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Abstract

Dynamic Nuclear Polarization (DNP) is currently one of the most efficient ways of enhancing sensitivity
in solid-state Nuclear Magnetic Resonance (NMR) experiments. The DNP protocol consists in doping a
sample with a small amount of paramagnetic species, typically nitroxide biradicals, and carrying out
either a magic-angle spinning (MAS) solid-state NMR experiment under microwave irradiation at 100
K or a dissolution DNP (dDNP) experiment under microwave irradiation at around 1.2 K.

Maximum theoretical enhancements that can be achieved in MAS DNP reach 658, while polarizations
close to unity can be achieved in dDNP, translating into the possibility of studying atomic-level
composition of dilute surface species at picomolar concentrations that would be otherwise out of
reach.

Recent years witnessed very fast development of DNP instrumentation (high-power and high-
frequency microwave sources, higher magnetic fields, faster sample spinning), polarizing agents (rigid
dinitroxide biradicals) and new sample preparation techniques (sample formulation, optimisation of
proton and radical concentration) which brought sensitivity enhancements (in MAS DNP) and nuclear
polarizations (in dDNP) close to their theoretical maximum.

The first chapter of this thesis is focusing on the microscopic description of a DNP system. We show
how nuclear polarization is intrinsically limited in NMR, how it can be increased, and how the
introduction of paramagnetic species modifies the behaviours of various parameters in the system. In
particular, we look at the spatial dependence of relaxation times, spin diffusion coefficient, and
paramagnetic quenching close to the paramagnet location.

The second chapter is showing how using finite element numerical simulations can simulate the
propagation of magnetization in homogeneous and heterogeneous DNP systems. We show that
polarizing and relaxing powers are important parameters that greatly influence polarization dynamics.
We observe how the diffusion equation behaves at steady state and how it can be linked to domain
sizes in heterogeneous systems.

In the third chapter, experimental measurements are performed and compared with numerical
simulations in order to confirm the structure of homogeneous DNP systems. The importance of radical
and proton concentration are highlighted, as well as several ways of increasing the efficiency of cross
polarization in homogeneous frozen solutions.

Finally, heterogeneous systems are studied in chapter four, where we combined NMR experiments
and numerical simulations to determine spin diffusion coefficients, domain sizes, structures of core-

shell particles, structure of perovskite materials, and predict that the bulk of inorganic materials can
be significantly enhanced by DNP using spin diffusion.
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Résumé

La technique de Polarisation Dynamique Nucléaire (PDN) est aujourd’hui I'une des méthodes les plus
efficaces pour exalter la sensibilité des expériences de Résonnance Magnétique Nucléaire (RMN).

Une expérience de PDN consiste a doper I’échantillon avec des substances paramagnétiques, puis
d’effectuer la mesure a faible température, afin d’augmenter la polarisation des noyaux concernés, et
mesurer des signaux plus intenses.

L’exaltation maximale atteignable a une température de 100 K est de 658, et a une température de
1.2 K les polarisations atteintes sont proche de 100%. Ces dernieres années, les rapides avancées
technologiques en terme d’instrumentation pour la PDN (sources micro-ondes a haute fréquence et
haute puissance, hauts champs magnétiques, rotations a I'angle magique de plus en plus rapides), en
terme d’agents polarisant (bi-radicaux nitroxyde rigides), et en terme de préparation d’échantillon
(technique d’imprégnation, variation de la quantité de protons et d’électrons) a permis d’obtenir des
exaltations de polarisation proches du maximum théorique.

Le premier chapitre de cette thése est consacré a la description microscopique des systemes utilisés
en PDN. Nous montrons comment la polarisation nucléaire est intrinsequement limitée en RMN,
comment elle peut étre augmentée, et comment I'ajout de substances paramagnétiques modifie le
comportement de plusieurs parametres du systéme. En particulier, nous regardons la variation
spatiale des temps de relaxation, du coefficient de diffusion de spin, et du quenching paramagnétique
autour de la substance paramagnétique.

Le second chapitre montre comment des simulations numérique d’éléments finis peuvent étre
utilisées afin de modéliser la propagation de la magnétisation dans les systemes homogéenes et
hétérogenes en PDN. Nous montrons que les pouvoirs polarisants et pouvoirs relaxants sont des
parametres importants qui influencent grandement la dynamique de tels systemes. Nous montrons
enfin comment I'équation de diffusion en régime permanent est directement liée a la taille des
domaines dans les systemes hétérogenes.

Dans le troisieme chapitre, nous comparons les mesures expérimentales aux simulations numériques
afin de confirmer la structure des systémes homogénes. Nous mettons en évidence I'importance de la
concentration en protons et électrons, ainsi que plusieurs maniéres d’augmenter l'efficacité de la
polarisation croisée dans les systemes homogenes.

Enfin, les systémes hétérogénes sont étudiés dans le chapitre quatre, ou nous combinons a nouveau
les expériences et les simulations afin de déterminer des coefficients de diffusion de spin, des tailles

de domaines, des structures en oignons, des structures de pérovskites, et comment hyperpolariser
I’intérieur de matériaux inorganiques.
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Chapter 1:
Introduction & Theory

1.1 Nuclear Magnetic Resonance

1.1.1 Basic principles

“Consider a beam of molecules, such as LiCl, traversing a magnetic field which is sufficiently strong to
decouple completely the nuclear spins from one another and from the molecular rotation. If a small
oscillating magnetic field is applied at right angles to a much larger constant field, a re-orientation of the
nuclear spin and magnetic moment with respect to the constant field will occur when the frequency of
the oscillating field is close to the Larmor frequency of precession of the particular angular momentum
vector in question.”*

This is how Rabi, in 1938, discovered that nuclei could resonate. And this is how Nuclear Magnetic
Resonance, abridged today NMR, was discovered. Few years later in 1946, this discovery was extended
to liquids and solids by Bloch? and Purcell.?

Protons and neutrons that compose a nucleus all possess an intrinsic property: their spin. Depending on
the number of protons and neutrons that constitute a nucleus, the overall nuclear spin quantum
number (I) of a nucleus varies. For example, an even number of protons and neutrons leads to | = 0. The
nuclear spin number is associated with a magnetic moment () by the relation:*

p=yl (1.1)

where vy is the gyromagnetic ratio. The gyromagnetic ratio is a value that is intrinsic to each given
nucleus. The nuclear spin quantum number | can be described as the magnitude of the nuclear spin
angular momentum vector which z-component (I,) only takes discrete values. These values are specified
by the magnetic quantum number (m) that can only vary between +l and -l in integer steps. The z-
component (,) of the nuclear magnetic moment and the magnetic quantum number are related by:*

Yz =yl = yhm (1.2)

where h is the reduced Planck constant. For nuclei with | = %, there are thus two spin eigenstates, known
as Zeeman states: m = +% and m = -%. In the absence of magnetic field, these states have the same
energy. Consequently, the number of nuclei in these two states is approximately the same. As a result,
the sum of all individual magnetic moment is zero, and no net magnetic moment can be observed due to
the nuclear magnetic moment. However, if nuclei are placed in a magnetic field (By) whose axis defines
the z-direction, the two spin states no longer have the same energy. The energy of the spin states
becomes:*

E = —u,By, = —yhmB, (1.3)



where E is the energy of a given spin state defined by m. The energy difference between the two states is
thus:
AE = yhBy = hw (1.4)

where w is the Larmor frequency of the nucleus in rad.s™:
w = 21mv = yB, (1.5)

where v represents the frequency of the electromagnetic radiation in Hz. The Larmor frequency of a
given nucleus is fixed and only depends on the type of observed nucleus and the magnetic field strength.
However, the actual resonant frequency of a nucleus depends, which is slightly different from the
Larmor frequency, mainly depends on its chemical environment in the molecule. This resonant frequency
is known as the chemical shift (§).

Since the two states no longer have the same energy, the number of nuclei in each state is different. The
relative spin population (N) of the energy levels follows a Boltzmann distribution that depends on the
energy of the spin state:

_E_
N < e ksT (1.6)

where kg is the Boltzmann constant, and T the temperature in units of kelvin. Since the lower energy spin
state is more populated than the higher energy spin state, the sum of individual magnetic moment no
longer cancels out, and the sample gives rise to a net magnetic moment (M).

The strength of the net magnetic moment is proportional to the spin population difference of each of
these spin states. For nuclei having a spin quantum number | = %, the spin population difference only
depends on the spin populations N, and N. of the two spin states m = +% and m = -%; respectively. We
can define the polarization (P) of the sample as:

N, — N_
p=—t_— (1.7)
N, + N_
By substituting equation (1.6) into equation (1.7), we get:
_Ey _E_ _AE
kT _, kgT _ T
p=p— = (1.8)
e kBT+e BT  1+e KBT
and since:
eX—e ¥ 1—e
tanh(x) = = (1.9)
() eX+e X 1+e2x
we finally obtain:
_ AE \ YhBg
P = tanh (ZkBT) = tanh (ZkBT) (1.10)



The nuclear polarization is thus a dimensionless quantity varying between 0 and 1 (or 0% and 100%)
where 0 corresponds to equal spin population in both spin states, and 1 corresponds to all spins being in
either one of the two spin states. The intensity of the NMR signal is directly related to the strength of
the net magnetic moment, and thus to the polarization. We define the magnetization (M) as:

M=C, NP (L.1)

where C, is the spin capacity in units of J.mol™, and N = N, + N_is the total number of spins. The spin
capacity represents the amount of energy of one mole of spins all aligned in the same direction. It is
defined as:

1

where EyhBo is the Zeeman energy of one nuclear spin inside a magnetic field By in units of joule, and N

Avogadro’s number. The polarization is what needs to be increased, but the magnetization is what is
measured in fine.



1.1.2 Low intrinsic sensitivity

One can see from equation (1.10) that the intensity of the NMR signal is related to the gyromagnetic
ratio, the applied magnetic field, and the temperature. If we calculate at the polarization of *H spins (I =
%, Vu = 42.58 MHz.T?) inside a standard magnetic field of 9.4 T at room temperature (T = 300 K), we find
P(*H) = 0.003%.

It turns out that such a small polarization is not always high enough to generate an electric signal in the
detection coil that clearly rises above the electrical noise within satisfactory acquisition times.
Consequently when using standard NMR spectrometers at room temperature, we observe that NMR
suffers from very low intrinsic sensitivity. This comes from the fact that in NMR, the involved energies
are not big enough. As shown in Figure 1.1a-b, we see that the NMR frequencies are associated with low
intrinsic polarization.

One can see in Figure 1.1b that for systems studied by UV/VIS spectroscopy where the involved particles
are electrons, much higher frequencies are involved: in that case, AE >> kgT which leads to a bigger
energy difference, polarizations close to unity, and bigger measured signals.

This intrinsic low polarization sometimes imposes very long acquisition times in order to be able to
observe a clear signal from the sample. The large amount of time required to generate satisfactory NMR
signals is currently inhibiting NMR from a wide range of applications (materials with small surface area,
low-y nuclei, diluted spins, nuclei with poorly abundant NMR active isotopes).

But despite the intrinsic low sensitivity of NMR, it is nowadays one of the most widely used technique for
molecular level characterization. It can provide useful pieces of information about spatial structure of
molecules, dynamics of proteins, or chemical reactions. One of its great advantage is that it is a non-
destructive technique, unlike mass spectrometry or chromatography. Nowadays, it is one of the standard
techniques used by the large majority of chemical laboratories.
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Figure 1.1: (a) Polarization as a function of the involved frequency (axis aligned with panel (b)). (b) lllustration of the
electromagnetic spectrum. (c) Zoom on the region of interest for NMR inside a 9.4 T magnet, and Larmor frequencies of
different nuclei. (d) Zoom on the region of interest for 'y spins, and typical chemical shifts for different functional groups
containing 'y spins.



1.1.3 How to increase sensitivity

Equation 1.10 shows that the nuclear polarization depends on the applied magnetic field and the
temperature. It means that one can increase the nuclear polarization by either increasing the applied
magnetic field, or decrease the temperature.

First, one could plan to increase the strength of the magnetic field. But unfortunately, the strength of the
magnetic field cannot be limitlessly increased due to technical limitations. Indeed, the current highest
magnet available (35 T in 2018) does not provide high enough nuclear polarizations (P(*H) = 10™). Over
the last 50 years, magnetic field strengths have been increased by a factor 10, leading to a factor 10 gain
in polarization. But as shown in Figure 1.2, it would still require magnetic fields in order of 10° T to
provide a polarization close to unity.

"H Polarization

10° 102 104 108
Magnetic field strength / T

Figure 1.2: H polarization as a function of magnetic field strength at 300 K.

One can point out in Figure 1.2 that below 10° T, the polarization is a linear function of the magnetic field
strength. In this thesis, we will always consider that magnetic fields don’t exceed 35 T.

Secondly, one could decrease the temperature in order to increase nuclear polarization. Figure 1.3
shows the temperature dependence of the polarization of electrons and different nuclei. The regions in
Figure 1.3 where the polarizations inversely proportional to the temperature (beyond 10 K for electrons)
are called the “high temperature approximation” regions. It corresponds to the regions where AE << kgT,
thus where the hyperbolic tangent functions that describe the polarizations can be approximated as
linear functions. In this thesis, unless told otherwise, we will always assume to be in the high
temperature approximation.

One can notice in Figure 1.3 that a temperature of 1 K only leads to a 'H polarization of 0.01, which is still
far from unity.
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Figure 1.3: Electron, proton, and carbon polarizations as a function of temperature in a 9.4 T magnet.

Moreover, at temperatures on the orders of a few Kelvins, longitudinal relaxation times (T;) that
characterize how fast the signal recovers after acquisition can be quite long, which could prevent fast
scan repetition, thus leading to long experimental times. Going to very low temperature is thus not ideal
for short acquisition times.

One can notice in Figure 1.3 that the **C polarization is lower than the one of 'H. It means that if one
could, somehow, transfer the 'H polarization to a *C (or N, *'P) nucleus, it would lead to a “*C signal
enhancement. Such polarization transfer is already achievable via specific pulse sequences such as
INEPT®>, NOE®’ in liquid state, or Cross-Polarization (CP)®*° in solid state. These methods allow a
polarization transfer from high y nuclei to low y nuclei. But the limitation of these methods is that the
maximum achievable polarization cannot be higher than the polarization of the highest y nucleus.

As a result, increasing the nuclear polarization is not as straightforward as it could seem. During the last
decades, several techniques were developed in order to increase nuclear polarizations such as Para-
Hydrogen,™ Brute Force Hyperpolarization,***? Optical Pumping,*'* or Dynamic Nuclear Polarization.>*®

The last technique: Dynamic Nuclear Polarization (DNP) is the technique that our laboratory at EPFL is
using in order to increase nuclear polarization, as described in the next chapter.



1.2 Dynamic Nuclear Polarization

1.2.1 Theory

One can notice in Figure 1.3 that the electronic polarization is much bigger than the one of 'H or **C
spins. This is due to the intrinsic much higher electronic gyromagnetic ratio. Indeed, one can calculate
that:

Ye

— =~ 658 (1.13)
Yu

where y. and yy represent the electronic and proton gyromagnetic ratios respectively. If proton spins
could reach the electrons’ thermal polarization, the theoretical maximum 'H signal enhancement (g)
achievable is defined as:

YJlBo)
P, tanh ( 2kgT

Py tanh (yszhL;,(J)
B

~658forT=100K (=104 for T=1K) (1.14)

where P, and P, represent the electronic and 'H polarizations respectively.

It can be seen in equation (1.14) that the enhancement depends on the gyromagnetic ratios of the
considered nuclei, the magnetic field strength, and the temperature. The electron/proton enhancement
is thus different from the electron/carbon enhancement. Also, one can see that the enhancement is
smaller at low temperatures, even though absolute polarizations are much bigger (approximately 107 at
1 K compared to 10™ at 100 K for *H).

If one could try to use the high electronic polarization as a source of *H polarization, it would increase by
several orders of magnitude the 'H polarization, leading to much bigger signals, and much smaller
acquisition times.

The basic idea of Dynamic Nuclear Polarization (DNP) is to transfer the high electronic polarization to
coupled nuclei, in order to obtain 'H polarizations much closer to unity in achievable field and
temperatures. But the problem is that the electrons available in electronic orbitals of the atoms present
in the sample are not good candidates, which means there is no polarization to be transferred here. The
reason is that electrons in the electronic orbitals of most molecules are always paired. Consequently,
their total spin quantum number is S = 0, which makes them non’ magnetically active. It is thus necessary
somehow have present some unpaired electrons in the system.

Albert W. Overhauser predicted in 1953’ that “the interaction between the electron spin magnetic
moment and the nuclear spin magnetic moment” could lead to a polarization transfer in a metallic solids
possessing unpaired electrons in its conduction bands. The same year, Carver and Slichter confirmed the
predictions of Overhauser by measuring for the first time a DNP enhanced signal of 'Li in a static
magnetic field." Later on in 1959, Abraham™ confirmed the possibility of enhancing 'H, *’Al, *°Co, and *°F

*
they are actually very weakly magnetically active, since the observable chemical shift difference between nuclei is due to the

presence of electrons in the electronic orbitals



nuclei thanks to the presence of paramagnetic impurities via microwave irradiation. Major contributions
of Goldman™® and Abragam® to the DNP field in the early years must also be acknowledged.

In order to drive the DNP mechanism, it is thus necessary to introduce some unpaired electrons in the
system. In DNP, we usually add to the sample some paramagnetic agents that contain stable unpaired
electrons. After the paramagnetic agents and the compound to be studied are mixed together, the
sample is usually frozen in order to maximize the DNP efficiency as described later. Then, a microwave
source is used to trigger the polarization transfer from the unpaired electron(s) to the desired nuclei. The
high electron polarization is transferred to coupled nuclei via different mechanisms. Up to now, 4
different mechanisms have been described in the literature. They are known as Solid Effect,’>*! Cross
Effect,zz'23 Thermal Mixing,zz"25 and Overhauser Effect.” Once the mechanism is complete, the resulting
sample contains hyperpolarized nuclear spins (usually protons) that can be detected through
conventional techniques that require much less acquisition time.

If the acquisition is desired to be done in the solid state, a technique that is particularly suited known as
Magic Angle Spinning DNP (MAS DNP) will be described in the section 1.2.2. However if the acquisition is
needed to be performed in the liquid state, the technique called Dissolution-DNP (dDNP) is more
appropriate, as described in section 1.2.3.



1.2.2 Magic Angle Spinning DNP

Magic Angle Spinning (MAS) DNP is the combination of MAS NMR and DNP. MAS NMR was invented by
Andrew® et al. in 1958. Later on in 1984, DNP MAS was developed by Vriend et al.?” but only became
popular with the remarkable work of Griffin et al. in 1993.”® In DNP MAS at EPFL, the experiment is
performed in a temperature range between 85 K and 110 K. The main advantage is that this temperature
range is accessible by cooling the sample with gas nitrogen. Consequently, one can spin the sample at
the magic angle with cold gas nitrogen and perform experiments with satisfactory 'H resolution. The
experimental set up of DNP MAS is presented in Figure 1.4. Some recent technical advances have
enabled the establishment of a set up capable of running DNP MAS experiments at = 25 K using Helium
gas.”?

1 e

Gyrotron

' NMR Probe Cooling Cabinet

e

Transmission Line

I A N

Figure 1.4: Schematic representation of the overall MAS DNP system in our laboratory at EPFL. Gyrotrons operating at 263 GHz
or 593 GHz are connected via a transmission line to a 400 MHz or 900 MHz NMR spectrometer respectively. A cooling cabinet
allows the sample in the NMR probe to be kept in a temperature range from 85 to 325 K while spinning from 1 to 15 kHz.
Scheme reproduced with permission from the original work.*®

Gyrotrons generate microwaves by employing the phenomenon of cyclotron resonance. The presence of
a strong external magnetic field and a strong voltage difference creates a highly accelerated electron
beam. The electrons radiate electromagnetic waves, creating microwave emissions. The microwaves are
then converted to a Gaussian beam and transmitted to the probe using a transmission line, consisting of
a corrugated waveguide. The DNP probe is kept at around 100 K with a cooling cabinet permanently
blowing cold N, gas, while the microwaves propagate through the waveguide all the way to the MAS
stator which has an opening at the bottom. This set-up allows the delivery of microwave powers on the
order of 10-50 W, allowing efficient DNP at 100 K.

In a MAS DNP experiment, the sample is put into contact with a paramagnetic species such as BDPA,
nitroxide or trityl radicals. Usually, the analyte to be hyperpolarized is dissolved in a solvent that already
contains radical molecules. In order to optimize the DNP effect in a mixture of analyte-solvent-radical,
the mixture needs to fulfil at least the following 4 conditions:

1. The solvent must solubilize the radical molecules: the radical molecules must be
homogeneously dispersed in the solvent. Indeed, if the molecules are too close in space,
strong electron-electron dipolar couplings shorten their intrinsic electronic relaxation times
(T1e & Tye), preventing efficient DNP effect from occurring.g1

10



2. The radical molecules must be present at an optimal concentration: two few radical
molecules don’t provide enough energy to polarize the entire sample, and too high radical
concentration reinforces electron-electron dipolar coupling as explained above.

3. The solvent must form a glassy matrix once frozen: if the solvent crystallizes, radical
molecules are segregated in restricted areas, inducing strong electron-electron dipolar
coupling as explained above.

4. 'H spins must be present at an optimal concentration: too many *H spins won’t be efficiently
polarized by a small number of electrons, while too few 'H spins have high polarizations but
small net magnetization.

By looking at these criteria, one can already see some of the challenges brought by the DNP formulation:
does one want the highest polarization, or the highest magnetization? Where is the optimum between
the number of 'H spins and the number of electron spins? In order to answer these questions, one has to
understand the dynamics of such a system. These questions will be answered in chapter 3, where a
detailed and comprehensive description of homogeneous radical solutions will be made.

11



1.2.3 Dissolution DNP

Dissolution DNP (dDNP) was introduced by Ardenkjeer-Larsen et al.*’ in 2003 when he showed for the
first time that DNP could be used to generate hyperpolarized liquids. The idea of dDNP is to divide the
set up in 3 distinct parts: (1) The sample is polarized at very low temperature (around 1 K) in the solid
state, (2) the sample is rapidly melted and transferred to a NMR spectrometer where (3) the acquisition
of the hyperpolarized sample is done in the liquid state. It is based on the idea that hyperpolarization can
be most efficiently generated at low temperature and that hyperpolarization survives the solid/liquid
phase transition. With this method, it is possible to obtain high sensitivity and high resolution spectra.
However, the drawback is that only a single scan in the liquid state is allowed, since the
hyperpolarization is lost after the first scan.

As for a MAS DNP experiment, the sample is put into contact with a paramagnetic species that possess
long electronic relaxation times Ty.. Then, the sample is cooled down to very low temperaturesina 6.7 T
polarizer at EPFL. To achieve temperatures as low as 1.2 K, the sample is put under reduced pressure
(typically 0.8 mbar) in a continuous-flow cryostat. Once the sample reaches the desired temperature, the
sample can be hyperpolarized using DNP.*

The sample is irradiated with microwaves that trigger the DNP effect via some of the DNP mechanisms
mentioned earlier. The frequency of the microwaves is optimized in order to maximize the 'H
polarization (188 GHz optimal frequency at 6.7 T). In addition to that, frequency modulation is applied in
order to increase even more the efficiency of the DNP effect and decrease the optimal radical
concentration.*® The microwaves are guided down to the sample through a home-built DNP probe.*
During irradiation, spin populations are mixed between the electrons and the coupled 'H spins, leading
to high 'H polarizations. The DNP build-up can take up to several hours. Once the steady state is reached,
'H spins can theoretically reach a polarization as high as 100%.

Then, the frozen hyperpolarized sample is ready to be dissolved. The dissolution is usually done by
adding a solution of 5 mL of superheated (1 MPa) D,0. In the course of a few seconds, the sample is
melted and pushed with high pressure Helium gas to the NMR spectrometer through a magnetic
tunnel.* The transfer must be done through a magnetic tunnel in order to always keep the sample in a
magnetic field higher than the earth’s field (35 uT). Indeed, if the sample is at any point of the trip
located in such a small magnetic field at room temperature, both cross-relaxation effects and short
relaxation times become fatal to the survival of hyperpolarization.

Once the hyperpolarized liquid sample is in the NMR spectrometer (typically 11.7 T at EPFL), it is ready to
be detected. The acquisition is done only with one scan, since the hyperpolarization cannot be recovered
after the first scan. The survival of the polarization in the NMR spectrometer at room temperature is
determined by T, of the nuclei of interest. The longer the T,, the longer the hyperpolarization lasts during
transfer and acquisition. The presence of the radical molecule has two main consequences. The first one
is obviously the triggering of the DNP effect. The second effect of the presence of radical molecules is the
Paramagnetic Relaxation Enhancement (PRE) effect.?”*® The PRE effect induces shorter T¢’s in the liquid
state. The PRE effect will be described in more details in section 1.4.2. In order to increase the lifetime of
the hyperpolarization after dissolution, many techniques have been developed.**** Today, sample
hyperpolarization can be preserved up to a few minutes after the dissolution process, allowing the
hyperpolarization of a wide range of substrates.**

The set-up of a typical dDNP experiment is schematized in Figure 1.5.

12
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Figure 1.5: Schematic representation of the overall dDNP setup at the EPFL composed of a DNP polarizer, a microwave source, a
magnetic tunnel and a NMR spectrometer (500 MHz). Scheme reproduced with permission from the original work.*®

MAS DNP and dDNP are two hyperpolarization techniques that both require the addition of
paramagnetic species in the sample. Polarization dynamics in the presence of paramagnetic species are
significantly different than in diamagnetic samples. In order to understand polarization dynamics of DNP
samples, one has first to understand the most important aspect of it: Spin Diffusion.

13



1.3 Spin Diffusion

In this section, we first introduce some simple concepts used in NMR, that can be found with more
details in several articles and textbooks.****”*”*° In order to explain the spin diffusion process, one must
first take a look at the interaction that drives spin diffusion: the dipolar coupling interaction. We will
then introduce the spin diffusion coefficient, and we will see in which cases spin diffusion can or cannot
occur. Finally, we will study polarization dynamics in systems that contain paramagnets. In particular, we
will see how polarization, relaxation times, and the spin diffusion coefficient are affected by the
presence of paramagnetic species.

1.3.1 Dipolar interactions

In this section, we introduce the concept of dipolar coupling, and we show how dipolar couplings can
trigger energy conserving flip-flop transitions.

Every active nuclear spin generates its own magnetic field oriented parallel to the nuclear spin vector.
Consequently, two spins that are close to each other in space experience each other's magnetic field,
which leads to a slightly different effective magnetic field B at one spin. The strength of this coupling,
called the dipolar coupling, mainly depends on:

1. the spin-spin distance r
2. the gyromagnetic ratios of the coupled spins 'y

The secular dipolar coupling Hamiltonian of two spins | and S is given by:
Hp = d-(21,S, — (1:5¢ +1,5,)) (1.15)
where d represents the strength of the dipolar coupling:

YiYsh
: 1 2 1.16
d A2y [1 — 3cos?0] ( )

where 6 is the angle between the inter-spin vector and the external magnetic field, and r the distance
between spins. In liquid state, molecular tumbling reduced the average value of d to zero. In solids, this
value is different from zero.

When the sample is spun at the magic angle, the strength of the dipolar coupling between spins is
progressively averaged out as the spinning frequency v, (in Hz) increases. Maricq and Waugh®®
demonstrated from the Hamiltonian theory that the effective dipolar coupling of a rotating sample in Hz
is given by:

d2

dmas & 42y (1.17)
T

One must note that equation (1.17) diverges for v, = 0: in the following, we will only consider MAS
frequencies greater than 2 kHz. For a static sample, the effective dipolar coupling is simply proportional
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to d°/4r’. By combining equation (1.16) and (1.17), one can see that the effective dipolar coupling
depends on r®.

For a set of randomly dispersed spins in a given fixed volume, the average distance r between spins is
directly linked to the concentration by the Wigner-Seitz radius® (rws) by the relation:

1/3

3
g = 2( ) (1.18)
"= ws = 2\4nen,

where C is the nuclear concentration, and N, is Avogadro’s number. The nuclear concentration is easily
obtained from the density p and the molar mass M of the desired compound:

c="2 (1.19)

where n is the number of nuclei per molecule and x the nuclear natural isotopic abundance if the
molecule is not labelled. Equation (1.18) allows use to directly link the radical concentration and the
average separation between radical molecules in homogeneous frozen solutions as shown in Figure 1.6.
For example, the proton concentration in water is 111 M which corresponds to an average distance
between protons of 0.3 nm. Analogously, a radical concentration of 12 mM corresponds to an average
distance between radical molecules of 6.3 nm.

N
o
o

—
o
o

)]
o

-
o

Average inter nuclei distance / A

w

102 107 10° 10! 102
Concentration / mol.L ™

—_
S
5]

Figure 1.6: Average separation between spins as a function of the spin concentration for a set or randomly distributed spins in a
given fixed volume.

Typical values of the effective dipolar coupling between identical spins under MAS is given in Figure 1.7
for various spins %2 nuclei in a sample spinning at 12.5 kHz.
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Figure 1.7: Effective dipolar coupling between two identical nuclei as a function of the nuclear concentration in a sample
spinning at 12.5 kHz at the magic angle.

It becomes interesting to compare the effective dipolar coupling of a sample with the Zeeman energy of
its nuclei. For water ([*H] = 111 M) in a magnetic field of 9.4 T in a sample spinning at 12.5 kHz, the
effective dipolar coupling is on the order of tens of kHz, whereas the proton Zeeman energy is by
definition 400 MHz. As expected here, the dipolar energy is much smaller than the Zeeman energy. It
means that the dipolar coupling between two 'H spins is not strong enough to induce a spontaneous flip
of one of the spins. This transition is called a “forbidden transition”. It means that the probability W that
such a transition would happen is small.

On the contrary if two 'H spins with the same total Zeeman energy are willing to proceed to a
spontaneous flip-flop transition, the total energy of the system would remain unchanged. The process is
energy conservative, the lattice doesn’t participate, the transition occurs spontaneously. It is called an
“allowed transition”. Both cases are schematized in Figure 1.8:
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Figure 1.8: Schematic representation of (a) a forbidden transition of a single spin flip, and an (b) an allowed transition of a
mutual flip-flop.

The process that describes the allowed transition wherein individual spins undergo an exchange of
energy via a mutual flip-flop is called Spin Diffusion. We see that spin diffusion is thus a process that
relies on dipolar coupling between nuclei that have sufficiently close energies. This process is
characterized by the spin diffusion coefficient that will be defined in the next section.
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1.3.2 Spin diffusion coefficient

In this section, we introduce the spin diffusion coefficient, how this coefficient varies with the
gyromagnetic ratio and the spin concentration, and give several numerical values of the spin diffusion
coefficient for static samples.

Bloembergen in 1949,” followed by Blumberg® and Khutsishvili®® studied the energy operator of the
dipolar interaction that causes flip-flop transitions in order to calculate the flip-flop transition rate Wj;
between two identical nearest neighbours i and j separated by a distance r; in a cubic lattice. This
probability is given by:

w, h2y*T,[1 — 3cos?(6;)] ' ~° (1.20)

Y

where T, is the transverse relaxation time of the nuclear spins. The transition rate W; depends on the
orientation 6; of the inter-spin vector relative to the external magnetic field. According to Bloembergen
since the transition rate diminishes with the sixth power of the distance between spins, the transport of
polarization can almost only occur between nearest neighbours, and can therefore be represented as a
random walk. Macroscopically, such a random walk is described by a diffusion equation. Bloembergen
showed that the z component of the bulk magnetization M was described by the following diffusion
equation:

oM (x,t) , 02M(x,t)

o T LW (1.21)
Jj#i

where M is the magnetization, r is the distance between nearest neighbours, and x the position in space.

In three dimensions, equation (1.21) becomes:**

oM (x,t
M) D - AM(x,t) (1.22)
at
where
D« Z Wij 1y (1.23)
Jj#i

describes the nuclear spin diffusion coefficient in pm?.s™, and AM is the Laplacian of the magnetization.
Physically, the spin diffusion coefficient describes how fast bulk magnetization can be transported over
space. The time required to transport the magnetization M over a distance r is on the order of t = r*/(4D).
The distance r = (Dt)” is called the characteristic spin diffusion length. It represents the length that spin
diffusion can travel in a time t. Since:**

3

r
TZ = 065h_)/2 (1.24)

we combine equations (1.20), (1.23) and (1.24) to obtain:
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y2
D ocTocyzcl/3 (1.25)

Consequently, two of the factors that influence the probability of a mutual flip-flop transition (and thus
the diffusion coefficient) are the concentration of nuclear spins (i.e. the average separation between
spins), and their gyromagnetic ratio. In addition, magic angle spinning, chemical shift anisotropy, or
chemical shift differences can also influence the spin diffusion coefficient.

In the case of a polycrystalline solid (i.e. a powder), the spin diffusion coefficient can be estimated as:**

T‘Z

D =
12-T,

(1.26)

Typical values of the predicted spin diffusion coefficient from equation (1.26) are graphically represented
in Figure 1.9:
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Figure 1.9: Predicted spin diffusion coefficient for various nuclei as a function of nuclear concentration.

Looking at Figure 1.9 one can observe that the predicted *H spin diffusion coefficient in polystyrene ([*H]
= 70 M) is on the order of 10° pum’s™. We will see in chapter 4 that the measured spin diffusion
coefficients are smaller than the one predicted in Figure 1.9 since here magic angle spinning, chemical
shift anisotropy, or chemical shift differences are not taken into account.

The previous calculations were made in the case of identical spins displaying the same energy. One can
wonder if nuclear spin diffusion can still occur in the case where spins possess different energies? We
will examine these cases in the next section.
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1.3.3 Criteria for spin diffusion

In this section, we examine how efficient spin diffusion is among nuclei that don’t possess similar nuclear
frequencies and establish simple criteria. We introduce the concept of proton-driven spin diffusion, and
how spin diffusion can be enhanced by adding external energy to the system.

Spin diffusion among nuclear spins displaying different nuclear frequency is called spectral diffusion. This
process has been extensively studied by Suter and Ernst,>* but we only give simple guidelines here. When
considering a system where spins display a Gaussian distribution of frequencies, it is necessary to
establish a criterion for spin diffusion. In order for spin diffusion to occur, the chemical shift difference
must be smaller than the effective dipolar coupling between the two nuclei. In the case of identical spins
displaying a Gaussian distribution of frequencies, we state that:

Homonuclear spin diffusion becomes substantial when Aw < dag(v;)
where Aw is the width of the Gaussian distribution.

For the heteronuclear case the principle is the same: among the previously plotted nuclei, the ones that
are the closest in frequency are *H and *F. Inside a 9.4 T magnet, the frequency difference is 23.6 MHz.
The effective dipolar coupling between *H and *°F in a sample with a spin concentration of 50 M is on the
order of tens of kHz for a sample spinning at 12.5 kHz. As expected, the difference in Larmor frequencies
is much bigger than the effective 'H-"°F dipolar coupling. Consequently, no nuclear spin diffusion is
possible between 'H and *F at 9.4 T. We can thus create a simple general criterion for heteronuclear
spin diffusion:

Heteronuclear spin diffusion becomes substantial when |wa-wg| < dag(vy)
Here, the word “substantial” means that nuclear spin diffusion travels atomic length scales in a time
shorter than an average NMR experiment (hours). In the described case of a mixture of 'H and *°F, the
time required for magnetization to travel 1 nm is of about 2 hours. Consequently, heteronuclear spin
diffusion is not observable by NMR with high fields. The flip-flop process in the case of two spins is
schematized in Figure 1.10.
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Figure 1.10: Schematic representation of a two spin system with (a) an allowed flip-flop when spins have identical frequencies,
and an (b) a forbidden flip-flop transition of spins with different frequencies (here "Hand 19F) at high field. dyy and dyr represent
the effective dipolar coupling.

Let’s consider a general case where two spins of the same kind S display a chemical shift offset 6. When
spins S are in the presence of abundant nearby spin | (e.g. S = *°F spins in the presence of nearby | = 'H
spins), S-S spin diffusion can be enhanced by I-I flip-flops. The phenomenon is called proton-driven spin
diffusion. In such cases, the probability Wss of a S-S flip-flop transition between S spins was determined
by Suter & Ernst >* to be:

1 bgs*

Wss =
SS TZZQT< 1 >2 - (1.27)
+

ZQT
T,

where bgs is the S-S dipolar coupling, Q the chemical shift difference, and 1/T,"Y encodes the
contribution from spins | as:

1
W o8 b” : bIS (128)
TZ

where by and bis encode the I-I and I-S dipolar coupling respectively.

It is also possible to enhance spin diffusion by bringing some energy to the system in order to foster flip-
flop transition rates, by irradiating the system with long-wavelength acoustic phonons waves, called
phonon-assisted spin diffusion.”

Another way of increasing spin diffusion is to decrease the magnetic field strength By so that the
difference in Larmor frequencies becomes on the order of the effective heteronuclear dipolar coupling.
In the case where the field is sufficiently small, spontaneous spin diffusion can occur.

A similar phenomenon occurs when a radio frequency (RF) field is applied to trigger Cross Polarization,®’
the magnetic field B; brings few kHz of energy to the nuclei in the rotating frame. In this case, the
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criterion is satisfied, mutual flip-flop can occur in the rotating frame, and magnetization is spontaneously
exchange between non identical nuclei. Triggering nuclear spin diffusion under radio frequency
irradiation is a technique called RF-driven spin diffusion and has already allowed the enhancement of **C
spin diffusion by two orders of magnitude.*®

One last method is to lift the sample up from the magnet for a few milliseconds so that the effective
magnetic field is lower than the effective dipolar coupling. This technique is known as the Low Field

Thermal Mixing and has allowed successful polarization transfers between *H and **C spins.*

Now that the spin diffusion coefficient is defined, we want to show how it is affected in DNP systems due
to the presence of paramagnets, as described in the next section.
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1.4 Presence of paramagnets

The presence of a DNP effect cannot occur without the presence of paramagnets. Usually in DNP, these
paramagnets are carbon or oxygen based stable radicals. We show in this section that the presence of
free electrons substantially changes magnetization dynamics in the sample. The first observed effect is
the change in the spin diffusion coefficient, and the second effect is the change in the relaxation times
called paramagnetic relaxation enhancement (PRE), leading to a quenching barrier and short Tss.

1.4.1 Spin diffusion barrier

In this section, we show how the presence of a free electron can inhibit spin diffusion in its nearest
environment, and try to find an estimate of the size of the volume where this inhibition occurs.

As mentioned earlier, the presence of a strong coupling between a free electron and nearby nuclei has
consequences. Nuclear spins in an inner core around the paramagnet experience a large local field
gradient due to the electron spin and as a consequence have significantly different effective Zeeman
energies. Khutsishvili was the first to define the radius of the “spin diffusion barrier” as the distance r,
from the electron at which the difference of the hyperfine-shifted Zeeman frequencies of two
neighbouring nuclei is equal to the dipolar-broadened NMR line width.”®> Bloembergen and Blumberg
defined it as the distance where the electron-nucleus dipolar coupling dy.. is equal to the nucleus-
nucleus dipolar coupling du.y.>”** The spin diffusion barrier physically represents the distance from the
electron below which spin diffusion is significantly reduced due to the proximity of the electron spin. By
equalizing the electron-nucleus and nucleus-nucleus dipolar couplings from equation (1.16), one gets:

YeVH _ YHYH 129
(129
leading to
a
TeH = THH (k) d:Ef Tb (130)
YH

Blumberg’s definition leads naturally to o = 1/3 whereas Khutsishvili’s definition leads to a = %4, leading
to a slightly different diffusion barrier. If the z component of the electron spin is fluctuating rapidly in a
T>(*H) time (i.e. T1e < T5(*H)), the local field on the electron is averaged out and only this averaged field is
felt by the nearby nucleus. The equation (1.30) must then be modified:****

a
Ye (hyeBO)
“ | —=B 131
i rHH(yH S\ 2kpT (1.31)

where B; is the Brillouin function and By the main magnetic field strength. The first observation on
equation (1.31) is that the spin diffusion barrier depends on the nuclear concentration. Using the
definition given by Blumberg, Goldman®’ predicted the radius of the spin diffusion barrier in
paradibromobenzene ([*H] = 39 M) to be ry, = 1.7 nm. Schmugge and Jeffries>® estimated the size of the
barrier in Nd-doped lanthanum magnesium nitrate ([*H] = 40 M) to be r, = 1.6 nm, on the basis of the
same model. However, experiments on calcium fluoride by Lowe and Tse suggested that the diffusion
barrier was in fact smaller than this.>* Ramakrishna and Robinson®® were able to study the dynamics of
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the protons close to a paramagnetic site and found that a spin diffusion barrier of r, = 0.7 nm, which is
even smaller than the value predicted by Khutsishvili’s theory (r, = 0.9 nm). Using high-sensitivity NMR
techniques to directly detect the nuclei close to the paramagnetic impurity, Wolfe et al. were able to
directly probe the thermal contact between these hyperfine-shifted nuclei and the bulk nuclear spins.
They observed that very few spins were not in thermal contact with the bulk and that the diffusion
barrier only contained 1 to 2 shells of nuclear spins around the impurity, indicating a barrier on the order
of 0.3 nm.*" Bloembergen®’ suggested that the transport through the spin diffusion barrier could be
facilitated by the fluctuation of the electron spin itself. This theory was confirmed by Wolfe’s
experiments in doped calcium fluoride solids.® It is also possible that the size of the diffusion barrier
changes during microwave irradiation.”® Ramakrishna was even able to observe an anisotropy of the spin
diffusion barrier.®? Besides, the spin diffusion barrier radius can be modified by the MAS rate due to
frequency fluctuation. Finally, dipolar and hyperfine interactions are anisotropic, which suggest a non-
spherical spin diffusion barrier (Figure 1.11).

In this thesis, we will follow experimental results, and consider that the spin diffusion coefficient inside a
radius of r, = 0.5-1.0 nm will be reduced.
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1.4.2 Paramagnetic relaxation enhancement

In this section, we examine how transverse and longitudinal relaxation times are influenced by the
presence of a free electron. We then introduce a way of determining if the paramagnetic relaxation
enhancement (PRE) effect is stronger or weaker than spin diffusion in paramagnetic samples, in order to
know if the PRE effect is a diffusion-limited process or not.

In 1949 Bloembergen®’ demonstrated that NMR relaxation in solids containing paramagnets was
mediated by nuclear spin diffusion from the bulk to the sites of paramagnets, and that T;’s were
significantly shortened at increased paramagnet concentrations. The dynamics of the nuclear
magnetization (M) can therefore be described by a diffusion equation modified from equation (1.22):

OM(r,t M(r,t) — My(r

M 8) _ pap M@0 =~ Mo(r) (132)
Jat Ti(r)

where D is the nuclear spin diffusion coefficient, and T, describes the time constant of nuclear spins at a

distance r from the paramagnet. Solomon & Bloembergen®**%% demonstrated that the longitudinal

and transverse relaxation times Ty, were the sum of the paramagnetic and diamagnetic contributions:

! = ! + ! (1.33)
T1/2(r) T1/2,para(r) T1/2,dia .
where
1 _i(@)zyfg§#§5(5+1)
- 6
. T1para(r) 153T47t T . (1.34)
[ + + ] =
14+ (wp — we)?12 1+ (W — we)?7? 1+ (W, — w,)?7? ré
and
T i(u_o)z VagsugS(s + 1)
Trpara(r) 15 \4m r6 (1.35)
[4 N T N 3t N 61 N 61 ] K2 ’
T + (W, — we)?1? 14 (W — 0e)?1%2 14 (wy, — we)?T?2 1+ w2t ™ 1o

represent the relaxation contribution of the PRE effect. In equations (1.34) and (1.35), Yo is the vacuum
permittivity, y, is the gyromagnetic ratio of the nucleus, r the distance between the nucleus and the
electron, g. the electron spin g-factor, t the electronic correlation time, S the total electronic spin
number, and w;, the electron/nuclear Larmor frequency. In solid systems where the interactions
between free electrons can be neglected, T becomes the longitudinal/transverse relaxation time of the
electron Tle/29.52’64 We note that Lowe & Tse,” studied the PRE effect on longitudinal relaxation times in
the rotating frame T, where they showed that the PRE effect could be smaller than in the laboratory
frame.

Equation (1.33) describes the direct PRE effect alone (i.e. without taking into account nuclear spin
diffusion). Only considering these equations to study polarization dynamics would mean that the
relaxation time of each individual nucleus only depends on its distance from the free electron. However,
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spin diffusion is capable of relaying this PRE effect. It becomes interesting to determine which effect
dominates polarization dynamics: PRE, or nuclear spin diffusion?

De Gennes defined the peusopotential p; which characterizes the competition between the PRE and spin
diffusion.®® He defines:

K 1/4
p1 = 0.68 (31) (1.36)

where K; represents the PRE contribution to longitudinal relaxation times from equation (1.34) and D
represents the spin diffusion contribution. p; represents the distance from the electron where spin
diffusion and PRE effect are compensating each other. Beyond this distance, spin diffusion can relay the
PRE effect, and below this length the PRE effect is too strong. It means that if the pseudopotential p; is
smaller than the length scale involved, i.e. the Wigner-Seitz radius, spin diffusion averages out the PRE
effect, and otherwise longitudinal relaxation times are not averaged out and only depend on the
distance from the electron.

First, we can calculate the electronic Wigner-Seitz for radical concentrations of 16 mM. It leads to rys =
2.9 nm. Calculating numerical values of the pseudopotential for TEKPol in (Tie = 20 ps),** and D = 1.10°
*um?s™* ([*H] = 18 M for 1,1,2,2-tetrachloroethane (TCE) at 12.5 kHz MAS), we find p; = 1 A. Consequently,
p1 < rws, spin diffusion equalizes T;s over space, and the effective longitudinal relaxation time is constant
over space. It also means that the measured T; cannot be calculated with equation (1.33) alone, and
further investigations are necessary to predict the build-up behaviour taking into account spin diffusion.
It also explains why Bloembergen had such good agreements between his relaxation theory and his
experimental measurements, since the solid samples that he examined were networks of *>Mn or >V in
which the spin diffusion coefficient is reduced by several orders of magnitude compared to proton,
leading to a case where p; > rys and where relaxation is diffusion limited.>’
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1.4.3 Quenching barrier

In this section, we show how the PRE effect on transverse relaxation times generates a quenching
volume around the electron, and we try to find an estimate of the volume where this quenching occurs.

Equation (1.35) describes the transverse relaxation time due to the contribution of the free electron. Due
to strong couplings between the electron and nearby nuclei, these nuclei will see their signal rapidly
dephased during signal acquisition. This effect is called paramagnetic quenching.

Experimental measurements® show that at 18.8 T, 10 % of the sample is quenched at a radical
concentration of 10 mM for AMUPol. This leads to a quenching barrier radius rq = (0.1)"3rws = 1.3 nm. At
9.4 T, we also assume 10% quenching.

Analogously as De Gennes’ longitudinal pseudopotential, we can define the transverse pseudopotential:

1/4

p, = 0.68 (%) (1.37)

The difference here is that in the transverse plane, nuclear spins dephase so quickly that spin diffusion is
almost inexistent. Consequently, p, >> rws and the transverse relaxation is diffusion limited: the
dephasing of the spins depends on their distance relative to the electron location, transverse relaxation
is not averaged out by spin diffusion, and the presence of a quenching barrier is justified.

For the following of this thesis, we will follow experimental measurements and use rq = 1.3 nm (10 %) at
8 kHz spinning rate for AMUPol and TEKPol at 18.8 and 9.4 T.%’

Table 1.1 summarizes the typical radii for a system of a 'H network with ['*H] = 11 M at 9.4 T with
[AMUPol] = 10 mM.

Electronic . . . .
) . Pseudo- Pseudo- Diffusion Quenching T, barrier
Wigner-Seitz . . . .
) potential p; potential p, barrier ry, barrier rq rri
WS
Radi o o . . .
adius 29 A 1A / 7 A 134 124
estimation

Table 1.1: Estimation of radii for a system with [1H] =11 M doped with 12 mM of radical molecules.

In Table 1, we define the T, barrier as the distance from the electron at which T, is half the one of the
diamagnetic bulk Ty 4. A representation of equation (1.33) showing the contribution of paramagnetic
and diamagnetic relaxation as a function of the distance from the electron for T; 4, =45 s and T4 =5 ms
is shown in Figure 1.11a.
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Figure 1.11: (a) Longitudinal and transverse relaxation times in the presence of an electron as a function the distance from this
electron. Overlapped are the longitudinal (p;) and transverse (p,) pseudopotentials, the estimated spin diffusion barrier radius
r,, the T, barrier ry;, the quenching radius rq, and the electronic Wigner-Seitz radius rys. (b) Schematic representation of the

different radii around the electron location.

The last radius to be defined is the radius at which nuclear spins are directly polarized by the DNP
mechanism in the case of cross-effect rce for MAS DNP or other mechanism for dDNP rpye. There is a
priori no way of measuring such a radius directly, but estimations of its length will be made in chapter 3.

We need to keep in mind that these radii are calculated assuming that radical molecules can be modelled
as single points. However, it is a simplifying approximation since binitroxide molecules possess 2
electrons and are about 1.4 nm wide in the case of TEKPol*! (1.3 nm for AMUPol).%®

It must also be kept in mind that these radii represent blurred borders. Indeed, spatially dependent
parameters such as Ty, T,, or D don’t vary as step functions but are rather continuous functions. The
volumes defined here should not be representing perfect spheres but are rather ellipsoids that encode
the surface for which the zz-component of the hyperfine tensor is constant. Wenckebach showed that
the shape of the diffusion barrier and directly polarized ellipsoids should be as shown in Figure 1.12.%°
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Figure 1.12: Regions around an electron where (a) spins are polarized directly by DNP, and (b) spins are inside the spin diffusion
barrier.”
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In summary, we observe that dipolar couplings can trigger nuclear spin diffusion between identical spins,
and that spin diffusion dynamics are modified with the presence of paramagnets. In such systems,
several phenomena are occurring at the same time: DNP mechanism(s), PRE effects, and nuclear spin
diffusion. In order to have quantitative insights on how these phenomena interact together, numerical
simulations will be of great help, as described in the next chapter.
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Chapter 2:
Numerical model
of polarization dynamics

The following chapter is adapted with permission from the publication:

Pinon, A. C.; Schlagnitweit, J.; Berruyer, P.; Rossini, A. J.; Lelli, M.; Socie, E.; Tang, M. X.; Pham, T.; Lesage,
A.; Schantz, S.; Emsley, L. Measuring Nano- to Microstructures from Relayed Dynamic Nuclear
Polarization NMR J. Phys. Chem. C 2017, 121, 15993-16005.

2.1 Description of the model

2.1.1 Context and implementation

Modern materials such as polymers or pharmaceuticals, as well as porous materials, are usually well-
designed nano- or microstructured systems. The physical properties of these materials are strongly
related to domain sizes. Therefore, methods to determine architectures on these nano- to micrometer
length scales are necessary for the development of next-generation materials.

Depending on the nature of the sample, domain sizes may be measurable by laser diffraction, scattering
methods, or by electron microscopy methods.”® However, in complex multicomponent mixtures, these
methods become much more difficult to apply since they often cannot resolve more than two
components. NMR would be a method of choice in these cases. Indeed, based on chemical shift
differences or relaxation properties of different compounds, NMR often allows clear distinction among
several components. Consequently, the study of in situ domain sizes becomes feasible with NMR
methods.*”

Proton spin diffusion experiments are the most widely used methods for domain size measurement.®’ In
these experiments an initial spatially heterogeneous non-equilibrium distribution of magnetization is
created, and the return to equilibrium driven by spin diffusion is monitored.® In order to create the non-
equilibrium distribution by selecting proton magnetization from particular domains, different procedures
have been proposed including filters based on dipolar couplings,”®™ differences in relaxation
properties,® or proton or carbon chemical shift differences.'*™ These methods work well in two-
component systems where the components exhibit significant differences in the properties chosen for
selection. However, for more complex multiple component systems these methods are usually not
feasible.

It has recently been shown that domain sizes can be determined in complex systems using dynamic
nuclear polarization (DNP) where the non-equilibrium distribution of magnetization is obtained by locally
enhancing polarization.’®™ It has also been shown that the selection process can be replaced by
selective doping of one of the domains of the diamagnetic system with paramagnetic species, and using
paramagnetic relaxation enhancement to estimate the domain sizes.*
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In these approaches, the initial out of equilibrium state is achieved by selective doping followed by either
comparison with spin diffusion dynamics in an undoped sample, or comparison to a state in which the
doped region is hyperpolarized. The curves obtained through comparison of the two initial states for
different recovery times in experiments can then be interpreted using numerical solutions of the
diffusion equations.

The DNP method has previously been used to determine domain sizes for an active pharmaceutical
ingredient (API), cetirizine dihydrochloride, in a drug formulation.' Griffin and coworkers previously
studied the dynamics of hyperpolarization,”® and the diffusion of polarization through peptide
nanocrystals in a frozen solution.*®

In this chapter using numerical simulations we model the flow of magnetization in homogeneous and
heterogeneous DNP systems in order to explain experimental data and to predict the outcome of
future experiments. We find explicit relationships between steady state enhancement, build-up time,
and domain size.

We consider here systems suitable for DNP: they are doped with radical molecules. We only consider
spin diffusion between proton spins, and we only study the z-component of the magnetization. Finally,
we consider here systems that fulfil the high temperature approximation, i.e. where the ratio of spins up
and down is small enough not to inhibit flip-flop transitions.

The basic principle behind the idea of doping the sample is that it will create two types of proton spins:

1. proton spins directly coupled to the electron spin of the radical molecule, referred here as the
source spins,

2. proton spins not directly coupled to the electron spin of the radical molecule, referred here as
the target spins

The first effect is that the presence of free electrons creates a PRE effect on the directly coupled source
spins, that leads to a fast polarization build-up. Then, the polarization flows through proton spin diffusion
into the target spins due to spatial heterogeneity of polarization. Finally, proton spin diffusion is either
helped or inhibited by the intrinsic relaxation time T, of the target spins depending on the microwave
irradiation, as detailed later. Finally, the proton polarization can then be then transferred to the desired
heteronuclei via cross polarization.

It is now important to distinguish two cases. In the first case of homogeneous systems (homogeneous
frozen radical solutions) where the length scale to be studied is on the order of angstroms up to few
nanometres, the spatial variation of parameters (T, T,, D) is governed by electron-proton couplings. In
the second case of hetergeneous systems (micro particles impregnated with a radical solution) where
the length scale to be studied is on the order of micrometres, the spatial variation of parameters is
rather defined by the interface between the macroscopic source (the radical solution) and target domain
(the micro particle). For homogeneous system, we consider that the spatial variation of parameters
follows functions that change as r® while for heterogeneous systems, fore sake of convenience, we
choose to use a hyperbolic secant function that are more suited to describe such borders. For
heterogeneous systems, the shape of the function has little or no effect on the observables because the
width of the objects considered here is on the order of micrometers.
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In order to obtain a quantitative insight into the polarization dynamics of such systems, we discuss in this
chapter the development of a numerical approach that allows the visualisation of the spatial propagation
of nuclear polarisation during the DNP process.

Since the fifties, several models purely based on quantum mechanics have been proposed for describing
the behaviour of spin diffusion.?>*” Spin diffusion can also be simulated using ab-initio approaches on a
quantum mechanical basis.”®** However, even though exact solution are expected form such treatments,
these methods need significant mathematical treatment and calculation power. When studied systems
are on the order of um, the number of nuclei to consider is on the order of 10° spins. Such enormous
number of spins cannot be treated with the previously mentioned methods.

We follow here a thermodynamic approach that describes ensembles of spins as domains, based on the
work of Bloembergen?” who was one of the first to use the theory of heat conduction to describe
polarization dynamics. We use a finite element method in order simulate the propagation of magnetic
energy and visualize the polarization as a function of space and time, as described in the next section.
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2.1.2 Parameters definition

Vocabulary: We use the following terms:

e rorxrefers to the position in space

o trefersto the time

e P refers to the polarization

e M refers to the magnetization

e D refers to the spin diffusion coefficient

e T, refers to the intrinsic longitudinal relaxation time of the target

o Tgrefers to the effective build-up time of the source in presence of spin diffusion
e puwave(s) refers to the word: microwave(s)

e v, refers to the MAS rate

e index “s” and “t” refer to “source” and “target” respectively

The polarization can be described using the Spin Temperature.* Using equation (1.10), one can define
the spin temperature as:

YhBy

$ 7 2kgtanh~1(P) (21)
When the system is not hyperpolarized, the equilibrium spin temperature corresponds to the lattice
temperature. For a hyperpolarized sample, the spin temperature corresponds to the temperature it
would be necessary to reach to achieve the same hyperpolarization. In some cases, describing the
system in terms of spin temperature can be convenient: cold regions correspond to high polarization,
and hot regions to low polarization. It becomes even more convenient when two different spins
exchange magnetization (e.g. protons and electrons) since different gyromagnetic ratios are involved.
But here, since we only study homonuclear spin diffusion, we choose to describe the system in terms of
polarization rather than in terms of spin temperature.

The polarization dynamics of a sample of proton spins doped with paramagnets is described analogously
as a heat transfer, where here the quantity to be transferred is the magnetic energy. During microwave
irradiation (uwaves on) or simply with MAS (uwaves off), the electronic magnetic energy is propagated
from the electron reservoir to the source protons reservoir via the DNP mechanisms, and then relayed to
the target protons reservoir via spin diffusion. Once hyperpolarization has reached target protons, they
are subject to longitudinal relaxation. The overall process is schematized in Figure 2.1:
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Electron reservoir Source spins reservoir Target spins reservoir

Figure 2.1: Scheme of energy reservoirs in a DNP system. N is the number of electrons in the electron reservoir, Nygw: the
number of 'H spins in the source/target reservoir, Cpe/ the spin capacity of electron/proton spins, and Ty the intrinsic
relaxation time of the electron/source protons/target protons reservoir.

In this thesis, numerical simulations are only focusing on the source/target spin reservoirs (right hand
side of Figure 2.1), connected via spin diffusion. Indeed, our model doesn’t simulate the efficiency of the
DNP mechanism itself. It only simulates the propagation of polarization from the hyperpolarized source
spins to the target spins. The source will always be represented in pink, whereas the target will always be
represented in blue.
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2.2 Diffusion of magnetic energy

In these sections, we introduce the diffusion equation that governs polarization dynamics in both
homogeneous and heterogeneous systems. We define all the parameters that play a role in polarization
dynamics, and how each of them varies as a function of space, time, MAS rate, proton or radical
concentration. We introduce the concepts of polarizing and relaxing powers, as well as the characteristic
diffusion length, that will be used in chapters 3 and 4. Finally, we examine typical numerical results in
order to find a relationship between the steady state enhancement, the build-up/relaxation time, the
spin diffusion coefficient, and domain sizes.

2.2.1 Diffusion equation

One of the most common experiments that we model in this thesis are saturation recovery experiments.
A representation of the saturation recovery pulse sequence can be found in chapter 3. In such an
experiment, all *H spins are all first saturated, and then the return to equilibrium is monitored. Processes
that dominate polarization dynamics in a saturation recovery experiment are schematized in Figure 2.2
for the case of a source + target system:

) ) Polarization
Target spins Source spins N
Po,on = €0Po,oFF
A
T1
v D
1 1 > TB,s
A
Tr;s
D
T: T: 4 I:’O,OFF = Edepo
TB,s
0

M pwaves off
M pwaves on

Figure 2.2: Scheme of processes happening in a source + target system during a saturation recovery experiment. The
polarizations are quantified in units of Boltzmann polarization for a fixed temperature. Here, the source represents a region
doped with paramagnetic species. Tg ; represents the effective relaxation time of the source spins.

The polarization dynamics during a saturation recovery experiment can be described as a classical heat
transfer process that follows Fick’s second law:*®

P(x,t) — Py(x,
=V(D(x) " Cp - Copp(x) - VP(x,1)) = Cp * Copp(x) - " ;)1 p (x")(x 2 (2.3)

AP (x,t)
at

Cp . Ceff(x) .
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where x is the position vector in space in um, t the time in seconds, P the instantaneous polarization
relative to the equilibrium polarization at the given (and fixed) temperature, in units of Boltzmann
polarization, Py the local equilibrium polarization in units of Boltzmann polarization, D the diffusion
coefficient in umzs'l, Tis the relaxation/build-up time constants in seconds, C.s the concentration of
participating spins in mol.L™, C, the molar capacity in J.mol™, and V the Nabla operator of the system
that contains first derivatives with respect to spatial coordinates.

The initial and boundary conditions of equation (2.3) are:

P(x,0)= 0 (2.4)
and
aP
2 Kum ) =0 (2.5)

where x;, corresponds to the position at the extremities of the system. Equation (2.4) corresponds to no
initial polarization, since spins are usually all saturated at the beginning of the experiment. Equation (2.5)
corresponds to no flux at the edges of the system. It means that one side of the system represents to the
center of the target object (left limit on Figure 2.2), and the other side of the system corresponds to a
periodic system (each unit “feels” the presence of its neighbour, right limit on Figure 2.2).

Here, the concentration of spins that participate to the process is lower than the total spin concentration
since in the source some spins are located inside the spin diffusion barrier. We have:

3
Copp(x) = C(x)-[l— (:—”) ] (2.6)

ws

where ry, is the spin diffusion barrier radius and rys the Wigner-Seitz radius as defined in chapter 1.
Numerical values for a radical concentration of 16 mM and r, = 0.7 nm lead to Ces(x) = 0.99 C(x). In the
following, we will consider that both concentrations are equal, and use C instead of Ce. In equation
(2.3), the product:

M(x,t) = Cp-C(x) - P(x,t) (2.7)

is defined as the spin magnetization per unit of volume. Equation (2.3) can now be simplified:

IM(x,t) M(x,t) — My(x,t)
T =V(Dx)VM(x,t)) — Tl/B(X)

(2.8)

Equation (2.8) does not have general analytical solution. Under few approximations, it is possible to find
some analytical solutions for the steady state regime, as described at the end of this chapter. But for
time-dependent solutions, we resort to numerical solutions.

The spin diffusion coefficient D is taken to be a function of the spinning frequency v, as:
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Do
D(V) = m (29)

where D, corresponds to a fictive *H spin diffusion coefficient in a static sample (Do = 1.5 10* um%s™) at a
proton concentration of C = 70 M and k = 0.6 ms.*”* For static samples, we simply take the
experimentally measured spin diffusion coefficient at 6.7 T and 1.2 K, as detailed in chapter 4.

The local equilibrium polarization corresponds to the polarization that each unit of volume would reach
if no spin diffusion was occurring with (Pyon) or without microwave irradiation (Poore). P and Pg are thus
dimensionless quantities. The local equilibrium polarization in the target is Poorr = 1 with and without
microwave irradiation. Indeed, the large majority of target spins are not directly coupled to the electron
spins located in the source, which implies that their equilibrium polarization is the Boltzmann
polarization. This assumption can however be not valid in the case where a significant amount of radical
molecules is in close proximity to the border between source and target, and directly transfers its
polarization to the nearby target spins at the surface of the target. These so called surface effects® will
be studied in chapter 4.

In the source without microwave irradiation, depolarization may occur in the case of a nitroxide radical

under MAS at a spinning rate (v,), and the local equilibrium polarization Pgo is lower than the
Boltzmann polarization:

Poorr(vy) = Edepo (vr) (2.10)

where g4ep0 IS an experimentally measured parameter:

So,0rr(vr > 0)

(2.11)
So,0rr(vr = 0)

Edepo (Vr) =

where Spore(Vr > 0) and So,ore(ve = 0) are the source signals for spinning and static samples, respectively. In
the following for AMUPol radicals, we will take €4epo = 0.9 at 18.8 T and 8 kHz MAS, and €gepo = 0.5at 9.4 T
and 8 kHz MAS in line with values found in the literature.*>*! For TEKPol, we take €gepo = 0.9 at 18.8 T and
9.4 T. We take for carbon based radicals €gepo = 1 in line with values found in the literature.>®*

In the presence of microwaves, the local equilibrium polarization within the source is greatly enhanced
such that:

Pyon = €oPoorF (2.12)

where g, is the enhancement of the source spins.
Once all parameters are all defined, equation (2.8) can be solved numerically twice: for uwaves on and

off cases, in order to obtain the polarization as a function of space and time. To calculate the signal, the
polarization per unit of volume is integrated over the desired region V as:

Sonjore(t) = fv CQ) - Powjore(x,6) - 0(x) - 1] (x)] dx (2.15)
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where Poy/ofr cOrresponds to the polarization as a numerical solution of equation (2.8), Sonsorr the signal
with/without microwave irradiation respectively, |J(x)| refers to the Jacobian determinant: |J(x)| = 1 for
linear symmetry, |J(x)| = 2nx for cylindrical symmetry and |J(x)| = 4nx® for spherical symmetry, and
where 0 is the contribution factor defined as:

0(x) = 1— (r—")g

s (2.16)

where rq is the quenching radius as defined in chapter 1. We will take 8 = 0.9 in line with the values
found in the literature.”® For enhancement calculations for which the quenching factor is the same with
or without microwaves, the value of 8 doesn’t change numerical result. Before looking at typical
numerical results, it is important to define the polarizing and relaxing powers, as well as the
characteristic diffusion length.
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2.2.2 Polarizing and relaxing powers

It is time to define one of the most important concepts of this chapter, the polarizing power and the
relaxing power. The polarizing power corresponds to the amount of magnetic energy that a reservoir of
spins can provide per unit of time. Analogously, the relaxing power corresponds to the amount of
magnetic energy that a reservoir of spins can relax per unit of time. These powers define how well the
source spin can polarize the target spins, and how well the target spins can relax this polarization. They
are expressed in watts per unit of volume and are defined as:

Cs
Wp =C,— 2.13
p 14 TB ( )
with Wp being the source polarizing power, and
C
Wy = Cp_f (2.14)
T

with Wg being the target relaxing power, where C are the spins concentration in the source/target, and
where C; is the spin capacity as described in chapter 1.

These polarizing and relaxing powers are key numbers that are characteristic of the dynamics of the
system. The source wants to be hyperpolarized, whereas the target wants to stay at the Boltzmann
polarization. Consequently, these powers will be fighting each other, and the final polarization is
determining by which of these powers is the strongest.

The communication between the source and the target is established via spin diffusion. It is then
interesting to see how Wy, Wi and D interact together. We can distinguish the following cases:

o W, << Wg: the source polarizing power is much smaller than the target relaxing power:
the target is not hyperpolarized (Figure 2.3a, yellow solid lines)

o W, >> Whk: the polarizing power of the source is much bigger than the relaxing power of
the target: the hyperpolarization is efficiently diffused from the source to the target. The
target polarization will be a function of D, T; and the target size (L;) (Figure 2.3a, blue
solid lines)

o W,p = Wg: the source will partially polarize the target but will be partially depleted at the
same time (Figure 2.3a, red solid lines)

Each case is represented in Figure 2.3 where the powers are implicitly varied by changing either the spin
concentrations Cy, or the time constants Tg/; in the source/target respectively. We see for the example
of a pwaves on experiment (Figure 2.3a) that when the spin concentration is much higher in the source
than in the target or when the source build-up time is much smaller than the target relaxation time (blue
solid line), the target steady state polarization is higher (blue solid line) than when concentrations or
time constant are equal (red lines), because the source polarizing power is increased.
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Figure 2.3: Simulated steady state polarizations of a source (pink) + target (blue) system as a function of the polarizing/relaxing
powers that are either influenced by the spin concentration C,/C;, or by the time constant Tg/T;. The parameters used in
numerical simulations are shown in the following table.

parameter L L¢ Ts T, Cs C; D, D; € Edepo Vr
value 100 | 100 10r0.001 1 or 0.001 70 or 7000 70 or 7000 varies varies 200 0.5 12.5
unit nm nm s s mol.L'" mol.L" umzs'1 umzsf1 kHz

A similar effect is observed for the pwaves off experiment (Figure 2.3b) where the source is depolarized.
When the source (de)polarizing power is higher than the target relaxing power (blue solid line) the target
is partially depolarized, whereas when the source (de)polarizing power is smaller than the target relaxing
power (yellow solid line), the target is not depolarized.

Consequently in a saturation recovery experiment with microwave irradiation, a high source polarizing
power increases the steady state polarization in the target.
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2.2.3 Characteristic diffusion length

Let us consider the case of a very powerful source: the source polarizing power is much bigger than the
target relaxing power: Wp >> Wh:

In such cases, it is convenient to define the characteristic diffusion length in the target p; as:

pt = 4/ DtTl (2.17)

The characteristic diffusion length in the target is defined as the distance from the source at which the
polarization is about 36% of the source polarization: Pi(p:) = 0.36 P,. Details for the mathematical
definition of the characteristic diffusion length are given in the section 2.3.2. By comparing the
characteristic diffusion length and the size of the target L;, we can distinguish several cases.

0 p¢ >> L the target is smaller than the diffusion length: the target is hyperpolarized up to
Poon = €. This corresponds to the case of a bulk radical solution where only a few
nanometres of protons are polarized between each radical molecule, as detailed in
chapter 3.

o Pty << Ly the target is much bigger than the diffusion length: the target is not
hyperpolarized, and target spins build-up following a monoexponential with a T; time
constant.

o pt= L the target is hyperpolarized to a polarization value between P = g5 and Boltzmann
(P=1), with a time constant varying between Tg and T;. This is the most interesting case
for us, since it corresponds to cases where distances can be efficiently measured.

Going back to Figure 2.3, one can obtain a numerical value of the characteristic diffusion length for D, =5
10* um?s™ and T; = 1 s, leading to p, = 22.3 nm. Since here L, = 100 nm, it means that the target length is
on the order of the spin diffusion length. However in the case of a frozen radical solution where the
distance between the electrons is on the order of the Wigner-Seitz radius (2.9 nm for 16 mM), the
diffusion length is much bigger than the Wigner-Seitz radius, leading to Poon = €, to quasi instantaneous
spin diffusion, and to a homogeneous distribution of polarization between radical molecules.
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2.3 Typical numerical results

In this section, we show typical results of numerical simulations in order to show the reader how the
source build-up time Tz and the target size L; are influencing the target enhancement g;. Finally, by
examining the diffusion equation (2.8) at steady state, we find a direct relationship between the steady
state enhancements, the build-up/relaxation times, and the spin diffusion coefficient.

For source + target systems, typical polarization and signal build-up curves are shown in Figure 2.4 in the
case of Wp = 10% W,.
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Figure 2.4: Simulated polarization in a source (pink) + target (blue) system as a function of the position, for exponential time
steps with (a) and without (b) microwave irradiation. (c) Simulated normalized signal build-up for the source (S on/ore) and target
(St,onsore)- The source signals with and without microwaves are overlapped. (d) Simulated signal enhancements as a function of
time for the source (&) and target (g;). The parameters are shown in the following table.

parameter Lg L, Ts T, C, C, D, Dy € Edepo s
value 100 100 1 100 110 10 8.810° 3.710° 200 0.5 12.5

i -1 -1 2 -1 2 -1
unit nm nm s s mol.L mol.L um®s um®s kHz

In Figure 2.4a-b, we see that the polarization starts at P = 0 everywhere (blue line), and that the build-up
is faster in the source than in the target. We see in Figure 2.4a-b that the source polarization is
homogeneously dispersed, since the source polarizing power is much bigger than the target relaxing
power. We also notice that the target polarization is not homogeneous: spin diffusion brings
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hyperpolarization with microwaves (or depolarization without microwaves) from the source, whereas
relaxation always drags the target polarization towards equilibrium (i.e. towards Boltzmann where P = 1).

Moreover, we notice in Figure 2.4c that the target signal build-ups are accelerated in the presence of
microwaves. Indeed, T; = 100 s whereas Tgon = 34.4 s and Tg o = 44.3 s. This is due to the presence of
spin diffusion that accelerates both build-ups. We also notice that both the source and target build-up
times are smaller with than without microwave irradiation. This is due to the fact that the polarization
gradient between the source and the target is much bigger in the pwaves on case than in the pwaves off
case, leading to more spin diffusion and a faster build-up. Having a signal build-up Tg oy different from
Ts,orr is a signature of polarization heterogeneity. An important consequence of this observation is that,
because proportionally more spins are closer to the source in smaller objects, we predict shorter build-
up times for smaller targets. A final observation is that the source signal build-up is identical with or
without microwaves. This is because no polarization heterogeneity is present in neither of the pwaves on
nor off cases.

For a source + target system as presented above during a saturation recovery experiment, the target
signal follows a stretched exponential build-up:

(rrmrar)
Sonyorr(t) = So ll — e \TBON/OFF l (2.18)

where Tgonjorr is the effective build-up time of the target with or without microwave irradiation
respectively, B the stretch parameter, and S, the steady state value of the signal. The stretch parameter
is indicative of the range of T,’s probed. The smaller the T,’s range, the closer B gets to 1. The
enhancement as a function of time can then be calculated:

e(t) = Son®) (2.19)
Sorr(t)

Figure 2.4d shows the enhancement as a function time. We notice that the target enhancement varies
significantly with time, and this is another key signature of heterogeneous polarization. Indeed, if the
sample polarization is homogeneous, spin diffusion doesn’t cause any change in local polarization, and
the enhancement is constant as a function of the polarization time, as it is the case for the source
enhancement shown in Figure 2.4d. Finally we notice that target spins closer to the border are more
polarized than the ones further from the surface. We then predict higher enhancements for smaller
targets.

In sumary, we predict faster build-ups and bigger enhancement for smaller targets.

The late stage decay of the enhancement as a function of time can be explained physically as follows.
With time, the target polarization builds-up to 1 in the pwaves off case (without considering
depolarization), whereas it is far from reaching &, in the pwaves on case, because of longitudinal
relaxation T;. Thus, with time, the target polarization increases relatively more in the pwaves off than in
the pwaves on case. The early behaviour of the enhancement is less trivial to explain. First, we state that
the early stage behaviour of the enhancement corresponds to a hyperpolarization located at the border
between the source and the target (no significant spin diffusion had time to occur yet). Let us now
examine the influence of the source build-up time on the enhancements’ early behaviour.
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2.3.1 Influence of the source build-up time

Figure 2.5a shows the enhancement at 2 s as a function of time for different source build-up times.

200 1~ : : :

: —T5;=0.1s
_TB =1s

150 Ty =10s

Target enhancement
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o o

oL : : : :
0 10 20 30 40 50

Time /s

Figure 2.5: Simulated target enhancements as a function of time, for different values of Tz. Parameters are shown in the
following table.

parameter L L¢ Ts T, Cs C; Dy D; € Edepo v,
value 100 100 varies 100 110 10 8.810" 3.710° 200 0.5 12.5
unit nm nm s s mol.L™ mol.L'" umzs'1 ;.Lmzs'1 kHz

We notice on Figure 2.5 that the early behaviour of the enhancement is largely influenced by Tg. We also
notice that to the extent that the source polarizing power remains much bigger than the target relaxing
power, the steady state enhancement doesn’t depend on Tg;. The early behaviour is the signature of
surface effects: if some radical molecules are adsorbed/aggregated at the surface of the target, the
surface radical concentration becomes higher than in the bulk of the radical solution, and the effective
build-up at the surface of the target will be much faster than in the bulk of the radical solution. We will
study these surface effects in chapter 4.
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2.3.2 Influence of the target size

As mentioned earlier, we predict bigger enhancement and faster build-ups for smaller targets. Figure 2.6

shows simulations of the normalized target signal build-up curves and target enhancements for different
target sizes.
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Figure 2.6: Simulated target signals with (a) and without (b) microwave irradiation and enhancements (c) as a function of time

for different target sizes (L;). For panel (d) the size L; was fixed to 100 nm and only the dimensionality was changed. Parameters
are shown in the following table.

parameter L Lg Ta,s T, Cs C; D, D: € Edepo Ve 0
value varies 100 1 100 110 10 8.810" 3.710° 200 0.5 12.5 0.5
unit nm nm s s mol.L'" mol.L™ umzsf1 umzs'l kHz

In Figure 2.6a-b as expected, both target build-up times with and without microwaves is predicted to
increase with the size of the target. The enhancement decreases with the size of the target (Figure 2.6c),
because relaxation in the target destroys the propagating hyperpolarization before it has time to spin
diffuse through the whole target. As shown in Figure 2.6d, we observe that the enhancement of a
spherical object is higher, with all other parameters being identical, than the enhancement for a linear
object being polarized from the ends. Mathematically, it is coming from the fact that the ratio
surface/volume is getting bigger with the dimensionality. Physically, it means that proportionally more
spins are close to the surface inside a sphere than inside a disk or in a line.
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At long polarization times, a steady state is achieved in which relaxation exactly balances the polarization
flow into the target. The change in the steady-state enhancement and target build-up times as a function
of the size of the target are shown in Figure 2.7. The great interest of the steady-state enhancement is
that it is only a function of the geometry (linear, cylindrical, or spherical), the target size L;, and the

characteristic diffusion length ./ D,T.

10° T, =10°
a— (2]
c =~ 1
qE) o 10
; £
S s
2 o | ool
(D = 10
@
_TB,ON
7TB,OFF
107 -9 s = o -5 Tos= 107 9 8 = " 5
10 10 10 10 10 ' 10° 10° 107 10° 10
Target size /' m Target size /' m

Figure 2.7: Simulated target (a) steady state enhancements and (b) build-up times as a function the target size for a linear
symmetry (1D). In the simulations, Wp>>Wp.

parameter Ls L Ta,s T, Cs C; Ds D; € Edepo Ve 0
value varies | 100 | 0.1 | 100 110 10 8810° | 3.710° | 200 1 125 | 0.5
unit nm nm 3 s mol.L" mol.L™ pmzs'1 umzs'1 kHz

As expected when the source polarizing power is much bigger than the target relaxing power, the steady
state enhancement decreases with increasing target size, and the target build-up times increase with
increasing target size. But now we want a quantitative relationship. When one is looking at the steady
state solution of equation (2.8) assuming W5 >> Wg, we find the steady state target polarization®’:

cosh <L>
DTy
cosh( Le )
JD.Ty

for a 1D system represented by two infinite plans separated by 2L; where P is the source steady state
polarization, and w the position, we find

Pro(x) =14+ (P —1) (2.20.1D)

()
(755

for a 2D system represented by an infinite cylinder radius L; polarized by the outside, where I; and |, are
the modified Bessel functions of first and zero order respectively, and we find

Pioo(x) =1+ (Ps—1) (2.20.2D)
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x
sinh
PS - 1 Lt (V DtT1>
x
DiTh ginp (—;tT )
v Dely

for a 3D system represented by a sphere of radius L; polarized by the outside. These functions were
found with Mathematica.

Pt,oo(x) =1 +

(2.20.3D)

When taking equation (2.20.1D), we find P, o (p¢) = 0.36 - P; which confirms that the diffusion length is
defined as the distance from the source where the target polarization is about 36% of the source
polarization.

Assuming no depolarization in the source, we can deduce from equations (2.20) the steady state
enhancements:

JD;T. L
froo =1+ (g, — 1) Y2 [tanh( £ )] (2.21.1D)
' Le DT,

for a 1D system,

(2.21.2D)

for a 2D system, and

Eroo =1+ (g —1)

3y DTy [coth( Ly ) N DtTl] (2.21.3D)

Lt DCTl Lt

for a 3D system. It is interesting to see that the factor in front of \/D,T; at the left of the brackets
increases when increasing dimensionality. This comes from the fact that the surface/volume ratio
increases with dimensionality, i.e. more spins are close to the surface in a sphere than in a cylinder than
in a plan. Equations (2.21) fit perfectly to the simulated steady state enhancements in Figure 2.7a. With
depolarization, equation (2.21.1D) becomes:

1+ (P -1 tanh | ——=
o = Fron =072 |\ o
t,oo — —
| DtTl ( Lt )
1 + (PO,OFF - 1) Lt tanh \/ﬁ

(2.21.1D.bis)

In real cases however, the polarizing power of the radical solution is not necessarily much bigger than
the target relaxing power. In the general case without assuming anything on the polarizing powers, it is
still possible to extract analytical solutions from equation (2.8). We define the scaling parameter A as:
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DT
128 BT (2.22)
Ct Dt Tp

where C; and C; represent the proton concentration of the source and target respectively. At the edge of
the system, the boundary conditions are the same as in the previous case. But at the border between the
source and target, two conditions must be added:

P(Ly) = P(Ly) (2.23)
where L; represents the position at the border between source and target, and
dP, JdP;
Csta_xs(Lt) = CtDtE(l‘t) (2.24)

Equation (2.23) imposes that the polarization must be continuous at the border, and equation (2.24)
imposes the magnetization flux to be constant through the border. With these conditions added, we find
that the steady state target polarization is in 1D systems:

Acosh( ad )
VD Ty

L+ L L
tanh <Q> - coth( L ) (2.25)
Lt . Lt vV DSTB vV DSTB
A cosh| —=—] + sinh
VDeTy VDeTy 1 —tanh <M> coth ( Le )
/DT, JD:T5

Assuming no depolarization, the steady state target enhancement can be calculated as:

Peo(x) =1+ (s — 1)

gt,oo = 1 + (50 - 1)

ol

L
‘ tanh (M> — coth ( Le )
Coth( L, >+ ,/DZTB _ DZTB (2.26)
DiTy 1 —tanh( e & S) coth( L )
+DsTg DTy
for 1D. We confirm for A >> 1 (i.e. when the source polarizing power is much bigger than the target

polarizing power, i.e. Wp >> Wg) that equations (2.25) and (2.26) reduce to equation (2.20.1D) and
(2.21.1D), respectively.

Again, these analytical expressions fit perfectly the numerical simulations.
Now that the numerical model is build and seems reliable, we can use this model to simulate polarization

dynamics during saturation recovery experiments in radical frozen solutions (chapter 3) and
heterogeneous systems (chapter 4).
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Chapter 3:
Polarization dynamics
in homogeneous systems

In this chapter, we study polarization dynamics in homogeneous systems, and compare experimental
measurements of saturation recovery experiments with numerical simulations in order to understand ins
and outs of polarization dynamics. Here, “homogeneous” means that the typical length to be polarized is
smaller than the characteristic diffusion length. It is the case for frozen solutions containing few mM of
radical molecules. We study frozen radical solutions here. We first start by using the numerical model
described in chapter 2 to model the flow of polarization in a radical frozen solution. Then, we examine
the influence of the proton and radical concentration

3.1 Radical frozen solution

The most used radical molecules in MAS DNP at EPFL are the radicals TEKPol* and AMUPol.? For dDNP,
the most commonly used radical molecule is TEMPO or its derivatives such as 4-hydroxy-TEMPO
(TEMPOL).

(a) (b) (c)

(d)

OH

Figure 3.1: Schematic representation of the biradicals (a) TEKPol, (b) AMUPol, (c) TEMPO, and (d) 4-hydroxy-TEMPO (TEMPOL).

As mentioned in chapter 1, the DNP samples are optimized for DNP at 100 K since, among other
conditions, they fulfil at least 2 of the 4 criteria mentioned in chapter 1:

1. TEKPol is soluble in 1,1,2,2-tetrachloroethane (TCE) and AMUPol is soluble in glycerol-
ds/D,0/H,0 (6/3/1).
2. These solvents form a glassy matrix once frozen, which provides a homogeneous distribution

of radicals in the frozen state.

Now for even better performance, we try fulfil the two last criteria:
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3. The sample must have the optimal radical concentration

4. The sample must have the optimal proton concentration

We study the effect of radical and proton concentrations in the two next sections.
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3.1.1 Radical concentration

In this section, we show how the radical concentration of a frozen solution influences its enhancement
and build-up time.

Concerning criterion 3, several examples from the literature have shown that the enhancement provided
by a biradical is greatly dependent on the radical concentration. Takahashi et al.> have measured the 'H
enhancement as well as the 'H build-up time TBION(lH) in the presence of microwaves for a radical
solution of DMSO-de/D,0/H,0 (6/3/1) containing 2 M of **C-urea for various TOTAPOL® concentrations as
shown in Figure 3.2g. It is possible to reproduce most of these experimental results with numerical
simulations described in chapter 2 with considering the environment around the electron as described in
chapter 1.

In Figure 3.2a-b-d, rce corresponds to the radius at which spins are directly polarized by cross-effect. It is,
by definition, the border between the source spins and the target spins in such systems. In panel (c) is
represented the percentage of detectable signal as a function of the distance from the electron. Panel (e)
represents the spatial variation of the spin diffusion coefficient close to the electron. In Panel (f), we plot
the variation of T; due to PRE effect close to the electron location. In panel (g) is represented the proton
enhancement as a function of the TOTAPOL concentration, and in panel (h) is represented the build-up
time as a function of the TOTAPOL concentration.

We can see from Figure 3.2g that the early behaviour (below 20 mM) of the enhancement as a function
of the TOTAPOL concentration is well reproduced. This region corresponds to where the directly
polarized protons 'H; inside the source (i.e. inside rc;) must polarize relatively less and less protons *H, in
the target (i.e. outside r¢e) when increasing the TOTAPOL concentration. For example, at 2 mM TOTAPOL,
one H, must polarize 380 'H,, whereas at 20 mM TOTAPOL, one *H; must polarize only 38 'H,. It is thus
expected that at low radical concentration, the polarization provided by one source proton must be
spread out over a large number of target protons, resulting in small individual target proton
enhancements, and vice versa. In other words, the polarizing power of the source protons is the limiting
factor. The decreasing part of the graph in Figure 3.2g is expected not to be reproduced by numerical
simulations. Indeed, the numerical model only simulates the transfer of polarisation from the source
protons to the target protons through spin diffusion. It does not simulate the efficiency of the cross
effect, or the unfavourable electron-electron dipolar couplings at high radical concentrations. This is why
the decreasing enhancement at high radical concentration which is due to strong electron-electron
dipolar couplings is not reproduced by numerical simulations.

We need to be careful in this situation not to over fit the data: only two data sets are fitted whereas 5
parameters can be changed to fit the data. As long the fitted parameters are physically reasonable, we
will consider that these fitted parameters are good guesses for future fittings.

In Figure 3.2h we notice that the build-up time of the radical solution depends on the radical
concentration. The reasoning is the same: at low radical concentration, the fast build-up (here less than a
second, see Figure 3.2f) of the source protons is overwhelmed by the high number of target protons
having a slow build-up time (here 45 s). As the radical concentration increases, the average build-up time
shifts in favour of the source build-up time as the number of source protons proportionally increases
compared to the number of target protons.
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Figure 3.2: (a) Schematic representation of the characteristic radii around the electron location (black point). (b) & (d) Local
equilibrium polarizations as a function of the distance from the electron. Spins at a shorter distance from the electron than r¢
(i.e. spins located in the source) are hyperpolarized by direct cross-effect up to a value of 32 in the pwaves on case (b) or to 0.5
because of depolarization in the pwaves off case (d). Remember: the polarization is expressed in units of Boltzmann
polarization. The rest of the spins outside rc (i.e. spins located in the target) are hyperolarized by spin diffusion (c) Quenching
factor as a function of the distance from the electron. Spins closer than r, from the electron participate less and less to the NMR
signal. (e) Diffusion coefficient as a function of the distance from the electron. Spins closer than r, are less and less able to spin
diffuse their polarization. (f) Longitudinal relaxation time as a function of the distance from the electron. Spins closer than ry;
have significantly reduced T;. The two parallel black solid lines in (b) to (f) correspond to the fact that the Wigner-Seitz radius
varies with the radical concentration. (g) 4 enhancement and (h) 'y build-up time pwaves on for a radical solution of DMSO-
ds/D,0/H,0 (6/3/1) containing 2 M of 3C-urea as a function of the TOTAPOL concentration at 100 K, 9.4 T and 8 kHz MAS.
Experimental data were taken from ref 3. Error bars were not shown in original publication. All solid lines represent numerical
simulations with the following parameters.

parameter rce rws rg rri ry Cy D Tt € Edepo \'A
value 0.8 varies 1.3 1.2 0.6 11 6.210" 45 32 0.5 8
unit nm nm nm nm nm mol.L'" umzs'1 s kHz

The curve shape in Figure 3.2g can be characterized with the polarizing power of the source spins and
the relaxing power of the target spins. Here, the polarizing/relaxing powers of the source/target spins
are proportional the spin concentration in the source/target and their build-up/relaxation time Tg/T;. We
can plot the evolution of each polarizing and relaxing power as defined in chapter 2 as a function of the
radical concentration (note here that the powers are expressed in watts instead of watts/litre as in
chapter 2, which indicates that the source and target volumes are taken into account):
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Figure 3.3: Simulated source polarizing W, and target relaxing Wy powers as a function of the TOTAPOL concentration. The
parameters for the simulations are the same as in Figure 3.2.

As expected, the polarizing power of the source spins doesn’t vary as a function of the TOTAPOL
concentration since ree doesn’t vary. On the contrary, the number of spins in the target varies with the
radical concentration since the average distance between radical changes. We notice that the source
polarizing power at lower concentrations than 20 mM is smaller than the target relaxing power. It means
that in this region, the polarization provided by the source must indeed be spread over the target
protons. At higher TOTAPOL concentration than 20 mM, the energy provided by the source spins is
bigger than the energy dissipated through the lattice from the target spins: the enhancement is close to
reaching its maximum. But at higher TOTAPOL concentration than 20 mM, the strong electron-electron
dipolar couplings decrease the efficiency of the cross-effect mechanisms at increase the PRE of target
protons, leading to a decreasing enhancement.
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The optimal radical concentration is at 20 mM for TOTAPOL but has been measured to be around 16 mM
for TEKPol and AMUPol.>®

Similar behaviour is found for the dDNP case in a static sample containing the water-soluble radical
TEMPOL, as shown in Figure 3.4. In dDNP however, the mechanisms are solid effect, cross effect, and
thermal mixing.” During a thermal mixing process, all protons and electrons are coupled. The build-up
time thus depends on the relative electron-proton polarizing/relaxing powers. Consequently here,
numerical simulations only reproduce the “cross-effect part” of the DNP mechanism.
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Figure 3.4: (a) 'H polarization and (b) 'H build-up time with microwaves for a radical solution of glycerol-Hg/H,0 (6/4) for
different TEMPOL concentrations in a static sample at 1.2 K and 6.7 T. (c) Simulated source and target polarizing and relaxing

powers as a function of the TOTAPOL concentration. Error bars are within the points’ width. Solid lines represent numerical
simulations with the following parameters.

parameter ree rws rq rr1 Iy C(lH) Do Tt Tgs Po €depo V,
value 1 varies 1.3 1.2 0.6 110 1.410° 20 10° 1500 100 1 0
unit nm nm nm nm nm mol.L™ pm’s™” s s % kHz

In both Figures 3.2 and 3.4, a random distribution of molecules leads to a random distribution of inter
particle distances and Wigner-Seitz radii. A Weibull distribution of Wigner-Seitz radii could be taken for
these numerical simulations, but this has no or little effect on the observable parameters.
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We thus use 10-15 mM radical concentration in MAS DNP and 50 mM in dDNP. But this optimization was
made at a given proton concentration. It means that the proton concentration must also be optimized,
as shown in the next section.
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3.1.2 Proton concentration

In this section, we vary the proton concentration of a radical solution in order to show that high
enhancements can still be achieved at low radical concentration. We also show that optimizing the
enhancement is quite different from optimizing the polarizing power, and that sometimes the polarizing
power matters more than the enhancement.

The polarization and the pwaves on build-up time of a solution of glycerol-dg/glycerol-Hg/D,0/H,0
(w/x/y/z) containing 50 mM of TEMPOL where the ratios w/x/y/z were varied was measured. We make
sure that there is always 60% of glycerol and 40% of water in the sample, in order to have a nice glassy
matrix. The experimental results are reported in Figure 3.5.
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Figure 3.5: (a) "4 enhancement and (b) 'y build-up time with microwaves for a radical solution of glycerol-dg/glycerol-
Hg/D,0/H,0 (w/x/y/z) containing 50 mM of TEMPOL as a function of the proton concentration at 1.2 K and 6.7 T in a static
sample. Dashed lines are represented to guide the eye.

When the hyperpolarization is occurring in dDNP, the sample is at a temperature of 1.2 K. At this
temperature, the intrinsic T, of the target protons is on the order of tens of thousands of seconds, as
predicted by numerical simulations in Figure 3.4. Here, the relative number of source and target spins
remains constant since the radical concentration is unchanged. Thus, the powers to be compared here
are no longer the source and target powers, but rather the electron and proton powers.

At 50 mM TEMPOL in a solvent containing 111 M of proton spins, 1 electron must polarize 4440 proton
spins, whereas at a concentration of 11 M of proton spins (and identical TEMPOL concentration), 1
electron must polarize 444 proton spins to achieve a given level of polarization. One could then expect a
higher polarization when 1 electron would polarize 444 protons. But we notice in Figure 3.5 that the
steady state polarization in the presence of microwaves is not a function of the TEMPOL concentration in
the range of concentrations probed. The only variation observed is the time required to reach this steady
state polarization, as shown in Figure 3.5b. It means that at 1.2 K, the polarizing power of the electrons
is bigger than the relaxing power of the protons, since T;s here are much bigger than the observed
build-up times. This explains why the steady state polarization is constant whereas the build-up time
varies with the proton concentration.
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Similar experiments were performed at 100 K in MAS DNP. At 100 K, the difference is that the intrinsic T;
cannot be considered as much bigger than typical build-up times, in fact they do vary with the proton
concentration (Figure 3.6a).

In order to probe the PRE strength in the presence of radicals (here 2 and 12 mM), it is thus important to
plot 1-Tg/T; which encodes the PRE strength (Figure 3.6b: higher 1-Tg/T; implies higher PRE due to free
electrons). We notice that the PRE strength is becoming smaller as the proton concentration increases. It
means that the relaxing power of AMUPol molecules is becoming the limiting factor when increasing
proton concentration: one AMUPol molecule has to relax too many protons, thus the relaxation is less
efficient. We notice that the PRE strength is bigger for 12 mM than for 2 mM as expected, due to a
higher radical concentration. The proton dependence of the PRE strength is less intense for 12 mM than
for 2 mM since more electrons are relatively less sensible to the proton concentration for 12 than for 2
mM.

The proton enhancement also depends on the proton concentration as shown in Figure 3.6c. We first see
that the enhancement is higher at 12 mM than at 2 mM radical concentration, since the source
polarizing power is relatively higher at 12 mM than at 2 mM. We also notice that the enhancement
decreases with increasing proton concentration, since the same magnetic energy must be spread over
more protons at high proton concentrations. We finally notice that the dependence with the proton
concentration is more intense for 2 mM than for 12 mM since at 2 mM the polarizing power of the
electron is a more limiting factor than at 12 mM. At very low proton concentration, we see that the
enhancement is roughly the same at 2 and 12 mM AMUPol. This is not surprising, since at very low
protons concentration, T;s are getting much longer, and the number of protons to be polarized is no
longer the limiting factor. We must also note that an enhancement of 265 was measured at 100 s
polarization time for 2 mM and 12 mM AMUPol at 3.5 M and 1.2 M protons respectively. This shows that
big enhancements (€=265) can be reached even at low radical concentrations (2mM), as long as the
proton concentration is low enough, and relaxation times are high enough, which is the case here.

65



(a) (b)
250 < 1 : .
; 2 \
200 ¢ Losl
: ® —-~ON2mM
» 150} s ~OFF 2mM
~ ? Q06 ON12mM |
= 100} .'b.‘ § ——OFF 12 mM
=04l
s0f o g 0.4
O e g
0 0.2
0 50 100 150 0 50 100 150
© Proton concentration / M @ Proton concentration / M
C
250 = " . 10%
- Tele o 2 mM AMUPol R o
S *y e [° 12 mM AMUPol o
£ 200 e 1 . o
[} g L/
2 ™ . o 107 e
S 150 = [
[ I g
(0] w o
2 /
c 10%} o
2100t '/
IS ' i ° 2mM AMUPol
o > 12 mM AMUPol
50 . . 10"
0 50 100 150 0 50 100
Proton concentration / M Proton concentration / M
(e)
300
I e
@ 200t #°
o
c
[ o
< g
=
W 100 /
T
/
0 " "
102 10° 102 10%

Polarization delay / s

Figure 3.6: (a) Proton T; for a radical solution of glycerol-dg/glycerol-Hs/D,0/H,0 (w/x/y/z) as a function of the proton
concentration at 100 K, 12.5 kHz MAS and 9.4 T. (b) PRE strength (1-Tg/T;) as a function of proton concentration for a radical
solution of 2 and 12 mM AMUPol. (c) Proton enhancement measured at 10 s at 2 mM and 12 mM AMUPol as a function of
proton concentration. (d) Product of enhancement times polarizing power as a function of proton concentration for 2 and 12
mM AMUPol. (e) Proton enhancement as a function of polarization delay for a solution containing 2 mM AMUPol and 3.5 M of
protons.

In Figure 3.6d is plotted the product of the proton enhancement and the polarizing power (i.e.
€n.Cp.Cu/Ts0n). We notice that this product is maximized for a proton concentration of about 50 M for 2
mM. For 12 mM, this maximum is reached at even higher proton concentrations. It means that the
polarizing power is maximized at higher proton concentrations whereas the enhancement is
maximized at lower proton concentrations. This is why goals must be defined for each experiment: in an
experiment where only surface enhancement is desired, low proton concentrations are preferable
(usually 11 M is fine, since significant spin diffusion is still needed), whereas if the sample to be
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polarized contains a high proton concentration (typically 70 M for polystyrene), higher proton
concentrations in the radical solution are preferable, as explained in more details in chapter 4.

Figure 3.6e shows that at 2 mM AMUPol and 3.5 M protons, the enhancement takes time to establish.
Indeed, at 2 mM AMUPol, the average distance between radicals is 11.7 nm and at 3.5 M, the spin
diffusion coefficient is greatly reduced. This explains why the enhancement increases with time at 3.5 M
protons whereas was measured to be constant with time for higher proton concentrations.

Reducing the radical and proton concentration can still lead to high enhancements, but we measured
that the contribution factor (part of the signal observed due to both quenching and depolarization,
introduced in chapter 2) is not increased: it is still about 50% as for AMUPol and TEKPol at 9.4 T and 100
K, whereas build-up times are much longer at low radical concentrations. Thus, the overall sensitivity
enhancement % as defined in ref 5 is not increased by diluting radical and proton concentrations. The fact
that the contribution factor is not reduced at low radical concentrations comes from the fact that
depolarization is mainly responsible for the contribution factor in these nitroxide radicals.

These dDNP and MAS DNP observations still cannot be reproduced with current numerical simulations.
Indeed, when the proton concentration changes, the quantities to be compared are the electron and
proton polarizing powers. The electronic polarizing power depends on the cross effect and thermal
mixing efficiencies’, which are not in the scope of these numerical simulations which only simulate
thermodynamic processes: here we only simulate what is transferred via spin diffusion.

It must be noted that deuteration of the radical molecule itself has an impact on the enhancement.
Perras et al® showed that bTbK and TOTAPOL derivative display a significant increase in DNP
enhancement as well as longer build-up times. As a result of deuteration, less electron polarization will
be spent repolarizing the rapidly relaxing ‘H spins inside the spin diffusion barrier. Besides, deuteration
leads to longer T,., rending the cross effect mechanism more efficient.

Since polarization is diffused from the source to the target through spin diffusion, it seems legitimate to
wonder what happens when the spin diffusion coefficient changes, such as when the MAS rate varies.
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3.2 effect of MAS

In these sections, we show that the effect of MAS on the enhancement is some system can be counter-
intuitive. We explain how the enhancement can increase with increasing MAS rate using the numerical
model presented in chapter 2. We also explain why this effect is occurring with Overhauser DNP and not
with cross-effect DNP.

3.2.1 Overhauser effect vs MAS

Part of this section is adapted with permission from Chaudhari, S. R.; Wisser, D.; Pinon, A. C.; Berruyer,
P.; Gajan, D.; Tordo, P.; Ouari, O.; Reiter, C.; Engelke, F.; Coperet, C.; Lelli, M.; Lesage, A.; Emsley, L.
Dynamic Nuclear Polarization Efficiency Increased by Very Fast Magic Angle Spinning Journal of the
American Chemical Society 2017, 139, 10609-10612.

Bulk radical solutions may contain some paramagnetic impurities, even at very low concentrations. We
will see here that these impurities can lead to unexpected effects.

Let us consider here the Overhauser effect (OE).° The radical molecule suited for the Overhauser effect is
here a,y-bisdiphenylene-B-phenylallyl (BDPA). This carbon-centered radical molecule displays efficient
OE in the solvent orto-terphenyl (OTP) and leads to no depolarization.m A mixture of OTP-d14/OTP-H14
(95/5) possesses a long intrinsic proton spin-lattice relaxation time (T; > 90 s). Consequently, it was
predicted that a radical solution of 60 mM BDPA in OTP displays a proton build-up time of Tegrs = 73 s if
no impurities were present (we use here the Tggs notation to designate the build-up time in a radical
solution for a given radical concentration in absence of paramagnetic impurities). Let us now examine
the presence of impurities in such a system.

First, the presence of paramagnetic impurity decreases the effective build-up time Tg of the radical
frozen solution. Secondly, let’s consider that a priori the paramagnetic impurity is not suited for OE, and
thus the impurities relax hyperpolarization of their surroundings. As a result, both the enhancement and
the build-up time of such impure radical frozen solution are smaller than without impurities. But how
small?

Analogously to the model described in chapter 2, the proton spins nearby the impurity electrons relaxed
by the impurities are here the target spins (their local equilibrium polarization is Boltzmann), and the
spins from the OTP+BDPA volume are the source spins (their local equilibrium polarization is gg).
Considering a T; = 1 ms for protons nearby the impurity, an impurities concentration of 2 UM, and a
volume of 0.5 nm relaxed around the impurity, we can estimate:

W ¥ T
We Ve Tars

~ 0.37 (3.2)

where Vg are the source/target volumes respectively. We see in equation (3.2) that the target relaxing
power is slightly bigger than the source polarizing power. As a result, the polarization in the target will
not be significantly higher than 1, whereas the source polarization will be struggling reaching the local
equilibrium polarization Pg on=€0Po,0rr, @5 sShown by numerical simulations in Figure 3.7.
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Since the target relaxation wins, it means that the better the communication between the source and
the target, the smaller the source polarization. The communication between the source and the target is
established through spin diffusion. Consequently, the higher the diffusion coefficient D, the smaller the
polarization in the source. Consequently, the OTP+BDPA polarization is expected to increase with MAS,
and so the enhancement (since there is no depolarization).

A more convenient way of understanding this system is by calculating the characteristic spin diffusion
length p and compare it with the impurity’s Wigner-Seitz radius. Considering an impurity concentration
of 2 uM, we find that the impurity’s Wigner-Seitz radius is rys = 61 nm. Following the MAS dependence
of the diffusion coefficient of equation (2.9) with [*H] = 3.4 M, Do = 2.0 10* um?s™ and k = 0.6 ms, we can
calculate the characteristic diffusion length for different MAS rates. We find that p(2kHz) = 83 nm and
p(40kHz) = 24 nm. We see here that the characteristic diffusion length is exactly in the range of the
impurity’s Wigner-Seitz radius: p(40kHz) < rws < p(2kHz). In order to understand this process, 3 cases are
presented in Figure 3.7. In Figure 3.7a, the average distance between impurity is too small to let the bulk
hyperpolarization establish. On the opposite in Figure 3.7c, the average distance between impurity is too
big to efficiently relax the source hyperpolarization.
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Figure 3.7: Simulated H steady state polarization pwaves on for an impurity concentration of (a) 2 mM, (b) 2 uM, and (c) 2 nM.
The volume where proton spins are relaxed by the paramagnetic impurity is shown in blue (the target), whereas the volume
where protons from OTP are polarized by BDPA is shown in red (the source). The parameters taken for the simulation are shown
in the following table.

parameter Le Ls D C(lH) LEY Ta,s € Edepo V,
value 0.5 rws (varies) 210" 3.4 1 73 260 1 10

- 71 T
unit nm nm Um®s mol.L ms S kHz

It is then possible to simulate the evolution of the polarization in such impure solutions as a function of
the MAS rate, for an impurity concentration of 2 uM, as shown in Figure 3.8. A Weibull distribution of
impurity separation (which is twice their Wigner-Seitz radius) was taken for this system:

2 r\3
P(r) = i(L) e_(r—ws) (3.3)
Tws \Tws
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Figure 3.8: (a) Simulated 'y steady state polarization pwaves on for an impurity concentration 2 uM for different MAS rate.
Simulated (b) proton enhancement and (c) build-up time as a function of the MAS rate in a solution of OTP-d,/OTP-H,,4 (95/5)
containing 60 mM BDPA at 18.8 T and 100 K. In (b), the enhancement was measured and simulated at 15 s (not at steady state).
The parameters taken for the simulation are shown in the following table. Adapted from ref 10.

parameter L [ k C(lH) Do BT Tes £ Edepo v,
value 0.5 P(r) 0.6 3.4 210" 1 73 260 1 varies
unit nm nm ms mol.L" lezs'1 ms S kHz

As shown in Figure 3.8b-c, the experimental enhancement and build-up time are well reproduced by
numerical simulations. Besides, the enhancement was measured to be increasing with the recycle delay,
which was also reproduced by numerical simulations.’® We see in Figure 3.8c that the build-up time is
not well reproduced for spinning rates smaller than 5 kHz, probably because the diffusion coefficient
decreases between 2 and 0 kHz."* However overall, we think that what the model here corresponds to
what we measure: a small concentration of impurities (2 uM) is relaxing less and less the bulk of the
sample as the MAS rate increases due to a decreasing diffusion coefficient.

It must be noted that the phenomenon that the observed phenomenon cannot be the result of the
presence of BDPA alone. The first reason is that the BDPA concentration is 60 mM leading to a rys = 1.9
nm, which is much smaller than the range of characteristic diffusion length accessible by MAS, i.e. no
effect can be observed. The second reason is that a decrease of the diffusion coefficient with the MAS
rate would lead to a smaller polarization transfer between BDPA and OTP, resulting in a lower
enhancement as the MAS increase, which is the opposite behaviour as the one measured.

Similar behaviours were reproduced as well with trytil-nitroxide biradicals. This reasoning leads us to

wonder: why didn’t we ever measured such a behaviour with a radical solution of nitroxide molecules
such as AMUPol in aqueous solutions? We answer this question in the next section.
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3.2.2 Cross Effect vs MAS

In a radical solution of 10 mM AMUPol in glycerol-ds/D,0/H,0 (6/3/1), depolarization is occurring. This
depolarization effect depends on MAS, but the MAS dependence of depolarization was only measured
up to 10 kHz." No effect can thus be predicted from such a system. Let us first examine the system if
there was no depolarization.

The proton build-up time is estimated to be around Tgrs = 8 s without the presence of paramagnetic
impurities at 100 K and 18.8 T. The characteristic diffusion length at 2 kHz is thus p =26 nm and p =8 nm
at 40 kHz. To observe an effect on the enhancement within this range of MAS rate, the impurity’s
Wigner-Seitz radius would have to be around 15 nm, leading to an impurity of 0.8 mM. Such a high
concentration of paramagnetic impurity seems unreasonable in glycerol-ds/D,0/H,0 (6/3/1), since this
radical solution has been shown not to contain significant amount of oxygen*'* Alternatively, if the
impurity concentration was identical as in the OTP/BDPA case (2 uM), we would need a diffusion rate of
D = 8 10° um?s™ in order to observe an effect with MAS, which is too big compared to the expected
value of spin diffusion coefficient in a solid containing only 11 M of protons (see chapter 4 for more
details on experimental measurements of the spin diffusion coefficient). This is why even without
depolarization, the presence of paramagnetic impurities is not expected to lead to significant variations
of the enhancement.

Experimental measurements were performed on the proline resonances of a sample containing 0.25 M
of *C-labeled proline in glycerol-ds/D,0/H,0 (6/3/1) containing 10 mM AMUPol at 18.8 T and 115 K as
shown in Figure 3.9."°
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Figure 3.9: MAS frequency dependence of (a) the enhancement, (b, red) the build-up time with microwaves, and (b, blue) the
contribution factor measured from *C CPMAS experiments measured on the proline resonances of a sample containing Be-
labeled proline (0.25 M proline) in glycerol-ds/D,0/H,0 (6/3/1) containing 10 mM AMUPol at 18.8 T and 115 K. Adapted from
ref 15.

In Figure 3.9a is shown show the 'H enhancement measured via 'H-">C CP on the proline *C resonance.
We notice in Figure 3.9a that the enhancement is roughly constant as a function of MAS. We know from
the literature that with increasing MAS rate, the spin diffusion coefficient decreases, depolarization
increases, and quenching should slightly decrease.? Since the MAS dependence of these parameters is
not perfectly known, we choose here not to fit the data in Figure 3.9a to avoid overfitting. We however
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point out that the signal with and without microwaves are both observed to slightly decrease at MAS
rates higher than 5 kHz in the literature, which would result in a constant enhancement.'>*®

We also notice that the pwaves on build-up time increases as the MAS rate increases. This is probably
due to the fact that the spin diffusion coefficient decreases with the MAS rate (since depolarization

doesn’t affect the measured build-up time).

Once the behaviour of proton spins has been studied in the case of bulk frozen radical solutions, we can
now use cross polarization to transfer the proton hyperpolarization to nearby low-y nuclei.
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3.3 Cross polarization and DNP

The cross polarization technique was first introduced by Pines in 1972."*® This technique is used to

transfer polarization from high-y nuclei to low-y nuclei. It consists in applying a broad band continuous
radio frequency pulse in order to equalize the energy levels of the two considered nuclei. Once this is
done, spontaneous transfer of polarization is occurring between the high y (usually proton) nuclei to the
low y nucleus (usually *C, ©°N, 'P, °Sn, 2°Si). This technique is used both in MAS DNP and dDNP. In this
section, we show how flipping the proton magnetization back to the z-axis can enhance the sensitivity
and we explain this effect using the numerical model presented in chapter 2. We also show with the
numerical model that gating the microwaves in dDNP can significantly increase the polarization transfer
efficiency during CP.

3.3.1 Flip-back cross polarization

This section is partially adapted with permission from Bjorgvinsdéttir, S.; Walder, B. J.; Pinon, A. C,;
Yarava, J. R.; Emsley, L. DNP enhanced NMR with flip-back recovery Journal of Magnetic Resonance 2018,
288, 69-75.

In MAS DNP, the typical saturation recovery sequence that allows us to measure the build-up time is

shown in Figure 3.10.
} _
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Figure 3.10: CP saturation recovery in DNP MAS with flip-back recovery. n corresponds to the number of saturation loops. m
corresponds to the number of CP contacts performed during the experiment. The filp-back pulse is applied after acquisition.

However, after the acquisition, some part of the transverse magnetization can sometimes be recovered
to the z axis by adding a 90° pulse as shown in Figure 3.10. We denote by f, the fraction of recovered
proton magnetization from the flip-back pulse. With this technique, it is possible to increase the
sensitivity and decrease the optimal recycle delay. Numerical simulations reproduce well the behaviour
of the sensitivity as a function of the recycle delay as shown in Figure 3.11b for a solution of OTP
containing 75 mM of BDPA.

In Figure 3.11a is shown the temporal evolution of the signal during several scans (each scan is 4 s) of a

saturation recovery experiment for a fixed t delay, with (blue) or without (orange) the flip-back pulse
after acquisition. Without flip-back, the proton magnetization is lost after each CP pulse, whereas with
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flip-back, 43% of the proton magnetization is recovered after each CP, which increases the signal
intensity.
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Figure 3.11: (a) Simulated signal as a function of time in a homogeneous mixture with (blue) and without (orange) flip-back
recovery for a recycle delay of 4 s between CP contacts for 7 contacts (m = 7 in Figure 3.10). Relative (b) simulated (lines) and
experimental (circles) 'y sensitivity of a radical solution of OTP-d;4/OTP-H;,4 (95/5) + 75 mM BPDA at 9.4 T, 100 K and 12.5 kHz
MAS rate with (blue) and without (orange) flip-back recovery. The parameters taken for the simulation are shown in the
following table. Adapted from ref 19.

parameter D C(lH) Ta s = €depo Ve
value 1.7 10" 3.4 46 73 1 12.5
unit umzs'1 mol.L™" S kHz

In Figure 3.11a we notice that after 5 scans (20 s total time) the advantage of recovering 43% of the
signal after each CP leads to a signal enhancement of about 1.6. Figure 3.11b presents the experimental
(circles) and simulated (solid lines) relative sensitivity as a function of the recycle delay with and without
the flip-back pulse (more details in ref 19). In Figure 3.11b we notice that the optimal recycle delay is
decreased by almost 50% (going from 60 s without flip-back down to 30 s with flip-back). Such a small
value (f, = 0.43) of recovered signal after CP for homogeneous mixtures is explained by the fact that the
relaxation time in the rotating frame Ty,s are short in radical solution due to the presence of free
electrons.

In cases where spins would be far away from electrons such as when organic microcrystals are
impregnated with radical solutions since Ty, inside the microcrystals are expected to increase, this f;
factor would increase, resulting in a bigger enhancement of the relative sensitivity and bigger reduction
of the optimal effective recycle delay.

The idea of impregnating organic microcrystal in order to polarize them by spin diffusion was introduced
by Rossini et al.?’ in 2012. This technique will be described in more details in chapter 4 where a
comprehensive explanation of polarization dynamics will be made. Here, we focus on the fact that we
expect much higher f, in microcrystalline solids.
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Microcrystals of salicylic acid were impregnated with TCE containing 16 mM TEKPol. Identical saturation
recovery experiments were performed as in Figure 3.11, and results are shown in Figure 3.12.

— with flip back f ; = 0.88
— without flip back f | =0

(a) b

4 T T T T (b) 3

>

= f 25}
S 37 1 >
= = 2
D ‘D
52 1 © 1.5 1
[}
= o
= 2 1}
c ©
o1 1 ©
n 05+ 1

0 0 : : :

0 200 400 600 800 1000 0 100 200 300 400
Time /s Recycle delay /' s

Figure 3.12: (a) Simulated signal from a microcrystal of salicylic acid as a function of time with (blue) and without (orange) flip-
back recovery for a recycle delay of 40 s between CP contacts. Relative (b) simulated (lines) and experimental (plots) 'y
sensitivity (measured on the 3¢ resonance lines) of a radical solution of TCE + 16 mM TEKPol impregnating microcrystalline
particles of salicylic acid at 9.4 T, 100 K and 12.5 kHz MAS rate with (blue) and without (orange) flip-back recovery. The
parameters taken for the simulation are shown in the following table. Adapted from ref 19.

parameter L Lg D, D, Cs C, T, Ta,s € Edepo v, fo.s
value 1.9 1.9 1.7 107 4.410" 18 62 1 0.5 280 0.9 12.5 0.5
unit um pm pm’s”’ pm’s” mol.L” mol.L” day s kHz

As expected on Figure 3.12a-b we notice that a bigger recovered fraction leads to a bigger enhancement
of the relative sensitivity (here multiplied by 3) and a bigger reduction in the optimal recycle delay (here
divided by 10).

We also show that type of decoupling used during signal acquisition is greatly affecting the fraction of
recovered signal as shown in Figure 3.13 for the case of histidine. In previous examples, continuous wave
(cw) decoupling was used during signal acquisition. Since the XiX decoupling method preserves a well-
defined spin locking axis and is, in principle, amenable to proton magnetization recovery, we therefore
consider the use of flip-back recovery with the XiX decoupling scheme (more details on the XiX
decoupling scheme in ref 19). We see in Figure 3.13 that a modest sensitivity improvement of about 10%
is possible by using XiX decoupling instead of cw. Most of the sensitivity advantage of the XiX method
comes from the narrower linewidth. The figure also shows the result from flip back with XiX, where there
is an improvement with respect to ordinary XiX acquisition, but it is relatively low since the f, factor for
this experiment is estimated to be around 0.2. This highlights that preservation of magnetization under
more complex decoupling than cw is difficult.
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Figure 3.13: Relative simulated (lines) and experimental (disks) 'y sensitivity (measured on the 3¢C resonance lines) of a radical
solution of TCE + 16 mM TEKPol impregnating microcrystalline particles histidine at 9.4 T, 100 K and 12.5 kHz MAS rate with (red
& purple) and without (blue & yellow) flip-back recovery for different decoupling schemes. The parameters taken for the
simulation are shown in the following table. Adapted from ref 19.

parameter L Ls D, D; C, C; T, Ta,s g Edepo [S] v, fos
value 0.7 0.7 1.7 10" 5.110" 18 78 1038 0.5 280 0.5 0.5 12.5 0.5
unit um | pm | um’s” pum%s? | moll” | moll? s s kHz
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3.3.2 Microwave gate cross polarization

This section is adapted with permission from Bornet, A.; Pinon, A. C.; Jhajharia, A.; Baudin, M.; Ji, X,;
Emsley, L.; Bodenhausen, G.; Ardenkjaer-Larsen, J. H.; Jannin, S. Microwave-gated dynamic nuclear
polarization Physical Chemistry Chemical Physics 2016, 18, 30530-30535.

In dDNP combined with cross polarization has allowed the transfer of polarization from highly polarized
low y nuclei, to low y nuclei such as **C or °N. The typical CP pulse sequence is shown in Figure 3.14a.
We point out here that the CP is an adiabatic CP that leaves both magnetization vectors on the z axis.
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Figure 3.14: (a) CP saturation recovery in dDNP without gating. (b) CP saturation recovery in dDNP with gating.

Using the sequence presented in (a), about 50% of the proton magnetization is lost during CP. Here show
that we can gate the microwaves prior to CP in order to increase the fraction of remaining proton
magnetization after CP. The gating CP sequence is shown in Figure 3.14b. Finally, we even combine
experimental measurements and numerical simulations in order to deduce the electronic T;. of TEMPOL
at 50 mM and 1.2 K.

It is interesting to look at the dynamics of the system during spin lock. Under the conditions suitable for
DNP, a significant contribution to relaxation in the rotating frame is due to the presence of free
electrons.” The relaxation time of equation (2.3) presented in chapter 2 becomes in the rotating frame:

1 G T (3.4)
Ty, 716\1+ wit? ’

where Ty, is the longitudinal relaxation time in the rotating frame, t is the electronic correlation time, C;
a constant (C; is directly related to the K; constant described in chapter 1), and w, the nuclear Larmor
frequency. We notice the analogy with equation (1.34) describing the spatial evolution of T; in the
laboratory frame. However, this equation is only valid in the high temperature approximation. Indeed, at
low temperatures and high fields, the electron thermal equilibrium polarization PYZ is so high that the
electron flip-flop rate is attenuated from the fact that all electron spins are almost aligned in one
direction. This leads to an attenuation of the relaxation rate constant as:**

1 ¢ KT (3.5)
Tip T 16 \1 4 w2(k1)? '
where
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k=1-pP"PIE (3.6)

where Pe”W is the partially saturated electronic polarization in the presence of microwave irradiation. We
see here that the relaxation rate in the rotating frame is greatly influenced by the electronic polarization
under microwave irradiation Pe”W. Under MAS conditions (B = 9.4 T and T = 100 K) the electron spin
polarization at thermal equilibrium is relatively low: PYE = 6.3%, which translates into 0.996 < k < 1, so
that Ty, remains essentially the same with or without electron spin saturation by microwave irradiation.
However, under dDNP conditions, typically at T = 1.2 K and B = 6.7 T, the electron spin polarization at
thermal equilibrium is close to unity: P = 99.89%, which translates into 2.1 10° < k < 1. Therefore, one
can expect a decrease in Ty, by orders of magnitude when microwave irradiation is applied to saturate
the electrons.

Tlp(lH) relaxation curves were measured with a suitable pulse sequence atB=9.4Tand T =100 K and B
=6.7 Tand T = 1.2 K with and without microwaves at 263 and 188.3 GHz respectively, in a frozen glassy
sample containing 3 M [1-13C]acetate in H,0/D,0/glycerol-ds (1/4/5) doped with 40 mM TEMPOL as
shown in figure 3.15. As expected, the effect of microwave irradiation on Tlp(lH) is insignificant at B =9.4
Tand T=100K, butis dramaticatB=6.7Tand T=1.2 K.
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Figure 3.15: Proton T, decay as a function of the spin lock time ts, measured at (a) B=9.4 Tand T=100Kand (b) B=6.7Tand T
=1.2 Kin a frozen glassy sample containing 3 M [1-13C]acetate in H,0:D,0:glycerol-dg (1/4/5) doped with 40 mM TEMPOL, with
(red) and without (blue) microwave irradiation (the lines are drawn to guide the eye). Adapted from ref 23.

By simulating the evolution of the polarization around an electron as a function of the electronic
polarization under microwave irradiation, we can simulate the decay of the polarization as a function of
time. In this case, the evolution of the polarization follows:

opP _D.p P(r,t) p
E (r,t)=D - (r,t) — m — B -P(r,t) (3.7)

where B is a leakage factor that describes all source of relaxations other than paramagnetic effects due
to the unpaired electron of TEMPO. Using the numerical model of polarization dynamic around an
electron spin with an initial polarization being 100% and similar boundary conditions as in chapter 2, we
can fit several Ty, relaxation curves. We reproduce the evolution of the relaxation times as a function of
the microwave power in Figure 3.16a, and as a function of temperature in Figure 3.16b. As expected in
Figure 3.16a, the proton relaxation time is longer when the microwave power is smaller, since it
corresponds to higher electronic polarization, thus less electronic fluctuation. Analogously in Figure
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3.16b, higher temperatures lead to smaller electronic polarization, more electronic fluctuation, and
shorter proton relaxation times.
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Figure 3.16: Proton Ty, decay as a function of the spin lock time ts, for Tgye = 500 ms measured at B=6.7 Tand T=1.2K in a
frozen glassy sample containing 3 M [1-13C]acetate in H,0/D,0/glycerol-ds (1/4/5) doped with 40 mM TEMPOL, for (a) different
microwave powers during Tg. and (b) different temperatures. Adapted from ref”®. Solid lines represent numerical simulations

with the following parameters.

parameter Iy D B rws C, T
value 1 110° 8.6 2 2.310° 2.810"
- 71 T (e
unit nm pm-s s nm um’s 3
Microwave power / mW (at 1.2 K) | 6.25 | 12.5 | 25 | 50 | 87 Temperature /K (atOmw) | 1.2 2.2 3.2 3.7
P % 87 | 81 | 71|57 |48 PIE /% 99.8 | 96.9 | 88.7 | 83.9

We see from Figure 3.16 that the relaxation curves can be successfully reproduced with numerical
simulations. The only factor that changes as a function of microwave power in Figure 3.16a is the
electronic polarization Pe”W under microwave irradiation. In Figure 3.16b, it is the thermal equilibrium
polarization PTE that varies with temperature. We confirmed that the relaxation of proton spins during a
CP spin lock is indeed due to the fluctuations of the nearby electronic spins, and that this fluctuation
depends on the electronic polarization.

An interesting experiment was performed where the fraction of proton signal was measured as a
function of the gating time tg. As the gating time increases, the electronic polarization under
microwave irradiation Pele progressively recovers towards PJZ, leading to a more and more efficient CP,
and bigger fraction of proton signal measured, as shown in Figure 3.17a.
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Figure 3.17: (a) Proton signal integral 3 M [1-13C]acetate in H,0/D,0/glycerol-dg (1/4/5) doped with 40 mM TEMPOL for ts. = 5
ms as a function of the gating time Tg.. (b) Simulated electronic polarization as a function of the gating time. Adapted from ref
23. Solid lines are shown to guide the eye. Parameters for numerical simulations are the same as in Figure 3.16.

Experimental data shown in Figure 3.17a were fitted with numerical simulations, in order to output the
electronic polarization as a function of the gating time as shown in Figure 3.17b. Fitting the build-up
curve in Figure 3.17b leads to an electronic T;. = 48 ms.

We see here that numerical simulations show that both P/’ and PIZare influent factors of the relaxation
efficiency during a spin lock. Physically, it means that much less flip-flop transition that causes nuclear
relaxation are possible at high electronic polarizations. This is why we notice here that gating the
microwaves for 500 ms prior to CP allows the electronic polarization to recover close to unity, inhibiting
nuclear relaxation during CP.

We have seen here that the CP efficiency can be increased in MAS DNP and dDNP, and that mechanisms
that explain these behaviours can be successfully described with our numerical model of polarization
flux.

Now that the CP is optimized, we can dissolve a target molecule in the radical solution and study its
behaviour. The last section of this paragraph is focusing on the polarization dynamics of a target
molecule dissolved in a homogeneous radical solution.
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3.3.3 Targets dissolved in homogeneous solutions

This section shows that the build-up time and enhancement of a target dissolved in a radical solution is
following the same behaviour as the radical solution itself.

A homogeneous solution of histidine dissolved in glycerol-ds/D,0/H,0 (6/3/1) with AMUPol as the
polarization source was prepared. The prediction is that a homogeneous system displays a constant
enhancement as a function of polarization time, and that the dissolved target displays the same build-up
time as the solvent. As shown in Figure 3.18a, the histidine 3¢ NMR peaks are much broader than the
peaks observed when the crystalline histidine is impregnated with a radical solution remotely polarized
(see chapter 4). The pwaves on build-up time is the same as the solvent build-up time as shown in Figure
3.18b, confirming that the histidine, glycerol, water, and radical molecules are homogeneously mixed. As
shown in Figure 3.18c, the enhancement of both histidine and glycerol was found to be constant over 15
s, which confirms the prediction. The measurement error is relatively large for the histidine peaks
because the signal-to-noise ratio was poor in the pwaves off spectra even with 2048 scans (8.5 h), due to
low concentration of histidine.
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Figure 3.18: 3¢ CPMAS DNP enhanced solid-state NMR spectrum of histidine with microwave irradiation obtained at 105 K, 8
kHz MAS, and B=9.4 T. The asterisks indicate spinning sidebands. For spectrum (a), histidine was dissolved in 100 pL of glycerol-
dg/D,0/H,0 (6/3/1) containing 12 mM AMUPol. (b) Normalized signal build-up with microwave irradiation of the histidine and
glycerol peak areas as a function of the polarization delay and (c) the corresponding enhancement of the histidine and glycerol
signals.

We confirm here that when the system is homogeneous, no heterogeneity of polarization is observed,
since spin diffusion equalizes polarization almost instantaneously, leading to build-up and enhancements
being identical for the source and target spins.

Now that the behaviour of homogeneous solution is well understood, it seems interesting to look at
polarization dynamics in heterogeneous systems, such as impregnated microcrystals, lipid nanoparticles,
core-shell particles, inorganic materials... In these heterogeneous systems, we will refer to the radical
solution as “the source”, and the material to be polarized as “the target”.
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Chapter 4: Polarization dynamics
in heterogeneous systems

In the following sections, we first measure the spin diffusion coefficient in polystyrene. We then study
the polarization dynamics of impregnated microcrystals and measure the size of these microcrystals
using spin diffusion experiments combined with numerical simulations. More complex systems are also
studied such as polymorphs, lipid nanoparticles, or core-shell particles. We finally use the numerical
model to explore spin diffusion among heteronuclei in inorganic materials.

4.1 Measurement of the spin diffusion coefficient

Zhang & Cory" in 1998 were the first to directly measured the proton spin diffusion coefficient at room
temperature in a homogeneous crystal of CaF, to be between 5.3 and 7.1 10 pm?s™. Later on, Spiess
and Schmidt-Rohr measured the spin diffusion coefficient in organic polymers.? They found it to be
between 2 and 5 10 um”s™ for polystyrene at room temperature. Additionally, numbers of experiments
and theoretical predictions have determined the proton spin diffusion coefficient,>” always finding
values in the range of 1 and 10 10 pm’s™. The spin diffusion coefficient has also been measured to be
dependent on the MAS rate.® Here we propose a new, versatile approach allowing one to measure the
proton spin diffusion coefficient for a wide range of materials and temperatures. The particularity of the
approach here is that the measurement is performed over hundreds of nanometers, which allows use to
determine a macroscopic value of the spin diffusion coefficient.

The idea is to use a heterogeneous system where part of the sample is a radical solution, and the second

part is an organic particle to be polarized. Here, the key concept is that organics particle to be polarized
are well defined spherical particles of polystyrene, as shown in Figure 4.1. Their diameter is 300 nm.

(a) (b)

Mag= 66.36 K X EHT = 3.00 kv Chamber Status = at HY Mag= 8.47KX EHT = 3.00 kv Signal A= InLens Chamber Status = at HY
100 nm WD = 48mm Aperture Size = 20.00 m Chamber = 0.00e+00 Pa @ 1 pm WD = 48mm Aperture Size = 20.00 pm Charrber = 0.00e+00 Pa

Image Pixel Size = 1683 nm  Stage atT= 00° Date 10 Nov 2017 Image Pixel Size = 13.18 nm  Stage &t T= 0.0° Date 10 Nov 2017

Figure 4.1: SEM images of polystyrene beads of 300 nm diameter.

85



These particles can be impregnated with a radical solution. The impregnation technique used here is the
Incipient Wetness Impregnation (IWI) introduced by Rossini et al. in 2012.° The idea is to use a non-
solvent for impregnation, i.e. a solution that doesn’t dissolve the solid. As a result, we obtain particles
coated with the radical solution as shown in Figure 4.2. The PRE effect from radical molecules is thus
happening at the exterior of the sphere, and proton spin diffusion relays this PRE to the inside of the
particle. This process is called relayed PRE,' and relayed DNP when DNP is used. We precise here that
no DNP was used, i.e. the method is applicable in any spectrometer capable of running MAS
experiments.

Radical solution: glycerol-ds/D>0/H0 (6/3/1)
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Figure 4.2: Top: Schematic representation of a polystyrene (PS) particle coated with a radical solution of glycerol-ds/D,0/H,0
(6/3/1). 3¢ saturation recovery CPMAS spectra recorded at 9.4 T, 12.5 kHz MAS and 100 K of polystyrene particles with (a) and
without (b) impregnation with the radical solution. The solid vertical lines represent the area where the signal integration was
made. Each line represents a time step of the saturation recovery experiment. No microwave irradiation is used here. (c)
Polystyrene normalized signal as a function of the polarization delay with (red) and without (black) impregnation. (d)
Enhancement as being the ratio of the signals in (c) as a function of the polarization delay.

parameter L Ly Ta,s Tit Cs [on D, D € €depo Ve
value 100 | 300 1 2.17 18 70 3.710° 510" 1 0.5 12.5
unit nm nm ms s mol.L'T mol.L'T umzs'1 umzs'1 / / kHz
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On such a system, it is possible to monitor the evolution of the magnetization after saturation of signals,
with a saturation recovery sequence as the one shown in chapter 3. With such sequence, we can observe
the evolution of the polystyrene signal with time for both samples (Figure 4.2a-b). As expected, due to
the PRE effect at the surface of the particle, the signal recovery is faster with the presence of the radical
solution (Figure 4.2c). This system is particularly interesting, since here one of the unknown parameters
is the diffusion coefficient. The particle size is known, the intrinsic relaxation time at 100 K is measured
(T1 = 2.17 s), and the build-up time at the surface of the particle can be fitted. By fitting the diffusion
coefficient and the surface build-up time, we find that the best fit is found for D = 5 10™ um?®s™ at 100 K
and 12.5 kHz MAS rate. The best fit was found for a surface build-up time of 1 ms, which suggests the
presence of radical-surface interactions as described in section 4.2.2. The measurement was repeated at
4.5 kHz spinning rate and a higher spin diffusion coefficient of D = 8 10 pm2.s ™ was obtained, confirming
the fat that the diffusion coefficient decreases with the MAS spinning rate.

Similar experiments can be performed in dDNP conditions on a static sample at 1.2 K with polystyrene
beads having a radius of 1.5 um. In dDNP experiments, there is no chemical shift resolution, and signals
from the radical solution and polystyrene cannot be separated. Consequently, we measure the proton
build-up as a function of time. Since protons are present both in the radical solution and in the
polystyrene phase, we observe a multi-exponential build-up behaviour as shown in Figure 4.3a. The fast
component is due to the presence of protons in the radical solution that are affected by PRE, while the
long stretched component corresponds to the range of longer build-up times from protons inside the
polystyrene particle. Here for the fitting, it is important to know the volume ratio between the
polystyrene volume and the radical solution volume, since the intensity of the NMR signal that we fit
comes from all protons from both the polystyrene particle and the radical solution. Consequently, the
thickness of the coating shell and thus the overall proton signal behaviour depends on this ratio. It can
be calculated as:

Vsor " p (s +1)° =1

3 (4.1)

m i

where r; is the thickness of the coating layer, r; is the radius of the spherical particle, V. the volume of
radical solution used, m the mass of powder used, and p the density of the solid particle. In the case of
non-spherical particles, BET measurements should be performed and the thickness of the coating shell
can be determined as r; = V¢, /(m.A) where A is the surface area of the material. Here, the signal
quenching must be carefully chosen since quenching is only occurring in the radical solution and affects
the overall proton signal intensity. Here since the electronic Wigner-Seitz radius is roys =2 nm and ry = 1.3
nm, we take 8 = 0.72. When the thickness is determined, the fitting procedure can occur and the
diffusion coefficient was found to be D = 7.3 10* pm?s™ at 1.2 K in a static sample. We confirm that the
spin diffusion coefficient is higher for a static sample than for a sample spinning at 12.5 kHz.
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Figure 4.3: (a) Proton normalized signal area as a function of the polarization delay for particles of polystyrene impregnated with
glycerol-dg/D,0/H,0 (6/3/1) containing 50 mM TEMPOL at 1.2 K and 6.7 T on a static sample. (b) SEM image of the polystyrene
beads.

parameter Lg L Tps Tit C, C, Dy D Py Edepo 0 v,
value 500 3 160 | 6000 11 70 3.710° 510" | 90 1 0.72 0
unit nm um s s mol.L" mol.L” umzs'1 p.mzs'1 % / / kHz

It must be noted that these measurements were performed on amorphous solids. It must be kept in
mind that the spin diffusion coefficient can vary in the case of a monocrystal or powder (i.e.
polycrystalline solid). This spin diffusion coefficient is a reference value. This value can now be scaled
with y?C" as mentioned in chapter 1 for different proton concentrations and different nuclei.

Now that the spin diffusion coefficient is known, we can turn the problem the other way around: can we

determine domain sizes via relayed DNP when the spin diffusion coefficient is known? We will address
this question in the next section.
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4.2 Polarization of organic microcrystals

This section is adapted with permission from the publication: Pinon, A. C.; Schlagnitweit, J.; Berruyer, P.;
Rossini, A. J.; Lelli, M.; Socie, E.; Tang, M. X.; Pham, T.; Lesage, A.; Schantz, S.; Emsley, L. Measuring Nano-
to Microstructures from Relayed Dynamic Nuclear Polarization NMR J. Phys. Chem. C 2017, 121, 15993-
16005.

To confirm predictions of numerical simulations made in chapter 2 that signal build-up times depend on
the size of the target in heterogeneous samples, >C detected 'H build-up times of histidine signals were
measured when the histidine solid was either dissolved in a radical containing solution (Figure 4.4,
purple circles), ground and impregnated with a solution (Figure 4.4, blue circles), unground and
impregnated (Figure 4.4, orange circles), and for the dry powder alone (Figure 4.4, grey circles).

As shown in Figure 4.4, the build-up time clearly increases with the size of the particle, ranging for the
Uwaves on case from 2.7 s for the homogeneous solution to 435 s when the size of the particles is large,
up to 1038 s for the dry powder which corresponds to the intrinsic T, of crystalline histidine. As predicted
from numerical simulations (Figure 2.6a-b) for heterogeneous systems, shorter build-up times are
measured for pwaves on than for pwaves off for the impregnated powders. We also notice that the
build-up time is always equal or shorter in the pwaves on than in the pwaves off case, due to a bigger
polarization gradient in the pwaves on case.
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Figure 4.4: Signal 'y build-up curves detected through the signal of the 3¢ resonance in CPMAS NMR spectra recorded at 105 K,
8 kHz MAS, and B = 9.4 T (a) without and (b) with microwave irradiation of either dry, ground, unground, or dissolved powders
of crystalline histidine. The dissolved sample was in glycerol-ds/D,0/H,0 (6/3/1) with 12 mM AMUPol. The impregnation was
done with 1,1,2,2-tetrachloroethane (TCE) containing 16 mM TEKPol. All signals were normalized using the steady-state value
from the exponential fits. Adapted from ref 11.

Now it is time to measure the size of particles of histidine impregnated with a radical solution via relayed
DNP. Figure 4.5 shows the DNP enhanced spectrum from a sample of unground microcrystalline histidine
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impregnated with TCE containing 16 mM of TEKPol. Each slice corresponds to each spectrum at a given
polarization delay of the saturation recovery experiment. We notice that the histidine *C NMR peaks in
this heterogeneous sample are much narrower than those in the homogeneous solution of chapter 3,
because the organic domains now remain crystalline. The build-up of the histidine peaks with and
without microwave irradiation is shown in Figure 4.5¢ and the enhancement as a function of the
polarization delay is shown in Figure 4.5d. We then fit both the signal build-up and the enhancement
with numerical simulations. We find the best fit between experiments and simulations for spherical
domains of radius of 5.5 um (see figure caption for the other parameters). The same system was also
studied by DNP with manually ground particles (i.e. where smaller particles are expected), and a 2.3 um
average particle radius was determined, in agreement with SEM images.™
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Figure 4.5: 3¢ CPMAS DNP enhanced solid-state NMR spectra obtained at 100 K, B = 9.4 T and 8 kHz MAS of microcrystalline
unground histidine impregnated with a solution of TCE containing 16 mM TEKPol (a) without and (b) with microwave irradiation.
(c) Signal build-up of histidine peaks with and without microwave irradiation as a function of the polarization delay. (d) Bccp
DNP enhancement of histidine peaks as a function of the polarization delay. Adapted from ref 1 n (c) and (d), numerical
simulations are overlapped using the following parameters.

parameter L Ly Tgs Tit Cs C D, D, € €depo vy
value 1 5.5 3 1038 18 78 3710 6510° | 30 | 05 8
unit um um 3 s mol.L'T mol.L'T umzs’1 umzs’1 / / kHz
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We notice here that the polarizing power of the radical solution which is proportional to C/Tz = 6 is
higher than the relaxing power of histidine C,/T; = 0.07. This is why a significant enhancement can be
measured inside the particle. This is thanks to a weak histidine relaxation time (T; = 1038 s). But for
particle having much shorter T;s such as polystyrene (T, = 2.17 s), it might be necessary to adjust the
proton concentration in the radical solution in order to maximize the enhancement inside the particle.
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4.2.1 Optimization of the radical solution

If the goal of the experiment is to determine sizes as we just did, one usually wants to have the
characteristic diffusion length on the order of the size of the target, so that the size of the target can be
precisely measured. Also, if one wants to measure the um range, relayed DNP might me the best
technique to use (Figure 4.5). However, if one wants to measure the nm range, relayed PRE might be
more suited (Figure 4.2). As usual, it depends on the intrinsic relaxation time T, of the solid to probe.

But when the goal is to maximize the polarization inside the target, the radical solution enhancement is
not the quantity to be maximized. Indeed, as we mentioned in chapter 2, the magnetic energy that the
radical solution can provide per unit of time is an important factor to be taken into account. In such
cases, the proton concentration in the radical solution has a significant impact on how well the radical
solution can polarize the particle. The total number of protons in the radical solution can be changed by
either varying the thickness of the coating shell A, or by varying the proton concentration ['H]. Both
cases are qualitatively simulated in Figure 4.6a.

Low polarization T M High polarization
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Figure 4.6: (a) Simulated polarization inside and outside a spherical microcrystal of a fixed size, for different radical solution
thicknesses and different proton concentrations in the radical solution. Enhancement in a particle as a function of the radical
solution thickness and proton concentration without (b) or with (c) taking into account the fact that both the radical solution
build-up time and enhancement depend on the proton concentration. Parameters used for panels (b) and (c) are shown in the
following table. For panel (c), the enhancement and build-up times were taken to follow the behaviour in Figure 3.6b-c.

parameter L L Te,s LET Cs C Dy Dy €o €depo Ve
value varies 100 | 17 orvaries | 2.15 varies 70 varies 510" 255 or varies 0.5 12.5
unit / nm s s mol.L” | mol.l? |.1mzs'1 umzs"1 / / kHz
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We see in Figure 4.6a that increasing the thickness of the proton concentration increase the polarization
(and thus the enhancement) inside the particle. In Figure 4.6b is shown the steady state enhancement
inside a particle as a function of the radical solution thickness and the proton concentration of the
radical solution if the radical solution enhancement and build-up times were independent of the
proton concentration. As expected, we observe that increasing either of the proton concentration or the
radical solution thickness increases the enhancement inside the particle.

But one thing that must be added to this simulation to be more realistic is the fact that both the build-up
time and the steady state enhancement of the radical solution do depend on the proton concentration
at 100 K, as shown in chapter 3. The enhancement decreases with the proton concentration, and the
build-up time decreases with the proton concentration at 100 K, as measured in chapter 3. When taking
these effects into account, we can plot again the steady state enhancement inside the particle in Figure
4.6¢c. We now observe that higher proton concentrations than 80 M are unfavourable for the particle
enhancement, since it corresponds to cases where the radical solution enhancement itself is becoming
too small. These effects must be taken into account if one wants to maximize the polarization inside
microcrystals: the highest enhancement in the radical solution is not predicted to lead to the highest
enhancement in the particle.

In order to confirm this prediction, we measured the solvent enhancement (glycerol *C resonance) and
the polystyrene enhancement of a sample containing polystyrene particles of 100 nm diamater
impregnated with glycerol-dg/glycerol-Hg/D,0/H,0 and 2 mM AMUPol. The enhancements can be
successfully reproduced with numerical simulations as shown in Figure 4.7b. The same measurement
was also performed at different proton and radical concentrations as shown in Table 4.1. The same ratio
solid/liquid was used, in order to create the same radical solution layer thickness around the polystyrene
particle.
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Figure 4.7: (a) Simulated polarization inside and outside a spherical microcrystal having a 50 nm radius, for a proton
concentration in the radical solution of 51 M. (b) Experimental and simulated 3¢ enhancements as a function of polarization
delay of a sample containing polystyrene particles of 100 nm large impregnated with glycerol-dg/glycerol-Hg/D,0/H,0 and 2 mM
AMUPol at 100 K, 9.4 T and 12.5 kHz MAS rate. The parameters for numerical simulations are shown in the following table.

parameter L L¢ Tg,s Tax Cs C; Dy Dy € Edepo v,
value 13 | 100 | 144 | 215 51 70 3.210" 510" 590 0.5 12.5
unit nm nm 3 s mol.L” mol.L” umzs'1 umzs'1 / / kHz

In Figure 4.7b we see for the first time that the radical solution’s enhancement can vary with time. It
happens in cases where the thickness of the coating radical solution layer is smaller than the radical
solution’s characteristic diffusion length, as it is the case here (Figure 4.7a).
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Table 4.1: Experimental measurements for polystyrene beads of 100 nm diameter impregnated with
glycerol-dg/glycerol-Hg/D,0/H,0 and AMUPol for different radical and proton concentration.

[AMUPol] / mM [*H] /M Ts/s grs @ 10 s €rs.Wp / mW.L" €ps @ 10's
2 3.5 28 240 29 9
2 51 14 183 655 14
12 14 2.5 241 1349 19
12 109 3.2 166 5654 38

We see on Table 4.1 that at low (2mM) and high (12mM) AMUPol concentrations, the enhancement of a
radical solution alone (ggs) is higher at low proton concentration but when this solution is impregnating
particles, the enhancement inside the particle (&ps) is higher at high solution proton concentration. This
confirms our observation from numerical simulations: in order to increase the enhancement in organic
particles, increasing the radical solution enhancement is not necessarily the way to go. Notably, the
commonly used “DNP juice” containing 11 M of protons and 12mM of AMUPol is not optimal for
polarizing highly protonated particles like polystyrene. One must aim for higher proton
concentrations, even if sometimes it means lower radical solution enhancement.

However, here we define €zs.Wp as the product of the enhancement and the radical solution polarizing
power by considering the same importance to the radical solution enhancement, to its proton
concentration, and to its build-up time (W, is a simple ratio of these parameters). In reality the
importance of each of these parameters might change. Besides, the solution polarizing power does not
take into account the spin diffusion coefficient, neither the intrinsic relaxation time in the particle. As we
can see in Figure 4.8 where experimental proton enhancement (orange) and enhancement times
polarizing power (blue) of a sample of glycerol-dg/glycerol-Hg/D,0/H,0 at 109 M proton concentration as
a function of the AMUPol concentration was measured, we see that gzs.Wp is maximized for 100 mM of
AMUPol whereas the enhancement is only 31. If maximizing €rs. Wp would mean maximize &ps, it would
mean that the polystyrene enhancement would be higher at an AMUPol concentration of 100 mM than
12 mM, whereas the polystyrene enhancement is already 38 at 12 mM... This doesn’t make sense.
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Figure 4.8: Experimental proton enhancement (orange) and enhancement times polarizing power (blue) of a sample of glycerol-
dg/glycerol-Hg/D,0/H,0 at 109 M proton concentration, as a function of the AMUPol concentration.

We come to the conclusion that a new number that describe the source/target system must be found for
heterogeneous systems. This number must give the scientist a good idea of if the system is optimized for
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maximizing the enhancement inside a microcrystal or not. We thus define the following number
expressed in watts:

Dosr-T. ey’ (N C
[ = Zeff Tvefr " En H,s (_p) (4.2)
A-Tg NH,t Ny

where Tg is the build-up time of the radical solution, A the surface area of the material, C, the spin
capacity of the spins, Ny Avogadro’s number, Ny number of protons in the source/target, €, the radical
solution proton enhancement, and

1 1

Deff_ = Dsource_1 + Dtarget_ (4'3)

-1 -1 -1
Tl,eff = Tl,source + Tl,target (4_4)

This number shows a high correlation with the predicted enhancements from numerical simulations, as a
shown by comparing Figure 4.9 and Figure 4.6c. As predicted by N, proton concentrations higher than 70
M are unfavourable for the polarization of microcrystals. It means that if one wants to maximize the
polarization in microcrystals, one can calculate M and try to maximize it.
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Figure 4.9: N number that describes the steady state polarization of a particle as a function of the proton concentration in the
radical solution. Parameters used for the simulations are identical as in Figure 4.6c¢.

Ideally, equation (2.26) that describes the steady state enhancement inside a spherical particle could be
used in order to optimize the system instead of M. But equation (2.26) is rather complex and we want to
use simple number here so that the work presented in this thesis is useful for any scientist. The N
number is relatively simple to calculate and very convenient for predictions. A final alternative is simply
to open the webpage http://msd.epfl.ch/home where we created a user-friendly interface allowing
anybody to predict if their system is suited for hyperpolarization of organic materials.

The system source/target might get more complex than what we think. Indeed, the radical molecule
could interact with the surface of the particle. We study these interesting surface effects in the next
section.
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4.2.2 Surface effects

One effect recently observed by Perras et al.”’ was that the importance of radical-surface interactions
are often neglected. Indeed, they show that the optimal radical concentration when the radical solution
is impregnating a material can greatly vary depending on if the material has preferential interactions
with the radical molecules or not. Similar measurements were thus performed at EPFL on
microcrystalline solids.

When histidine particles are impregnated with TCE containing TEKPol, in order to understand if whether
or not TEKPol molecules are interacting with the surface of histidine particles, the following
measurements was performed: the proton enhancement of histidine was measured as a function of the
TEKPol concentration in a solution of TCE-d,. It means that the proton enhancement measured on
histidine is only generated from the TEKPol molecules in close proximity to the surface that polarize
histidine protons from direct cross-effect. As shown in Figure 4.10b, the TEKPol concentration for which
the histidine enhancement is the highest is occurring at lower TEKPol concentrations (10 mM) than the
optimal radical concentration for a bulk radical solution alone (16 mM)." In chapter 2, we assumed that
the particle steady enhancement was not supposed to be a function of the build-up time in the radical
solution. This is only true when the particle enhancement is the result of the polarizing power of the bulk
protons in the radical solution. Here we measure different enhancement since we only measure the
enhancement from direct cross effect.

This observation leads us to think that the concentration of radical molecules is higher at the surface of
the particle than in the bulk of the radical solution. We just postulated here that histidine is a
TEKPophillic solid: there is more TEKPol molecules at the surface of the histidine particle than in the bulk
of the radical solution. In order to confirm this hypothesis, we measured the histidine enhancement as a
function of time for each of these radical concentration. We see in Figure 4.10a that the early behaviour
of the enhancement strongly depends on the radical concentration, as predicted by numerical
simulations in chapter 2.
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Figure 4.10: (a) Experimental normalized proton enhancement of histidine microcrystal measured at 9.4 T, 12.5 kHz MAS rate,
and 100 K as a function of the polarization delay. Overlapped (solid lines) are numerical simulations for different build-up times
at the surface of the particle Tg,, (i.e. corresponding to different radical concentration at the surface of the particle). (b) Proton
enhancement at 500 s recycle delay as a function of the radical concentration. Simulated polarization as a function of position in
the source (red) + target (blue) system for exponential time steps with (c) and without (d) the presence of a short T; at the layer
representing the presence of high radical concentration at the source/target border. The parameters used for the simulations
are shown in the following table.

parameter L L Tes LI C, C Ds Dy € €depo Vr
value 01 | 24 | 01-10 | 1038 18 78 3.710° 8110° | 20 | 05 12.5
. -1 -1 2 -1 2 -1
unit um um s s mol.L mol.L um-s um-s / / kHz

Numerical simulations are then modified in order to take into account this surface effect. We add to the
model a layer between the source and the target where the T, is reduced due to the high radical
concentration. This layer was set to be 1 nm large, building-up to the same enhancement as in the bulk
of the radical solution, with a shorter build-up time Tg,,. The case with such a layer is presented in Figure
4.10c and without such a layer in the panel (d). We see in Figure 4.10a that numerical simulations that
take into account this short surface build-up time successfully reproduce the enhancement’s early
behaviour, confirming that the build-up time at the surface of the particle determines the enhancement
behaviour at early times.

This observation explains why numerical simulations predict an increasing enhancement at early times
when not considering the layer (Figure 2.4d), whereas experiments show a decreasing enhancement:"
the radical layer must be added to the simulations in these cases, as done in Figure 4.10c. To confirm
(again) this hypothesis, we can have a look at the enhancement behaviour in a system when the source
and target are no longer physically two different solids (i.e. no surface effect possible), but rather the
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same solid where the source/target interface only defined by the presence or absence of radical
molecules, as shown in Figure 4.11.
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Figure 4.11: Si CPMAS DNP enhanced solid-state NMR spectra obtained at 105 K, B =9.4 T, and 8 kHz MAS of the mesoporous
material MatlmPh-dTMS impregnated with TCE containing 16 mM biradical TEKPol2. (b) 2si CPMAS normalized signal build-up
of the silicon resonance with and without microwave irradiations. The signals were normalized to that of the longest
polarization delay. (c) 25 CP DNP enhancement of the 2°Si signal as a function of the polarization delay. Adapted from ref 1 n
panels (b) and (c), numerical simulations are overlaid for one- dimensional diffusion with the following parameters.

parameter L L Tgs Tit C, C; D, Dy = €depo Ve
value 0.2 0.6 1 10 18 18 3.710° | 37107 390 05 | 125
. -1 -1 2 1 2 1
unit um um 3 s mol.L mol.L um®s um®s / / kHz

When impregnating silica-based mesoporous materials with a radical solution (TCE) containing a bulky
radical (here TEKPol2'), the enhancement of the silicon atoms of the material are shown to depend on
time (Figure 4.11c). This shows that the TCE solution can penetrate the inside of the pores, whereas the
bulky radical is restricted outside the pores. Here the interface source/target is no longer precisely
defined as two different solids, but rather by the presence or absence or radical molecules. We cannot
define here any radical interaction at the source/target border, and we see in Figure 4.11c that the
enhancement behaviour at early times is different from previously: the early behaviour shows an
increase followed by a decrease, in contrast with the decreasing behaviour measure in Figure 4.5d. The
experimental enhancement is reproduced with numerical simulation using a build-up time of 1 s in the
radical solution (corresponding to experimental measurement) without using any layer between the
source and the target, which shows here that no surface effect is observed.

Now that the model has proved its strength for simple biphasic systems, more complex systems can be
studied by relayed DNP, such as layer systems.
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4.3 Layer systems

In this section, we combine saturation recovery experiments with numerical simulations in order to
determine the structure of layer systems. We prove the robustness of the method by determining the
thickness of different layers in polymorphic drugs, lipid nanoparticles, crystalline nanoparticles, and core-
shell nanoparticles.

4.3.1 Polymorphs of Theophylline

This section is adapted with permission from Pinon, A. C.; Rossini, A. J.; Widdifield, C. M.; Gajan, D.;
Emsley, L. Polymorphs of Theophylline Characterized by DNP Enhanced Solid-State NMR Molecular
Pharmaceutics 2015, 12, 4146-4153.

Here we want to use relayed DNP to the polymorphic drug theophylline. Theophylline is known to
crystallize as several different polymorphs. The kinetically stable of theophylline under typical lab
conditions is often referred as Form Il and is usually the form obtained from commercial suppliers. The
monohydrated form (Form M) of theophylline is obtained by a simple recrystallization of Form Il in
water.”

We want to use relayed DNP on Form M (Figure 4.12Aa) of theophylline particles by impregnating them
with a radical solution. In order to use the impregnation technique on theophylline, it is first necessary to
grind the powder. But grinding Form M at room temperature causes dehydration of the sample and
partial reconversion to Form I, as shown in Figure 4.12Ab.

To potentially avoid this, the powder was ground in the presence of several drops of distilled water, to
prevent dehydration. This technique worked well, as shown in the resulting >*C CPMAS NMR spectrum in
Figure 4.12Ac. When the ground powder of Form M was impregnated with TCE/methanol (95/5), partial
conversion of Form M to Form Il was observed (Figure 4.12Ad). However, impregnation with a glycerol-
ds/D,0/H,0 (6/3/1) solution did not cause any measurable transformation to Form Il, as shown in Figure
4.12Ae.

In Figure 4.12B is shown the *C CPMAS spectra of form M ground (without water) and impregnated with
TCE/methanol (95/5). As expected, partial polymorphic transition from Form M to Form Il is occurring.
But the interesting phenomenon here is that since Form M and Form Il have different chemical shift, it is
possible to measure separately different enhancements.

We observe, as shown in Figure 4.12B, that the experimental Form Il enhancement (g, = 31) is larger
than the Form M enhancement (gy = 5). It means that the Form M is further away from the radical
solution than Form Il. Also, we observe that the measured build-up time of Form Il is 11 seconds whereas
its intrinsic Ty is 23 s. Also, the build-up time of Form M is the same as its intrinsic T, (7 seconds). It
means that Form Il is affected by PRE, whereas Form M is not affected by PRE. This is why we postulate
that the polymorphic transition is only occurring at the surface of the particle, leading to a layer
structure as shown in Figure 4.12B. We see here that there is a gradient of enhancements: 150 in the
radical solution, 31 in Form Il, and 5 in Form M. These experimental measurements are well reproduced
by numerical simulations (Figure 4.12C-D) in agreement with a layer structure.
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Of course, now we want to overlap numerical simulations. As shown in Figure 4.12D we can successfully
reproduce the enhancement measured at 30 s recycle delay with a 0.5 um radius Form M core and a 10
nm Form Il layer.
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Figure 4.12: (A) Comparison of 3¢ CPMAS solid-state NMR spectra as a function of the grinding procedure and the solvent used
for impregnation of Form M. All spectra were recorded with a 16.4 T spectrometer at ca. 300 K. (a) Pure Form M before any
procedure. (b) Mixture of Forms M and Il obtained after grinding at room temperature. (c) Form M after grinding with a drop of
water. (d) Mixture of Forms M and Il after grinding with a drop of water and impregnation with TCE/methanol (95/5) solution.
(e) Form M after grinding with a drop of water and impregnated with a glycerol-dg/D,0/H,0 (6/3/1) solution. (f) Pure Form Il. (B)
3¢ CPMAS solid-state NMR spectra of Form M ground and impregnated with TCE/methanol (95/5) with (red) and without (blue)
microwave irradiation at 30 s recycle delay. (C) Simulated polarization as a function of position for different times. (D) Simulated
enhancements for Form M and Form Il as a function of time. Parameters for numerical simulations are shown in the following
table.

parameter Lm Ly Ts,s Tim T Cs Ci,m Dy D¢ €9 €depo Vr
value 05 | 001 | 24 7 23 18 66 2510" | 6710° | 150 | 0.5 8
N -1 -1 2 -1 2 -1
unit um um s s s mol.L mol.L um-s um®s / / kHz

We notice on Figure 4.12D that the enhancement of Form M increases as a function of time. We will see
later that in our DNP systems where the target T; is longer than the solution Tz, an increasing
enhancement can be the signature of a compound being isolated from the radical solution by a shell
(here a shell of Form Il).
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4.3.2 Lipid nanoparticles

This section is adapted with permission from Viger-Gravel, J.; Schantz, A.; Pinon, A. C.; Rossini, A. J.;
Schantz, S.; Emsley, L. Structure of Lipid Nanoparticles Containing siRNA or mRNA by Dynamic Nuclear
Polarization-Enhanced NMR Spectroscopy Journal of Physical Chemistry B 2018, 122, 2073-2081.

A challenge in medicine today is the ability to deliver drugs to specific targets, for example, to inhibit
cancer cells without damaging the surrounding healthy tissues. Cell membranes are mostly composed of
lipid bilayers, and their hydrophobic nature protects the cells from hydrophilic molecules in the
extracellular matrix. To achieve cellular internalization of hydrophilic bioactive molecules, many carrier-
mediated delivery systems have been proposed.’® However, most of these systems may show clinical
side effects and have not been approved for in vivo applications or low efficacy because of poor cellular
uptake or clearance by the mononuclear phagocyte system. Lipid nanoparticles (LNPs) show a high
promise to overcome these disadvantages for drug delivery of small interfering RNA (siRNA) or
messenger RNA (mRNA) because they can form less-toxic highly stable complexes between the cargo
and the LNP and achieve target-specific cellular internalization and release of hydrophilic bioactive
molecules. However, their internal structure still remains unknown.
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Figure 4.13: (a) Schematic representation of the two models in competition for the description of the structure of lipid
nanoparticles. (b) Average enhancements for the different components of the lipid nanoparticles. The parameters for
simulations are shown in the following table.

para meter I-LNP Llayer Lsource TB,s Tl Ds €o 8depo Ve
value 0.06 5.5 0.1 1.24 1.41 1107 96 0.5 12.5
unit um nm pm s s pm’s™ / / kHz

By placing the LNPs in a radical solution suitable for DNP, we can study this system via relayed DNP. Here
the molecular probes are the different components of the LNP. With *C CPMAS experiments, we can
measure different enhancement on each **C resonance of the LNP components, which we can compare
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with numerical simulations in order to determine the internal structure of the particle. Two models
(Figure 4.13a) that represent the possible extreme cases of the LNP structure, homogeneous or layered
domain, are compared by numerical proton spin diffusion simulations. Figure 4.13b compares the best
fits between the experimentally observed averaged *C enhancement and the predictions of the
numerical simulations for homogeneous and layer models. We also assume that the spin-diffusion
constants (D) inside the LNP and in the LNP layer (in the case of the layer model) are lower (D;, ~ 107
um’s™) than outside in the radical solution (Dey = 10~ um?s™"). The lower spin diffusion constant inside
the LNP is included to account for molecular dynamics, which might be explained by additional mobile
moieties such as methyl groups and alkane chains.

The homogeneous model mimics a homogeneous LNP that displays an equal value for the enhancement
for all components. The layer model represents a layered structure, where the simulated polarization for
the layer, core and core+layer regions corresponds to the LNP components: DSPC + DMPE-PEG,
cholesterol, and alkanes, respectively.

We immediately see that for the homogeneous case, which corresponds to the homogeneous core
structure where all LNP components are uniformly distributed in the domain, simulations predict the
same value of the enhancement for all of the different components. This is clearly not in agreement with
the data. In contrast, simulations for the layer model are in good agreement with the data and predict
that we should measure different values of the enhancements for the different components, with the
following enhancement trend: surface (layer) > global (core + layer) > core. DSPC and DMPE-PEG have
higher enhancements than the other components in all four LNP samples. This suggests there is an
enrichment of DSPC and DMPE-PEG lipids at the surface of the particles and that the cholesterol is
located in the core region of the LNP domain. A Weibull size distribution was used for numerical
simulations, as detailed is ref 16.

Here, relayed DNP experiments combined with numerical simulations can help us distinguish if particles
contain homogeneously distributed compounds, or if the particle is organised with layers. It is important
to notice that these conclusions can be drawn independently from surface effects.
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4.3.3 Crystalline nanoparticles

CNPs are defined as colloidal dispersions of crystalline nanoparticles, in which the drug nanoparticles are
usually poorly soluble in water. The problem of insolubility can be compensated by small particle size,
usually below 300 nm, in order to enable intravenous drug delivery. The high surface area enables a
faster dissolution rate as compared to larger crystals. Another advantage of CNPs is that the drug
content is much higher than in the case of liposomes or micellar systems. Finally, CNPs do not usually
involve any problematic additives, and are often less toxic or less likely to lead to undesirable effects
than other formulations.

CNPs are constituted with 3 main components. First, the dispersion is a D,0 based solution. The active
pharmaceutical ingredient (API) is present as nanometer size crystalline particles. These CNPs are then
coated with a surfactant, for example a DSPE-PEG polymer, which stabilizes the particles and enables
reduced sizes in the preparation process of the nanoparticles. Usually, less than 1% (w/w) of polymer is
needed to provide good stabilization of the particles. Moreover, the DSPE-PEG layers prevent
aggregation of the particles in the blood, and make them less prone to uptake by the liver, which can
lead to a longer circulation times. Consequently, the choice of the stabilizer plays a crucial role in the
stability and dynamics of the CNPs. The properties and thickness of the stabilizing layer are thus key in
the conception of such formulations. However, methods to study the structure of these layers are
scarce.

We will see that we can use relayed DNP to measure the thickness of the PEG layer.

By placing the CNPs in a radical solution suitable for DNP, we can study this system via relayed DNP. The
CNP dispersion can be mixed with AMUPol, **C-glycerol-ds, and sodium formate. *C-depleted glycerol is
used since the glycerol resonance is overlapping the PEG resonance. A few mg of “*C-labeled sodium
formate is then added to probe the behaviour of the radical solution. The resulting sample is expected to
be heterogeneous: the radical solution contains sodium formate molecules, PEG molecules are partially
in the solvent (20% of the total PEG concentration) and partially at the surface of the APl (80% of the
total PEG concentration), and the APl would be exempt of radical molecule, as shown in Figure 4.14.

Thanks to *3C chemical shift distinction, it is possible to independently record the time evolution of the
signals of formate, PEG and APl resonances during the saturation recovery experiment.
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Figure 4.14: (a) Schematic representation of what is believed the structure of a CNP dispersion. (b) Simulated polarization as a
function of position for different time steps in the CNP system. 13C CPMAS spectra recorded at 9.4 T, 100 K and 12.5 kHz of the
LNP dispersion in 12C—glycerol—dg/DzO/HZO (6/3/1) containing 0.5 mg of Bc-labelled sodium formate with (c) and without (f)
microwave irradiation. Color rectangles show areas that were taken for signal integration. (d) Normalized signal from the Bc
formate resonance as a function of the polarization delay. (b) Enhancement of the 3¢ formate resonance as a function of the
polarization delay. (g) Normalized signal from the 3¢ API resonances as a function of the polarization delay. (h) Enhancement of
the 3C API resonance as a function of the polarization delay. (i) Normalized signal from the 3C DSPE-PEG resonance as a
function of the polarization delay. Parameters for numerical simulations are given in the following table.

parameter | Lapi | Lpeg | Tos | Toar | Tipee Capi Coee G Ds Dpeg Dapi € | Edepo Ve
value 189 | 5 |24 26 | 48 74 101 12 [ 2710"|[5610" | 510° | 210 | 05 | 125
. -1 -1 -1 2 -1 2 -1 2 -1
unit nm | nm s s ms mol.L mol.L mol.L um®s um®s um®s / / kHz

Figure 4.14, shows the comparison between experiment and prediction for a spherical nanocrystal
having a diameter of 189 nm, with a DSPE-PEG layer of 5 nm. In Figure 4.14d and 4.14e, simulations
reproduce the behavior of both the formate signals and enhancement. In Figure 4.14g the API signal
build-ups are well reproduced. In Figure 4.14h, the enhancement of the API increases as a function of
time in both the simulated and experimental data. This is due to a faster signal build-up without
microwave irradiation than with microwave irradiation. Indeed, polarization builds-up roughly with T;
in the pwaves off case, whereas hyperpolarization can only build up with spin diffusion in the puwaves on
case. Hyperpolarization arrives in the API by spin diffusion after the time needed to go through the PEG
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layer. This explains the slower build-up of the pwaves on API signal in Figure 4.14g, and the delayed
increase of the experimental and simulated enhancements. Experimental measurements are in
agreement with the expected PEG resonance build-up time pwaves on in Figure 4.14i.

Here we find the best agreement between numerical simulations and experimental data for Lpgg = 5 nm
Tipec = 48 ms. This suggest that the AMUPol radical has a high affinity with the PEG molecules at the
surface of the CNP particle. It seems reasonable since both PEG and AMUPol have PEG chains. The DSPE-
PEG can thus be considered as AMUPophillic.

We see here that the behavior of the enhancement at early time can give interesting information about
the thickness of the coating layer, here being 5 nm thick.
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4.3.4 Core-shell particles

Core-shell particles are composed of a polystyrene spherical core having a 84 nm radius, coated with
mesoporous silica which pores contain CTAB. These well-defined core-shell particles can be impregnated
with a radical solution of glycerol-ds/D,0/H,0 (6/3/1) containing 12 mM AMUPol. The system can be
then studied by relayed DNP as shown in Figure 4.15 in order to confirm its structure. Here, we assume
that the radical molecule does not enter the pore. The DNP effect is expected to occur at the exterior of
the particle, and hyperpolarization is expected to spin diffuse through the protons of the CTAB
molecules, down to the polystyrene core.
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Figure 4.15: (a) Scheme representing the multi-layer system along with a TEM image of the system. (b) Simulated polarization as
a function of position is the core-shell system, for different time steps. Bc cpmas spectra recorded at 9.4 T, 100 K and 12.5 kHz
MAS of polystyrene particles coated with mesoporous silica containing CTAB, impregnated with 12C-glycerol—dg/DzO/HZO (6/3/1)
containing 12 mM of the biradical AMUPol with (c) and without (f) microwave irradiation. Color rectangles corresponds to areas
used for integration. (d) CTAB signal build-up as a function of time with and without microwaves. (e) PS signal build-up as a
function of time with and without microwaves. (g) PS and CTAB enhancements as a function of time. Circles are experimental

measurements, and solid lines are simulations. Parameters for numerical simulations are given in the following table.

param | Lps | Leras Ls Taps | Ticras | Tes Cps Ceras G Dps Dcras D €0 | Edep Vr
value | 42 | 90 | 200 2.1 6 |o5] 70 102 11 | 510" [1210° [ 6510° [ 85 | 0.5 | 125
unit nm | nm | nm s s s | moll™ | mol.L" | mol.L" umzs'1 ;.Lmzs"1 pmzs'1 / / kHz
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We see in Figure 4.15 that all behaviours are well reproduced, confirming that our numerical simulations
are robust for such layered systems. Indeed, the CTAB enhancement is measured to be higher than the
PS enhancement. Besides, the PS enhancement is measured to increase with time, as expected for a core
domain being protected from the radical solution by a shell (the shell being CTAB). The only deviation
between experiments and simulations is for the PS pwaves on signal, and enhancement at early times.
We notice that the simulation predicts a late increase of the PS signal and enhancements, whereas the
experiment shows a faster increase. This could be due to the fact that in some of the particles, the
AMUPol molecule can partially entering the pores, and bring hyperpolarization to PS faster than
expected. This could be also due to a slight distribution or layer thicknesses.

Overall, the excellent agreement between numerical simulations and layer system shows that
simulations can be used to quantitatively confirm the structure of complex layered systems.
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4.4 Spin diffusion in inorganic materials

The following section is adapted with permission from Bjorgvinsdottir, S.; Walder, B. J.; Pinon, A. C,;
Emsley, L. Bulk Hyperpolarization of Inorganic Materials Submitted 2018.

4.4.1 Pulse cooling

One of the most challenging cases for NMR is the hyperpolarization of proton-free inorganic materials.
Examples include most inorganic oxides including SiO,, as well as semi-conductors such as GaP, and
materials such as silicon carbide, elemental Silicon, or pure carbons. In these cases, impregnation DNP
cannot be used to hyperpolarize the bulk of the materials via *H-'H spin diffusion.

Spin diffusion among heteronuclei is often thought to be negligible.!’” We have seen in chapter 1 that for
example, °C spin diffusion rates in diamond at natural abundance are expected to be ~15000 times
slower than *H-"H spin diffusion rates in typical organic solids.’® However, we note here that relaxation
times in inorganic materials can often be on the order of hours, or a factor 10* longer than in a typical
organic solid. With this realization, we suggest that it might be possible to hyperpolarize inorganic solids
by heteronuclear spin diffusion.

We will see here how impregnation DNP can be combined with spin diffusion between heteronuclei to
provide a general strategy to hyperpolarize proton-free inorganic solids, with a pulse cooling cross
polarization method that transfers hyperpolarization from protons to nearby heteronuclei.

We have given in chapter 2 some expressions for the steady state DNP enhancement obtainable inside a
spherical particle being polarized by spontaneous spin diffusion from a radical solution at the surface.
From that we can deduce that the maximum polarization gain with respect to a one-pulse direct
acquisition experiment, gives an upper bound of:

o 2) -7

where Pigrget/source 1S the potential gain in target/source polarization with respect to Boltzmann
polarization, D is the spin diffusion coefficient of the target nucleus, T; the intrinsic longitudinal
relaxation time of the target in the absence of radical solution, and R is the radius of the particle. The
measured gain is likely to be less than this since the expression does not contain the eventual difference
in temperature, experimental efficiency between the two experiments, surface effects, or smaller spin
diffusion coefficient due to chemical shift anisotropy or chemical shift differences.

Ptarget =1+ 3(Psource -1 (4.5)

Using equation (4.5), with a radical solution enhancement of Py, = 175, and spherical particles with
radii R = 0.5 for static samples, we can estimate Py for different compounds as shown in Table 4.2.
Perhaps surprisingly, enhancements of an order of magnitude in many of these samples by
heteronuclear spin diffusion at natural isotopic abundance looks feasible in this analysis.

Table 4.2. Estimated potential polarizations from equation (4.5) for five different materials at natural
isotopic abundance for a static sample, based on Py = 175(y15/y) and R = 0.5 um with estimates of D

according to D = Dps(C/Cps) /3 (y/v1)?, where Dps is the diffusion constant for protons in
polystyrene in a static sample (1.5 x 10* um?s™),® C is the average concentration of active spins in the
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sample of interest, Cps is the concentration of protons in polystyrene (70 M), and using estimates for the
longitudinal relaxation times Tj.

Nucleus C/M D/nm’s* T:/s Piarget
Fin CcaF, |l [100] 81.5 530 115 141
3'p in GaP 41.1 78 500" 128
%Sn in SN0, 4.0 31 1000" 121
3C in diamond 3.25 13 10°* 173
»Tein CdTe 1.72 17 36001 141
Bcdin CdTe 2.98 9.9 3600* 126
%Sj in a-quartz 2.06 6.9 10%* 171

T measured on a powdered sample;  estimated

This is confirmed in Figure 4.16B, which shows DNP enhanced *H-"'°Sn CPMAS spectra of SnO, recorded
at 9.4 T and 100 K using the pulse sequence shown in Figure 4.16A that allows for ***Sn spin diffusion
between cross polarization and detection. Spin diffusion between the tin nuclei clearly occurs during t,.
In the spectra with 7, = 0 peaks attributed to both surface (-590 ppm) and bulk (-603 ppm) sites are
observed. As the *°Sn spin diffusion delay is increased, we clearly see the surface signal diminish, and
the bulk signal increase over times up to 200 seconds. This behavior can be quantitatively reproduced
with numerical simulations of spin diffusion as shown in Figure 4.14D, and using the parameters for **Sn
from Table 4.2. Actually, the numerical simulations predicted such a bulk signal behavior (Figure 4.16D,
blue curve) even before we performed performing the experiment!

Very similar behavior is observed for the same experiment on for *'P spin diffusion in powdered GaP, for
cd spin diffusion in CdTe, and for g spin diffusion in SiO,, as shown in ref 19. Again, in all cases, the
surface and bulk sites are clearly observed, with diffusion from one to the other on the timescale of 100
s.
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Figure 4.16: 19, spin diffusion observed in the DNP enhanced CPMAS 19, NMR spectrum of powdered tin dioxide

impregnated with a 16 mM solution of TEKPol in TCE spinning at 8 kHz. A) The z-filtered "sn cp sequence. Spin diffusion occurs
during the 7, interval, when magnetization is stored longitundinally between polarization and signal acquisition. B) DNP
enhanced *°sn CP MAS spectra acquired as a function of 7,. Spinning sidebands are marked with asterisks. Full experimental
details are given in ref 9, C) Simulated 19, polarization as a function of the distance from the surface of the particle for
different 7, times. D) 195 normalized bulk (blue), surface (red) and total (yellow) signals as a function of t,. Experimental points
are shown as a scatter whereas numerical simulations are shown as solid lines. Parameters are shown in Table 4.2.

Hyperpolarization can in principle be efficiently implemented by the either direct DNP of the
heteronuclei at the surface from the radicals in the wetting solution, or by the pulse cooling scheme
shown in Figure 4.17A. In that scheme, we use multiple cycles of flip-back cross polarization to
repeatedly cool the heteronuclei at the surface of the material, followed by spin diffusion periods to
propagate polarization into the bulk of the material on a longer timescale. Phase cycling can be adjusted
to detect signal coming either only from *H hyperpolarization, or to include both polarization from CP
and from direct heteronuclear DNP. During the spin diffusion periods ‘H hyperpolarization is rapidly
replenished in the impregnating phase. Typically, delay between CP blocks should be longer than the *H
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build-up time in the solvent, and the overall length of the pumping sequence should be long enough to
allow spin diffusion to accumulate polarization in the bulk.
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Figure 4.17: Bulk nuclear hyperpolarization by pulse cooling using multiple-contact CP. A) The pulse cooling CP sequence. Phase
alternation of the pulses ¢ and ¢, relative to ¢4 and ¢, can be can be used include the contribution from direct DNP and
intrinsic longitudinal recovery of heteronuclei. B) Simulated 195 polarization as a function of the distance from the surface of
the particle after different numbers of loops, with 7, = 5 s. C) Simulated 19, signal enhancement compared to a pulse acquire
experiment as a function of time. Experimental points are shown as circles whereas numerical simulations are shown as solid
lines. Parameters used in simulations which provide good agreement with pulse cooling experiments on tin dioxide are given in
the following table. More details can be found in ref B

parameter L¢ L Tg,s T1ap1 Cs C; D, Dy €9 V, T, L
value 0.5 150 3.35 1400 18 3.98 8.110" 3.510° 356 8 5 120
unit um nm s s mol.L™ mol.L'" pm’s™ pm’s™ / kHz s /

Here again, numerical simulations reproduce well the experimentally observed behavior. The spinning
rate dependence generally follows expectations. As the MAS rate is increased, the measured polarization
inside the SnO, particle decreases, since the spin diffusion coefficient decreases with MAS. More details
are given in ref 19.

We see here that using numerical simulation, we can successfully reproduce the accumulation of

hyperpolarization inside proton-free particles, and reproduce the build-up behaviour of the *°Sn spins
inside the particle. That way, we are sure that we understand the mechnaisms that come into play.
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4.4.2 Lead halide perovskites

Lead halide perovskites are highly promising semiconducting materials for optoelectronic and
photovoltaic applications. All-inorganic cesium lead halide (CsPbXs, X=Cl, Br, 1) nanocrystals have recently
emerged as a viable alternative to classical II-VI metal chalcogenides used in LED and solar cell
applications. Similarly, multi-component organic-inorganic lead halide perovskites (APbXs,
A=methylammonium (CHs;NH;*, MA), formamidinium (CHs(NH,),", FA), X=Cl, Br, 1)) applied as light
absorbers in solar cells, currently provide power conversion efficiencies of over 22%.

All-inorganic lead halide perovskite quantum dots (QDs) doped with transition metal and lanthanide ions
show particularly advantageous optoelectronic properties such as strongly sensitized luminescence and
improved thermal and air stability. The most widely investigated materials are CsPbCl;, CsPbBr3;, and
CsPbls, as well as mixed-halide compositions doped with Mn*" and very recently Ce*. The strategy of
transition metal ion doping has also been proposed as a means of fine tuning of photovoltaic parameters
in organic-inorganic lead halide perovskites. Incorporation of transition metal ions into the perovskite
lattice is typically evidenced using XRD, UV-VIS, PL, and in some instances by EPR and HAADF-STEM.
While some of these methods provide atomic-level resolution (HAADF-STEM, EPR) and others provide
insight into phase composition (XRD), none of them achieves both. On the other hand, NMR is capable of
both by utilizing local nuclear probes such as 'H, B¢, N, 3cs, ¥Rb, *K and *’Pb.

Most transition metal and lanthanide ions are paramagnetic and therefore are expected to induce large
PRE effects that can be observed for distances up to 2 nm from the unpaired electron in diamagnetic
perovskite materials. We know now that, given the right conditions, spin diffusion can transport the
magnetization to nuclei farther away from the paramagnetic centers, leading to substantially shorter T
in the bulk of the material.

OCs+ o Mn2+ * [PbBr,J*

Figure 4.18. Schematic representation of paramagnetic doping in perovskites: (a) parent CsPbBr; lattice, (b) homovalent B-site
replacement

Figure 4.18 schematically shows how paramagnetic metal ions can be incorporated into perovskite
lattices. Since the Cs-Pb distance in the parent CsPbBrs lattice (Figure 4.18) is about 0.5nm, substituting
Pb>* by Mn?" is expected to cause substantial PRE. To verify this hypothesis, we carried out '**Cs
relaxation measurements on mechanochemically synthesized CsPbBr; undoped and stoichiometrically
doped with 0.5, 3 and 8 mol% of Mn?*. The corresponding saturation-recovery curves (Figure 4.19) show
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significantly faster recovery (shorter T;) of *Cs nuclei in the perovskite phase of the Mn**-doped
samples and indicate incorporation of the paramagnetic dopant into the perovskite lattice.

(a) CsPbBr,
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Figure 4.19. Cesium signal build-up curves measured using a saturation-recovery for (a) CsPbBr; doped with different
manganese percentages, and (b) CsPbCl; doped with different manganese percentages. Experimental conditions: at 9.4 T and 20
kHz MAS. Dashed lines are fits of stretched exponential.

Since paramagnetic doping leads to a distribution of apparent relaxation times, the curves are best fitted
using a stretched exponential function. The results are summarized in Table 4.3.

Table 4.3: 3Cs T, relaxation times of Mn2+-doped CsPbBr; and CsPbCl; fitted using the stretched
exponential function. The reported errors correspond to one standard deviation in the precision of the

fit.

material e T, [s] stretching parameter 3

CsPbBr3 108.5+1.2 1.00

CsPbg.995Mng gosBrr3 3.995 + 0.023 0.58

CsPbg g7Mng3Br3 0.729 £ 0.012 0.54

CsPbg g,Mng gsBrs 0.4848 + 0.0066 0.57

CsBr+MnBr, 0.02328 + 0.00014 1.00

CsPbCl; 45.94 +0.11 0.94

CsPbg.g;Mnq03Cl3 1.267 £ 0.023 0.63
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The fact that the stretching parameter B is significantly different than 1 for doped CsPb;,Mn,Brs
perovskite confirms the incorporation of manganese atoms in the perovskite lattice.

Now the first question is: Is the PRE effect caused by Mn direct, or relayed through Cs-Cs spin diffusion?

We can calculate again the longitudinal pseudopotential using the PRE equation from chapter 1 for S =
5/2, T = 350 ns for Mn(l1) and using the following estimation for the spin diffusion coefficient D¢, = 107
A’s™. We find p; = 134 A. Consequently, p; is bigger than the length scales involved. Indeed, the average
Mn-Mn distances in a CsPbBr; lattice doped with 0.5%, 3%, and 8% Mn are 2.13 nm, 1.16 nm, and 0.84 A
respectively. It means that the PRE effect induced by Mn is not relayed by Cs-Cs spin diffusion.

The second question is: are manganese atoms homogeneously spread in the CsPbBr; lattice, or are they
forming clusters?

In order to prove the absence of cluster in the CsPb;,Mn,Br; perovskite, we model the spatial
distribution of the polarization in the presence of a PRE effect induced by the presence of manganese
using the diffusion equation presented in chapter 2 and the PRE effect equation introduced in chapter 1.

In the model, we consider spherical clusters of CsMnBrs; surrounded by CsPbBr; domains. In the cluster,
the cesium spin lattice relaxation time was measured to be T;quster = 23 ms (the measurement was
performed on the CsMnBrs perovskite alone). Outside the cluster, the cesium T; depends on distance
between the cesium atom and the closest manganese atom from a cluster. We thus model the spatial
dependence of T, as:

10* : :
CsMnBr, CsPbBr,
102§
wn
e
100F
-2 h i
10 0 50 100
Position / A

Figure 4.20: Simulated spatial dependence of spin lattice relaxation time T, in the two domains. Ty cyster = 23 ms in the CsMnBr;
lattice and progressively increases with a ré dependence up to Ty 4, = 108.5 s in the CsPbBr; lattice for a cluster having a radius
of 4.8 nm.

The resulting polarization can then be plotted as a function of position, for different time steps:
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Figure 4.21: Simulated spatial dependence of the polarization for different time steps during a saturation recovery experiment in
the two domains for a cluster having a radius of 4.8 nm, representing 3% of the total spherical volume.

As expected in Figure 4.21, the polarization builds up quickly in the CsMnBr3 lattice due to strong PRE
effects from the manganese atoms, and more slowly in the CsPbBr; lattice. Several simulations can be
performed by varying the cluster radius (and adjusting the diamagnetic volume so that the doping
percentage is constant) to see the effect on the simulated build-ups, as shown in Figure 4.22.
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Figure 4.22: Experimental (blue circles) and simulated signal build-ups (solid lines) as a function of time for different cluster radii,
for the three manganese dopings (0.5%, 3%, and 8%).
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We observe in Figure 4.22 that for the largest cluster radii, the build-up behavior follows a clear bi-
exponential pattern confirmed by fitting, where the first component corresponds to the cesium atoms
located inside the cluster being affected by PRE with Ty qyster = 23 ms and represents 0.5%, 3%, and 8% of
the total behavior, while the second component represent 99.5%, 97%, and 92% of the total behavior
with Ty4, = 108 s, respectively. We confirm here that at large cluster radii, the PRE effect in the
diamagnetic CsPbBr; lattice is negligible and the build-up is no longer stretched. However when the
radii decreases, the surface area of the paramagnetic domain CsMnBr; increases, the PRE effect
becomes relatively more important in the diamagnetic lattice, and the build-up shifts from a bi-
exponential to a stretched exponential.

We can deduce from these simulations that the manganese does not form CsMnBr; clusters bigger
than 1.6 nm (3 unit cells), 2.2 nm (5 unit cells), and 3.2 nm (6 unit cells) for the 0.5%, 3% and 8% doping
percentages respectively in the diamagnetic crystalline lattice. Consequently, the incorporatin of
manganese is quite homogeneous.

We notice that numerical simulations do not perfectly reproduce the experimental behavior. This could
be due to the fact that numerical simulations consider the system as a continuum of polarization. This
approximation is not a problem when the system is big as for radii much bigger than the inter nuclei
distance. But this approximation becomes weaker when the length involved is on the order of the inter
nuclei distance, as it is the case here for the smallest cluster radii.
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Conclusions

In this thesis, we have made several progresses in terms of understanding polarization dynamics in DNP
systems.

We have developed a numerical model that reproduces with high accuracy polarization dynamics in
complex systems, based on the transport of polarization via spin diffusion.

We have shown the benefits of optimizing the radical and proton concentrations for homogeneous
radical solutions. We have shown that high enhancements can be achieved even at low radical
concentrations. We have explained with the help of numerical simulations why the Overhauser
enhancement increases with increasing MAS rate. We quantitatively explain why flipping back the
proton magnetization to the z-axis in MAS DNP or gating the microwaves in dDNP can improve the CP
efficiency.

We have been able to measure the spin diffusion coefficient for polystyrene on a macro scale using
relayed PRE combined with numerical simulations. We have then used this spin diffusion coefficient to
measure the size of micro-particles by relayed DNP. We have confirmed the presence of surface effects
when solid materials are being impregnated with radical solutions. With relayed DNP combined with the
developed model, we have been able to determine the structure of polymorphic drugs, lipid
nanoparticles, crystalline nanoparticles, and core-shell particles, by only performing CPMAS saturation
recovery experiments.

Finally, we have shown that a variety of inorganic materials can be hyperpolarized by spin diffusion, and
we have shown that perovskite materials can be doped with manganese and that the manganese atoms
does not form clusters in the lattice.

Combining spin diffusion measurements such as saturation recovery, together with numerical

simulations is a powerful tool to determine structures of complex systems. Now that this technique has
been proved to work reliably, it can be used for a wide range of applications.
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Appendix

Matlab Program:

m = 0; %m=0 for 1D, m=1 for 2D, m=3 for 3D

length_target = 0.1; %length of the target in um

length_source = 0.1; %length of the source in um

rstep = 500; %number of points in space domain

tmax = 100; %maximum time in s

tstep = 301; %number of points in time domain

T1source = 3; %source build up time in s

T1target = 100; %intrinsic relaxation time of the targetin s
epsilon0 = 200; %source enhancement

slope = 5e10; %slope of the tanh function

theta = 0.9; %percentage of quenched signal in the source

dep = 0.5; %percentage of depolarization in the source
concsource = 100; %1H concentration in the source in molar
conctarget = 70; %1H concentration in the target in molar

MAS = 12.5; %MAS rate in kHz

DO = 4.25e-3; %fictive diffusion coefficient of PS in a static sample
Din = DO*(conctarget/70)"(1/3)/(1+0.6*MAS); %The target diffusion coeff is scaled with the proton
concentration and MAS

Dout = DO*(concsource/70)*(1/3)/(1+0.6*MAS); %The source diffusion coeff is scaled with the proton
concentration and MAS

Cp = 7.98e-2; %Molar heat capacity of 1H spins at 9.4 T (not used)
k=1;

badass_function(m,length_target,rstep,tmax,tstep,T1source,T1target,epsilon0,Din,Dout,length_source,sl
ope,theta,dep,concsource,conctarget,Cp);

function
[p,pref,epsilon,epsilon2,epsilon3,SignalPol,SignalRef,SignalPol2,SignalRef2,SignalPol3,SignalRef3,NormsSi
gnalPol,NormSignalRef,NormSignalPol2,NormSignalRef2,NormSignalPol3,NormSignalRef3]=badass_funct
ion(m,length_target,rstep,tmax,tstep,Tlout,T1lin,epsilon0,Din,Dout,length_source,slope,theta,dep,concj
uice,concuX,Cp)

r = linspace(0,length_target+length_source,rstep);

t = linspace(0,tmax,tstep);

ipointl = floor(length_source*rstep/(length_target+length_source)); %index of the r matrix where the
target stops and the source begins

% Extract the first solution of the pdepe equation, as p and pref.
sol = pdepe(m,@pdexlpde,@pdexlic,@pdexlbc,r,t); %solution of the diffusion equation with
microwaves

p =sol(:,:,1); %p is the polarization with microwaves
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sol2 = pdepe(m,@pdex1lpdenoDNP,@pdexlicnoDNP,@pdex1bcnoDNP,r,t);%solution of the diffusion
equation without microwaves
pref = sol2(:,:,1); %pref is the polarization without microwaves

% Process the polarization and calculate the enhancement
[p,pref,epsilon,epsilon2,epsilon3,SignalPol,SignalRef,SignalPol2,SignalRef2,SignalPol3,SignalRef3,NormSi
gnalPol,NormSignalRef,NormSignalPol2,NormSignalRef2,NormSignalPol3,NormSignalRef3]=CalcEpsilon(p
Jpref,rt);

% Function that process the polarization and calculate the enhancement

function
[p,pref,epsilon,Normepsilon,epsilon2,epsilon3,SignalPol,SignalRef,SignalPol2,SignalRef2,SignalPol3,Signal
Ref3,NormSignalPol,NormSignalRef,NormSignalPol2,NormSignalRef2,NormSignalPol3,NormSignalRef3] =
CalcEpsilon(p,pref,r,t)

%lnitialization of matrixes

p_cut = zeros(length(t),length(r));
pref_cut = zeros(length(t),length(r));
Presign = zeros(length(t),length(r));
Presignref = zeros(length(t),length(r));
Presign2 = zeros(length(t),length(r));
Presignref2 = zeros(length(t),length(r));
Presign3 = zeros(length(t),length(r));
Presignref3 = zeros(length(t),length(r));
SignalPol = zeros(1,length(t));
SignalRef = zeros(1,length(t));
SignalPol2 = zeros(1,length(t));
SignalRef2 = zeros(1,length(t));
SignalPol3 = zeros(1,length(t));
SignalRef3 = zeros(1,length(t));
NormSignalPol = zeros(1,length(t));
NormSignalRef = zeros(1,length(t));
NormSignalPol2 = zeros(1,length(t)
NormSignalRef2 = zeros(1,length(t)
NormSignalPol3 = zeros(1,length(t)
NormSignalRef3 = zeros(1,length(t)
epsilon = zeros(1,length(t));
epsilon2 = zeros(1,length(t));
epsilon3 = zeros(1,length(t));
Normepsilon = zeros(1,length(t));

’

’

’

’

= — = =

%Visible polarization
for I=1:length(r)
p_cut(:,1) = p(:,1)*theta0(r(l)); %Visible polarization ON
pref_cut(:,l) = pref(:,1)*theta0(r(l)); %Visible polarization OFF
end
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%Plot the polarizations

clf(figure(1));

figure(1);

plot(r,p,'LineWidth',1.5);
set(gca,'FontSize',22,'LineWidth',1.5);
xlabel('Position / \mum')
ylabel('Polarization \muwaves on')
x2=length_target;
yl=get(gca,'ylim');

hold on

grid on

plot([x2 x2],y1,'k','LineWidth',1.5);
hold off

clf(figure(2));

figure(2);
plot(r,pref,'LineWidth',1.5);
set(gca,'FontSize',22,'LineWidth',1.5);
xlabel('Position / \mum")
ylabel('Polarization \muwaves off')
x2=length_target;
yl=get(gca,'ylim');

hold on

grid on

plot([x2 x2],y1,'k','LineWidth',1.5);
hold off

% Calcul of Presignal
for j=1:length(t)
for k=1:length(r) %Here we integrate the entire system
if m==
Presign(j,k) = fc(r(k))*p_cut(j,k); %1D
Presignref(j,k) = fc(r(k))*pref_cut(j,k);
else
if m==
Presign(j,k) = fc(r(k))*p_cut(j,k)*(r(k)); %2D
Presignref(j,k) = fc(r(k))*pref_cut(j,k)*(r(k));
else
if m==
Presign(j,k) = fc(r(k))*p_cut(j,k)*(r(k))*2; %3D
Presignref(j,k) = fc(r(k))*pref_cut(j,k)*(r(k))*2;
end
end
end
end
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end

for j=1:length(t)
for k=1:length(r)-ipointl %Here we only integrate the target
if m==
Presign2(j,k) = fc(r(k))*p_cut(j,k); %1D
Presignref2(j,k) = fc(r(k))*pref_cut(j,k);
else
if m==
Presign2(j,k) = fc(r(k))*p_cut(j,k)*(r(k)); %2D
Presignref2(j,k) = fc(r(k))*pref_cut(j,k)*(r(k));
else
if m==
Presign2(j,k) = fc(r(k))*p_cut(j,k)*(r(k))*2; %3D
Presignref2(j,k) = fc(r(k))*pref_cut(j,k)*(r(k))"2;
end
end
end
end
end
for j=1:length(t)
for k=length(r)-ipointl:length(r) %Here we only integrate the source
if m==
Presign3(j,k) = fc(r(k))*p_cut(j,k); %1D
Presignref3(j,k) = fc(r(k))*pref_cut(j,k);
else
if m==
Presign3(j,k) = fc(r(k))*p_cut(j,k)*(r(k)); %2D
Presignref3(j,k) = fc(r(k))*pref_cut(j,k)*(r(k));
else
if m==
Presign3(j,k) = fc(r(k))*p_cut(j,k)*(r(k))*2; %3D
Presignref3(j,k) = fc(r(k))*pref_cut(j,k)*(r(k))*2;
end
end
end
end
end

% Calcul of the Signals by integrating the presignals
for w=1:length(t)
SignalPol(w) = trapz(Presign(w,:));
SignalRef(w) = trapz(Presignref(w,:));
SignalPol2(w) = trapz(Presign2(w,:));
SignalRef2(w) = trapz(Presignref2(w,:));
SignalPol3(w) = trapz(Presign3(w,:));
SignalRef3(w) = trapz(Presignref3(w,:));
end
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% The normalized values of Signal Pol and Ref
for c=1:length(t)
NormSignalPol(c) = SignalPol(c)./SignalPol(end);
NormSignalRef(c) = SignalRef(c)./SignalRef(end);
NormSignalPol2(c) = SignalPol2(c)./SignalPol2(end);
NormSignalRef2(c) = SignalRef2(c)./SignalRef2(end);
NormSignalPol3(c) = SignalPol3(c)./SignalPol3(end);
NormSignalRef3(c) = SignalRef3(c)./SignalRef3(end);
end

% The ratio of Pol and Ref gives the enhancement

for v=1:length(t)

epsilon(v) = SignalPol(v)./SignalRef(v);
epsilon2(v) = SignalPol2(v)./SignalRef2(v);
epsilon3(v) = SignalPol3(v)./SignalRef3(v);
end

assignin('base’, 'epsilon’,epsilon);

assignin('base’, 'epsilon2',epsilon2);
assignin('base’, 'epsilon3',epsilon3);
assignin('base’, 't',t);

assignin('base’, '"NormSignalPol',NormSignalPol);
assignin('base’, 'NormSignalRef',NormSignalRef);
assignin('base’, 'NormSignalPol2',NormSignalPol2);
assignin('base’, 'NormSignalRef2',NormSignalRef2);
assignin('base’, 'NormSignalPol3',NormSignalPol3);
assignin('base’, 'NormSignalRef3',NormSignalRef3);
assignin('base’, 'SignalPol',SignalPol);
assignin('base’, 'SignalRef',SignalRef);
assignin('base’, 'SignalPol2',SignalPol2);
assignin('base’, 'SignalRef2',SignalRef2);
assignin('base’, 'SignalPol3',SignalPol3);
assignin('base’, 'SignalRef3',SignalRef3);
assignin('base’, 'r',r);

assignin('base’, 'p',p);

assignin('base’, 'pref',pref);

assignin('base’, 'p_cut',p_cut);

assignin('base’, 'pref_cut',pref_cut);

%Plot

clf(figure(3));

figure(3);
plot(t,epsilon2,t,epsilon3,'LineWidth',1.5);

set(gca,'FontSize',22,'LineWidth',1.5);
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xlabel('Time / s')

ylabel('Enhancement')

grid on
legend('\epsilon_t',"\epsilon_s','Location’,'northeast');

clf(figure(4));

figure(4);

plot(t,NormSignalPol2,t,NormSignalRef2,'LineWidth',1.5);

hold on

plot(t,NormSignalPol3,t,NormSignalRef3,'LineWidth',1.5);
set(gca,'FontSize',22,'LineWidth',1.5);

xlabel('Time / s')

ylabel('Signal / a.u.")

grid on
legend('S_{t,ONY},'S_{t,OFF},'S_{s,ON},'S_{s,OFF},'Location’,'southeast');

end
%Plot all functions

T1 = zeros(1,length(r));
epsilonzero = zeros(1,length(r));
theta3 = zeros(1,length(r));

D = zeros(1,length(r));
depolarization = zeros(1,length(r));
concentration = zeros(1,length(r));

for b = 1:length(r)
T1(b) = fT1(r(b));
epsilonzero(b) = fe0(r(b));
theta3(b) = thetaO(r(b));
D(b) = fD(r(b));
depolarization(b) = depo(r(b));
concentration(b) = fc(r(b));
end

clf(figure(5));
figure(5);plot(r,D,'LineWidth',1.5);set(gca, FontSize',22);
xlabel('Position / \mum')
ylabel('D / \mum~”2s/{-1}')

x2=length_target;

yl=get(gca,'ylim');

hold on

plot([x2 x2],y1,'k’,'LineWidth',1.5)

hold off

clf(figure(6));
figure(6);plot(r,T1,'LineWidth',1.5);set(gca,'FontSize',22);
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xlabel('Position / \mum')
ylabel('T_{1}/s')
x2=length_target;
yl=get(gca,'ylim');
hold on
plot([x2 x2],y1,'k','LineWidth',1.5)
hold off

clf(figure(7));
figure(7);plot(r,epsilonzero,'LineWidth',1.5);set(gca, FontSize',22);
xlabel('Position / \mum')
ylabel('P_{0,on}/ a.u.")

x2=length_target;

yl=get(gca,'ylim');

hold on

plot([x2 x2],y1,'k','LineWidth',1.5)

hold off

clf(figure(8));
figure(8);plot(r,theta3,'LineWidth',1.5);set(gca, FontSize',22);
xlabel('Position / \mum')
ylabel('\theta / a. u.")

x2=length_target;

yl=get(gca,'ylim');

hold on

plot([x2 x21,y1,'k','LineWidth',1.5)

hold off

clf(figure(9));
figure(9);plot(r,depolarization,'LineWidth',1.5);set(gca,'FontSize',22);
xlabel('Position / \mum')
ylabel('P_{0,0ff} / a.u.")

x2=length_target;

yl=get(gca,'ylim');

hold on

plot([x2 x2],y1,'k','LineWidth',1.5)

hold off

clf(figure(10));
figure(10);plot(r,concentration,'LineWidth',1.5);set(gca, 'FontSize',20);
xlabel('Position / \mum')
ylabel('"*1H Concentration / M')

x2=length_target;

yl=get(gca,'ylim');

hold on

plot([x2 x2],y1,'k','LineWidth',1.5)

hold off
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%
% Function definitions
%

% Source term WITH DNP.
function [c,f,s] = pdex1pde(x,~,u,DuDx)
¢ = Cp*fc(x);
f = fD(x)*Cp*fc(x)*DuDx;
s = -(u-fe0(x))*(1/fT1(x))*Cp*fc(x);
end

% Source term WITHOUT DNP.

function [c,f,s] = pdex1pdenoDNP(x,~,u,DuDx)
¢ = Cp*fc(x);
f = fD(x)*Cp*fc(x)*DuDx;
s = -(u-depo(x))*(1/fT1(x))*Cp*fc(x);

end

% Initial polarization is 0 all over the crystal WITH DNP
function u0 = pdexlic(~)

u0 =0;
end

% Initial polarization is 0 all over the crystal WITHOUT DNP
function u0 = pdexlicnoDNP(~)

u0=0;
end

% Boundary conditions WITH DNP

pl=0;

ql=1;

pr=0;

qr=1;
end

% Boundary condition WITHOUT DNP
pl=0;
al=1;
pr=0;
gr=1;

end

% T1 function that will determine the relaxation term
function [T1] = fT1(y)

T1 = (T1lin+T1lout)/2+(T1lin-Tlout)/2*(tanh(slope*(length_target-y)));
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end

% Build-up epsilon spatial function MW ON
function [epsilonzero] = fe0(y)

epsilonzero = (epsilon0*dep+1)/2+(epsilon0*dep-1)/2*(tanh(-slope*(length_target-y)));
end

% Contribution factor spatial function
function [theta3] = thetaO(y)

theta3 = (1+theta)/2+(1-theta)/2*tanh(slope*(length_target-y));
end

% Spin diffusion spatial function
function [D] = fD(y)

D = (Din+Dout)/2+(Din-Dout)/2*(tanh(slope*(length_target-y)));
end

% Build-up spatial function MW OFF (depolarization)
function [depol] = depo(y)

depol = (1+dep)/2+(1-dep)/2*tanh(slope*(length_target-y));
end

% Concentration spatial function
function [c] = fc(y)

¢ = (concuX+concjuice)/2+(concuX-concjuice)/2*tanh(slope*(length_target-y));
end

end
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