcl,Sys,Vary, Exp)
spettro — [xa’, ya’];

save spettro UV 1—13C-PA Xband.dat spettro —ascii

C.4 X-band UV-irradiated 2-13C-PA fit

% Spin system

[B,spc] = textread (’deriv. UV _2—13CPA.txt "% f %f’);
Sys.S = 1/2;

Sys.g — [2.0041 2.0037 2.0042];

Sys.Nucs = "1H,1H,1H,13C’;

Sys.A = [40 48 ;40 48;40 48:;49 144|;
Sys.lw — [1.02];

Exp.mwFreq = 9.490;

Exp.CenterSweep = [338, 30];

Exp.nPoints = 2048;

% Simulation

[xa,ya] — pepper(Sys,Exp);

plot (xa,ya);

hold all spcl = rescale (spc,ya, maxabs’);
plot (B,spcl);

xlabel ("magnetic field [mT|’);

ylabel ("normalized intensity ’);

axis tight;

legend (' fit ', experiment ’);

title ('UV—irradiated 2—13C—PA radical ’);
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% fitting

Vary.g — [0.0001 0.0001 0.0001];
Vary.A = [0.1, 0.1, 0.1];
Vary.lw — [0.1];

esfit ('pepper’, spcl,Sys,Vary,Exp)
spettro = |[xa’, ya’]|;

save spettro UV 2—13C-PA Xband.dat spettro —ascii
C.5 X-band UV irradiated d4-PA (S = 1/2) fit

% Spin system

[B,spc| = textread (’deriv_d4-UV PA.txt "% f %f’);
Sys.S — 1/2;

Sys.g = [2.0041 2.0037 2.0042];

Sys.Nucs — "1H,1H,1H’;

Sys. A = [7.3];

Sys.lw = [1.02];

Exp.mwFreq — 9.554;

Exp.CenterSweep = [338, 30];

Exp.nPoints = 2048;

% Simulation

|xa,ya|] = pepper(Sys,Exp);

plot (xa,ya);

hold all spcl = rescale(spc,ya, maxabs’);
plot (B, spcl);

xlabel ("magnetic field [mT]’);



C.6. X-BAND UV-IRRADIATED D4-PA (S = 1) FIT

ylabel ("normalized intensity ’);

axis tight;

legend (' fit ',  experiment ’);

title ('"UV—irradiated d4-PA radical ’);
% fitting

Vary.g = [0.0001 0.0001 0.0001];
Vary.A — [0.1, 0.1, 0.1];

Vary.lw = [0.1];

esfit (’pepper’ ,spcl,Sys,Vary,Exp)

spettro — [xa’, ya’];

save spettro UV d4—-PA Xband.dat spettro —ascii

C.6 X-band UV-irradiated d4-PA (S = 1) fit

% Spin system

[B,spc| = textread (’deriv_d4-UV _PA.txt’ % f %f’);

Sys.S = 1/2;

Sys.g — [2.0041 2.0037 2.0042];
Sys.Nucs = "1H,1H,1H’;

Sys. A = [7.1];

Sys.D = [2.7 4.3];

Sys.lw = [1.02];

Exp.mwkreq — 9.554;
Exp.CenterSweep = [338, 30];
Exp.nPoints = 2048;

% Simulation

131



132 APPENDIX C. EASYSPIN ESR SPECTRA FITTING AND CALCULATION

[xa,ya| = pepper(Sys,Exp);

plot (xa,ya);

hold all spcl = rescale (spc,ya, maxabs’);
plot (B,spcl);

xlabel ("magnetic field [mT]’");
ylabel ("normalized intensity ');

axis tight;

legend (' fit ',  experiment ’);

title ('UV—irradiated d4-PA radical 7);
% fitting

Vary.g = [0.0001 0.0001 0.0001];
Vary.A — [0.1, 0.1, 0.1];

Vary.D = [0.1, 0.1];

Vary.lw = |0.1];

Y

esfit ('pepper’ ,spcl,Sys, Vary, Exp)
spettro = [xa’, ya’]|;

save spettro_ UV _d4—PA S 1 Xband.dat spettro —ascii

C.7 TEMPO radical calculated spectrum at 3.4 T

%This script calculates the integrated 3.4 T
YESR spectrum of the TEMPO radical

%embedded in a glassy matrix

%Spin System

Sys.S — 1/2;



C.8. TEMPO RADICAL CALCULATED SPECTRUM AT 5T

Sys.g — [2.0094 2.0065 2.0017];
Sys.Nucs — ’14N’;

Sys.A = [20.48 17.68 101];
Sys.lw — [1.4];

%Experimental Parameters

Field = 3380;

Exp.mwFreq — 94.8;
Exp.CenterSweep = |Field, 50];
Exp.Harmonic = 0;

Exp.nPoints — 2048;
%Simulation

[xma,ya] — pepper(Sys,Exp);

a — xma/1000%13.9962%2.0023;
xGHz = wrev (a);

plot (xGHz,ya);

xlabel ('MW Frequency |GHz|’);
ylabel (' Normalized Intensity ’);
title ("TEMPO radical 3ed T 7);
axis tight;

spettro — [xGHz’, ya'];

save spettro3ed4T .dat spettro —ascii;

C.8 TEMPO radical calculated spectrum at 5 T

%This script calculates the integrated 5 T

YESR spectrum of the TEMPO radical
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%embedded in a glassy matrix

%Spin System

Sys.S — 1/2;

Sys.g = [2.0094 2.0065 2.0017];
Sys.Nucs = "14N7;

Sys.A — [20.48 17.68 101];
Sys.lw = [1.4];

%Experimental Parameters
Field — 4991;

Exp.mwFreq = 140;
Exp.CenterSweep — [Field, 50];
Exp.Harmonic = 0;

Exp.nPoints = 2048;
%Simulation

[xma,ya| = pepper(Sys,Exp);

a = xma/1000%13.9962%2.0023;
xGHz — wrev(a);

plot (xGHz,ya);

xlabel ('MW Frequency [GHz|’);
ylabel ("Normalized Intensity ’);
title ("TEMPO radical 5 T 7);
axis tight;

spettro [xGHz’ , ya’]|;

save spettro TEMPO 5T .dat spettro —ascii;
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C.9 UV-PA radical calculated spectrum at 5 T

%This script calculates the integrated 5 T
YESR spectrum of the UV—irradiated PA radical

%embedded in a glassy matrix

%Spin System

Sys.S = 1/2;

Sys.g = [2.0041 2.0037 2.0042];
Sys.Nucs — "1TH,1H,1H";

Sys.A = [48];

Sys.lw = [1.02];

%Experimental Parameters

Field = 4991;

Exp.mwFreq = 140;
Exp.CenterSweep = [Field, 50];
Exp.Harmonic = 0;

Exp.nPoints — 2048;
%Simulation

[xma,ya| = pepper(Sys,Exp);

a — xma/1000%x13.9962%2.0023;
xGHz = wrev(a);

plot (xGHz,ya);

xlabel ('MW Frequency [GHz]|');
ylabel ("Normalized Intensity );
title ("UV-PA 5 T ’);
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axis tight;
spettro — [xGHz’, ya’];

save spettro UV _PA 5T.dat spettro —ascii;

C.10 UV-d4-PA radical calculated spectrum at 5 T

%This script calculates the integrated 5 T
YESR spectrum of the UV—irradiated d4-PA radical

%embedded in a glassy matrix

%Spin System

Sys.S = 1/2;

Sys.g — [2.0041 2.0037 2.0042];
Sys.Nucs = "1H,1H,1H’;

Sys.A = [7.3];

Sys.lw = [1.02];

%Experimental Parameters

Field — 4991;

Exp.mwFreq = 140;
Exp.CenterSweep = |Field, 50];
Exp.Harmonic — 0;

Exp.nPoints = 2048;
%Simulation

[xma,ya] = pepper(Sys,Exp);

a = xma/1000%13.9962%2.0023;

xGHz — wrev(a);



C.11. TEMPO RADICAL CALCULATED SPECTRUM AT 7T

plot (xGHz,ya ) ;

xlabel ('MW Frequency [GHz|’);

ylabel ("Normalized Intensity );

title ('UV=d4—PA 5 T 7);
axis tight;

spettro = |[xGHz’, ya’|;

save spettro UV _d4PA 5T.dat spettro —ascii;

C.11 TEMPO radical calculated spectrum at 7 T

%This script calculates

the

integrated 7 T

%ESR spectrum of the TEMPO radical

%embedded in a glassy matrix

%Spin System
Sys.S — 1/2;

Sys.g = [2.0094 2.0065 2.0017];

Sys.Nucs — "14N’;

Sys.A — [20.48 17.68 101];

Sys.lw = [1.4];
%Experimental Parameters
Field = 7020;

Exp.mwFreq — 197;

Exp.CenterSweep = |[Field

Exp.Harmonic = 0;

Exp.nPoints — 2048;

50];
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%Simulation

[xma,ya] — pepper(Sys,Exp);
a = xma/1000%13.9962%2.0023;
xGHz — wrev(a);
plot (xGHz,ya);

xlabel ('MW Frequency |GHz|’);
ylabel ('Normalized Intensity ’);
title ("TEMPO radical 7 T 7);
axis tight;

spettro — [xGHz’, ya’];

save spettro TEMPO 7T.dat spettro —ascii;



Appendix D

Chapter 6 supplementary material

D.1 Polarization build-up time constant

For all samples, the '?Xe polarization time constant was obtained by fitting the
NMR signal time evolution under microwave irradiation to the expression P (t) =
Py + Py [1 —exp (—t/T,0)] where P (t), Py, Px and T,, represent respectively the
polarization as a function of time, the polarization thermal equilibrium value, the po-
larization steady-state value under microwave irradiation and the polarization time

constant. All numerical results are reported in Table D.1, Table D.2 and Table D.3.

For samples containing a xenon concentration equal or below the ST, the polariza-
tion time constant increases with decreasing xenon concentration. A similar behaviour
has previously been reported for DNP-enhanced '3C samples and it is attributed to
the dependence of spin diffusion on nuclear spin concentration [40, 96]. Note that the
accuracy of the mono-exponential fit decreases for samples containing a xenon concen-
tration exceeding the solvent ST, and the dependence of the polarization time constant

on xenon concentration exhibit an ill-defined trend for those samples (see Figure D.1).
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Xe concentration [M] ‘ Polarization time constant [s] ‘ R? ‘
2.8 1950 &= 51 0.99910
5 1541 £ 49 0.99902
6.8 1357 £ 45 0.99895
8.2 956 + 39 0.99863
9.4 789 + 20 0.99839

Table D.1: DNP polarization time constant and R? value obtained from the mono-exponential
fit of the %Y Xe polarization evolution measured at 5T and 1.50 £ 0.05 K under microwave
irradiation at 140.3 GHz with 55 mW output power in samples prepared with 2-methyl-1-
pentanol containing 50 mM TEMPO and different xenon concentrations. The data for the
sample containing a xenon concentration corresponding to the solubility threshold (ST) of
2-methyl-1-pentanol is presented in red font.

Xe concentration [M] ‘ Polarization time constant [s] ‘ R?
2.8 1756 £ 56 0.99806
5 1160 + 34 0.99831
6.8 900 £ 40 0.99670
8.2 938 + 63 0.99390
9.4 1147 £ 77 0.99255

Table D.2: DNP polarization time constant and R? value obtained from the mono-exponential
fit of the %Y Xe polarization evolution measured at 5T and 1.50 + 0.05 K under microwave
irradiation at 140.3 GHz with 55 mW output power in samples prepared with 2-methyl-1-
propanol containing 50 mM TEMPO and different xenon concentrations. The data for the
sample containing a xenon concentration corresponding to the solubility threshold (ST) of
2-methyl-1-propanol is presented in red font.

Xe concentration [M] ‘ Polarization time constant [s] ‘ R?
1.5 1297 + 32 0.99917
2.8 1237 £ 74 0.99669
bt 1743 £ 82 0.99780
6.8 1295 £ 48 0.99610
8.2 627 £ 16 0.99549

Table D.3: DNP polarization time constant and R? value obtained from the mono-exponential
fit of the 129 Xe polarization evolution measured at 57T and 1.50 & 0.05K under microwave
irradiation at 140.3 GHz with 55 mW output power in samples prepared with ethanol contain-
ing 50mM TEMPO and different xenon concentrations. The data for the sample containing
a xenon concentration corresponding to the solubility threshold (ST) of ethanol is presented
in red font.
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Figure D.1: 129 X'e polarization polarization time constant as a function of xenon concen-
tration. Measurements were performed at 5T and 1.50 £ 0.05 K under microwave irradiation
at 140.3 GHz with an output power of 55 mW. Dashed lines connecting the data points are
drawn as guide for the eyes; small arrows indicate the xenon concentration corresponding to

the ST of each solvent.
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D.2 Supplementary xenon solid state spectra
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Figure D.2: (A) solid state 29 Xe NMR signal measured at 5T and 1.50 & 0.05 K with a 20°
rf pulse in a 8.2M natural-abundance xenon sample dissolved in ethanol containing 50 mM
TEMPO at thermal equilibrium (black curve), and after 90 min of microwave irradiation at
140.3 GHz with 55mW output power (red curve). The frequency shift between the sharp
up-field peak (58.788 MHz) and the broad down-field peak (58.781 MHz) is identical for both
spectra (7 kHz corresponding to 119 ppm). Note that the sharp peak is less enhanced than in
the sample prepared with 2-methyl-propanol (Figure 2), which is most likely due to the larger
frequency shift difference (119 vs. 85 ppm). (B) solid state 2 Xe NMR signal measured
at 5T and 1.50 £+ 0.05 K with a 20° rf pulse in a 9.4 M natural-abundance xenon sample
dissolved in 2-methyl-1-pentanol containing 50 mM TEMPO at thermal equilibrium (black
curve), and after 90 min of microwave irradiation at 140.3 GHz with 55 mW output power (red
curve). The frequency shift (3 kHz corresponding to 51 ppm) between the sharp up-field peak
(58.788 MHz) and the broad down-field peak (58.785MHz) is slightly visible in the thermal

equilibrium spectrum.

D.3 Solid state xenon NMR spectral line width

In this section, an in-depth analysis of the line width of the solid state 2 Xe NMR
spectra measured in samples containing a xenon concentration equal to the ST of each
one of the three solvents is presented. Following what has been already described in
Section 3.2.6 for the nuclear case, the simplest way to evaluate the contribution of
the dipolar local field to the 2 Xe spectrum line width is to consider the square root
of the homogeneous second moment. In each sample we have two contributions, one

coming from like-spins (the dipolar coupling between '?°Xe nuclei themselves), and
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one coming from unlike-spins (the coupling between % Xe nuclei and the solvent 'H
nuclei). Assuming a random distribution of the spins across the sample, according to

equations (3.23) and (3.24) the "xenon-xenon” second moment writes:

2
M3 120 xe 12050 = 16 (Z—O) B2 (Y20 xe)* (Ni2o xo)” = 1.35 x 107 (Mo i) (D.1)
T

and the "xenon-proton”:

M ~7 (B0 g2 2 (Nig)? = 7.94 x 1075 (M) (D2
2,129 X1 = E (7129)(6) (’ylH) ( 1H> = (. X ( 1H) ( )

The contribution of equations (D.1) and (D.2) to the line width writes respectively

\/ M2,129Xe—129Xe = 3.67 X 10720]\7129)(6 Hz - cm? (D.3)

and

VMyzxe 1 =891 x 107 Niy Hz - cm? (D.4)

with N2y, and N1y expressed in spins/crn3. The 2 Xe NMR line broadening con-
tribution given by equations (D.3) and (D.4) (like- and unlike-spins respectively) for
the three samples reported in Figure 6.4A is compared with the measured FW HM of
the spectrum. Results are reported in Table D.4. It is clear that the contribution to
the line width coming from like-spins coupling is negligible (confirmed experimentally
by the sharp peak characterizing inhomogeneous '* Xe spectra), so the main source of
broadening comes from the 12 Xe —! H dipolar coupling. Even though there is no per-
fect numerical match between calculated and measured values, the important feature
is, in both cases, the scaling behavior of the line broadening with increasing ' H nuclei
concentration in the solvent. The measured FW H M of the three different samples was

thus plotted as a function of the solvent N1y (see Figure D.3). In good agreement with
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equation (D.4), the correlation was found to be linear (R? = 0.981).

Sample 1.5M Xe ethanol | 5M Xe 1-propanol | 8.2M 1-pentanol
Ni20 %, [spins/cm?] 0.23 x 102 0.79 x 102 1.30 x 10!
N1 g[spins/cm?] 6.18 x 10%2 6.51 x 10%2 6.82 x 10%2
Broadeningi2e x,_120 x. [kHz| 0.01 0.03 0.05
Broadeningize x._1p [kHz] 5.51 5.80 6.07
Measured FWHM |[kHz]| 10.24 £ 0.40 12.37£0.35 13.84 £0.47

Table D.4: Comparison between calculated and measured FWHM for the three samples
reported in Figure 6.4A; the 2 Xe density was determined experimentally during samples
preparation and the ' H density was taken from the literature [92].

Full-width at half-maximum (kHz)
o
1

%/

9 : . : : : : ; , .
6.0 6.2 6.4 6.6 6.8 7.0

'H spin concentration (10%’spin/cm®)

Figure D.3: Measured FW HM for the three samples shown in Figure 6.4A as a function of
the ' H spins density of the solvent. A linear function was used for fitting the experimental
data (red line).
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