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Résumé

La résonance magnétique nucléaire (RMN) est une technique analytique largement utilisée dans des do-
maines de recherche tels que la chimie, la physique et la biomédecine. L’ imagerie par résonance magnétique
(IRM) est I'une de ses applications les plus importantes, tant pour les investigations médicales que tech-
niques. Dans ce contexte, I’augmentation de la contribution paramagnétique 4 la relaxation (PRE) constitue
un domaine de recherche important, notamment avec 1’utilisation croissante de champs magnétiques élevés
dans ’IRM. PRE change le contraste de I’'image IRM en accélérant la relaxation du spin nucléaire typique-
ment protoniques dans I’eau via leurs interactions magnétiques avec les spins électroniques des composés
paramagnétiques ajoutés. Par conséquent, les composés présentant une PRE sont utilisés comme agents de
contraste en IRM. La PRE dépend de la concentration des composés paramagnétiques dans le solvant. Le
PRE d’un composé a un champ donné est mesuré par sa relaxivité, définie comme 1’amélioration du taux de
relaxation du proton de I’eau normalisé par sa concentration. Malgré les nombreuses années de recherche
sur la PRE, des questions intéressantes subsistent concernant ces mécanismes microscopiques.

Dans ce contexte, il est important de mesurer la dépendance au champ du PRE jusqu’au champ magnétique
le plus élevé possible. Cependant, la plupart des études PRE aboutissent a des fréquences inférieures a
800 MHz (18, 8 T). Cette gamme de fréquences peut étre étendue au-dela de la limite actuelle des aimants
supraconducteurs de 28, 2 T en utilisant des aimants résistifs.

La disponibilité d’aimants résistifs au laboratoire LNCMI de Grenoble ouvre la voie a des études PRE
jusqu’a 37 T. Cependant, la qualité limitée du champ des aimants résistifs, I'inhomogénéité du champ et
les fluctuations font des expériences RMN un défi technique. Pour cette raison, au cours de cette these,
nous avons travaillé de maniere approfondie sur le développement d’instruments et de méthodes RMN pour
surmonter I’inconvénient des aimants résistifs, notamment une canne RMN a large bande jusqu’a 1,4 GHz
pour un volume d’échantillon de microlitres, des mesures RMN a scan unique et des routines d’analyse de
données personnalisées.

La validité de ces méthodes a été confirmée par la réalisation d’études PRE sur des échantillons de sels
de chlorure de lanthanide qui ont fait 1’objet de recherches approfondies depuis les premiers jours de la
RMN. Leur comportement PRE est connu, ce qui en fait d’eux des échantillons de référence idéaux pour la
comparaison entre les études PRE réalisées sur des aimants supraconducteurs et résistifs. Ces études PRE
fournissent des informations sur la qualité des données des aimants résistifs et I’identification d’erreurs
systématiques potentielles. En plus, I’extension de la gamme de champs dans les études PRE jusqu’a 1,4
GHz de ces complexes de lanthanides relativement simples devrait fournir des informations importantes
pour I’analyse de composés plus complexes.

De plus, la tendance vers de futures applications IRM a haut champ nécessite le développement de nou-
veaux agents de contraste efficaces en raison de la relaxivité réduite des composés PRE conventionnels a
base de Gd (III) aux champs élevés. L’une des stratégies consiste a étudier d’autres complexes a base de
lanthanides. Par conséquent, de nouveaux complexes a base de lanthanides tels que les polyoxométalates
paramagnétiques (PM-POM) ont ét€ synthétisés et étudiés sur une large gamme de fréquences allant de 20
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MHz a 1,4 GHz en utilisant des aimants permanents et supraconducteurs commerciaux et une RMN non
standard dans les aimants résistifs pour les fréquences supérieures a 800 MHz. Ils indiquent que ces com-
posés sont des candidats potentiels comme agents de contraste, notamment dans les champs magnétiques
élevés.



Abstract

Nuclear Magnetic Resonance (NMR) is an analytical technique widely used in research fields such as chem-
istry, physics, and biomedicine. One of its most prominent applications is Magnetic Resonance Imaging
(MRI) for both, medical and technical investigations. In this context, Paramagnetic Relaxation Enhance-
ment (PRE) is an important research area, particularly with the increasing use of high magnetic fields in
MRI. PRE changes the MRI image contrast by speeding up the nuclear spin relaxation of typically proton
spins in water via their magnetic interactions with electron spins of added paramagnetic compounds. There-
fore, compounds exhibiting PRE are used as contrast agents in MRI. PRE depends on the concentration of
the paramagnetic compounds in the solvent. The PRE of a compound at a given field is measured by its
relaxivity, defined as the enhancement of the relaxation rate of the water proton normalized by its concen-
tration. Despite many years of research on PRE, there are still interesting questions about the microscopic
mechanisms.

In this context, it is important to measure the field dependence of PRE up to the highest possible magnetic
field. However, most PRE studies end up at frequencies below 800 MHz (18.8 T). This frequency range can
be extended beyond the current superconducting magnet limit of 28.2 T by employing resistive magnets.

The availability of resistive magnets at the LNCMI laboratory in Grenoble opens the way for PRE studies up
to 37 T. However, the limited field quality of resistive magnets, field inhomogeneity and fluctuations make
NMR experiments a technical challenge. For this reason, during this thesis, we extensively worked on
the development of NMR instrumentation and methods to overcome the disadvantage of resistive magnets
including a wideband NMR setup up to 1.4 GHz for microliter sample volume, single scan NMR, and
tailored data analysis routines.

The validity of these methods was confirmed by performing PRE studies on samples of lanthanide chloride
salts that have been extensively investigated since the early days of NMR. Their PRE behavior is known,
which makes them ideal benchmark samples for the comparison between PRE studies performed on super-
conducting and resistive magnets. These PRE studies provide information on the quality of the resistive
magnet data and the identification of potential systematic errors. In addition, the extension of the PRE
field range up to 1.4 GHz of these relatively simple lanthanide complexes is expected to provide important
information for the analysis of more complex compounds.

Moreover, the trend towards future high-field MRI applications requires the development of new, effective
contrast agents due to the reduced relaxivity of conventional PRE compounds based on Gd(III) at high fields.
One of the strategies is to investigate other lanthanide-based complexes. Therefore, new lanthanide-based
complexes like paramagnetic polyoxometalates (PM-POMs) have been synthesized, and investigated over
a wide range of frequencies from 20 MHz up to 1.4 GHz using commercial permanent and superconducting
magnets, and non-standard NMR in the resistive magnets for frequencies above 800 MHz. They indicate
that these compounds are potential candidates for contrast agents, especially at high magnetic fields.






Introduction

Nuclear magnetic resonance (NMR) is an analytical technique widely used in research fields such as chem-
istry, physics, and biomedicine. One of its most prominent applications is magnetic resonance imaging
(MRI) for both, medical and technical investigations. MRI images map the spatial distribution of the
density or the relaxation times of the monitored nucleus, mostly *H in H,O. The sensitivity and spatial
resolution of MRI images depend on the signal-to-noise ratio, which is almost proportional to the square of
the magnetic field strength. For this reason, there is growing interest within the MRI community in using
high-field instruments. In this context, paramagnetic relaxation enhancement (PRE) is nowadays an impor-
tant research area. PRE speeds up nuclear spin relaxation by magnetic interactions with unpaired electron
spins providing an improved contrast of the image [1]. Therefore, compounds exhibiting PRE are used as
contrast agents (CAs). They are chemical compounds containing paramagnetic ions. Their effectiveness at
a given field is measured by their relaxivities, defined as the enhancement of the relaxation rate of the water
proton normalized by the concentration of the CA.

Most conventional CAs are based on Gd(III) ions. The decrease in their relaxivity at higher fields and
recent information on their toxicity raised concerns about their future in MRI high-field applications. New
lanthanide-based complexes like paramagnetic polyoxometalates (PM-POMs) have interesting magnetic
properties, making them suitable as contrast agents at intermediate and high magnetic fields. In this context,
the NMR team at the Grenoble site of the LNCMI in collaboration with Karlsruhe Institute of Technology
(KIT) started an activity on PRE of NMR relaxivities of potential contrast agents over a wide range of
frequencies from 20 up to 1400 MHz [2-6].

The studies revealed that the relaxation dispersion should always be measured from low to ultrahigh mag-
netic fields to understand the PRE of the compounds. Most of the PRE studies end up at frequencies below
800 MHz (18.8 T). However, the PRE study of lanthanide compounds requires the use of the highest fields
available that exceed the limits of commercial NMR spectrometers operating with superconducting (SC)
magnets. The availability of resistive magnets at the LNCMI laboratory in Grenoble opens the way for PRE
studies up to 33 T (1.4 GHz) and beyond. In this context, there are two important questions: Is it possible to
use resistive magnets in PRE studies despite their strong limitations in field inhomogeneity and instability
compared to state-of-the-art SC magnets? What are the adapted instruments and methods to overcome these
limitations in the resistive magnets?

The objective of this thesis is to experimentally investigate the above questions and to develop tailored
solutions to overcome the limitations of the resistive magnets. Furthermore, extending the frequency range
of PRE studies beyond 800 MHz gives valuable information into PRE relaxation mechanisms that can be
used in PRE modeling. The thesis is composed of six chapters.

Chapter 1 describes the NMR theory with a focus on the situation in resistive magnets, where fluctuations
and inhomogeneities generate off-resonant effects. At the end of this chapter, we list the pulse sequences
used to extract the relaxation times of water molecules.
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Chapter 2 presents the non-standard methods for processing the NMR data obtained in the resistive magnet.

Chapter 3, extensively focuses on instruments and methods to overcome the limited field quality of resistive
magnets. First, starting from the properties of the resistive magnets, solutions are developed to reduce the
broadening of the NMR lines due to field inhomogeneity. Second, the high-frequency GHz NMR probe
was modeled and characterized. Finally, the impact of spatial inhomogeneity and temporal instability on
the NMR experiments was studied.

The last three chapters are dedicated to the application of the methods in experimental PRE studies.
Chapter 4 describes the theory of paramagnetic relaxation enhancement with restriction to lanthanide ions.

Chapter 5 shows an application example of PRE between 20 MHz and 1.4 GHz on new PM-POMs samples
synthesized by KIT.

Chapter 6 presents an application example of PRE on samples of LnCl; salts, in aqueous solution from 20
MHz to 1.4 GHz with Ln € {Gd, Dy, Ho, Er}. As their PRE behavior has been extensively investigated
since the early days of NMR, they are ideal benchmark samples for comparison between PRE studies
performed on superconducting and resistive magnets. Moreover, the extension of the field range up to 1.4
GHz of these relatively simple Ln complexes is expected to provide information for the analysis of more
complex compounds. This PRE study provides information on the quality of the resistive magnet data and
the investigation of potential systematic errors.



Chapter 1: Some theoretical concepts of NMR

In this part, I will describe the physics behind NMR using both the classical and the quantum mechanics
approach with focus on aspects that are relevant for NMR in resistive magnets. Details can be found in
these books [1,7-12].

1.1 Quantum mechanical description of nuclear magnetic moments

1.1.1 Zeeman energy levels

A
E=myhBy m=-1/2 I
S AE hB
5 0 — =Yyhby
c
i
E=-myhB, m=+1/2 l
Magnetic Field

Figure 1.1: Splitting of nuclear energy levels in presence of a magnetic field for [ = 1/2

In order to observe an NMR signal, we need to target an atomic nuclei that, in its ground state, has a non-
zero spin angular momentum I and, hence, a dipolar magnetic moment . The relation between these two

parameters is given by
n =1, (1.1)

where + is the gyromagnetic ratio, expressed in rad s~! T~! . For the proton 'H, the gyromagnetic ratio is
v =21 x 42.5774 MHz/T. (1.2)

The energy of a nuclear magnetic moment g in an external magnetic field B, depends on the angle 6
between them, and is given by the equation

E,=—p-By=—uBycosb.

The lowest energy is obtained for # = 0, when the magnetic moment is parallel to the applied field. The
highest energy occurs when the magnetic moment is opposed to the field.

One of fundamental postulates of quantum mechanics is that an angular momentum I is quantized into
integer or half-integer values. In the magnetic field applied along the z-axis, I, is quantized into m; =
—I,—1+1,....,1 —1,1, where I is the spin of the nucleus. The total number of these values is 2/ + 1. For
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a spin-half nucleus (I = 1/2), we have two possible values for m; : —1/2 and 1/2. For I = 1, we have 3
values for m; : —1,0, 1.

Under a magnetic field, the otherwise degenerated nuclear spin states split into 2/ 4 1 energy levels called
Zeeman levels, whose energy is proportional to the field

When we deal with a hydrogen nucleus 'H (I = 1/2) in a magnetic field B, the ground state splits into two

levels as shown in figure 1.1. The energy difference between any two consecutive levels is AE = yhB,.

Up to this point, we have only considered a single spin and its magnetic moment. In the following, we
consider that we are dealing with N spins in a volume V, where the magnetization M is the vector sum of
all magnetic moments

1 N
M= (1.4)
=1

1.1.2 Boltzmann statistics and equilibrium magnetization

The spins populate different Zeeman levels with different probabilities for each of them. The probabilities
are given by the Boltzmann statistics
—E(m I)

e kBT

P[E(m)|r) = (1.5)

I —B(mp) ”
kT
ZmI:—I € B

The population of an energy level for N identical nuclei is N P[E(m)]r).

As seen from equation (1.3) and (1.5), the more populated energy levels have positive m; (we consider
v positive), which corresponds to the magnetic moment parallel to the applied field. This gives rise to a
finite magnetization in the sample.

In the absence of the static field B, the moments are randomly oriented because all orientations have the
same energy. This means that there is no finite magnetization in the sample. After the application of the
magnetic field, there is an energetic preference for the magnetic moments to be oriented parallel to the
field (z-axis), as described above. This will lead, after a finite time, to the growth of the net magnetization
vector along the z axis. As more moments adopt lower energy orientations, the magnetization grows, until
it reaches a steady value. At this point we say that the system is at the equilibrium state. The magnetization
at the equilibrium state for a sample of /V nucleus and a volume V' can be written

N mr=—1
1 1
Meq = V E Ui = — E m[hnyP[E(mI)](T) (1.6)
=1 mr=1I

All our experiments were performed at room temperature, where % << 1. For this case the series

expansion of equation (1.6) provides

_ ny?*R?I(I +1)B,
B 3kgT

M, (1.7)

8
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The equation (1.7) gives us a lot of information about the magnetization, which is proportional to the volume
density of the nuclei (n = %), the square of the gyromagnetic ratio of the studied nucleus and to the static
magnetic field.

1.2 Classical treatment of NMR

1.2.1 Nuclear spin ensembles in spatially varying magnetic fields

Magnet

j=s]

e
—
 — — ——————

A

Figure 1.2: lllustration of a sample containing N spins of a nuclear magnetic moment p; exposed to an external
magnetic field By = By(r)e..

So far, we have assumed that the spin ensemble is experiencing a uniform magnetic field B,. However,
the strength of B can vary within the sample volume. To study the behavior of different sets of spins in
different regions across the sample, we divide the sample into small and equally sized volume elements V,
which we call voxels. It is important to note that within each voxel V;, a local magnetization M, ; arises due
to the alignment of the spins with the local field B, ; represented by the equation (1.7). Since the variations
of magnetization M, ; across the different V; are very small (1079 ), we neglect the inhomogeneity effect
of By(r) on the induced magnetization, i,e, M., ; = M., at the equilibrium state.

This approach has been used to facilitate the exploration of variations in local magnetic field values across
the sample, which provides a framework for studying the influence of inhomogeneity and fluctuations on
an NMR experiment.

The magnetic field generated by a solenoid magnet is almost uniform in its center region. At the center, the
field is oriented along the axis of the solenoid, which defines the z-axis of the field. However, as one moves
away from the center, spatial variations in the magnetic field gradually increase. Moreover, the contribution

9
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of the radial components remain negligible. Therefore, we can write

Bo(r) = Bo(r)e:, (1.8)

1.2.2 Motion of free spins in a static magnetic field
Placed in a static field B(r), a torque T'; is exerted on M ;
Fi = M,L X BO,i- (19)

The magnitude of B ; depends on the position of V; relative to the center of the magnet r as shown in the
figure 1.2. The equation of motion for the angular momentum is related to I'; by the following equation

dI
r=—. 1.10
7 (1.10)
Using the equations (1.1), (1.9) and (1.10) leads to the law of the motion
dM ;
o =M, x By,;. (1.11)

The solution of equation (1.11) is a precession of M ; around the magnetic field vector By ; with an angular
frequency wy ; known as the Larmor frequency and expressed by

wo,i = —’)/B07Z'. (112)

We can write equation (1.11) in terms of angular frequencies by combining equations (1.11) and (1.12)

dM;
dt

= Wwp,; X Mz (113)

Here, and in the following discussion, we refer to magnetic fields in units of angular frequency.

1.2.3 Perturbation of magnetization by radio frequency fields

NMR is a technique that makes the nuclear magnetization measurable. In order to achieve that, we will
need to induce a perturbation of the magnetization to take it out from its equilibrium state. The general
idea of this technique is to subject the sample, in presence of a static magnetic field B along the z-axis,
to a time dependent oscillating field B (t) with a frequency w, s near the Larmor frequency wy. By (t) is
applied in the transverse direction, that is in the (x,y) plane [13]. Depending on its frequency, it excites the
magnetic moments of the corresponding nuclear spins.

B, (t) is generated by passing an electrical current through a radio-frequency (RF) coil that englobes the
sample. Due to imperfections in the coil geometry and other factors, the amplitude and direction of the
magnetic field experienced by each voxel varies across the sample. Hence, B, (r,t) is a spatially varying
magnetic field that is both space and time-dependent

Bi(r,t) = B;(r)cos(w,t) . (1.14)

10
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We can write B ;(t) at each voxel i

Bl,i(t) = (BinegC + Bl,yiey + Bl,ziez) cos(wrft) = — ;’/ ( ), (115)

where w1 (1) = (w1 4,€5 + W1 y,€y + W1 4 €;) cos(wyft).

Taking into consideration the static field By ; and the time dependent oscillating field By ;(¢), the Bloch
equation [14] at a voxel i is given by

dM;(t)

In matrix notation M
it
T() = %—l—%(ﬂ] M;(t), (1.17)
where
0 —wo; O 0 —2w1 ,, cos(wyst) 2wy, cos(wyrt)
Qoi=|wos 0 0 and  Q;(t) = | 2w, cos(wyrt) 0 —2w1 4, cos(wy ft)
0 0 0 —2wy y, cos(wypt) 2w 4, cos(wyrt) 0

For further consideration, it’s convenient to transfer the system from the fixed laboratory frame into a
rotating one. We choose the rotating frame such that it rotates at an angular frequency w, s and in the same
sense as the Larmor frequency. The magnetization vector in the rotating frame is expressed by

M(t) = U(H) M(t), (1.18)
where the transformation matrix
cos(wrpt) —sin(w,pt) 0
U(t) = | sin(w,st) cos(wrpt) 0] . (1.19)
0 0 1

Combining equations (1.16), (1.17) and (1.18) gives

dM(t) d

g U™ (1)[Q0, + Qua(D]U() — 2_1@)%2@ M(t) (1.20)
dM(t
d—;() — Q/(t)M(1). (1.21)
After applying the transformation, equation (1.20) can be written as
dM(t
d—;() = [(wo — wrf) +wi(t)] M;(1), (1.22)
where
0 Wiz, (14 cos(2wrst)) + w y, sin(2w, rt) 0
wrr=| 0 |; wii(t) =] wiy (1+cos(2wt)) —wiy,sin(Rw,t) [ 3 wo=1] 0
W f 2wy », cos(wy ft) Wi

11



CHAPTER 1. SOME THEORETICAL CONCEPTS OF NMR

We now neglect in the rotating frame all the time-dependent terms since they aren’t contributing to the
perturbation of the magnetization ("off-resonant" by 2wy ; or wy;), which gives rise to a time-independent
radio-frequency field

Wi; = wl,xﬂ; + w1,yi€;- (1.23)
We therefore obtain
O —AUJ W1 .
dM'(t i Wi
d;( ) = (Wiz,€x + Wiy ey + (Woi — wryp)e;) X M;(t) = [ Aw; 0 —W1,z; M(t), (1.24)
—W1y, Wi 0

where Aw; = wy; —w,y is the deviation from the so-called "on-resonant" situation in which w, s = wg ;. The
solution of this differential equation is the precession of the magnetization around the effective magnetic
field vector represented in figure 1.3 (b)

Werfi = Aw; + Wiy,

with an amplitude

wegg = AT+ Ry, ok, (1.25)
z
A 7
Aml e — - weff,i A weffl

1
I
1 Mi
|
|

0; I
1
! W1y,

Y .y
.................. w1
X X
(@) ®

Figure 1.3: (a): In the rotating frame, the effective angular frequency w.y ; is the vector sum of Aw; and w1 ;. This
latter is the vector sum of w1 5, and w1 y,. The tilt angle 0; is defined as the angle between w. sy ; and Aw;, and ¢; is
the angle between w1 ,, and w1 ;. (b): Precession of the magnetization M; after an NMR experiment in a magnetic
field weyy ;.
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Figure 1.3 illustrate the precession of M ; and w.s¢. We now define

W1,z; . wl,yi sz . Wi
cos(¢;) = ; sin(¢;) = ; cos(b;) = ; sin(6;) = s Bi = wepgt-
( l) g ( l) y ( l) " ( 1) o 1 i effii

The expression of the magnetization at any time ¢ in spherical coordinates for different initial conditions
1. M;(0) = Mqe,
sin?(0;) cos? (1) + (sin®(6;) sin* (1) + cos?(6))) cos(5)
M;(t) = Meq sin(6;) cos(¢;) sin(¢;) (cos(f;) — 1) — cos(;) cos(¢;) sin(f5;) (1.26)
sin(¢;) sin(3;) + cos(6;) sin(6;) (cos(B:) — cos*(¢1) — sin®(¢:) cos(53;))
2. M;(0) = Me,
sin(0;) cos(¢s) sin(¢;) (cos(Beyy,i) — 1) + cos(8;) cos(¢s) sin(f3;)
M;i(t) — Meq sin®(¢;) + cos®(¢;) cos(f;) (1.27)
cos(0;) cos(¢;) sin(¢;) (1 — cos(5;)) + sin(6;) cos(¢;) sin(/3;)
3. M;(0) = Me.
—sin(¢;) sin(5;) + cos(6;) sin(6;) cos?(¢;) (cos(B;) — 1)
M;(t) = Meq | cos(6;) cos(¢;) sin(¢;) (1 — cos(5;)) — sin(6;) cos(¢;) sin(5;) (1.28)

cos?(0;) cos?(¢;) + cos?(6;) sin?(¢;) cos(B;) + sin?(6;) cos(5;)

13
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1.2.4 Off-resonant effects on NMR pulses

In this section, we will discuss the "on-resonant" and the "off-resonant" effects in NMR. It is commonly
known among the NMR community that the system is considered to be "on resonant" when the frequency
of the applied magnetic field w, s is exactly at the Larmor frequency of the nuclei wy, i.e, Aw = 0. However,
as the name indicates, the "off-resonant” case in NMR corresponds to a situation where w, ¢ starts to deviate
from the resonance frequency wy, i.e, Aw # 0.

For simplicity, we consider in this section that w ; is along the -x axis, i.e. ¢; = 180°. In addition, for this
discussion from equation (1.28) we derive the explicit equations showing the variation of the magnetisation

M ;(t) as a function of x; = Awi and Brom,i = w1t the nominal pulse angle also called the resonant angle

1f;? (cos(v/1 + 22Bnomi) — 1)
M, .
it) _ /— sin(v/1 4 7 Bnom,i) : (1.29)

2
M., 14y

s (4] + cos(V/1 + 22 Bnom.i))

1. The first case to deal with, is when the transmitter frequency is exactly at the Larmor frequency
Wy = Wo;, known by "on-resonant" pulse. In this case wess; = wi,;. The time dependance of the
magnetization becomes

M’L<t> = Meq(Sin(ﬁnom,i>ey + COS(ﬁnom,i)ez)~ (130)

As we can clearly see the equilibrium magnetization is now no longer parallel to the effective field,
and so the magnetization will precess around B; in the (y, z) plane. This will bring it towards the
transversal plane, which is what we require.

Brom,i refers to the pulse angle, through which we can control the amount of the rotation angle of
the magnetization. The most commonly used angles in experiments are 7 and 7 pulses. A 7 pulse
induces a rotation of the magnetization from the equilibrium position to the +y axis. A 7 pulse inverts
the magnetization to the —z axis.

2. The second case we will deal with is the "off-resonant” one. Referring to the case we treated before (
"on-resonant” Aw; = 0 ), we see that when Awj; starts to become larger and comparable in size with
the radio frequency field strength w, ; , the effective field w.yr; begins to move from the direction
w1 ,; towards £Aw;, this will cause the magnetization to follow a more complex path.

The explicit equations for the nominal pulse angles 7 and 7 can be obtained from equation (1.29) by
replacing wy ;¢ respectively by 7 and 7. The simulations are shown in the figures 1.4 and 1.5. We will
interpret the simulations of S, = 5 and B,,m,; = 7 impulse cases more deeply in the following of this

section. We should note that both x and y components of the magnetization are detected in an NMR signal.

14
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5 pulse case

M08 6 4 20 2 4 6 8 10 M08 6 4 2 0 2 4 6 8 10
Aw/w, Aw/w;
() (b)

0 : E— : 0 . .
-0 8 6 4 -2 0 2 4 6 8 10 10 -8 6 -4 2 0 2 4 6 8 10
Aw/wy Aw/w;

(©) (d

Figure 1.4: Magnetization M, (a), My (b), M| (c) and M (d) under the influence of an off-resonance frequency for

an on-resonant /2 pulse angle.

Two things to note from figure 1.4

1. Firstly, we can notice that for x; = 0 ("on-resonant"), the magnetization ends up along the y axis
( Figure 1.4 (b) ). For the "off-resonant” case, the vector starts to leave the transverse plane, the
NMR signal observed after such a pulse will be weaker than that of the "on-resonant" case, because
the magnitude of the transverse magnetization becomes smaller. As a result, the magnitude of the
magnetization of the z axis starts to increase.

2. The second point to note is that the "off-resonant” pulses produce some x-magnetization which
increases linearly and some z-magnetization which increases quadratically at the expense of the
quadratic loss of the y-magnetization.

15



CHAPTER 1. SOME THEORETICAL CONCEPTS OF NMR

7 pulse case

08¢
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4|
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0.4r

0.2
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-10 8 6 4 -2 0 2 4 6 8 10
Aw/wy Awlw,

(© ()

Figure 1.5: Magnetization M, (a), My (b), M (c) and M (d) under the influence of an off-resonance frequency for
an on-resonant T pulse angle.

Three things to note from figure 1.5

1. Firstly, we can remark that for z; = 0 ("on-resonant"), the magnetization ends up along the —z
axis ( Figure 1.5 (c) ). The NMR signal is zero since there is no finite transverse component of
the magnetization available to induce such a signal. For the "off-resonant" cases, the magnetization
starts to move away from -z axis to the transverse plane and an NMR signal begins to appear as the
magnitude of the transverse magnetization components is no longer zero. For )f}—f’ = 0.85, the 7
pulse behaves like a 7 pulse where M| = 1.

2. The second point to note is that the "off-resonant” pulses produce some x-magnetization, which
increases linearly and some y-magnetization which increases quadratically at the expense of the
quadratic loss of the z-magnetization.

3. The third point to notice is that the NMR signal amplitude (M) after a 7 pulse is more sensitive to
the variation of x; than the 7 pulse.
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1.2.5 Magnetization dynamics under inhomogeneous B\ and B (t)

In an NMR experiment, each set of spins positioned in a voxel "i" contributes to the NMR signal. The final
signal is therefore the sum of the contributions from all the spin sets located in different voxels. The net
magnetization across the sample

M(t) = iMi(t). (1.31)

The amplitude and phase of the NMR signal are determined by the net magnetization vector, which depends
on the number of spins aligned with the external magnetic field. The amplitude is proportional to the net
magnetization vector, while the phase is related to the angle between the net magnetization vector and the
oscillating magnetic field wy ;(7, t).

Considering the contribution of all voxels 7, we obtain the Bloch equation using equations (1.31) and (1.20),
with a relaxation term R that includes the effect of relaxation mechanisms on the return of magnetization
to its equilibrium state

AM (1) <~ dM,(t 1
():Z ()+§M(t)+—Meqez
i=1 1

dt dt T
MO o oo o] M+ pazi - Lo o
a —; 0+ 1,1(@} i(t)+ R (t)+ﬁ €, (1.32)
where
1

L 0 o0
R=| 0 -z 0 (1.33)

0 0 -+

T5 is the relaxation time of the transverse magnetization and 7 is the longitudinal relaxation time.

1.3 NMR pulse sequences

An NMR experiment uses a series of radio frequency pulses, called a pulse sequence, to determine 7 and
T, of a specific sample. During a pulse, w; (7, t,) is activated for a certain time ¢,. At the end of the pulse,
M (t,) is given by the equations (1.26), (1.27) or (1.28) based on the initial state of the magnetization before
the pulse. Here, and in the following, we will treat the net magnetization such that the equilibrium state of
the magnetization lies along the z-axis (equation (1.28)) and the relaxation term & will be omitted.

We describe in this section the pulse sequences used throughout my thesis to calibrate the pulses and mea-
sure the longitudinal relaxation time 7 and the transverse relaxation time 75.
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1.3.1 Definition of a pulse sequence

There are three steps in an NMR pulse sequence

1.

Preparation or Excitation

The excitation pulse (or a group of pulses) is applied to the sample to prepare a non-equilibrium initial
state.

Evolution

After the excitation pulse, the second step is the evolution of the magnetization in which we wait for
a time interval to allow the spins to relax. In an NMR experiment, 7; is the only parameter that varies
during the experiment. Here we will use indexing to distinguish this parameter from other delays that
might be present in the pulse sequence. This step may involve pulses or a group of pulses in addition
to the time interval 7;. Moreover, 7; can be zero.

Detection

The last step is the detection of the NMR signal. This step consists of applying a detection pulse or
acquiring the NMR signal by detecting the magnetization in the transversal plane M | .

Following every pulse sequence, we wait an interval 7,;, Where the magnetization returns to its thermal

equilibrium state M.,. To assure this, the waiting interval 7,,,;; must be five times the spin-lattice relaxation

time T, of the measured sample. During the detection, the magnetization is calculated using the equation
(2.10) (from the following chapter 2) for each value of 7; and then plotted as a function of it. The set of
points for different value of 7; are then fitted for each selected experiment configuration.

1.3.2 FID Experiment

Excitation Detection

TA

Waiting time FID Signal
Twait
/\ N A A

Figure 1.6: Example for a free induction decay (FID) pulse sequence.

An FID pulse sequence is composed of a waiting time 7, the application of an excitation pulse 7, and,
finally, the detection. After such pulse, the magnetization ends up along the y axis (equation (1.30) for

5nom =

%) The precession of the magnetization induces an oscillating electric current inside the detection

coil, which decays with time. Therefore, the resulting signal after such a pulse is known as Free Induction

Decay (FID). The schematic of the FID sequence is shown in figure 1.6.
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1.3.3 Nutation Experiment

Calibrating RF pulses in NMR requires performing nutation experiments at each field, which is a crucial
preliminary experiment [15]. The main objective of nutation experiments is to determine the pulse durations
required to achieve a 7 and 7 pulses. The method consists of performing consecutive FID experiments
where the pulse angle 3 = w; 1, is varied by changing the pulse length ¢,,. We use a rapidly relaxing sample
(T very small) to minimise the time interval 7,,;; needed to wait between two successive FIDs. This
approach reduces the experimental time required for pulse calibration.

At the end of the nutation experiment, we fit the y-component of the magnetization for different values of
t, by the equation(1.29) for the on-resonant case (equation (1.30))

M, (t,) = M,sin(wit,) (1.34)

We extract from the fit the pulse strength w; and M,,. In figure 1.7, we show an example of a nutation
experiment performed on the resistive magnet at a magnetic field strength of 28 T (fy = 1.2 GHz) of a 'H
water reference sample containing GdCl; of a concentration ¢ = 60 mMol/l, during which the y-component
of the magnetization M, was measured as a function of the pulse length ¢,. Here we found w; = 27 85
krad s~! (f; = 85 kHz) and M., = 694. Then we use the fit value of w; to calculate tr = 2.95 ps and
tr =95.9 us.

T 4 T Y T Y T
O Experimental Data
—Fit

750 |
600 |-
450 [
300 |
150 |
= of
150 [
-300 |-
450 [
600 |- )
-750 __ oo -

n I 1 n 1 I 1 n "
0.0 15 30 45 60 75 90 105 120
t, (us)

Figure 1.7: Example of a nutation experiment performed on the resistive magnet at a magnetic field strength of 28 T
(fo = 1.2 GHz) of a 'H water reference sample containing GdCls of a concentration ¢ = 60 mMol/l, during which
the y-component of the magnetization M, was measured as a function of the pulse length t,. The symbols represent
the experimental data, and the red line is the corresponding fit curve.

19



CHAPTER 1. SOME THEORETICAL CONCEPTS OF NMR

1.3.4 T, Experiment

The recovery process of the longitudinal component M, after an excitation pulse back to its equilibrium
value M, is known as longitudinal relaxation. T, is the longitudinal relaxation time needed for this return,

expressed by
dM 1
== —(My— M, 1.35
I Tl( 0 ) (1.35)
which has the solution
M,(r;) = M,, (1 — Cexp (—%)) (1.36)
1

where C represents the inversion rate of the RF pulses (C' = 2 for a perfect inversion recovery sequence and
C = 1 for a perfect saturation recovery sequence), 7; the variable time interval, and M., the equilibrium
magnetization state.

There are two popular sequences to measure the longitudinal relaxation time of the spins T;: the inversion
recovery (IR) (Section 1.3.4) and the progressive saturation recovery (PSR) (Section 1.3.4) [16-18]. Both
pulse sequences consist of an excitation pulse or a series of excitation pulses, a magnetization evolution
M (7;), and an FID pulse for detection.

Inversion recovery (IR)

Excitation Evolution Detection

FID Signal

N /\/\/\/\
VAU

Waiting time

Twait

>t

Figure 1.8: Example of an inversion-recovery (IR) pulse sequence

The excitation pulse is a 7 pulse, known as the "inversion pulse". It inverts the magnetization vector, and
so, as a function of the time interval 7;, the recovery goes from — M, to M., accordingly to the equation
(1.36) for C' = 2. This process is called "inversion recovery", and is shown in figure 1.8.

Progressive saturation recovery (PSR)

The "saturation pulse” consists of a series of 7 pulses, separated by a time interval 7, & T3 It progressively
saturates the magnetization vector (M, = 0 and M, = 0), and so, as a function of the time interval 7; ( with
T, << T;), the recovery goes from zero to M., accordingly to the equation (1.36) for C' = 1. This process
is called "progressive saturation recovery" and is shown in figure 1.9. This method is very useful when 7}
is long since it is not necessary to wait for 577 between two consecutive pulse sequences.
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Excitation Evolution Detection
T n s
2 2
FID Signal
. Ti - AWAWN >
> > \/ \/ \/ vV > 1

Figure 1.9: Example of the progressive saturation-recovery pulse (PSR) sequence. n is the number of & pulses

separated by a fixed time interval 75 (a pulse train "comb”).

Practical implementation of the sequence

For T experiment, we need to generate a list of n time intervals 7; for the pulse program. Typically n time
intervals 7; are chosen equidistant on a logarithmic scale

7 = T k™ (1.37)

where £ is the base of the logarithm, which is calculated based on the ratio between the last time interval 7,

:(ﬁ>%1 (1.38)
1

To ensure full recovery of magnetization M., at the end of the IR pulse sequence, we choose 7, equal
to 57). Furthermore, we choose 7; such that at the middle point Tz, the sign of M, changes, i.e., for
MZ<T%) = 0 (see figure 1.10 (b)). For n = 16 measurements, we obtain £ = 1.3. This approach ensures
the experimental data coverage of M, from —M,, to M., (figure 1.10 (b)) and saves experiment time.
It is convenient, therefore, to plot the magnetization M (7;) as a function of log(7;). Figure 1.10 shows an

and the first time interval 7y
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Figure 1.10: Example of the recovery curve of the magnetization after an IR pulse sequence in both (a) linear and (b)
logarithmic time scales.
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example of the recovery curve of the magnetization after an IR pulse sequence in both linear and logarithmic
time scales. We obtain M, = 0 for 7o = T7 In(2).

1.3.5 T, Experiment

The transverse relaxation time 75 describes the decay of the transverse magnetization M, after its exci-
tation. Following a radio frequency pulse, the magnetization vector initially lies in the transverse plane.
However, due to magnetic field inhomogeneity, a decoherence of the spins occurs, and the transverse mag-
netization starts to decay. The relaxation process is expressed by

dM; M,y
= —— 1.39
dt T, (1.39)
which has an exponential decay as a solution
M, () = M. (0) exp (;—T> (1.40)
2

However, the impact of the magnetic field inhomogeneity Awjmnom, Which causes additional spin decoher-
ence and accelerates the decay of the transverse magnetization, must be taken into account. This means

1 1
— = — 4+ Aw; 1.41
T2* TQ inhom ( )
where Awiynom comes from the magnetic field inhomogeneity. The decoherence induced by this term is
removed by the introduction of a train of refocusing 7 pulses at regular intervals during the evolution, which
makes it possible to measure the decay of the transverse magnetization 75 due to the spin-spin interactions

within the sample.

There are several methods used to measure the transverse relaxation time of the spins 75. The method used
here is the Carr-Purcell-Meiboom-Gill (CPMG) sequence [19, 20].

CPMG sequence
Excitation Evolution Detection
T .
) |
2/%
Waiting time Echo
Tyait Te Te Signal
PN .

ty

Figure 1.11: Example of the CPMG pulse sequence. i indicates the repetition rate of the refocusing pulses.

The CPMG sequence consists of an excitation pulse that flips the magnetization into the transverse plane,
followed by a series of refocusing 7 pulses separated by a time interval of 27, and, finally, the detection.
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After the 7 pulse, initially, the spins precess in phase but due to the transverse relaxation = T* , it gradually
dephases over time. The 7 pulses are applied then to refocus the magnetization at specific tlmes, creating
an echo signal that can be detected by NMR. Two methods were used to detect echoes

1. The first method involves a 2D experiment, in which a single echo signal is detected after repeated
application of the evolution block ( 7 times ), as shown in figure 1.11. The value of 7 is consecutively
selected from a list of n echoes. The echoes are then recorded at different time intervals

i = 2(7e + tr)i (1.42)
where 7. is the echo time fixed and optimized so that the last time interval 7 ,,,, = 575. Two
consecutive ¢ are separated by the waiting time Ty, = 577. The time consumed for this experiment
will be

texp = Z Ti + NTwait (1.43)

2. The second method shown in figure 1.12 involves a 1D experiment, wherein all the n echoes are
detected in a single scan. In this case, 7. is selected to satisfy 2(7. + t,)n > 5T5. This method is less
time consuming than the first one with tey, = 2(7. + 1)1 + Tyait-

20 — T T T
20 , . .
. \>§15 L 1]
S\ 5 10 ‘\
£ E \ \ i | 1 P
n10 S 5t -
: | HM
-8 0 L\‘w’w‘ww LAL " m‘utu b\uu‘L umJJL.« L) UJJWJ
=S 0 1 _ 3 4
5 tlme (ms)
0 ST AP YRR ' | "
0 5 10 15 20 25 30
time (ms)

Figure 1.12: Example of CPMG (1D) experiment of " H NMR of an aqueous (9:1 D50 : Hy0) solution of GdCls for a
concentration ¢ = 10 mMol performed at By = 32.5 T (fo = 1382 MHz) in the resistive magnets. All the echoes are

recorded at the same time.
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Chapter 2: Processing of NMR data
obtained in resistive magnets

The NMR experiment does not directly provide the nuclear magnetization, nor the relaxation times, such
as 77 and T5, which are essential for understanding the mechanisms of molecular relaxation. They are
derived from the data processing procedure. Several commercial software applications exist to facilitate data
processing. However, these software applications are not suitable for processing data in resistive magnets
that have low field stability and inhomogeneity compared with superconducting magnets. Therefore, we
developed special data analysis methods that allow efficient extraction of the relevant parameters from the
NMR experiment.

In particular, special routines for baseline and frequency offset correction were developed, which will be the
focus of this chapter, in addition to the standard processing methods found in NMR textbooks and articles,
which we will briefly discuss.

2.1 NMR data analysis in a stable and homogeneous field

1
Real Real
Imaginary| | 0.75 Imaginary | |
Detection
05
Baseline
———————————————————— > > 0.25
1 x
[
< 0
—
-
[
- -0.25
-0.5
0.75
L s . 1L
0.4 0.6 0.8 1 -100 -50 0 50 100
Time (ms) Af (kHz)

Figure 2.1: Simulation of an NMR FID for the ideal case: on-resonant case Af = 0, ¢oec = 0, and the baseline
offset equals zero. Left:Time domain signal. Right: Frequency domain signal.

After the excitation, the NMR signal is recorded in presence of the static field B. The data are recorded in
the rotating frame of the excitation frequency f, s: A quadrature detection method [21] is applied leading to
the detection of both, M, (real part) and M, (imaginary part) components of the precessing magnetization
(figure 2.1). These two signals are then used to build a complex time-domain signal

M (t) = My(t) + iM,(t). @.1)
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The transverse magnetization M (¢) decays with an exponential time constant 75, which is typically due
to the inhomogeneities of the local static magnetic field. M (t) can be written

—t . .

M. (t) = M.y exp (T—) exp(idecc) exp(i(2T A L)1), (2.2)
2

where ¢e 1S a constant phase induced by the probe electronic components of the NMR spectrometer. This

phase is common to all measurements. Af = f, — f, is a frequency specific to each measurement and

represents the deviation from the on-resonant situation (f, s = fo).

The Fourier transform of the M (¢) signal provides the NMR spectrum centered at A f

1 [t .
I(f) = FTIML(D)] = 5~ M (t) exp~ ™" dt (2.3)
T —0o
The Fourier transform then gives a spectrum at A f, where the real part is a spectrum with an absorption
mode of Lorentzian lineshape, and the imaginary part is a spectrum with a dispersion mode of Lorentzian
shape, as shown in figure 2.1
ET

My (t) = I(f)

—t . FT Meq 1/7—5’< . —27'('(f B Af)
M (7 ) lir) 5 52| G 7 G AT
R:;l Imagirnary
(2.4)

For the ideal, on-resonant case, the real part is an even function centered at A f = 0 with a maximum peak
height at T3, and with linewidth at half height equal to /(A f) = 1/7T;. It contains only positive values,
with the integral resulting in M, (¢t = 0). For values far away from A f = 0, the real part decays to zero with
a power law f~2. The imaginary part is an odd function also centered at A f = (. The resulting integral of
the imaginary part is zero. For values far away from A f = 0, the real part decays to zero with a power law
f~L. Figure 2.1 shows a simulation of an NMR signal for an ideal case and its corresponding spectrum in
the frequency domain. The signal decays and reaches zero at ¢ > 575, where the baseline is defined.

2.1.1 First order phase correction

We use for the phase correction an integration method of the spectrum I(f). The integral of the complex
spectrum [( f) is equal to

[ 1 = Mt = 0) = hpesptio) @)
[ = [T reatipyar i [ imaglni)ar 2.6
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Comparing the real and imaginary parts of the equations 2.5 and 2.5 provides two equations

+oo

M., cos(¢) :/ Real[I(f)] df (2.7)
+o00

Moysin() = [ tmaglt(9)]df 238)

that allow the extraction of the corresponding phase

S tmag[I(f)] df)
J 7 Real[I(f)] df

¢ = arctan ( (2.9)

The first-order phase correction is then applied by multiplication of the spectrum I(f) by exp(—i¢). For
the phase corrected spectrum, the integral of the imaginary part of the spectrum is equal to zero.

2.1.2 NMR lineshape

Intensity

n 1 L 1 " 1 n 1 L 1 n 1 n 1

-60 -40 -20 0 20 40 60 80 100 120 140
Af (kHz)

Figure 2.2: Example of 'H NMR spectrum of an aqueous (Hy0) solution of GdCls with a concentration ¢ = 60 mMol/l
at 24 T/1020 MHz. The line shape deviates from a Lorentzian shape and is modeled by the moment equations. Details
can be found in the text.

General NMR line shape often deviate from Lorentzian forms as can be seen in figure 2.2. The line shape
of the NMR spectrum is then modeled by a model free approach as shown in figure 2.2 using moment

equations
I d, I — M,)%d
My My
where M, represents the zero moment , M; the first moment, M, the second moment, I(f) the signal
intensity at each frequency f. The limits of the integrals (integration window size) for My, M7, and M, are

user-defined, which must be the same for all the measurements in the experiment.
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Three main parameters are extracted from an NMR Spectrum

1. The integrated intensity of the spectrum M/, which is related to the size of the transverse magnetiza-
tion M and is proportional to the number of spins in the sample.

2. The line position of the spectrum M, represents the offset frequency A f with respect to the radio-
frequency f, . In the example (figure 2.2), M; = 33 kHz.

3. The full width at half-height of the spectrum is proportional to v/ M5 and represents the inhomogeneity
of the magnetic field A fi,nom and the relaxation mechanisms.

2.2 Processing of resistive magnet NMR data

In a typical NMR experiment in the resistive magnet all the cited parameters ¢... + additional phases,
baseline offset, and A f deviate from the ideal case, so we have to apply different corrections to reduce their
influence on the detected signal.

For this purpose a Matlab script was developed.

2.2.1 General description of the processing algorithm

The program carries out a systematic analysis of the experimental data as shown in the figure 2.3. It is
divided into several phases

1. Importing the experimental data file (pulse program parameters , real and imaginary parts of the
signals , experiment parameters). The data set can be a 1D file, as in the case of a simple FID
experiment, or a 2D file, as in the case of a 7}, 75, or nutation experiment. In the latter case, the
experiment parameters include the delay list, each associated with its NMR signal.

2. Time domain corrections: Dead-time signal cutting and Baseline correction.
3. Frequency domain corrections: Field fluctuation and Phase correction.
4. Moment equations calculations: M, M7, and Ms.

5. Export of the corrected spectra and the calculated parameters (M, M, and M) in two separate files.

The details of the program will be further detailed and discussed in the following sections.
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Figure 2.3: Main steps in the NMR data correction program. The corresponding program code is written in Matlab.
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2.2.2 Time domain analysis

In the time domain, several problems arise, such as ringing noise and baseline offset. Several corrections
must be applied to minimize their influence on the NMR signal before applying the Fourier transform. This
will be the subject of this section.

Signal cutting

20 H T H T T T T T ¥ T
cut

—rreal

15 L imaginary| |
—— Module

Voltage (mV)
/f

0 25 50 75 100 125
Time (us)

Figure 2.4: Signal cutting by few data points to take out the ringing noise induced by the amplifiers.

After the pulse, the amplifier that is used to increase the NMR signal intensity for recording is first saturated
and then shows unwanted noise, as shown in figure 2.4. A part of this noise is an electronic noise linked to
the recovery of the resonance circuit and the detection electronics from the strong RF pulse. Another part
of this noise is an acoustic ringing or mechanical noise of some probe parts, mainly the NMR coil, due to
the RF pulse, which produces mechanical oscillations picked up by the NMR coil [22] [23].

The method used here to eliminate the impact of the ringing noise on the NMR signal is to cut off the first
few data points n xdwelltime, where n is the number of points chosen by the user [24]. This induces a dead
time Tgeaa = N X dwelltime. The dead time is removed from each measurement (common to all). The new
acquisition time becomes ¢’ = t — T4eaq. By replacing ¢t = ¢’ + T4eaq in the equation 2.2, we obtain

_(t/ + 7—d€:ad>

M’ (t") = M., exp ( T
2

> exp(i@etec) €xp (1277 A f (t,) (1 + Taead))

/

T: ) exp (i2rAf(t,)t))  (2.11)
Now, as the dead time subtracted from 7ge,q 1s of the order of a few microseconds, whereas the T3 >> Tgeaq
is of the order of a millisecond, this leads to exp <%‘f“> ~ 1. However, ¢, (t,) = 27Af(t,)Tdead, the
phase introduced by the dead time is specific to each measurement since Af(¢,) = fo,(t,) — f-r and is
time dependant due to the fluctuations of the resistive magnet. Therefore, ¢,, must be included in the phase

correction step later on. Figure 2.4 shows the process of cutting the NMR signal to remove the initial data
points affected by the ringing noise.

M| (t') = M.y exp(ideiec) €xp (%) exp (12w A f (t,) Tgead) €XP (

2
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Baseline correction
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Figure 2.5: Baseline correction method by cutting the NMR signal into N equal windows w;

As in the ideal case, the transverse magnetization detected should decrease to zero. However, the recorded
signal may converge to a finite offset value, because of the electronics used for the amplification. The
standard method assumes that the baseline offset is constant throughout the entire signal, which can be
corrected by simply applying a zero-order baseline correction in the time domain. However, in our case and
in particular in 7} measurements, unwanted echoes due to imperfect pulses can arise in the NMR signal
during the decay, and this varies from one measurement to another, which can affect the estimation of the
baseline and lead to inaccurate baseline correction.

A new method has been developed to specifically treat these cases. It consists of
1. Dividing the NMR signal into N equal windows as shown in figure 2.5
R R
=1 0—-1)=,j= 2.12
R

where £ covers a sufficient number of data points, with a minimum requirement of at least 20% of
R the record size of the NMR signal. N is selected and optimized by the user to achieve the desired
accuracy and resolution for this specific analysis.

2. We calculate the average of the noise w; at each window w;

n=j£ .
=y QLE)+idm)N .
n=(j—1)%

3. We find where the minimum of , / u’JJQ. and then subtract the corresponding w; value from the entire
NMR signal.

The window size used is the same for all measurements. However, the minimum of , /u‘JJQ. depends on the
measurement.
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2.2.3 Frequency domain analysis

o —
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Figure 2.6: ' H spectra for single scan measurements of an aqueous (H>O) solution of GdCls with a concentration c =
60 mMol/l at 24 T /1020 MHz phased by a very large window. The four measurements were performed consecutively.
The field fluctuations in the resistive magnets induces the detection at different off-resonant positions A f,,(t) from the
radio-frequency f, ;.

In the frequency domain the 'H spectra for the same sample appear at different positions Af from one
measurement to another during the same experiment due to field fluctuations of the resistive magnets as
shown in figure 2.6. In order to obtain properly phased spectra, as shown in figure 2.6, and since we are
applying collective data processing (over 100 of measurements for the field stability experiment), the user
must define a very large window for the phase correction

1. To cover all the "off-resonant" positions A f of the spectra for the phase correction. The size of the
A f can reach 100 kHz in some measurements.

2. To reduce the impact of window asymmetry on spectra phasing, a larger window size is used to
compensate for this effect.

However, this method can still lead to phase correction errors because we are working with finite window
size and asymmetric spectra. To avoid phase correction errors, we have developed a method specifically
tailored to handle field fluctuations, which will be the subject of the next paragraph.
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Field fluctuation correction
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Figure 2.7: The spectra of the previous figure after the application of the correction of field fluctuations. The descrip-
tion of this figure follows the caption of figure 2.6. Details can be found in the text.

The core of this method is to recenter all the spectra at zero frequency offset. This generates a symmetrical
window for the phase correction and allows to reduce the integration window size, which improves the
signal-to-noise ratio for the moment calculation. To correct the frequency offset, we need to shift each
spectrum by the associated —A f(¢,,) (see figure 2.6). We decided to take the module of the spectrum to
calculate A f(t,) since it is independent of the phase, unlike the real and imaginary parts of the spectrum.
We find Af(t,) as the frequency that corresponds to the spectrum’s maximum modulus.

Figure 2.7 shows the superposition of the spectral lines after the field fluctuation correction method was
applied. The integration window is then selected to be seven times the line width at half height of the NMR
spectra, which provides 99 % of M., for the above spectrum in figure 2.7. We can then apply the same
integration window to calculate the first moment of the spectra for all measurements.

After correcting the frequency offset A f(t,,) specific to each NMR spectrum, the remaining step involves
correcting their phases ¢, ;. The total phase, specific to each measurement 7, is derived from equations
(2.2) and (2.11)

an - ¢elec + Qb(tn) - ¢elec + 27TAf(tn)7—dead- (214)
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It is induced by the dead time specific to each measurement n and the constant phase introduced by the
NMR spectrometer electronics @ejec.

The value of ¢,, for each measurement is calculated by replacing ¢.;.. by ¢,, following the same procedure
as explained in the section on phase correction (ideal case). After calculating the values of ¢,,, the NMR
signals M), | (t) (equation (2.11)) are multiplied by exp(—i¢y, s, ) term to correct their phases.

Then, finally we can calculate the parameters My, M; and /M, from each NMR spectrum using the
moment equations (2.10).
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Chapter 3: Instruments and methods for NMR
in resistive magnets

3.1 Constraints for NMR in resistive magnets

Figure 3.1: General view of the LNCMI Grenoble M9 resistive magnet: Byq = 37 T at I = 4 x 15000 A. The height
of the structure is approximately 2 m. The metal tubes are the water cooling: 300 l/s at Ap = 20 bar. The access to the
magnet for user experiments is located in the floor above. Details can be found in the text and in references [25-27].

Most NMR experiments use superconducting magnets. The discovery of new superconducting materials
(ceramic oxides) that maintain their superconductivity under intense magnetic fields opened the way to
a new generation of highly homogeneous, high-field magnets, surpassing the magnetic field limits of the
previous generation of commercial NMR superconducting magnets [28, 29]. The maximum achievable
field strength of superconducting magnets stands at 28.2 T for commercial high resolution NMR magnets
(Bruker) and 32 T for a non-commercial general purpose magnet (NHMFL in Tallahassee).

Nevertheless, resistive magnets continue to exceed these field limits. DC fields higher than 32 T are cur-
rently available at a few specialized high-field facilities that operate resistive magnets: Tallahassee (United
States), Nijmegen (The Netherlands), Tsukuba (Japan), Hefei (China), and Grenoble (France).

The LNCMI laboratory (Laboratoire National des Champs Magnétiques Intenses) in Grenoble is one of
these facilities. It enables researchers to carry out high-field experiments, such as NMR, in a DC magnetic
field up to 37 T in a 34 mm bore resistive magnet shown in figure 3.1 [25-27]. The magnet allows a ramp
rate of up to 5 T/min, which allows studies of field dependent phenomena. At full field, the magnet operates
at 60000 A provided by four parallel power supplies, each operating at 15000 A and 400 V . It consumes a
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total electrical power of 24 MW, which is evacuated by a water cooling operating at a flow rate of 300 I/s
and a pressure difference of Ap = 20 bar.

Unfortunately, the spatial field homogeneity and field stability of this type of magnets does not meet the
requirements of high resolution NMR experiments. NMR experiments in these magnets are therefore a
technical challenge and need a tailored NMR approach [30,31].

3.1.1 Architecture of LNCMI resistive magnets

Bo upto37T
H

RT bore

h

-34 mm

Figure 3.2: Schematic view of the high field LNCMI resistive magnet configuration. The magnet is composed of two
sub-magnets (Helix + Bitter) that can be independently powered by two 12 MW power supplies, where Iy g are the
current flowing in the magnet to produce the desired magnetic field. The figure is adapted from [27]. Details can be
found in text.

A 24 MW LNCMI resistive magnet is composed of two sub-magnet as shown in figure 3.2: an inner magnet
built from a Helix insert and an outer magnet built from two Bitter stacks that can be electrically powered
in a separate way [25,27]. Due to their different geometries, each sub-magnet contributes differently to
the total magnetic field, with the poly Helix magnet capable of producing fields up to 26.5 T and the Bitter
magnet up to 10.5 T. Therefore, the total magnetic field B, of the resistive magnet at its center is the
superposition of By and Bpg

By = Bu + B,

where indexes B or H indicate the relevant parameter (here magnetic field) linked to the Helix and the
Bitter magnet respectively. The magnetic field is proportional to the current /y 5 and the equation can be
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written as
By = Fyly + Fglp, 3.1

where Fy p are the field factors of the two sub-magnets.

The total power consumption of the magnet can be expressed as the sum of the power consumed at each
sub-magnet.
P - PH + P37

P = Ryl% + Rpl3, (3.2)

where Ry p are the resistance, and [y p are the current flowing in the magnet to produce the desired
magnetic field.

The LNCMI has developed a method for saving energy while performing experiments in the resistive mag-

net, wherein a minimum power P is found at each field B, [27]. This method is based on optimizing the

current distribution pair (I,/p) in the two sub-magnets in such a way that
oP Iy FuRp

— =0 2= :
3151 | g, Iz FgRy

(3.3)
A detailed study [27] shows that an energy efficient operation is obtained by a field dependent current ratio

THB — —. (34)

For fields below 24 T, ry g = 2 is used. Above 24 T, ry linearly decreases with field down to ryp = 1 at
37 T. More details on the LNCMI resistive magnet in Grenoble can be found in [25-27].

3.1.2 B Field inhomogeneity

The LNCMI’s resistive magnets have approximately a solenoidal configuration. The Biot-Savart law de-
scribes the magnetic field B at a given point r as the integral of contributions from infinitesimally small

current elements within the solenoid:
/ / / ) a3, (3.5)
|'r — 7|

J (') is the current density of the solenoid element located at 7’.

The formula shows that B (r) is determined by the current density distribution J(r’) within the conductor
volume V. At a specific point located at 7, the magnetic field B(r) is dependent on the magnitude and
direction of the current density J (') at all points in the conductor.

A second-order axisymmetric model in cylindrical coordinates is a suitable way of describing the field
profile of a solenoid magnet oriented along the z-axis near the center located at r = (xg, yo, 20) [32]. This
model gives the variation of the magnetic field magnitude

By(z,p) = By (1 + G, (z — %p )) (3.6)

at a specific point, as a function of the relative distance from the center

z=z—2 and p=/(z;—0)2+ (yi — y0)? (3.7)
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of the resistive magnet, where G . is the relative second order axial gradient coefficient.

We note from this formula (3.6) that the field variations in the radial direction are half of that in the axial
direction.

The LNCMI resistive magnets is composed of two sub-magnet (Helix + Bitter) with different field factors
and magnet geometries that are both centered at (2, po) = (0, 0), therefore,

BO(*’«UP) :BH(Z7P)+BB(27P)7 (38)
where
1
By(z,p) = Fyly (1 +G..m <22 — 5;)2)) , (3.9)
and
1
Bp(z.p) = Fplp (1 +Gup (22 — 5/)2)) . (3.10)

Inserting equations (3.9) and (3.10) into the equation (3.8), and using equation (3.4) gives

FHGzzH *THB FBGZZB 2 1 2)
By(z,p) = By | 1+ : + : z°— = , 3.11
0( p) 0( (FB+FH'THB FB+FH'THB 2p ( )

By comparing equation (3.11) with equation (3.6), we deduce the axial gradient of the resistive magnet

_ FHGzz,H *THB FBGZZ,B
Fp+Fy-rup  Fp+Fy-rup

G.. (3.12)

G .. is field dependent due to the field dependency of ryp. In table (3.1), we list the values of GG, in units
of ppm/mm? at the fields used in this thesis.

By [Tl fo [MHz] G.. [ppm/mm?]

19.2 820 -24.63
24 1020 -24.63
28.2 1200 -23.38
33 1400 -22.15

Table 3.1: Magnetic field dependence of the axial gradient coefficient G ..

In figure 3.3, we plot the field profile AB/ By with AB = (By(z, p) — By) at the central axes of the LNCMI
resistive magnet for By = 24 T (GZZ = —24.63 ppm/mmz).

It is worth noting that spatial field inhomogeneity is 100 — 1000 times greater than in a commercial NMR
superconducting magnet.
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Figure 3.3: Top: Radial and axial magnetic field profile of the LNCMI M9 resistive magnet at the M9 site at 24 T.
Bottom: Contour plot of field distribution in the (x,z) plane of the magnet.
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3.1.3 NMR line shape in an inhomogeneous field

For NMR experiments, we use cylindrical samples with a diameter of d = 1 mm and lengths ranging from
[ = 1to 2 mm. The samples are inserted in a capillary tube, where the axis of the cylinder is perpendicular
to the magnetic field B, and positioned near its center.
According to equation (1.13) in chapter 1, the law of motion of the magnetization M;(z, p) at a given voxel
Vi is

dM i(z ) P )

o = woi(z,p) x M(z,p). (3.13)

In a magnetic field
1
Bo(z,p) = By (1 + Gzz (;ﬂ — 5;9)) e., (3.14)
the magnetization of each voxel V; precesses with an angular frequency
wo(2, p) = —yBo(z, p). (3.15)

Transformation in the rotating frame with w, s = wy gives

Aw(z,p) = wo(z =0,p=0)Aw,(z,p) e.. (3.16)
wo(z = 0,p = 0) = —yDB,y is the resonance frequency at the center of the magnet and
1
Awp(z,p) = Gzz (z2 - §p2> (3.17)

is the field distribution over the voxels V; normalized by the resonance frequency wy(z = 0, p = 0).

Assuming a homogeneous magnetization after a 7 pulse for each voxel, the magnetization is
M(z,p) = My €. (3.18)

The spectrum intensity can be modeled by the histogram of Aw(z, p) on the sample volume as shown in
figure 3.4. Figure 3.4 shows spectra simulations using voxel sizes of 0.01 x 0.01 x 0.01 mm?3.

First, we present in figure 3.4 the influence of sample length at a constant field By = 24 T (G,, = —24.63
ppm/mm?) on the NMR spectrum (the diameter of the sample is kept constant at d = 1 mm). Regardless
of the sample length, we assume that the center of the sample coincides with the center of the magnet. All
the spectra shown in this figure have a finite width and an asymmetric line shape due to the inequality of
the axial and radial gradient coefficients. However, we can see that as the length of the sample increases, its
volume increases and, as a result, the dispersion of Aw,,(z, p) is larger over the whole sample, resulting in
a broader spectrum. The full width at half-maximum FWHM obtained for the simulated spectra are listed
in table 3.2 (left).

Secondly, we present in figure 3.4 the influence of the field on the NMR spectrum for a sample of length
[ = 1 mm and diameter d = 1 mm, where the (5., values used for this simulation are taken from the table
(3.1). In contrast to the first case, here Aw,,(z, p) is constant and wy(z = 0, p = 0) varies. We can see in
this figure that at higher fields, since wy(z = 0,p = 0) increases and G, values are close to each other,
the NMR line becomes significantly broader. The full width at half-maximum FWHM obtained for the
simulated spectra are listed in table 3.2 (right).
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Figure 3.4: Top: Simulation of the broadening of 'H NMR spectra at 24 T (1020 MHz) as a function of sample size
for a cylindrical sample well centred in the magnet with fixed diameter d= 1 mm and varied lengths of | = 0.5, 1, 1.5,
and 2 mm . Bottom: Simulation of the broadening of "H NMR spectra as a function of field strength for a cylindrical
sample well centred in the magnet with length | = 1 mm and diameter d= 1 mm.
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[ [mm] | FWHM [kHz] | FWHM [ppm] By [T] | fo [IMHz] | FWHM [kHz] | FWHM [ppm]
0.5 2.3 22 19.2 820 3.3 4.0
1 4.1 4.0 24 1020 4.1 4.0
1.5 5.4 5.3 28.2 1200 4.7 3.9
2 7.0 6.8 33 1400 5.1 3.6

Table 3.2: Left: Full width at half-maximum (FWHM) at 24 T of NMR spectra dependence with the different sample
length | and fixed diameter d = 1 mm. Right: Full width at half-maximum for sample length | = 1 mm and diameter
d = 1 mm of NMR spectra dependence with the different magnetic fields used in this thesis B.

3.2 Resolution enhancement in inhomogeneous fields

In this section, we present the solutions for improving the resolution of the NMR signal under inhomoge-
neous conditions encountered in resistive magnets. This method focuses on finding the optimum dimensions
of a cylindrical sample for which the shape of the NMR line is symmetrical, and its broadening is minimal.

3.2.1 General considerations

For a first estimation of the NMR line broadening of a given cylindrical sample with a volume V', diameter
d (along z) and length [ (in the (x,y) plane), we use here a rule of thumb, derived from equation 3.14 and
expressed as follows

AB d d?
—_— — pu— pumy —_— .1
B, G0 0)' Goag (3.19)
for the axial contribution to the broadening, and
AB l 1,7
B, (z=0,p 2)‘ 2G 1 (3.20)

for the radial contribution to the broadening.

We can find an optimum d and [ for which the NMR line shape is symmetrical for a well-centered sample,
i.e., the axial contribution should be equal to the radial contribution

? 1 12
I i 21
Gzz 4 2Gzz 47 (3 )
which gives
[ =2d. (3.22)

Indeed, in the top panel of figure 3.4, we see that the [ = 1.5 mm provides roughly the most symmetric
spectrum, whereas longer samples produce frequency broadening.

Another important factor is to reduce the inhomogeneity of the magnetic field in the sample volume in
order to obtain the narrowest possible NMR line during the experiments. Therefore, we show again in
figure 3.5 (a) the axial and radial profile of the LNCMI M9 resistive magnet, where the NMR experiments
were performed, together with typical NMR sample sizes.
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Figure 3.5: (a): Axial and radial magnetic field profile of LNCMI resistive magnet. (b): Comparison of sample sizes
between the standard NMR samples used in the superconducting magnet and those used in the resistive magnet.

The 5 mm diameter sample tubes used for typical liquid-state NMR experiments in superconducting mag-
nets are marked in green in the figure and, as we can see, their NMR spectra become very broad (138 ppm
axially and 69 ppm radially) in the resistive magnet.

The only way to minimize this broadening effect is to switch to smaller samples (marked in blue in the
figure), which cover less space in the magnetic field and experience a weaker field gradient. Therefore, we
can reduce the broadening by a factor of 52 = 25 by switching to ;1 samples. Figure 3.5 (b) highlights the
difference in sample volume as we pass from NMR experiments on a superconducting magnet to a resistive
magnet.

Moreover, each time we are displacing the sample out of the center, A f/ fj is increasing, thus broadening
the NMR line of our sample. Therefore it’s essential to have small samples and to properly center them
inside the magnet. For a 1-1.5 ul sample precisely positioned at magnet center, the linewidth should stay
below 15 ppm.

It is important to note, that the axial position of the sample can be modified during the experiments, unlike
the radial position. This means that radial centering of the sample is part of the sample preparation, which
becomes an important step before the experiments.
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3.2.2 Preparation of ;1 NMR samples
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Figure 3.6: Top: Sample filling tool. Bottom: Detailed schematic of the filling tool.

To ensure a homogeneous magnetic field over the voxels V;, the optimum sample size should be between
1-1.5 mm in length and with a diameter d = 1 mm equivalent to a volume of 1-1.5 ul and well centered in
the magnet. Since we are dealing with liquid samples, we must fill them into capillary tubes. We choose to
use capillary tubes with inner/outer diameters of 1/1.2 mm and a length of 10 mm.
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Throughout the filling process, we had to overcome a number of technical challenges, which can be briefly
stated as follows

1. Dealing with small sample volumes of 1-1.5 ul. The liquid sample insertion into the capillary tube
was performed using a micropipette that can hold up to 10 ul of volume.

2. Inserting the 1 p1 sample into small tubes of 10 mm length and 1 mm inner diameter and close them to
prevent sample evaporation. We choose grease to close both capillary ends, where the grease should
be proton free since we are doing "H NMR. Therefore, proton-free fluoropolymer grease (DAIFLOIL,
Daikin Japan) was used.

3. Dealing with small amount of grease.

4. While axial centering is possible in situ, radial centering is not, which presents a significant challenge
during the sample-filling process. We need to center a 1 mm long drop of length with a precision of
less than 0.2 mm inside a 1 mm tube inner diameter. However due to the effect of air pressure when
sealing the tubes, the sample will move during this process.

Therefore, a new tool shown in figure 3.6 was constructed to overcome these filling problems. It consists
of a tube support, a grease piston, and a threaded piston driving rod to move the grease into the tube. The
fabrication was done by the LNCMI workshop. The detailed schematic of the filling tool is shown in the
bottom of the figure 3.6.

1 2 3
Fix sample tube in support. Insert 4 mm grease plug Insert and position liquid sample.
Fill piston with a 4 mm grease plug. on one side. 1 mm length, 2 mm off-center

- / | / 2,0 )
—

| . ] ]

| 1,0 !

|

4,0 4,0 4,0 1 —]

| | | | 25 125
10,0
4 5 6
Insert a 2 mm grease plug on other side: Remove remaining grease.

Rotate sample tube by 180°. : . . -
P Y air pressure centers sample in tube. Sample is perfectly centered in tube.

| 4
Q' + ] |
| \_

~
|
NG

Figure 3.7: Steps of the procedure for filling the sample into the capillary tube for the resistive magnet NMR experi-
ments.
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The stepwise procedure of sample filling shown in the figure 3.7 is the following

1. We attach the tube to its support and fill 4 mm of grease in the grease piston.
2. We insert the grease into the first end of the capillary tube.

3. The fragility of the glass capillary tube makes it difficult to insert the 1 pl sample in the desired
position. Indeed, placing the head of the micropipette at the specified position risks breaking the
tube. To avoid that, precautions must be taken during the procedure. We insert the liquid sample of
1-1.5 pl inside the tube from the other end so that its position is 2 mm off-center. This off-centering
takes into accounts the movement of the drop by air pressure when closing the second end of the
capillary tube.

4. We rotate the capillary tube by 180° and we attach it again to the support.
5. We fill 2 mm of grease in the piston and insert it into the second end of the capillary tube.

6. The air pressure centers the sample perfectly inside the capillary tube, and a small part of the grease
will fall out.

Typical NMR experiments in the resistive magnet require the preparation of 40 to 50 samples, thus the
importance of this sample positioning procedure.

3.3 Temporal field stability of resistive magnets

In an NMR experiment, the external magnetic field B, determines the resonance frequency f; at the nu-
cleus, and NMR excitation and detection operate at this frequency for the "on-resonant" case. However,
resistive high-field magnets have limited field stability: variations of B, generate variations of the resonant
frequency leading to different "off-resonant” cases. Therefore, the temporal stability of the magnetic field is
an important requirement for an NMR experiment. There are two well-known types of temporal instability

1. Drift refers to long-term variations in the magnetic field over time, typically > 10 s.

2. Fluctuations refer to short-term variations in the magnetic field over time: range 1072 - 1s,i.e.,
1 Hz - 1 kHz.

In this part of the chapter, we present the time dependence and size of these fluctuations during NMR

experiments in resistive magnets. Later in this chapter, we will discuss how these fluctuations affect the
NMR 7T) experiments.
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3.3.1 Origin of magnetic field drift and fluctuations

Temporal instabilities of By originate from a variety of sources. The main contributions are variations in the
temperature of the magnet and the ripple in the power supply, causing drift and fluctuations of the resistive
magnet, respectively [33].

The LNCMI resistive magnet is water-cooled by a two-loop circuit. The first, closed-loop circuit cools the
magnet directly with distilled water, and the thermalization of the first circuit takes 10 to 15 minutes. The
heat is then extracted through a heat-exchanger by a second circuit that uses the water from the nearby river.
This process causes very small variations (10-50 ppm) of the magnetic field on long timescales. In our case,
the drift of the magnet has a negligible impact on the NMR experiment due to the fact that the relaxation
times 7 and 75 of the samples studied are shorter than the observed drift. During the NMR experiments,
we always corrected these drifts by adjusting the spectrometer frequency.

The noise spectrum of the current flowing through the magnet is due to the design and construction of the
power supplies, which induces short-term variations of the magnetic field that can’t be corrected during the
NMR experiment [33, 34].

3.3.2 Characterization of field fluctuations of resistive magnets

We quantified the size of fluctuations encountered during the NMR experiments in the resistive magnet by
performing stability measurements during 30 minutes at a nominal magnetic field of 24 T corresponding to
a resonance frequency of fy = 1020 MHz. During that time we recorded 2300 'H NMR FIDs. We used a
rapidly relaxing sample of H,O with added GdCl; (¢ = 60 mMol/l), where 7} is of the order of a few ms to
minimize the time interval 7,,,;; between two successive FIDs and to maximize the number of data points
collected.

Figure 3.8 (top figure) shows the fluctuations of the resistive magnet as a function of the average field of
each measurement. A linear drift term was subtracted. The fluctuations were calculated using the first-
moment equation (2.10) from chapter 2. We can clearly see that most of the off-resonant frequencies are
found to be within the range of Af/(fy) = £50 ppm.

The histogram of these fluctuations is shown in the figure 3.8 (bottom figure), which we have fitted using a

Gaussian function )
AN _ _L(Afl
](<fo>)_AeXp< (e ) 529

where A represents the area, and o is the standard deviation. We derive the full width at half maximum
FWHM = o - 2,/2In(2).

Based on the histogram, it’s evident that about 20% of the cases are on-resonant within a window of +5
ppm. The standard deviation of the histogram is ¢ =19 ppm. From this we deduce the value of the full
width at half-maximum FWHM = 46 ppm. These values are valid at 24 T.
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Figure 3.8: Top: Fluctuations in ppm as a function of the average field of each measurement, recorded during 30
minutes (2300 measurements). A linear drift was subtracted. Bottom: Histogram of the fluctuations recorded during
30 minutes (2300 measurements).
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3.4 Hardware for high field NMR in resistive magnets

In this section we will present the NMR hardware needed to perform an NMR experiment in resistive
magnets. An NMR spectrometer is composed of the following elements

¢ A magnet that produces an intense, homogeneous and stable magnetic field at the desired field value
By.

¢ A probe with a radio frequency coil used to excite and detect the NMR signal.

o A frequency synthesizer and radio-frequency amplifier to produce short and intense pulses.
¢ A sensitive radio frequency receiver to capture and amplify the NMR signal.

¢ A pulse program to produce pulse sequences.

¢ A computer to control and process the data.

The NMR spectrometer consists of separate electronic components that fall into three categories: the first
provides the excitation of the spins present in the sample, the second detects the NMR signal generated
by the sample after a pulse sequence, and the third one serves for both excitation and detection. Figure
3.9 illustrates the general schematic of the NMR spectrometer employed for the NMR experiments in the
resistive magnets. The red dashed line in the figure separates the excitation from the detection components.

The operating frequency range depends on the nucleus of interest and the desired magnetic field range. In
our case, we study protons 'H in a field range between 20 T and 33 T, corresponding to Larmor frequencies
between 800 MHz and 1400 MHz.

This means that most of the NMR hardware components in the figure 3.9, such as the synthesiser, power
amplifier, NMR duplexer, probe and preamplifier, must operate in this frequency range 800 — 1400 MHz.
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3.4.1 NMR excitation and detection process

|IJ II||| 'ﬂ\f‘\"\.-"‘u‘
k'lu

Y NMR Signal

Transverse
Magnetization

Figure 3.10: Representation of the excitation and detection coil adapted from [10]

In an NMR experiment, the precession of the magnetization vector in the transverse plane is detected after
the excitation by a radio-frequency field B (t) near the Larmor frequency f,. For this purpose we need to
set up a radio frequency circuit, which contains a coil that is wound around the sample. In our case, the
excitation and the detection coil are the same. The axis of the coil must be in the (x,y) plane perpendicular
to the static field By(r) as shown in figure 3.10. In addition, the coil has to be positioned in a way that the
sample is well centered with respect to the magnetic field profile of the magnet.

This coil has a solenoidal geometry, it is driven by an RF synthesizer and designed to generate a homoge-
neous RF magnetic field over the sample region and within the frequency range of the nuclei of interest. A
current passing through this solenoidal coil creates a magnetic field along the axis of the coil B;(r). We
recall the equation (3.5) of Biot-Savart law, which describes the total field B;(r) due to a closed circuit at

/// (r =) 4o, (3.24)
|r — 7’|

J (') is the current density of the solenoid element located at 7’.

a given observation point 7 as

The user controls the pulse length to obtain the desired pulse angle, which requires calibration through a
nutation experiment. The output of the RF source is in the order of a few mW. Therefore, we use an RF
amplifier to generate pulses of kW needed to induce short and intense pulses. The probe is inserted into the
bore of the magnet to position the sample at the point of the maximum field By (7).

When the radio frequency pulse has terminated, the precessing nuclear magnetization generates a rotating
magnetic field. Through Maxwell’s equations, a changing magnetic field is associated with an electric
field. An induction voltage is induced in the detection coil, which after various manipulations by the radio
frequency electronics in the spectrometer, results in a voltage signal.

The switching from the excitation to the detection is done by a "duplexer" that separates the high-power
excitation signal transmitted to the probe from the weak NMR signal induced after the pulse (see figure 3.9).
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The duplexer includes filters and switching components that selectively route signals to the appropriate path
while ensuring minimal interference.

The NMR signal from the probe is very small (of the order of 1), so it needs to be amplified to a higher
voltage level. The NMR signal is to be stored in the computer memory, therefore it is necessary to convert
it into digital form through an analog-to-digital converter (ADC).

3.4.2 NMR excitation and detection coil: signal-to-noise ratio

The core element of an NMR probe is the excitation and detection coil, and all the other parts of the probe
must fit together to ensure that it works. Generally, the efficiency of a probe for a target nucleus at a given
magnetic field is measured by its sensitivity. This latter is based on the signal-to-noise ratio (S:N) induced
in the coil after a 90° pulse. There are various methods used to estimate the sensitivity [35, 36], however,
here we focus only on the principle of reciprocity.

The principle of reciprocity

The principle of reciprocity allows us to determine the electromotive force (emf) induced in the coil by
the precession magnetization after a 90° pulse. It states that the strength of the emf &; of a voxel V; is
proportional to its magnetization M; and the magnetic field b; ; produced by a unit current in the coil

& = —(d/dt)(by; - M;). (3.25)

The emf & across a sample of volume V is the integral sum of the emf induced over the voxels V;
{=- / (d/dt)(by; - M;)dVs. (3.26)
sample

For small samples, where b;(r) is nearly constant over the volume of the sample V;, the calculation of
equation 3.26 gives
¢ = Kwoby M,V cos(wot), (3.27)

where K is an inhomogeneity factor, V; is the sample volume, and M., the equilibrium magnetization.
Using the expression (1.7) for M., one obtains

nyR*I(I + 1)w?
3kpT;

The signal induced by the emf £ in the coil is directly proportional to the square of the Larmor frequency

§ = K Vb cos(wot) (3.28)

wo-.

The noise

The noise originates from the resistance of the coil and can be expressed by the following equation

Vn = VAKT.AfR, (3.29)

where T, is the coil temperature, A f the bandwidth of the receiver, and R is the resistance of the coil. Two
things to note from the equation (3.29)

52



CHAPTER 3. INSTRUMENTS AND METHODS FOR NMR IN RESISTIVE MAGNETS

1. Cooling the coil will reduce the noise.

2. Minimizing losses of the coil will reduce the noise.

However, for the fields used in NMR experiments (above 5 MHz), the "skin effect" and the "proximity
effect" are introduced, which increase the coil losses, and therefore R. The skin effect limits the flow of

current to a certain depth of the conductor
[ 2
5= , (3.30)
Wollr@

where ¢ is the skin depth, p, and o are the permeability of the wire and the conductivity of the conductor

respectively. The equation (3.30) shows that skin depth decreases at higher frequencies and with higher
conductivity materials. The result is that the current will be more concentrated near the conductor’s sur-
face. The skin effect affects the resistance of the coil qualitatively by incresing it (resistance inversely
proportional to ).

The proximity effect occurs when alternating current flows through nearby conductors. These currents
interact with one another causing a non-uniform current distribution within the conductors. As a result,
the area over which the current flows is reduced and thus the coil resistance is increased by a factor (. The
proximity factor ¢ depends on the separation of the windings between the conductors of the coil, the spacing
between them, the resonance frequency , and the electrical conductivity and permeability of the conductive
materials. [37, 38].

One can find more details on "skin effect" and "proximity effect” in the references [38,39]. In presence of
the "skin effect" and the "proximity effect", the resistance R of the coil can be written

! v

R= L [l (3.31)
P 2

where p the circumference, [ the length of the conductor, p is the resistivity of the conductor that depends

on its temperature 7, and ¢ the proximity factor of about 3 [37]. This equation (3.31) shows that reduced

skin effect losses, stray capacitance and inductance (proximity effect) contribute to a lower resistance R.

These latter depends on the size and shape of the NMR coil (/ and p), and is proportional to the square-root
of frequency wy (the applied magnetic field). The resistance R of a coil is proportional to the quality factor
() of the coil that can be easily measured by a network analyser.

The signal-to-noise ratio

The signal-to-noise ratio ;s using this method of calculations is obtained by combining the equations
(3.28), (3.29), and (3.31)

N|=

W

-
(pp1op)s

IS=FSIN]

Kb Vinyh*I(I 4 1) ( P )

ms — . 2
4 712k T, FETICAS (3-32)
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Equation (3.32) shows that the SNR depends on:

1. Coil geometry and its temperature (I, p, K By, p and T,).
2. Sample volume V.

3. Quality of the amplifier F'

An interesting point to note from equation (3.32) that the Larmor frequency dependence of the sensitivity
is to the power of 7/4, which is only slightly smaller than the power of 2 of equation (3.28).

3.5 Modeling and characterization of the GHz NMR probe

The probe is the centerpiece of NMR spectrometers, fulfilling two vital functions in transmitting and re-
ceiving radio-frequency (RF) signals to and from the sample under investigation. It serves in the excitation
phase to generate the RF magnetic field near the resonance frequency of the target nuclei, denoted B (r),
required to excite the nuclear spins in the sample, and then to detect the resulting NMR signal induced by
the precession of the magnetization M (¢) after the excitation.

3.5.1 The radio frequency resonance circuit

To ensure efficient transmission of radio-frequency power to the probe during the excitation phase and
to maximize the signal-to-noise ratio in the induced NMR spectrum, the resulting impedance of the probe
must be tuned to the desired resonance frequency f;, and matched to the impedance of the connected coaxial
cable (transmission line), which is equal to Z, = 50 €2 [40].

However, the excitation and detection coil does not fulfill these conditions on its own. Therefore, we have
to add other elements like variable capacitors and inductors. These elements form a radio-frequency (RF)
circuit.

Input . . o
20:50 Qo [ /\/\/\/ - !

Figure 3.11: Probe circuit.
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For the probe used in the resistive magnet NMR experiments, the RF circuit contains

1. A variable capacitor mounted in series with the NMR excitation and detection coil to tune the circuit
to the desired resonance frequency fj.

2. A variable inductor mounted in parallel to the circuit to match the circuit to Z; = 50 €.

The circuit required for excitation and detection is shown on the figure 3.11. Analytical calculations lead
to the values of C; and L,,, for which the total impedance 7, of the RF circuit is equal to 50 €2. The
impedance of the branch through which the NMR coil current flows corresponds to the impedance of an
RLC circuit (Zgc) and the impedance of the branch through which the "matching" current flows is simply
the impedance of the matching coil (Z,,,). ZrLc and Z,,, are mounted in parallel. The total impedance Z is
given by

1 1 \7! 1 1 )
g (L. Y _ 3.33
(Zm ZRLC) <Zw0Lm R + ZwOLt + ZUJOCt ) ( )

The resonance condition is Z = 7, where Z; = 50 (2 and real. Separating Z into real and imaginary parts,
and using the resonance condition gives

2
R+ (wol — 53
R

2
R2 + (COOLt — ﬁ)
- WOLt

= Zy, (3.34)

— woLy, = 0. (3.35)

woClt

Using these two equations, we can obtain the analytical form of C}; and L,, as functions of 7, wy, R and L,

1
Cy = 5 (3.36)
wOLt “+ wo R(Zo R

R | R /
TR Z . (3.37)

For small 12, we find a simplified resonance condition

and

1
VLG,

(3.38)

Wy ~

L,, is proportional to v/R /wy.
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Figure 3.12: (a): Tuning capacitor Cy configuration with its relevant parameters. (b): Example of an NMR coil with
its relevant parameters.

The variable tuning capacitor C; used in our configuration is designed to be coaxial, as shown in figure
3.12 (a). A dielectric Al,O3 tube can be inserted in between the two concentric copper conductors. This
configuration allows to change the length [, of the dielectric Al;Os inside the coaxial capacitor by sliding it
in or out, thus varying the capacitance C}.

(1 and (5 are connected in parallel as shown in figure 3.12 (a). For a first estimation of C}, we neglect the
effect of the stray capacitances Cyay

_ 2meg(le — la) | 2mepe,(la) 2meg

Cy = _In(d,/d;) /+\1H(do/di)/: n(d,/d) (I + (e, — Dly)), (3.39)
a s

where ¢, is the permittivity of free space, ¢, the permittivity of the dielectric Al;Os, d, and d; are respec-
tively the outer and the inner diameter of the dielectric, and /. length of the capacitor inner part (copper).
The length of the dielectric varies within the capacitor between 0 < [; < ...

For an RF coil of a few millimetres shown in figure 3.12 (b), the inductance taken from [41] is expressed as

follows
A(nr)?(1 - 22)

= 3.40
! [+1.2009 7 (340)
where n is the number of turns, [ is the coil length, and r is equal to
r=r; +0.2r, (3.41)

with r; is the inner radius of the coil and r,, is the wire radius.
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3.5.2 Quality factor of the NMR resonance circuit
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Figure 3.13: (a): Example of the reflected power of the high-field NMR probe at the resonance frequency fo = 1397
MHz. (b): Quality factors at the resonance frequencies used in the high-field NMR experiments.

With the help of a network analyzer we tune the RF circuit to the desired resonance frequency f; and match
it to Zy = 50 2. It measures the reflected power S;; of the RF circuit expressed in dB units

(Z = 20)(Z = Zy)"
(Z + Zo)(Z + Zo)*) ’

where Z = Zea + Zimag i the total impedance of the probe circuit, so (Z — Z;)* and (Z + Zj)* are the
complex conjugate of (Z — Zy) and (Z + Z,) respectively.

We tune and match the circuit in such a way that the minimum of the reflected power falls on the desired
resonance frequency fy. Figure 3.13 (a) shows an example of the reflected power of the probe circuit at the
resonance frequency f, = 1397 MHz.

We define the () factor of the circuit from the reflected power curves, defined as the ratio of the resonance
frequency f, over A f_34p the response at —3 dB (shown in figure 3.13 (a))

__h
A.f—?)dB ‘

The probe is highly sensitive to signals near f;. Figure 3.13 (b) shows the frequency dependence of the ()
quality factor, an almost constant value (= 50), indicating the same NMR conditions at all frequencies.

Q

(3.43)
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3.5.3 Design of an NMR probe

There are numerous papers and books available on probe design and construction [11,41-43]. Therefore,
this section will only focus on the design and set-up of our NMR probe used for high-field experiments
(figure 3.14) that require several technical factors to be considered.

This section is divided into two parts: the first concentrates on the major constraints encountered during
the construction of the probe, related to the design of the RF circuit and the optimization of the probe’s
sensitivity, and the second concerns the control of the sample environment (temperature, positioning and
probe materials).

o 16 mm
=
o
9
2
(]
Tuning Maécljlmg
Capacitor °!

Sample support

-
Y
©
(=

©
=
£
[ )]

-
xX
(1T}

Excitation and detection coil
850 MHz - 1.4 GHz

Inner part

Figure 3.14: Scheme of broadband tuning probe. Left: Tuning capacitor; Center: Excitation and detection coil; Right
top: Matching coil; Right bottom: Sample support. Details can be found in text.
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Major constraints for probe design

1. Magnetic field inhomogeneity

As shown before, a sample size of ~ 1 mm? is used to minimize the inhomogeneity of the external
field Bo(r). The solenoidal coil dimensions have to be adapted to this size in order to obtain the
highest (S:N) ratio (see table 3.16).

Moreover, to achieve the most homogeneous fields B and B; across the sample volume Vi, it’s best
to position the sample at the center of the coil, which will be centered inside the resistive magnet.

To facilitate that, we have designed a sample holder that can center the NMR capillary tube containing
the sample within the coil and hence inside the magnet as shown in figure 3.15. Figure 3.14 shows
the sample holder, which was manufactured at the LNCMI workshop.

We estimate that off-center positioning of the sample can occur in the longitudinal coil direction with
a margin of £0.25 mm relative to the center of the coil during the manual insertion process.

/—VTI bore tube (cut)

/—NMR coil

| _—NMR sample

| | —NMR sample tube
with grese plugs
| | —NMR sample holder

aligned with NMR coil \

radially
centered [T

X

Figure 3.15: 3D view of the NMR broadband tuning probe showing the sample positioning inside the NMR excitation
and detection coil.

59



CHAPTER 3. INSTRUMENTS AND METHODS FOR NMR IN RESISTIVE MAGNETS

2. Magnetic field range, nuclei of interest, and Larmor frequency

The field of our interest for NMR experiments with resistive magnets ranges from 20 T to 33 T,
corresponding to frequencies of 800 MHz to 1400 MHz for 'H NMR (v = 27 x 42.57 MHz/T).

Therefore, our liquid state 'H NMR broadband tuning probe has to operate at this frequency range.
The solutions of the resonance equations (3.36) and (3.37) provide solutions for C; and L,, at a given
wy. For wy in the GHz range, we need

(a) Small inductors L; of the NMR coil in the nH range. Our coil uses a flat rectangular wire and
has the following parameters

Property Value
Length of Coil 3.0 mm
Number of Turns 3.0

Internal Coil Diameter 1.35 mm
External Coil Diameter 1.9 mm

Wire width 0.9 mm |=3 mm
Air gap 0.1 mm n = 3 spires
Inductance 9.0 nH

Figure 3.16: Left: Table of the excitation and detection coil L, properties for high field induction. Right: The real
excitation and detection coil Ly served to perform 'H NMR experiments in the resistive magnet (for the 850 - 1400
MH? frequency range).

Equations (3.40) and (3.41) provides an inductance of 9 nH using the parameters of the table
3.16 (r; = 0.95 mm and r,, = 0.45 mm).

(b) Small capacitors C; for the tuning capacitor in the pF range. The capacitor of the probe (that
part of figure 3.12 (a) and figure 3.14) has the following dimensions

Property Value
lq 0.0 — 9.5 mm
l, 9.5 mm
d; 2.7 mm
d, 6.0 mm
€y 10.0

c, 0.6 — 6.6 pF

Table 3.3: Tuning capacitor Cy properties.

For the upper limit of C;, where the dielectric is fully inside the coaxial capacitor (I; = [.),
equation (3.39) provides a capacitance of 6.6 pF. For the lower limit of C;, where the dielectric
is fully outside the coaxial capacitor (I, = 0), equation (3.39) provides a capacitance of 0.6 pF.
Please note that this calculation is based on a simplified model and that the effective capacitance
may vary depending on the size of the stray capacitance Clyay.
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(c) Small values of L,, in the nH range. In our case L,, is a single turn coil of d = 1 mm mounted
along the z-axis near the coaxial cable. A threaded metallic rod that enters into the coil allows
an adjustment of the value of L,,.

(d) A compact design to avoid stray capacitance and inductances that reduce the sensitivity and the
tuning range. In our case C, L,, and L, are located within a sphere of 15 mm diameter.

Minor constraints for probe design

1. Sample temperature

Some probe designs can incorporate a temperature control system, such as a cryogenic or heating
system, to maintain the sample at a particular temperature. In our case, the experiments were carried
out at room temperature. We, therefore, used a continuous flow of nitrogen to regulate and stabilize
the temperature at 298 + 2K.

2. Probe materials

All the probe components are strictly composed of non-magnetic materials. Another important point
to note is to avoid materials that contain the "H nucleus during the probe construction to minimize
the background signals.

3.6 NMR spin dynamics in inhomogeneous static and radio frequency
fields

In this section, we present the simulation of the radio-frequency properties of the NMR coil and its interac-
tion with the nuclear spins during the excitation pulse. For this purpose we used a finite element simulation
(COMSOL Multiphysics 6.1) and special Matlab scripts.

3.6.1 Finite element simulation of NMR coil

AL AL mmi TARRL SrPeairivs]
e gaen 100

TN ' WEAHET A i
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v

Figure 3.17: Mesh mapped method used by COMSOL Multiphysics 6.1 for the NMR coil simulation L.
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COMSOL Multiphysics 6.1 combines the finite element method and numerical integration to solve the
electromagnetic equations, to calculate the coil characteristics and the magnetic field distribution over the
voxels V;, providing insight into the coil’s behavior and performance.

The simulation process involves defining the coil geometry (figure 3.16) and its material properties (copper),
specifying the boundary conditions and electrical inputs, and selecting the appropriate physics modules and
solvers.

We used the AC/DC module, the coil material was set to copper, and the coil was designed as a single
conductor carrying a unit current. In addition, we used a fine mesh for the geometry, as shown in the figure
3.17. This method aims to align mesh elements on complex shapes such as coils and ensures that the mesh
uniformly follows its geometry.

The aim of the finite element simulation was to

1. Calculate the relevant parameters of the excitation coil, such as the inductance L, and the resistance
R and the unit current magnetic field at its center b; o. Table 3.4 shows the results. We note that the
inductance agrees well with the approximate formula (3.40) and (3.41).

Input Output
Current Inductance Resistance Field at the coil center b,
(A) (nH) (mg2) (mT/A)
1.0 9.0 1.5 1.1

Table 3.4: The relevant coil parameters extracted from the COMSOL simulation.

2. Simulate the spatial profile and distribution of B;(r) in the coil, and in particular in the sample
region. The sample’s coverage region is indicated with a blue cylinder in figure 3.18 and will be the
only region of interest in our subsequent discussions. The coordinate system of the sample coverage

area is given by
-l l —d d —d
— Sr<;5, —<ys<5, S <z<
2 2 2 2 2
where we use cylindrical samples with a diameter of d = 1 mm and lengths ranging from [ = 1 to 2
mm. The voxel size was equal to 0.01 x 0.01 x 0.01 mm?,

(3.44)

|

The current density distribution is uniform across the coil’s cross section at the entry points. This unit
current generates an almost homogeneous magnetic field B (r) across the axis of the coil, particularly in
the region near its center B g.
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Figure 3.18: 3D representation of the NMR excitation and detection coil simulated by COMSOL in different planes
such as (z,x), (zy) and (x,y). The blue square shows the sample positioning region ( =l <z < L —d <y<

d d d 2 = 2
3 5 <z<3)
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To investigate the impact of local variations B (r) on NMR excitation in individual voxels V; of the sample,
we adopted the following assumptions:

1. To simplify the analysis, we disregard the proximity and skin effect on the distribution of B;(r) by
applying a DC current to the coil.

2. We only consider the NMR coil. All the effects of other probe elements (tuning capacitor and match-
ing coil) that can modify the field distribution are disregarded.

3. The longitudinal component B, ., was neglected since it does not contribute to the excitation of the
magnetization, as discussed previously in the NMR theory chapter.

4. The transverse magnetic field B (r) within each voxel V; was normalized by the field at the center
of the coil B .

The simulations show that the DC current density is uniform across the wire sections. Along the axis of the
coil, the field is almost parabolic, which generates a homogeneous region near the center.

The relative variations in the magnetic field across the sample are visualized in three selected planes: (z, x),
(z, y), and (x, y), as depicted in figure 3.19 (a), (b), and (c) respectively. In all three cross-section plots, it
is evident that the field distribution is dependent on the proximity of the voxels to the wire. This proximity
increases the relative field strength within the voxel or decreases it between two adjacent wires.

In the (z,y) plane, the field appears to be the most homogeneous compared with the other planes, where it
varies within a range of +3%. However, these variations are more pronounced in the (y,x) and (z,x) planes,
with a maximum deviation of —20 % observed at x = 4+1 mm equivalent to [ = 2 mm. In these planes,
similar field profiles are obtained, where the only visible difference is the position of the wire relative to the
voxels V;. We can therefore say that the field profiles in the different planes reproduce the geometry of the
coil. Moreover, the field gradients are almost symmetric for a well-centered sample.

For [ = 1 mm and d = 1 mm, we can conclude that the magnetic field B, is almost constant across the
voxels V;, since the variations do not exceed 43 % in the (z,y) plane, and +5 % in the (z,x) and (y,x) planes.
As shown in figure 3.19, when the length [ of the sample is greater than 1.5 mm (corresponding to = > 0.75
mm), the changes in magnetic field B; become more noticeable, with a decrease of 20 % at x = +1 mm
(I = 2 mm).
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Figure 3.19: The relative field distribution AB1 /By expressed in % over the sample in the three main planes (a) :
(zx), (b) : (xy), (c) : (zy).
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3.6.2 Simulation of the NMR spin dynamics

In this part, we present the results of Matlab simulations for the nuclear spin dynamics in inhomogeneous
By and B, fields. For this purpose, we solve the equations of motion of a nuclear spin ensemble described
in chapter 1 using field profiles at the resistive magnet (section 3.1.2) and the NMR coil (previous part)).
This provides access to the average values and the distribution of the longitudinal magnetization M, and
the transverse magnetization M .

This data allow to

1. Simulate the nutation experiments to show the deviation of the effective pulse angle sensed by the
sample from the nominal pulse angle applied at the center of the coil.

2. Study the influence of fields By(r) and B;(r) inhomogeneities on the distribution of the magnetiza-
tion M () across the sample.

In the script, we used the two field profiles, Bo(r) and B (r), while using the voxel-based NMR approach
described in chapter 1. They were normalized with respect to the center of the coil, which we regard as
being the same as the center of the resistive magnet. The whole simulation assumes that the central point
(r = 0) satisfies a resonance condition and that all the other voxels deviate from this condition, with

w1 () = wi(r = 0)wy () in the (x,y) plane, (3.45)

and
Aw(r) = wy(r = 0)Aw,(r) along the z-axis. (3.46)

We note that r is the distance vector corresponding to a 3D vector in Cartesian coordinates (x,y,z) and that
the size of each voxel is 0.01 x 0.01 x 0.01 mm?®. We derive then the normalized effective field we sy, (7)
from equations 3.45, 3.46, and 1.25 (from chapter 1)

Woppn(r) = wl,n(r)\/l N (wo(: =0) Aam("“)) 7 (3.47)

where w1, (1), wo,(r), and Aw,,(r) are the normalized spatial vectors. w;(r = 0) and w(r = 0) are

taken from the experimental values: wi(r = 0) is the pulse strength extracted at each field from nutation
experiment (see chapter 1.3 section 1.3.3) and wy(r = 0) = 27 fj is the corresponding resonance frequency.
wo(r = 0) and w; (r = 0) which were used in our following model are summarized in the table 3.5.

wo/2m [MHz] w; /27 [kHz] wy/wy

820 93 8800
1020 96 10600
1200 84 14200
1400 60 23300

Table 3.5: Experimental parameters of the resistive magnet experiment for wg and wy.
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Equation (3.47) allows to estimate the contributions of B;(r) and B(r) inhomogeneities. We can deduce
from figures 3.19 and figure 3.3 and table 3.5

1 — |win(r)] < (5—20) x 1072, (3.48)

|Aw,(r)| < (2.5 - 10) x 107, (3.49)
20 < 2.33 x 10%. (3.50)
%1

The above equations gives

(2] (s (L)) o o

which leads to

\/1 n <w°(r =0 A””(T))Q ~ 1. (3.52)

wi(r =0) wy,(r)

Inserting the equation (3.52) back into the equation (3.47)
weffm,('r) ~ wl,n(r>- (353)

This estimation clearly shows that w. s, (1) is only affected by the inhomogeneities of B (r).

The excitation pulse distribution 3(r) was calculated with respect to the nominal angle [3,,,, applied at the
center of the coil (» = 0)

5(T) = ﬁnomweff,n(’r) (354)
In addition, we recall the equation (1.28) from chapter 1 to show the magnetization vector M () created

at each voxel after an excitation pulse 3(r) where M;(0) = M, e, is the initial condition common to all
voxels

—sin(¢) sin(B) + cos(6) sin(#) cos?(¢) (cos(8) — 1)
M(r,t) — M., | cos(8)cos(¢)sin(¢) (1 — cos(5)) — sin(6) cos(¢) sin(f5) (3.55)

cos?(0) cos?(¢) + cos?(6) sin?(¢) cos() + sin?(#) cos(3)
where ¢(r) and 6(r) are also spatially dependent. Note that we apply —x pulses in the simulation, so
that the magnetization M ends up in the y direction after a 90° pulse. The average magnetization over the
sample is given by equation (1.31) from chapter 1

M = ZMl(r,t)
My =) (My(r,t)-e,+ M(r.t)-e,)

We define an effective pulse angle 3.;s such that the net magnetization of the nuclear spins fulfills the
following conditions:

1. An effective angle of 90° requires M, = 0

2. An effective angle of 180° requires M ; at a minimum value.
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3.6.3 Results and discussion of NMR spin dynamics in inhomogeneous static and
RF fields

In the following section we will analyse the average transverse M | and longitudinal magnetization M , as
well the distribution after applying effective 5.7 = 90° and 3. = 180° pulse angles for different sample
length [ =1, 1.5 and 2 mm.

Average magnetization
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Figure 3.20: Simulated nutation experiment for a 1.5 millimeter sample at 1020 MHz taking into account both field
profiles.

The effective pulse angles 3. for each sample length were found by simulating a nutation experiment i.e.,
varying [3,om from zero to 360° and by calculating the average y-magnetization M,. .10 is extracted
for the nominal pulse angle (3., where M, = 0. This also gives the value of 3.9 which is half the value

of ﬁeff,lso-

The figure 3.20 shows an example of a simulated nutation experiment for a 1.5 millimeter sample at 1020
MHz. At .., = 180°, we still notice a finite magnetization M,. It indicates that the strength of the
effective pulse is weaker than the nominal pulse applied at the center of the coil. We attribute this effect
to field inhomogeneity of mainly B;(r) that prevent the full inversion of the net magnetization. As a
consequence, to achieve the desired inversion, we need to apply longer pulses at the center of the coil, i.e.,
Brom = 182.8°. This effect increases with the length of the sample, as shown in the tables (3.6) and (3.7).

To explore the behavior of the magnetization in more depth, we plot in figure 3.21 the nutation experiment
for different sample lengths in a polar plot to see the evolution of both the magnitude and the phase of the
transverse magnetization during the nutation experiment. The transverse magnetization during a nutation
experiment shows an ellipsoidal trajectory that is broadening with sample length. These plots provide
evidence that the phase exhibits two preferred directions, one at 90° and another near 270°, for 3,,,,, < 180°
and S,0m > 180°.
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Moreover, the transition between these two preferential directions is smoother for the larger samples,
whereas the 1 mm sample shows almost a sharp transition. The offset between the two directions is ap-
proximately 180° (see figure 3.22). We find that for increasing sample lengths, there is a noticeable rotation
of the phase towards smaller angles, and hence the offset between the preferred directions becomes smaller
than 180° (see figure 3.21 (a) (c) and (e)). The phase rotation is also associated with a reduction in the
amplitude of the magnetization M .

In addition, we note from figure 3.21 (a), (c), and (e) that the transverse magnetization almost follows the
theoretically expected value for an effective 90° pulse for all sample lengths. However, an effective pulse of
180° (given in table 3.6) does not result in a complete inversion of net magnetization as expected from the
theoretical curve, where according to the polar diagrams 3.21 (b), (d), and (e), an amount of the transverse
magnetization M remains. This effect increases with the sample length, and represents 0.6, 3.4 and 7.4%
respectively for 1, 1.5 and 2 mm sample.

Figure 3.22 (a), (b), (c), and (d) illustrate the evolution of M, M,, and the phase ¢, using S, as
trajectory variable. This observation is consistent with the fact that the field distribution becomes more
inhomogeneous for larger samples, which leads to a bigger distribution of the pulse angles 3(r) over the
voxels V;, and prevents the total inversion of the net magnetization, even if we apply longer pulses to the
center of the coil. We remark that the deviation from the theoretical curve starts to appear from S.;r >
90° and increases with the nominal angle applied at the center of the coil, which also explains that the
magnetization does not return to the equilibrium state after a 360° pulse.

Sample length [mm] Bnom,QO [0] MJ_ [%] ¢J_ [0] Mz [%]

1 90.2 100.0 90.0 0.00
1.5 91.4 99.9 89.5 0.00
2 93.3 99.6 89.0 0.00

Table 3.6: Nominal pulse angles extracted from the nutation curves for different sample lengths needed to induce
Bers = 90°. The average value of both components of the relative magnetization M| and M over the voxels after
the application of Beyy = 90°. ¢ | represents the phase of M | .

Sample length [mm] Bnom,ISO [O] MJ_ [%] ¢J_ [O] Mz [%]

1 180.4 0.6 182.7 999
1.5 182.8 3.4 180.3 99.8
2 186.6 7.4 178.3 99.5

Table 3.7: Nominal pulse angles extracted from the nutation curves for different sample lengths needed to induce
Bers = 180°. The average value of both components of the relative magnetization M | and M over the voxels after
the application of S.r; = 180°. ¢ represents the phase of M | .
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Figure 3.21: (a), (c), and (e): M | evolution during a nutation experiment for 1, 1.5, and 2 millimeters sample
Lengths. (b), (d), and (f): A zoom on M | for phases closer to the effective 180° pulse respectively for 1, 1.5, and 2
millimeters sample lengths. The dashed lines represents the phase of the averaged M | remaining after an effective
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Figure 3.22: (a): Evolution of M | during a nutation experiment; (b): Evolution of M , during a nutation experiment;

(c): Evolution of the phase during the nutation experiment for 1, 1.5 and 2 millimeters samples respectively; and (d):
Zoom on the evolution of the phase ¢ | for Bpom between 160° and 200°.
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Magnetization distribution

Once the corresponding f.;y = 90° and 3.y = 180° effective pulses are determined, we simulate for these
two cases their spatial distribution of M ;| and M , using the equation (3.55).

After the application of the desired effective pulse, the voxels magnetization M ; are distributed into differ-
ent directions due to fields inhomogeneities of B;(r) and Bg(r). Consequently, each spatial distribution
of voxels V; gives rise to a global magnetization M in a particular orientation (M ;| — ¢, M, — 0).

In this section, we show the histograms of the transverse and longitudinal magnetization vectors accordingly
to the different orientations ¢ and ¢ normalized by the total number of voxels V;. S.s that were used in this
simulation are summarized in the table 3.6.

% Pulse case

Figure 3.23 shows distributions for a 7 pulse case, we find that:

1. Most of the transverse magnetization M | (7) over the voxels points into the same direction for a
sample length of 1 mm at ¢ = 90°. The line shape of the distribution for this case is close to a
Lorentzian one. However, for [ > 1 mm, the M | () distribution deviates from the Lorentzian shape,
where the line splits into two preferred directions.

For [ = 1.5 mm, the transverse magnetization M | (r) over the voxels is mainly oriented towards
the directions 89° and 91° respectively, where the 89° direction is dominant. As for [ = 2 mm, the
two preferred directions are 88° and 90° respectively, where both directions have almost the same
distribution of M | (7).

2. Most of the longitudinal magnetization M . along the voxels points into two opposite direction with
different probabilities. This gives a zero average z-magnetization M, deduced from the histograms.
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Figure 3.23: Magnetization distribution over the different directions (M | — ¢, M, — 0) for three sample lengths,
I =1, 1.5 and 2 mm after the application of an effective 90° pulse. The dashed lines denote the average value of the
transverse M | and longitudinal M, magnetization.
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7 Pulse case

Figure 3.24 shows the same distributions after an effective 7 pulse. For this case, we observe:

1. Contrary to the 90° pulse case, the transverse magnetization M | (7) distribution is spread throughout
various directions for the 1 mm length sample. However, for [ > 1 mm, the spread of the transverse
magnetization vector becomes less homogeneous, and a preferred direction occurs at 128°. The
alignment along this direction is more pronounced for the 2 mm sample and a second preferable
direction becomes visible at 270°. This leads to a non-zero average transverse magnetization of 3.6
and 8 % respectively for [ = 1.5 and 2 mm. For [ > 1 mm, this shows that imperfect 180° pulse starts
to occur, where the expected value of M | deviates from the theoretical one, i.e., M, = 0.

2. Most of the longitudinal magnetization M , over the voxels points into the same direction at ¢ = 180°
(cos(f) = —1) for a sample length of 1 and 1.5 mm. However, the occupation of M , in this direction
decreases with the sample size, where the distribution of M , becomes larger as seen for [ = 1.5 mm
in figure 3.24 (d), which give rise to the transverse magnetization M | .

For | = 2 mm, most of M, is pointing in a different direction than 180° as shown in the figure 3.24
(f). Therefore, we can deduce that M . is no longer inverted after an effective 7 pulse, which explains
the non-zero average transverse magnetization M| (8 %).
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Figure 3.24: Magnetization distribution over the different directions (M | — ¢, M, — 0) for three sample lengths,
Il =1, 1.5, and 2 mm after the application of an effective 180° pulse. The dashed lines denote the average value of
the transverse magnetization M | that remains after an effective 180° pulse.
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3.6.4 Conclusion

We conclude here that the coil we used for high-field NMR is sufficiently homogeneous for sample lengths
up to 1.5 mm, since we can obtain an effective pulse of 90° and that the deviation from total inversion of the
net magnetization after an effective pulse of 180° is less than 5%. Imperfect pulses become more significant
for a sample length of 2 mm (7.4%).

Thus, a model that does not take into account inhomogeneities of B;(r) and By(r) describes the spin
dynamics with a sufficient precision.

3.7 NMR spin dynamics in fluctuating static field 5,

In this part of the chapter, we quantify the size of fluctuations encountered during the NMR experiments in
the resistive magnet by performing stability measurements after the application of 7 and 7 nominal pulses.
The aim of these measurements was to study the influence of the fluctuations on the 7} experiment.

To simplify the data analysis, we used the classical NMR approach, in which we focused only on the net
magnetization of the sample. In addition, we assumed that the sample behaves as a single voxel, ignoring
spatial variations of B, and B;. Since B is always set along the z-axis, the equilibrium state of the
magnetization will be My = Mqe..

After the application of an NMR pulse at the spectrometer frequency f;¢, the transverse magnetization will
be detected. According to the theory detailed in chapter 1, the relation between the magnetization and the
off-resonant cases produced by the fluctuations of the resistive magnet is given in frequency units by the

equation 1.29
2
%(COS (Ul—l— (%) Bnom) -1)
M(t) _ Af . / NS
Meq = \/T—l-ff S1n 1 -+ (W) 6nom (356)
/ 2
W(Afz + f12 COS ( 1+ <%> Bnom))

where z is replaced by % and (3,0, = 27 f1t, the pulse angle(?, is the pulse length).

We deduce from this equation the transverse magnetization M |

M, = /M2 +M2= /1 M2 (3.57)
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Experimental section

We performed 'H liquid state NMR experiments at a constant magnetic field of 24 T corresponding to a
resonance frequency of f, = 1020 MHz with a 1 mm sample length of H,O + GdCl; (c = 60 mMol/l). These
measurements aimed to quantify and investigate the influence of the different "off-resonant" scenarios on
NMR experiments in the resistive magnet. In addition, a preliminary nutation experiment was carried out
to determine the pulse lengths of 7 and 7 pulses using the same sample of H,O + GdCl3. The pulse lengths
and the excitation field strengths that were deduced from the nutation experiment are presented in the table
3.8. Large data sets for single-scan measurements at room temperature were collected (2500 measurements
for the 7 pulse and 200 measurements for the 7 pulse) to cover a wide range of "off-resonant” situations.

Frequency [MHz] | 7 pulse length [us] | 7 pulse length [us] | f1(5) [kHz] | fi(7w) [kHz]
1020 2.4 5.2 104 99.5

Table 3.8: Parameters extracted from nutation experiments.

Results and discussion

Figure 3.25 presents selected spectra for the 7/2 and 7 NMR pulses for the same liquid sample HoO +
GdCl; as a function of the resonance position at the Larmor frequency f,. Their intensities were normalized
by the maximum of the NMR spectrum at the resonance frequency of the /2 pulse (blue spectrum figure
3.25 (Top)). They have a finite width and an asymmetric shape indicating that there is an asymmetric
distribution of Larmor frequency over the spins due to the inhomogeneity of By. The line shape of the 7/2
pulse spectra is frequency-independent, however, for nearly on-resonant 7 pulses, we observe that the line
shape is different from the others, and the asymmetry has shifted to the left side.

In addition, we present by the red dashed curves the simulated evolution of the magnetization in the vicinity
of non-resonant frequencies (Af # 0) considering perfect 7/2 and 7 pulses. The parameters presented
in the table 3.8 were used for these simulations respectively for 7/2 and 7 pulse. The magnetization was
normalized by its value at the equilibrium state M,,,.

According to equation (2.10) in chapter 2, the intensity of the NMR signal is proportional to the amplitude
of the magnetization. Therefore, from a qualitative point of view, intensities of the spectra follow the theo-
retical magnetization curves (red dashed curves in figure 3.25 (Top) and (Bottom)) for NMR pulses of 7/2
and 7 really well. To confirm the theoretical approach, we decided to extract the transverse magnetization
M, = M, and the off-resonant position Af = M, for each spectrum consecutively using the moment
equations (2.10) from chapter 2. After that, we fitted the evolution of the magnetization as a function of
these different off-resonance positions using the equations (3.56) and (3.57) described earlier.

The fit provided us with the strength f; and length ¢, of the pulse, as well as the equilibrium state magneti-
zation M,,. The latter value was used for normalization, and the pulse angle was deduced by the equation
Brom = 27 fit,. The results of these calculations and fits are discussed separately for the 7 /2 and m NMR
pulse:
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Figure 3.25: Impact of the fluctuating field on the magnitude of the NMR signal for the same liquid sample H2O +
GdCls with the Larmor frequency fo = 1020 MHz after the application of 7w /2 (Top) and  (Bottom) NMR pulses.
The dotted red curves represent the theoretical simulation of M | respectively for Bpom = 7/2 and Bnom = T pulses.
In both figures we used the same normalization value.
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Detailed analysis of 7/2 pulses
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Figure 3.26: Transverse magnetization M | measured after /2 pulse for different off-resonant cases. The transverse
magnetization M|, = My and the off-resonant position Af = M for each spectrum were calculated using the
moments equations (2.10) from chapter 2. The black line represents the theoretical dependence of the transverse
magnetization with the off-resonant position. The bottom figure shows a zoom on M| for Af closer to the resonant
cases.
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After a w/2 pulse, the magnetization ends up along the transverse plane M. As M lies on the detection
axis in the rotation frame, the intensity of M is the highest for A f = 0, as shown in figure 3.25. However,
this latter decreases for |A f| > 0 due to the appearance of the magnetization along the z-axis, which reduces
the NMR signal.

In figure 3.26, we see a reduction of the transverse magnetization with the off-resonant frequencies. The
most encountered cases are for |A f| < 50 kHz, where the amplitude of the magnetization decreased by less
than 2%. In this region of frequencies, the data scatter around the theoretical curve, defining the accuracy
of our M calculations and their error bars. For |A f| > 50 kHz, the magnetization becomes more sensitive
to the off-resonant frequency.

We remark that the maximum amplitude of the fitted curve reaches ~ 99% of the M., value. This is due to
the imperfection of the radio frequency pulses. The parameters extracted from the fit, lead to the calculation
of B,0m» Which shows a deviation of 9° from the desired pulse angle (90°).

Meq fl (kHZ) tp [[LS] Bnom [O]
38.05 94 2.4 81

Detailed analysis of 7 pulses

After a 7 pulse, we invert the magnetization to the z-axis. Therefore, the NMR signal is zero since there is no
finite transverse component of the magnetization available to induce such a signal. When an off-resonance
case is present, a transverse component of the magnetization begins to appear, and an NMR signal becomes
visible.

In figure 3.27, we see the effect of an off-resonance case on the magnetization after a  pulse. Contrary to the
7/2 pulse, the magnetization here increases with |Af|, where the transverse magnetization is observable
mainly for the off-resonant frequency. For |[Af| < 50 kHz, the deviation from the resonant frequency
increases the magnetization by a factor of 10 (from 0.1 to 1). This confirms that the 7 pulse is more
sensitive to the variation of A f than the /2 pulse.

Furthermore, the experimental points are shifted by —10 kHz with respect to the theoretical curve. A
possible reason for this shift is that the signal-to-noise ratio becomes lower, which affects the sensitivity
of the calculation of the exact values of M, = My and Af = M;. Another important factor that may
be responsible for this shift could be the asymmetric shape of the NMR spectra that changes near the on-
resonant frequency.

We also observe, at the resonance frequency, that the magnetization has not been completely inverted. This
is due to the imperfection of the radio frequency pulses. The fitted parameters show the deviation of 7°
from the desired pulse angle (180°). Moreover for |A f| = 75 kHz, the 7 pulse is behaving as 7 /2 pulse at
the resonance frequency.

Meq fl (kHZ) tp [MS] ﬁnom [O]
35.76 97 5.02 173
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Figure 3.27: Transverse magnetization M | measured after m pulse for different off-resonant cases. The description
of this figure follows the caption of figure 3.26.
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Figure 3.28: Fit of the impact of the fluctuating field on the magnitude of the NMR signal for the same liquid sample
H20 + GdCls, where the Larmor frequency fy = 1024,977 MHz after the application of w/2 (Top) and 7 (Bottom)
NMR pulses. The dashed red curves represent the fitted curves respectively for Bnom = 173° pulses.
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In figure 3.28, the intensity of the spectra follows the fitted curves respectively at the deduced NMR pulse
angles (81° and 173°).

3.7.1 Influence of fluctuation on 7 measurements
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Figure 3.29: Impact of the fluctuating field on the Ty measurements

In the previous section, we discussed the influence of the fluctuations on the transverse magnetization
M magnitude for 7/2 and 7 pulses. In this section, we discuss the influence of the fluctuations on the
measurements of 7} in the case of an inversion recovery sequence (more details on this pulse sequence are
given in chapter 1.3). This sequence consists of two radio-frequency pulses (the first pulse in the sequence
is a 7 pulse and the second one is a 7/2 pulse) separated by an interval time 7;.

The histogram of the fluctuations of the resistive magnet (figure 3.8 in section 3.3.2) reveals that most of
the off-resonant cases (> 68 %) are for |Af|/fo < 50 ppm, i.e., |Af| < 50 kHz for f, = 1020 MHz. In
this region of |Af|, the transverse magnetization M| magnitude is roughly constant for the 7 /2 pulse but
increases dramatically as a function of |A f| for the 7 pulse. Therefore, we can say that the fluctuations
clearly affect the 77 measurements. Thus, in this section we will focus on the influence of the first radio-
frequency pulse on the 7} measurements (we will always consider that 7/2 pulse is performed exactly at

the Larmor frequency).

Moreover, to illustrate this phenomenon, two extreme cases are shown in Figure 3.29. In the first case,
we consider that the magnetic field is time stable, thus the magnetization is perfectly inverted after the
application of the first radio frequency pulse (7 pulse). In this case, the longitudinal magnetization obeys
the following evolution law
M., (1)
M.,

—1-Cexp <_T—T) (3.58)
1
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C represents the inversion rate of the radio frequency pulses, and the value C' = 2 is used for this perfect
inversion recovery sequence. In the second case, we consider that the 7 pulse is no longer inverting the
magnetization but is behaving as a 7/2 pulse due to the fluctuations of the magnetic field for all values of
7;. This behavior affects the evolution law of longitudinal magnetization. Thereby, C'is equal to 1 instead
of 2 in this case.

In reality, we cannot predict the fluctuation of the magnetic field, so the detected longitudinal magneti-
zation for the different intervals of 7; will be scattering between these two curves presented in figure 3.29.

The solution is to use the saturation recovery pulse sequence involving only 7 /2 pulses, where C' becomes
1 in equation (3.58).
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Chapter 4: Theory of paramagnetic relaxation
enhancement (PRE)

Paramagnetic relaxation enhancement (PRE) is the increase of the nuclear spin relaxation of a nucleus in
a solvent (here 'H in H,0) induced by magnetic interactions with unpaired electron spins. PRE is nowa-
days an important research area due to its application in magnetic resonance imaging (MRI) [44]. There,
PRE affects the image contrast, and the compounds generating PRE are called MRI contrast agents (CA).
They are chemical compounds that contain paramagnetic ions. Hence the origin of the term "paramagnetic
relaxation enhancement".

Amongst others, PRE is explored in the field of MRI and NMR spectroscopy for the development of new
CAs and for the determination of the structure of bio-molecule , respectively. The efficiency of a CA
in a given magnetic field is quantitatively measured by their NMR relaxivities r;, which are equal to the
longitudinal (R;) or transverse (R5) NMR relaxation rates divided by the CA concentration c [45,46].

PRE depends on the electronic properties of paramagnetic ions, as well as other dynamic and structural
characteristics such as the number of bound water molecules, their rate of exchange with the bulk, size,
clustering, aggregation, as well as tumbling, diffusional and rotational correlation times. In this chapter,
we will discuss the principle elements of PRE theory restricted to the lanthanide ions. More details can be
found in [1].

4.1 Nuclear spin relaxation mechanisms

For an in-depth understanding of how the presence of a paramagnetic complex in solution alters the re-
laxation rate of a nucleus in a solvent, we introduce the main PRE mechanisms. Although numerous
mechanisms exist, two principal ones generally dominate for spin-half nuclei: (1) Dipolar interaction and
(2) Curie spin contribution. We note that the general theory contains an additional contact term, which is
neglected in the case of lanthanides [47].

4.1.1 Nuclear spin relaxation by dipolar interaction

In the simplest case, the paramagnetic ion from the contrast agent has a magnetic moment pg related to its
spin S, which generates its own magnetic field called magnetic dipolar field or local field. When the nuclear
magnetic moment z¢; of spin [ is within the dipolar field created by S and located at a distance 7, they will
interact as represented in figure 4.1. In our case, the dipolar interaction is established by the interaction
between an electronic magnetic moment of the paramagnetic ion and a nuclear magnetic moment of the 'H
nuclei in the water molecule H,O. The absolute value of the magnetic moment of the free electron pg is
about three orders of magnitude bigger than that of the proton fi;.
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B

Figure 4.1: Interaction between nuclear magnetic moments pr with a dipolar field generated by an electron spin jig.

The Hamiltonian H describing this interaction, in a static magnetic field B, along the z-axis is given by
H = gepsS - Bo — hryi1 - Bo+ Hpp(t). 4.1)

This Hamiltonian (4.1) consists of three terms. The first two terms, are time-independent, representing the
Zeeman interactions for the electron (first term) and for the nucleus (second term) separately. The third
term, Hpp(t), represents the dipolar interaction induced between the two spins (I and S). Unlike the first
two terms, the dipolar interaction is time-dependent due to various molecular motions and can be expressed
as

4.2)

o . o 3I-r)(S-r) I-S
t)=—h —
HDD( ) A YIvs ( 5 3
It depends on the distance between the magnetic moments (the interaction falls off as » 3 ) and therefore on
the concentration of the paramagnetic ions in the compound, the gyromagnetic ratios of the spins (y; and

vs), and the orientation of the vector r joining both magnetic moments.

For the simplest case S = 1/2 and I = 1/2, the Hamiltonian has the energy level scheme shown in figure
4.2. If one adds these small local fields B 4, to the large static field B, we obtain a total field that fluctuates
in direction and magnitude [48], which causes PRE of the spin-lattice 7 and spin-spin 75 relaxation.
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Figure 4.2: Energy levels, transition frequencies and probabilities per unit time (W, W{, Wls and W) in a S-1

dipolar coupling system of spin 1/2 for vs < 0 and v; > 0. The figure is adapted from [49], and details can be found
in text.

The dipolar Hamiltonian can be transcribed as a function of quantum operators [50]

Hpp(t) =k(A+B+C+ D+ E+F), (4.3)
where I
=10 p2
P YIvs

A= (1-3cos*(0))I.S,

B- —i(l — 3cos(0))([.S_+1.5,)
C = —g sin(6) cos(0) exp(—id) (LS, + I, S.)

D= —g sin(f) cos(#) exp(ip)(1,S- + 1_S,)

E = —% sin?() exp(—2i¢)(1Sy)

F= —Z sin®(6) exp(2i¢)(1_S_),

with # and ¢ are the polar coordinates of the distance vector r. All the above terms A -F' are composed of
time-dependent random functions of the relative positions of the interacting spins f(t) = F (0(t), ¢(t)) and
the quantum operators /., S, I, and S acting on the spin states.

The various operators A - F' make contributions which are qualitatively different to the dipolar Hamiltonian.
The fluctuating magnetic field produced by one spin at the location of the other spin may induce spin
transition on the other center, and thus provide a relaxation pathway [10]. The transition probability per
unit time W;; for a coupled system S — I between two defined states |m1> and |mj> is given by the following
equation

t
Wi; = / (mj|Hpp(0)|ms) (mi|Hpp (¢')[m;) exp (—iwit') di’| (4.4)

—t

1
n2
where w;; = (E; — Ej)/h. In our case, the dipolar Hamiltonian Hpp(t') fluctuations are random and
fast, which makes the transition induced I¥;; independent of time. The eigenstates of the S — I coupling
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can be obtained by the product of the individual states defined by the values of mg, and m; . In the
product, the first component represents the state of .S, while the second component represents the state of
L (Ims.)lmz.) = [ms.my.)).

In addition, there are four possible eigenstates linked to the values of m;, and mg_, resulting in four types
of transitions shown in figure 4.2 with corresponding probabilities

Wo= | [ T THon @1 3700 F THon @ = exp (il — st @t @9
Wl = | [ T T T @ et @] @
s = | [ O @ e (st @t @)

W= o /_1 = [HooO) — ) (— T [Hop (@) + =) exp (—ifwr +ws)t) de|,  (@48)

where the frequencies of transitions are: (1) w; proton spin changes and electron spin remains; (2) w; + wg
proton and electron spins increase or decrease their energy; and (3) w; — wg proton spin increases and
electron spin decrease or the opposite. This gives

2 t
WS = Sl / O () exp (—iwit)) dt’, *9)
—t

where k is the interaction strength, af % is the transition matrix element that depends on the spin operators,
and the last term (the integral) is the Fourier transformation of the correlation function that will be described
in section 4.1.2.

In our case, we are interested in nuclear spin relaxation, i.e., equations (4.5), (4.6), and (4.8). The dipo-
lar contribution to the nuclear relaxation rates 1?; o can be expressed according to the probabilities of the
transitions Ry o = S W,

4.1.2 Correlation function and spectral density

In order to obtain a model for the correlation function, we assume that the dipolar field Bgy,(t) fluctuates
with the following properties:

1. The fluctuating fields have zero average over a long time for a single spin: < Byy(t) > =0
2. The mean square of the fluctuating field is: < B3,(t) > # 0

3. The autocorrelation function of the field is a stationary random function that stays invariant under a
change in the origin of time. It describes how rapidly the field fluctuates and is expressed as

G(T) = <de<O)de(7)> s (410)

where we define a correlation time 7. by the condition that G(7) — 0 for |7| >> 7.. We assume that
the autocorrelation function is symmetric and even. This gives

G(r) = G(-T), 4.11)
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and

G(0) = (B3,(0)) > 0. (4.12)

For a molecule modeled as a rigid sphere subjected to Brownian motion (molecular motions that are
random), the autocorrelation function G(7) can be described as an exponential decay

G(1) = G(0)* exp (_M) = G(0)%g(7), (4.13)

Te

where ¢(7) is the reduced correlation function.

4. The spectral density is defined as the Fourier transform of the autocorrelation function G(7)

J(w, 7e) :/ G(7) exp(—iwT) dT (4.14)
2 Te 4
J(W,TC) = G(O) m ( 15)
In the case of dipolar interaction, using equation (4.9)
2 Te
J(w, 7e) = (f(0)) TFwrr? (4.16)

where ( f (()))2 is a constant representing the square average over the molecular rotation, i.e., 0 + ¢. w
represents the frequency of the nuclear transitions: w;, w; + wg, and w; — wg.

For the discussion on the dependence of spectral densities on w = 27 f or 7. vary, we assume here and in
the following that the spectral density is

Te

Hwm) = T

(4.17)

First, we show in figure 4.3 (a) the plot of spectral density function J( f) as a function of frequency f in the
logarithmic scale for fixed 7, values. For w << 7. the spectral densities J(f) takes the form of a constant
function

J(w) = J(0) = 7., (4.18)

With 7, representing the correlation time of a real fluctuation mode of the molecule. When w approaches the
value of 7!, the spectral density decays J(w) to zero with a power law w 2. Consequently, for the longest
correlation time 7, = 1 us, the intensity of the spectral density is the highest, but the decay towards zero
is much faster than for the other two curves as shown in the figure 4.3 (a). An inflection point at w = 7,
occurs, known as the dispersion value where the spectral densities reach their initial half-value .J(0).

Second, we show in figure 4.3 (b) the plot of spectral density function J(7..) as a function of correlation time
7. in the logarithmic scale for fixed w = 27 f values. The spectral densities J(7.) are of the peak function

type and reach their maximum value at the inflection point w = 7. L.
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Figure 4.3: (a): Spectral density function J(f,7.) as a function of frequency in the logarithmic scale simulated for
fixed correlation times 1. = 1 us, 1 ns, and 1 ps. (b): Spectral density function J(f,7.) as a function of correlation
times in the logarithmic scale simulated for fixed frequencies f = 600, 1000, and 1400 MHz.

4.1.3 Curie spin contribution

In the previous discussion of dipolar interaction, we neglected the slight population difference between
electron spin levels according to the Boltzmann distribution. This difference accounts for the time-averaged
magnetic moment of the molecule, which is related to the time-averaged electronic spin S, also known as
Curie spin [51].

The alignment of paramagnetic ions increases with the field and is inversely proportional to the temperature
through Curie’s law. S, is given by

Se = JBy(x), (4.19)
where J is the total electron spin and B (x) represents the Brillouin function
J+13 (J+3)z 1 x
By(r) = "2 coth =522 | = S coth () 4.20
/(1) = =5 co ( 7 27 P \2g (20
with ThveB
Vsbo
= 4.21
x T (4.21)

The interaction of the nuclear spins with .S, provides the so-called Curie spin contribution.

4.1.4 Correlation times relevant for PRE

Molecular dynamics responsible for nuclear spin relaxation are directly linked to the presence of unpaired
electrons, as seen in sections 4.1.1 and 4.1.3. The molecular dynamics occurring in solution associated by
their corresponding correlation times are shown in figure 4.4:

1. Chemical exchange (figure 4.4 (a)):
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There are paramagnetic compounds with water-binding sites. The water molecules located at these
sites form the so-called inner sphere. There is a chemical exchange with the free water molecules of
the solvent, the outer sphere, with a characteristic correlation time 7.

. Molecular rotation (figure 4.4 (b)):

The paramagnetic compounds containing the water-binding sites rotate with a correlation time 7.
The rotational correlation time 75 for a rigid sphere of radius a in a medium having viscosity 7 can
be derived using the Debye diffusion equation. By employing spherical harmonics, we can predict
the rotational correlation time of a rigid sphere [49]

B 4mna® oM

~ 3kpT  dNakgT’
where 7 is the viscosity of the solvent used, 9:1 D,O:H,0, expressed in (kg-s~!-m™!), a is the radius
of the molecule assumed as spherical, d represents the density of the molecule (kg-m~2) taken usually
equal to 103, N4 = 6,022 - 10?3 is Avogadro’s constant, M is the molecular weight of the molecule,
kp Boltzman constant, and 7" is the temperature of the solution (room temperature).

R (4.22)

1

This formula shows that 7z depends on the molecule’s size M and the solvent’s viscosity 7, and
increases with them.
. Electron spin relaxation (figure 4.4 (c)):

Tg is the correlation time of the electron spin relaxation. The longitudinal and transverse electronic
relaxation rates Rg; = Tg (1 =1,2)canbe expressed by the following equations [52]

20?2 T, 4T,
Rg1 = —1(45(S+1)-3 - - 4.23
51= g (4551 )(1+ng3+1+4w%T3) (429
A? 5T, 27,
_ Sty 1) — 3 4.24
Hs2 50 (45(5+1) =3) <ST + 1+ wir? + 1+ 49‘{297'@2) (4.24)

where 7, represents the correlation time for the instantaneous distortions of the paramagnetic ion and
A? is the mean squared fluctuations of the zero field splitting (ZFS).

Electron spin relaxation has the same form as nuclear spin relaxation and is thus generally field-
dependent.

. Diffusion process:

The diffusion process refers to the random motion of molecules, which then leads to net flow from
an area of higher concentration to a lower concentration. This provides the tendency of molecules to
distribute themselves uniformly in a system.

The diffusional correlation time 7 can be derived from the Einstein-Stokes equation by considering
the characteristic time for a diffusing molecule to cover a distance of its own size. The diffusional
correlation time 7p is given by [53]

™D = — (4.25)

where D is the relative diffusion constant, which is inversely proportional to the size of the molecules
involved in the difussional process (paramagnetic compound and water molecules) and the viscosity
of the solvent (9:1 DyO:H50), and « is the closest distance that determines the diffusional correlation
time 7p.
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Figure 4.4: Processes that make the dipolar Hamiltonian time dependent and causes nuclear relaxation (a): chemical
exchange with correlation time Ty ; (b): molecular rotation with correlation time Tr ; (c): electron spin relaxation
with correlation time Ts . The inner sphere represents the nuclear magnetic moments (herey 1) directly coordinated
to the electron spin g in the contrast agent complex, which exchanges position with the nuclear magnetic moment
pi1,2 from the solvent. The outer sphere represents the nuclear magnetic moments (hereyiy ) from outside the complex
or the solvent. This figure is adapted from [49].
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All of these correlation times can modulate the dipolar interaction, hence causing nuclear relaxation. They
all contributes to the decay of the correlation function. In the model used here, we consider that these
movements are independent of one another, then the correlation function decays accordingly

e

R M TS
The overall correlation time of the dipolar coupling 7!, therefore, is given by

= 71;1 + 7+ 7'51. (4.27)

Cc

However, only 7 and 7, can modulate the Curie-spin contribution, which can also cause nuclear relaxation.
Therefore, the overall correlation time of the Curie-spin contribution is such that

Tc_cl = r,gl + T]\_/[l. (4.28)

Most often, for both dipolar and Curie-spin contribution only one of the correlation times (7, Tas, OF Ts)
dominates. This depends mainly on the electronic properties of the paramagnetic ion and on the structural
properties of the contrast agent. Typical ranges of rotational 7, chemical exchange 7,,, and electronic 7g
correlation times are shown in the figure 4.5, that is adapted from [49].

In addition, the dipolar and Curie spin contributions can be modulated by the diffusion process 7p.

Exchange correlation time T,

Rotational correlation time Tp i

Electronic relaxationtimes | Tg

Figure 4.5: Typical ranges of rotational T, chemical exchange Ty, and electronic Tg correlation times [49].
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4.2 Quantitative expressions of PRE

(¢
@ ™
Outersphere ...
orBulk .-~

.-~ paramagnetic
L4
moment

nucleus ./

Inner-sphere .-~ ®

Figure 4.6: Representation of inner and outer sphere contributions. Details can be found in text.

We first present the common characteristics of longitudinal and transverse relaxation rates R; (z = 1, 2).

The relaxation rate enhancement caused by the paramagnetic compound of a given concentration ¢ can be
written as
Ri =T;.Cc= Ri,so]ution - Ri,solventa (429)

where I solution and I?; sorvent are the relaxation rates of the solution and the solvent (9:1 D,O:H0), respec-
tively, and r; 1s the relaxivity.

R; can be separated in two-sub terms: (1) R; ;s inner-sphere relaxation; and (2) R; ,s outer-sphere relaxation
R; = R + R os. (4.30)

Both inner and outer-sphere relaxation are shown in figure 4.6. The inner-sphere refers to water molecules
directly coordinated to the paramagnetic center known as the first coordination sphere, which exchanges
with bulk water molecules. The characteristic correlation time is given by 7y,. 1} 5 1s the relaxation rate
of the nuclei in that first coordination sphere. However, the outer-sphere or bulk refers to water molecules
from outside the complex (from solvent), which diffuse (7p) around the paramagnetic center [54].

The inner and outer-sphere relaxation are driven by the dipolar and Curie-spin contributions. However,
the electronic properties of the paramagnetic ion and the structural properties of the contrast agent will
determine which contribution will dominate, and at which range of fields.
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4.2.1 Longitudinal relaxation rate Rz,

Here, we will separate the longitudinal relaxation rate from the transverse one. The notation used in this
thesis is that of references [6,55].

Inner sphere contribution R, ;,

The inner sphere contribution to PRE is based on the Solomon-Bloembergen-Morgan (SBM) equations
[56-58]. It depends on: the molar fraction (paramagnetic ion complex/solvent) f , the number of water
molecules in the first coordination sphere of the complex ¢, the residence time of the coordinated water
molecules exchanging with the bulk 7,, and the relaxation rate of the bound nuclei 77 e

1

Z’LS 4.31
qu1M+TM 4.31)

As a result, R; has a linear dependence on the concentration f. Therefore, it is convenient to define the
relaxivity r; (¢ = 1, 2) as the relaxation rate over the concentration of the whole paramagnetic complex.

Moreover, 17 5 is linked to the magnetic moment of the paramagnetic ion and its dynamics. In the absence
of exchange process (1) = 00), the inner sphere contribution R; ;s equals zero. However, in our case
i.e., in the presence of fast exchange (7p; « 17 ps), the inner sphere contribution is proportional to the
relaxation rates of the coordinated nucleus 17 ;. Ry = T ! LM contains the dipolar R1 is and Curie spin
RY, ;s contributions to the relaxation of the inner sphere, expressed as the sum of the two

Rl,M RPD + R 4.32)

1,is 1,28

We recall that the dipolar contribution on the longitudinal relaxation rate [?; is proportional to the sum of the
transition probabilities (W, + W] + WW5) given in equations (4.5), (4.6) , and (4.8). The dipolar contribution
to the inner-sphere relaxation can be written as

2
{?ZLSJ = 1_5 <ZL_7?_> f)/IluBgQJ(J + ) (3J(w17 TC) + 6‘]((")1 + ws, TC) + J( wr —Wws, TC)) ) (433)
The last three terms in the parentheses are the spectral densities of the transition probabilities. Given that
wg >> wy, this equation can be simplified to

2
RPD = (B2) I + 1) (B (wr,m) + T (s, ) (4.34)

where 7; is the nuclear gyromagnetic ratio, pp the Bohr magneton, g; is the Landé factor, and J represents
the total electronic spin. In analogy to equation (4.17), the spectral densities J(wy, 7.) and J(wg, 7.) are
given by

Tel Te2
J ) = ———5 d J(wg, 7o) = ——-. 4.35
e A R .= (43
We reproduce from equation (4.27), 7. the correlation time of the inner-sphere dipolar coupling
Tah =T + il + Tara- (4.36)

The spectral densities are proportional to 7, !, therefore, the shortest correlation time between rotational,
chemichal exchange and electronic relaxation time dominates J(w, 7).
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For the lanthanide ions Dy(III), Er(Ill), and Ho(III) : T ranges between 107! s for small molecules and
1079 s for large molecules, 7, ranges between 1071 - 107° s, and 75 is of the order of 107! s (very
short) [59]. Since the correlation times of Dy(III), Er(Ill), and Ho(IIl) are in the same range, the dipolar
contribution to the inner-sphere relaxation will be of the same order of magnitude. This later is modulated

by the electronic relaxation 7, ! ~ 75

However, for Gd(III), 75 varies between 10~® and 10~ s [59] with 7 and 7,; being in the same range
of values as the lanthanide ions Dy(IIl), Er(Ill), and Ho(III). In this case the dipolar contribution to the

inner-sphere relaxation is modulated by 7, ! ~ 75 L

We should note here that some correlation times can be field-dependent, such as the electronic relaxation
time 75 of the paramagnetic ion , and others are field-independent, such as the rotational correlation time 7z
of the molecule. For Dy(III), Er(IlI), and Ho(Ill), the value of 75 is independent of the magnetic field [60],
while for Gd, it is dependent [60, 61]. Hence the importance of these spectral density curves in figures 4.3
(a) and (b). Moreover, the electron relaxation times of lanthanide ions in solution are not largely affected
by temperature.

Another important factor in the dipolar contribution is the distance between the paramagnetic ion and the
observed nucleus denoted as r, because this contribution decreases inversely with the sixth power r~°.
There is an implicit field dependence of the dipolar contribution, which is reflected in the spectral densities
through the proton and electron frequencies w; and wg respectively.

CS

The Curie-spin contribution Ry, depends only on the transition probability 2W{, represented by the Lar-

mor frequency w; and is given by

2/ o\ 2 11
RCS — 2 (—) 2B2 4 A2 L2 3 437
1,is 5 \ 41 1 O:uBg] ( + ) 76 (3kBT)2 (WDT )7 ( )
where
i
) = ———. 438
J<w177— ) 1+W%Tc26 ( )

B is the applied magnetic field, kg is the Boltzmann constant, 7" the temperature. From equation (4.28),
we reproduce the correlation time of the inner-sphere Curie spin contribution:

T =Tg +Tar- (4.39)

cc

The Curie spin contribution is characterized by its dependence on the square of the applied magnetic field
B2 and becomes more noticeable at high fields. The Curie-spin correlation time depends only on the
molecular rotation and the chemical exchange. For small complexes containing Dy(III), Ho(III), and Er(III)
as paramagnetic ions, the Curie spin contribution will be modulated by 7, !. Regarding Gd, the Curie-spin
contribution can be neglected. Curie spin relaxation becomes significant when the dipolar contribution is
modulated by the electronic relaxation times 7g, which is the case for Dy(III), Ho(III), and Er(III) lanthanide
ions. Similar to the dipolar interaction, the Curie-spin contribution decreases inversely with the sixth power
of the distance, »~%. Moreover, Curie-spin contribution is temperature-dependent.
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Outer sphere contribution R,

The outer sphere contribution is again the sum of the dipolar RP? and Curie RC.. terms, as well as the
p g p 1,is 1,is

diffusion processes terms contribute. The dipolar contribution in the outer sphere relaxation is

gro — Cop (6 (J(J + 1) — S.coth (l) — 52) Jo(Wr, 75, Tp) + T coth (1) ScJo(wsstﬁDD :

1,0s abD 2J ¢ 2J
(4.40)
where 16 )

T (Mo 2 92 9

Cpp = 135 <E> Vi 1895 NaC; (4.41)
JBojipg;

— 0BT 4.42
e (4.42)

where c is the molar concentration of the paramagnetic ion, S, is the time average electronic spin known as
"Curie" spin [62, 63]. This latter is field dependent [63].

The spectral densities of the dipolar contribution of the outer-sphere relaxation J, depends on the diffusional
correlation time 7 given in the equation (4.25) and on the electronic relaxation time 75 at the frequencies
wr and wg, respectively [64].

The Curie contribution in the outer sphere relaxation is

C
RS, = ﬁSéJA(wI, ™). (4.43)
with 39 )
T
Co =" (12) "hubeiNac, (4.44)

The outer-sphere contribution shows an explicit field dependance (equations (4.40) and (4.43)) through the
time average electronic spin S.. Various studies showed that at low fields for Dy(III)-compounds (< 400
MHz) the dipolar outer-sphere term is modulated by 7g, and is the dominant contribution, whereas at high
fields (> 700 MHz) the Curie outer-sphere term modulated by 7 starts to be the dominant term [6, 55].
Analogously to Dy(III), for the Ho(IIl) and Er(III) compounds it is predicted that they behave similarly, due
to similar correlation times values.

4.3 Experimental access to PRE

Longitudinal and transverse relaxation rate studies offer experimental access to PRE. For NMR relaxation
measurements, we dissolve an amount of a paramagnetic compound in a solution, typically water H,O or
D>0O:H50 mixtures.

The measured longitudinal R; and transverse I?, relaxation rate are normalized by the concentration c of
the paramagnetic compound and the relaxivities are extracted according to the equation (4.29)

r; = & with =1,2. (4.45)
c

Since the contributions to PRE are field dependent, the relaxivity is very often measured from very low to
very high magnetic fields. This technique is known as nuclear magnetic relaxation dispersion (NMRD).
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NMRD involves various type of NMR instruments:

1. Fast field cycling.
2. Permanent magnets.
3. Superconducting magnets.

4. Resistive magnets.
In this context of PRE induced by lanthanide compounds, there is a strong interest in using the highest

magnetic fields beyond the limit of today’s superconducting magnets. This is the motivation for the PRE
studies presented in this thesis.
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Chapter 5: PRE studies of paramagnetic
polyoxometalates compounds
(PM-POMs)

In NMR, PRE up to the highest magnetic fields is an important research area due to the current trend for
ultra-high-field MRI. However, the relaxivity of conventional PRE compounds (contrast agents) containing
Gd(III) ions, generally decreases with magnetic field strength, resulting in a reduction of efficiency [1, 5,
6, 65, 66]. For this reason, alternative materials with high relaxivity up to the highest fields are needed
for future MRI applications. This requires the development of appropriate contrast agents and a better
understanding of the PRE mechanism.

In this context, lanthanide ions other than Gd have recently attracted widespread interest due to their in-
teresting magnetic properties, particularly their high magnetic moments and short electronic relaxation

times, making Curie spin relaxation the dominant contributor to water relaxivity in complexes containing
lanthanide ions [47,55,67, 68].

In addition, the magnetic susceptibility tensor caused by the 4f orbitals of lanthanide ions can be either
prolate (axially elongated) as found in Er(III), or oblate (axially compressed) as found in Dy(III) [68—70].
As aresult of this anisotropic distribution of lanthanide ions, a Larmor frequency difference occurs between
the lanthanide-coordinated and the bulk water molecules in the ground state. This latter is proportional to the
external magnetic field [71] and strongly influences both paramagnetic NMR effects of solutions containing
lanthanide complexes, the shifts [72], and the relaxation properties of the neighboring nuclei [73].

Consequently, the search for efficient PRE Ln-compounds at high magnetic fields requires the synthesis of
complexes incorporating lanthanide ions such as Dy(III) and Er(IIl) and the investigation of their PRE prop-
erties. In this perspective, one of the approaches we took was to synthesize ultrahigh-spin polyoxometalates
(POM)-based heterometallic clusters and measure their nuclear magnetic relaxation dispersion (NMRD) in
aqueous solutions [4,5]. POMs, as clusters of anionic metal oxides, possess numerous properties that make
them suitable for applications in different fields such as magnetism, optics, imaging, and medicine, as well
as interesting electrochemical properties [74—79]. These POM clusters are viewed as an inorganic analogue
of the well known contrast agent porphyrins. The use of lanthanide-based POM nanocomposites as host
assemblies for potential MRI contrast agents has also been investigated by other groups [80-82].

The studies presented in this chapter are an extension of previous work carried out by the LNCMI and
KIT teams [2—4, 6]. In this work, PRE of water 'H NMR has been investigated over a wide range of
frequencies, for aqueous solutions of three Ln-POM compounds: (1) [Dyl 1 (H20),GeW;,039]°~(Dy-W11);
(2) [ErIII(HQO)3GeW11039]5_(Er-Wll); and (3) [ETHI(H2O)(CH3COO)(PQW17061)2]16_ (Erp-W3y) from
20 to 1400 MHz.
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The results that will be presented in this chapter were published in reference [5], and indicate that the
three investigated POM complexes (Dy-Wi1), (Er-W11), and (Er,-W3,) are indeed potential candidates for
contrast agents, especially at high magnetic fields.

5.1 Structural and magnetic properties of PM-POM compounds

Three compounds were synthesized at Kalsruhe Institute of Technology (KIT) and investigated in these
PRE studies:

- [Dy(H20)4 GeW1,0391°~ (Dy-W11),
- [Er(H20)3GeW1;10391° (Er-Wyy),
- [(Er(H20)(CH3COO0)(P3W17061))2]1'" (Era-Wiy).

Dy-Wjy;, Er-Wy3, and Ery-W34 were synthesized by the KIT chemistry group following literature methods
and characterized by FTIR spectroscopy [83, 84].

In this section, we will describe the structural properties of the Ln-POM clusters and their magnetic prop-
erties relevant to the PRE studies.

5.1.1 Structure of Ln-W;; and Er,-W3;, POM clusters

1.0 nm

1.1 nm

[Ge\VuO”]s' [Dy(H,0),GeW;; 0] 5 [Er(H,0);GeW;;044] 5

Figure 5.1: Ball-and-stick representation of detailed structure and size of: (a) Keggin POM ligand - (b) and (c) for
Ln-Wy1 with Ln = Dy and Er taken from [5]. Color scheme: The red stands for the oxygen atoms, the turquoise stands
for the water molecules bound to the lanthanide ions in violet, and the dark blue stands for the four oxo ligands that
coordinate to Ln metal ions.
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Ln-Wy; clusters are mono-lanthanide substituted Keggin-type POMs that contain one mono-lacunary Keg-
gin [a-GeW1;039]%— subunit and one lanthanide metal ion, which in our case is either dysprosium Dy or
erbium Er. This occupies the position that has been formed by loss of a W-O, group from the plenary [a-
GeW5,049]*— anion, which consists of GeO, tetrahedron surrounded by four vertex sharing W30, 3 triads
as shown in the figure A.1 (a).

Figure A.1 (b) and (c) shows respectively the structure of the Ln-POM: Dy-W; and Er-Wy;. They share
the same structure, the only difference being the number ¢ of coordinated water molecules in the first
coordination sphere to the lanthanide ion. Er(IIl) is coordinated to three terminal water molecules due to
the smaller ionic radius compared to Dy(IIl) ion, which possesses four terminal water molecules. This will
have a direct impact on the inner-sphere contribution to the nuclear relaxation.

0.9 nm

2.7 nm

POM ligand [P,W;,04]1*

[{Er(H,0)(CH;COO0)(P;W1;06) }1,]'*

Figure 5.2: Combined polyhedral/ball-and-stick representation of detailed structure and size of: (a) Wells-Dawson
POM ligand and (b) Er-Wsy. Color scheme: The red stands for the oxygen atoms, the aqua stands for the water
molecules bound to the Er ion in violet, the dark blue stands for the four oxo ligands that coordinate with the lan-
thanide metal ions, the teal stands for WOg octahedra, the yellow stands for POy tetrahedra, the black stands for
carbon, and the grey stands for hydrogen.

Ery-W3y cluster is an Er-substituted Wells-Dawson-type POM that is composed of a binuclear Er(IIl) core
[(Er(H,0)(CH3CO0)),]*" sandwiched between two mono-lacunary Wells-Dawson units [PoW;70¢;]'°~
as shown in figure 5.2 (a). Each Er(Il) in these units takes up the mono-lacunary site of [PoW170g;]'°~
and is coordinated to the four available oxygen atoms, whereas the two ErPoW;70¢; units are connected
by acetate groups. Each Er(Ill) ion is eight-coordinated with square antiprismatic geometry. Hence, every
Er(III) ion in these units is coordinated by four oxygen atoms of the POM ligand, two oxygen atoms from
the acetate ligand, one oxygen atom from the other acetate ligand, and one water molecule. Figure 5.2 (b)
shows the final structure of the Ero W3, cluster.
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5.1.2 Properties of POM clusters relevant for PRE studies

As seen in the previous chapter 4 on the PRE theory, the relaxivity r; depends on the (1) magnetic properties
of the paramagnetic ion (S, L, g, pt.rf); (2) the structural parameters of the PM-POM compound: the
number of coordinated water molecules in the first coordination sphere ¢ , the distance of PM ion r for
inner and outer sphere water molecules, the distance of closest approach of diffusing water molecules a, the
molecular weight M, and the viscosity 1 of the solvent (9:1 D,O : H,O) which enters in different process
as rotation and diffusion; (3) the dynamic parameters of the molecules related to the correlation times 7,.,
T, and 7p; and (4) electronic properties of the paramagnetic ion 75 (here we consider 7 = Tg1 = Tg2).

These parameters contribute collectively to the paramagnetic relaxation enhancement of the relaxivity and
determine the efficiency of a molecule as a potential contrast agent. The relevant properties for PRE studies
of the investigated Ln-POM clusters are summarized in the tables 5.1 and 5.2, where 7r was determined
using the equation (4.22) and 7¢ values are taken from the reference [49]. Moreover, in these compounds
spin orbital coupling dominates.

Compounds Ln(I1I) Dy-Wi;  Er-Wi;  Erp-Wyy
S 52 372 2 x 372
L 5 6 2x6
Magnetic Properties J 1572 15/2 2 x15/2
g 4/3 6/5
teft L8] 10.6 9.6
Anisotropy of Ln(III) oblate  prolate  prolate
q 4 3 2
M [1073 kg.mol ] 2953 2940 8815

Structural Parameters .
Molecular size

(Height [nm] x width [nm]) 1.1 x1 1.1 x1 2.7 x09

Electronic Parameters 7o [10713 5] 4-10 3-8 3-8

Dynamic Parameters TR [1079 5] 1.2 1.2 3.6

Table 5.1: Relevant properties of Lanthanide-POM compounds for PRE studies, which includes: (1) magnetic prop-
erties of non-interacting Dy(Ill) and Er(Ill) ions with piegr = gj+/J(J + 1) ; (2) the structural parameters of the
lanthanide-POM compounds with M the molecular weight and q the number of the number of coordinated water
molecules in the first coordination sphere; and (3) the dynamic and electronic parameters related to the dominant
correlation times.

Viscosity at 25°C ~ H,O D,O 9:1 D;O:H50O
n[107* Kg.s~tm~!] 8.94 10.08 9.9

Table 5.2: Viscosity of the solvent 9:1 D2O:H>0 at room temperature according to [85].

102



CHAPTER 5. PRE STUDIES OF PARAMAGNETIC POLYOXOMETALATES COMPOUNDS

5.1.3 Stability studies of Er,-W3, in solution

Before exploring the PRE properties of the POMs, its important to validate their structural integrity in
solution.

Since the previously reported mass spectrometric (MS) studies on a dilute solution of Ery-W34 have shown
the fragmentation of the POM in the gas phase, the chemistry team at KIT decided to investigate their
solution phase behavior [83]. Three techniques were used for the stability studies on EraW34: (1) Dynamic
Light Scattering (DLS); (2) Fourier Transform Infrared Spectroscopy (FTIR); and (3) Xylenol Orange test.

Dynamic light scattering (DLS) is a technique that measures the size of a given molecule (hydrodynamic
diameter). The hydrodynamic diameter of Er,W3, was measured at selected pH values. The obtained
data suggest that, unless the pH of the particle is acidified (pH < 4.7), the dimeric structure of EroW3, is
preserved in water.

Fourier Transform Infrared Spectroscopy (FTIR) is an analytical technique used to identify the chemical
compounds based on their absorption or emission of infrared radiation. FTIR was performed on dried
Ero W34 sample, that was obtained by evaporating the aqueous solvent. The FTIR spectra of the recovered
Ery W3, show the expected absorption bands attributed to the pristine POM. The two spectra perfectly match
each other and no wavenumber shifts are observed indicating the stability of the Ero W34 in solution.

Xylenol Orange test: This test detects the presence of free metal ions and free ligands in a given Ln-complex
solution, where it undergoes a color change from orange to violet in case of the presence of free lanthanide
ions [86]. No color change was observed on the addition of 30 xl Xylenol Orange to the Eroy W3, solution
(pH = 5.6), which was used for NMR relaxivity studies. This indicates that the Er(Ill) ion does not leach
out into the solution.

All the above-performed experiments confirmed the structural integrity of the Ero W34 complex in solution.
More details on the performed experiments can be found in the article of reference [5].

5.2 Experimental section

For this PRE study, several types of magnets were used to cover the desired Larmor frequency range of
'H NMR from 20 up to 1400 MHz, for aqueous solutions for the Ln-POM clusters Dy-W;;, Er-W;, and
EraWs4. This included both NMR facilities at KIT and LNCMI. The former uses commercial Bruker NMR
spectrometers, mainly for frequencies below 400 MHz, while the latter uses a non-standard NMR in the
resistive magnet for frequencies above 800 MHz. All measurements were carried out at room temperature
298 + 2K.

For this PRE studies, pure crystals of PM-POMs were dissolved in 9:1 D,O: H,O solvent and five sets of
concentrations ¢, 0, 0.2, 0.4, 0.6, 0.8 and 1 mMol/l, of the complex were prepared at KIT by Aiswarya
Venu, a chemist PhD student. Note that c represents the concentration of the POM complex rather than the
lanthanide ion. Initially, Aiswarya measured the field dependence of relaxivities at frequencies below 800
MHz using the NMR facility in Karlsruhe. Subsequently, the samples were transported to the LNCMI site
in Grenoble.

The investigated PM-POM cluster solutions remained clear after the NMR measurements had been per-
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formed. All the compounds showed mono-exponential relaxation curves that do not change when the
solution is stored for a long period (several weeks). This confirms that the cluster is stable in solution and
that no phase separation occurs.

At Grenoble, Steffen Krdmer (my co-director), Aiswarya Venu, and I performed the relaxivity measure-
ments for the frequencies above 800 MHz. A combined analysis of the field dependence of the relaxivities
was done by both the KIT and LNCMI teams.

5.2.1 'HNMR above 800 MHz at LNCMI resistive magnet

Sample preparation

In the initial stage of the experiment, capillaries having inner diameter of 1 mm were filled manually with a
sample volume corresponding to [ = 1 — 1.5 mm, using the method described in section 3.2.2 of chapter 3.
A total of 46 samples were prepared by this method, 2 — 3 samples per concentration for each compound.

Sample positioning in the center of the resistive magnet

After the sample preparation, we transferred the NMR spectrometer to the M9 site of the resistive magnets.
The resistive magnet control program displays the location of the magnet center. On the basis of this value,
we calculated an approximately vertical position for the probe. We inserted the probe into the magnet bore
to the calculated vertical position. First, we set the static magnetic field to 21 T and tuned the probe to
the 'H resonant frequency fy. A water-based reference sample containing a high concentration of GdCls
(c = 60 mMol/l), hence short 77, was used to center the probe inside the resistive magnet to its optimal
position. To this end, the NMR signal was recorded using the FID pulse sequence and the vertical position
of the probe was varied with a 0.5 mm step. The optimal position was taken to be the one where the NMR
signal had the narrowest width.

Pulse program parameter calibration

In the next step, keeping the same water-based reference sample, we find the 7 and the 7 pulse lengths
presented in table 5.3 by performing a nutation experiment (section 1.3.3 of chapter 1) at each magnetic
field.

We then proceeded to the characterization of the samples synthesized by KIT. A single scan inversion-
recovery sequence was applied in the 77 experiments. The Matlab program described previously in the
thesis (chapter 2) was used to make the necessary corrections to the NMR spectrum and to extract the 77
relaxation time immediately after each measurement. We repeated each 7 experiment several times before
moving on to the next one in order to improve signal quality. For each concentration, the relaxation time
T was subsequently measured at the corresponding frequencies: 870 MHz (20.4 T), 1050 MHz (24.7 T),
1200 MHz (28.2 T), and 1400 MHz (33 T). To check that there had been no phase separation in the sample
during the experiments, we returned to the first magnetic field (20.4 T), and we performed an additional
measurement of 77 to ensure that the relaxation time 77 remained unchanged.
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We removed the probe and changed the sample to the next concentration following the same procedure.
Once all the concentrations for one compound were measured, we move on to the next one.

Due to the limited availability of the resistive magnet, the 7} experiments were performed only for certain
concentrations 0.2, 0.6, and 1 mMol/l. Moreover, due to the resistive magnet fluctuations, we were not able
to perform the 75 experiments for all three compounds.

Frequency [MHz] | 7 pulse length [us] | Power [dBm] | Power [W]
870 2.4 43.8 23.9
1050 2.6 44.1 25.7
1200 3.0 44 25.1
1400 4.0 42.5 17.7

Table 5.3: 5 and the 7 pulse lengths found by nutation experiment at the interesting fields. The power was determined
from the values of the oscilloscope using a 40 dB decoupler.

5.3 Results and discussion

Based on the PRE theory explained in the previous chapter, the relaxation rates R; (¢ = 1, 2) exhibit a linear
dependence as a function of the complex concentration c at a given field. Therefore, before performing
field dependence measurements, we check at a selected field that the linear dependence of R; (z = 1,2) on
concentration is confirmed. Another relevant point is that the offset of this linear dependence must always
be equal to the relaxation rate R; (¢ = 1,2) of the pure solvent (9:1 D;O: H,0), i.e., at c = 0 mMol/l.
Hence the importance of measuring the solvent (9:1 D,O:H50) relaxation rates R; (¢ = 1,2) at all the
fields of interest. If these two conditions are not satisfied, the PRE studies of the compound become more
complicated and beyond the standard PRE model.

An example of such a compound is shown in the appendix section A.l1, where we can clearly see that
the offsets in the figure A.2 turned out to be different from the relaxation rates of the used solvent (9:1
D,0:H,0). Moreover, its PRE properties evolve with time.

The error bars on R; of the resistive magnet measurement are shown in the table (5.4). For all fields,
the 7} measurements are repeated up to 6-7 times. The error bars represent the relative error between the
maximum and minimum values of R; expressed in percentage.

Figure 5.3 shows an example of the measured longitudinal relaxation rate 1?; of the Er-W;; POM cluster at
different fields, where a linear dependence is observed as expected for a homogeneous solution. Note that
the concentration in this figure is the entire Er-W;; complex rather than the Er-ion. The offset in the figure
at ¢ = 0 mMol/l represents the relaxation rate of the pure solvent (9:1 D,O:H50), which is weakly field
dependent. At a given field, the slope of the linear fits provides then, the relaxivity r; (z = 1, 2).

We can see from the figure that the relaxivity r; is increasing with the field. Similar behavior was observed
for the Dy-W; and Er,-W3, clusters concerning the linear dependence of R;(c) (i = 1, 2). Table 6.5 shows
the relative error of r; expressed in % in the resistive magnet when using the inversion recovery (IR) pulse
sequence for 7} experiments.
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Figure 5.3: Example of longitudinal relaxation rates Ry of 'H NMR of an aqueous (9:1 D20 : H>0) solution of
Er-Wiy as a function of concentration and at different fields that was measured in the resistive magnet, with the
corresponding linear fits. The slope of the fits provides the relaxivity r1.

Frequency [MHz] R, error [%]

870 19
1050 15
1200 15
1400 18

Table 5.4: Relative error of the longitudinal relaxation R, measurements on the resistive magnet using the inversion
recovery (IR) pulse sequence for c = 1 mMol/l. For all fields, the T\ measurements are repeated up to 6-7 times. The
error bars represent the relative error between the maximum and minimum values of R;.

5.3.1 Longitudinal relaxivity r;

The extracted relaxivities (slopes) for all three clusters with respect to the field strength, are shown in figure
5.4. For all Ln-POM clusters, the relaxivity 71 monotonically increases with the magnetic field. Among
them, Er,-W3, shows the highest ;. Next, we will split the relaxivity discussion into two distinct categories:
(1) Dy-Wy; in conjunction with Er-W; clusters with a similar structure but distinguished by their respective
lanthanide ion and number of exchangeable water molecules ¢. (2) Er-Wy; in conjunction with Ery-Wsy
sharing the same lanthanide ion but two completely different POM complexes.
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Figure 5.4: Longitudinal relaxivity r1 data of g of water with POM clusters (Dy-Wh1, Er-W11, and Era-Wsy) as a
function of Larmor frequency fo, i.e., magnetic field. r1 data up to 400 MHz were measured using the KIT facilities on
commercial superconducting and permanent NMR magnets. For the frequency range 800 up to 1400 MHz, relaxivity
studies were performed on the LNCMI resistive magnets. The solid lines are second-order polynomial fit that serves
only as a guide to the eye lines.
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Figure 5.5: Longitudinal relaxivity ratio m1 p, /71, Er between the two POM clusters Dy-Wi1 and Er-W as a function
of Larmor frequemcy, i.e., magnetic field. The black line gives the calculated value of QDyHi} Ff.Dy / QErM;} F1.Er which
is related to the Curie contribution. The blue line gives the calculated value of qDy,ug F£.Dy / qErpg Ff.Br which is
related to the dipolar contribution.
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In a first approximation, for both Dy-W; and Er-W;; POM clusters, the r; linearly increase with the applied
magnetic field.

In table 5.1, we can see that both Dy-W;; and Er-W; have very similar electronic and dynamic parameters.
A notable difference between this two compounds is in the magnetic properties the lanthanide ion, where
the magnetic moment of Dy(IIl) (10.6) is higher than the one of Er(Ill) (9.6). This leads to a higher
of Dy-Wy; compared with Er-W;, which supports the influence of electron spin of the paramagnetic ion
on PRE, since, in these POM clusters, only one lanthanide ion (Dy(IIl) and Er(IIl)) is incorporated within
same diamagnetic keggin [GeW 1105913~ POM unit.

Despite having a similar structure, we note that the number of exchangeable water molecules for Dy-W1; (g
= 4) is higher than for Er-W; (¢ = 3). Assuming fast exchange (7py << 17 s), 71 becomes proportional to
water binding sites ¢ and to the residence time of water molecules. Consequently, the difference in number
of water ¢ also contributes to the higher longitudinal relaxivity r; of Dy-W; compared to Er-W;.

Figure 5.1 clearly shows that Dy(IIl) and Er(IIl) have similar NMRD profiles. For this reason, we plot the
relaxivity ratio between the two compounds ry p, /71 g, in figure 5.5 and compare it qualitatively with

2
4dDyMer Dy
Gerliess e

and

4
qDyl’[’eff,Dy' (5.1)

4

derHerf Br
In the figure 5.5, the data scatter in the range of qDyugf £.Dy / qE,nugf 7.5 Tatio, which means that the dipolar
contribution is dominant in these compounds.

Other relevant properties that certainly contribute to the difference in relaxivities of Dy-Wy; and Er-Wy;
are the ionic radii of Dy(Ill) and Er(III), their magnetic anisotropy being oblate for Dy(III) and prolate for
Er(IIT) [73].

Er-WH and EI'Q -W34

Ery-W3, shows the highest relaxivity r;, more than doubled values compared to Er-Wy;. This ratio is
enhanced towards lower frequencies. At higher frequencies, Er,-W3, shows a deviation from a linear slope.
Several factors need to be considered to explain the difference in r; between Ers-W3y and Er-Wy;.

First, the magnetic moment of Er,-W3, is twice as high as Er-W1; which increases the relaxivity. However,
for a more detailed quantitative modeling, further information is required on the couplings and correlations
between the two Er(Ill) ions sandwiched between two mono-lacunary Wells-Dawson units [PoW 704,110~
Second, the chemical structure of Ery-W3, limits the exchange of water with the paramagnetic Er(IIl) ion,
since only one of the eight coordination sites of each Er(IIl) is bounded to a single water molecule, which
reduces the PRE. Third, the molecular weight of Er,-W3, is larger compared to Er-Wy; (see table 5.1),
causing lower tumbling rates and a different diffusion behavior which may explain the relative increase of
r1 at low fields and the leveling-off at highest fields.

However, with the presented data set, our model is qualitative at the current state but makes the observed
PRE behavior plausible. More systematic studies of other Lny-W3, complexes are needed to identify and
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quantify the microscopic mechanisms responsible for the observed PRE behavior in these highly complex
systems.

5.3.2 Transverse relaxivity -
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Figure 5.6: Transverse relaxivity ro data of g of water with POM clusters (Dy-Wi1, Er-Wi1, and Era-Wsy) as a
function of Larmor frequency fy, i.e., magnetic field. ro data up to 400 MHz were measured using the KIT facility on
commercial superconducting and NMR permanent magnets.

Both transverse and longitudinal relaxivity are equally important for MRI contrast agents. The transverse
relaxivities o of POMs clusters Dy-Wq, Er-W4, and Ero W34 up to 400 MHz are presented in figure 5.6 and
show also an approximately linear field dependence due to PRE. For Er;-W3,4 a deviation from the linear
slope occurs above 300 MHz, probably due to a Curie-contribution due to the large size of the molecule.
This behavior is consistent with an increasing Curie-spin contribution to the transverse relaxivity r,. This
term has a quadratic field dependence and becomes enhanced for large molecules and at high magnetic
fields [47,62,63].

The higher transverse relaxivity ro of Dy-W1; compared to Er-W;; can be correlated with the effective
magnetic moment /iy of the lanthanide ion since ry is proportional to the square of the magnetic moment
of the paramagnetic center. The magnetic moment of Dy(III) is higher (u.;s = 10.6) than that of Er(III),
which has sy = 9.6. The comparison of the transverse relaxivity data of Er-W;; with Er,-W3, indicates
that the PRE-induced r, also depends on the number of paramagnetic centers in the molecule.
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5.4 Conclusion

The effectiveness of MRI contrast agents can be evaluated by measuring the relaxivity of water protons
(*H). Paramagnetic systems with higher relaxivities often improve the image contrast. PRE studies were
performed over a large range of Larmor frequencies (20 up to 1400 MHz) for aqueous solutions for the
Ln-POM clusters Dy-Wi7, Er-W;, and EraW3,.

The 7, and 7, values are the fitted slopes of R;(c) and Ry(c) as a function of the entire POM cluster
concentration, respectively. We compared the PRE behavior of the three compounds.

These PRE studies revealed that all three compounds are potential MRI contrast agents at intermediate and
high magnetic fields due to their very short electronic relaxation times 75 compared to their Gd(II) analogs.
The total magnetic moments and the number of exchangeable water molecules with the paramagnetic ion
seem to be the key to the development of efficient contrast agents for future high-field MRI application.

More systematic studies on other Lny-W3,4 are needed to quantify the different factors responsible for the
observed PRE behavior in these highly complex systems.
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Chapter 6: PRE studies of Ln(III) aqua ions

The study of paramagnetic relaxation enhancement (PRE) has attracted interest since the early days of
NMR [87], in particular regarding the aqueous solutions of lanthanide ions (Ln(IIl) aqua ions) with total
spin J > 0[61,67]. Except for Gd, these lanthanide ions have short electronic relaxation times. This allows
the Curie spin contribution to the PRE to be observed at high fields, making these ions suitable for specific
applications.

Previous studies on lanthanide aqua ions of Dy(III), Ho(III), and Er(IIl) up to 600 MHz showed that the
Curie spin contribution becomes observable at fields above 100 MHz [67]. A large set of data for frequencies
below 100 MHz has consistently shown almost field independent relaxivities for these ions. This means that
the dipolar relaxation dominates at lower fields than 100 MHz and that the short electronic relaxation times
modulate this contribution. Furthermore, the weak field dependance indicates that the electronic relaxation
time is independent of the magnetic field. For gadolinium (Gd), the relaxivity data exhibit a dispersion step
between 1 and 20 MHz, beyond which the relaxivity decreases to reach a plateau [61, 88].

In our study, PRE of water 'H NMR has been investigated for aqueous solutions of LnCl3 salts with Ln
€ {Gd, Dy, Ho, and Er} over a wide range of frequencies from 20 up to 1400 MHz. The measurements
at very high fields are of particular interest since almost no experimental PRE data for single lanthanide
ion solutions are available above 600 MHz. It is essential to discern whether the plateau observed in Gd
relaxivity persists at higher fields, and how Curie spin relaxation evolves for the three lanthanide Dy(III),
Ho(III), and Er(III) ions.

These compounds have similar molecular weights and hence similar rotational correlation times 7z. PRE
data obtained from this study will help in PRE modeling. Moreover, it will provide important informa-
tion in the form of known parameters and their numerical values for modeling of PRE of more complex
compounds.

Another important open issue is, whether the limited field homogeneity and temporal stability of the resis-
tive magnet discussed in chapter 3 has an influence on 7; (2 = 1, 2). Therefore, we used two state-of-the-art
Bruker superconducting magnets at 800 and 950 MHz to compare the 7, » data from these magnets with
those obtained from the resistive magnet measurements. This helps us to better understand possible system-
atic errors caused by the resistive magnet. This is very important for the future usage of resistive magnets
for PRE dispersion studies at very high magnetic fields.
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6.1 Experimental section

To better understand the role of the Ln(Ill) aqua ions in PRE, we investigated the relaxivity behavior of
various LnClj3 salts with Ln € {Gd, Dy, Ho, and Er}. Each LnCl3 has been dissolved in aqueous solutions
of 9:1 D,O: Hy0. For each LnCl; compound, we prepared a series of concentrations ¢ = 10, 5, 2, 1, 0.5,
and 0.2 mMol/l. The main point to note here is that all samples of LnCl; (Ln € {Gd, Dy, Ho, and Er}) for
all the concentrations (¢ = 10, 5, 2, 1, 0.5, and 0.2 mMol/l) studied in the permanent, superconducting, and
resistive magnets were identical. In total, we prepared 25 samples including the solvent.

This study covered a wide range of frequencies where we used three distinct types of magnets:

1. Permanent magnets operating at 20 and 80 MHz frequencies at the Karlsruhe Institute of Technology
(KIT).

2. Superconducting commercial Bruker magnets located at different facilities:

(a) 200, 300, and 400 MHz magnets at the Karlsruhe Institute of Technology (KIT) in Karlsruhe,
Germany.

(b) 600 and 950 MHz magnets at the IBS Institute in Grenoble, France.
(c) An 800 MHz magnet at Bruker’s own facility in Ettlingen, Germany.

3. Resistive magnet at the LNCMI in Grenoble, for NMR experiments in the 800 to 1400 MHz frequency
range.

6.1.1 Preparation of lanthanide-based chloride salts samples

An important step in the experimental part is the preparation of the samples. In order to ensure the most
accurate concentration possible, which is a critical parameter for obtaining good relaxivity r; ( = 1,2)
data. For each compound, we first prepared a 10 mMol/l solution, in the following called the stock solution.
The lower concentrations were then obtained by dilution

For the sample preparation, the following instruments were used

— Balance METTLER TOLEDO with a 0.01 mg precision.

Little graduated beaker for stock solution preparation.
— 25 ml pipette for solvent (9:1 D,O:H,0) preparation.
— 1 ml Eppendorf tube for the preparation of the diluted concentration solution.

— Tube holder.

100-1000 w1 Eppendorf pipettes.
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— Wilmad sample tubes of 5.0 mm outer diameter (OD) NMR tubes (for Larmor frequencies < 600
MHz). Bruker sample tubes of 1.7 mm outer diameter (OD) NMR tubes (for Larmor frequencies
600, 800, and 950 MHz). Capillary tubes of 1.2 mm outer diameter (OD) for the NMR experiments
in the resistive magnets at Larmor frequencies > 800 MHz.

Photos of these materials are shown in the Appendix section A.2.

For the preparation of the 10 mMol/l stock solution and its dilution, the following procedure was applied:

1. The 9:1 D,0O:H50 solvent was prepared using a 25 ml pipette with an accuracy of +0.5 ml, where 90
% of the total volume was filled by D,O and 10 % by H,O.

2. We aim to have the same volume V,. for each concentration.

(a) Dilution calculations were performed using the formulas:

Cstartj/l = Cfinal~‘/ref (61)
ina ~V;“e
Vo=l and Vo=V — Vi 6.2)
Cstart

Where cg,.+ 1 the highest concentration in the dilution set (10 mMol/l) i.e., the stock solution.
V) represent the amount of volume taken from the stock solution. V5 is the volume of the solvent
added to obtain the desired concentration cy;nq. The error calculation on the concentration is
detailed in the Appendix section A.2.2.

(b) Then we prepare a stock solution with the highest concentration in the dilution set. The volume
of the stock solution V. should be equal to or greater than the sum of V; calculated in the
previous step.

(¢) The amount m of LnCl; used to prepare the stock solution is defined by the equation (6.3):
moy = Cstart-M Vitock (6.3)

Where M is equal to the molar mass of the whole (LnCl; 4+ 6H,0) complex. The molar mass
of the atoms is shown in table A.1 and the calculated molar mass of the LnCl; samples and their
weights are reported in table A.2 and table 3.38.

(d) mg of the LnCl3 were then dissolved in V. of 9:1 D;O:H;0O to make the required stock
solution.

(e) Vi and V; values were extracted using the 100 — 1000 p1 Eppendorf single-channel pipette, and
the dilution proceeded. The accuracy and precision of this micropipette is listed in the table
A.3, where the total error reflects the sum of the systematic error and the random error (20).
The error calculation on the concentration is described in the Appendix section A.2.2.

3. We transferred the samples to Wilmad NMR sample tubes with an outer diameter of 5.0 mm. In
addition, we stored the samples in these 5 mm tubes, where some portions were transferred later on
to 3 mm, 1.7 mm tubes and 1 mm capillary tubes depending on the conditions required for the NMR
experiment.

This ensures that all experiments were performed on the same set of samples.
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6.1.2 NMR instruments below 1 GHz using Bruker NMR spectrometers

The experimental details for the employed commercial Bruker NMR spectrometers (frequency range be-
tween 20 and 950 MHz) are summarized in the table 6.1 and will be discussed in the next upcoming para-
graphs.

Facility KIT IBS Bruker IBS
Frequency [MHz] 20 80 200 | 300 | 400 600 800 950
Magnetic field [T] 0.5 1.9 47 170 | 94 14.1 18.8 22.3
Type of Magnet Permanent Superconducting

Spectrometer type Minispec | Fourier ASCEND™M

Sample tube OD [mm)] 5 1.7
Spectrometer software Minispec TOPSPIN 3+4

Processing software Origin Spin dynamics Python | Spin dynamics | Python
T parameters

T sequence PSR IR PSR IR

Number of scans 4

Exp dimension 2D

Number of 2D data points 16

T', parameters

T, sequence CPMG (1) CPMG (2)

Number of scans 4 8

Exp dimension 1D 2D

Number of 2D data points - 16

Table 6.1: Experimental details for the employed commercial Bruker NMR spectrometers. PSR is Progressive satura-
tion recovery pulse sequence and IR is Inversion recovery pulse sequence. Both methods are detailed in chapter 1.
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Time domain NMR (TD-NMR) Bruker instruments at 20 MHz

The 20 MHz spectrometer is a TD-NMR spectrometer of the Bruker Minispec series. 77 was measured by
a progressive saturation recovery (PSR) pulse sequence (see Chapter 1 Section 1.3.4). As the magnet at 20
MHz is inhomogeneous, the 7, was extracted from the transverse magnetization decay of a Carr-Purcell-
Meiboom-Gill multi-echo sequence (1D CPMG), which suppresses the spin diffusion contribution to the
T5 [2,3]. All the data processing was done in the time domain. Data treatment was performed using Origin.

Frequency domain NMR Bruker instruments up to 950 MHz

The 80 MHz NMR spectrometer is a Benchtop NMR spectrometer of the Bruker Fourier series.
The 200, 300, 400, 600, 800, and 950 MHz spectrometers are of the Bruker ASCEND™ geries.

AIl NMR spectrometers feature auto-tuning and active z-gradient shiming. Data was acquired using Bruker’s
TOPSPIN VERSION 3 + 4 software for all the spectrometers. For further data processing, the phase cor-
rected spectra was stored in 2D data files. For analysis of 77 and 75, we used the spin dynamics software
(Bruker software) that enables the user to choose the size of the integration window for the moment equa-
tions (Chapter 2, Section 2.1.2) to determine the magnetization values, except for the 600 and 950 MHz
spectrometers. For these, an in-house Python script of the IBS NMR team was provided, in which the
magnetization was determined by finding the maximum value in the NMR spectrum [89].

T1 was measured by multi-scan inversion recovery pulse sequence (IR), except for the 400 MHz spectrome-
ter where we used the saturation recovery sequence (SR). 75 was obtained by a multi-scan 2D CPMG echo
sequence (see Chapter 1, Section 1.3.5).

6.1.3 Experimental protocol and optimization of 77 and 75, experiments

Optimization of 7' and 75 experiments

We perform the first measurements of 7; (« = 1, 2) on the highest concentration sample for each compound.
The reason is that it has the shortest 77 and 7% values. Then, it becomes easy to predict the range of 7;
(« = 1, 2) for the other concentrations since: (1) The dependence of the relaxation rate R; (z = 1, 2) on the
concentration is linear according to the PRE theory; (2) Solvent relaxation rates are very small and depend
only slightly on the field.

This allows to: (1) Optimize the 77 measurements by using the appropriate timetable as described in section
1.3.4 of the chapter 1; (2) Optimize the 75 measurements by choosing the echo time 7, so that the last time
interval 7; ,q, = 575 (see section 1.3.5 of the chapter 1).

Previous PRE studies on LnCls compounds give an insight into their relaxivity values r; (z = 1, 2) at 400
MHz [67]. Therefore, T; (: = 1,2) were measured first on the 400 MHz NMR spectrometer at KIT. For
T}, the saturation recovery pulse sequence was used to avoid waiting for 577 between two consecutive
time intervals 7,,, so the optimization of 7} takes less time when compared to an inversion recovery pulse
sequence. The timetable consists of 16 time intervals equidistant in the logarithmic scale. Taking the value
of T from the reference [67], we adapt the timetable so the last time interval 7,, >> 57}, where we set the
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base of the logarithm to £ = 2. A new value of 77 is obtained after the first measurement. The timetable is
adapted accordingly, and the base of the logarithm is modified to k = 1.3.

For T, we used a 2D CPMG pulse sequence. We assumed as a first approximation that 77 = 75. The echo
time 7. was chosen so that the last time interval 7; ,,,o, = 575. After we extract the first experimental value
of T5, we repeat the experiment by adapting the echo time 7, accordingly to the experimental value.

However, at fields higher than 600 MHz, no experimental data on the PRE behavior of LnCl; samples exist.
In this case, we extrapolated the relaxivity curves r; ( = 1.2) for LnCl3 samples (Ln € Dy, Ho, and Er)
using a fourth-order polynomial to get an idea of how the relaxation times 7; (+ = 1.2) might evolve with
the field. For GdCl3 samples, we assumed a constant relaxivity as a function of the field.

Experimental protocol
The experimental protocol was the following:

1. 25 samples were prepared according to the dilution protocol.
2. The following procedure was adapted for the NMR experiment:
(a) Check whether the sample in the tube is at the nominal center. For this purpose Bruker provides
a calibrated ruler.
(b) Insert the probe using sample loading system.
(c) Tune and match the RF circuit to the desired resonant frequency f;.

(d) Lock the field using the 2D signal of the solvent (9:1 D;O: H>0) as a reference to correct any
magnet drift at the desired frequency.

(e) The magnet was shimmed using a procedure provided by Bruker.
(f) The pulses were calibrated through an auto-calibration process.

(g) The T and T, measurements were performed. For the pulse sequences used for these 7;
(z = 1, 2) experiments at each field, see table 6.1. The optimization of the 7; (: = 1, 2) pulse
sequences will be discussed in the next paragraph.

(h) The 7T and 75 analyses were performed immediately after each measurement. Magnetization
was calculated using the zero moment equation with integral limits assigned to both ends of the
NMR signal.

(1) Once the relaxation times had been measured, we removed the probe, and the sample was
changed. After each sample change, the circuit was re-tuned to the resonant frequency fo,
and the same procedure was followed for characterization.

3. Once all the concentrations of a sample are measured on the different NMR spectrometers, we moved
on to the next LnCl; sample.

4. The relaxation rates R; = 1/7} and R,=1/T, were deduced from the curves fitted according to a
saturation, recovery or a mono-exponential decay.

5. During the entire experiment period the temperature was recorded and found at 298+2 K.
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The same procedure was applied to the 20 MHz, except for locking, and shimming, which are not available
on this NMR spectrometer.

6.1.4 Radiation damping at very high fields above 400 MHz

Radiation damping is a phenomenon that can occur in NMR experiments. It originates from the precessing
magnetization M of the sample that interacts with the radio-frequency circuit of the NMR probe [90-93].
This generates an additional decay with a time constant

1
a 2 MoQr’
where M is the magnetization of the sample (o< nwqy?, n density of the nucleus), 7 the filling factor of the

probe (x Vs/V.), and () the quality factor of the probe. Therefore, radiation damping becomes stronger
when high abundant nuclei (like 'H) are measured at high magnetic fields using high-Q probes (cryoprobe).

(6.4)

Ty

In addition, radiation damping becomes stronger in homogeneous magnets (75 very long).

In order to effectively check the presence of radiation damping at a magnetic field, we need a reference
sample, which has long relaxation times 77 and 75. For this reason, we used the pure solvent 9:1 D,O:H,O
as the reference sample, where we expect small and slightly field dependent relaxation rate R; (z = 1, 2) in
the absence of radiation damping (see figure 6.3).

Figure 6.1 shows the results of the 77 preliminary experiments of the solvent measured on the 600 MHz
Bruker spectrometer at IBS. For this experiment, we transferred a small quantity of the same solvent sample
9:1 D;0O:H50 (200 pl) that had been measured on other NMR spectrometers into a 3 mm outer diameter
(OD) sample tube.
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Figure 6.1: Longitudinal relaxation time T\ of "H NMR as a function of the employed NMR sample tube using different
methods to check the radiation damping effect.
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The expected value of R; the relaxation rate of the solvent at 600 MHz is indicated in the figure by the
red dotted line (about 10 s for 77). The first measurements were performed for a well-tuned circuit at the
corresponding 'H Larmor frequency 600 MHz. However, the resulting 7} was two times below its expected
value, indicating the presence of the radiation damping effect. In this case, we can act on three factors to
eliminate radiation damping effect:

1. Using diluted samples. This was the reason for employing 9:1 D;O: H5O as a solvent instead of pure
water H,O to decrease the number of *H protons in the samples and thus decrease magnetization M.

2. We detune the RF circuit away from the resonance frequency, which decreases the probe quality
factor () (see figure 6.2).

3. We reduce the sample volume, which decreases both the filling factor 7 and the magnetization ),
(number of protons).

Both solutions were confirmed to be effective as the obtained 7; values matched the expected values as
shown in figure 6.1. Moreover, we opted for the second solution to maintain optimal pulse conditions,
where we reduced the sample volume by switching to 1.7 mm NMR sample tubes.

T T LA B N N Y LN S S S BN S S e

S
S

R
o

® tuned
® detuned

Figure 6.2: Circuit detuning method used to avoid radiation damping.

The table 6.2 summarizes the sample volumes used for each experiment at different frequencies with dif-
ferent (OD) sample tubes, where the last row of the table provides the numbers for the resistive magnet.
Therefore, switching from 5 mm to 1.7 mm (OD) sample tubes, the filling factor n (o< Vs/V.) is reduced
by a factor of 10, preventing radiation damping at high fields in commercial Bruker NMR spectrometers.
Figure 6.3 shows the field dependency of the solvent 9:1 D,O:H,O relaxation rates.

The relaxation times 7; (z = 1,2) of LnCls samples are shorter than that of the solvent. Therefore, the
radiation damping cannot affect the 7; measurements of these compounds when using 1.7 mm sample
tubes. Similar preliminary experiment on radiation damping were performed on the 800 and 950 MHz
spectrometers. No radiation damping was observed when using 1.7 mm sample tubes at these fields.

118



CHAPTER 6. PRE STUDIES OF LN(11l) AQUA IONS

As for the resistive magnet, there was no need to perform this preliminary experiment on radiation damping
since (1) The magnetic field is very inhomogeneous 75 = 1.5 ms, therefore M, decays very fast ; (2) The
(@ factor of the probes used in commercial Bruker NMR spectrometers are 10 to 100 times higher compared
to the resistive magnet probe; (3) We already use small samples of 1 to 1.5 ul in the resistive magnet for
homogeneity reasons.
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Figure 6.3: Field dependence of the solvent 9:1 D2O:H2O longitudinal relaxation rate R;.

Sample tube (OD) | Inner diameter (ID) h Vy Vsl Vsmum
S mm 4.2 mm I cm 125 pl 1
(<400 MHz)
3 mm 2.4 mm I cm 50 pl 0.4
(600 MHz)
1.7 mm 1.3 mm 1 cm 12.5 pul 0.1
(600, 800, 950 MHz)
1.2 mm 1 mm I-1.5mm | 1-1.5 pul 0.01
(800—1400 MHz)

Table 6.2: Sample volumes Vg needed for an active height h when using different NMR spectrometers. The ratio
Vs/Vsmm is proportional to the filling factor n in the commercial Bruker NMR spectrometers. The last row in the table

provides the numbers for the resistive magnet.
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6.1.5 NMR instruments above 800 MHz at LNCMI resistive magnets

For 'H NMR performed at the LNCMTD’s resistive magnet for the 800 to 1400 MHz frequency range, the
instruments and methods used are extensively discussed in chapters 2 and 3. The only change is that we
used a single-scan progressive saturation recovery sequence for the 77 experiments instead of the inversion
recovery sequence employed in the previous PRE study. The reason for this modification in the pulse
sequence is to avoid the impact of 7 pulses on the 7} experiment since they are more sensitive to the
fluctuation of the resistive magnet than the 7 /2 pulses (seen in more details in chapter 3). However, this
modification cannot be applied to the 7, measurements, where there’s a need for a train of 7 refocusing
pulses to remove the decoherence of the spins induced by the inhomogeneity of the magnetic field B,. For
the 7, measurements we used the same method as on the 20 MHz time domain NMR (TD-NMR) Bruker
instruments (CPMG (1D)).

120



CHAPTER 6. PRE STUDIES OF LN(11l) AQUA IONS

6.2 Properties of Ln(III) aqua ions relevant for PRE studies

The relevant properties for PRE studies of the investigated Ln(IIl) aqua ions are summarized in the table
6.3. The last column of the table lists the references from which the parameters are taken. The inner sphere
radius ;¢ and the number of the coordinated water molecules ¢ are adapted from the previous PRE studies
on aqua-lanthanide ions [67]. The radius of the outer sphere rog must always be greater than the radius of
the inner sphere ;5. The viscosity of the solvent 7 at room temperature is given in the table 6.4.

Compounds Ln(III) Gd(H;0), Dy(H;0), Ho(H;0), Er(H,O), Ref
S 772 52 2 372
L 0 5 6 6
Magnetic Properties J 772 15/2 8 1572
g 772 4/3 5/4 6/5
Hefs [1B] 13.9 10.6 10.6 9.6
Anisotropy none oblate oblate prolate
Structural Parameters ¢ J 8 8 8 [67]
M [10~3 kg.mol™']  371.72 376.97 379.4 381.73
Electronic Parameters 76 [10713 5] 10* -10° 4-10 4-10 3-8 [49]
Inner-sph
PRerpRere 75 [1071° m] ~3.1 ~3.1 ~3.1 ~31 [67]
radius
Outer-sph
werpaete ros [107 m] >rrg >17s > 179 >17g

radius

Table 6.3: Relevant properties of Ln(1ll) aqua ions for PRE studies, which includes: (1) magnetic properties of non-
interacting Gd(IIl), Dy(Ill), Ho(Ill) and Er(Ill) ions with pi.f¢ = gj+/J(J + 1); (2) their structural parameters with
M the molecular weight and q the number of the number of coordinated water molecules in the first coordination
sphere; (3) the electronic parameters of the Ln(Ill) aqua ions, and (4) the inner and outer sphere radius. The last
column of the table lists the references from which the parameters are taken.

Solvent H,O D,O 9:1 D,O:H,O
Viscosity 1 [107* Kg.s7.m™!] 8.94 10.08 9.9
Diffusion constant D?® [107° m?s~!] 2.62 2.62 2.62

Table 6.4: Viscosity and diffusion constant of the solvent 9:1 D20:H20 at room temperature respectively according
to [94] and [85].
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6.3 Results and discussion

For all Ln(III) aqua compounds, we measured longitudinal and transverse relaxation rates as a function of
concentration and extracted the relaxivities r; (: = 1, 2) from the slope of the R;(c) (i = 1,2) plot. Due to
the limited availability of the resistive magnet, the relaxivity measurements r; (¢ = 1,2) were performed
only for certain concentrations 1, 5, and 10 mMol/l as well as for the pure solvent (¢ = 0 mMol/l).

All longitudinal and most of the transverse relaxation curves were found mono-exponential. All the Ln(III)
aqua compounds showed a linear dependence of the relaxation rates R; (¢ = 1,2) as a function of the
concentration at all fields. We will separate in the following the longitudinal relaxivity from the transverse
one.

6.3.1 Longitudinal relaxivity
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Figure 6.4: Example of longitudinal relaxation rates Ry of 'H NMR of an aqueous (9:1 D20 : H20) solution of
ErCls linear dependance with concentration at different fields that was measured in the resistive magnets, and their

corresponding linear fits. The slope of the fits provides the relaxivity ry.

Figure 6.4 shows an example of the linear dependence of the longitudinal relaxation rates R; of the Er(III)
aqua compound with the concentration at various fields measured in the resistive magnet, as expected for a
homogenous solution. We recall that the offset in the figure at ¢ = 0 mMol/l represents the relaxation rate
of the pure solvent (9:1 D,O: H,0).
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Frequency [MHz] R, error (PSR)[%] R, error (IR)[%]

820 11 19
1020 10 15
1200 10 15
1400 8 18

Table 6.5: Relative error of the longitudinal relaxation Ry measurements on the resistive magnet using the progressive
saturation recovery (PSR) pulse sequence. The last column represents the relative error of the longitudinal relaxation
R, measurements on the resistive magnet obtained in the last PRE studies on PM-POM using inversion recovery
(IR)pulse sequence. For all fields, the T measurements are repeated up to 6-7 times. The error values represent the

relative error between the maximum and minimum values of R;.

Table 6.5 shows the relative error of r; expressed in percentage in the resistive magnet when using the
progressive saturation recovery (PSR) pulse sequence for 77 measurements. They are 1.5 to 2 times smaller
than the relative error when using the inversion recovery pulse sequence for the 77 measurements (see table
6.5).

The extracted r, slopes for all the Ln(Ill) (Ln € {Gd, Dy, Ho, Er}) compounds with respect to the field
strength, are shown in figure 6.5 (semi logarithmic representation) and figure 6.6 (logarithmic representa-
tion). r; of Dy(III), Ho(III), and Er(III) increases monotonically with the field, whereas it is roughly field
independent for the GA(III). This latter is scattering between 12 and 15 s~*-mMol~!-1 within the error bars
of the experiments. Among the investigated lanthanide ions, Gd(III) shows the highest relaxivity r; at all
fields.

Table 6.3 shows that Dy(III), Ho(III), and Er(IIl) exhibit short electronic relaxation times compared to
the Gd(III), which has 4 to 5 orders of magnitude longer 75. In addition, for the three lanthanide ions
Dy(1I), Ho(Ill), and Er(Ill), as 7¢ << Tg, the Curie spin contribution is expected to dominate over the
dipolar contribution in the PRE at high fields, as long as w?r3 << 1. In this case, the Curie spin, which
depends on the square of the external magnetic field becomes more significant and results in an increase
in 7. However, this is not the case for Gd(I1I), where the PRE is expected to be dominated by the dipolar
relaxation. Therefore, in the following we will separate the discussion of Dy(IlI), Ho(Ill), and Er(III)
compounds from that of Gd(III). For the aqua ions case, the outer sphere contribution to relaxivity is less
than 10%, and therefore it is often neglected [61,95]. However, we tried to include this contribution in our
model.

Figure 6.5 that the relaxivity values of Dy(III) are the highest for the frequencies below 800 MHz, where
Ho(IIl)and Er(IIT) have comparable r; values. Above this frequency, r; of both lanthanide ions Dy(III)
and Ho(III) becomes relatively equal and higher than Er(IIl). Taking the data from table 6.3, the effective
magnetic moments of Dy(III) and Ho(Ill) are equal (10.6 pp), and higher than the one of Er(IIl), which
leads to a higher r4, since these compounds have comparable structural, dynamic, and electronic properties.
Other factors such as the magnetic anisotropies are oblate for Dy(IlI) and Ho(III), and is prolate for Er(III)
can account for the difference of the observed relaxivities [73]. Despite that ¢ = 8 is listed to be equal
for all the three lanthanide ions, this parameter remains under debate in the modeling of PRE as stated in
reference [67].
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Figure 6.5: Longitudinal relaxivity r1 data of 'H of water with LnCls compounds with Ln € Gd, Dy, Ho, Er as a
function of Larmor frequemcy, i.e., magnetic field. The r1 data up to 400 MHz were measured using KIT facility on
commercial Bruker NMR superconducting magnets, the data at 600 MHz and 950 MHz were measured using IBS
facility, and 800 MHz using Bruker facility. r1 data was measured for Larmor frequencies of 820 MHz, 1020 MHz,
1200 MHz, and 1400 MHz using the LNCMI resistive magnet. The star symbols represent previous PRE studies
performed on LnCls compounds taken from the reference [67]. The solid lines are the best fitting results using
equations 4 and 5. The initial parameters that were used for finding the best fit are given in tables 6.3 and 6.4. The
results of the fits are shown in table (6.6).

Although both Dy(III) and Ho(III) have equal effective moments (y.sy = 10.6.5) with axially elongated
magnetic anisotropies, the dispersion of Ho(IlI) is larger than that of Dy(III). This can be attributed to the
distinct spacing of electronic energy levels in Dy(IIT) and Ho(III), which is influenced by their different total
angular momentum quantum numbers .J (Ho is integer and Dy is half integer). These differences lead to
varying electronic relaxation times between the two lanthanide ions, resulting in different nuclear magnetic
resonance dispersion (NMRD) profiles.

To discuss all the data related to 7y, including previous studies on LnCls from reference [67] ranging from
0.01 to 600 MHz and new data ranging from 20 to 1400 MHz, it is better to use a logarithmic scale for
the plot. We first note that the r; data are consistent with previous PRE studies. Figure 6.6 shows that the
relaxivity data for Dy(IlI), Ho(IlI), and Er(IIl) have a constant value below 200 MHz, indicating that the
dipolar contribution is the determining factor for r; in this frequency range. Electronic relaxation times, 7,
modulating dipolar relaxation can be determined by modeling 7; in the frequency range below 200 MHz. As
mentioned, Curie spin becomes the dominant relaxation mechanism for PRE above 200 MHz, surpassing
dipolar relaxation.
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Figure 6.6: The description of this figure follows the caption of figure 6.5.

In a further step we tried to model our data using a Matlab script [96]. The data for Dy(III), Ho(III), and
Er(IIT) were modeled using the equations (4.31), (4.34) and (4.37) for inner-sphere relaxation, and equations
(4.40) and (4.43) for the outer-sphere relaxation taken from chapter 4. The initial parameters are based on
a previous low-field PRE studies on these compounds in reference [67].

We fixed for the fit the number of coordinated water molecules to ¢ = 8 for all three lanthanide ions, used
fast chemical exchange 7y = 3.9 x 10~ s as shown by previous 17O NMR studies [97, 98], the magnetic
properties of free Ln(III) ions from table 6.3, the average inner sphere radius to 775 = 3.1 x 10719 s, the
closest outer sphere distance rog = 4 x 1071°, and the temperature 7' = 298 K. For the diffusion process
we took relative diffusion constant of pure water at room temperature D?% = 2.62 x 1072 m2s~! [94].

Two parameters, 7 and 7z, were extracted from the fitting that are summarized in table 6.6. The extracted
values of 7g and 7 are slightly shorter than those reported in the previous work on lanthanide aqua ions [67].
This result could be due to the insertion of the outer sphere relaxation into the fit model of the LnCl3
relaxivity data, unlike Bertini’s study, where this contribution was neglected [67]. In this PRE study the
outer sphere relaxation is reported to be less than 15%. For Dy(III), Ho(IIT), and Er(IIT) the correlation
times have the following order 74<7<T),.

In the case of Gd(III), the correlation time that modulates dipolar relaxation is the same as the one modulat-
ing Curie spin relaxation mechanisms. This is because the electronic relaxation time (7g) is longer in this
case (107®). The NMRD profile remains flat over a wide range of frequencies, from 20 to 1400 MHz. This
indicates that dipolar relaxation is the primary contributor to relaxation, and Curie spin relaxation is mini-
mal for Gd(III). Additionally, there is no decrease in r; observed at high fields, ensuring that the condition
of w?TE << 1 1s still valid for Gd(III). This suggests that 7z modulates the dipolar contribution in Gd(III)
and is smaller than << 107 s, as the first estimations shown in table 6.3 indicated. For Gd(III) aqua-ion,
the correlation times follow this order: Tr<7)/<Tg.
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o

Ln(Ill) aqua 75 [ps]  7rIps] 7a[ns]l q 71s[Al 70s[A]

Dy 0.3[0.39] 50163] 39 8 3.1 4.0
Ho 0.21[0.27] 45 [65] 39 8 3.1 4.0
Er 0.28 [0.31] 50[61] 39 8 3.1 4.0

Table 6.6: Table of fitted and fixed parameters used in the PRE modeling of Dy(1ll), Ho(Ill), and Er(Ill) relaxivity
data. The electronic correlation time Tg and rotational correlation time T, are the parameters fitted from the relaxivity
data, the values in brackets are the results of previous PRE studies [67]. The parameters that were fixed and their
corresponding values are the correlation time of chemical exchange Ty, the number of coordinated water molecules
in the inner sphere q, and the inner and outer sphere radius. More details can be found in text.

In figure 6.5, there exists a small step between the r; data acquired from the resistive magnet and the data
obtained from the superconducting magnet at comparable fields (800 and 950 MHz). This could be due to a
systematic error caused by temperature, which needs further investigation. In order to estimate this error, we
measured 7 and 79 as a function of the temperature on the 950 MHz NMR spectrometer as shown in figure
6.7. It shows the deviation of the relaxation rate in percentage from that measured at room temperature for
the HoCl; of the ¢ = 10 mMol sample. We can clearly see that the relaxation rate decreases linearly with
temperature with a reduction of 2.4 % per degree. Same linear dependence (reduction of 2.4 % per degree)
was observed for all the LnCl3 compounds.
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Figure 6.7: Deviation of the relaxation rate in percentage from that measured at room temperature expressed in %
ARy = Ry — RnggK/RnggK ole NMR of an aqueous solution (9:1 D2O: H30) of HoCl5 for a concentration
c = 10 mMol as a function of temperature. The experiments were measured on the 950 MHz NMR spectrometer.
Similar behavior was observed for all the LnCls compounds. The relaxation rate decreases linearly with temperature
with a reduction of 2.4 % per degree for all compounds.
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6.3.2 Transverse relaxivity

The extracted ro slopes for all the LnCl3 (Ln € {Gd, Dy, Ho, Er}) compounds with respect to the field
strength, are shown in figure 6.8 (semi logarithmic representation). We observe a discontinuity in the
ro data between measurements taken in superconducting and resistive magnets for the Dy(III), Ho(III), and
Er(IIl) aqua ions. On the other hand, the r, data for Gd(III) are reasonably aligned with the superconducting
data.
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Figure 6.8: Transverse relaxivity ro data of *H of water with LnCls compounds with Ln € Gd, Dy, Ho, Er as a
function of Larmor frequemcy, i.e., magnetic field. The r1 data up to 400 MHz were measured using KIT facilities
on commercial Bruker NMR superconducting magnets, the data at 600 MHz and 950 MHz were measured using IBS
facilities, and 800 MHz using Bruker facilities. v\ data was measured for Larmor frequencies of 820 MHz, 1020 MHz,
1200 MHz, and 1400 MHz using the LNCMI resistive magnet. The star symbols represent the previous PRE studies
performed on the LnCls compounds taken from the reference [67]. The solid lines are second-order polynomial fit
that serves only as a guide to the eye lines. More details are found in text.
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Figure 6.9: CPMG (1D) experiment of "H NMR of an aqueous solution (9:1 DyO: Ho0) of DyCls for a concentration
¢ = 10 mMol performed at the Larmor frequency fo = 820 MHz.

For Dy(I1I), Ho(III) and Er(III), we were not able to measure 75, except for the highest concentrations (c =
10 mMol/l). Thus, the extracted r values for these compounds represents the value of R, normalized by
¢ = 10 mMol/l, assuming the linear dependence, which was always observed in superconducting magnets.

However, even at high concentrations the R, were sometimes found non-monoexponential. An example
of the CPMG (1D) experiment for DyCl; (¢ = 10 mMol/l) at 820 MHz is shown in figure 6.9. It shows
a deviation from the expected mono-exponential decay after a CPMG pulse sequence. The most likely
explanation for the observed result arises due to the fluctuations in the resistive magnets.

The use of 7 pulses in the CPMG pulse is necessary to eliminate the spin decoherence induced by magnetic
field inhomogeneity and fluctuations but is extremely sensitive off-resonant effects, as we explained in
detail in chapter 3. This causes systematic errors on the extracted 75 value. A similar behavior was seen in
the relaxation curves of Ho(Ill) and Er(III). However, at higher fields, 75 of the studied samples becomes
shorter, and this effect gradually becomes weaker, leading to improved 75 fits. We confirmed this hypothesis
with the GdCl3 sample (shortest 75 values), where we observed mono-exponential decay relaxation curves
at all fields (see figure 1.12 taken at 32.9 T).

We propose two ways for overcoming field fluctuations in the future so that 75 may be measured for long
relaxing samples:

* As the relaxation rate R, has a linear dependence on concentration, an increase in concentration will
lead to a proportional reduction in 75. This solution works only for high soluble samples such as the
investigated LnClj.

* We can use more powerful amplifiers, i.e., stronger pulses (higher w;) to compensate for the off-
resonance frequencies A f encountered due to the field fluctuations in the resistive magnet. This
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solution can extend the range of measurable 75 relaxation times in the resistive magnet.

* Further investigations on the origin of the observed effect on the 7, measurements may allow a better
understanding of how the fluctuations interact with the nuclear magnetization of the samples during
the CPMG sequence. Results of such experiments should provide important information for the
design of an active correction system to reduce the field fluctuations.

Therefore, for now, we suggest that the highest achievable concentration for a given compound in aqueous
solution (9:1 D3O : H,0O) be used with a more powerful amplifier until we understand how the fluctuations
interact with the 75 of the sample.

In the following, for Dy(IIl), Ho(Ill), and Er(IIl), we will remove their r, data obtained in the resistive
magnet for further discussion as shown in figure 6.10 (logarithmic representation). As for 1, for Dy(IIl),
Ho(III), and Er(IIl), the Curie spin relaxation also dominates the transverse relaxivity ry. Therefore, the
interpretation of 79 is the same as 7. 7o values were slightly higher than r;. Using the same parameters as
for r1, the model didn’t fit the r, data set. The solid lines in the figure 6.10 serves only as a guide to the eye
lines. Figure 6.11 shows that the ratio /7 is roughly constant with field.
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Figure 6.10: The description of this figure follows the caption of figure 6.8.
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Figure 6.11: Ratio of ro/r1 data as a function of field. The red line is the low field limit or fast exchange.

6.4 Conclusion

PRE studies were performed over a large range of Larmor frequencies (20 up to 1400 MHz) for aqueous
solutions of the LnClj; salts Ln € {Gd, Dy, Ho, Er}. The r; and r, values are the fitted slopes of R;(c) and
Ry(c) as a function of the entire LnCl; concentration, respectively. We compared the PRE behavior of the
four lanthanide ions. r; and 7, of all the compounds showed similar behaviors across the whole frequency
range. For Gd(III), the NMRD profile is flat, which can be explained by the long electronic relaxation time
Ts, which results in the dipolar contribution dominating the Curie spin relaxation at all fields. On the other
hand, Dy(IIl), Ho(Ill), and Er(IIT) have short electronic relaxation time 7g, resulting in an increase of the
relaxivities r; (z = 1,2) with field due to Curie spin relaxation that depends on the square of the magnetic
fields. The inner sphere relaxation is the main contributor to PRE in the lanthanide aqua ions, where the
outer sphere relaxation is less than 15%.

In this PRE study, we modeled the relaxivity data set, which showed consistency with previous studies on
lanthanide aqua ions at frequencies below 600 MHz [67]. They were useful as initial parameters for the
fitting of the relaxivity data set. However, for the ry data, the model didn’t work when using the deduced
parameters 7g and 7z deduced from the fitted r; curves of Dy(III), Ho(III), and Er(III) ions. The obtained
results of r; confirmed the model used but this was not the case for r, data. Further investigations are
needed in order to better understand the results of the transverse relaxivity.

For high field measurements above 600 MHz, the radiation damping effect in commercial NMR spectrome-
ters using superconducting magnets was quantitatively discussed, where we focused on reducing the sample
volume by a factor of 10 to avoid this effect.
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In addition, instead of using inversion recovery as in the previous PRE studies, we opted for progressive
saturation recovery as a pulse sequence (PSR) for the 77 measurements in resistive magnets. By this deci-
sion, we avoided the use of the 7 pulses that are sensitive to the fluctuations and led to a lower relative error
on 77 (1.5 to 2 times) than when using the inversion recovery pulse sequence for the 77 measurements.

We also showed in this PRE study the importance of temperature control for the lanthanide ions exhibiting
Curie spin relaxation. This latter is sensitive to temperature which can lead to systematic errors in the
relaxivity data.

The results of r, showed the limitation of the resistive magnet in measuring long 75 due to the presence of
fluctuations. We provide solutions that can help for future PRE studies concerning 7, measurements such
as using more concentrated samples and more powerful amplifiers to improve the NMR pulse conditions.
We highlight the importance of studying the fluctuations of the resistive magnet, which can lead to a better
understanding of its interaction with samples having long 75’s.

In summary, the use of a tailored NMR approach with the resistive magnet has been shown to enable
relaxivity studies on upcoming contrast agents, as demonstrated by this benchmark PRE study on Ln(III)
aqua samples.
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General conclusion and perspectives

Paramagnetic Relaxation Enhancement (PRE) in nuclear magnetic resonance (NMR) is an important re-
search area, particularly with the increasing use of high magnetic fields in magnetic resonance imaging
(MRI) applications. This trend towards future high-field MRI applications requires the development of new,
effective contrast agents due to the reduced relaxivity of conventional PRE compounds based on Gd(III) at
high fields. Additionally, the availability of resistive magnets at the LNCMI laboratory in Grenoble opens
the way for PRE studies up to 33 T (1.4 GHz) and beyond. This is above current limit of superconduct-
ing magnets, which stands at 28.2 T (1.2 GHz). However, the limited field quality of resistive magnets,
field inhomogeneity and fluctuations generate off-resonance effects that make NMR experiments a tech-
nical challenge. For this reason, during this thesis, we extensively worked on the developments of NMR
instrumentation and methods to overcome these limitations that enable PRE studies in resistive magnets.
Furthermore, we applied them in two experimental PRE studies.

Therefore, the thesis consists of two main parts. The first part focused on the developments that make
high-field PRE studies with resistive magnets feasible, even though their field quality is limited compared
to superconducting magnets. The second part, included two PRE studies on lanthanide-based compounds
over a wide range of frequencies, from 20 to 1.4 GHz. For this reason, the conclusion will be divided into
two distinct parts: instrumentation methods and scientific application.

NMR instrumentation and methods

The impacts of off-resonance effects in NMR excitation and detection produced by field inhomogeneity and
fluctuations of the resistive magnets have been extensively explored in this work, both from theoretical (see
Chapter 1) and experimental (see Chapter 3) perspectives. Field inhomogeneity and fluctuations influence
NMR pulse conditions and NMR spectra. This makes NMR experiments a technical challenge. The theory
revealed that the inversion pulse (7-pulse) is more sensitive to the off-resonance effect than saturation pulse
(7 /2-pulse). Different solutions were adapted to reduce the impact of field inhomogeneity and fluctuations
on the relaxation experiments.

NMR in inhomogeneous static and radio-frequency fields

To ensure a homogeneous static magnetic field over the sample, the optimum sample size should be between
1-1.5 mm in length and with a diameter of 1 mm equivalent to a volume of 1-1.5 ul and well centered in the
magnet. For the filling process of the sample in the capillary tubes of inner/outer 1/1.2 mm diameter and a
length of 10 mm, a new tool was constructed to overcome the filling problems like the air pressure when
sealing the tubes and handling small amounts of grease. Using this method, we kept the line width of the
NMR spectrum below 15 ppm (Chapter 3).

To ensure a homogeneous radio-frequency field over the sample, simulations by both COMSOL Multi-
physics 6.1 and special special Matlab scripts have demonstrated that the excitation coil produces a homo-
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geneous on-resonant field for both 7/2 and 7 pulses for sample lengths up to 1.5 mm. Imperfect pulses
become more significant for sample lengths of 2 mm for the case of 7 pulses.

NMR in fluctuating fields

During the detection of the NMR signal, magnet fluctuations generate a frequency offset and unwanted
echoes in the baseline, which perturbs the data treatment of the NMR experiments. For this reason, a non-
standard collective data processing method has been developed, that is adapted to the field fluctuations of
resistive magnets. The Matlab routine focuses on special methods for correcting the baseline and frequency
offset of the NMR spectrum. These methods allow us to obtain a well-phased NMR spectrum and improve
the signal-to-noise ratio for calculating NMR intensities, line positions, and line width (see Chapter 2).

During the excitation phase, it was found that the inversion pulses are strongly perturbed by the fluctuations
of the resistive magnets at LNCMI. The analysis of the impact of fluctuations on 7} experiments led to
the use of the progressive saturation recovery pulse sequence, which uses saturation pulses exclusively,
contrary to the previously used inversion recovery pulse sequence. By this decision, we avoided the use of
the inversion pulses, which led to a lower relative error on the extracted 7} (1.5 to 2 times) compared to the
inversion recovery pulse that have been used in previous PRE studies on PM-POM compounds.

However, the issue of measuring 75 on high fields was not resolved for samples with long 75 values due to
the necessity of using inversion pulses in the CPMG pulse sequence. For this problem we suggest several
solutions that could lead in the future to resolve the effect of fluctuations on the 7, measurements:(1) The
use of higher concentration for highly soluble samples (shortening of 75 value); (2) Improve the NMR pulse
conditions by using more powerful amplifiers to better compensate the off-resonant effects; and (3) Reduce
the fluctuations of the magnets by an active correction system. For this more investigations are needed to
understand the interaction of the fluctuations with the nuclear magnetic moments of the samples during the
CPMG sequence.

Finally, it was found that a precise temperature measurement and control is necessary for PRE in resistive
magnets. Due to their narrow bore sizes, special instrumentation needs to be developed.

PRE studies of lanthanide compounds

Two PRE studies on lanthanide based compounds were performed over a large range of Larmor frequencies
from 20 MHz up to 1.4 GHz. These studies were performed using three distinct types of magnets: (1)
Permanent magnets for frequencies below 100 MHz; (2) superconducting magnets for the frequency range
between 200 and 950 MHz; and (3) resistive magnets for the frequency range between 800 MHz and 1.4
GHz. They were carried out using NMR facilities in Germany (KIT) < 400 MHz and France (LNCMI) >
800 MHz. For the second study we also used superconducting magnets at Bruker (800 MHz) and IBS (600
MHz and 950 MHz). The studies at 800 and 950 MHz overlapped with the resistive magnets and allowed
the identification of potential systematic errors induced by resistive magnets. We were able to identify the
effect of the fluctuations on r, and a precise temperature control, as described in the instrumentation section.

The first PRE study was on three new paramagneic lanthanide containing polyoxometalates (PM-POMs)
compounds synthesized by the colleagues at KIT. All three PM-POM clusters shows an increase of relaxiv-
ities with field, which indicated that the Curie spin contribution dominates over the dipolar contribution in
the relaxation mechanisms leading to PRE. This is attributed to the fact that both lanthanide ions Dy(III) and
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Er(IIT) have short electronic relaxation times. More systematic studies on other PM-POM complexes are
needed to quantify the different factors responsible for the observed PRE behavior in these highly complex
systems.

The second PRE study was on aqua lanthanide ions of LnClj salts in solution with Ln € {Gd, Dy, Ho, Er}
that are extensively investigated since the early days of NMR. However, almost no data were available
for frequencies above 600 MHz. In our study we obtained longitudinal and transverse relaxivities over a
frequency range from 20 MHz to 1400 MHz. Our r; results are consistent with previous work and we
were able to model the longitudinal relaxivity r; with standard PRE models. PRE of Gd(III) shows a field
independent NMRD profile, whereas the other three lanthanide ions Dy(III), Ho(III), and Er(III) show a
strong increase at high fields due to the Curie spin contribution. Different electronic relaxation times of the
free lanthanide ions are the source of the two different behaviors observed in the PRE study. The Curie spin
contribution is more significant for lanthanide ions with short electronic spin relaxation times. The outer
sphere relaxation is less than 15% for the aqua-ions.

The field dependence of the transverse relaxivity r follows the longitudinal one with an almost constant
ro/r ratio of 1.15. However, the modeling of the data does not yet quantitatively explain our data, which
requires further investigation.

In conclusion, the work presented in this thesis proofs that the developed NMR instruments and methods
allow PRE studies up to the highest magnetic fields with good precision. The obtained data sets are expected
to contribute to a better understanding of this phenomena in view of high field applications.
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Chapter A: Appendix

A.1 Deviation from standard PRE behavior in GdsPW, compounds

Figure A.1: Ball-and-stick representation of detailed structure of Dys-PWy. Color scheme: The red stands for the
oxygen atoms, the pink stands for the phosphorus, the green stands for the lanthanide ion dysprosium, and the blue
stands for the tungsten.

During my thesis, we also attempted to study the PRE of another series of PM-POM clusters LngPWg with
Ln € {Gd, Dy, Ho, Er}. However, we discontinued the study of these LngPWq compounds due to a non-
linear relationship between relaxation rates (/;) and concentration observed during initial measurements on
the 300 MHz spectrometer.

As an example, I present in figure A.2 the results of these studies obtained for GdgPW at Bruker ASCEND”M
300 MHz spectrometer as a function of different sets of concentrations at various dates after their prepara-
tion as indicated in the legend. A linear dependence with an offset was observed for concentrations above
0.2 mMol/l. However, the offsets turned out to be different from the relaxation rates of the solvent (red
points). At lower concentrations (0.02, 0.05, and 0.1 mMol/l), a deviation from the linear slope is apparent,
where the relaxation rates approach the values of the solvent. According to the theory, the dependence
should be linear and independent of sample aging. These results are inconsistent with the theory. One
possible explanation could be that due to the temporal instability of GdsPWgy composition. This will need
further studies. The molecular structure of a PM-POM cluster LngPWg (here Ln = Dy) is shown in figure
Al
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Figure A.2: Relaxation rates Ry and Rs for GdsPWq at 300 MHz as a function of three sets of concentrations.
The symbols show experimental R; (i = 1,2) values obtained for the three measured sets. The red square symbol
represents the R; (i = 1,2) of the 9:1 D2O/H20 solvent. The delays between preparation and experiment are
indicated in the legend. Ry results are shown in the left figure. Ry results are shown in the right figure. The lines are
linear fits to the data without R; (i = 1,2) value at ¢ = 0. Both R (c) and Rz (c) differ from the expected behavior
and the results depend on the delays between preparation and experiment. Details are discussed in the text.
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A.2 Sample preparation and dilution process

A.2.1 Photos of sample dilution materials

(b)

() (d)

Figure A.3: Sample preparation materials: (a)Balance (b) 25 ml pipette for solvent (9:1 D2O/H20) preparation (c)
100-1000 pl, 20-200 pl, and 1-10 pl Eppendorf pipettes (d) 1 ml Eppendorf tube for the preparation of the diluted
concentration solution.
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A.2.2 Error calculation of the concentrations

To calculate the error bars on the concentrations obtained by the dilution process, we must first calculate
the error bar of the stock solution concentration. The concentration can be expressed:

m

T — Al
M-‘/stock’ ( )

Cstart =
with m = mgy £ Am, where my is the measured weight of LnCl; ( Ln € {Gd, Dy, Ho, Er} ) and Am = 0.01
mg the precision of the balance. M is the molar mass of the sample.
Vistock = Vistock + AVistocks Vstock 18 the stock solution volume and AVyoer, = n.AVigo—1000, Where n = 5 is
the number of times the 10004/ pipettes was used and AVig9_1000,u = 104 the 1000 pipette error (table
A.3).
The error of the stock solution concentration is:

dcstart dcstart
dcstart(m, V') = d dV
Cst t(m ) dm m + ‘ v
oc oc
A start — | < A s A‘/s oc
Cotart ’(5m MGy | 2 Vsteen
o Am + m-A‘/stock
N M"/StOCk M‘V:e%ock
1 m'AV:@tock
Acgiort = —— | A — . A2
Cotart M-‘/stock: ( m Vstock: ) ( )
The dilution error calculation is derived from the equation 6.2:
Cstart“/l
Ctinal = s A3
S T3 (A3

With Ctart = Cotock T AcCstart

Vi = Vi £ AV, V; is the amount of volume needed to be taken from the stock solution and AV is the sum
of pipettes total error used to extract  (table A.3).

Vo = Vo = AVs,, V5 is the amount of volume needed to be taken from the solvent and AV5 is the sum of
pipettes total error used to extract V5 (table A.3).

The error of the final concentration obtained after the dilution process is:

dc ina dc ina dc ina
dCfinal(Cstart> ‘/17 ‘/—2) == Cf l dcstart + df‘/ ! d‘fl ‘|‘ dj;/ ! d‘/Q
start 1 2
5Cfinal 5Cfinal 6Cfimzl
A inal — A star AV, ——— | AV;
Cf : 5Cstart Cotart * 5‘/1 ! * 5‘/1 ?
VYI Cstart~(‘/1 + ‘/2) - Cstart~‘/1 Cstart“/l
= Acgpart + AV] + ——— . AV
Vit vy o (Vi + Va)? SR
‘/1 Cstart- ‘/2 Cstart- ‘/1
= ——— Acspart + ————= AV + ————= AV
R A A N (T AT
‘/1 Cstart
Actinag = ——— Acstart + —— (Vo., AV + V1.AVG) . A4
Cinal = 2 Ctt+(vl+v2)2(2 1+ Vi.AVy) (A4)

The error on the concentrations for the different samples are represented in the table A.4.
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A.2.3 Tables

Molar mass | Value [g/mol]
M(Gd) 157.25
M(Dy) 162.5
M(Ho) 164.93
M(Er) 167.26
M(CI) 35.45
M(H) 1.0079
M(O) 16

Table A.1: Atomic Molar mass values

Sample (LnCl3 + 6H20) | M [g/mol] | m [mg]
GdCl; 371.72 18.58
DyCl; 376.97 18.85
HoClj 379.4 18.97
ErCl; 381.73 19.08

Table A.2: Molar Mass and weight of LnCls + 6H20 complexes needed for preparation a Voer, = Sml of Ctarr = 10
mMol/l stock solution

Pipette eppendorf | Volume [p1] | Total Error [pl]

100-1000 100 4.2
200 4.9
300 5.6
400 6.3
500 7
600 7.6
700 8.2
800 8.8
900 94
1000 10

Table A.3: Eppendorf pipette total error on volume
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Sample | cpinal Actinal Acgiart AViiock AV, AV,
[mMol/L] | 10~*.[mMol/L] | 10~4.[mMol/L] | 10~3.[ml] | 10~3.[ml] | 10~3.[ml]
LnCl; 10 1.05 1.05 50 10 0
5 700 1.05 50 7 7
2 560 1.05 50 4.9 8.8
1 262 1.05 50 5.6 28.2
0.5 71 1.05 50 7 7
0.2 57 1.05 50 4.9 8.8

Table A.4: Table of the dilution error bars
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