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Les savants jugent à bon droit que les hommes de toutes les époques s'imaginaient savoir ce qui était bon ou mauvais, louable ou blâmable. Mais c'est un préjugé des savants de croire qu'aujourd'hui nous le sachions mieux qu'à aucune autre époque.

Abstract/Résumé

Solid-state NMR under magic angle spinning (MAS) is a powerful spectroscopic tool to investigate a wide range of biological samples and materials with atomic-level precision. However, even when performed at high magnetic fields, it often suffers from resolution and sensitivity limitations in the case of the most challenging solids. Dynamic nuclear polarization (DNP), a hyperpolarization technique relying on a transfer from unpaired electrons introduced in or close to the sample, is a promising method to considerably boost the sensitivity of MAS NMR. While well-established at intermediate magnetic fields, this approach still lacks efficient polarizing agents (PAs) and sample formulations strategies to be widely used at high magnetic fields, fast MAS frequencies and elevated temperatures.

In this thesis, a new family of binitroxide-based polarizing agents dubbed TinyPols is introduced, with tailored electron-electron interactions for efficient MAS DNP at high magnetic field and under fast MAS. Their structures are fine-tuned and their properties investigated by NMR and EPR spectroscopy to understand which parameters are key to their design. After several iterations, a record 150-fold enhancement factor is achieved with TinyPol-like radicals at 18.8 T and 40 kHz MAS, highlighting the importance of the local environment of the unpaired electrons.

Other investigations focus on broadening the applicability of MAS DNP by designing alternative polarizing sources or matrices. Notably, an emphasis is made on enabling high temperature DNP. This is achieved successfully with two different systems, namely a hybrid BDPA-nitroxide biradical in a rigid OTP matrix and gadolinium-doped bulk or nanocomposite ceria. Altogether, all these methodological developments of high field DNP-enhanced MAS NMR will ultimately make this technique more efficient, versatile and accessible.
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Introduction

Many interesting substrates are solids. Whether it be in molecular or materials science, solids are ubiquitous, ranging from pharmaceuticals, crystalline or glassy structures, polymers, porous and catalytically active surfaces to perovskites, nanoparticles, quantum dots, battery materials, or wafers. In life science, many large and insoluble biomolecular assemblies are best studied as solids, such as membrane proteins, viral capsides, fibrils or even full cells.

Among the various techniques that enable researchers to perform physicochemical characterizations on this range of substrates, only a few can achieve a detailed molecular level description. FTIR and Raman spectroscopy, X-ray diffraction, XPS and electronic microscopy are all relevant and powerful techniques, but none of those is as versatile as nuclear magnetic resonance (NMR) spectroscopy. By exploiting the magnetic properties of nuclei possessing a non-zero spin, NMR spectroscopy allows to probe the local environment of nuclei, yielding detailed atomic-scale information on interactions between neighbouring spins, therefore providing a structural and dynamic picture. Over the last few decades, solid-state nuclear magnetic resonance has proven to be a cornerstone analytical technique providing incredibly detailed insights into all types of solids [1].

The two major limitations of solid-state NMR spectroscopy are however its resolution and sensitivity. The dominant magnetic interactions in the solid state are generally the chemical shift, the dipolar interactions and the quadrupolar interactions if applicable (nuclear spin I > 1 2 ). These interactions are strongly anisotropic and not averaged out in solids, causing significant broadening of the observed NMR spectra and subsequent overlap of individual resonances. In the case of 1 H NMR spectroscopy, the strong dipole-dipole interactions in the proton network are the dominant term in the Hamiltonian, leading to very broad spectra potentially spanning across hundreds of kHz [START_REF] Duer | Introduction to Solid-State NMR Spectroscopy[END_REF].

The first experimental attempts to improve the spectral resolution were made in the late 1950s [START_REF] Andrew | [END_REF].

By rotating the solid sample, placed into a cylindrical rotor, around a particular axis forming an angle of 54.74 • with the direction of the main magnetic field -at the so-called magic angle -the chemical shift anisotropy (CSA) and dipolar interactions are partially averaged out. When rotating the sample at an arbitrary spinning frequency ω r on the same order of magnitude (in Hz) than these anisotropic interactions, the broad solid-state sprectrum collapses to a relatively narrower central band resonating at the isotropic shift and echoed into spinning sidebands spaced by integer multiples of ω r [4].

Introduction

Magic angle spinning (MAS) has become, since its inception, a key feature of solid-state NMR experiments. Access to the highest magnetic fields available, jointly with the development of ever faster spinning rotors, now routinely reaching over 110 kHz [5], or spheres [6], and of increasingly efficient spin manipulation sequences, such as heteronuclear or homonuclear decoupling schemes [7], help achieving increasingly better resolution. This paves the way to the study of more and more complex and crowded systems under MAS such as large fully protonated proteins [8].

Even though there are still challenges left regarding the resolution of NMR spectra in solids, the rest of the discussion will focus primarily on strategies to improve the sensitivity of the technique.

The main drawback of NMR in practice is certainly its intrinsically low sensitivity arising from the very low nuclear Zeeman polarization available at equilibrium. The Zeeman polarization under a static magnetic field reflects the difference between the Boltzmann populations of the two spin states that are involved in the observed NMR transition. In the simplified case of an isolated nuclear spin I = 1 2 , for instance in a hydrogen atom, the polarization between the two spin states |α⟩ and |β⟩ is given by [START_REF] Levitt | Spin Dynamics -Basics of Nuclear Magnetic Resonance[END_REF]:

P = N α -N β N α + N β Boltzmann = tanh ℏγ H B 0 2k B T E β -Eα<<k B T ≈ ℏγ H B 0 2k B T (0.1)
Numerically for a hydrogen nucleus (with a gyromagnetic ratio of γ H = 26.8 × 10 7 T -1 s -1 ) at ambient temperature plunged into a 9.4 T magnetic field (400 MHz proton frequency), the polarization is about 3 × 10 -3 %, which is dramatically low. For 13 C the polarization is even lower (about 10 -3 %) due to a four times smaller gyromagnetic ratio and a natural abundance of only about 1%. This means that very few spins in the sample are effectively "participating" to the NMR signal.

In solids specifically, because of the different interactions and broadening mechanisms mentioned above, the line widths are often significantly broader than in the liquid state, adding up to the sensitivity issue and usually requiring to repeat several acquisitions of the experiment to improve the signal detection threshold. In the case of functional materials in particular, the surface species of interest are often very diluted with respect to the overall sample. For instance, to collect meaningful 13 C NMR data with a good signal-to-noise ratio on a system composed of a grafted organic moiety at the surface of a mesoporous silica, at natural abundance, can demand experimental time on the order of days [START_REF] Rossini | [END_REF], which limits the number of accessible experiments and specially hinders considerably the recording of complex (multidimensional) NMR spectra on such samples.

Improving sensitivity is therefore currently one of the biggest modern challenges in MAS NMR.

Several approaches can be considered to increase the polarization. A first strategy is to partially enrich the sample in NMR active spin-1 2 isotopes of the target nuclei, such as 13 C or 15 N, to increase the number of spins to be detected. Such labelling schemes are however often costly and specific, and their feasibility decreases considerably when a complex or large molecule is considered. Some nuclei of interest also cannot be replaced by an isotope with a higher gyromagnetic ratio or abundance.

One can also decrease the temperature of the sample to increase the polarization (low temperature MAS, or LTMAS). This however offers a limited 3 to 4-fold improvement versus ambient temperature experiments and can be irrelevant for samples where the goal is to access dynamics or a certain phase of the material. Working at lower temperatures also generally increases the relaxation times (hence the experimental time) and in some cases broadens the spectral linewidths.

Another simple method is to increase the magnetic field itself, thus gaining proportionally in resolution and sensitivity. This however is also technologically limited and translates into significant costs to access ultra-high field instruments. Currently, there are only a few high-resolution spectrometers worldwide operating with permanent supra-conducting coils at a proton Larmor frequency equal to or above 1 GHz (23.5 T). It is possible to achieve higher magnetic fields with powered magnets, up to 35.2 T currently available at the US National High Magnetic Field Laboratory. Such fields enable otherwise impossible studies on samples containing quadrupolar nuclei such as 17 O [11] but today they cannot easily be produced and maintained over time with sufficient field homogeneity to be used routinely in MAS NMR experiments.

In addition to the above mentioned external parameters in an NMR experiment, sensitivity can be recovered also by other strategies such as reducing the recycling delay between experiments, enabling to collect more signal per unit time, as illustrated by the paramagnetic relaxation-assisted condensed data collection method [12]. Heteronuclear NMR can also benefit from polarization transfer schemes that harvest the polarization of a pool of spins with higher abundance and gyromagnetic ratio γ (typically hydrogens) in the sample that are coupled to the nucleus of interest.

Cross polarization (CP) in particular has become an ubiquitous scheme exploiting the (distance dependent) dipolar interactions between a low and high-γ nuclei to generate a conservative spin inversion upon continuous spin-locking irradiation. CP was mainly introduced by Hartmann, Hahn and Pines [13,14] and relies on the fulfilment of a matching condition in the rotating frame between spins I and S that can be expressed under MAS as:

ω I = ω S ± n × ω r , n ∈ Z (0.2)
The gain in sensitivity via CP is expected to be on the order of the ratio γ I γ S , providing for instance a theoretical 4-fold boost to the 13 C signal in a 1 H- 13 C CP or a 10-fold boost to the 15 N signal in a 1 H- 15 N CP.

Even though combining some of the previously mentioned approaches can improve suitably the sensitivity of NMR for some applications, such that multidimensional correlation maps can be acquired via heteronuclear correlations, they do not always suffice to provide enough signal for a large number of challenging substrates. Looking back at the polarization formula displayed in (0.1), an elegant solution would be to increase the value of the gyromagnetic ratio γ present at the numerator. This would mean that the polarization would exceed the thermal equilibrium limit, and therefore requires to abandon the Maxwell-Boltzmann statistics as sole description for the populations of the relevant spin states of the nucleus of interest. This idea, however, makes sense in the light of the polarization transfer operated with CP : hence the need of a source of greater polarization that, once transfered to the target nucleus, will make it become hyperpolarized.

Hyperpolarization can arise from various sources and be transfered via several means to the target (optical pumping of 129 Xe [START_REF] Meersmann | Hyperpolarized Xenon-129 Magnetic Resonance[END_REF], para-hydrogen induced polarization [START_REF] Kuhn | Hyperpolarization methods in NMR spectroscopy[END_REF], use of nitrogen vacancies in diamonds [START_REF] Tetienne | [END_REF] to cite a few). One of the most seminal yet promising approaches relies on exploiting the polarization of electron spins, which have a ca. 660-fold greater gyromagnetic ratio than hydrogen nuclear spins. This hyperpolarization method, dubbed dynamic nuclear polarization (DNP), and more specifically the MAS DNP NMR when the hyperpolarization is generated Introduction inside the solid-state sample studied in the MAS NMR experiment, represents a real breakthrough for the field as it achieves, under the right conditions, several 100-fold enhancements with respect to the thermal equilibrium NMR signal [18].

The methodological development of MAS DNP-enhanced NMR spectroscopy is the field of study of this PhD thesis and will be from now on the focus of the discussion held in the main chapters of this manuscript. More specifically, this work aimed at introducing and rationally characterizing new polarizing sources and proposing methodologies to increase the efficiency of MAS DNP NMR and broaden its scope of applications.

The main matter is composed of three parts. The first part is a bibliographic study that reviews the relevant scientific literature in the field pre-existing or contemporary to this thesis. It is articulated in three chapters that respectively : describe the main fundamental concepts in MAS DNP and its practical principles; derive rational design principles from the abounding development of nitroxide-based polarizing agents (PA); broaden the picture by discussing two promising alternative types of polarizing agents that receive more and more attention in the community.

The second part dives into results obtained during this PhD. The focus of this part is the introduction of promising new polarizing sources rationally designed to perform efficient high field DNP. A first chapter gathers all the work conducted on binitroxide PAs. This chapter first discusses the impact of the local geometry around the free radical on DNP, then describes the properties of the TinyPol family, an ensemble of short-tethered binitroxide molecules that were conceived to push the limits of sensitivity at high magnetic fields, with several iterations in design, and finally briefly presents other attempts at binitroxide PA design. A second chapter discusses new designs for some alternative hybrid BDPA-nitroxide or Gd(III)-based PAs.

The third part presents results that pertain to formulation strategies involving existing polarizing agents, but with a focus on expanding the temperature range accessible to DNP towards higher temperatures. It is comprised of a first chapter that, after a brief overview of strategies for high temperature DNP, exposes how the combination of a hybrid radical and a rigid matrix can provide a medium for DNP at elevated temperatures and explores its relaxation properties. A second chapter shows that endogenous Gd(III) doping can yield remarkably efficient DNP over a wide range of temperatures. While nuclei have a low polarization level at thermal equilibrium, electrons however inherently have a significantly higher one due to their larger gyromagnetic ratio, as illustrated in figure 1. 1(a) where the calculated polarization as a function of temperature is reported for the electron in comparison with hydrogen and carbon nuclei at a magnetic field of 3.4 T. The idea of a polarization transfer from electron to nuclei thus appears very promising.

The dynamic nuclear polarization (DNP) effect was first predicted theoretically by Albert Overhauser in 1953 [19] for nuclei in metals, which could be hyperpolarized by the conduction electrons. In this original paper, it is postulated that, upon irradiating the electrons with a resonant microwave magnetic field, which will equate the populations of the electronic spin states, "dynamical processes which tend to restore the system to its equilibrium state induce nuclear transitions" via the hyperfine coupling interaction present between electrons and nuclei, hence the name of the technique. It goes on to show mathematically that "the polarization action takes place, therefore, because nuclear spins are flipped over in predominantly one direction by relaxation processes". This Overhauser effect would lead to a sizeable net steady-state hyperpolarization of the nucleus I coupled to the irradiated electron S, resulting in an enhancement of the observed NMR signal.

The maximum enhancement that could be expected in theory is:

ϵ max = P S P I γℏB0<<k B T =⇒ ϵ max ≈ γ S γ I (1.1)
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From (1.1) it can be seen that the expected boost in sensitivity is on the order of a few hundreds or thousands fold improvement depending on the nucleus, which is a game-changing improvement compared to the strategies mentioned in the introduction of this manuscript. From the start, Overhauser mentioned in his paper that operating DNP at low temperatures would be beneficial to maximize the obtained nuclear polarization.

The same year, Carver and Slichter validated this theoretical prediction by an experimental observation of DNP on a 7 Li metal sample [20]. According to their estimations, they managed to hyperpolarize lithium with a ca. 100-fold enhancement (figure 1.1(b)), as well as performed other similar experiments, for example on solvated electrons in Na•NH 3 [21]. The first trace is the thermal equilibrium 7 Li signal and the second trace corresponds to the successfully hyperpolarized sample. Original figure in reference [20], reproduced with permission.

Mechanism of the Overhauser effect (OE)

Despite being the historical DNP mechanism, Overhauser effect (OE) was neglected in solids for a long time as it was wrongfully believed to be specific to conductors due to the need of internal dynamics causing fluctuations of the hyperfine interaction and inducing electron-nucleus crossrelaxation pathways. Only a few solid-state DNP studies were evidencing OE, most of the time without recognizing it. The first study that specifically looked for mechanistic evidence of OE in insulating solids was performed as late as 2014 by Griffin and co-workers [22].

Generally, in an coupled electron-nucleus 2-spin system, as depticted in figure 1.2(a), nuclear relaxation can occur either via single quantum (SQ) transitions induced by fluctuations of the hyperfine interaction (rate W 1 ) or other dynamics (e.g. spin lattice nuclear relaxation, rate W • ).

In addition, due to the coupling, additional zero quantum (ZQ) or double quantum (DQ) relaxation pathways become available (rates W 0 and W 2 respectively). The OE enhancement can be expressed as:

ϵ OE = P ss I P 0 I = 1 - γ S γ I × s × ξ × f (1.2)
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where the index "ss" represents the steady-state and "0" the reference thermal equilibrium state;

s is the saturation factor, ξ the coupling factor and f the leakage factor [23]. By solving the coupled Solomon equations [24] describing the relaxation in such a spin system the expressions of s, ξ and f can be identified to:

s = 1 - P ss S P 0 S ξ = W 2 -W 0 W 0 + 2W 1 + W 2 f = W 0 + 2W 1 + W 2 W 0 + 2W 1 + W 2 + W • (1.3)
The specific expressions of the different relaxation rates can then be obtained from relaxation models based on the dipolar or scalar origin of the hyperfine coupling modulation. From (1.3) it appears that the hyperpolarization in OE stems from an imbalance between the ZQ and DQ relaxation rates. The sign of the OE enhancement will therefore depend on the sign of the coupling factor ξ (respectively positive when ξ < 0 and negative when ξ > 0).

The Overhauser effect is a very effective mechanism for DNP in solution. It suffers nonetheless from an unfavorable field dependence, as the rotational and translational motions necessary to induce fluctuations of the hyperfine interaction and in turn cross-relaxation are less efficient at high magnetic fields [18]. Efforts to develop a robust (rather scalar-based) approach for DNP in liquids at room temperature and high fields are however on-going and groundbreaking steps have been achieved in the recent years in that direction by Bennati and co-workers [25]. In solids however, OE is also promising for high field applications because its efficiency scales in principle linearly with the magnetic field. It is also relatively insensitive to slight variations of the microwave irradiation frequency (near the SQ transitions) as, by means of the ZQ and DQ transitions, fluctuations of the isotropic couplings will redistribute the spin populations and form a symmetrical Zeeman field profile around the EPR transition [26].

The difficulty is to find a suitable polarization source for OE in insulating solids. For several years, only 1,3-bisdiphenylene-2-phenylallyl (BDPA) and its sulfonated derivatives were shown to yield OE in these conditions [22]. Understanding why BDPA is able to produce OE while other carbon based stable radicals (such as trityl derivatives) are not is key in that regard. While it was already established in the first studies on OE using BDPA that the presence of a pool of protons located on the fluorenyl moieities with ca. 5 MHz fold hyperfine couplings to the free electron was essential to obtain a DNP effect [26], a study by Pylaeva and co-workers provided a fundamental understanding of the dynamics at play in BDPA. The fast changes in bond length (r 1 ̸ = r 2 instantaneously, see figure 1.2(b)) occuring in the radical lead to a fluctuation of the hyperfine couplings in BDPA at approximately 650 GHz rate, which is close in order of magnitude to the electron Larmor frequencies at high magnetic fields used in NMR (10-20 T range) [27]. This also explains the improvement at higher fields seen by Lelli and co-workers when comparing the performance of BDPA in ortho-terphenyl (OTP) at 9.4 and 18.8 T [28]. A recent study by Griffin and co-workers has refined this understanding by applying selective deuteration schemes during the synthesis of BDPA and has identified the protons on the α and γ positions to be determining both the sign of the coupling factor (hence of the OE DNP enhancement) and the polarization transfer mechanism to the matrix surrounding the radical [29].

Research to find new candidates for OE in solids at high fields is very active and recent discoveries by Pylaeva and co-workers have opened new avenues for polarizing agent design by identifying a class of mixed valence radical compounds that exhibits a modulation of the intramolecular hyperfine couplings on suitable timescales for OE DNP, yielding sizeable enhancements [30,31].

Polarizing agents for OE DNP remain however scarce and the use of this mechanism is limited by strong constraints on molecular design to fulfill the above discussed conditions. For this reason, the following parts will introduce other DNP mechanisms that are more widely used in MAS DNP and that were more specifically investigated during this PhD thesis.

Mechanism of the solid effect (SE)

The solid effect is the first DNP mechanism that was discovered in insulating solids in 1958 by

Abragam [32]. Like the OE, it is a two-spin process within an electron-nucleus system depicted in 1.3 with its Boltzmann population distributions at thermal equilibrium. The SE however relies on a partial mixing of the electronic and nuclear states caused by the non-secular term of the hyperfine coupling. This mixing then partially allows the previously forbidden ZQ and DQ transitions to occur within this system. Upon microwave irradiation at one of these frequencies, a matching condition can be met and polarization from the electron will eventually be transferred to the nucleus.

In the case where I = 1 2 for the nucleus and S = 1 2 for the electron, the initial Zeeman basis set is {|αβ⟩, |αα⟩, |ββ⟩, |βα⟩}. The following derivation is briefly presenting the SE in static conditions to highlight the origin of the so-called solid effect condition. The Hamiltonian of the system can be expressed, upon simplifications under the pseudo-high field approximation described in references [23,33,34], as:

ĤSE 0 = ω S 0 Ŝz -ω I 0 Îz + A Ŝz Îz + B Ŝz Îx (1.4)
with A and B being respectively the secular and non-secular parts of the hyperfine interaction.

This Hamiltonian can be diagonalized into ĤSE 0 via a unitary transformation:

ĤSE 0 = Ûη ĤSE 0 Û -1 η (1.5)
with the propagator:

Ûη = exp i(η α Ŝα Îy + η β Ŝβ Îy ) Ŝα/β = 1 2 Ê ± Ŝz η α/β = arctan B A ∓ 2ω I 0 (1.6)
The Ŝα/β operators correspond to the electron polarization operators for the subspaces where the electron has respectively m S = ± 1 2 and the η α/β coefficients can be seen as angles defining the directions of the effective frequencies ω α/β experienced the nucleus in each subspace.

The new basis of eigenstates for ĤSE 0 is now {|1⟩, |2⟩, |3⟩ and |4⟩} with:

|1⟩ = p α |αα⟩ -q α |αβ⟩ |2⟩ = p α |αβ⟩ + q α |αα⟩ p α/β = cos ( η α/β 2 )
|3⟩ = p β |βα⟩ -q β |ββ⟩ q α/β = sin ( η α/β 2 )

|4⟩ = p β |ββ⟩ + q β |βα⟩ (1.7)
From (1.7) it can be seen that the electronic and nuclear states are now indeed mixed. In a reasonable approximation, the magnitude of the hyperfine coupling terms can be assumed to be small compared to the proton Larmor frequency, leading to the approximate coefficients p α/β ≈ 1 and With the same level of simplification as above, this matching condition in (1.8) collapses into the commonly found SE condition:

q α/β ≈ ∓ B
ω ZQ/DQ µw = ω S 0 ∓ ω I 0 (1.9)
Equation (1.9) describes two conditions leading to a DNP enhancement. By irradiating the DQ transition (ω µw = ω S 0 + ω I 0 ), as schemed in figure 1.3, a negative enhancement is obtained; while irradiating the ZQ transition (ω µw = ω S 0 -ω I 0 ) yields a positive enhancement. The typical Zeeman field profile obtained with solid effect thus consists in two lobes of opposite sign almost symmetrically distributed around the EPR frequency of the electron [33].

It is also important to note that relaxation processes are not absent from SE and are on the contrary contributing to its mechanism in a major way. For instance, in the case of the DQ transition, the polarization difference between |1⟩ and |2⟩ is not only coming from the saturation of the transition itself, which depopulates |1⟩, but also from the electronic relaxation, which further populates |2⟩, as the pumped system can undergo (among others) a relaxation from the electronic |α⟩ state to |β⟩ state while keeping the nuclear spin in the |β⟩ state. It is therefore the combined effect of efficient microwave saturation and favorable electronic relaxation that provides efficient SE DNP. Hovav and co-workers have highlighted the importance of electronic relaxation times in their study of the SE mechanism, identifying the product T 1e × T 2e , the so-called electronic saturation factor (not to be confused with the one in OE) as a key parameter to control its efficiency [35]. enhancement configurations, reproduced and adapted with permission from reference [36]. SE can be observed predominantly in systems including BDPA or trityl-based radicals, as well as paramagnetic metal complexes [23]. To benefit from an efficient SE, the EPR linewidth of the polarizing agent should be sufficiently narrow compared to the Larmor frequency of the nucleus of interest. Otherwise, the positive and negative SE conditions can occur simultaneously, cancelling each other out.

Under MAS, the dynamics of DNP mechanisms is much more complex as the energy levels undergo a periodic modulation over the course of a rotor period. They can either cross each other or avoid crossings, yielding level anti-crossing (LAC) events. These LACs can, in the frame rotating at the microwave frequency, induce ZQ or DQ transitions that will result in a polarization transfer from the electron to the nuclear spin [37]. MAS is also beneficial for SE as it "harvests" the different spin packets and allows more of them to experience a LAC during a rotor period, therefore increasing the number of events that build up nuclear polarization. SQ transition events occur as well, tending to reduce the polarization available for transfer to the nucleus [34]. SE is quite versatile as a mechanism but is hampered by severe drawbacks that make it less attracting specifically for very high field DNP NMR applications. Indeed, the ZQ and DQ transitions at play being forbidden, its efficiency depends critically on the mixing coefficient q α/β . As the transition probability is proportional to the square of this coefficient, the SE inherits from a very unfavorable field dependence that scales as ω I 0 -2 . This also pairs with a high power requirement in order to efficiently saturate the forbidden transitions, which represents an additional requirement for the instrumentation to produce SE DNP.

Mechanism of the cross effect (CE)

A more performing and widely used continuous wave DNP mechanism is the cross effect (CE), first hinted at by Hwang and co-workers in doped polymers [38]. It relies on a three-spin system comprised of two electronic spins and one nuclear spin. Again, a pseudo-secular hyperfine coupling between the nucleus and one or both electrons is responsible for the possibility of a polarization transfer, but additional interactions between the two electrons, such as dipolar coupling d and Heisenberg exchange J are also key to this mechanism. Among the 8 energy levels of this system, some undergo a mixing as in SE but this time the polarization transfer relies on an authorized Chapter 1 DNP history and fundamentals transition where the three spins undergo a flip. Upon satisfaction of a specific matching condition, CE is therefore able to produce very high enhancements in the context of MAS DNP.

The following section will attempt to briefly mention key details of this mechanism, but, given that theoretical derivations are much more complex in this case, the reader is invited to refer to the already existing comprehensive publications on that matter [23,26,33,[39][40][41].

In the case where I = 1 2 for the nucleus and S 1 = S 2 = 1 2 for both electrons, the initial Zeeman basis set is {|ααβ⟩, |ααα⟩, |αββ⟩, |αβα⟩, |βαβ⟩, |βαβ⟩, |βαα⟩, |βββ⟩, |ββα⟩}. The Hamiltonian of the system can be expressed, in the pseudo-high field approximation, as [33]:

ĤCE 0 = ω S1 0 Ŝ1z + ω S2 0 Ŝ2z -ω I 0 Îz + (A 1 Ŝ1z + A 2 Ŝ2z ) Îz + (B 1 Ŝ1z + B 2 Ŝ2z ) Îx + d(3 Ŝ1z Ŝ2z -⃗ S 1z • ⃗ S 2z ) -2J ⃗ S 1z • ⃗ S 2z
(1.10)

with A 1/2 and B 1/2 the secular and non-secular parts of the hyperfine interactions respectively.

To diagonalize ĤCE 0 , a first unitary propagator Ûζ must be applied, leading to the introduction of two characteristic angles ζ α/β :

ζ α/β = arctan 2D 0 2ω ∆ ± A ∆ (1.11)
with the compact notations:

D 0 = -(d + 2J) A ∆ = A 1 -A 2 ω ∆ = ω S1 0 -ω S2 0 (1.12)
This operation enables the separation of ĤCE 0 in subspaces corresponding to a 4×4 diagonal block comprised of the states that are not mixed and a non-diagonal block with the states that undergo a mixing. Within the reasonable assumption that

|A ∆ | ≪ |2ω ∆ |, it comes ζ ≈ ζ α ≈ ζ β ≈ arctan D0
ω∆ and a modified basis set can then be obtained :

|1⟩ = |ββα⟩ |2⟩ = |βββ⟩ |3⟩ = p ζ |βαα⟩ + q ζ |αβα⟩ |4⟩ = p ζ |βαβ⟩ + q ζ |αββ⟩ p ζ = cos ( ζ 2 ) |5⟩ = p ζ |αβα⟩ -q ζ |βαα⟩ |6⟩ = p ζ |αββ⟩ -q ζ |βαβ⟩ q ζ = sin ( ζ 2 ) |7⟩ = |ααα⟩ |8⟩ = |ααβ⟩ (1.13)
The part of the Hamiltonian that acts on the {|3⟩, |4⟩, |5⟩, |6⟩} block can now be transformed into the eigenframe of the already diagonal block. From that, after calculations, it comes that the term governing three-spin transitions ω∆ can become time-independent, meaning that an energy conservative transition can occur, if and only if a certain matching condition is fulfilled:

ω∆ by def. = ω ∆ 2 (cos (ζ α ) + cos (ζ β )) + D 0 2 (sin (ζ α ) + sin (ζ β )) + A ∆ 4 (cos (ζ α ) -cos (ζ β )) condition = ± ω I 0 (1.14)
With the same simplifications as above, and also by assuming that the interelectronic couplings remain reasonably small compared to the nuclear Larmor frequency, i.e. that |ω ∆ | ≫ |D 0 |, the matching condition in (1.14) collapses into the well known simplified CE condition:

ω∆ ≈ ω ∆ 1 + D 0 ω ∆ 2 ≈ ω ∆ condition = ±ω I 0 (1.15)
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Overall, as long as the hyperfine and interelectronic couplings are present, a mixing can occur between the electronic and nuclear spin energy levels. Provided that the magnitude of these couplings is still small compared to the nuclear Larmor frequency, a polarization transfer via CE can occur (see figure 1.4). For CE to be active, equation (1.15) specifies that the Larmor frequencies of the two coupled electron spins must then be separated by the nuclear frequency, which implies also that the EPR line of the system must exhibit relatively large inhomogeneous broadening (larger than the target nuclear Larmor frequency). As for SE, there are two lobes in the Zeeman field profile obtained for CE, however its shape is quite different as the two maxima are no longer separated by roughly 2 × ω I 0 but are closer to each other, as illustrated in figure 1.5(a). 0 ) leads to a polarization transfer in favor of the |α⟩ n state, hence a positive DNP enhancement. Reproduced with permission from reference [36].

It may sound difficult to find a system that, by chance, possesses such properties, but it turns out that many paramagnetic species are suitable for CE. The EPR inequivalence necessary for this mechanism can be found either with polarizing agents that have very broad EPR spectra, such as nitroxide-based radicals, or in mixtures or covalent pairs of coupled radicals or complexes comprising two chemically similar or different moieties, that could either or both have a narrower EPR line broadened by the interelectronic couplings. Specific examples of such polarizing sources will be the extensive focus of the next two chapters of this thesis. CE DNP is particularly efficient under MAS. A complete theoretical model for this effect has been extensively developed by Thurber and co-workers [40,42] as well as other researchers [37,39,41].
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It relies on a series of LACs occuring during a rotor period that are shown to produce, within the quite general framework of the Landau-Zener (LZ) approximation, a probability of triple spin flip yielding nuclear hyperpolarization. More precisely, there are three types of so-called rotor events that can occur under MAS. At these multiple points during a rotor period, the avoided level crossings can either be adiabatic, and therefore the eigenstate populations will follow the energy levels, or non-adiabatic, if the time dependence of the interaction at play is not smooth enough, causing populations to stay in the same spin states accross the LAC. Each avoided crossing can be studied with the appropriate reduced two state system, which only requires handling a 2 × 2 Hamiltonian in the relevant subspace.

The first rotor event type corresponds to a crossing between the (time-dependent) effective frequency of one electron and the microwave frequency, i.e. ω µw = ω S2 0 , which results into partial saturation of that electron. For example, if this condition is met for the second electron, the probability P EM for this event is given, in the LZ approximation, by:

P EM ≈ 1 -exp - πω 2 1 2 ∂ω S2 0 ∂t ≈ πω 2 1 2 ∂ω S2 0 ∂t (1.16)
where ω 1 is the strength of the applied microwave rotating field. Thurber estimated in his study that since there are multiple events of that type during a rotor period, the electron spin polarization is thus perturbed by approximately 28%, which could be transferred to the nucleus during the second type of event [40].

The second rotor event type is the three-spin process that can yield CE, defined by the meeting of the matching condition ω S1 0 -ω S2 0 = ±ω I 0 . The probability of an adiabatic passage through this LAC is given by:

P CE ≈ πD 2 0 B 2 ∆ 2 ∂|ω S1 0 -ω S2 0 | ∂t × ω I 0 2 (1.17)
where B ∆ is a geometric mean of differential contributions from non-secular hyperfine terms. The immediate and simplistic take-away from equation (1.17) is that both interelectronic couplings and electron-nucleus couplings are key to the efficiency of this process as they both appear in the numerator. Despite sizeable couplings, P CE actually remains quite low (typically a fraction of a percent). However, this is mitigated since the typical nuclear spin-lattice relaxation time scale contains hundreds of rotor periods, allowing for the nuclear hyperpolarization to accumulate.

The third significant rotor event that can occur under MAS is an electron-electron crossing, equalizing their effective Larmor frequencies, i.e. ω S1 0 = ω S2 0 . The associated probability for its adiabaticity is given by:

P EE ≈ 1 -exp   - πD 2 0 2 ∂|ω S1 0 -ω S2 0 | ∂t   (1.18)
P EE is close to one, meaning that most of the time the electrons exchange their polarization adiabatically, therefore enabling more constructive CE events when they are again meeting the CE matching condition, which is very likely in systems with very broad EPR lineshapes such as nitroxides. There is still a chance however for this event to be detrimental and act to equalize the polarization of the electrons, thus reducing the polarization available to transfer to the nucleus.

This effect, mostly problematic at higher MAS frequencies, leads to the phenomenon of nuclear Reproduced from reference [43].

The field dependence of CE was for a while subject to debate in the literature, mostly because of the lack of experimental data points and was believed to be less severe than that of SE, but equation (1.17) predicts that it should scale as ω I 0 -2 as well. This has been further confirmed by computational and experimental work [41,44]. Despite this unfavorable dependence, CE remains more advantageous than SE in most cases as its power requirements are lower and its efficiency more tunable.

A brief mention can be made of other DNP mechanims. At very low temperatures (typically below 4 Kelvins), a mechanism analogous to CE, dubbed thermal mixing, can be observed with a nucleus interacting with a bath of numerous electrons that are all strongly dipolarly coupled. This mechanism is typically used in dissolution DNP, a technique that is out of the scope of this PhD thesis. There are also multiple variants of SE and CE that have been demonstrated (integrated SE, indirect CE,...) [18] but that will not be discussed in the present manuscript, as the focus of the work presented here is the development of efficient polarization agents for SE and CE, and of sample formulations to maximize the efficiency at high magnetic fields.

Signal quenching, nuclear depolarization and sensitivity

The DNP enhancement ϵ DN P mentioned so far is meant in its most natural sense and is quantified by taking the ratio of the NMR signal intensity (or area) obtained with and without DNP, i.e.

the ratio between the NMR signal intensity in the presence (µw ON) or absence (µw OFF) of microwave irradiation:

ϵ DN P = I µw,ON I µw,OF F (1.19)
However this is not an entirely fair comparison to the Boltzmann polarization recorded in conventional MAS NMR. A sample in which a DNP polarizing agent has been introduced undergoes modifications that should be taken into account as part of its NMR signal is quenched in the absence of microwave irradiation, prior to the beneficial DNP effect.

First, as paramagnetic species are added into the sample, the strong hyperfine interaction with the neighbouring nuclei induces faster longitudinal nuclear relaxation, broadening of NMR lines and shift of resonances of the nuclei closely surrounding the polarizing agent (PA). This effectively acts as a bleaching effect reducing the number of detectable spins in DNP conditions. This bleaching is present for all polarization sources to some extent, for all DNP mechanisms and whether the experiment is conducted under static or MAS conditions [45].

In addition to that, another detrimental effect that pertains to CE under MAS has been described extensively in references [42,46]. This so-called depolarization effect partially depletes the nucleus from its accumulated polarization during the rotor period and originates in the low probability but still existing unfavorable electron-electron anti-crossing events, as described above. This non entirely adiabatic process is active even in the absence of microwave irradiation and is strongly MAS dependent. Therefore the simple measure of ϵ, the CE DNP enhancement, does not reflect accurately the behavior of the nuclear polarization as a function of the spinning frequency. It can be seen however in equation (1.18) that stronger interelectronic couplings tend to mitigate depolarization -this will be discussed in the light of PA design strategies in the following chapters.

To quantify the combined impact of bleaching and depolarization on the signal-to-noise ratio under DNP NMR conditions, Rossini and co-workers suggested to use an overall sensitivity gain parameter Σ defined as follows [47]:

Σ DN P = ϵ DN P × θ × T 1,n T B,ON (1.20) 
where θ is the contribution factor, accounting for both quenching phenomena (depolarization and paramagnetic bleaching), T 1,n is the longitudinal relaxation time of the target nucleus in the undoped sample and T B,ON is the DNP build-up time in the presence of microwaves, i.e. the time necessary to the reach a steady-state nuclear polarization via DNP. The reason why the square roots of these characteristic times are considered is that the signal-to-noise ratio scales with the square root of the experimental time. Note that the DNP build-up time also depends on the magnetic field, the temperature and the MAS frequency.

The measurement of the contribution factor θ, which consists in recording the signal intensities of the doped sample at different MAS rates and comparing it to the signal intensities of the undoped Chapter 1

DNP history and fundamentals sample in the same conditions, is tedious and prone to errors as the measured signal intensities in the absence of microwave irradiation are usually quite low.

The temperature of the MAS DNP NMR experiment is a very important parameter that was not discussed extensively so far. While in principle it is possible to obtain SE and CE DNP near ambient temperatures [48], most conventional MAS DNP experiments are performed at cryogenic temperatures around 100 K. This not only increases the initial nuclear Boltzmann polarization but more importantly guarantees that the electronic relaxation times of the PA are sufficiently long to ensure an efficient saturation of their EPR transitions upon microwave irradiation [49]. The overall sensitivity gain can then be corrected to reflect the difference between low temperature (LT) DNP and ambient temperature conventional SSNMR experiments:

Σ † DN P = (298K) (105K) Σ DN P ≈ 2.8 × Σ DN P (1.21)
The temperature in MAS DNP experiments has to be monitored carefully and adjusted if necessary as it varies significantly as a function of the MAS frequency (frictional heating) and whether or not microwaves are shined on the sample. Accessing the temperature inside the DNP sample can be done indirectly by measuring the longitudinal relaxation time of 79 Br nuclei in KBr crystals added to the bottom of the rotor [50].

An interesting discussion about the actual sensitivity gain in MAS DNP experiments and the ways to quantify it is led by Hediger and co-workers in reference [51]. The authors argue to remove homonuclear spin diffusion (SD) relying on dipolar transfers between nuclei. Typically, for protons in a frozen solution containing a DNP polarizing agent, the dense dipolar network is quite effective at spreading hyperpolarization via SD, while that process becomes significantly less efficient between nuclei with smaller gyromagnetic ratios [52]. In the latter case, when possible, CP contacts or an equivalent are often used to transfer magnetization from the hyperpolarized proton bath of the matrix to the target heteronuclei, resulting in a so-called indirect DNP transfer.

In this context, the so-called spin diffusion barrier model describes two pools of nuclear spins:

those which are strongly hyperfine-coupled to the electron(s) and that cannot be involved in a conservative dipolar flip-flop with the rest of the nuclei in the lattice and those which are outside of a certain cut-off distance and that are virtually unaffected by the electron-induced fast relaxation and that can relay hyperpolarization to the rest of the bulk. This model, although challenged in Chapter 1

DNP history and fundamentals modern DNP theory and specially under MAS conditions, is still investigated extensively -leading to interesting mechanistic studies such as the one performed recently by Tan and co-workers estimating that the spin diffusion barrier surrounding a trityl radical in a glycerol-water matrix is less than 6 Å [53].

The SD processes are strongly dependent on the MAS frequency, with diffusion rate constants either scaling inversely with the spinning rate, unless this process remains fast enough to provide for a homogeneous distribution of polarization in the bulk of the sample. SD however remains an efficient process, helping to reduce the recovery periods between experiments under cryogenic DNP conditions down to durations similar to those used in conventional ambient temperature MAS NMR. Detailed spin diffusion models are out of the scope of this manuscript, but the reader is invited to refer to the work of Pinon and co-workers for analytical developments on the optimization of polarization transfers in various samples and as a function of their SD behaviour [54,55]. Perras and co-workers also managed to include an extensive full-scale description of SD in advanced MAS DNP numerical simulation packages [56,57].

Practical aspects of modern MAS DNP

High frequency and high power microwaves sources

Between the first CE experiment in the 1960s and modern high-field (over 5 T) MAS DNP experiments, the development of DNP has suffered from a few decades of reduced research activity. The major hindrance to the technique was the lack of technological means to produce high frequency and high power microwaves to irradiate electron sources placed in such intense magnetic fields efficiently. The introduction of gyrotrons from the field of plasma physics to NMR in the early 1990s was a real breakthrough that unfroze the development for solid-state DNP. In their seminal study from 1993, Griffin, Temkin and co-workers reported sizeable SE DNP enhancements obtained with BDPA in polystyrene at 5 T thanks to this new reliable microwave source based on cyclotrons [48].

Continuous wave irradiation up to the THz range and with several tens of Watts of power output is now feasible with the gyrotron technology. Commercially available gyrotrons usually output a fixed frequency (or very slightly tunable) beam and the main magnetic field of the NMR superconducting magnet has to be swept with an additional coil to hit the optimal SE or CE condition(s) for a given polarizing agent [58]. Promising alternative microwave sources are envisioned to replace gyrotrons, such as klystrons or solid-state sources with a lower power and shorter lifetime output but also reduced complexity and cost, and are subject to on-going developments [59].

The microwaves delivered by the gyrotron are conveyed to the NMR sample via a corrugated waveguide that connects to the probehead and is continued inside it, as illustrated in figure 1.6.

The inside of a DNP specific probe is optimized to maximize the microwave penetration and effective field strength [60]. The 3.2 mm DNP rotors are usually made of pure sapphire to increase their transparency to microwaves. The smaller rotor diameters (such as 1.3 or 0.7 mm) however are machined in zirconia, which was shown to yield similar microwave penetration and faster spinning in that case. Ensuring a homogeneous distribution of the microwaves at the scale of the rotor is challenging and multiple iterative probe designs have continuously improved it, for instance with the addition of a lens to focus the beam at the entrance of the stator [61]. Upgraded prototypes of 1.3 and 0.7 mm LTMAS probes for DNP at 18.8 T have also very recently been produced, and were available during the last couple months of this PhD thesis. The stator was modified with the inclusion of a mirror for microwaves in addition to the lens, as well as a pseudo-waveguide between the lens and the NMR coil, in order to maximize the microwave effective field and homogeneity in the sample. The effect of this modification will be discussed in Chapter 4.

Low and ultra-low temperatures for efficient DNP

Conventional MAS DNP experiments are conducted at low temperatures around 100 K for the reasons mentioned earlier. This requires specific low temperature MAS (LTMAS) NMR probes that enable the spinning of the rotor with cooled nitrogen gas. The cold gas flows are generated and controlled in a cooling cabinet containing heat exchangers with liquid nitrogen baths [58],

adding to the complexity of the MAS DNP instrumentation. Such a setup was used during this PhD to performed MAS DNP experiments at magnetic fields ranging from 9.4 to 21.1 T.

In order to further benefit from a higher initial nuclear Boltzmann polarization at lower temperatures, as well as from a higher available electron polarization to transfer to the nucleus, a few research groups have developed home-made closed-loop cooling systems where the samples are spun with cold helium gas at about 20 K, leading to an additional sensitivity improvement [62,63],

with very recent progress in adapting such a system on a high field magnet in combination with cryogenic signal amplification for impressive overall sensitivity gains [64]. 

Manipulating the electron spins

A very brief mention should be made of advanced and promising methodologies to manipulate the electron spins in a MAS DNP experiment. While these methods were not available in the scope of this PhD work, these developments are of prime interest to improve the efficiency of DNP.

Recent instrumental developments aimed at frequency-agile gyrotrons, which allow for more flexibility in the DNP experiment and even have the potential to be implemented on commercially available fixed frequency devices [65]. They enable frequency chirping of the microwaves, effectively resulting in decoupling of the electrons from the nuclei of interest during the NMR acquisition and after the desired polarization transfer has occurred. This strategy, developed by Barnes and coworkers, has yielded up to 15% increase in signal amplification on complex samples such as intact human cells [66,67].

All the DNP experiments described so far are based on a continuous wave (CW) microwave irradiation of the sample. However, in pulsed DNP techniques, the microwaves can also be applied as a pulsing transient field to produce more complex time-dependent effects that can in turn transfer polarization more efficiently or selectively than in CW mode. The major interest of pulsed DNP would be to mitigate the unfavorable field dependence observed for conventional SE and CE. The Nuclear spin Orientation via Electron spin Locking (NOVEL) scheme, for instance, relies on a polarization transfer via spin-locking in a rotating frame, similarly to a Hartmann-Hahn matching in CP experiments. Griffin and co-workers have demonstrated that it could be applied successfully to produce sizeable enhancements at low and ambient temperature at low magnetic fields [68][69][70].

This family of pulsed DNP sequences is therefore an elegant approach to facilitate DNP at higher temperatures but still remains to be implemented at very high magnetic fields. The recent introduction of Time-Optimized Pulsed (TOP) DNP scheme leaves hope for pulsed methods to become a cornerstone feature of DNP experiments as it achieves similar results as NOVEL while using only ca. 10% of the power required for the latter [71].

Standard sample formulations for MAS DNP

As most of the substrates studied via DNP enhanced NMR do not inherently contain unpaired electrons, a polarization source must be introduced in the vicinity of the nuclei of interest, generally under the form of a stable free radical or a metal complex. Radicals used in MAS DNP are either suitable for aqueous media or soluble in organic solvents. In both cases, the polarizing matrix consists in a solution containing the chosen radical in order to homogeneously disperse the PA and then bring it in contact with the solid to be hyperpolarized (figure 1.7). To ensure an even distribution of PAs in the sample, the solvent of choice must lead to the formation of a glassy matrix at 100 K. The quality of that glass will heavily influence the efficiency of DNP and preventing aggregation of radicals is key to avoid reductions in enhancement and shortening of electronic relaxation times [START_REF] Rossini | [END_REF]. Locally crystallized domains could also increase the nuclear T 1 as well as reduce the efficiency of spin diffusion processes, making DNP less effective.

For aqueous formulations, water/DMSO or water/glycerol mixtures have been identified as yielding good glassy matrices in DNP conditions. The most commonly found composition is the so-called DNP juice, a mixture consisting of 60% of d optimized empirically since the early days of MAS DNP and seems to provide a good compromise in terms of solubility of the PAs, glass quality and proton density enssuring an optimum spin diffusion. Its composition is regularly challenged but seems to remain one of the most efficients to date, as pointed out in reference [72]. A screening of multiple organic solvents by Zagdoun and co-workers has enabled to identify 1,1,2,2-tetracholoroethane (TCE), 1,2-dichloroethane and 1,2dichlorobenzene as solvents of choice for efficient MAS DNP experiments at intermediate magnetic fields [73], the former being the most commonly used.

In 2010, Lesage and co-workers proposed a generic approach allowing to study the surface of materials via DNP, dubbed DNP SENS (surface enhanced NMR spectroscopy) [74]. This versatile method, based on the incipient wetness impregnation of the solid of interest, has paved the way to a decade of surface species characterizations, unravelling structure-properties relationships within a wide range of challenging substrates, such as organometallic heterogeneous catalysts, functionalized metal-organic frameworks, zeolites and nanoparticles, or quantum dots [75]. Numerous efforts have been made to adapt sample formulations to a wide array of materials [76,77] and DNP SENS is currently a state-of-the-art technique to characterize surfaces in solids at intermediate magnetic fields (9.4 or 14.4 T). Finally, Kubicki and co-workers discovered that adding dielectric particles, such as KBr or sapphire, to a radical solution has the effect of improving dramatically the microwave penetration and homogeneity inside to rotor, yielding a tremendous increase in enhancement. This method, despite reducing the actual sample volume, also ensures a good glass formation and can provide several hundred-fold enhancements factors [78]. Similar effects were observed by Rossini and co-workers when dispersing cadmium nanoparticles within hexagonal boron nitride [79].

In conclusion, for conventional CW MAS DNP at high fields, CE is the most relevant mechanism available so far. To obtain the best DNP in practice, the structure of the polarization agent as well as the sample formulation can be improved. This thesis will elaborate on these two aspects.
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2.1 From mononitroxides to the first generations of binitroxide polarizing agents: a significant jump in CE efficiency

The introduction of binitroxides for CE DNP

The developments led by Griffin and co-workers in the 1990s paved the way for modern MAS DNP experiments at intermediate fields (ca. 5 T) and cryogenic temperatures (ca. 100 K). In the early 2000s, i.e. twenty years ago, a state-of-the-art DNP experiment would consist in exploiting the CE mechanism to produce a ca. 15-fold enhancement in these conditions, using a highly concentrated (ca. 40 mM) solution of 4-amino-TEMPO in a glycerol/water mixture as polarization source [80].

TEMPO (2,2,6,6-tetramethylpiperidinyl-1-oxyl) derivatives belong to the family of stable nitroxides, which are a class of free radicals typically based on a 5 or 6-membered ring containing an aminoxyl moiety bearing an unpaired electron. These radicals are characterized by an inhomogeneously broadened EPR profile, typically spanning across a range on the order or larger than the hydrogen nuclear Larmor frequency at a given magnetic field, as their g-tensor principal values typically range from 2.0090 for g xx to 2.0025 for g zz [81]. Thus, nitroxides are suitable PAs for CE DNP as the matching condition can be satisfied under MAS within a pair of nitroxide radicals with sufficiently different respective g-tensor orientations.

In 2004, Hu, Griffin and co-workers, under the assumption that the size of the electron-electron coupling affects the efficiency of the DNP process, and despite the lack of an extensive theoretical framework describing CE under MAS, have introduced the groundbreaking idea of chemically tethering two nitroxide moieties, thus forming a biradical. Binitroxide PAs would enable efficient CE due to the constrained proximity between the two nitroxides in the bTnE series, where n = 2, 3, 4

is the number of ethylene glycol units in the linker [82]. This first series of biradicals exhibits increasing electron-electron dipolar coupling strength as the linker is shortened from 4 to 2 ethylene glycol units (figure 2.1(a)). This trend correlates with the recorded proton DNP enhancement that Chapter 2

Design principles for nitroxide-based PAs is then increasing significantly as the distance between the two nitroxides is reduced, achieving a ca. 4-fold improvement from monomeric TEMPO to bT2E, resulting in a record enhancement factor at the time of that study of 175 at 5 T and 90 K, under 3.5 kHz MAS in a 4 mm rotor and with a 5 mM solution of biradical (figure 2.1(c)). Using biradicals was therefore shown to not only be efficient at producing CE DNP because it increased the probability of two nitroxide moieties to be in proximity and to meet the CE condition, but also because it allowed to work with a significantly lower radical (and electron) concentration than in the case of monoradicals, mitigating considerably the paramagnetic bleaching effects inherent to the introduction of DNP polarizing agents in an NMR active sample. A drawback of the bTnE radicals was however their limited solubility in some aqueous salt solutions, preventing their universal use in biological applications.

Pushing this concept in the search for a binitroxide overperforming bT2E, Building upon the molecular structure of TOTAPOL, interesting attempts have been made to evaluate the performance of the DOTOPA family, which is comprised of a series of tri-or tetranitroxide based PAs, all chemically tethered within one molecule [84,85]. Despite the difficulty in comparing the results obtained in these studies to the remaining of the MAS DNP litterature, as they were utilizing either static or ultra low temperature (below 30 K) conditions, it can be said Chapter 2

Design principles for nitroxide-based PAs that while tetranitroxides were poorly soluble, thus yielding modest enhancements, trinitroxides were promising. In particular, an aqueous solution of DOTOPA-Ethanol at neutral pH yielded 15fold proton enhancements under typical MAS DNP conditions at 9.4 T and 100-fold enhancements at the same field when the temperature was lowered to 26 K. The authors pointed out that triradicals could be a good compromise to maximize the number of favorable CE matching events since more two-by-two pairs of nitroxides would experience proper relative orientations of their gtensors during a rotor period, while still preventing a too fast (and therefore detrimental) electronic spectral diffusion from happening [85].

Towards more rigidified binitroxides

In the seminal studies mentioned above, the idea that some relative orientations of two g-tensors in the radical would contribute positively to the CE DNP, mainly in the cases where the tensors were near-orthogonal, while other orientations would be non-contributing or detrimental, was already present in references [82,83], without a way of ensuring a control over this parameter. While shorter tethers in bT2E and TOTAPOL imply some level of constraint on the conformational freedom of the two nitroxides, they do not force orthogonality between the two tensors.

Hu and co-workers subsequently conducted a fundamental study aiming at improving CE DNP using a novel approach based on liquid and solid-state EPR spectra of binitroxides acquired at multiple resonance frequencies (9 and 140 GHz) that were fitted with the input of the known DNP data in order to accurately estimate distances and relative orientations of tensors within these radicals [86]. They found that EPR lineshapes are indeed very characteristic of each biradical, bearing information about the size and orientation dependence of the electron-electron couplings as well as the relative Euler angles defining the orientation of g-and A-tensors with respect to each other. They managed to evaluate a distribution of conformations based on their fits for 4 biradicals, showing that the nature of the linker can significantly determine how flexible a binitroxide can be. While they deemed the interelectronic distance -and hence the dipolar coupling strength -in both bT2E and TOTAPOL appropriate for CE DNP at 5 T, they noticed that the latter's better performance is correlated with a stronger orientational constraint provided by its linker geometry, as illustrated on figure 2.2(a). The authors, while claiming that it should be possible to optimize the tether to produce mostly relevant orientations, acknowledged that this task is not straightforward. Proposing two new binitroxide structures with again similar electron-electron coupling strength, namely bTurea and bTOXA (figure 2.2(a)), they justified their underwhelming DNP performance in the light of their respective sets of constraints. The urea-based linker in bTurea provides a unique, well-defined relative g-tensor orientation but seems to lock the biradical in an intermediate, non-orthogonal configuration that yields moderate 125-fold enhancements at 5 T. This biradical is however interesting for its well-defined structure and will fortunately not be discarded by the MAS DNP community. On the other hand, bTOXA was shown to have a narrow distribution of accessible conformations, but mostly resulting in a coaxiality of g-tensors diminishing the EPR frequency separation between the two nitroxides required for CE, in line with its poor DNP performance alike that of the TEMPO monoradical.

A particularly rigid biradical structure was later obtained by tethering two nitroxides with a bisketal linker, yielding the bTbK molecule [87], the structure of which is displayed on figure 2.2(b).
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This PA was shown to produce a ca. 40% improvement in CE DNP enhancement compared to TOTAPOL, which was attributed to its remarkably rigid structure that strongly constrains the two g-tensors in a near-orthogonal orientation with respect to each other while maintaining a similar dipolar coupling between the electrons. A study by Tordo and co-workers confirmed that hypothesis via in-depth analysis and fitting of EPR spectra of bTbK [88]. It also introduced a few new binitroxide structures with strong dipolar couplings between the two unpaired electrons, based on the experimental observation that magnetic interactions should be maximized within the biradical while remaining small compared to the proton Larmor frequency, as it would be derived theoretically in the following years in the articles presented in Chapter 1 about theory of CE under MAS. However these PAs with increased dipolar coupling did not perform as well as expected by the authors. and adapted with permission from references [83] and [87].

The bTbK radical, while particularly efficient for DNP at 5 T, is insoluble in most aqueous media.

In the field of materials science, where organic solvents are often mandatory, bTbK proved to be still efficient at 9.4 T and was used in DNP-SENS (DNP surface enhanced NMR spectroscopy) experiments [47,74], providing a 50-fold signal boost on surface species grafted onto mesoporous silica.

Later, iterations on the design of bTbK-type biradicals added functional groups that improved their solubility in water or water/glycerol mixtures while preserving high CE DNP enhancements, for instance via the introduction of sulfur oxide bonds within the scaffold of the bisketal linker [89,90].

Successful attempts at incorporating bTbK inside a host structure that makes it compatible with aqueous media were demonstrated with β-cyclodextrins [91] and micelles formed by the Tween-80

surfactant [92].

The results and concepts presented here in the development of binitroxide radicals can be revisited and further rationalized in the light of recent theoretical studies. In 2017, Perras and co-workers have performed a series of numerical simulations varying different EPR parameters of a model binitroxide radical (a three-spin system for CE) in order to screen, among others, optimal values of the Euler angles describing the relative orientation of the two g-tensors [93]. While a very narrow condition was expected, translating into the necessity of having strictly orthogonal tensors, a rather broad set of angular parameters was instead surprisingly found in order to yield Chapter 2

Design principles for nitroxide-based PAs similar (maximum) enhancements, as displayed in the maps in figure 2.3 sampling the orientational space. A very precise relationship between the tensors is therefore not necessary, as long as their g zz components are orthogonal, and their conformational landscape is rather flat around the maximum. This in turn allows synthetic chemists some degree of flexibility in the design of efficient PAs for CE DNP. In addition, the authors conducted another set of simulations showing that, as the strength of the dipolar coupling between the two electrons is increased by reducing the number of atoms in the linker, the subsequent increase in the Heisenberg exchange interaction J cannot be ignored, leading to a sizeable overall magnetic interaction. In turn, the magnitude of this interaction causes the DNP enhancement to reach an optimum value at a given magnetic field. This explains why the polarizing agents with a stronger dipolar coupling than in bTbK in references [88,94] are less efficient than the latter at the intermediate field they were tested at. Reproduced and adapted with permission from reference [93].

Mentink-Vigier also proposed a refinement to the notions of orthogonality and proximity between two g-tensors (refered to as a and b) within a binitroxide radical by introducing a metric to quantify the "distance" L a,b (Ω) associated to how differently they are oriented via their set of relative Euler angles Ω=(α, β, γ) [95], using the Foebenius norm (also known as the Euclidian norm for matrices) defined as:

L a,b (Ω) = ∥(ĝ a -ĝb (Ω))∥ F ro = Tr{(ĝ a -ĝb (Ω)) † (ĝ a -ĝb (Ω))} (2.1)
This mathematical object has the advantage of producing one single value that spans within a given interval (depending on the eigenvalues of the tensors considered) and that encapsulates a bundle of orientations resulting in the same overall distance between the two tensors. Design principles for nitroxide-based PAs g-tensors' distance and the CE DNP enhancement, i.e. that maximizing the former will maximize the latter. A subtle distinction can be made for the case of the blue orientation : while ϵ ON/OF F has already reached its plateau for that set of angles, ϵ depo is almost the worst, resulting in a non-optimal overall enhancement ϵ B . Hence the necessity of having mostly orientations like the green and red ones; which is luckily close to the experimental case already for the best binitroxides available to date. 2.2 Optimized structures for CE DNP at intermediate fields

The importance of electronic relaxation parameters

While bTbK was considered as near optimum with respect to the relative orientation of its gtensors, there was still room for improvement entering the 2010 decade, as the theoretical maximum enhancement of 660 for protons was yet out of reach. The critical role of electronic relaxation parameters, namely the longitudinal relaxation time T 1e and the transverse relaxation time T 2e , was hypothesized to be important in the efficiency of the CE DNP process as slower electronic relaxation is expected to facilitate the saturation of electronic transitions upon microwave irradiation [33,96].

In the light of this assumption, Emsley and co-workers attempted to lengthen the electronic relaxation times of bTbK by replacing the methyl groups on the nitroxide rings by bulkier cyclohexyl moieties, obtaining a binitroxide radical dubbed bCTbK (see structure on figure 2.5). This func-
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Design principles for nitroxide-based PAs tionalization did not only preserve the stability of the biradical but also yielded a significant increase in electronic relaxation times, going from 453 µs (resp. 1.5 µs) in bTbK to 762 µs (resp.

2.8 µs) in bCTbK for T ir (resp. T M ) both at 8 mM in TCE [97]. Concomitantly with this change in relaxation properties, the authors reported significant improvements in the DNP performance, recording a 52-fold enhancement factor for 29 Si NMR of a mesoporous silica sample via 1 H-29 Si CP at 9.4 T, 100 K and 12 kHz MAS with a 20 mM bCTbK solution, while bTbK only yielded a 21-fold enhancement in the same conditions, hence a tremendous improvement. The authors also showed, with the help of EPR and DFT, that the magnitude of the magnetic interactions between the two electrons in both binitroxides as well as their respective g-tensors relative orientations are practically unchanged. Thus, the improvement of the CE DNP performance brought by the functionalization of the nitroxide moieties in bTbK-like radicals was solely attributed to the beneficial effect produced on the electronic relaxation times of the biradical.

A subsequent study by Ouari and Griffin confirmed the conclusions on bCTbK, as they backed up the DFT calculation from reference [97] by estimating that the angles between the mean planes of each nitroxide moiety differed by less than 3 • between bTbK and bCTbK [94]. This study also reiterated the experimental demonstration of the critical role played by the electronic relaxation times as it introduced CTTbK (with only one of the two nitroxide rings being fucntionalized with cyclohexyl groups), the relexation times and DNP performance of which were measured to be in between those of bTbK and bCTbK, in agreement with its partially functionalized structure.

Building upon the structure of bCTbK, Zagdoun and co-workers ultimately synthesized a series of such functionalized binitroxides, varying the nature (cyclohexyl, 1-acetylpiperidinyl, tetrahydropyranyl or 4-phenylcyclohexyl) and the number of substituents on the α-positions of the nitroxide rings, resulting in the ensemble of molecules represented in figure 2.5 [98]. Measuring their electronic T 1e and T 2e , the authors verified a correlation between the molecular weight (i.e. the degree of functionalization) of these radicals and the increase of their relaxation times. The increase of both T 1e and T 2e leads to the increase of their product, S = T 1e × T 2e , the so-called saturation factor quantifying how well the microwaves can saturate the irradiated EPR transition in the PA. Measuring the DNP enhancements for these binitroxides, the authors then established a clear correlation between the increase in saturation factor (via further functionalization with bulkier groups) and the increase in DNP performance, as summarized in the plot of figure 2.5. Within this series, the biradical having the longest T 1e and T 2e and therefore the highest saturation factor S, dubbed TEKPol, yielded the highest enhancements, enabling a ca. 200-fold amplification at 9.4 T, 100 K and 12 kHz MAS on the proton signal in a frozen TCE solution as well as on the 13 C and 29 Si signals recorded via CP on materials, largely outclassing all other binitroxide radicals in TCE.

Due to the very high values of enhancements obtained at 100 K, TEKPol is still able to provide a ca. 10-fold enhancement around 200 K despite the unfavorable temperature dependence of the electronic relaxation times and the increased mobility within the TCE matrix at such temperatures.

While a significant improvement was made in the field of binitroxide PAs with the introduction of TEKPol, the latter was not compatible with aqueous solutions. In the same year, Sauvée and co-workers also re-examined the bTurea radical and designed improved versions of it to achieve high enhancements in aqueous media at 9.4 T [99]. Driven by the same principle of introducing large functional groups on the nitroxide moieties in order to lengthen their electronic relaxation Chapter 2

Design principles for nitroxide-based PAs times, the authors proposed to functionalize bTurea with 4 tetrahydropyranyl groups, thus forming the PyPol radical. This modification also guarantees a good water solubility for this PA, and another radical dubbed AMUPol, with an extra 4-unit PEG chain grafted on the linker to prevent aggregation in solution, was also synthesized (see structures on figure 2.6(a)). These two radicals were shown to be highly soluble in water/glycerol mixtures, as well as exhibited significantly longer electronic relaxation times than bTurea. In turn, their DNP performance was 3 to 4 times better than that of bTurea, achieving a ca. 235-fold enhancement with AMUPol in DNP juice at 9.4

T and 100 K, while both AMUPol and PyPol yielded ca. 128-fold gains at an even higher field An in depth study of the Zeeman field profile for AMUPol by Buntkowsky and co-workers confirmed that, while a slight contribution of SE cannot be excluded, the dominant mechanism responsible for the performance of AMUPol at 9.4 T is attributed to CE, highlighting that this radical achieves very efficient CE at intermediate fields by combining all the design principles discussed so far [100]. Recent work by Mentink-Vigier and co-workers also brought additional insights into the DNP efficiency of AMUPol and TEKPol by recording Zeeman field profiles for these radicals at 14.1 T, successfully reproducing these profiles with high accuracy in silico, using spin dynamics simulations [101]. Considering the field dependence of the electronic relaxation times across the EPR line of these biradicals, as well as by plugging in reasonable estimates for magnetic interactions between electrons obtained via DFT and EPR, the authors managed to reproduce the asymmetric shape of the experimental profiles, while obtaining a reasonable estimate of 0.35 MHz for the strength of the microwave B 1 field in their experiment.

Screening and identification of the most efficient binitroxides at intermediate magnetic field

Having reached a point where very efficient polarizing agents (namely TEKPol for organic solvents and AMUPol for aqueous media) were available for MAS DNP experiments, yielding unprecedented 200-fold enhancements at 9.4 T, the aforementioned binitroxides opened the possibility for many applications in solid-state NMR of materials or biological samples [23]. In the following years, research was dedicated to refining the structure of these radicals and screening for potentially better performing PAs.

In 2016, Kubicki and co-workers have extensively compared the DNP performance of an ensemble of 37 different biradicals in a glassy matrix of TCE at 9.4 T and 100 K [102]. These radicals derivate from different families of binitroxide scaffolds (bTbk-like, PyPol-like, TEKPol-like) and some of them corresponded to even bulkier versions of TEKPol. This study confirms that sizeable electron-electron couplings, near-orthogonal orientation of g-tensors and long electronic relaxation times constructively add up to improve progressively the DNP performance of the tested biradicals, as displayed in the bar digram reproduced in figure 2.6(b). Note however that PyPol-based radicals underperform here as they are measured in an organic solvent. This study reiterates that TEKPol is a binitroxide of choice at 9.4 T. It also highlights that, depending on the type of application, it could also be interesting to use TEKPol2, which performs similarly well but which is even bulkier.

This PA is thus unable to penetrate into pores in a typical mesoporous silica support, which could be of relevance in the study of their surface species, as paramagnetic bleaching effects would be significantly reduced. Deuteration is also mentioned as a strategy to increase the enhancement for PyPol or bTbK based biradicals, but this improvement comes at the expense of longer polarization build-up times, and therefore is not systematically beneficial to the overall sensitivity gain [102]. Design principles for nitroxide-based PAs bTurea derivatives, fucntionalized with various bulky groups on their nitroxide moities or with various PEG-like chains on their linker [103]. The latter contributes to improve the solubility of the biradical, but only to a certain extent, as illustrated by the poor DNP performance of the TetraPEG compound in that study. The authors confirms AMUPol, PyPolPEG10 and PyPolPEG2OH, which yield similar performances, to be optimum binitroxides for MAS DNP in aqueous media. Interestingly, it can be noted the presence of PEG chains, while twisting the relative orientation of the g-tensors and setting the angle between their mean planes to be ca. 30 • , does not seem to hinder the efficiency of these PAs, in agreement with the simulations performed by Perras [93] discussed at the end of the previous section. The same theoretical study deems PyPolPEG2OH, which was shown to reach up to 300-fold enhancements in a water/glycerol mixture by Sauvée and co-workers, unlikely to be improved by further shortening or modification of its linker.

Work conducted by Oschkinat and co-workers also led to the introduction of a very efficient watersoluble binitroxide PA based on a functionalized bTurea with hydroxycyclohexyl groups decorating the nitroxides, dubbed bcTol, that was shown to perform comparably to AMUPol, enabling to record a two-dimentional 13 C-13 C DNP-enhanced solid-state NMR spectrum of microcristalline SH3 protein [104]. A slight improvement was later reported by the addition of methyl groups in the linker, shortening the polarization build-up time and therefore increasing the overall sensitivity gain provided by the so-called bcTol-M biradical [105]. A recent theoretical study by Mentink-Vigier advocates for a higher average g-tensors' distance in bcTol-M compared to AMUPol and bcTol, in line with its high efficiency [106].

Some developments are also noteworthy in an attempt to design nitroxide-based polarizing agents tailored for a specific application. Spin-labeled lipids can be mentioned here as an alternative way of using a CE PA in the study of membrane proteins, as demonstrated by Long and coworkers [107,108]. By adequately doping a lipid bilayer with 3 mol% of such spin-labeled lipids, dipolar couplings between two neighboring nitroxide moieties are estimated to be close to those of AMUPol, hence providing an optimum performance, yielding promising results despite still modest enhancement factors due to the high mobility in such a matrix, even at 100 K where motional freedom of methyl groups is not completely frozen. Another recent attempt with TOAC-based binitroxide spin-labelled peptides enabled 20-fold DNP enhancements on 13 C and 31 P in lipid bilayers [109]. When studying a specific protein, a targeted binitroxide-based tag can also be designed to stoechiometrically bind the protein at micromolar concentration and therefore providing sizeable signal enhancement while limiting paramagnetic bleaching, as demonstrated by MacDermott and co-workers [110]. Recently, another example of targeted polarizing agent was proposed by Debelouchina and co-workers by exploiting the bio-orthogonal combination of a tetrazin-based binitroxide with modified norbornene-lysine sites in a protein, yielding satisfactory 24-fold DNP enhancements [111].

Regarding materials science, in the context of DNP-SENS on sensitive catalytically active surface species, a class of dendritic nitroxide-based polarizing agents was developed by Copéret and co-workers to prevent free radicals to be in contact with the target analytes [112]. The polarizing agents consist in a dendrimer of triphenylated silicon-ethyl-silicon motives linked to a modified PyPol-type binitroxide. The most efficient one, dubbed PyPolB-D2[G3], preserves remarkably long electronic relaxations times and provides a 128-fold 13 C DNP enhancement after CP at 9.4 T. This
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Design principles for nitroxide-based PAs strategy allows to obtain high enhancements without using TEKPol-like radicals, that would react with the catalytically active species here.

Polarizing agent design is a complex and multi-factorial problem that requires fine-tuning of interdependent EPR parameters via chemical synthesis. Predicting the DNP performance of a binitroxide radical is a tedious task, however simulations can be helpful in that respect. The critical point then becomes the accuracy of the input parameters. Two remarkable multifrequency EPR studies can be mentioned as successful attempts to fit and extract such parameters in the case of AMUPol by Baldus and co-workers [113] and the bTurea and PyPol families by Mathies and co-workers [114]. This method, despite being quite demanding in experimental EPR data and requiring careful computation of fitting routines, provided a key insight in radical design by confirming and quantifying the presence of a strong Heisenberg exchange coupling J between the two electrons in AMUPol and alike binitroxides. The vision of the electron-electron couplings was often previously limited to through-space interactions whereas these studies confirm that the sum of the dipolar and scalar couplings should be considered and optimized instead to reach optimum CE.

Overall, the different studies following the introduction of AMUPol and TEKPol, while reinforcing the rational understanding of key parameters in PA efficiency, and despite the discovery of a few binitroxides that provide a modest improvement over their predicted DNP performances, have not achieved a significant jump forward in enhancement via CE at intermediate magnetic fields. Added to the fact that these two radicals have become quickly commercially available, they remain widely used as gold standards for MAS DNP applications up to date and constitute the current glass ceiling in PA design at intermediate fields.

Limitations of binitroxide radicals and perspectives at

high magnetic fields

Limitations at high field and fast MAS

The ever-growing complexity of the samples to be analyzed via solid-state NMR requires the best sensitivity gains provided by MAS DNP, jointly with the finest spectral resolution accessible at 

Promising binitroxide candidates for very high field DNP

In order to mitigate these detrimental trends observed at high fields and fast spinning frequencies, binitroxides were re-examined with fresh eyes by the community. While a plateau in performance has been reached at intermediate fields such as 9.4 T with AMUPol or TEKPol-like PAs, there is still much room for improvement at 18.8 T and above. In recent years while aiming for high field DNP, it has become clear, following the benchmark study in reference [40], that further increasing the magnitude of magnetic interactions between the two electrons within a binitroxide radical would be beneficial to its CE efficiency, as per equation (1.17), and also prevent excessive depolarization at fast MAS, as per equation (1.18). The work from references [113,114] has also highlighted the key role of the Heisenberg exchange interaction J, that was previously assumed to be small or negligible, whereas it turns out to constitute a significant portion of the total magnetic interaction, for instance in the case of AMUPol where both the dipolar and scalar coupling terms are of the same order of magnitude. Such an interaction is of particular interest for modulating the DNP performance of biradicals at fast MAS as it is not modulated by spinning, unlike the dipolar coupling [114].

While there is a synthetic challenge in producing adequate values of J couplings by playing on the linker length, its conjugation and the type of atoms involved, the complexity of this interaction stems from the distribution of conformations adopted by the biradical in the glassy DNP matrix, in turn generating a distribution of coupling values in the frozen state. As shown by Han and co-workers [117], solution state X-band EPR spectra of AMUPol in several usual solvents taken at different temperatures reflect different distributions of J couplings. In addition to the design of the polarizing agent itself, the freezing history of the sample and the conformational dynamics withing the biradical in a given DNP matrix is therefore also affecting the pool of conformers available for efficient CE. The authors performed a DFT calculation (presented in figure 2.8(b))

to map the scalar coupling value in AMUPol as a function of the relative torsion angle between the nitroxide moieties, showing that the orientational dependence of J is strong, causing broad distribution spans that should be taken into account when fitting EPR data on binitroxide PAs.

With the help of spin dynamics simulations, the authors also estimate that the combination of a favorable relative g-tensor orientation and a threshold mean J value (at a given magnetic field)

should facilitate high enhancements and negligible depolarization with MAS. references [116,117].

Few experimental studies have reported the synthesis and characterization of binitroxides with increased J coupling strength in an attempt to produce higher enhancement factors at high magnetic fields. Designs of such biradicals with short linkers and rigidified (partly conjugated) backbone have been reported by Buntkowsky and co-workers, but their performance was unfortunately only assessed at intermediate fields so far [118]. A noteworthy attempt was made by De Paëpe and co-workers in 2018 by introducing the AsymPol family [119]. These radicals, designed to be asymmetric with a short tether and with conjugation between the linker and a five-membered nitroxide ring, yielding dipolar and scalar couplings on the order of 56 and 70 MHz respectively in absolute values. The authors show that these coupling values fall into an optimum range for efficient CE DNP at 18.8 T according to spin dynamics simulations. Despite an effectively modest 27-fold enhancement in MAS DNP conditions at 18.8 T, the best radical in this series, AsymPolPOK, is shown to yield a satisfying overall sensitivity gain as it benefits from short polarization build up times and limited depolarization, in agreement with the calculations from reference [117]. Very
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Design principles for nitroxide-based PAs recently, an improved version of AsymPolPOK was obtained by transposing the improvement observed going from bTbK to bCTbK to this series and grafting cyclohexyl moieties to the fivemembered nitroxide to lengthen electronic relaxation times within this PA [120]. This radical yields comparable enhancements to AMUPol at 18.8 T, and its short build-up times and near-absence of depolarization are preserved through this modification, making it relevant for some applications in proton-dense solids such as pharmaceutical formulations. Another family of binitroxides successfully achieving sizeable enhancement values at 18.8 T, dubbed TinyPols, was introduced in 2020 and is part of the work conducted during this thesis. Thus, chapter 4 will focus on the development and characterization of these binitroxide radicals tailored for high field MAS DNP. 

Non-covalent mixtures of two different radicals

As early as in 2007, Hu, Griffin and co-workers began experimenting with mixtures of trityl and 4-hydroxy-TEMPO monoradicals in an attempt to produce efficient CE DNP [121]. The motivation behind this experiment was to achieve a correct g-value difference in the separation between a narrow EPR line and the maximum position of a broad EPR line. Indeed, only part of the orientations in the broad EPR line of a nitroxide monoradical are exploited. Having to constrain the relative orientation of two nitroxides in a biradical in order to select conformations with a frequency difference on the order of the nuclear Larmor frequency can also be challenging. The authors note that, ideally, a very efficient PA for CE could be obtained by combining two isotropic radicals separated by the nuclear Larmor frequency. However, such a theoretical mixture or biradical would not only be nucleus dependant, but also field dependent. The approach proposed in this study, on the other hand, is promising as matching the CE condition through a g-value difference is valid at any field. hancements up to 600-fold in a frozen solution of 13 C-labelled glycerol/water [122] (the theoretical maximum being at 2600 for 13 C). The authors point out, however, based on the recorded field profiles, that this significant enhancement value is a combination of SE from both monoradicals, possibly CE from trityl (which is broader than SA-BDPA) and CE between the two different radicals. Noticing that SA-BDPA is more efficient in this sample than in the pure sample, they measured the longitudinal electronic relaxation times and found them to be one order of magnitude shorter for SA-BDPA in the mixture compared to its pure form (3.6 versus 28.9 ms) while the trityl time remains around 1.4 ms in both pure and mixed forms. This allows SA-BDPA to be more efficient at polarizing the 13 C nucleus directly. The difference in relaxation times between the two coupled radicals is also beneficial as, while the saturated radical (SA-BDPA) has a longer T 1e that facilitates its saturation, the non-saturated electron has a shorter relaxation time that allows for a fast recovery of the polarization difference between the two electrons, therefore maximizing the polarization transfers at each CE event. This is the first illustration of this principle, already discussed in theory by Hu and co-workers in reference [33].

Finally, a recent study by Han and co-workers revisited mixtures of different monoradicals by questioning the ideal ratio between nitroxide and trityl spins to maximize CE efficiency [123].

Although their experimental conditions -using a home-made LTMAS probe, operating at 5 kHz and at 25 K, and with a low-power 350 mW microwave source -are quite far from the commercial DNP instrumentation, the authors pointed out that, in their hands, a 2:1 TEMPO-trityl mixture yielded a 25 % improvement on the value of the positive CE maximum enhancement with respect to the 1:1 mixture (figure 3.1(c)). This increase, accompanied with a slight reduction in polarization build-up time, is then confirmed via spin dynamics simulations highlighting the greater probability of constructive CE events with this composition. A 3:1 mixture, while maintaining short build-ups, is however detrimental for the enhancement, most likely due to a concomitant shortening of the trityl T 1e with the increased overall spin concentration. Therefore, the authors foresee improvements to existing biradicals by tethering a trityl moiety to two or more nitroxides.

Trityl-nitroxide hybrid radicals for efficient high field DNP in aqueous solutions

The first successful attempt to tether chemically a trityl and an nitroxide radical, following Hu's seminal work on mixtures [121], was reported by Liu and co-workers [125]. While not performing DNP experiments in their study, the authors show via a thorough EPR study that this chemistry offers a wide range of tunability for the electron-electron couplings while varying the length and nature of the linker. The sum of the dipolar and scalar interactions can thus be modulated from a few Gauss to ca. 1200 G thanks to the combined effect of the distance between the two free electrons in the biradical and the chemical nature of the linker allowing for overlap of spin densities. The authors predict that this system is therefore a good candidate for efficient DNP at high magnetic fields as the magnitude of its magnetic interactions can be ajusted to produce optimal CE.

A first demonstration of the efficiency of such trityl-nitroxide biradicals at high field was provided in 2015 by Mathies and co-workers who introduced the TEMTriPol family [126]. This study was very impactful at the time as it was not only evidenced CE DNP at high fields with such biradicals but also showed how efficient it could be. The best radical in the series, TEMTriPol-1 in TEMTriPol-1 is on the order ca. 73 MHz. This turns out to be adapted to such high magnetic fields, while remaining reasonably sized, so that the CE matching can occurs. In contrast, ProxTriPol, another radical in the series, did not produce observable enhancements, in line with its ca. 820 MHz J coupling value. Interestingly, TEMTriPol-1 performs better at 14.1 T than 18.8 T, providing insights on the target values of couplings necessary to tune such a biradical for maximum CE efficiency at a given magnetic field. A complementary study of TEMTriPol-1 by

(
De Paëpe and co-workers refined the characterization of its J coupling value that was previously estimated via the splitting observed in solution state X-band EPR spectra of the radical [127]. Advanced fitting of new EPR data combined with spin dynamics simulations allowed the authors to estimate a distribution of J values which was more representative of the couplings at play in frozen solutions of TEMTriPol-1. The breadth of this distribution is in good agreement with the wide range of efficiency of this biradical. Another advantageous feature of hybrid trityl-nitroxide PAs is the absence of nuclear depolarization due to the strong isotropic coupling between the electrons, as demonstrated by the authors at 9.4 T between 0 and 14 kHz MAS, in contrast with AMUPol

(figure 3.2(c)).
Other designs have been suggested to link a trityl and nitroxide moiety together, such as a series synthesized by Buntkowsky and co-workers in 2018 with variable linker length, containing zero, one or two ester functions [118]. Unfortunately, the authors only tested their PAs at an intermediate field of 9.4 T. The 1 H and 13 C enhancements factors ranged from 2-fold for the shorter linker, 50-fold for the intermediate one and 15-fold for the longest in the series. This illustrates once again the existence of an optimum magnitude for the electron-electron coupling interactions.

CE efficiency can be maximized in hybrid radicals and controlled in part by choosing the linker length accordingly. A follow-up study by the same team demonstrated the feasibility of the design of hybrid trityl-nitroxide biradicals with controlled g values and magnetic interaction strength via a rigid organic tether such as phenylene or naphtalene [128]. The goal here was also to broaden the scope of applications of such radicals by making them more soluble in organic solvents. Despite only reporting a modest 30-fold CE DNP enhancement at 9.4 T with Tr-Ph-NO in TCE, this study expands the available tools to engineer hybrid biradical PAs for high field DNP.

Liu, Baldus and co-workers also discovered a new feature of hybrid trityl-nitroxide biradicals that could help fine-tune their geometry and performances. Given that trityl can in principle adopt either an M or P helix conformation, and using a chiral L-proline tether, they synthesized four different diastereoisomers that each differ (two by two) by the configuration of one steric center [129].

These chiral biradicals were in turn studied via EPR and turned out to form two very different sets of molecules with either very strong (ca. 200 G) or moderate (ca. 5 G) Heisenberg exchange couplings, while all having a similar dipolar coupling strength about 10 G at low temperatures around 220 K. In correlation with that difference in magnetic interactions, diastereoisomers with a too strong J value were found to perform poorly in DNP conditions at 18.8 T, yielding a 7fold enhancement, while the PAs with a moderate J value achieved a ca. 40-fold enhancement in the same conditions, slightly underperforming TEMTriPol-1. This piece of work is however an important proof of concept that chirality may be used as an additional lever to tailor the DNP performances of hybrid radicals. faster spinning probes that benefit from better microwave penetration.

BDPA-nitroxide hybrid radicals for efficient high field DNP in organic solvents

In parallel to the trityl-nitroxide route, another type of hybrid biradicals has been developed, based on tethering a BDPA and a nitroxide together to form an efficient PA for organic solvents relying on CE, with the difference in electronic frequencies capable of matching the proton Larmor frequency. BDPA has an even sharper EPR line than trityl and has longer electronic relaxation times, which is advantageous at higher fields where saturating an electronic transition becomes more difficult. The first attempt at connecting a BDPA moiety to a nitroxide was reported by Swager and co-workers in 2009 [132], where they synthesized a BDPA-amide-TEMPO biradical.

The DNP performance of this radical was however not reported, and current understanding of the critical role of magnetic interactions in biradical PAs leads to believe that this radical would perform quite poorly, in agreement with the too large J-coupling value of ca. 140 MHz determined in that study from EPR data on BDPA-amide-TEMPO. Another study reports the successful use of a BDPA-ester-TEMPO biradical with a strong J coupling value to produce vers high nuclear polarization level (ϵ ≈ 50000) in the context of dissolution DNP at 3.35 T and 1.4 K [133]. While this study is not comparable to other work on MAS DNP, it is worth noting that this biradical was shown to be particularly efficient at a lower concentration and yielded shorter polarization build-up times than that of TEMPO or trityl monoradical based formulations, which hints at the feasibility of cross effect between chemically tethered BDPA and TEMPO in MAS DNP. The only series of hybrid BDPA-nitroxide biradicals for which successful high field DNP cross effect has been reported to date is the HyTEK series designed by Ouari, Lesage and co-workers in 2018 [134]. The structures of the most efficient PAs in this series are represented on figure 3.3(a), along with the corresponding solution state X-band spectra on figure 3.3(b). This study highlights two key design principles for such PAs. The control of the magnetic coupling interactions strength to tailor the biradicals to high magnetic fields, which was already hinted at by prior work on trityl-nitroxide biradicals, is paramount. The lengthening of the electronic relaxation times in the nitroxide moiety to increase the efficiency of the DNP process is also very impactful.

This second aspect was not so straightforward to anticipate in these asymmetric biradicals where, unlike for binitroxides, the BDPA resonance is the one saturated in the experiment. Solution and solid-state EPR data indicate that varying the linker length within the series affects not only the strength of the dipolar interaction but also the Heisenberg exchange interaction which becomes more pronounced as the linker is shortened, as can be seen via the broadening and changes in the features of the X-band traces across the series. For example, going from HyPTEK with one The functionalization of the nitroxide moiety with increasingly bulkier groups, reminiscent of the design strategy that led from bTbK to bCTbK then TEKPol and TEKPol2, proved to be also very efficient in this family of hybrid biradicals. Hence the concomitant increase of the electronic relaxation time on the nitroxide upon increasing the size of the grafted groups between Hy-3 and HyPTEK when the linker has one phenylene moiety and between HyTEK and HyTEK2 when the linker has none. This experimental study also brings insight on the complexity of balancing the relaxation times in an asymmetric biradical, as the simple principle of one long and one short T 1e discussed previously no longer applies. The design principles unraveled in this study also help understanding the beneficial role of the functionalization in the SNAPol series discussed earlier.

Ultimately, HyTEK2 combines a short linker ensuring sizeable magnetic interactions and long nitroxide electronic relaxation times, ensuring an optimum cross effect efficiency, yielding enhancements as high as 185-fold at 18.8 T and 40 kHz MAS in a 32 mM frozen solution of TCE [134],

as reproduced on figure 3.3(a). This is currently the highest DNP enhancement observed at this magnetic field. A version of HyTEK2 with an even shorter linker, dubbed "short-HyTEK2", and corresponding to a functionalized version of the BDPA-amide-TEMPO radical reported in reference [132], was also synthesized and tested in the series. It yielded significantly lower enhancements than HyTEK2 in similar conditions, in agreement with the too strong magnetic interactions between the BDPA and nitroxide moieties in this shorter version.

Enhancement factors recorded for HyTEK2 in similar conditions at 9.4 T were slightly lower, however this difference could be explained at the time by different probe designs, hence a different microwave penetration at different fields. While TEKPol remains more efficient than HyTEK2 at intermediate fields, it can be said that the latter is specifically tailored for efficient CE at high magnetic fields, similarly to the TEMTriPol-1 behaviour that was optimum at 14.1 T [126]. The Zeeman field profile of HyTEK2 at 9.4 T indicates that while the major contribution to the DNP effect comes from intramolecular BDPA-nitroxide CE, intermolecular nitroxide-nitroxide CE cannot be excluded at the high 32 mM concentration of PA found to be optimal in this study. This effect is however expected to be limited at higher field, in line with the conclusion that BDPA-nitroxide CE becomes more efficient in this case due to sizeable electron-electron couplings.

In practice, beyond the high enhancement values achieved by these hybrid biradicals, the polariza-
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Promising alternative classes of PAs tion build-up times were to be shorter than 3 seconds, which is beneficial to the overall sensitivity.

In addition, depolarization was quantified and found to be negligible for the HyTEK series at 18.8

T over the whole spinning frequency range, as illustrated on figure 3.3(c), where it can be seen that the contribution factor for Hy-3, HyPTEK, HyTEK and HyTEK2 is flat around 0.7 from 5 to 40 kHz MAS. This not only further improves the overall signal boost offered by these PAs but also confirms that strong magnetic interactions increase the adiabaticity of electron-electron crossing events under fast MAS, maintaining at best the polarization difference between the electrons involved in CE in hybrid radicals, as shown in reference [127].

The efficiency of HyTEK2 was also evaluated at the highest field available for DNP, i.e. 21.1

T, in the initial study, yielding sizeable 64-fold enhancement at 10 kHz in a 3.2 mm rotor, only behind BDPA OE in these conditions [134]. Additional measurements were later performed by

Berruyer, Emsley and co-workers at this field with a 0.7 mm LTMAS prototype probe capable of spinning rotors up to 65 kHz and offering excellent microwave penetration and homogeneity. The authors showed that the very good performance of HyTEK2 was preserved at 21.1 T, reaching an impressive 200-fold enhancement factor at the fastest spinning frequency [135], as reported on figure 3.3(d). This record performance confirms that the magnetic interactions in this PA are optimal for efficient CE at high magnetic fields.

In addition to the experimental data at 18.8 T and 21.1 T, Equbal and co-workers performed numerical simulations in an attempt to map the CE enhancement as a function of the sum of magnetic interactions (J + D) in a biradical [136] . While this value pilots the efficiency of a PA, they found that its performance also depends on the ratio between the scalar and dipolar parts of the electron-electron couplings (J/D), with an optimum around a 1.5 ratio for hybrid radicals, hence the necessity to balance both interactions accordingly. These simulations back up the experimental conclusions about HyTEK2 as this radical falls into the calculated optimum J/D range and is therefore adequately tailored for high field DNP.

While developments in trityl-nitroxide and BDPA-nitroxide hybrid PAs both provide solid candidates for high field DNP, the latter category benefits from one additional feature that has only been observed for this type of biradical so far. As can be seen from the enhancement profiles as a function of MAS frequency in figures 3.3(a) and (d), the enhancement value is monotonously increasing as a function of the spinning frequency, yielding the highest values of enhancements at 40 kHz and 65 kHz from the experiments in a 1.3 mm probe and 18.8 T and in a 0.7 mm probe at 21.1 T respectively [134,135]. While the enhancements obtained with other symmetric or asymmetric biradicals tend to decrease or plateau at higher MAS rate, this advantageous behaviour of HyTEK2 is favorable as it facilitates high sensitivity boosts in combination with faster spinning.

The authors attempted to explain this behaviour by modeling the nature of the spin diffusion processes at play and relying on a source-sink model previously developed to explain similar effects obtained for OE DNP with BDPA in a rigid OTP matrix [137]. As the polarizing agents are both the source of hyperpolarization and its main relaxation sinks, faster spinning effectively isolates the sinks and allows higher levels of steady-state polarization to build up in between. The data in both of these studies on HyTEK2 were successfully fitted using enhancement and build-up time trends predicted by this model, therefore validating this interpretation of the peculiar MAS-dependent behaviour in hybrid BDPA-nitroxide biradicals [134].
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HyTEK2 was also almost one order of magnitude better than TEKPol at hyperpolarizing a functional aluminosilicate material, requiring high field NMR to study quadrupolar 27 Al sites with relevant surface Brönstedt acidity, resulting in fast acquisition and well-resolved aluminium spectra such as the one displayed on figure 3.3(e). Recently, HyTEK2 was also used by Kaushik and co-workers to obtain unprecedented insights into the Lewis acidity of surface pyridine sites on alumina-coated silica particles, obtaining sufficiently good quality DNP-enhanced NMR spectra at 18.8 T with this hybrid biradical [138].

As opposed to nitroxide-based PAs which are very robust, two major limitations of BDPA-based hybrid biradicals are however their difficult synthesis and their limited stability in solution. They tend to degrade over the course of a few days, mostly due to dimerization occuring between the BDPA moieties and quenching the free radicals. This degradation is even more pronounced at higher radical concentration and can be monitored thoroughly by EPR spectroscopy, as reported recently in reference [139]. In an attempt to stabilize BDPA-based hybrid radicals in solution and specially in polar solvents, Sigurdsson and co-workers reported the synthesis of a water soluble version of BDPA-nitroxide decorated with positively charged tetraalkyl-ammonium groups on the fluorenyl moieties and demonstrated its higher stability in aqueous solvents [140]. The MAS DNP performance of such promising water-compatible hybrid radicals yet remains to be tested.

Exogenous and endogenous DNP from metal ions: a versatile alternative approach

While the recent developments in organic radical based PAs are very promising, exploring other sources of polarization is key to increase the versatility and applicability of MAS DNP. The very first DNP experiment on 7 Li was exploiting free conduction electrons in metals to produce hyperpolarization. In that respect, another important class of PAs to be discussed is metal ions, whether under the form of exogenous molecular complexes added to the sample formulation, or endogenous, i.e. present in the lattice of a solid of interest. The following section will review successful attempts at producing DNP with a variety of metal ions in the context of MAS NMR, while leaving aside the advanced theoretical framework underlying SE and CE with metal ions that is well described in references [43,141,[START_REF] Jardón-Álvarez | Dynamic nuclear polarization in inorganic solids from paramagnetic metal ion dopants[END_REF].

Exogenous or bound molecular metal ion complexes for MAS DNP

The first experiment reporting DNP with a metal ion complex was performed in static conditions, at 1.5 K and low field, by Abragam and co-workers using chromium Cr(V) in complexes with diols and glycerol [START_REF] Glättli | [END_REF]. The transition metal complex used here had a single unpaired electron (S = 1 2 ) and its g-anisotropy was found to be very small in the glassy matrix of frozen glycerol, yielding a symmetric SE Zeeman field profile with proton polarization levels near 50% at both maxima.

Another successful DNP experiment with a spin- 1 2 transition metal complex was also reported very recently by Han and co-workers, featuring vanadium V(IV) ions, bound in complexes of various sizes such that the only intramolecular protons were located between 4 and 12.6 Å away from the paramagnetic center [144]. While this experiment was conducted in static conditions at 4 K, it should be noted that the authors managed to harness hyperpolarization at an intermediate field of 6.9 T from the V(IV) ions and transfer it efficiently to the intramolecular protons in the complex, even for the longest distance available, where the protons to polarize lie beyond the estimated spin diffusion barrier radius. This proof of principle is promising as it shows that, provided that the SE condition can be matched instrumentally, such complexes could be of use in MAS DNP. Apart from the above mentioned examples, research on transition metal complexes for MAS DNP has mainly been focused on high-spin ions. Indeed, among the available paramagnetic metal ions, few are suitable for this hyperpolarization experiment. The main reason is the current instrumental limitation of commercially available devices, as described in chapter 1 of this thesis. While the gyrotron outputs a fixed frequency, the main field of the NMR magnet can be adjusted via a sweep coil to match several SE or CE conditions for different PAs, but typically only within a range of a few tens of mT from its nominal value. Amidst the PAs presenting an accessible EPR resonance, those which experience a strong broadening of their EPR line induced by zero field splitting (ZFS) or spin orbit coupling (SOC) are also hampered by the subsequent inefficiency of their saturation upon microwave irradiation. [START_REF] Jardón-Álvarez | Dynamic nuclear polarization in inorganic solids from paramagnetic metal ion dopants[END_REF].

In a seminal study published by Corzilius and Griffin in 2011, manganese Mn(II) and gadolinium Gd(III), with S = 5 2 and 7 2 respectively, were shown to have g factors sufficiently close to that of the free electron and EPR lines sufficiently narrow to produce DNP at 5 T [145]. Thanks to their respective ground states being 6 S and 8 S, the SOC vanishes, leading to narrow central transitions in both cases. Their satellite transitions are significantly broadened by the first order ZFS, while the central transition is only affected at the second order, resulting in an overall narrow pseudo spin-1 2 EPR profile in highly symmetric high-spin complexes for these two metals [23]. Originally inspired by bio-compatible MRI contrast agents, the authors tested the DNP performance of Mn(DOTA), Gd(DOTA) and Gd(DTPA) in a typical water/glycerol DNP matrix at 86 K (see figure 3.4(a) for their structures and EPR profiles). While the Zeeman field profile obtained for Mn(DOTA) clearly shows six SE sub-profiles intertwined, each corresponding to an irradiation near one of its EPR lines among a hyperfine sextet, the 2-fold maximum enhancement factors obtained reflect the small fraction of spins involved in DNP as they are spread between the hyperfine lines (figure 3.4(c)).

The overlay between the profiles of Gd(DTPA) and Gd(DOTA) (figure 3.4(b)) allows to identify SE as the main DNP mechanism for these complexes and highlights a factor of 4 in performance in favor of the latter, yielding a 13-fold enhancement factor. This was attributed by the authors to the particularly narrow central transition in Gd(DOTA), which was measured to be of 29 MHz breath versus 55 MHz for the trityl radical [145]. The central transition in these complexes is expected to get narrower at higher field, hence the interest in these PAs despite the detrimental field dependence of SE and their relatively low starting enhancements. Following this work, Corzilius and co-workers demonstrated that a Mn(II) ion bound in a 13 Clabelled ribozyme could produce an 8-fold direct carbon enhancement factor, realizing a DNP transfer internal to a biomolecule [146]. Despite the moderate gain in sensitivity and the very long 13 C polarization build-up times, this method is expected to be valuable to produce site-specific DNP in the context of structural biology and could supplement the conventional use of binitroxide PAs. This concept is further expanded in a subsequent publication from the same group where a site-directed approach is deployed, combining small molecular chelate polarizing agents such as Gd(DOTA) and specific labeling of proteins [147].

In addition to the possibilities offered by this method for biomolecule characterization, two very important results are reported in this work. First, as the Zeeman field profile for Gd(DOTA) is carefully examined for direct 1 H and 13 C SE, the authors note that a slight enhancement is present at the 1 H maximum positions on the 13 C profile, with opposite sign, when recorded in a proton-rich matrix. This interesting effect, attributed to heteronuclear cross-relaxation, similar to the nuclear Overhauser case, now serves as a basis for a series of fruitful experiments dubbed SCREAM-DNP, as described in reference [148]. Second, when investigating the effect of metal ion complex concentration on the Zeeman field profiles, the authors realized that the 15 N profileand also to a lesser extent the 13 C profile -was dependent on that concentration. Using a simple statistical model, they estimated the nearest neighbouring Gd(III) ions to be located between 2.4 nm at 20 mM and 5.2 nm at 2 mM. In the latter case, the dipolar interactions between PAs can be neglected while in the former they are sizeable enough to induce a large contribution of CE to the DNP, in addition to the expected SE. Based on this last observation, Corzilius and co-workers designed bis-gadolinium complexes with variable linker length, enabling electron-electron dipolar couplings ranging from 1 to 32 MHz, in order to study the competition between SE and CE DNP with such a PA [149]. The authors observed a shift of the maximum enhancement position in the profile as a function of the linker length as well as new features emerging for either 1 H, 13 C or 15 N. However the CE proton enhancements obtained remained modest, mostly due to a significant broadening of the EPR line upon decreasing the distance between the gadolinium centers.

Interesting mechanistic considerations could however be derived from this study, including a clear illustration of the limitations in PA design imposed by the simplified CE condition, which falls apart when the dipolar coupling value nears the 15 N Larmor frequency in this system.

Later, Emsley and co-workers focused on designing better performing molecular metal complexes to increase the enhancement ceiling with this class of PAs [150]. Noting that binitroxides are not resilient to reducing (and potentially biologically relevant) environments, the goal of their study was to capitalize on a versatile, water-soluble, stable PA with a narrow EPR central transition, hence the choice to pursue with Gd(III). In agreement with the theoretical predictions in reference [43], the authors derive a simple analytical prediction of the enhancement factor dependance on ZFS [150]. Assuming that the ZFS dominates the EPR linewidth and subsequently governs the efficiency of the SE process for these complexes, then two complexes noted (1) and ( 2) with respective axial ZFS components D 1 and D 2 would yield enhancement factors verifying:

ϵ 1 ϵ 2 ≈ D 2 D 1 2 (3.1)
Reducing the ZFS of the Gd(III) complex would benefit the SE efficiency, with a quite strong square dependence, unlocking higher orders of magnitudes for enhancements obtained with such PAs. The authors therefore introduce an new complex, Gd(tpatcn), which has a pseudo-C 3 symmetry, the structure of which is displayed on figure 3.5. The measured ZFS axial component for this complex amounts 410 MHz, versus 599 MHz for Gd(DOTA). According to equation (3.1), a factor of two improvement on the enhancement is therefore expected for Gd(tpatcn). The authors then demonstrate successfully that this factor, measured on the negative SE maximum for both complexes, is not only observed on 1 H (measured via CP), 13 C and 15 N enhancements, bringing the new record for such PAs to a 37-fold proton enhancement at 9.4 T [150], but also reproducible over a wide range of concentrations in a water/glycerol mixture, as displayed on figure 3.5. These results, despite from identifying a rather efficient Gd(III) complex for SE DNP at intermediate Chapter 3

Promising alternative classes of PAs fields, confirm the design principle hypothesized by the authors as the two complexes investigated have otherwise similar g-anisotropy and electronic relaxation properties. Note that the better solvent accessibility for Gd(DOTA) here is not key to the DNP performance. To date, Gd(tpatcn) remains, to the best of our knowledge, the best performing Gd(III) water-soluble complex due to its remarkably low ZFS value, in turn due to the symmetry and nature of the ligands, opening new avenues for the design of efficient exogenous Gd(III) DNP polarizing agents. 

Endogenous metal ions present or added into inorganic materials

Despite the moderate enhancement factors discussed in the previous section, the interest of metal ions as polarization sources remains their versatility. This section will discuss outstanding DNP results obtained with such PAs when used endogenously, i.e. as internal spies into bulk or nanostructured inorganic materials, whether they are intrinsically present or added via doping during synthesis. This allows for site specific and in-situ investigations of multiple classes of functional materials, and notably finds applications in the fielf of energy storage.

First, to illustrate the power of this endogenous approach, a recent study by Hope and co-workers can be mentioned, utilizing conditions similar to the very first DNP experiment and exploiting OE to produce 1 H, 7 Li and 19 F enhancements at room temperature and intermediate fields of 9.4 to 14.1 T from conduction electrons in a cycled lithium metal anode [151]. Despite their modest 10-fold enhancement factors, the authors managed to get specific and targeted local information, gaining insight into the structure of the solid-electrolyte interface formed in their system.

Chapter 3

Promising alternative classes of PAs Looking now at SE, which is the main DNP mechanism exploited with metal ions, multiple transition metals have shown their ability to produce hyperpolarization in inorganic solids. Very early experiments feature cerium Ce(III) impurities in a trigonal lanthane magnesium nitrate phase that can produce sizeable proton hyperpolarization at a few Kelvins [152]. Note here that the spin orbit coupling (SOC) is large for this ion, resulting in a broaden of the EPR line that makes DNP impractical at regular cryogenic temperatures. This illustrates the need to ideally have an isotropic and symmetric environment for the metal ion in the lattice in order to minimize the broadening and relaxation effects of SOC and zero field splitting (ZFS) on its central transition. Another relevant aspect of endogenous DNP emerging from this study is the need for only a small percentage of dopants to produce DNP, ca. 1%. The introduction of metal ions in a lattice, if they are not already present, is therefore not expected to perturb significantly the spatial arrangement of the material of interest but requires dedicated synthetic routes that can vary from one target to another [START_REF] Jardón-Álvarez | Dynamic nuclear polarization in inorganic solids from paramagnetic metal ion dopants[END_REF].

An example of incorporation of ca. 1% of paramagnetic chromium Cr(III) into octahedral sites of a molecular cobalt crystal by substitution was reported by Corzilius and co-workers [153]. In this material, the Cr(III) ions are in a ground state with vanishing angular momentum, therefore do not have any SOC and only limited ZFS broadening. Interestingly, modest 1 H SE DNP enhancements could be obtained at 5 T, as well as sizeable 13 C and 59 Co at higher doping ratios.

A contribution of CE could also be identified for the latter as the maxima of enhancement in the recorded Zeeman field profiles did not fall at the expected pure SE positions but rather closer to the central EPR frequency. This was attributed to the matching between the central transition of one Cr(III) center and the broader satellite transition of a neighbouring chromium metal ion, despite the large distance ranges of ca. 8 Å between dopants.

Over the recent years, the MAS DNP community has conducted several fruitful studies using endogenous metal ions dopants such as iron Fe(III), manganese Mn(II) and gadolinium Gd(III) to facilitate the characterization of electrode and battery materials with DNP, led by the pioneering contribution of Leskes, Grey and co-workers [151,154]. Most of this work focuses on lithium titanium oxide (LTO) of generic formula Li 4 Ti 5 O 12 , where 6 Li, 7 Li and 17 O are the nuclei of interest.

Their group first examined Mn(II) and Gd(III) doped LTO in static and obtained a 14-fold 7 Li sensitivity boost with 0.5% and 1% doping respectively, paving the way for significant sensitivity gains for nuclei with even lower gyromagnetic ratios [155]. They then applied such Mn(II) doping to a series of similar anode materials, combining DNP with MAS. Following the enhancements obtained on 6 Li and 7 Li resonances as a function of dopant concentration, they established that the previously mentioned composition stands as an overall optimum to hyperopolarize lithium in LTO, yielding respectively 142 and 24-fold gains [156]. The shape of the NMR spectra recorded also varies significantly with the Mn(II) ion concentration, with quenching over a 10 to 14 Å radius observed for the highest dopant contents. This is detrimental for sensitivity but can at the same time be exploited to highlight different lithium resonances and their spatial distribution. The authors also obtained 17 O hyperpolarized signals and noted that the mechanism of polarization transfer to these very low abundance nuclei is still unclear. It could not only originate from direct DNP but also be mediated by the more abundant 7 Li bath, although any conclusion on non-enriched samples is rendered difficult by the extremely long polarization build-up times of 17 O. Leskes and co-workers later introduced Fe(III) as another dopant in LTO, which is of particular relevance as it not only is included in a very symmetric spinel environment and produces large SE DNP enhancements (up to 180-fold on 6 Li at 9.4 T) but is also electrochemically active in the cycling conditions of the electrode material, therefore offering a way to monitor its activity by following changes in the enhancement [157]. This study also showed that Fe(III) was efficient at SE DNP over a wide range of dopant concentration, which led the researchers to investigate this mechanistic behaviour.

In a following paper, they carefully derived theoretical expressions and conducted spin dynamics simulations assuming that the nuclear relaxation was dominated by the PRE effect induced by the added polarization source [158]. Under this hypothesis, they show that the distance dependence of the electron-nucleus dipolar coupling and the nuclear paramagnetic relaxation time cancel out, resulting in an abitily to spread the same level of steady-state polarization across the sample regardless of the distance between the PA and the target. This is also corroborated experimentally by measuring 17 O enhancements as a function of Fe(III) content in doped LTO. This allows efficient direct hyperpolarization of insensitive nuclei through the bulk of a doped material, broadening the scope of applications of endogenous metal ion PAs. A very recent paper by the same authors shows that the nuclear relaxation parameters can be, in that context, related to the electronic relaxation time of the dopant, such as Mn(II) or Fe(III). Quenching and enhancement factor intensities vary as a function of dopant content and can be mapped by following the nuclear T 1 and T 2 , which reflect the decrease in T 1e with the increasing dipolar coupling between unpaired electron spins at higher concentrations [159].

Similar approaches have been deployed for the study of different materials such as cathode coating layers [160]. In this case, an approach combining endogenous Fe(III) doping and exogenous introduction of AMUPol enabled to probe complementary information about both the bulk and the interface of active particles and to gain structural insights on the role and composition of their Li x Si y O z coating layer. This method also enables multi-nuclear characterization (here probing the lithium and silicon distributions across the particles). Metal-doped oxide glasses, such as lithium borates, lithium silicates or zinc phosphates, were also successfully characterized by Pruski and co-workers using either Mn(II) or Gd(III) dopants [161]. The authors noted a consistently better performance from Gd(III) dopants, attributed to the higher fraction of spins efficiently irradiated in the DNP process. Finally, challenging 89 Y-89 Y correlations were obtained in yttrium-doped ceria via endogenous gadolinium doping, which pave the way to atomic level understanding of ionic conductivity in solid electrolytes [162].

Chapter 4

Rational design of efficient binitroxide radicals for high field

MAS DNP

This chapter gathers original research work conducted during this PhD thesis on new series of binitroxide-based radicals. It is devided into 4 main sections, organized as follows:

• New mono-and biradicals are introduced in the bTUrea series with constrained local geometry around the nitroxide moieties. The DNP performance of these PAs is evaluated and the critical role of this new design parameter is highlighted.

• A series of binitroxide radicals with a short tether, dubbed TinyPols, is introduced. Their DNP performance is evaluated and their efficiency at high magnetic fields is related to their structural properties.

• After evaluating a first set of TinyPols, refined PA structures are proposed to implement the benefits of both previous design strategies, as well as intrumental upgrades, yielding a new record of efficiency at 18.8 T.

• Miscellaneous attempts at alternative binitroxide designs are evaluated, mostly screening bTbK-like radicals targeting organic solvents.

Effect of the local geometry around the unpaired electron in binitroxide radicals

This section is largely based on the following publication [163]: Over the last decade, a number of design criteria for efficient PAs have been identified and implemented, as described extensively in the bibliographic chapters of this thesis. More precisely, for nitroxide biradicals, a sizeable magnitude of the electron-electron interactions [83], a rigid linker enabling well-defined relative orientations within the biradical [87], and large bulky substituents on the nitroxide ring providing long electronic relaxation times [97,98] have all been identified as key criterions for efficient MAS DNP at intermediate fields. For water-soluble binitroxide PAs, these findings culminate into AMUPol [99] and PyPolPEG2OH [103] that yield 250 to 300-fold enhancement factors in a frozen water/glycerol mixture at 9.4 T and 100 K. Yet, despite this intense development, the best performing radicals currently deliver on themselves 1 H DNP enhancements that remain below 50% of the expected theoretical maximum.

G
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Room temperature EPR parameters

Room temperature X-band (9.4 GHz, 0.35 T) CW EPR experiments were performed on 100 µM solutions of radicals (1) to (12) in either TCE or water as reported in figure 4.2 (third column). All of the biradicals show a complex splitting pattern resulting from an interplay between hyperfine coupling (A iso ) to the 14 N of the nitroxide and exchange interaction (J) between the two unpaired electrons. The solution-state EPR data were then fitted assuming a Gaussian distribution. with conformations characterized by |J| > A iso in (3) that are absent for [START_REF] Duer | Introduction to Solid-State NMR Spectroscopy[END_REF]. Low temperature echo-detected EPR spectra are also consistent with weaker and better-defined J coupling for O-MAMUPol (2) and stronger and broadly distributed J couplings for C-MAMUPol (3). For OC-MAMUPol (4) the Heisenberg exchange interaction dominates the hyperfine coupling (|J| > A iso ).

HydrOPol (5) and O-PyPolC 6 OH ( 7) are in a similar regime to (2), while C-HydrOPol (6) and C-PyPolC 6 OH (8) have |J| ≫ A iso , with a relatively broad distribution of J values. The EPR spectra of the mononitroxides are all characterized by a 1:1:1 triplet resulting from the hyperfine coupling (A iso ) to the 14 N, with similar fitted values from ( 9) to (12). In C-MbPyTol (12) each line is further split, which is attributed to a hyperfine interaction between the electron spin and two axial or equatorial proton spins of the central ring. PAs due to their structure tailored for aqueous DNP matrices. Indeed, the different conformations assumed by these radicals in TCE and the propensity of the urea-based binitroxides to interact via hydrogen bonds explain the lesser results in organic solvents, as reported in reference [102]. as expected, to ca. 10. This enhancement was however still found to be three times higher than that of its closed analog (6). It can be noted that the very modest enhancement values here could explain partially why the almost 10-fold difference between O-and C-is reduced here. A similar difference is maintained also at a 2 mM concentration in the same solvent, indicating similar magnetic interactions for these radicals in solution over the concentration range used in this study. Here it should be mentioned that the very large J value distributions estimated for some closed conformers from their solution state EPR spectra at room temperature could result from instantaneous contacts between binitroxides which are not likely to happen in frozen solution at such reasonable concentrations. Measuring the J values and their distributions through a multifield EPR study would be beneficial to completely rule out the effect of this interaction on the DNP performance. Interestingly, the open conformer HydrOPol was nonetheless found to overperform AMUPol both at 9.4 and 21.1 T in this work.

MAS DNP performance of the O-and C-monoradicals

In order to exclude that the difference in the MAS DNP enhancement between O-and C-conformers is exclusively J-related, monoradicals -where intramolecular exchange interactions are absent -were investigated. The open monoradical O-MbPyTol (11), at 20 mM, 9.4 T and 100 K, yields an impressive 119-fold enhancement, which is a new record for mononitroxides, and which amounts three times than that of its closed analogue C-MbPyTol (12), only 41-fold in a DMSO/water mixture. This trend is also confirmed by the relative performances of ( 11) and (12) in TCE and in a glycerol/water mixture, always largely in favor of the open conformer. Both open and closed monoradicals had in addition a similar concentration dependence of their enhancement in DMSO/water [163], discarding the hypothesis of a different contribution from intermolecular CE between the two conformers.

Finally, despite a comparatively poorer enhancement for all of the investigated C-radicals ((3), ( 6), ( 8) and ( 12)), they may still be interesting candidates in applications performed under reducing conditions such as in-cell DNP. In DMSO/water there is no sizeable difference between the saturation factors of ( 2) and (3). In TCE, the saturation factor of C-MAMUPol (3) is a factor two larger, which does not correlate with its much lower MAS DNP enhancement. This surprising result indicates that the electronic relaxation properties do not explain the difference in performance between O-and C-conformers.

Proton distribution map

The presence of methyl groups in the proximity of the unpaired electron acts as an electronic relaxation sink [164] and is therefore thought to hamper MAS DNP performance. Methyl groups, which still undergo fast rotation at 100 K, also act as nuclear relaxation sinks, and this is known to be detrimental for MAS DNP [73]. Here, deuteration of the methyl locking groups in the monoradical [START_REF] Rossini | [END_REF] results in a ca. 10% greater enhancement as compared to (11) The good performance of TinyPols is mostly attributed to the effect of a stronger dipolar coupling between the two unpaired electrons as well as a favorable distribution of J couplings within the conformational ensemble explored by the biradical. This work breathes a new momentum into the design of binitroxides tailored towards high magnetic fields, and the potential of these radicals has already been illustrated with several applications [166,167].

TinyPol structures

Recent radical design studies highlighted the critical role of electron-electron couplings in achieving high enhancements at magnetic fields above 9.4 T. In particular, the ratio between ω( 1 H) and D + |J| modulates the efficiency of the CE mechanism and therefore the electron-electron distance Chapter 4

New efficient binitroxides for high field DNP has to be tailored to the proton Larmor frequency as discussed previously. This has led to explore in this study binitroxide radicals having a shorter linker length than AMUPol. The average distance between the two free electrons in this series is estimated to be ca. 10.4 Å, versus 11.6 Å in AMUPol, hence their name "TinyPol"s. This distance was evaluated from molecular dynamics simulations conducted on an ensemble of conformations for the TinyPol radical.

The dipolar coupling between the two unpaired electrons was then calculated via the point dipolar approximation, using the average ⟨ 1 r 3 ⟩. This estimation yields a 47 MHz dipolar interaction for TinyPol versus 33 MHz for AMUPol [99]. While the reduced distance between the electrons leads to an increase in the magnetic dipolar coupling in TinyPols, their isotropic J coupling is expected to be similar to that of AMUPol, around ca. 30 MHz. This will be later confirmed in the detailed analysis of the X-band EPR spectra for the biradicals in the series. Overall, the total magnitude of Chapter 4

New efficient binitroxides for high field DNP magnetic interactions is indeed higher in TinyPols than in AMUPol while remaining on the same order, in line with the theoretical requirements for more efficient PAs at high magnetic fields. The bulky substituents added onto the nitroxide moieties were chosen in order to preserve long electronic relaxation times, in line with previous work on bCTbK and PyPol derivatives [98,102,103].

At first, when testing TinyPol, the original radical in the series, reproducibility issues were arising for 10 mM solutions. The assumption was made that TinyPol was only soluble up to 5 mM, hence the DNP results reported only at this concentration for this radical. The limited solubility of TinyPol was later confirmed quantitatively by a series of EPR experiments on samples of precisely known concentration, displayed in figure 4.7. This curve is linear up to 5 mM, confirming that TinyPol is soluble up to that point, but then plateaus, validating this value as a solubility threshold. The other PAs in the series, such as TinyPol-diOH or TinyPol-PEG2, were later iterations containing more water-compatible groups and successfully designed to increase the solubility of the original TinyPol. Interestingly, TinyPol-rev, despite having a very similar structure to TinyPol, except for its linker, was perfectly soluble at 10 mM. The precise reason why this subtle change affects the solubility so much is still not clear. M-TinyPol, finally, is the open version of TinyPolrev, in the sense of the O-/C-conformers discussed at the previous section. This PA was also very soluble at all the concentrations investigated here. 

MAS DNP performance of TinyPols

Enhancements at 18.8 T

The MAS-DNP performance of TinyPols was first measured at 18.8 T for all the radicals in the series and compared with that of AMUPol in DNP juice. The proton enhancement factors (recorded at a spinning frequency of 40 kHz) are reported in figure 4.6 for those six radicals. Apart from TinyPol, they could all be measured at a radical concentration of 10 mM, which was found to be optimal for both AMUPol and M-TinyPol (plot shown in panel a of figure 4.8). M-TinyPol, the best radical in this series, as well as AMUPol, the reference polarizing agent, were both measured at Comparing M-TinyPol and AMUPol at 10 mM, at a MAS rate of 40 kHz, an enhancement factor of 90 was obtained for 10 mM M-TinyPol, corresponding to an increase by a factor 1.7 when compared to AMUPol. This enhancement is the largest enhancement factor reported so far in the literature for a binitroxide PA at this magnetic field. Interestingly, at 10 mM, the enhancement profile of M-TinyPol is relatively flat, which hints towards little to no depolarization loss under fast MAS. The great performance of TinyPol and M-TinyPol over AMUPol correlates with their increased electron-electron magnetic couplings, notably due to the shorter distance between the two electrons.

Overall sensitivity at 18.8 T

The improvement in enhancement observed from the TinyPol series is very promising. However, as highlighted in the introduction, DNP formulations with binitroxides may be subject to significant signal loss due to the well-documented depolarization effects that accentuate with increasing spinning frequencies. In these conditions the DNP enhancement factor alone is not a realistic indicator of the overall sensitivity gain. For 10 mM AMUPol in DNP juice, depolarization leads to a signal attenuation up to 50% at 40 kHz MAS and 18.8 T [116].

Contribution factors were therefore measured for both TinyPol and M-TinyPol at concentrations of 5 and 10 mM, respectively, as reported on figure 4.10. These factors were calculated as the ratio of the NMR signal intensity (per unit of mass) of a doped frozen solution divided by the NMR signal intensity (per unit of mass) of the undoped DNP juice solution, both measured in the absence of microwave irradiation. Thus, they encompass the ensemble of paramagnetic effects that will lead to a signal loss from the introduction of the radical in the DNP formulation, including both depolarization and paramagnetic bleaching effects. The contribution factor of 5 mM TinyPol and 10 mM M-TinyPol solutions in d8-glycerol/D 2 O/H 2 O (60/30/10 v/v/v) at 18.8 T were found to be suprisingly almost flat, within error, with values comprised between 0.85 and 0.73 for TinyPol and between 0.7 and 0.6 for M-TinyPol (figure 4.10). The 5 mM solution exhibiting less bleaching as expected. The MAS dependence of the contribution factor suggests that depolarization effect are mitigated in TinyPols, which is again in line with their stronger electron-electron magnetic interactions. This represents a sizeable improvement with respect to AMUPol, which in turn leads to a significant increase in the overall sensitivity gain as the polarization build-up times are sensibly equivalent for both AMUPol and TinyPols. of TinyPol radicals at a high magnetic field of 18.8 T. In particular, M-TinyPol provides an improvement of a factor 2.5 in overall sensitivity gain with respect to AMUPol at 18.8 T. In order to demonstrate that, regardless of the definitions of the overall sensitivity gain in the litterature, as well as independently from the choice of polarizing matrix for such tests, TinyPols are intrin-sically very efficient polarizing agents, another set of experiments was also conducted with a 5 mM TinyPol solution in DNP juice in presence of 2 M 13 C-labelled urea. As reported on figure 4.12, the depolarization factor ϵ DEP O , i.e. the part of the contribution factor only accounting for depolarization, normalized to the bleaching factor at the smaller MAS frequency, as well as the Boltzmann enhancement factor ϵ B , i.e. the product of the ON/OFF enhancement with ϵ DEP O , for either direct of CP-detected proton hyperpolarization, were recorded. These conditions were chosen to replicate exactly those used by De Paëpe and co-workers in their work introducing the AsymPol family [119]. The data was recorded at both 108 K (lowest achievable) and 125 K (similar to the AsymPol conditions). In every case, the significantly larger Boltzmann signal enhancements ϵ B recorded here demonstrate clearly that TinyPols are more efficient polarizing agents, leading to superior overall sensitivity gains. Notably, for AsymPolPOK, a value of 24 was reported for ϵ B at 125 K and 8 kHz MAS, while TinyPol yields ca. 60-fold in the same conditions. 

Field dependence of the DNP performance

The same study has been performed at 21.1 T using a 3.2 mm probe, ranging from 4 to 12 kHz MAS. The data reported in panels (c) and (d) from Figure 4.9 display the MAS frequency dependence of the DNP enhancements for various concentrations of M-TinyPol and 10 mM AMUPol in d8-glycerol/D 2 O/H 2 O (60/30/10 v/v/v), measured on the 13 C resonances of proline from CPMAS experiments. They show that TinyPol radicals consistently outperform AMUPol at this field, with a maximum enhancement factor of 38 achieved for M-TinyPol at a concentration of 10 mM and 4 kHz MAS, corresponding to an increase by a factor 2.5 when compared to AMUPol.

A similar investigation was also conducted at 9.4 T using a fast MAS probe to compare Tiny-Pols to AMUPol at the field where the latter is optimum. Enhancements as well as corresponding overall sensitivities at this field are reported on figure 4.11. It can be noted that all biradicals exhibit a sharp decrease in enhancement going from 9.4 T to 18.8 T and above, in agreement with the known severe field dependence of CE. Thus, the enhancement produced by a 5 mM TinyPol sample in DNP juice drops by around 68% when magnetic field is doubled, versus 85% for AMUPol under the same experimental conditions. Similar trends were observed for M-TinyPol at concentrations of 5 and 10 mM. At 9.4 T, AMUPol performs significantly better than TinyPol radicals at all the concentrations investigated. This trend holds true when overall sensitivity gains are computed at this field.

These combined results at 9.4 and 21.1 T supplement the experimental evidence that the design of TinyPols is particularly well-adapted to produce efficient DNP at the highest magnetic fields available so far. The benefits of TinyPols at high fields are clearly visible in the representation on panel (b) from figure 4.11. These observations corroborate that there is an optimum value for the electron-electron coupling to achieve efficient DNP transfer that will differ at each magnetic field strength. Here, the relatively strong electron-electron dipolar coupling in TinyPols (47 versus 33 MHz for AMUPol) promotes an efficient CE polarization transfer at very high fields. the highest being recorded for AMUPol and the lowest for M-TinyPol, which is expected due to the presence of the methyl groups on this PA, that still undergo rotations at 100 K and induce transverse relaxation. All the T M values remain however of the same order of magnitude for the three radicals. Therefore, saturation factor is expected to be fairly similar for the three radicals, and is not the discriminating parameter explaining their different performances.

Rationalization of the DNP results

W-band relaxation measurements
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New efficient binitroxides for high field DNP Conformations and J coupling distribution within TinyPols Continuous-wave EPR spectra of 1 mM solutions of TinyPols in DNP juice have been recorded at X-band (9.4 GHz) and are reported in figure 4.13(b). They display relatively broad features indicating a modulation of the J coupling by intramolecular motions, in line with a recent study [117] highlighting that conformational dynamics is the source of the distribution of J coupling in binitroxide polarizing agents. In TinyPols the short linker between the two nitroxide moieties is flexible, leading to a distribution of rotamers. Molecular dynamics conformational searches show that TinyPol samples a relatively large bundle of conformations, as depicted on figure 4.14 (panel a), yielding a distribution of electron-electron distances (panel b) and angles between the two nitroxide g-tensors (panel c), with a high occurrence of conformers having an inter-electronic distance of around 1 nm, and a relative nitroxide plane orientation in the range of either 0 to 30 • or 90 to 130 • .

It can be noted that this high flexibility does not seem to hamper the DNP performance of TinyPol. This predicted conformational distribution translates into a distribution of calculated isotropic J values via broken symmetry DFT on 100 extracted structures. This distribution, for TinyPol, is mostly centered around coupling values of a few tens of MHz, with a sizeable contribution of conformers with near zero couplings and also a fraction of them with couplings around ca. 100

MHz. The solution-state EPR spectra were thus fitted using three isotropic exchange coupling values with variable weights, as a three-component fit was needed to reproduce the features of the experimental spectra. With the notable exception of TinyPolPEG2, three values centred roughly around 0, 30 and 120 MHz were found to yield satisfying fits for all TinyPol radicals. The differences in the distribution of exchange coupling values within the series could partly explain the discrepancies in enhancement factors observed in the DNP experiment. In particular, the EPR spectrum of TinyPol-PEG2 was fitted using only two J coupling values at around 0 and 120 MHz. This is in contrast with the other radicals that display in addition a contribution at around 30 MHz. This order of magnitude for the coupling, as discussed above, is expected to be particularly adapted to produce efficient DNP at the targeted magnetic fields (18.8 T and above). The absence of this component for TinyPol-PEG2 likely explains the poor DNP performance of this radical. It should be noted however that the distribution of conformations observed in solution will change at cryogenic temperatures, in a way that will depend on the freezing history of the sample. While the EPR data recorded at room temperature should thus be interpreted with care, they nevertheless provide a useful insight into the range of accessible J coupling for a given polarizing agent.

These results overall further highlight not only the critical role of the electron-electron coupling strength in the DNP transfer efficiency, but also the need for optimized electron-electron interactions for each magnetic field, which can be tailored by the choice of the linker length and structure. At 10 mM in DNP juice, M-TinyPol performs remarkably well, but at 5 mM, TinyPol remains the most efficient PA amongst the two at 18.8 T. This makes it difficult to rationalize their relative efficiencies. What can be said however is that TinyPol-rev at the same field and at 10 mM, yields a 75-fold enhancement factor while M-TinyPol yields a 90-fold enhancement in the same conditions. This comparison is easier to make as the only difference here is that M-TinyPol is none other than the O-conformer corresponding to TinyPol-rev. The sizeable improvement from going to a mixture of rapidly exchanging conformers to a purely open form confirms in this study that the optimizing the local geometry around the nitroxide moiety can be beneficial to the overall DNP performance [163]. 

DNP applications with M-TinyPol

To demonstrate the efficiency of M-TinyPol on an actual material of interest, an impregnation was realized on a hybrid mesostructured silica material and DNP SENS experiments were conducted. Over the last decade, DNP SENS has been developed into a powerful and versatile way to investigate surface structure at the molecular level [74]. While higher fields would be beneficial in many areas of materials science, very few detailed DNP SENS studies have been reported so far at very high fields above 18.8 T. Here, a proton enhancement of 45-fold was achieved on an organic fragment grafted at the surface of the silica, versus 28-fold for a sample prepared with a solution of AMUPol under the same experimental conditions of field, solvent and concentration.

One-dimensional 1 H- 13 C CP and two-dimensional 1 H-13 C HETCOR spectra could therefore be acquired with excellent resolution and an additional 2.6-fold time saving due to the choice of an efficient PA tailored for DNP at high magnetic fields.

Two other studies have already been published in the literature to date exploiting M-TinyPol as a polarizing agent of choice for challenging biological DNP applications. First, Jaudzems and co-workers have conducted a very detailed characterization viral capside assemblies at a magnetic high field of 18.8 T [166], which benefited from a 40-fold sensitivity improvement thanks to M-TinyPol. Very recently, Griffin and co-workers also used the same PA to obtain very high quality and high resolution DNP data at that field on amyloid fibrils, achieving an unprecedentedly narrow 13 C signal linewidth [167]. M-TinyPol is now commercially available to the MAS DNP community, which will hopefully enable more achievements in structural biology helped by highly sensitive DNP-enhanced high field solid-state NMR.

Conclusions

A new series of water-soluble binitroxides dubbed TinyPols was introduced, tailored for DNP at very high magnetic fields thanks to their shorter tether length and therefore higher electron-electron dipolar interaction. The efficacy of these polarizing agents is demonstrated at 18.8 T and 21.1 T, where TinyPols significantly outperform the reference radical AMUPol. With the best radical in this series, namely M-TinyPol, in a glycerol/water mixture, 90 and 38-fold enhancement factors are obtained at 18.8 and 21.1 T respectively. Additionally, depolarization effects are reduced at fast MAS in these binitroxides, while favorable AMUPol-like electron relaxation times are preserved.

Since the introduction of bTbK, binitroxides have been designed with a rigid organic tether in order to constrain heavily the orientation of the two nitroxides. A rather unexpected aspect of this work resides in the experimental observation that the presence of a flexible linker is not a major obstacle to obtain high DNP enhancement factors. While much remains to be understood to depict accurately the ensemble of DNP-active conformers at 100 K in a frozen glassy matrix, this work suggests that at very high field the electron-electron couplings play a more crucial role than the relative nitroxide g-tensor orientation. This establishes priorities in the structural design of new polarizing agents.

Further tuning of the short linker in TinyPol-like radicals, for example by introducing new heteroatoms or by adding some conjugation in the backbone to adjust the electron couplings to their Goldilocks values is envisioned. Given that the particular efficiency of M-TinyPol may also be due partly to the O-conformer selected here, further investigation of the local geometry around the nitroxide in TinyPol-like radicals is also planned, and will be the subject of the next section in this chapter. As demonstrated in this study, TinyPol and M-TinyPol provide a 2-fold improvement in the overall sensitivity gain with respect to AMUPol, which will open new avenues for applications that are still impractical with current polarizing agents at very high magnetic field due to sensitivity limitation, such as the few ones already conducted [166,167].

Rational design strategies within the TinyPol series

As seen in the previous section, the TinyPol series is promising for efficient MAS DNP at high magnetic fields (18.8 T and above). The goal of this follow-up section is to find new design criteria to push the efficiency of TinyPol-like radicals towards the theoretical maxima. These results are unpublished yet.

Optimized microwave penetration yields higher enhancements

Prior to presenting attempts at further modifying the structure of TinyPols, it can be noticed that in figure 4.9, while TinyPols clearly outperform AMUPol both at 18.8 and 21.1 T, the enhancement values reported vary considerably for each biradical from one magnetic field to another (considering panel a versus c and b versus d). This dramatic difference, largely superior to an expected discrepancy due to the change in magnetic field, comes from the fact that the data at 18.8 T was acquired in a 1.3 mm LTMAS probe while the data at 21.1 T was recorded in a 3.2 mm probe.

The nature of the LTMAS probe as well as the waveguide used for DNP are key features that can be not only system-specific, but also influence the results significantly [58]. Different rotor diameter sizes lead to different stator geometries, where the homogeneity and strength of the microwave irradiation is not achieved in the same manner, with usually a better penetration and higher B 1 field obtained for smaller diameters, as illustrated in finite element simulations included in the work by Wisser and co-workers [134].

To provide such a comparison with the previously discussed data on M-TinyPol at 18.8 T, a typical 10 mM solution of this radical in DNP juice was measured in a 3.2 mm LTMAS probe at 18.8 T. The results are provided on figure 4.15, with respectively 62 and 90-fold enhancements for the 3.2 and 1.3 mm standard designs. The 1.3 mm stator comprises a lens to focus the microwave beam which results in a 50% increase in B 1 field, as can be seen in finite element simulations presented on figure 4.15(b). This improved microwave distribution and mean value translates into a concomitant ca. 50% increase in enhancement between these two probes. The 1.3 mm probe with a singular lens is the one used for most of the fast MAS DNP experiments presented in this thesis, unless stated otherwise.

As briefly mentioned in the instrumentation section of Chapter 1, a modification proposed by Purea and co-workers [61] was recently implemented on the latter 1.3 mm LTMAS probe, adding a mirror at the back of the stator and a pseudo-waveguide to significantly improve the microwave penetration in the rotor. A similar finite element simulation highlights the impact of these modifications. In agreement with the predicted improvement in B 1 field strength and homogeneity, the graph on figure 4. 15(a) shows that the enhancement obtained with the same M-TinyPol solution in otherwise similar conditions jumps to 124-fold, hence a ca. 35% improvement in the DNP performance thanks to this upgrade. A similar gain was also observed on AMUPol.

Interestingly, the microwave power requirement was reduced after modification, which in turn minimizes sample heating in the microwave ON experiment. To obtain the best CE with M-TinyPol, applying microwave powers of ca. 12 W is now sufficient, instead of ca. 20 W before probe modification. For reference, AMUPol only requires ca. 7 W with the new design. All other new TinyPol-like biradicals tested with this improved design yielded their maximum enhancement upon irradiation with microwave powers of ca. 12 W.

Finally, a 0.7 mm LTMAS probe for DNP at 18.8 T was installed and tested briefly. The same optimal design being implemented in this probe, and the rotor size being further reduced, an identical solution of M-TinyPol yielded an impressive 185-fold enhancement factor at 65 kHz MAS with this system (requiring a ca. 15 W microwave irradiation). This gain is on the same order of magnitude as the typical gains obtained routinely at intermediate magnetic fields, which is very promising for DNP applications at high fields and under fast MAS. 

Linker rigidity, accessible conformations and DNP performance

The short and unconstrained tether in TinyPols generates a high flexibility in these baradicals, as illustrated by the ensemble of conformations computed via MD and by the distribution of orientations between the two g-tensors displayed in figure 4.14. Even though this flexibility does not seem to be a major hindrance to the performance of TinyPol and M-TinyPol, reducing the width of this angular distribution while maintaining a mean value corresponding to the nearorthogonal conformations could be beneficial as it would maximize the g-tensors distance [95]. It is however not straightforward to relate the changes in angular distributions to the changes in J coupling distributions, which is another key parameter in the DNP performance of PAs. It should be noted that TinyPol itself was not soluble at 10 mM or higher concentrations. More radicals with a constrained linker were investigated, the structure of which is diplayed in figure 4.17, dubbed respectively TinyPol-CD 3 in (a), O-TinyPol-CD 3 in (b) and TinyPol-mesyl in (c).

The deuteration of the methyl group of the linker was motivated by the subsequent lengthening of the DNP build-up times which was expected to allow for a higher polarization level to be established in the bulk of the frozen glycerol/water matrix. The open (O-) conformer of this radical was also prepared in order to benefit from the associated higher solvent accessibility, as illustrated in the previous sections of this chapter. The bulky mesyl group was also expected to lock efficiently the conformation of the TinyPol-like radical. It can be seen that the performance of TinyPol-CD 3 mimics that of TinyPol-CH 3 , with similar enhancement factors ranging between 30 and 50-fold across the concentration range. Build-up times are significantly longer as expected due to the deuteration of the methyl group and subsequent removal of polarization sinks. Interestingly, the enhancement factor for this radical is also higher at the lowest concentration tested, namely 5 mM, might indicate an aggregation or solubility issue for 10 mM solutions and above. indicating that this PA was not suitable for efficient DNP at high magnetic fields. This is most likely due to the combined poor solubility of this radical in aqueous solutions and unfavorable conformations or adducts that could be formed in solution (not further explored).

With the combined effect of the deuterated methyl group on the linker and the open conformation on one side of the molecule, the performance of M-TinyPol is matched by O-TinyPol-CD 3 , which has a structure that is derivated from the TinyPol scaffold instead of the rev-TinyPol. However, none of these constrained biradicals provide an improvement over M-TinyPol, illustrating that a flexible linker is not a hindrance to the DNP performance in TinyPols. This parameters does not seem to govern the efficiency of these PAs at high magnetic fields.

Attempt at a concentration calibration via EPR

In order to investigate the potential solubility issues suspected for TinyPol-CH 3 and alike, an attempt was made, in collaboration with Lorenzo Niccoli, to establish a calibration curve for mM, excluding a solubility issue for this radical. Thus, the poor performance of this PA at higher concentrations is tentatively attributed to a potential aggregation of the radical upon freezing.

This would require an in-depth EPR study of the sample freezing history for confirmation. Except for TinyPol-CH 3 , which is structurally close to TinyPol, this method could not be applied to other Chapter 4

New efficient binitroxides for high field DNP radicals in the series as the resulting estimates for concentrations were aberrant. This dramatically limits the applicability of this EPR calibration as having only one radical in the family as standard does not suffice. Significant structural differences may result in different relaxation behaviours or interactions between radicals, specifically at high concentrations, which hamper the reproducibility and consistency of this method. Another practical issue is the systematic positioning of the rotor inside the EPR tube in order to always detect the same volume for each experiment. This could be corrected by designing and 3D printing a holder that would constrain the position of the rotor inside the tube. From a preliminary analysis of the solution state X-band EPR spectra of these new TinyPols (not shown, fitting in progress), their distribution of J couplings is expected to be similar to that of M-TinyPol, determined in figures 4.13 and 4.14, hence not influencing their relative performances. 

DNP performance and absence of correlation with electronic relaxation

The DNP performance at 18.8 T of these new TinyPol-like biradicals is summarized in table 4.2 for 10 mM solutions in DNP juice. This dataset was acquired using the upgraded 1.3 mm probe design with optimized microwave penetration and field strength, which was shown above to bring a ca. 30% improvement in enhancement for AMUPol and M-TinyPol. Here, TinyPol-NH underperforms AMUPol in these conditions, yielding a similar enhancement factor at 40 kHz MAS but a longer polarization build-up time, as well as a lower enhancement factor at 20 kHz MAS, despite its long electronic relaxation times and subsequent high saturation factor (ca. 2000 µs 2 , on the same order as that of AMUPol).

The addition of bulky chains to the cyclohexyl groups, in the vicinity of the nitroxide unpaired electron, yields to sizeable 110-fold enhancement factors at 40 kHz MAS for TinyPol(OH) 4

and O-TinyPol(OH) 4 . The build-up times for these polarizing agents is up to 50% shorter than of M-TinyPol, most likely due to the presence of more relaxing protons on the additional chains as well as on the methyl groups in the open conformer O-TinyPol(OH) 4 . Thus, the latter could be used instead of M-TinyPol to maximize the overall sensitivity in some applications. Interestingly, while TinyPol(OH) 4 has a higher saturation factor than that of TinyPol, this is not the case for O-TinyPol(OH) Overall, as reported on figure 4.22, there is an absence of correlation between the proton enhancements achieved with 10 mM solutions of these radicals in DNP juice at 18.8 T under 40 kHz MAS and their mean saturation factors. This result is rather unexpected with respect to previous knowledge gained on PA design in systematic studies at intermediate fields [98,102]. At high magnetic fields, and as long as the electronic saturation is efficient enough -this threshold being lowered by the more efficient equipment described above and recently installed in the LTMAS probe statorit appears that the DNP performance of binitroxides is not governed by their electronic relaxation behaviour. Additional EPR experiments conducted at higher frequencies may further confirm this statement. This absence of correlation is also observed when factoring in the nuclear relaxation, into the so-called relaxation factor R = T 1e × T 1e × T b , in contrast with the results established by The interpulse delays were adequately chosen to suppress any modulation from protons, hence the modulation of the echo decay only pertains to the hyperfine couplings with neighbouring deuterium in this experiment. The calculated solvent accessibility parameters can thus be interpreted as a measure of the mean number and distance of deuterium in close proximity to the nitroxide electrons.

Table 4.3 gathers the extracted modulation depths and solvent accessibility parameters.

Within error, all the TinyPol-like radicals have the same accessibility to deuterium in DNP juice. This is not surprising, considering that the structural differences between biradicals within this series are less pronounced than within the open/closed conformers discussed in section 4.1.

Therefore, the differences in DNP performances between them cannot be rationalized with this parameter alone. the glycerol and the radical. Note that changes in solvation and hence in the local conformation around the nitroxide may also contribute to this result. However, such an effect is deemed unlikely as the ring conformations are well-defined in these radicals. A molecular dynamics study would be needed to consolidate this hypothesis.

Radical

Critical role of the local proton density in the DNP performance

In DNP juice, the DNP matrix used to characterize TinyPols in this study, the glycerol molecules are almost fully deuterated, although susceptible to exchange with water molecules. Hence, the ESEEM data could suggest that, within the spin diffusion barrier, given the proximity of glycerol to the radical, a large portion of the solvent volume is occupied by molecules bearing mostly deuterium atoms. The first protonated water molecules might then be distributed on a radius of a couple Angstroms, i.e. coinciding with the limits of the spin diffusion barrier.

In order to relay the hyperpolarization into the bulk, the presence of protons near the boundary of this barrier is key. In radicals such as TinyPol or TinyPol-NH, all protons from the radical are expected to lie inside the barrier. In M-TinyPol, protons on the open cyclohexyl chairs may contribute to create additional pathways for the polarization. In the new radicals with long protonated chains, such as M-TinyPol(OH) 4 , protons on the chains may be ideally located to mediate the hyperpolarization through the barrier. A tentative scheme is presented on 

Conclusions

In this section, a new series of TinyPol-like biradicals was investigated in order to establish new insights on the DNP efficiency of such PAs at high magnetic fields and guide their future design. Apart from structural modifications to the radicals themselves, the hardware has also been upgraded to maximize the efficiency of the microwave irradiation on samples in smaller diamater rotors. A modification of a 1.3 mm LTMAS probe stator to include a mirror and a pseudo-waveguide yielded stronger and more homogeneous microwave B 1 field, subsequently improving the enhancement factors obtained on AMUPol and M-TinyPol by ca. 30%.

A first design strategy was explored to rigidify the linker in TinyPols and potentially obtain a better angular distribution of the g-tensor relative orientations in these binitroxides. This was achieved by grafting a methyl group or analogous small functions on the nitrogen in the linker. DNP results however did not improve upon such a modification, confirming that flexibility in TinyPols does not hamper their DNP performance.

Long bulky chains were grafted on cyclohexyl rings of TinyPols to increase their electronic 

Attempts at other binitroxide designs for organic solvents

While the previous sections of this chapter demonstrate how binitroxides such as TinyPols can be tailored to produce efficient DNP at high magnetic fields (18.8 T and above) in aqueous formulations, such results have yet to be achieved in organic solvents. Apart from the hybrid BDPAnitroxide radicals presented in chapter 3, no polarizing agents, including binitroxides, have been reported to produce enhancement factors exceeding 13-fold, obtained with 16 mM TEKPol in 1,1,2,2-tetrachloroethane (TCE) at 18.8 T and 40 kHz MAS [134]. In this section, new binitroxides are introduced in an attempt at overperforming TEKPol in TCE at high fields and their DNP performance is evaluated (with the classic 1.3 mm LTMAS probe design, unless stated otherwise).

All the results presented in this section are (currently) unpublished.

New binitroxide radicals for organic solvents

The structures of five new binitroxides designed for DNP at high magnetic fields are reported on 

Evaluation of their DNP performance

The performance of the bTbK-like radicals was evaluated in TCE at 18.8 T and fast MAS (37 kHz spinning frequency) for concentrations of either 16 or 32 mM, which are typically used for other PAs in that solvent [98,134]. The results are gathered in table 4.5. The reference enhancement obtained with bTbK is rather poor, only 8-fold, with a relatively short build-up time, as expected in TCE. Regardless of the different structural modifications within this series or the concentration of PA, the enhancement factors remained poor, ranging from 3 to 12.5-fold. It can be noted that using a 32 mM concentration is always beneficial, as it returns higher enhancements and shorter build-up times, hence a higher overall sensitivity gain. Despite the presence of methyl groups on all these structures, acting as polarization sinks and therefore limiting the achievable enhancements, no sizeable differences were found among these PAs that could justify pursuing with a particular design and functionalizing it with bulkier groups to obtain an efficient radical for DNP at high fields in TCE. 

Conclusions

This section features a brief attempt at finding an efficient binitroxide-based PA for DNP in TCE at high magnetic fields. Despite the different design strategies envisioned, none of the tested biradicals was able to produce satisfying enhancement levels in such a matrix. Despite these negative results, this issue requires more investigation as this general lack of efficiency, irrespective from the functionalization of the radical and the slight electron-electron distance modifications implemented, could be indicating an issue of compatibility between binitroxides and TCE at high magnetic fields. While hybrid BDPA-nitroxides perform very well in TCE at 18.8 T and above, binitroxides may either adopt unfavorable conformations or suffer from an unsufficient solvent accessibility that is critical at high fields. A search for other organic solvents adapted to high field DNP also needs to be conducted.

Experimental details

Sample preparation

For simplicity, the synthesis protocols of the different binitroxide radicals investigated in this chapter are not reported here in details. They can be found in references [163,165] for TinyPol, a maximum concentration of 5 mM could only be obtained after several cycles of sonication for 20 min at 60 • C followed by vortexing for 1 min, in order to fully dissolve the radical.

Labelled proline at a concentration of 0.2 M or labelled urea at 2 M were added respectively to some formulations to either evaluate enhancements from 13 C spectra via CP or yield a reasonable signal in absence of microwave irradiation to facilitate depolarization measurements.

For DNP measurements at both 9.4 T and 18.8 T under fast MAS, ca. 2 µL of the solutions were pipetted into a 1.3 mm zirconia rotor that had been pre-packed with a small pellet of ground KBr, in order to monitor the sample temperature by following 79 Br relaxation. For the DNP measurements at 21.1 T, ca. 22 µL of the solutions were pipetted into a 3.2 mm sapphire rotor, confined with a silicon plug and a zirconia cap. small pellet of KBr coated by nail polish to prevent the salt from dissolving in the solutions was added to the bottom of the rotor.

For pulsed X-or W-band EPR experiments, roughly 60 µL of 100 or 200 mM solutions were placed into 3 mm outer diameter capillary tubes and inserted into the resonator after shock-freezing in liquid nitrogen.

MAS DNP NMR experiments

All DNP experiments were performed on commercial Bruker Avance III wide bore spectrometers, operating at 9.4, 18. New efficient binitroxides for high field DNP π 2 pulses, 24 ns for the π pulses of the detection echo and for the inversion pulse. The initial value of the echo delay was set to 400 ns and the recovery delay was incremented starting from 1 µs.

The deuterium ESEEM measurements were performed on a Bruker Elexsys E580 X-band EPR spectrometer equipped with a Bruker MS3 split-ring resonator at frequencies of approximately 9.3 GHz. The temperature of 50 K was achieved by liquid helium cooling. Three-pulse ESEEM measurements consist of the following sequence of pulses:

π 2 -τ -π 2 -T-π 2 -τ -echo.
The longitudinal electron magnetization is converted into transverse magnetization on allowed electron spin and nominally forbidden electron-nuclear spin transitions by the first π 2 pulse. During the first delay τ , electron transverse magnetization dephases and the second π 2 pulse flips most of the magnetization back to the z-axis. Part of the magnetization is converted to transverse magnetization on nuclear transitions. Longitudinal relaxation and transverse nuclear spin relaxation occur during time T and the final π 2 pulse converts longitudinal electron spin magnetization and transverse nuclear magnetization into transverse magnetization on allowed and forbidden transitions. An echo signal is observed at time T+2τ . The value of τ = 344 ns was used in order to suppress proton modulations on the ESEEM decay envelope. The second inter-pulse delay, T, had an initial value of 80 ns and was incremented in steps of 8 ns. The integrated echo intensity was measured as a function of T increment, with an integration gate of 32 ns length. The pulse lengths were 16 ns for the π 2 pulse and 32 ns for the π pulse in the echo. The intensity of the echo signal is therefore modulated by the hyperfine interaction between the electron spin and vicinal 2 H nuclei during the variable delay T, resulting in an oscillating decay as shown in figure 4.5.

In the three-pulse ESEEM experiment, the modulation depth, k D , is defined as the peakto-peak distance between the first maximum and the first minimum in the deuterium modulation.

Fourier transformation of the normalized nuclear modulation function and computation of the absolute value provides a magnitude spectrum. The intensity of the peak at the 2 H frequency is proportional to the modulation depth k D . The data were analyzed with a home-written MATLAB program. A 3rd-order polynomial background fitted to the primary data is subtracted from the primary data and the difference is divided by the background fit. The spectrum is obtained by apodization of the normalized nuclear modulation function with a Hamming window, zero filling the data to four times the original length, Fourier transformation and calculating the magnitude spectrum. The water accessibility parameter is defined as:

Π(D 2 O) = 2k D 1 -cos(2πν D τ ) × ν D 2M Hz 2
It is independent of the measurement parameters due to compensation of the choice of interpulse delay τ and the exact static field B 0 . Normalization to a standard value of 2 MHz allows for a direct comparison with data measured at different field. The deuterium modulation depth k D is obtained by a least square fit to the normalized nuclear modulation function of a damped harmonic oscillation with fixed frequency ν D , and variable damping constant and phase.

Computational aspects

In order to correlate molecular structures with DNP efficiency, molecular dynamics simulations were carried out in explicit water for the O/C-radicals, for 300 ps trajectories in a cubic box with Chapter 4

New efficient binitroxides for high field DNP about 1400 water molecules, using the GROMACS package using an AMBER force field (ff99SB), resulting in the profiles presented in figure 4.4.

Distance, angle and J values were calculated for different radicals in the TinyPol series from 100 ns MD simulations in NVT ensemble carried out at 278 K in water with the Gromacs 2019 package, using an AMBER force field (ff99SB). The molecules were embedded into a cubic box containing about 1000 water molecules. The volume of the simulation box was relaxed by performing a NPT simulation of 300 ps duration (278 K, 1 atm). Once this initial run was achieved, the simulation was then restarted in the NVT ensemble during 100 ns. Each conformer was extracted every 1 ns to ensure no correlation between the conformers.

Singlet and triplet state energies of each conformer were calculated with the Gaussian package at a CAM-B3LYP/SVP level of theory. The isotropic J values were calculated applying the broken symmetry (BS) formalism on 100 geometries extracted from MD simulations. A superfine grid and an energy threshold at 10 -10 Hartree were used to insure sufficient numerical accuracy in the calculations. The Yamaguchi equation was then used to calculate the J coupling according to:

J = E T -E BS < Ŝ2 > T -< Ŝ2 > BS Chapter 5
In search for new alternative MAS 

DNP polarizing agents

New hybrid BDPA-nitroxide radicals for high field DNP

Following up on the introduction of the HyTEK series, among which HyTEK2 yields up to 185-fold enhancement factors at 18.8 T and 40 kHz MAS, with little to no depolarization [134], this section introduces new hybrid radicals based on a BDPA tethered to a five-membered ring nitroxide. Their DNP performance is evaluated at 21.1 T and the best one is also tested at 18.8 T under fast MAS.

All the data shown here are still preliminary and (currently) unpublished. workers [132] but with a five-membered nitroxide ring instead of six-membered. This, along with its very short (three bond) linker, is meant to produce very strong electron-electron interactions.

BMPO1 (figure 5.1(b)) has the same linker length as HyTEK2 (the structure of which is reminded in figure 5.1(e)) but with an ester instead of an amide in the linker. It also has a five-membered nitroxide ring to slightly reduce the electron-electron distance compared to HyTEK2. BMPO2 (figure 5.1(c)) is analogous to BMPO1 but with the addition of conjugation on the nitroxide ring, which was shown to yield greater J couplings in the AsymPol family [119].

Chapter 5

Investigating alternative PAs BMTPO (figure 5.1(d)) has the same scaffold as BMPO1 but with a functionalized nitroxide ring, each α positions being grafted with two bulky phenyl groups. This is expected to increase the electronic relaxation times of the nitroxide moiety in BMTPO and improve its overall DNP performance, as demonstrated in the HyTEK series [134]. The dipolar coupling in BMTPO is estimated to be ca. 38 MHz (via point dipolar approximation, from an 11.1 Å interelectronic distance obtained with Avogadro using a universal force field). The average J coupling is tentatively estimated to be ca. 50 G large, i.e. over 100 MHz, based on the solution state EPR spectrum of BMTPO and a scale provided in reference [125]. Overall, magnetic interactions are expected to be stronger in this series compared to HyTEKs. 

DNP performance at high magnetic fields

Enhancement factor and build-up times at 21.1 T

The DNP performance of these new hybrid radicals was evaluated at 21.1 T using a 3.2 mm LTMAS probe spinning up to 12 kHz MAS. The specificity of this DNP spectrometer is that tuning of the microwave frequency occurs by changing the gyrotron cavity temperature instead of sweeping the main magnetic field (see experimental section for details). All radicals were easily solubilized at 32 mM in 1,1,2,2-tetrachloroethane (TCE). The results are reported in table 5.1. All biradicals present a short build-up time in TCE, which is characteristic in this solvent. Reference values for HyTEK2 measured in the same conditions by Wisser and co-workers [134] are added for comparison.

BPO yields very poor enhancement factors, less than 2-fold. This is attributed on one hand to the expected large magnetic interactions between its two electrons, as in the BDPA-TEMPO from reference [132]. On the other hand, this PA probably suffers from a detrimental relaxation behaviour, as indicated by its polarization build-up time of 1.3 s at 12 kHz MAS, significantly shorter than for the other hybrid radicals in the series.

BMPO1 yields a modest ca. 20-fold over this spinning frequency range, which is comparable to that of AMUPol in similar conditions, but with the benefit of a shorter build-up time about ca. 3.5 s. Despite the expected adequate magnitude of the magnetic interactions in this PA, its performance remains limited, most likely because of its lack of functionalization (hence shorter relaxation times). BMPO2 performs almost identically to BMPO1 despite the added double bond on the nitroxide ring. This further supports that the magnetic interactions (which are increased in BMPO2) are not likely to be the limiting factor to the performance of BMPO1 and BMPO2 here, but rather their electronic relaxation times that are shortened by the remaining methyl groups on the nitroxide moiety.

BMTPO is a much bulkier PA with four phenyl groups grafted on the nitroxide ring. Its performance is significantly better than that of BMPO1 and BMPO2, reaching a 45-fold enhancement at 12 kHz MAS, overperforming TinyPols in comparable conditions at 21.1 T in a 3.2 mm rotor. It can be noted here that the upwards trend of the enhancement factor with increasing MAS frequency observed within the HyTEK series is visible here as well, confirming that the spin diffusion behaviour for this PA can be modeled with the same source-sink approach [134]. The performance of the same solution of BMTPO was reproduced identically after five days of aging, highlighting a relative resilience of this PA in solution. The enhancement achieved with BMTPO, while satisfying, remains beneath the one yielded by HyTEK2, which could be attributed to the total magnitude of the magnetic interactions in this radical being too elevated for 21.1 T, unlike that in HyTEKs (the J coupling was estimated to be ca. 50 MHz large in HyTEK2 by Wisser and co-workers). Interestingly, the polarization build-up time for BMTPO is shorter (ca. 2.0 s), which is beneficial in terms of overall sensitivity gain.

4 kHz MAS 8 kHz MAS 12 kHz MAS Radical ϵ T b /s ϵ T b /s ϵ T b /s BPO 1.6 ± 0.1 - 1.7 ± 0.1 - 1.4 ± 0.1 1.3 ± 0.2 BMPO1 18 ± 2 3.6 ± 0.2 18 ± 2 3.5 ± 0.2 21 ± 2 3.7 ± 0.2 BMPO2 16.5 ± 2 3.1 ± 0.2 18 ± 2 3.1 ± 0.2 18.5 ± 2 3.2 ± 0.2 BMTPO 32 ± 3 2.0 ± 0.2 37 ± 3 2.0 ± 0.2 45 ± 3 a 2.0 ± 0.2 HyTEK2 b - - - - 60 ± 5 2.8 ± 0.2
a Identical value repeated after 5 days of aging inside the rotor.

b Data from reference [134]. Investigating alternative PAs a sizeable static quenching (expected in a 3.2 mm rotor filled with a frozen solution of radical at 32 mM), an absence of depolarization effect. This is in line with the results established for the HyTEK series, with HyTEK2 having a constant contribution factor of 0.7 ± 0.1 up to 40 kHz MAS [134]. This lack of depolarization is attributed to a higher probability for adiabatic electron-electron level anti-crossing events due to stronger inter-electronic interactions [40,42].

Taking into account the data from table 5. Expanding the range of investigated spinning frequencies allows to confirm that BMTPO is not hampered by depolarization effects, as seen by the almost flat behaviour of the depolarization factor, nearing unity from 10 to 40 kHz within error. Then, its enhancement is clearly increasing with MAS, further supporting the previous conclusions drawn at 21.1 T. Notably, a sizeable 100-fold enhancement factor was achieved at 40 kHz MAS with this PA. Build up times of 2.2 and 3.6 s are obtained for BMTPO at 10 and 40 kHz respectively, which is similar to the 2.2 and 3.3 s respectively for HyTEK2 in the same conditions in reference [134]. These performances are similar to those of short-HyTEK2, and beneath those of HyTEK2 at 18.8 T, indicating that the later is more adapted to that field than BMTPO, likely thanks to its Goldilocks magnetic interactions. 

Conclusions

In this section, a new series of short-tethered hybrid BDPA-nitroxide biradicals with a a fivemembered ring nitroxide were investigated as potential PAs for high field DNP. While the lack of functionalization of the nitroxide in three of them limited their performance, the best radical in the series, BMTPO, yielded a 45-fold enhancement at 21.1 T and 12 kHz MAS, as well as a 100-fold enhancement at 18.8 T and 40 kHz MAS. In conjunction with its short build-up times and absence of depolarization, BMTPO can therefore compete with HyTEK2 at 21.1 T in terms of overall sensitivity gain.

Overall, HyTEK2 remains the hybrid polarizing agent of choice for MAS DNP at the (currently accessible) high magnetic fields, i.e. 18.8 and 21.1 T, due to its adapted magnetic interactions, while those of BMTPO are slightly too high for these fields. However, it can be noted that the gap between BMTPO and HyTEK2 is getting narrower at 21.1 T, which hints at a very promising performance for the former in the context of DNP at magnetic fields at 23.5 T and above. This perspective, becoming more realistic with the recent installation of several commercial 1.2 GHz NMR spectrometers worldwide, and the progress in the design of compact microwave sources, makes BMTPO a relevant candidate PA for the future of DNP at ultra high fields. An in-depth EPR study to better characterize its magnetic interactions, as well as simulations in the spirit of those conducted by Equbal and co-workers [136], would also help further refining its design. value of the former [150]. Although Gd(dota) and Gd(tpatcn) can be used to perform DNP in biomolecular systems or frozen aqueous solution, the observed DNP enhancements remain modest when compared to nitroxide radicals in the same conditions. Hence the crucial need to fully understand how to efficiently design Gd(III) complexes for DNP, in particular to validate the trend proposed in that study predicting an inverse quadratic dependence of the enhancement on the axial ZFS parameter D, i.e. ϵ ∝ 1 D 2 (see equation 3.1). In this section, DNP enhancements at 9.4 T are evaluated for four new Gd(III) complexes, along with the measurement of their ZFS parameters, validating the robustness of this postulated structure-properties relationship. is a derivative of Gd(dota) where the four carboxylate groups are replaced by four nitrogen donor 2-pyridyl groups to assess the impact of changes in the electronic charge distribution on the Gd(III) ZFS and DNP enhancement. Gd(tbptcn), Gd(tpatcnam) and Gd(tpptcn) contain nonadentate ligands that are similar to that of Gd(tpatcn), but the terminal carboxylate groups are replaced by 2-pyridyl, ethyl amide or phosphonic acid groups respectively.

Design principles in new Gd(III) complexes for DNP

Structures of the new Gd(III) complexes

According to the XRD results (not shown), Gd(dotp) exhibits a monocapped square antiprism structure similar to Gd(dota), while Gd(tpptcn), Gd(tbptcn) and Gd(tpatcnam) all show distorted tricapped trigonal prism structures, maintaining the C 3 symmetry of the ligand observed in Gd(tpatcn). The positive charges are balanced by iodine ions and facilitate the dissolution of the complexes in water. They are soluble up to tens of millimolar concentrations in DNP juice and are expected to preserve their rigid structure upon freezing, which is promising for their application in MAS DNP. and 12 kHz MAS. This concentration was optimized previously for Gd(dota) and Gd(tpatcn). All four profiles exhibit a typical SE shape, within a range smaller than 100 ppm, with a negative peak centered at a frequency of ω e + ω1 H . The value of the highest enhancement obtained for each complex is explicitly reported on the corresponding profiles. Among the four new complexes, Gd(tpptcn) is the most efficient polarizing agent and provides a DNP enhancement of -18, comparable to that of Gd(dota) in the same conditions [150]. The other two nonadentate complexes, Gd(tpatcnam) and Gd(tbptcn), show slightly lower enhancements around ca. -13. Gd(dotp), a structural analogue of Gd(dota), performs significantly worse (enhancement around ca. -7). 

DNP performance of the new Gd(III) complexes

Field dependence of the enhancement with Gd(III) complexes

By reasoning on the orders of magnitudes, it can be said that the central transition of the EPR spectrum, which is responsible for SE in Gd(III) complexes, is dominated by ZFS. As the central transition gets narrower with increasing field, it should be easier to saturate. Therefore, accounting for equation 3.1, the enhancement should only be affected by a factor 1 √ B0 due to this increase in field. In addition, however, the SE mechanism efficiency intrinsically decays as 1 B 2 0 . Overall, the enhancement is thus expected to have a field dependence in B -3/2 0 . Table 5.2 gathers direct 1 H and 13 C MAS DNP results collected for three Gd(III) complexes both at 9.4 and 14.1 T, in otherwise similar conditions. The data at 14.1 T were acquired at ETH Zurich in collaboration with Dr. Deni Mance and Prof. Christophe Copéret. The DNP performance at higher field is reduced, as expected, however the calculated ratios are significantly lower than expected, as a dependence in B -3/2 0 would translate into a ratio of 0.54 between these two fields. Added to the high variability of this ratio between complexes and between nuclei for a given complex, this indicates that this underwhelming performance may be attributed to instrumental limitations, such as insufficient microwave power irradiation at 14.1 T. 

Gd(III

Rationalization of the DNP performance via ZFS analysis

Solid effect DNP in Gd(III) complexes involves mainly its central EPR transition (m s = ± 1 2 ), as it is only broadened to the second order by ZFS, unlike the satellite transitions severely broadened to the first order [43]. The echo-detected EPR spectra for the four new complexes in this study were acquired at Q-band and are gathered in figure 5.4(a)-(d). It can be seen qualitatively that the narrower the central transition is, the sharper the associated Zeeman field profile becomes, ans subsequently the higher the DNP enhancement at the maximum position is. The following part proposes a more quantitative approach to rationalize the performance of Gd(III) complexes based on ZFS axial D values extracted from EPR spectra.

Q-band EPR measurements of ZFS and relaxation parameters

The Q-band EPR spectra from figure 5.4 were fitted using the same procedure as applied in previous work on Gd(tpatcn), described in reference [150]. ZFS axial D values were extracted for the four new complexes, as well as the typical Gaussian widths of their distribution σ D , and the results are presented in table 5.3. The choice of a 25 µM concentration and a 10 K temperature was made to exclude any relaxation bias in the signal intensities as well as minimize the contribution from interactions between different gadolinium spins. In the case of Gd(dotp), which has two components due to its more labile ligands, only the smallest ZFS component was considered as it is the most impactful on the DNP.

Another key parameter that has been shown to govern the efficiency of the DNP in several PAs is the saturation factor of the EPR transition, in particular as SE relies on a forbidden transition. Longitudinal (T ir ) and transverse (T M ) relaxation times were thus evaluated in DNP conditions at Q-band for the four complexes. The saturation factor is then approximated to the product of these parameters. Previously, for Gd(tpatcn) and Gd(dota), identical T ir and T M were measured (0.7 and 0.3 µs respectively) [150]. Here, in the same conditions, the relaxation times of all the complexes fall within similar ranges of 0.5 to 0.8 µs and 0.3 to 0.5 µs for T ir and T M respectively, as reported in table 5.3. Gd(tbptcn) and Gd(tpptcn) show slightly saturation factors than the rest of the complexes within the series.

Note that a large fraction of the electron spins relax faster than the detection limit of echo-detected EPR spectroscopy at 100 K, resulting in measured relaxation times that represent only a fraction of the entire distribution. However, the portion neglected by EPR will also contribute less to DNP at 100 K, and therefore, measuring relaxation times via pulsed EPR spectroscopy is still an effective method to qualitatively characterize the relaxation properties of DNP polarizing agents. The similarity of the relaxation values for all the investigated Gd(III) complexes indicates that the DNP enhancements are likely not limited by the saturation of the central transition but may rather be correlated to the sizeable differences measured in their ZFS. Correlation between ZFS and DNP performance Among the seven complexes, only Gd(tbptcn) and Gd(tpptcn) have a non-negligible offset form the curve (within error). This deviation can be explained by their relatively large mean saturation factors (0.40 and 0.32 µs 2 respectively) in comparison to the other complexes, which range between 0.20 and 0.23 µs 2 (table 5.3). Consequently, in these two cases, the gadolinium central transition is better saturated and slightly higher DNP enhancements are observed, the relaxation properties being marginally influential in addition to the main contribution determined by the ZFS. 

Gd(III

Conclusions

In this work, four Gd(III) 1:1 chelate complexes were introduced and their DNP performances were evaluated at 9.4 T under MAS. Along with the NMR measurements, Q-band echo-detected EPR data were acquired and used to explore the relationship between the EPR parameters of these complexes and DNP performance. It was found that the main factor explaining the DNP performance of these PAs is their zero field splitting (ZFS) axial D parameter. A strong correlation was established, in agreement with previous theoretical predictions, showing that the enhancement factor depends on D with an inverse quadratic relationship. When the ZFS is higher, the central transition of the Gd(III) complex is broadened, leading to a decrease in its DNP efficiency. The secondary role of the electronic relaxation times was also evidenced as it enables the rationalization of small deviations from that trend.

Although none of the new complexes tested yields a higher DNP enhancement than Gd(tpatcn), the relationship established here will notably provide a rational design criterion to guide the search for improved Gd(III) polarizing agents in the future, based on their chemical structure.

Experimental details

New hybrid BDPA-nitroxide radicals

Sample preparation

1,1,2,2-tetrachloroethane (TCE, reagent grade, ≥ 98%) was purchased from Sigma-Aldrich and potassium bromide was purchased from Alfa Aesar (>99%). All chemicals were used as received if not described otherwise. Free radical solutions were prepared by dissolving the powdered compound in TCE. Samples were filled into 3.2 mm sapphire rotors and capped with silicone plugs or in 1. 

MAS DNP NMR experiments

The MAS DNP NMR experiments were performed on Bruker Avance III 800 MHz wide bore spectrometer as well as on a Bruker 900 US2 wide bore spectrometer, equipped with 1. Chapter 5

Investigating alternative PAs

For samples packed into 1.3 mm zirconia rotors, proton NMR spectra were recorded for all measurements. In order to attenuate the background probe signal, one-dimensional proton experiments were acquired using a DEPTH pulse sequence, consisting of a 90 • pulse followed by two 180 • pulses which are phase cycled according to a combined "EXORCYCLE" and "CYCLOPS" scheme. The duration of the 90 • pulse was set to of 2.5 µs (100 kHz RF field). If necessary, an additional background correction using TopSpin was applied. In 3.2 mm rotors, proton enhancements were measured indirectly on the 13 C CP signal of the solvent, as the signal of the silicon plug overlapped with that of the solvent in proton spectra. Build-up times were measured with a standard saturation recovery sequence, followed by an echo period before signal acquisition.

New Gd(III) complexes

Sample preparation

The protocols for synthesis, determination of crystal structures and stability tests for the new Gd(III) complexes introduced here are not detailed here to limit the length of this section but are analogous to those reported by Stevanato and co-workers [150] in previous work on Gd(III)-based PAs for MAS DNP, as well as in several publications from Mazzanti and co-workers.

All Gd(III) complexes were dissolved at a 4 mM concentration in DNP juice, i.e. d 8glycerol/D 2 O/H 2 O (6/3/1 by volume), with the addition of 1 M 13 C-labelled urea. About 20 µL of these solutions were placed in 3.2 mm sapphire rotors, with a few grains of nail polish coated KBr for temperature measurements. A sharpie coated vespel cap was used to seal the rotors for Gd(dotp), Gd(tpatcnam) and Gd(tbptcn) -in these cases, the proton DNP enhancements were directly measured using the 1D proton NMR spectra. In case of Gd(tpptcn), a silicone plug was used to seal the rotor and a zirconia cap was used; the proton DNP enhancement was measured using 13 C CP spectra as the proton NMR spectrum also contains the signal of the silicone plug.

MAS DNP NMR experiments

MAS DNP experiments were performed on a commercial Bruker 400 MHz DNP NMR spectrometer with a gyrotron microwave source, a low temperature cooling system, and a 3.2 mm triple resonance low temperature MAS DNP probe operating at ca. 100 K. The gyrotron was operating with the collector current set at 130 mA, which corresponds to approximately 18 W of output power on this system. Magnetic field sweep experiments were performed using the Lakeshore unit (Model 625) which tuned the magnetic field by adding extra current. Once the position of the negative maximum for SE was identified for a given complex, other experiments were performed at that optimal position. Sample temperatures of ca. 97 K and 110 K were measured under microwave OFF and ON conditions, respectively, using the 79 Br T 1 relaxation times of KBr.

Experiments were performed at a spinning frequency of 8 kHz.

Standard pulse sequences for 13 C CP and proton spin echo were used. In all experiments, pre-saturation pulse trains were applied (ca. thirty 90 • pulses with an inter-pulse delay of ca.

3 ms, that were phase alternated between 0 • and 180 • ). Proton build-up times were measured using a saturation recovery pulse sequence with spin echo detection. Proton direct experiments were performed with a 2.5 µs pulse length (100 kHz RF) and an acquisition time of 9 ms, with a recycling delay of 5 s. CP experiments were performed with a proton pulse length of 2.5 µs, a CP contact time of 3.5 ms, a proton power level of 59 kHz RF and a carbon power level of 65 kHz RF. A SPINAL-64 decoupling scheme was applied with a 100 kHz RF power. The acquisition time was set to 16 ms and the recylcing delay to 10 s.

Pulsed EPR experiments

EPR experiments were performed on a home-built Q-band pulsed EPR spectrometer equipped with a rectangular cavity and a Bruker MS3 split-ring resonator. For the measurements of electronic relaxation times at 100 K, 4 mM solutions of the Gd(III) complexes in DNP juice were directly used, whereas the solutions were diluted to 25 µM to measure ZFS parameters at 10 K.

The sample solutions were filled into 4 mm quartz capillaries and shock-frozen by immersion into liquid nitrogen to ensure proper glass formation before insertion into the cavity. Temperatures were maintained at set values from 10 to 100 K using appropriate helium flows.

Echo-detected field-sweep EPR spectra were acquired using a Hahn-echo pulse sequence with pulse lengths of either 16 or 52 ns and an interpulse delay of 400 ns. In all cases, the amplitude of the echo signal was maximized by adjusting the power at a field position corresponding to the central transition of the Gd(III) spectrum; the relaxation measurements were performed at the same field position. The Hahn echo sequence was also used to measure the transverse relaxation decay curves at 100 K, in which the delay interpulse was incremented. Longitudinal relaxation measurements were performed using an inversion recovery sequence, with an inversion pulse duration of 12 ns. The recovery delay was incremented, starting from a value between 400 and 1000 ns which was optimized for each sample.

The EPR spectra were simulated by using the previously proposed model by Clayton and co-workers [168]. The agreement between the experimental data and the simulation was assessed by the minimization of the deviation parameter defined in that study.

Part III

Formulation strategies for efficient MAS DNP NMR at elevated temperatures 6.1 DNP at elevated temperatures in solids: a brief overview

As discussed in the previous chapters, sufficiently long electron relaxation times are critical to ensure an adequate saturation of the EPR line and in turn an effective polarization transfer by DNP. Exogenous organic radicals, the most commonly used polarizing agents (PA), typically feature short relaxation times on the order of tens or hundreds of microseconds [23]. Hence, continuous wave DNP MAS NMR experiments are usually carried out around 100 K or lower, so as to lengthen electron relaxation times, in addition to exploiting a high Boltzmann polarization for the electron. These cryogenic temperatures also ensure a sufficiently rigid glass matrix where the extensive network of 1 H-1 H dipolar-coupled nuclei allows an efficient distribution of the enhanced polarization by spin diffusion.

A severe drop of the enhancement factors is usually observed with increasing temperatures, and in practice, very modest amplification (ϵ ≈ 10) is obtained for AMUPol or TEKPol above 200 K in conventional polarizing matrices such as glycerol/water mixtures and 1,1,2,2tetrachloroethane (TCE) [98,99] and no enhancement is achieved at ambient temperature. In some specific cases, for example when looking at fully deuterated proteins, the modest gain provided by MAS DNP at ca. 180 K can still yield better resolution and sensitivity than at room temperature, within a few minutes of acquisition [170]. However, in general, the necessity to perform experiments at cryogenic temperatures strongly restricts the applicability of DNP MAS NMR for the study of solid biomolecules, where the sensitivity enhancement often comes at the expense of a substantial broadening of the NMR lines, or for the investigation of dynamics and real-time events in proteins or in materials.

This section briefly reviews a few strategies to produce sizeable enhancement factors using DNP in solids at elevated temperatures, i.e. between ca. 200 K and ambient temperatures.

Optical DNP

A series of approaches, referred to as "optical DNP", exploit a particular spin state -into which the system can be prepared via irradiation with a monochromatic laser -to generate electron hyperpolarization, that can then be transferred to the nucleus of interest upon microwave irradiation.

Nitrogen vacancies in diamond

One method to produce such an effect relies on negatively charged nitrogen vacancies (NV -) in diamond. The fundamental electronic state is a triplet with a gap of ca. 2.87 GHz between the m s = 0 and m s = ± 1 levels. The system is optically pumped with a green laser at λ = 532 nm, hence the m s = 0 state becomes overpopulated (see figure 6.1(a)). A subsequent application of a magnetic field along the defect C 3 symmetry lifts the degeneracy of the m s = ± 1 states and gives rise to two distinct magnetic resonance transitions (see figure 6.1(b)). These transitions are observable by optically-detected magnetic resonance, which consists on monitoring the reduction in the fluorescence intensity of the system induced by depopulation of the m s = 0.

The electron hyperpolarization generated by optical pumping of the NV -can subsequently be transferred to surrounding nuclei (typically the 13 C in diamond) by application of an adequate microwave irradiation. This is demonstrated in the work from King and co-workers, where an optically pumped NV -center plunged into a 420 mT field was irradiated at two frequencies near ca. 8.9 MHz to produce significant positive and negative 13 C signal enhancements at room temperature, as reproduced in figure 6.1(c). The authors estimated that, in their system, the diamond DNP corresponds to a ca. 6% of nuclear polarization, equating to over 170000 signal gains over a thermal equilibrium acquisition [171]. This powerful room-temperature hyperpolarization technique however currently remains limited to low fields and requires a specific instrumentation. and adapted from reference [171].

Photo-excited triplet states

Another way to produce optical DNP at room temperature is to rely on photo-excited triplet states in conjugated molecules, such as pentacene and its derivatives, added to the NMR sample as source of electron hyperpolarization. This requires that the organic molecule of choice undergoes a spin-selective intersystem crossing (ISC), i.e. that the photo-excitation of the singlet ground state S 1 ← S 0 leads to a significant transfer of population towards a triplet state T with longer lifetime, regardless of the temperature. The accumulated hyperpolarization is subsequently harvested towards nuclei, typically via an integrated solid effect (ISE) mechanism, involving a limited sweep of the magnetic fields in parallel to the microwave irradiation. This mechanism is illustrated in 6.2(a).

In their seminal study of 2018, Fujiwara and co-wokers reported the first use of a zeolite imidazolate framework (ZIF-8 MOF) as host for a pentacene derivative, 4,4 ′ -(pentacene-6,13diyl)dibenzoic acid (PDBA), enabling triplet DNP at room temperature [172], unlike previous attempts that were forced to use cryogenic temperatures to limit the flexibility of this PA.

Upon a ca. 589 nm optical excitation of PDBA followed by an ISE-based DNP transfer, as schemed on figure 6.2(b), the authors were able to achieve nuclear hyperpolarization at 0.67 T and room temperature. The results are presented in figure 6.2(c), with proton enhancements up to 60-fold achieved after a ca. 13 s build-up at room temperature and gains up to 100-fold at 220 K.

Later reports of promising systems for triplet-DNP include a stable covalently linked pentacenetrityl PA, that exhibits a ca. 250 ns triplet lifetime as well as a wide range of spin-spin interactions, proposed by Avalos and co-workers [173]. While no DNP was reported in that study, a factor two change in intensity in the transient EPR spectrum of trityl in this molecule suggests an efficient polarization transfer from the photo-excited triplet in pentacene. Kouno and co-workers also reported successful triplet-DNP with a ca. 25-fold enhancement factor in ice using 5,12-diazatetracene (DAT) [174] at 140 K, which is slightly above the typical cryogenic temperatures used in MAS DNP. The DAT-based PA investigated was however shown to aggregate in formulations near room temperature, preventing its use for high temperature DNP. However, shortly after, Fujiwara and co-workers solved this issue by integrating DAT in a D-MIL-53 MOF structure, yielding a 67-fold room temperature 19 F enhancement after cross-polarization from protons at 0.67 T [175]. Overall, this approach is promising for DNP at room temperature, but has only been so far demonstrated at low magnetic fields (below 1 T). 

In-situ radical formation with ionizing γ-radiation

Generating radicals in-situ is also a promising approach for high temperature DNP. This has been achieved by Rossini and co-workers in 2019 using an ionizing γ-ray irradiation on fused quartz [176]. The authors achieved up to ca. 0.3 mM concentrations of radicals in the most highly irradiated samples, leading to a relatively narrow EPR line (see figure 6.3(a)) suitable for 29 Si solid effect. The authors subsequently recorded a Zeeman field profile at 9.4 T (see figure 6.3(b)) and found that the highest DNP effect occurs at the maximum of the positive SE lobe.

In addition, extremely long spin-lattice electron relaxation times (1.6 s at 18 K and 200 µs at room temperature) have been measured for these endogenous radicals in fused quartz. This leads to high 29 Si signal enhancements at cryogenic temperatures at very long recycling delays, e.g. 370-fold for a 4000 s delay here, as reported in figure 6.3(c). The enhancement build-up curve in figure 6.3(d) shows that the gain strongly depends on the recycling delay, with improvements visible up to 10000 s. This dramatically long timescale is a major hindrance to the repeatability of Chapter 6

Combining a hybrid radical and a rigid matrix for HT DNP such an experiment, however satisfying enhancement values can be obtained with a compromised 100 or 500 s delay, as illustrated on figure 6.3(e). The temperature dependence seems to be the same for both delays, with 100-fold gains remaining at 170 K for a 500 s recycling time.

At 298 K, the authors were not able to obtain good quality spectra without microwaves except with a 10000 s delay. In this case, the 29 Si enhancement factor in fused quartz was evaluated to be ca. 150-fold, which is promising for DNP at intermediate fields and elevated temperatures. The authors later extended this study to a dozen of small organic molecules of pharmaceutical interest [177]. Among those, the best results were obtained with a molecular solid of maleic acid irradiated with γ-rays that yielded an 8-fold 13 C enhancement at 9.4 T and 298 K. Reproduced and adapted from reference [176] with permission.

Rigid DNP matrices for high temperature DNP

Aside from the choice of a relevant PA for high temperature DNP, the matrix itself can be chosen and tuned to facilitate such an effect. The rigidity of the glassy polarizing matrix was shown to play a major role in preserving high DNP enhancements at high temperatures since the early days of modern MAS DNP. Griffin and co-workers demonstrated a sizeable 10-fold DNP SE enhancement on protons at room temperature and 5 T using BDPA dissolved in polystyrene [48].

The same system was shown by Lelli and co-workers to yield an almost constant ca. 15-fold 13 C enhancement via CP from 150 K to room temperature at 18.8 T, exploiting the Overhauser effect [28]. Room temperature Overhauser DNP NMR of 17 O in battery materials was also reported recently by Hope and co-workers using the conduction electrons in lithium [151].

Very recently, Kaushik and co-workers used a threalose matrix (T g = 379 K) to efficiently disperse nitroxide radicals as well as to maintain high enhancement factors at elevated temperatures. They designed a PA, dubbed PyT, that is composed of a PyPol-like radical and a threalose moiety to facilitate its incorporation into the rigid sugar matrix [178], as depicted in figure 6.4(a).

After optimizing the matrix formulation to 2 wt% of PyT in threalose (where PyT is freeze-dried and rehydrated at 11%), milk casein was added to the sample and hyperpolarized at 9.4 T. The Ortho-terphenyl (OTP), which was first employed under cryogenic conditions by Ong and co-workers [179], represents another promising rigid DNP medium for experiments at elevated temperatures since it is forming a stable glassy amorphous phase up to its T g at 243 K (i.e.

-30 • C). Lelli and co-workers reported an 80-fold enhancement with TEKPol in OTP at 9.4 T, just below the glass-transition temperature of the matrix, while enhancement factors from 10 to 20 were obtained near room temperature, [28]. Similar performances were also reported with BDPA in the OTP matrix with both the solid and Overhauser effect. In this latter case, an enhancement of around 75 was obtained at 9.4 T and 100 K. This enhancement value was preserved and almost unchanged until 243 K, before rapidly dropping while remaining at ca. 20-fold at 300 K.

Several EPR and NMR studies have demonstrated that the conformational dynamics of glassy OTP progressively increases close to its T g , enabling motions in the amorphous lattice [180]. In the 2015 study, this increased mobility was mentioned to explain the shortening of nuclear as well as electron relaxation times and justify the DNP enhancement decay observed around and above the T g [28]. At that time, however, no data were reported on the electron relaxation properties as a function of temperature.
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Combining a hybrid radical and a rigid matrix for HT DNP between those of TEKPol and BDPA in the OTP matrix, in agreement with its hybrid nature.

Its relatively long T B,on could also possibly stem from a radical concentration slightly lower than the one estimated during sample preparation (25 mM), as the latter requires several tricky steps.

The amount of paramagnetic impurities such as dioxygen trapped in the matrix is also known to modulate DNP buildup times.

Between 100 and 230 K, i.e., below the glass transition temperature of OTP, both the enhancement factor and build-up time undergo a smooth and regular decrease, from 150-to 65fold (± 3) and from 38 to 25 s (± s), respectively. Relatively high enhancements are therefore maintained over this temperature range, and a value of 65 is still achieved at 230 K. This is remarkably high at such an elevated temperature and for a magnetic field of 18.8 T, and higher than for BDPA and TEKPol in OTP (ca. 20-to 40-fold) [28], even though the latter were measured in 3.2 mm rotors, where the microwave penetration is not as efficient as in 1.3 mm rotors. Figure 6.6 displays an overlay of the proton DNP enhancement for BDPA, TEKPol, and HyTEK2 in OTP at 18.8 T as a function of temperature. From 130 to 230 K, the three enhancements decrease with similar negative slopes, with HyTEK2 benefiting from a much higher starting point at 100 K, in line with the fact that this radical has been tailored for very high-field DNP [134]. Again, these measurements were done in different rotor sizes. The weaker microwave penetration in 3.2 mm rotors could explain the fact that the shape of the curves differs around the glass transition, and in particular that an abrupt drop of the enhancement was not previously observed around the T g values for BDPA and TEKPol in OTP. A limited microwave power is indeed expected to decrease the efficiency of the BDPA saturation and in turn all of the DNP process while increasing the temperature, including below the glass transition. Conversely, such a drop was observed with 3.2 mm DNP probes operating at 9.4 T, where a much higher microwave power is distributed to the sample [28].

After the glass transition temperature, i.e., at 250 K, the OTP matrix is in a metastable amorphous state, which will slowly evolve toward a crystalline solid [180]. This process is however expected to take several hours [28]. The 250 K experimental data were recorded after an equilibration time of 30 min, i.e., as fast as possible to avoid crystallization. Therefore, it is excluded that crystallization and aggregation phenomena could explain the drop in enhancement factor (and in electron phase memory times, vide infra) when passing the T g of OTP. The DNP build-up time was also fitted to a mono-exponential curve at this temperature, which would not be the case if crystalline domains started to appear. Above 250 K, the enhancement obtained with HyTEK2 becomes comparable to that observed for TEKPol but smaller than that previously reported for BDPA at the same temperature. The build-up time is also experiencing a decrease, with a value of 18.7 s at 276 K. This indicates a stronger paramagnetic relaxation enhancement contribution at this elevated temperature, which is consistent with a shortening of the electron relaxation times of the biradical, as will be described in the next section. At near-ambient temperature, a sizeable enhancement is still preserved (ca. 6-fold at 278 K).

The impact of electronic relaxation properties on DNP efficiency in HyTEK2/OTP

To understand the physical process underlying the DNP performance of HyTEK2 in OTP, the electron relaxation times for both the nitroxide and the BDPA moieties of HyTEK2 were measured via Q-band (35 GHz) EPR, as a function of temperature. Numerical simulations were also conducted to consolidate the interpretation of the experimental data. This section demonstrates that, while there is an interplay of multiple parameters affecting the temperature dependence of the DNP enhancement in the system investigated here, the transverse electronic relaxation times in particular may play a critical role at the vicinity of the glass-transition temperature.

Temperature dependence of the electronic relaxation times

The electron relaxation properties of the BDPA and nitroxide moieties in HyTEK2 were investigated by echo-detected Q-band (35 GHz) EPR as reported in figure 6.7. For both moieties, the T ir curves undergo a monotonous decrease with increasing temperature, ranging from 0.4 ms at 100 K to ca. 10 µs at 300 K for T ir,N O and from 11 ms at 100 K Chapter 6

Combining a hybrid radical and a rigid matrix for HT DNP to ca. 1 ms at 300 K for T ir,BDP A . The rigidity and structure of the glassy OTP matrix below its T g make T ir,BDP A longer than the value of 1.5 ± 0.1 ms reported for 0.1 mM HyTEK2 in a glassy TCE matrix at 100 K [134]. Perras and co-workers have determined the Goldilocks T ir,N O to be around 0.5 ms for optimum CE DNP with binitroxides around 100 K [93]. While HyTEK2 belongs to a different class of polarizing agents and therefore is not strictly described by their analysis, the typical value measured for T ir,N O in this work at 100 K is on the same order of magnitude.

The T M values for both moieties range between 6 and 1 µs from 100 to 300 K, in line with the values reported for HyTEK2 in TCE at 100 K [134]. Interestingly, in contrast to T ir , the phase memory times first exhibit a smooth decay until 200 K, almost plateauing for T M,BDP A .

Above this temperature, the decay becomes more pronounced, but the dominant feature of these curves is a significant drop experienced by both T M,N O and T M,BDP A at a temperature coinciding with the T g of the OTP matrix. Around T g , as mentioned previously, motions in the frozen glassy state rapidly increase, and above this temperature, intramolecular conformational motions as well as molecular rotations and rearrangements are progressively reintroduced into the lattice [181].

This rapid decrease of T M concomitant to the passing of the glass transition of OTP is in line with the previously observed behaviour for TEKPol in OTP at 9.4 T [28]. Note that T ir and T M are related, but not equal, to the pure longitudinal (respectively transverse) electron relaxation times T 1e (respectively T 2e ), which are usually determined at lower concentrations in the absence of intermolecular electron spin diffusion and are hence expected to be longer.

Obtaining accurate T 1e and T 2e values that would be representative of the DNP experiments is however not straightforward, due to the difficulty in finding EPR instruments operating at a magnetic field of 18.8 T (resulting in an ca. 526 GHz electron Larmor frequency). The presence of strong electron-electron couplings in biradicals also hampers such measurements. In addition, the electron relaxation parameters of nitroxides exhibit a strong dependence on the orientation of the magnetic field with respect to the g-tensor principal axes, which is more pronounced as the magnetic field increases. This transverse relaxation anisotropy also becomes more severe around the glass transition temperature of the matrix containing the radical, where fast spin fluctuations occur and cause a modulation of the g-tensor values, as described by Kirilina and co-workers [182].

Here, EPR measurements were performed at a lower frequency but at the same concentration of HyTEK2 as in the NMR experiments. Thus, the temperature dependence T ir and T M provides a reasonable basis to rationalize the evolution observed for the DNP enhancement factor reported in figure 6.5.

CE using HyTEK radicals relies on the microwave irradiation of their EPR profile at a frequency corresponding to the absorption of the BDPA moiety (red arrow in figure 6.7(a)). Long T 1e,BDP A and T 2e,BDP A ensure an easy saturation of the EPR transition, making it possible to accumulate a larger polarization difference between the two electrons during each rotor event [40][41][42]. Within the HyTEK series, it has also been demonstrated that increasing the two electron relaxation times of the nitroxide moiety, by functionalizing it with groups of increasing bulkiness, produces a significant gain in DNP efficiency [134]. Combining a hybrid radical and a rigid matrix for HT DNP However, this correlation can clearly not be extended to the experimental points measured around and above the glass transition. A clear change in the slope is observed in figure 6.8(a), suggesting that other processes, beyond the saturation efficiency, become significant at this temperature.

These processes may possibly be related to electron T M , which, unlike the T ir , exhibits a clear reduction around T g , concomitant to that of the enhancement. The saturation factors for the nitroxide moiety are about 20 to 30 times smaller than those for BDPA (figure 6.8(b)), and therefore the saturation of the nitroxide is expected to be far less efficient than that of BDPA. Finally, it can be noted that HyTEK2 has a flexible linker and that increased molecular mobility at the vicinity of the glass transition temperature could modulate the conformation of the biradical.

This would in turn alter the magnetic interactions (including the J couplings between the two electrons) at play during the DNP process, and subsequently the enhancement factor. The EPR line shapes recorded over the 110 to 294 K temperature range are overlayed in figure 6.9. They do not exhibit any noticeable distortion due to redistributions of conformations. In particular, the width of the BDPA resonance, broadened by the strong electron-electron J couplings, remains unchanged throughout this series of EPR spectra. Therefore, the data suggests that the redistribution of conformations around T g , if any, remains modest and cannot be considered as an alternative explanation for the steep drop in enhancement observed at this temperature.

Spin dynamics simulations on a three-spin system

To further interpret the temperature dependence in the DNP performance of HyTEK2/OTP, spin dynamics numerical simulations were performed on a model three-spin system under MATLAB using the MAS DNP module implemented in Spinach [37,39,41,183,184]. Three-spin models have been used in the state-of-the-art computational studies, such as those by Equbal and co-workers to investigate pulse-shaped DNP under MAS [185] or the balance between dipolar and exchange couplings in biradicals for CE DNP [136].

The goal of the simulations presented here is not to quantitatively reproduce the experimental results, which would require more advanced models or a more realistic system size, as recently reported by Mentink-Vigier [95,101] or Perras [56,57]. The simulations aim at understanding if the significant reduction of the phase memory times observed around the glass transition temperature could play a role, in addition to the above-discussed reduction of the BDPA saturation factor, in the abrupt drop of enhancement.

The three-spin system includes two electron spins, one with a quasi-isotropic g-tensor corresponding to the BDPA moiety and one with an anisotropic g-tensor corresponding to the nitroxide moiety, coupled to each other via dipolar and Heisenberg exchange interactions of magnitudes as reported for HyTEK2 by Wisser and co-workers [134]. The narrow EPR line (BDPA) electron is also coupled to a hydrogen nucleus undergoing direct DNP via a hyperfine interaction. For the sake of simplicity, the BDPA electron was considered as coupled only to a single hydrogen nucleus, neglecting the multiple hyperfine couplings with the multiple protons on BDPA itself (see experimental section for details).

All simulations were carried out at 18.789 T under 40 kHz MAS. This field value corresponds to the calculated optimum field position to maximize positive CE DNP obtained from CW microwave irradiation of the BDPA EPR line, as identified in the simulated Zeeman field profile computed prior to running other simulations and displayed in figure 6.10(a). A simulated

Zeeman field profile at 9.4 T was also conducted and compared in figure 6.10(b) with the existing experimental profile reported in reference [134]. The satisfying agreement between these two profiles validates the relevance of a three-spin model despite its simplicity. The effective strength of the microwave ⃗ B 1 field in the DNP sample is quite difficult to determine [60,78], especially at high magnetic field. Finite element simulations were computed by Purea and co-workers for the 1.3 mm LTMAS probe used in this study [134] but the microwave power reaching the sample is not directly measurable. In order to disentangle the contributions of the phase memory times and of the BDPA saturation factor, simulations were performed with a relatively high value of the microwave Rabi frequency, namely 0.85 MHz, that ensures a constant saturation of the BDPA electron, regardless of its transverse relaxation time, as shown in figure 6.11. This choice was also dictated by the fact that the experiments reported here were carried out in a 1.3 mm rotor, where the electron saturation efficiency is expected to be relatively high and homogeneous. Lower values of microwave ⃗ B 1 fields significantly modify the calculated enhancements. The plot clearly shows that the enhancement significantly depends on both electron transverse relaxation times, in a rather symmetric manner. Shrinking both T 2e values from 6 to 1 µs generates a reduction in the DNP efficiency by about a factor of 2. Even if the parameters used here are purely indicative and the present simulation cannot be exploited for a quantitative analysis, the calculated trend discloses that the drop of both the electron transverse relaxation times occurring at the glass transition temperature could indeed contribute strongly to the reduction of the DNP efficiency.

The above simulation suggests that reducing T 2e values would lead to a decrease in the DNP performance in a regime of sufficient electronic saturation. Additional calculations were done for lower microwave Rabi frequencies (as low as 0.1 MHz) to mimic non-saturating conditions and are reported on figure 6.13. From this graph, it can be seen that an even stronger dependence of the enhancement factor on T 2e values is predicted when the saturation is incomplete. These results do not exclude additional losses of polarization due to the increased mobility of OTP and subsequent reduction of the nuclear longitudinal relaxation time, which in turn is expected to limit the propagation of the polarization inside the matrix through reduced efficiency of the proton-proton spin diffusion mechanism, as well as fundamentally reduce the overall hyperpolarization level, therefore decreasing the enhancement factor. Combining a hybrid radical and a rigid matrix for HT DNP (here over a 130 K span). Above 230 K, i.e., near and above the glass transition temperature of the OTP matrix, a sizeable fall of the enhancement is observed. The EPR analysis of the temperature dependence of the electron relaxation properties suggests that, below the glass transition temperature (from 100 to 230 K), the DNP performance decreases due to difficulties in keeping the BDPA electron saturated. In addition, the drastic reduction of the two phase memory times at T g is thought to play a key role and contribute to the significant enhancement drop around the glass transition temperature. This interpretation is backed up by numerical simulations that point toward a symmetric contribution of the transverse electron relaxation times of both radical moieties to the DNP mechanism.

Conclusions

The approach undertaken in this study to disentangle the role of the different electron relaxation times illustrates the interest of combining experimental data from EPR with spin dynamics simulations to better understand the contribution of these parameters to the measured DNP performance. From a PA design point of view, this work also suggests that any modification to a hybrid BDPA-nitroxide radical structure that would increase the transverse electron relaxation times on either or both moieties could be beneficial to its DNP performance. Simulations including a more complex spin system are envisioned to further strengthen the interpretation of the data proposed here and guide the design of hybrid radicals for high field DNP, including at elevated temperatures. applied RF power had to be recalibrated to produce a proper 90 • excitation. As an indication, that yields here to a 2.5 µs pulse achieved with 29, 32 and 35 W at 100, 215 and 280 K, respectively. DNP build-up times T B,on , i.e., proton longitudinal relaxation times in the presence of microwave irradiation, were measured with a standard saturation recovery sequence followed by a rotor synchronized echo. The DNP enhancement factors were obtained from the ratio of signal intensity measured with and without microwave irradiation, using a recycle delay of 1.3 × T B,on .

The experiments above T g were performed as fast as possible to avoid the slow crystallization of OTP that was observed after several hours by Lelli and co-workers [28]. 

Q-band pulsed EPR Methods

Numerical Simulation Details

Numerical simulations were performed under MATLAB using the Spinach package developed by Kuprov and co-workers [183]. The code implementation for MAS DNP cross-effect (CE) simulations in Spinach is largely based on the work of Mentink-Vigier and coworkers [41]. All simulations were carried out for a three-spin system composed of two nonequivalent electrons and one proton. This strongly simplified approach can still assess qualitative trends in the behavior of CE DNP, as shown by Equbal and co-workers [136,185]. This applies, in particular, to the case of hybrid biradicals (nitroxide tethered to trityl or BDPA) where the available theoretical framework for describing electronic relaxation is less advanced than for binitroxides (two equivalent electron spins). Therefore, the level of theory chosen here was spherical tensors in Liouvillian space with phenomenological relaxation rates directly implemented in the code from the range of accessible experimental values. The enhancement factors are referenced to the Boltzmann nuclear polarization in the absence of radicals at the same temperature. They do not include depolarization or quenching effects as these were shown to be minimal for HyTEK2 by Wisser and co-workers [134].

The g-tensor principal axes components of the two unpaired electrons were chosen as fol-Chapter 6

Combining a hybrid radical and a rigid matrix for HT DNP lows: [g x , g y , g z ] = [2.0034, 2.0031, 2.0027] for the narrow line BDPA and [2.00928, 2.00615, 2.00215] for the broad line nitroxide moieties, respectively. The Euler angles used in the simulation are rough estimates, as the molecular conformations are not well known and sample wide ranges of relative orientations. The g-tensor of the nitroxide was oriented with respect to the BDPA tensor by the set of Euler angles corresponding to [0, 90, 0] [95]. The dipolar-type interactions, namely, the inter-electron dipolar coupling and hyperfine coupling between the proton and the BDPA electron, were specified by entering a distance between the two particles involved, here 12.2 and 4.0 Å, respectively. The latter choice is a rough approximation since the electron spin in BDPA is distributed throughout the aromatic system. The coupling between the proton and the nitroxide electron was considered to be negligibly small. A 50 MHz Heisenberg exchange interaction was also added between the two electrons, as estimated in reference [134]. For the field profile calculation at 9.4 T in figure 6.10(b), a distribution of electron J couplings ranging from 25 to 62 MHz was considered instead to better match the experimental pattern. The nuclear spin-lattice relaxation time was always set to 4 s, and the transverse relaxation time was set to 1 ms. The electronic relaxation parameters were varied in the range of the experimental data recorded unless stated otherwise.

Powder averaging was performed over 200 pairs of (α,β) angles following a REPULSION grid. The MAS frequency was kept constant at 40 kHz, and the magnetic field was first varied around 18.8 T to hit the optimum CE condition (figure 6.10(a)), then kept constant at 18.789 T. The microwave irradiation was set at a frequency of 526.89 GHz, and the microwave power was chosen to be 0.85 MHz, unless stated otherwise. The time allowed for the polarization to reach its steady state upon irradiation was set to 8 s. As the simulations were performed at MAS rate of 40 kHz, corresponding to the experimentally used frequency, the proper discretization of the rotor period was carefully checked by running preliminary calculations with different levels of discretization until a stationary enhancement was obtained (not shown). The majority of functional inorganic materials are proton-free, and consequently, standard DNP techniques such as DNP SENS cannot be applied to study their internal bulk structure.

Endogenous DNP, utilizing paramagnetic electrons present within the material, such as Gd(III) metal ions, is therefore a key approach to improve the sensitivity of NMR in bulk materials, as already presented extensively in Chapter 3. In particular, exogenous DNP cannot be used to selectively enhance buried solid-solid interfaces, which remain challenging to characterize by MAS NMR. A large portion of industrially relevant inorganic materials are oxides or contain oxygen, making 17 O NMR an invaluable tool to study their structure and dynamics. This nucleus, although very informative, suffers however from very low natural abundance (ca. 0.037%) and moderate gyromagnetic ratio, which results into low sensitivity.

In this study, which was mostly conducted within the group of Prof. Emsley at EPFL, 17 O-enriched ceria CeO 2 is doped with 0.01 to 1 % of Gd(III) ions, which can be readily substituted to Ce(IV), with concomitant oxygen vacancies to balance the charge. Gadolinium-doped ceria is one of the best performing oxide-ion conductors at temperatures from 400 to 800 • C and finds widespread commercial use in solid-oxide fuel cells and oxygen sensors. For DNP, Gd(III) is of particular interest as its f 7 configuration has no orbital angular momentum, so that the central transition between the m s = ± Note that the enhancement is under-evaluated by comparing peak intensities as the spectrum in presence of microwaves is broader (see insert in figure 7.1). This is attributed to the over-representation of the signal stemming from 17 O nuclei broadened by their closer proximity to the Gd(III) paramagnetic centers in the spectrum as they also experience a stronger enhancement.

The very large enhanced magnetization is also inducing radiation damping, which acts as an additional source of transverse decay in presence of microwaves, hence the choice of a 200 s recycling delay to mitigate that increase in linewidth. The EPR linewidth is a key factor that determines the enhancement in solid effect DNP. Figure 7.2(a) shows the X-band EPR spectra of gadolinium-doped ceria as a function of Gd(III) concentration, ranging from 0.01 to 1 % of doping. This corresponds to concentrations of gadolinium atoms in ceria spanning from 4.2 to 420 mM. With increasing concentrations, the resonance is significantly broadened by the interelectronic dipolar coupling, due to the reduction in the average separation between Gd(III) centers, from 9.1 to 2.0 nm apart, assuming a random distribution.

Aside from dipolar coupling, the central transition of high-spin metal ions is typically broadened by second order zero field splitting (ZFS). In ceria, the Gd(III) sits in a high symmetry cubic environment, cancelling this contribution. However, there is clearly still a significant residual linewidth, even for the lowest Gd concentration, despite the lack of second order ZFS (figure 7.2(a)). This is attributed to the non-zero coupling to higher-order charge distribution multipoles, specifically the fourth rank and, to a lesser extent, the sixth rank multipoles. The resulting broadening here for the 0.01 % doping ratio is comparable to that produced by an hypothetical axial ZFS axial of 500-600 MHz. By comparison, Gd(tpatcn), currently the best performing Gd(III) complex for MAS DNP, only has a D value of 410 MHz [150]. Increasing the Gd concentration also introduces more oxygen vacancies, which break the cubic symmetry if present close to a Gd(III), thus reintroducing the second order ZFS and broadening the EPR spectra. 

DNP enhancement as a function of concentration

The trend of the 17 O DNP enhancement as a function of Gd(III) dopant concentration at 9.4

T in ceria is reported in figure 7.2(b). It can be seen that the enhancement factor decreases monotonously with increasing Gd(III) content, in correlation with the increasing broadening of the associated EPR spectrum. Interestingly, the optimum doping ratio of 0.01 % corresponds to a ca.

4.2 mM Gd(III) concentration, which was also found to be optimal in the case of Gd(tpatcn) in Chapter 7
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In particular, at room temperature (ca. 293 K), large 17 O enhancement factors of 149-fold at 14 W and 321-fold at 30 W are still observed. The higher microwave power results in more effective saturation of the forbidden solid effect transition and hence a greater enhancement across the temperature range. However, it also induces greater sample heating, hence the 124 K starting point for the high power curve, for which the enhancement is not improved compared to the low power case. Significant DNP enhancements were also observed above room temperature, with an enhancement factor of 150-fold preserved at 370 K with 30 W of microwave power -the highest temperature at which solid effect DNP has been reported to date. Here, the accessible temperature range was limited only by the LTMAS probe, which is designed to operate at cryogenic temperatures. There are many systems that are important to study under operational conditions at or above room temperature, to probe, for example, dynamics (including oxide-ion mobility), phase transitions, and other in-situ behaviors more generally. Extending the applicability of solid-state DNP to these temperatures should allow a greatly improved sensitivity to perform more demanding NMR experiments on challenging systems.

Conclusions

Doping 17 O-enriched ceria with 0.01 % of Gd(III) ions resulted in a 652-fold 17 O enhancement at 9.4 T and 100 K, which is the highest that has been reported for MAS DNP with a high-spin metal ion so far. Despite the relative significance of this number compared to the theoretical maximum of 4855 for 17 O, it should be noted that, even by scaling this enhancement by the appropriate nuclear gyromagnetic ratio, it represents ca. 13.4 % of that maximum. This remains more than two times superior to the enhancement produced by Gd(tpatcn) on either 1 H, 13 C or 15 N, scaled in a similar way to ca. 5.6, 4.7 and 5.4 % respectively.

Despite the relatively narrow EPR resonance of Gd(III) in a cubic environment, with a negligible ZFS at low doping ratios, its spectrum is still broadened by higher order couplings that expand its widths past that of Gd(tpatcn). Thus, the performance of this PA cannot be solely ascribed to its EPR properties, but instead can be related to its long build-up time that allows for polarization to accumulate. The enhancement decreases with increasing Gd(III) concentration, due to dipolar broadening of the EPR resonance and partial reintroduction of second order ZFS.

Stronger gadolinium-oxygen hyperfine couplings in ceria could also play a role: the first oxygen shell is found at a distance of ca. 2.34 Å, compared to the nearest gadolinium-proton distance of ca. 3.7 Å in Gd(III) complexes [150], increasing the probability of the forbidden SE transitions to occur. Hyperpolarization may also be mediated by the second coordination shell of oxygens (at ca. 4.49 Å), with smaller hyperfine couplings.

The enhancement decreases with increasing temperature, but since the crystalline DNP matrix is rigid and does not melt, it remains effective up to 370 K, highest temperature achievable in this experiment. 17 O enhancement factors as high as 320-fold at room temperature and 150-fold at 370 K were recorded at 9.4 T for the optimal formulation, i.e. with 0.01 % dopant concentration. This paves the way for the characterization of structure and dynamics under more relevant conditions, with potential applications in catalysis or solid-state electrochemistry.

Highlighting the signature of an interface in vertically aligned nanocomposites via Gd(III) doping

Recently, 17 O NMR was used to study the interfaces between CeO 2 nanopillars and a SrTiO 3 matrix in ca. 1 µm thick epitaxially grown thin films [187]. These vertically aligned nanocomposites (VANs) are of significant interest due to their large interfacial areas, enabling the functional properties of thin films, such as their oxide-ion conductivity, to be enhanced. However, the low sample mass of the thin films, of which only a small proportion corresponds to the interface, results in extremely poor NMR, sensitivity even with 17 O enrichment. Previous experiments were therefore limited to one-dimensional spectra, which still required days of signal averaging in some cases. Here, the utility of the endogenous DNP approach is demonstrated on a 17 O-enriched CeO 2 -SrTiO 3 VAN doped with 1% Gd(III) ions in the ceria phase. This dopant ratio, despite not being optimal for DNP as shown above, was chosen because high concentrations of gadolinium are typically used to improve the ionic conductivity properties in ceria [187]. 

Experimental details

Sample preparation

Gd(III)-doped CeO 2 was prepared by mixing appropriate ratios of Gd 2 O 3 and CeO 2 to yield gadolinium concentrations between 0.01 and 1 atom % with respect to the total metal content (i.e., Gd + Ce). The mixtures were ground by hand, pelletized at 750 MPa under partial vacuum, and fired at 1500 • C for 2 days before being hand-ground, re-pelletized, and fired for further 2 days. After being hand-ground again, ca. 100 mg (i.e. ca. 0.6 mmol) was transferred to an Chapter 7

Endogenous Gd(III) doping for HT DNP alumina tube, placed inside a quartz tube filled with 17 O 2 gas, and heated at 1000 • C overnight (70 atom % 17 O 2 , NUKEM isotopes). Given the reasonable oxide-ion conductivity of CeO 2 at this temperature, the sample enrichment is expected to be around the maximum of 35 atom % for the approximately 1:1 CeO 2 / 17 O 2 molar ratio. For 0.01 and 0.03 % Gd(III)-doped ceria, the initial mixtures were first mixed in a hardened stainless-steel jar using a Retsch PM 100 planetary ball mill, for 2 to 4 hours at 100-400 rpm.

The 1 % Gd(III)-doped CeO 2 -SrTiO 3 VAN film samples was prepared and packed as described in reference [187]. Briefly, four 0.5 cm 2 films were deposited on SrTiO 3 substrates with a Sr 3 Al 2 O 6 buffer layer which was then dissolved to lift off the films. The films were center-packed in a 1.3 mm outer-diameter zirconia rotor with KBr on the top and the bottom before enrichment with 17 O 2 gas at 550 • C overnight. By simultaneously depositing Gd-doped ceria and SrTiO 3 as an epitaxial thin film, nanopillars of CeO 2 can be grown with ca. 20 nm diameter. To prevent dilution of the sample, the substrate was removed using a lift-off procedure, giving a sample mass of ca. 0.5 mg.

Spectroscopy

All DNP NMR experiments were performed on 9.4 T Bruker Avance III spectrometers, equipped either with a 263 GHz gyrotron or a 265 GHz klystron microwave source. Low-temperature triple-resonance MAS probes were used for either 3.2 mm sapphire outer-diameter rotors or 1.3 mm outer-diameter zirconia rotors. Where provided, the microwave power from the gyrotron was estimated using a calorimeter halfway along the waveguide.

NMR spectra were internally referenced to 875 ppm, which is the 17 O chemical shift of CeO 2 at 100 K. The sample temperature was measured by adding a small amount of KBr or Pb(NO 3 ) 2 on top of the sample and measuring the temperature-dependent 79 Br spin-lattice relaxation constant or 207 Pb shift. Note that the 17 O shift of CeO 2 is linear with temperature between 200 and 370 K, with a gradient of 0.0168 ± 0.0004 ppm.K -1 and could also be used as an NMR thermometer in this range. In figure 7.3, for the ca. 14 W dataset, the temperature was measured using KBr, and the error bars represent uncertainty in the sample temperature, while for the ca. 30 W dataset, the temperature was measured using Pb(NO 3 ) 2 since KBr is not EPR spectra were measured with a Bruker EMX nano X-band spectrometer using a 0.4 mT modulation amplitude. Absorption spectra were calculated by integrating the derivative spectra, followed by background subtraction using the Bruker Xenon software.

Conclusion and perspectives

The main focus of this PhD thesis was to push the boundaries of hyperpolarized solid-state NMR spectroscopy by improving magic angle spinning dynamic nuclear polarization (MAS DNP) at very high magnetic fields, fast spinning frequencies and elevated temperatures. While there is still room for improvement, the methodological developments proposed here are a leap forward. In order to open new avenues for the characterization of challenging organic molecules or functional materials at elevated temperatures, i.e. from 200 K to room temperature or above, two polarizing systems were investigated. On one hand, HyTEK2, a very efficient PA for high field DNP, was used in conjunction with a rigid ortho-terphenyl matrix to reach up to 65-fold enhancement factors at 18.8 T, 40 kHz MAS and 230 K. A high enhancement value was maintained in this system up to the passing of its glass transition temperature, and the subsequent drop was correlated to the concomitant reduction in transverse electronic relaxation times in the radical, thanks to evidences from pulsed EPR and numerical simulations. On the other hand, a Gd(III)doped ceria matrix yielded impressive 17 O enhancement factors at 9.4 T, as high as 320-fold at room temperature and 150-fold at 370 K. The efficiency of such a system was demonstrated by obtaining a previously infeasible 2D EXSY correlation spectrum in a CeO 2 -SrTiO 3 vertically aligned nanocomposite material, highlighting the signature of an interfacial region embedded into the bulk of the material. Efforts to develop new DNP methodologies at 18.8 T and above should be pursued, for instance with a more systematic exploration of polymer-based polarizing matrices suitable for high temperature DNP.

Overall, MAS DNP is a powerful emerging tool that will ultimately alleviate the barriers of sensitivity and resolution in a wide range of solid-state NMR applications. The development and rational understanding of new, efficient and versatile polarizing sources and systems, in parallel with the improvements in instrumentation that allow for more compact or frequency agile microwave sources, will ultimately help democratizing MAS DNP as a routinely available powerful characterization technique, providing atomic-level insights into the structure and dynamics of challenging solids.
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 11 Figure 1.1: (a) Polarization as a function of temperature for electron spins, 1 H and 13 C nuclear spins calculated at 3.4 T, courtesy of Dr. M. Sharma. (b) The first trace is the thermal equilibrium 7 Li signal and the second trace corresponds to the successfully hyperpolarized sample. Original
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 12 Figure 1.2: (a) Energy diagram for OE with notations used in the text. (b) Structure of BDPA highlighting protons that undergo strong and dynamically fluctuating hyperfine couplings, with the electronic density of BDPA interacting alternatively with the protons of the fluorenyl moieties labeled A or B. Reproduced and adapted from reference [23].

  order.In order to produce a SE DNP effect, the microwave irradiation, at a frequency ω µw , of the now slightly allowed ZQ (|2⟩ ← → |3⟩) or DQ (|1⟩ ← → |4⟩) transitions has to fulfill a matching condition:η α ) + cos (η β )) ± A 4 (cos (η α ) -cos (η β )) ∓ B4(sin (η α ) + sin (η β ))(1.8)
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 13 Figure 1.3: Energy diagram for SE and schematic representation of the negative and positive
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 14 Figure 1.4: (a) Energy levels for an e-e-n three-spin system. When the CE condition is met, ω S1 0 -ω S2 0 = ±ω I 0 , the two intermediary levels become degenerate. (b) When the EPR transition of one electron is saturated, a three-spin inversion event (flip-flop-flip) can occur. For example here the microwave irradiation is at ω S1 0 , the transition between |--+⟩ and |+ -+⟩ is saturated and a transfer can then occur between the two degenerate states |+ -+⟩ and |-+ -⟩. Thus, the electronic polarization difference is transferred to the nucleus and the population is significantly higher in the |β⟩ n state than in |α⟩ n , hence a negative DNP enhancement. (c) Similarly, saturating the second electron (at a frequency ω S2 0 ) leads to a polarization transfer in favor of the |α⟩ n state, hence a positive DNP enhancement. Reproduced with permission from reference [36].

Chapter 1 DNP

 1 history and fundamentals depolarization even in the absence of microwave irradiation and counteracts CE DNP.A typical illustration of the sequencing of such rotor events is presented in figure1.5(b) where the evolution of the effective frequencies of the two electrons is shown during a rotor period, in comparison with the observed signal intensity in NMR (panel A). The second electron is eventually partially saturated when it is modulated to reach the microwave frequency, creating a polarization difference between the two electrons (panel B). Two of the mixed energy levels end up going through a LAC where the CE condition is met, transferring that polarization difference to then nucleus (panel C). Later, the two electron frequencies match each other and they most likely exchange their polarization adibatically (panel D), preserving a difference (panel E) that will be transferred again constructively to the nucleus at another CE matching point (panel F). Further microwave irradiation of the electron matching the microwave frequency recreates a polarization difference to be later transferred via CE (panel G).

Figure 1 . 5 :

 15 Figure 1.5: (a) Simulated typical Zeeman field profiles for SE and CE indicating the separation between the positive and negative maximum enhancement positions. (b) CE dynamics and rotor events under MAS, illustrating adiabatic crossings resulting in polarization transfer to the nucleus.

T 1 ,

 1 n from equations(1.20) and(1.21) as this does not depend on the efficency of the PA or the DNP process but rather on the sample to polarize. As many other parameters could and should be taken into account, and in the spirit of estimating, overall, how much the sensitivity of a given NMR experiment was increased by performing DNP instead, they ultimately suggest to simply quantify the signal-to-noise ratio per square root unit time, (SNR)/ √ t exp , as a universal indicator of the resulting sensitivity boost. 1.1.6 Propagation of the hyperpolarization SE and CE are local phenomena that are only responsible for transferring polarization to the hyperfine-coupled nuclei nearby the polarization source, i.e. in the close vicinity of the electron spins. Bulk nuclear hyperpolarization is only obtained after a second step that consists in a

Figure 1 . 6 :

 16 Figure 1.6: Schematic view of the typical instrumentation for MAS DNP NMR, comprised of a main NMR magnet equipped with a LTMAS DNP probe and its cooling unit and coupled to a microwave generating gyrotron via a waveguide. The microwaves are conveyed to the sample via a corrugated waveguide inside the probe and shone orthogonally to the rotor. Reproduced with permission from reference [58].

Figure 1 . 7 :

 17 Figure 1.7: Schematic representation of the typical formulation in MAS DNP and the polarization transfers at play in the MAS DNP experiment. Reproduced with permission from reference [77].

  1(c), thus achieving overall better CE DNP at the same magnetic field. This radical is also shown to be efficient at a low concentration of electron spins and has the added benefit of being more soluble in water and aqueous solutions in general due to the alcool and amine groups in its linker, resulting in a wider applicability to DNP formulations involving biologically relevant samples.
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 21 Figure 2.1: (a) Structures of bTnE and TOTAPOL radicals. (b) Overlay of the Zeeman field profiles of bT2E and TOTAPOL at 5 T. (c) Measured DNP enhancements for the radicals presented in (a) at 5 T. Reproduced and adapted with permission from reference [83].
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 22 Figure 2.2: (a) Calculated conformation distributions for bT2E, TOTAPOL, bTurea and bTOXA. (b) Molecular structure of bTbK highlighting the near-orthogonality of its g-tensors. Reproduced

Figure 2 . 3 :

 23 Figure 2.3: Calculated enhancements for six ensembles of (α, β, γ) Euler angles between the g-tensors. Reproduced and adapted with permission from reference [93].

Figure 2 .

 2 Figure 2.4(a) illustrates the orientations of the tensors for 4 given sets of Euler angles and pairs them with the computed Zeeman field profile. It can be noted that the red and green curves resemble experimental profiles more closely.Figure 2.4(b) then computes the DNP enhancement

Figure 2 .

 2 4(b) then computes the DNP enhancement ϵ ON/OF F , the depolarization factor ϵ depo and their product ϵ B over the range of values taken by L a,b (Ω). The positions of the 4 particular orientations represented in figure 2.4(a) are marked with arrows of the corresponding colors. This plot shows that there is a clear correlation between the Chapter 2

Figure 2 . 4 :

 24 Figure 2.4: (a) Calculated Zeeman field profiles for different relative orientations in a binitroxide radical. (b) Calculated enhancement and depolarization curves as a function of the g-tensors' distance in a binitroxide radical. The 4 colored arrows mark the positions of the Froebenius norm for the 4 cases presented in (a). Reproduced with permission from reference [95].

14. 1 T

 1 . Here again, the high enhancement at cryogenic temperatures enables such a formulation to maintain 10-fold enhancements around 200 K, which is promising for biological applications of MAS DNP.Enhancement factors up to 400 or 500-fold were reported by Kubicki and co-workers with AMUPol and TEKPol used in conjunction with KBr crystals to improve the microwave penetration in 3.2 mm rotors[78].
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 25 Figure 2.5: Molecular structures of bTbK-derivatives and correlation between their DNP efficiency and electron saturation factor at 9.4 T. Reproduced from reference [98].

Figure 2 . 6 :

 26 Figure 2.6: (a) Generic structure of PyPol-like binitroxides. (b) Ranking of the DNP performance of 37 binitroxide radicals organized by families of similar molecular scaffold and screened in TCE at 9.4 T. Reproduced from reference [102].

very high magnetic fields ( 18 . 8 T 0 - 2 2

 188022 and above), as reminded in the introduction of this thesis. Transposing the very high sensitivity boosts obtained at intermediate magnetic fields to the highest fields available is one of the key challenges of modern DNP. The expected trend in CE efficiency is a severe drop as a function of increasing field, as the breath of the EPR profile of PAs scales with the latter, rendering the saturation of electronic transitions less effective. As detailed in the theoretical section about CE of Chapter 1, the probability of adiabatic three-spin crossing events resulting in a polarization transfer decreases as ω I[40]. As a result, for instance, the enhancement produced by TEKPol in TCE on aluminosilicate substrates dramatically decreases by a factor of 3.5 going from 9.4 to 14.1 T[115] and from 14.1 T to 18.8 T, as illustrated in figure 2.7. A characterization of AMUPol at 18.8 T by Chaudhari and co-workers shows similarly that the performance of this biradical drops to ca. 50-fold, therefore undergoing a similar reduction as TEKPol compared to its performance at intermediate fields[116]. This severe drawback is currently the main reason for the limited democratization of high field DNP, with only five 800 MHz/527 GHz and one 900 MHz/592 GHz Bruker commercial MAS DNP systems currently installed worldwide.Chapter Design principles for nitroxide-based PAsThe use of smaller diameter rotors enables to spin DNP samples up to frequencies of 40 kHz (resp. 65 kHz) in a 1.3 mm (resp. 0.7 mm) LTMAS probe. While fast spinning is very beneficial for resolution in NMR and could open the way to proton-detected multidimensional MAS DNP experiments, the behaviour of the DNP enhancement in most binitroxides at high MAS rates can be a considerable hindrance. The depolarization effects predicted in theory and observed for binitroxides[42,46] are severely intensified in fast spinning regimes, leading for AMUPol to a sizeable drop in the contribution factor from 0.85 at 10 KHz to 0.45 at 40 kHz, as reported by Chaudhari and co-workers[116]. The DNP build-up time is also increased in this case due to less efficient spin diffusion processes in the fast spinning regime, thus hampering significantly the overall sensitivity gain expected with such biradicals (see figure2.8(a)).
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 27 Figure 2.7: Field dependence of the CE DNP enhancement obtained with TEKPol on an aluminosilicate material. Reproduced and adapted from reference [115].

Figure 2 . 8 :

 28 Figure 2.8: (a) Contribution and build-up times for a 10 mM AMUPol solution in DNP juice at 18.8 T as a function of MAS rate. (b) J-coupling values estimated via broken symmetry DFT as a function of the relative torsion angle in AMUPol. Reproduced and adapted with permission from

Chapter 3

 3 Two promising classes of PAs for high field MAS DNP: hybrid biradicals and metal complexes 3.1 Hybrid Trityl-or BDPA-nitroxide biradicals: the new paradigm for high fields? While the search for efficient DNP PAs has predominantly been focusing on purely nitroxide-based radicals for the development of CE DNP at intermediate magnetic fields, carbon-centered radicals such as trityl and BDPA have been known for SE since the early days of modern MAS DNP. In the recent years, the MAS DNP has pivoted towards these other types of radicals with a renewed attention and in the light of the insights gained in the study of nitroxides.

  Protons have a 211 MHz Larmor frequency at 5 T. Hence, the ca. 80 G (i.e. 225 MHz at this field) separation between the quasi-isotropic trityl line and the position of the g yy component at the max-Chapter 3Promising alternative classes of PAs imum of the nitroxide powder pattern closely matches that frequency. The authors demonstrated that, while trityl and TEMPO lead to maximum enhancements of ca. 15 and 55-fold respectively in these conditions, their 1:1 mixture (in moles of electrons, for a 40 mM total concentration) yielded an impressive ca. 160-fold boost on the 13 C signal after 1 H-13 C CP, at 5 T, 90 K and 5 kHz MAS[121]. The Zeeman field profile of the mixture, reported in figure3.1(a), clearly shows that the DNP effect observed surpasses the sum of both trityl SE and CE between nitroxides. The asymmetric shape of the profile and the ca. 76 G separation between its positive and negative maxima provide the evidence of trityl-nitroxide CE. The chosen concentration is a trade-off between high enhancement values (with short build-up times on the order of 5 s) and significant bleaching effects.

Figure 3 . 1 :

 31 Figure 3.1: (a) EPR spectra and Zeeman field profiles recorded at 5 T and 90 K for trityl, 4-hydroxy-TEMPO and a 1:1 mixture of these radicals. (b) Stucture of the water-soluble sulfonated BDPA. (c) Experimental Zeeman field profiles and polarization build-up curves obtained for AMUPol as well as several trityl-TEMPO mixtures at 7 T and 25 K. Reproduced and adapted from references [121-123] with permission.

  figure 3.2(a)), yielded an 87-fold (resp. 65-fold) enhancement at 14.1 T (resp. 18.8 T) at 100 K and moderate spinning frequencies, as reproduced in figure 3.2(b), overperforming AMUPol by a factor of two in similar conditions at 18.8 T. The magnitude of the Heisenberg exchange interaction

Figure 3 . 2 :

 32 Figure 3.2: (a) Condensed structures of some hybrid trityl-nitroxide biradicals such as TEMTriPols, NATriPols ans SNAPols. (b) Field-dependent MAS DNP performance of TEMTriPol-1 in a water/glycerol mixture. (c) Comparison between the overall DNP performance (enhancement and depolarization) of TEMTriPol-1 and AMUPol at 9.4 T under similar conditions as a function of MAS frequency. (d) Scaled NMR spectra showing the range of DNP enhancement values achieved at 18.8 T by SNAPol-1 in two different types of cells. Reproduced and adaptedfrom references[126,127,130] with permission.

Figure 3 . 3 :

 33 Figure 3.3: (a) Structures and MAS DNP performance of hybrid biradicals Hy-3, HyPTEK, HyTEK and HyTEK2 at 18.8 T as a function of MAS frequency. (b) Corresponding solutionstate X-band EPR spectra. (c) Contribution factor as a function of MAS frequency for the same four biradicals at 18.8 T. (d) DNP performance and build-up times of HyTEK2 at 21.1 T and up to 65 kHz MAS in a 0.7 mm probe. (e) Compared enhancement and signal-to-noise per unit time between TEKPol and HyTEK2 on an aluminosilicate sample. Reproduced and adapted from references [134, 135] with permission.

  phenylene unit in the linker to HyTEK with none considerably influences the interactions between the two electrons, from D = 8.1 MHz and J = 5 MHz to D = 28 MHz and J ≈ 50 MHz respectively in this case. This in turn tremendously improves the DNP performance of the biradical, from 40 to 120-fold enhancement factors recorded at 18.8 T and 40 kHz MAS. The strong couplings in the shorter radicals are also responsible for broadening the BDPA line and shortening its relaxation times, while they remain in the same order of magnitude, which overall leads to an efficient saturation upon microwave irradiation combined with faster recycling in the DNP process.

Figure 3 . 4 :

 34 Figure 3.4: Structures and EPR profiles (a) as well as Zeeman field profiles recorded under MAS DNP conditions at 5 T for Gd(DOTA) in blue and Gd(DTPA) in red (b) and Mn(DOTA) in green (c). Adapted with permission from reference [145].
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 35 Figure 3.5: Top left : structure of Gd(tpatcn) compared to Gd(DOTA). Top right : their respective 1 H (measured via CP), 13 C and 15 N enhancements for a 5 mM solution in DNP juice at 9.4 T and 100 K. Bottom left : their compared DNP performance across a wide range of concentrations. Bottom right : zoom on the negative SE condition in their Zeeman field profiles,with typical microwave on/off spectra as insert. Adapted with permission from reference[150].
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4 T and 21 . 1 T

 4211 , by changes in local conformation around the unpaired electron in mono-and binitroxides, for otherwise identical constitution, irrespective of the radical concentration. The conformation of a tetrahydropyran ring substituent is controlled by the inclusion of locking methyl groups. The biradical HydrOPol and the monoradical O-MbPyTol yields enhancements of 330 ± 60 and 119 ± 25 at 9.4 T and 100 K in a DMSO/water mixture. Pulsed EPR is used to identify that, while keeping the mean spin-spin distances and relaxation properties nearly the same, changes in the local geometry lead to differences in solvent accessibility to the electron spin. In addition to differences in the isotropic exchange coupling distributions in biradicals, these changes in turn correlate with the large differences in DNP performances experimentally observed.4.1.1 Open and closed conformers of bTUrea-based nitroxide biradicalsStructural characteristicsIn AMUPol, the tetrahydropyran rings at the α-position of the nitroxide moieties can exist in two different chair conformations: pointing away from the NO bond (denoted as open) or pointing towards the NO bond (denoted as closed). Given the low energy barrier between those two conformers, they undergo a fast interconversion at room temperature and cannot be isolated. AMUPol therefore exists in solution as a mixture of these two conformers, as illustrated in figure4.1, panel A. In the new mono-and biradicals presented in this study, the conformation of the tetrahydropyran rings is locked by the introduction of cis-2,6-dimethyl groups. As the conformations with two synaxial methyl groups are energetically unfavorable, only the conformations with the two methyl groups in the equatorial positions of the chair are observed. Thus, by fixing the absolute conformations of the two assymetric carbon atoms bearing the methyl groups, the radicals can be locked into non-exchangeable closed (C-), open (O-) or mixed open/closed (O/C-) conformations, as schemed on panels B, C and D respectively in figure 4.1. In practice, such conformers can then be separated by chromatography. In this study, several dimethyl-substituted open, closed or open/closed monoor biradicals have been synthesized, as summarized in figure 4.2. Biradicals from (2) to (6) are

  ,S,R,S) configuration is dominated by the Closed conformation The (S,R,S,R) configuration is dominated by the Open conformation The (S,R,R,S) configuration is dominated by the Open/Closed (O/C) conformation

Figure 4 . 1 :

 41 Figure 4.1: (A) Conformational equilibrium for each functionalized nitroxide moiety. By introducing cis-2,6-dimethyl groups on the tetrahydropyran ring, it is possible to lock the conformational equilibrium, favoring the conformation where the ring substituents assume equatorial positions. Reading clockwise the absolute configuration it comes respectively that the (R,S,R,S) configuration corresponds to a closed conformation -panel (B), the (S,R,S,R) configuration to an open conformation -panel (C), and the (S,R,R,S) configuration to a mixed open/closed conformation -panel (D). Reproduced from reference [163] with permission.

Figure 4 . 2 :

 42 Figure 4.2: Summary of radicals presented in this work adapted from reference [163] with permission. Name of radicals and molecular weights (column 1); molecular structures (column 2); room temperature X-band EPR spectra in DMSO (D), TCE or water (W) (column 3); room temperature X-band EPR exchange coupling value J and distribution σ(J), as well as isotropic hyperfine A iso value, extracted from fitting analysis (column 4); MAS DNP enhancements, polarization build-up times (in black) and concentration (in blue) measured at 9.4 T, ca. 100 K and 8 kHz MAS frequency in d6-DMSO/D 2 O/H 2 O (60/30/10 v/v/v) (column 5), in TCE (column 6) and d8-glycerol/D 2 O/H 2 O (60/30/10 v/v/v) (column 7). Values with (*) are from reference [103].

4. 1

 1 .2 MAS DNP performance of the open and closed conformers MAS DNP performance of the new biradicals at 9.4 T A stark difference in MAS DNP performance is observed between C-and O-conformers within each pair in the series, despite their otherwise identical structures.

Figure 4 .

 4 2 reports the 1 H MAS DNP enhancements recorded on the solvent, either via 1 H-13 C CP for radicals(1) to(8) in d6-DMSO/D 2 O/H 2 O (60/30/10 v/v/v) or via direct observation of the proton signal in TCE for (9)-(12) at ca. 100 K, 9.4 T and 8 kHz MAS frequency. The choice of these solvents enabled a meaningful comparison across the whole series of radicals as several of them exhibited poor solubility in the typical "DNP juice", i.e. d8-glycerol/D 2 O/H 2 O (60/30/10 v/v/v). The bi-radicals (2) and (3), having an identical urea-based linker and differing only by the conformation of their tetrahydropyran rings, represent the O-and C-conformers most closely related to AMUPol (1). MAS DNP experiments were performed for these three PAs at a concentration of 3.2 mM (dictated by the poor solubility of the C-conformer in the DMSO/water solvent mixture). An order of magnitude difference in the measured ϵ C,CP was observed between (2) and (3), yielding respectively 250 ± 20 for and 23.0 ± 2.5 enhancement factors. For comparison, AMUPol (1) at 3.2 mM in the same solvent mixture, at this field and temperature, yields an ϵ C,CP of 175 ± 20. Note that the polarization build-up times recorded at this concentration for (1), (2) and (3) were of the same order of magnitude, ranging from 5.5 to 8.2 s, indicating that the concentrations of the three PAs in DMSO/water were similar. In addition, O/C-MAMUPol (4) yields at 2 mM an ϵ C,CP of 211 ± 16. In order to address whether this difference in DNP enhancement is solvent specific, these radicals were also investigated in TCE at 16 mM, returning an ϵ C,CP of 102 ± 20 for (2) and of 14 ± 2 for (3), thus confirming the difference of almost one order of magnitude in the MAS DNP results between O-and C-conformers. O/C-MAMUPol (4) at 16 mM in TCE yields an ϵ C,CP of 78 ± 3, which is again in between the values for (2) and (3). The same behaviour is therefore observed between conformers, with enhancement values overall decreasing by 50% in TCE for all

Chapter 4 New

 4 efficient binitroxides for high field DNP HydrOPol (5) is the open methylated conformer equivalent of PyPolPEG 2 OH, which yielded an ϵ C,CP of 303 at 10 mM in d8-glycerol/D 2 O/H 2 O (60/30/10 v/v/v) in reference [103]. Here (5) dissolved in d6-DMSO/D 2 O/H 2 O (60/30/10 v/v/v) at 10 mM and measured under otherwise identical field and temperature conditions resulted in a similar proton enhancement ϵ C,CP of 330 ± 60. The closed analogue C-HydrOPol (6) dissolved at 10 mM in the same DMSO/water matrix yielded again an order of magnitude smaller enhancement (29 ± 3). O-PyPolC 6 OH (7) and C-PyPolC 6 OH (8) also yielded respectively 203 ± 15 and 33 ± 5 fold enhancement factors in DMSO/water at 9.4 T, in line with the previous observation for (2) and (3) in the same solvent, confirming an almost one order of magnitude MAS DNP enhancement difference between O-and C-conformers of a binitroxide. Molecular dynamics simulations comparing the distributions of orientations between the g-tensors in open and closed conformers only yielded minor deviations, which do not correlate with the large differences in MAS DNP observed experimentally. Experiments were also conducted in a 9.4 T magnet on (5) at 5 mM in d6-DMSO/D 2 O/H 2 O (60/30/10 v/v/v) using a 1.3 mm MAS DNP probe, enabling faster MAS under cryogenic DNP conditions. In this case, a 293-fold direct proton enhancement was measured at 8 kHz MAS, which could be improved up to 350-fold upon addition of manually ground sapphire particles [78]. Results from these experiments are plotted on figure 4.3(a). MAS DNP performance of the new biradicals at 21.1 T At 21.1 T, the proton enhancement of HydrOPol (5) at 10 mM in DMSO/water drops dramatically,

  Figure 4.3(b) shows the reduction kinetics, measured by EPR, for the monoradicals (9), (11) and(12) in presence of 0.2 mM ascorbic acid in water at 295 K. The slower reduction observed for C-MbPyTol (12) is indicative of a better resistance to reducing environments. This effect is ascribed to different solvent accessibilities to the nitroxide regions between the conformers, with only a reduced surface being available in the closed form, in agreement with the ESEEM data presented in the next session.
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 43 Figure 4.3: (a) MAS DNP enhancements for HydrOPol (5) at 5 mM and 100 K in DMSO/water versus MAS rate at 9.4 T. (b) Reduction profiles measured through the intensity of EPR signals of 0.2 mM solutions of nitroxides (9) in blue,(11) in black and(12) in red in presence of 0.2 mM ascorbic acid in water at 295 K. Reproduced from reference[163] with permission.

  and ca. 40% longer polarization build-up time in TCE (see figure4.2). The T M of C-MAMUPol (3) is longer than that of O-MAMUPol (2) in both DMSO/water and TCE, even though in the C-conformer the methyl groups are closer in space to the unpaired electron.Hence, distributions of distances between the unpaired electron and several groups of protons were evaluated from MD trajectories computed on monoradicals(11) and(12), as shown in figure4.4. The methyl group protons are compared in panel b, and values between 4 and 5.5 Å are found for (12) versus 4.5 and 6.3 Å for(11). Due to the similarity between these two distance distributions, the hypothesis that methyl-induced electron relaxation in closed radicals is the main limiting factor in their DNP performance can be discarded. An interesting point is however the presence of more protons at ca. 4.5 Å on the radical itself in the open form (as seen on panel c) that are absent from the closed form and could help mediating the hyperpolarization more efficiently out of the spin diffusion barrier in open conformers. This will be further discussed later in this chapter, in the case of TinyPol-like radicals.Solvent accessibility parameter via ESEEMSolvent accessibility was probed using pulsed EPR at X-band in a three-pulse Electron Spin Echo Envelope Modulation (ESEEM) experiment to quantify hyperfine couplings to deuterium nuclei in the vicinity of the unpaired electrons, allowing for the estimation of the number of nuclear spins within a 3 to 6 Å radius. The ESEEM effect arises from partially allowed transitions occurring with the simultaneous change of the electron and nuclear magnetic spin quantum numbers. In the three-pulse ESEEM the intensity of the echo signal is modulated by the hyperfine interaction between the electron spin and vicinal 2 H nuclei during a variable delay T, resulting in an oscillating decay as shown in figure4.5, also showing the 2 H modulation profiles for the investigated mono-and biradicals. Adequate choice of delays in the sequence allows for minimize influence of protons in this experiment and a solvent accessibility parameter denoted Π(D 2 O) can be computed from the ESEEM modulation depth (see experimental section for details).The solvent accessibility parameter Π(D 2 O) is always found to be larger for the O-conformers in this experiment, as it is 18% greater for O-MbPyTol(11), 37% for O-PyPolC6OH (7) and 26% for O-MAMUPol (2) as compared to their C-analogues (12), (8) or (3) respectively. This can be interpreted as a greater solvent accessibility to the nitroxide region for this class of PAs, which correlates positively with the higher enhancements measured for the open conformers. This is further supported by the higher proton density from water molecules evaluated for the open radicals via MD, as displayed in panel a from figure 4.4.
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 44 Figure 4.4: Proton densities for (a) solvent water protons, (b) methyl groups and (c) other radical protons in a sphere of 7 Å around the nitroxide radical, as illustrated in (d) on the structure of O-MbPyTol (11).

Figure 4 . 5 :

 45 Figure 4.5: Three-pulse ESEEM time domain data at X-band and 50 K and magnitude spectra for 200 µM solutions of: (11) and (12) in DMSO/water in (a); (7) and (8) in DMSO/water in (b); (2) and (3) in glycerol/water in (c).

4. 1 . 4 Conclusions

 14 New nitroxide mono-and biradicals PAs have been introduced for MAS DNP at 9.4 T and 100 K. They were designed to adopt a fixed open or closed conformation thanks to methyl groups locking the tetrahydropyran rings in α-positions of the nitroxide moieties. A significant difference in the MAS DNP performance was observed between open and closed forms of several radicals, with the O-biradicals yielding an order of magnitude better results than their corresponding C-analogues. The strikingly higher enhancement for the O-PAs is preserved across different DNP media. These results cannot be exclusively rationalized in terms of variations in the saturation factors, methylinduced relaxation or different magnetic interactions (notably Heisenberg exchange) between the Chapter 4 New efficient binitroxides for high field DNP O-and C-radicals. ESEEM experiments confirm a higher local solvent accessibility in the O-class radicals. This positively correlates with the MAS DNP results. Changes in the local concentration of the different types of protons in the vicinity of the unpaired electron could affect the first steps of the polarization transfer process, leading to the observed changes in the MAS DNP bulk solvent enhancements.This study highlights the -so far overlooked -crucial importance of local conformational changes near the nitroxide, introducing a new design principle for the synthesis of efficient radicals tailored for high field MAS DNP. HydrOPol (5) yields a 330-fold proton enhancement at 9.4 T and 100 K in a frozen DMSO/water matrix, which is about 80% higher than AMUPol (1) under the same conditions of field, concentration and solvent. In addition, the mono-radical O-MbPyTol (11) also yields a remarkable 119-fold proton enhancement at 9.4 T in DMSO/water. The relevance of the principle introduced here will also be discussed in the following sections of this chapter.

4. 2

 2 Introducing the TinyPol family, a class of binitroxides tailored for high field DNP This section is largely based on the following publication [165]: A. Lund, G. Casano, G. Menzildjian, M. Kaushik, G. Stevanato, M. Yulikov, R. Jabbour, D. Wisser, M. Renom-Carrasco, C. Thieuleux, F. Bernada, H. Karoui, D. Siri, M. Rosay, I. V. Sergeyev, D. Gajan, M. Lelli, L. Emsley, O. Ouari, A. Lesage, Chemical Science 2020, 11, 2810-2818. DOI: 10.1039/C9SC05384K. While efficient binitroxide polarizing agents such as AMUPol have been developed for MAS DNP NMR at magnetic fields up to 9.4 T, their performance drops rapidly at higher fields due to the unfavorable field dependence of the CE mechanism (see Chapter 1). Thus, in a 3.2 mm diameter rotor, the proton enhancement in a frozen solution of 10 mM AMUPol in "DNP juice", i.e. in a d8-glycerol/D 2 O/H 2 O (60/30/10 v/v/v) mixture, typically drops from 250 at 9.4 T to about 140 at 14.1 T [99], 48 at 18.8 T and 20 at 21.1 T (this work), dramatically affecting the sensitivity gains offered by such PAs at very high magnetic fields. Different approaches to circumvent this limitation have been developed, as mentionned in the last section of Chapter 2 and in the first half of Chapter 3, with the introduction of asymmetric binitroxides and hybrid trityl-nitroxide orBDPA-nitroxide biradicals respectively. The efficiency of such PAs at high fields was rationalized by the presence of strong electron-electron interactions that help maintain a high CE probability during the three-spin level anti-crossing event under MAS[40], as long as the simplified CE condition holds true. Another adverse feature of AMUPol is the presence of strong depolarization effects[116] that manifest themselves as a decrease of the overall contribution of the nuclei to the NMR signal intensity, including in the absence of microwave irradiation and become stronger with faster spinning. Increasing the magnitude of magnetic interactions between electrons has also proven to be efficient at mitigating nuclear depolarization[119,127,134].Here, by revisiting the structure of six-membered ring nitroxides, a new family of water-soluble binitroxides, dubbed TinyPols, is introduced. These biradicals have a three-bond non-conjugated flexible amine linker, reducing the distance between the two unpaired electrons compared to AMUPol and thus allowing sizable electron-electron couplings. This adjustment of the linker is crucial and leads to unexpectedly high DNP enhancement factors at 18.8 T and 21.1 T, where the best radical in the series yields respectively 90 and 38-fold enhancement factors in water/glycerol, yielding an improvement in overall sensitivity of about a factor 2 compared to AMUPol in the same conditions.

  Figure 4.6 shows the structure of the biradicals that have been investigated in this study. They all have the same generic chemical structure with a three-bond non-conjugated amine linker and either tetrahydropyranyl, methyl-tetrahydropyranyl or cyclohexanol spiranic groups at the α-position of the nitroxide moieties.
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 46 Figure 4.6: Names and structures of the TinyPol series of radicals introduced in this study. For each PA, proton MAS DNP enhancements are reported for 5 or 10 mM solutions in glycerol/water at 18.8 T and 40 kHz MAS or 21.1 T and 12 kHz MAS (when available).
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 47 Figure 4.7: Intensity of the X-band EPR signal (in arbitrary units) at room temperature of TinyPol solutions in DNP juice of various concentrations.

5

  and 10 mM concentration. While TinyPol-diOH and TinyPol-PEG2 yield modest enhancement values, the three other radicals in the series, namely TinyPol, TinyPol-rev and M-TinyPol, clearly outperform AMUPOL at 18.8 T. The best enhancement factors are obtained with TinyPol (73 versus 46 for AMUPol) and M-TinyPol (90 versus 54 for AMUPol) at 5 and 10 mM concentrations respectively. Given the results of this rapid screening, the rest of the investigation was focused solely on TinyPol and M-TinyPol.

Figure 4 . 8 :

 48 Figure 4.8: Concentration dependence of the DNP performance for M-TinyPol at 18.8 T (a) and 21.1 T (b).

Figure 4 . 9 :

 49 Figure 4.9: Enhancement factors of AMUPol, Tiny-Pol and M-TinyPol at 5 mM (a and c) and 10 mM (b and d) concentration in DNP juice as a function of MAS frequency.

Figure 4 . 10 :

 410 Figure 4.10: Contribution factors at 18.8 T for 5 mM TinyPol (in blue) and 10 mM M-TinyPol (in green) solutions in DNP juice.

Figure 4 . 11 :

 411 Figure 4.11: DNP enhancement factors (a) and overall sensitivity gains (b) of 5 and 10 mM TinyPol, M-TinyPol and AMUPol solutions in DNP juice acquired at 9.4 and 18.8 T (40 kHz MAS) and 21.1 T (12 kHz MAS).

Figure 4 . 12 :

 412 Figure 4.12: MAS dependent depolarization (a), direct proton (b) and via 1 H-13 C CP (c) enhancement curves for 5 mM Tiny-Pol in DNP juice with 2 M 13 C-labelled urea at 108 and 125 K and 18.8 T.

Figure 4 .

 4 Figure 4.13(a) shows the W-band (95 GHz) echo-detected EPR spectra of 100 µM solutions in DNP juice of AMUPol, TinyPol and M-TinyPol radicals recorded at 105 K, along with the spin lattice relaxation times T ir and the electronic phase memory times T M measured at different field values across the EPR pattern. The bulky functional groups decorating the nitroxide moieties lead to similar T ir values for all radicals, ranging between 0.2 and 0.5 ms. The T M values vary,

Figure 4 . 13 :

 413 Figure 4.13: (a) W-band ED-EPR relaxation data for 100 µM AMUPol, TinyPol and M-TinyPol in DNP juice at 105 K. (b) X-band CW solution state spectra of TinyPols in 1 mM DNP juice and overlay with 3-component fits (dotted lines).

Figure 4 . 14 :

 414 Figure 4.14: (a) Visual representation of the conformation ensemble for TinyPol from molecular dynamics. (b) Top: electronelectron distance distribution in TinyPol extracted from MD. Middle: relative g-tensor orientation distribution in TinyPol from MD. Bottom: J coupling distribution in TinyPol from broken symmetry DFT on 100 conformations extracted from the MD ensemble.

Figure 4 . 15 :

 415 Figure 4.15: (a) Enhancements obtained in different LTMAS probes at 18.8 T at maximum spinning frequency for a 10 mM solution of M-TinyPol in DNP juice. (b) Finite element simulations of microwave B 1 field strength and homogeneity inside the rotor at 18.8 T as a function of rotor size and choice of microwave optics [61, 134] The scale of intensities is provided on the color bar.

Chapter 4 New

 4 efficient binitroxides for high field DNP Impact of a constrained linker on the DNP performance Nonetheless, a series of TinyPol-like radicals with a constrained linker was investigated, based on the addition of a blocking group on the TinyPol linker. The first radical in the series, dubbed TinyPol-CH 3 , is presented in figure4.16(a). The addition of a methyl group on the nitrogen is expected to further constrain the biradical into near-orthogonal conformations, as predicted by the distribution of angles between g-tensors obtained in molecular dynamics simulations and presented in figure4.16(b). This distribution is significantly narrower and more centered towards 90 • than that of TinyPol in figure4.14(b). The DNP performance of this PA in a frozen glycerol/water matrix was evaluated at 18.8 T for different concentrations and is presented in figures 4.16(c) and (d). This PA only yields moderate 50-fold enhancement factors at a 5 mM concentration, hence significantly underperforming TinyPol (ϵ = 90). At higher concentrations, the performance of TinyPol-CH 3 is even more detrimental, with overlapping data points at 10 and 20 mM. The build-up times, as expected due to the presence of the methyl group (sink of polarization), are relatively short for this solvent and range between 3 and 5 seconds at 40 kHz, versus ca. 15 s for TinyPol. This short repetition time is beneficial for the overall sensitivity gain provided by this radical, however it also limits the maximum achievable hyperpolarization in the bulk. The results at 10 and 20 mM might however indicate either a solubility or aggregation issue for this radical.

Figure 4 . 16 :

 416 Figure 4.16: (a) Structure of TinyPol-CH 3 and (b) angular distribution between the two g-tensors in TinyPol-CH 3 predicted via MD. The grey box in (b) is used to guide the eye and shows that this distribution is narrower than that of TinyPol. MAS DNP enhancements (c) and build-up times (d) as a function of MAS rate for three concentrations of TinyPol-CH 3 in DNP juice.

Figure 4 . 17 :

 417 Figure 4.17: Structures of TinyPol-CD 3 (a), O-TinyPol-CD 3 (b) and TinyPol-mesyl (c).

Chapter 4 New

 4 efficient binitroxides for high field DNPThe open version of this radical, O-TinyPol-CD 3 , outclasses TinyPol-CD 3 and TinyPol-CH 3 as it yields a 76-fold enhancement factor at 40 kHz MAS and 18.8 T at a 10 mM concentration in DNP juice, and up to 87-fold at 10 kHz MAS. The performance of this PA is comparable to that of M-TinyPol in the same conditions. Despite achieving slightly inferior gains, O-TinyPol-CD 3 also has shorted build up times, hence an equivalent overall sensitivity gain for these two binitroxides.It can be seen that, as for M-TinyPol, 10 mM is an optimum concentration and 5 and 20 mM solutions yield significantly less DNP enhancement. The build up times also evolve in a predictable way for O-TinyPol-CD 3 as a function of concentration, decreasing from 12.3 s at 5 mM to 3.4 s at 20 mM.

Figure 4 .

 4 18 summarizes graphically the DNP performance of these radicals compared to M-TinyPol as a function of MAS rate.

Figure 4 . 18 :

 418 Figure 4.18: Proton enhancements of TinyPol-CH 3 , TinyPol-CD 3 , O-TinyPol-CD 3 and M-TinyPol at 10 mM in glycerol/water at 18.8 T as a function of MAS frequency.

  solution X-band EPR to quantify the concentration of biradical directly in the DNP solution, inside a 1.3 mm rotor. First, to evaluate how the EPR spectrum was affected by the 1.3 mm rotor itself, the EPR spectra of an array of TEKPol solutions in TCE of well-known concentration were recorded in both a capillary tube (standard for EPR) and a 1.3 mm rotor. In each case, a linear regression was established between the double integral (calculated via an Easyspin script) of the spectrum and the concentration, as shown in figures 4.19(a) and (b) respectively. The comparison between the two slopes allowed to obtain a conversion factor from experiments performed in capillaries and zirconia rotors for a given biradical solution at a given concentration. Then, acquiring EPR spectra at different well known concentrations for TinyPol in DNP juice, up to 5 mM, allowed to obtain a regression curve for this radical in a capillary tube (allowing for more signal-to-noise ratio), as displayed in 4.19(c). By applying the previously determined conversion factor to this curve, a calibration curve is obtained for TinyPol-like radicals in DNP juice and at millimolar concentrations measured directly in 1.3 mm rotors, which corresponds to the blue trace in 4.19(d).

Figure 4 . 19 :

 419 Figure 4.19: Linear regressions between double integral of the EPR signal and concentration of (a) TEKPol in a capillary tube, (b) TEKPol in a 1.3 mm rotor, (c) TinyPol in a capillary tube and (d) TinyPol (in blue) and TinyPol-CH 3 (in orange) in a 1.3 mm rotor.
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 33 Role of the electronic relaxation times in the DNP performance New functionalized TinyPol-like structures Four additional TinyPol-like structures were investigated and are presented on figure 4.20. TinyPol-NH, TinyPol(OH) 4 and O-TinyPol(OH) 4 are based on TinyPol while M-TinyPol(OH) 4 is based on TinyPol-rev and M-TinyPol. The functionalization of the cyclohexyl rings of the nitroxide withlong chains increasing the molecular weight of the radical is expected to lengthen the electronic relaxation times of these PAs, which was deemed beneficial in the development of TEKPol derivatives (see 2.5 and reference[98]). The presence of multiple additional hydroxyl groups is also expected to make these TinyPols very soluble in DNP juice.

Figure 4 . 20 :

 420 Figure 4.20: Structures of four new TinyPol-like radicals: TinyPol-NH (a), TinyPol(OH) 4 (b), O-TinyPol(OH) 4 (c) and M-TinyPol(OH) 4 (d), as well as M-TinyPol reminded in (e).

Chapter 4 New

 4 efficient binitroxides for high field DNPElectronic relaxation propertiesThe electronic relaxation times of these four new biradicals, i.e. the inversion recovery time T ir and the phase memory time T M , were evaluated via W-band (ca. 95 GHz) echo-detected EPR spectroscopy at 105 K and at a concentration of 100 µM in DNP juice. Their saturation factor, defined as the product of their longitudinal and transverse electronic relaxation times, was approximated to the product of T ir and T M . These results are displayed in figure4.21. The T ir were found to be all very similar across the series, in the order of 200 µs, while the T M vary between 1 and 7 µs. The latter are shortened in biradicals presenting an open conformation, most likely due to the presence of locking methyl groups. Due to this disparity, the saturation factors in turn range across an order of magnitude, from ca. 200 µs 2 for M-TinyPol to ca. 2000 µs 2 for TinyPol-NH.

Figure 4 . 21 :

 421 Figure 4.21: Electronic inversion recovery times, phase memory times and saturation factors recorded on a series of TinyPol-like biradicals via echo-detected EPR spectroscopy at at W-band, 105 K and at a concentration of 100 µM in DNP juice.

Table 4 . 2 :

 42 DNP performance of TinyPol-like radicals with additional bulky chains at 18.8 T for various concentrations of radical and as a function of MAS frequency. All the radical solutions were prepared in DNP juice (60% d 8 -glycerol/30% D 2 O/10% H 2 O). All these results were acquired with the upgraded 1.3 mm LTMAS DNP probe presented at the beginning of this section. The temperature of the microwave OFF experiments was carefully adjusted to that of microwave ON experiments within ±5 K.

Figure 4 . 22 :

 422 Figure 4.22: DNP enhancement factor measured at 18.8 T for 10 mM solutions of several binitroxide radicals in DNP juice under 40 kHz MAS as a function of their saturation factor obtained via W-band EPR. The relaxation data for AMUPol is estimated from reference [99].

Figure 4 .

 4 23(a) displays the concentration dependence of the enhancement factor for this PA and highlights a clear optimum at 10 mM, in line with results obtained previously on M-TinyPol. The monotonous decrease of the build-up times with increasing concentration comforts the observed good solubility of M-TinyPol(OH) 4 in DNP juice.

Figure 4 .Figure 4 . 23 :

 4423 Figure 4.23: (a) Concentration dependence of the enhancement (light orange) and build-up times (dark orange) of M-TinyPol(OH) 4 solutions in DNP juice at 18.8 T and 40 kHz MAS. Enhancement factors (b) and absolute sensitivity gains (c) for 10 mM M-TinyPol (green) and M-TinyPol(OH) 4 (orange) in DNP juice at 18.8 T as a function of spinning frequency. The temperature was carefully controlled during all the experiments and adjusted to 110 K ± 5 K.

figure 4 .

 4 figure 4.24 to picture the local organization of the solvent near the unpaired electrons and the most likely polarization transfer pathways. At this stage of the study, this hypothesis is believed to be the most plausible to rationalize the better performance of M-TinyPol(OH) 4 over M-TinyPol.

Figure 4 . 24 :

 424 Figure 4.24: Tentative scheme describing the local proton distribution around the TinyPol(OH) 4 radical as suggested by ESEEM experiments. The light blue circles indicate the presence of protons on the radical chains and the dark blue dotted line pictures the spin diffusion barrier. Polarization transfer pathways are figured by red arrows.

Figure 4 . 25 :

 425 Figure 4.25: MAS DNP performance at 18.8 T of M-TinyPol(OH) 4 at 10 mM in DNP juice, i.e. d8-glycerol/D 2 O/H 2 O (60/30/10 v/v/v), in orange and in DNP syrup, i.e. d 5 -glycerol/d8glycerol/D 2 O (27/33/40 v/v/v), in purple, as a function of the MAS frequency. The temperature was carefully controlled during all the experiments and adjusted to 110 K ± 5 K.

  relaxation times and hence their DNP efficiency. PAs such as O-TinyPol(OH) 4 and M-TinyPol(OH) 4 were found to respectively match or overperform M-TinyPol, confirming the beneficial role of these chains. However, an in depth study of the relaxation properties of TinyPols proved that there is an absence of correlation between their enhancement and saturation factors, contrarily to what was observed at intermediate magnetic field. It should be noted that M-TinyPol(OH) 4 established a new record for DNP at 18.8 T with binitroxides, yielding up to 150-fold enhancements at 40 kHz MAS. Its overall sensitivity is also comparable or superior to that of M-TinyPol over the whole accessible spinning frequency range.Investigation of the local geometry of the radical and the organization of the solvent in the vicinity of the unpaired electron via ESEEM experiments revealed that despite a similar solvent accessibility for all TinyPols, glycerol molecules lie closer to the electron. In the context of DNP experiments in DNP juice, this highlights the critical role of protons located in the vicinity of the unpaired electron in mediating the hyperpolarization to the bulk of the DNP matrix. In that respect, additional protons provided by the long chains in M-TinyPol(OH) 4 are thought to be responsible for its better performance over M-TinyPol. A preliminary DNP investigation with a different solvent composition points towards similar conclusions, i.e. the key role of the proton distribution within the first Angstroms around the radical. Such observations have also been made by Perras and co-workers, who postulated that the phenyl groups in TEKPol play a crucial role in pushing the hyperpolarization towards the bulk of the DNP matrix[57].

figure 4 . 26 .

 426 figure 4.26. The first three are based on the bTbK scaffold (figure 4.26(a)): bPbK having fivemembered ring nitroxides (figure 4.26(b)) instead of six-membered rings in bTbK to reduce the distance between the two electrons and subsequently slightly increase their dipolar coupling, bPAM also presenting five-membered ring nitroxides and a compact structure based on a quaternary nitrogen (figure 4.26(c)) to fine tune the inter-electronic distance, and KTO with an asymmetric structure (figure 4.26(d)) as well as a shorter electron-electron distance with respect to bTbK. SulfiPydiNO has a sulfoxide linker ((figure 4.26(e))), which has not been explored extensively yet in biradicals. TinyPol-phenyl is a TEKPol-like biradical (figure 4.26(f)) that benefits from the short tether of the TinyPol family.

Figure 4 . 26 :

 426 Figure 4.26: Structures of bTbK (a), bPbK (b), bPAM (c), KTO (d), SulfiPydiNO (e) and TinyPol-phenyl (f) binitroxide radicals.

  , along with corresponding mass spectrometry, HPLC and solution-state NMR characterizations. For the open/closed radicals, after a crossed aldol condensation, three isomers are obtained, namely open (O-), closed (C-) and open/closed (O/C-) conformers. They are isolated by column chromatography either at the amine stage or after oxidation to the corresponding nitroxide. The solvents used in sample formulations (d 8 -glycerol, d 5 -glycerol, d 6 -DMSO, D 2 O and TCE) were purchased from Sigma Aldrich and Eurisotop and used without further purification. 13 C, 15 N-labelled proline (Cambridge Isotopes Laboratories), 13 C-labelled urea and KBr salt (Sigma Aldrich) were also used as received. The studied solutions were prepared each time by dissolving c.a. 1 mg of the radical powders in the appropriate solvent mixture (DNP juice, DMSO juice, DNP syrup) up to the desired concentration. Depending on the biradical, solubilization up to the desired concentration was more or less straightfoward. The closed conformers C-MAMUPol was poorly soluble in any aqueous solvent, hence the choice of certain concentrations in figure 4.2. For AMUPol and M-TinyPol solutions in DNP juice, mechanical stirring at room temperature was sufficient to achieve a radical concentration of up to 20 mM. In contrast,

  8 and 21.1 T, and equipped with triple resonance 1.3 mm (for 9.4 and 18.8 T) and 3.2 mm (for 21.1 T) low-temperature MAS probes. DNP was achieved by irradiating the sample with high-power microwaves at frequencies of 263 GHz (9.4 T), 527 GHz (18.8 T) and 593 GHz (21.1 T) generated by a gyrotron that was operating continuously during the DNP experiments (stability of better than ±1%). A microwave power of 40 W was used at Chapter 4

  Despite the satisfying DNP results at high fields demonstrated with tailored binitroxides in the previous chapter, increasing the versatility of DNP polarizing agents (PA) remains a key challenge to broaden the applicability of the technique. This chapter gathers new results obtained during this PhD thesis on two different classes of PAs that are extensively presented in Chapter 3: hybrid BDPA-nitroxide biradicals and Gd(III) molecular complexes. Each of these is discussed in a dedicated section, where new designs are evaluated and compared to the established standards. Most of the work was performed in close collaboration with the group of Prof. Emsley at EPFL.
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 11 New hybrid BDPA-nitroxide biradicals for high field DNP

Figure 5 .

 5 Figure 5.1 presents the four new hybrid BDPA-nitroxide biradicals introduced in this study. BPO (figure 5.1(a)) is analogous to the first hybrid radical of this class reported by Dane and co-

Figure 5 . 1 :

 51 Figure 5.1: Strctures of the BDPA-nitroxide hybrid biradicals BPO (a), BMPO1 (b), BMPO2 (c), BMTPO (d) and HyTEK2 (e).

Table 5 . 1 :

 51 DNP performance of 32 mM solutions in TCE of hybrid BDPA-nitroxide radicals evaluated at 21.1 T and 110 K as a function of MAS frequency in a 3.2 mm sapphire rotor. The enhancement factors were obtained via 1 H-13 C cross-polarization. Overall sensitivity gain at 21.1 T The contribution factors (as defined in Chapter 1) have been estimated in the same conditions for BMPO1, BMPO2 and BMTPO, as reported in figure 5.2. It can be seen that, at 21.1 T and over the investigated spinning frequency range, these three PAs yield a similar contribution within error. More precisely, the trend is rather flat around 0.6 ± 0.1, indicating, apart from Chapter 5

  1 and figure 5.2, the overall sensitivity gain, defined as ϵ×θ √ T b , can be estimated for both BMTPO and HyTEK2 at 21.1 T and 12 kHz. It comes respectively 24 and 25 s -1/2 , which is equivalent within error (as the depolarization measurements have a strong uncertainty, see introduction chapter). Therefore, it is expected that the overall sensitivity provided by BMTPO matches that of HyTEK2 at 21.1 T and moderate MAS frequency, despite a lower enhancement factor for the former.

Figure 5 . 2 :

 52 Figure 5.2: Contribution factors evaluated for 32 mM solutions in TCE of BMPO1 (orange), BMPO2 (green) and BMTPO (blue) at 21.1 T and 110 K as a function of spinning frequency.

Figure 5 . 3 :

 53 Figure 5.3: Proton enhancement (plain triangles) and normalized depolarization factor (empty circles) for a 32 mM solution of BMTPO in TCE evaluated at 18.8 T and 105 ± 5 K as a function of MAS frequency in a standard 1.3 mm LTMAS probe.

  This section is largely based on the following submitted manuscript: Y. Rao, C. Palumbo, A. Venkatesh, M. Keener, G. Stevanato, A.-S. Chauvin, G. Menzildjian, S. Kuzin, M. Yulikov, G. Jeschke, A. Lesage, M. Mazzanti, and L. Emsley, Journal of Physical Chemistry C, manuscript ID: jp-2022-01721k. Previous work on Gd(III) complexes for MAS DNP conducted before the start of this PhD in the group of Prof. Emsley was extensively discussed in Chapter 3. The DNP enhancement obtained at 9.4 T with Gd(tpatcn), a newly introduced PA at the time, overperformed the previous standard Gd(dota) by a factor of two, which was ascribed to the lower mean zero-field splitting (ZFS)

Figure 5 .

 5 Figure 5.4(a)-(d) shows the structures of the four new Gd(III) complexes investigated in this study. These complexes were synthesized and characterized in the group of Prof. Mazzanti at EPFL. They are all well-defined 1:1 chelates with octadentate or nonadentate ligands, completed by one coordinating water molecule for Gd(dotp). Their stability in aqueous media was assessed by solution NMR on the corresponding Eu(III) diamagnetic analogues (not shown). Gd(dotp)

DNP results at 9. 4 T

 4 Figure 5.4(a)-(d) shows the regions of the Zeeman field profiles corresponding to the negative SE DNP on protons for 4 mM solutions in DNP juice of each of the four complexes at 9.4 T, 110 K

Figure 5 . 4 :

 54 Figure 5.4: Structures, partial proton DNP Zeeman field profiles, maximum enhancements at the negative SE condition and Q-band echo-detected EPR spectra of four new Gd(III) molecular complexes, respectively [Gd(dotp)(H 2 O)] 3+ in (a), [Gd(tbptcn)] 3+ in (b), [Gd(tpatcnam)] 3+ in (c) and [Gd(tpptcn)] in (d). The positive charges are balanced by iodine ions. MAS DNP experiments were performed at 100 K with 4 mM solutions and EPR experiments were performed at 10 K with 25 µM solutions, both in DNP juice.

Figure 5 .

 5 Figure 5.5 collects all the proton DNP enhancement measured for seven Gd(III) complexes discussed in references[147,150] as well as in this work. None of the four PAs introduced here overperforms Gd(dota) or Gd(tpatcn), which remain the state-of-the-art complexes for MAS DNP at 9.4 T. They however span across a wide range of ZFS axial D values, that have all been extracted from Q-band EPR in a similar way, and consistently with the previously reported complexes. This allows to complete the plot of figure5.5 with a sufficient number of data points and verify strongly the correlation between the ZFS and enhancement factor postulated by Stevanato and co-workers. The solid red curve, indeed providing a satisfying fit for this ensemble, illustrates the inverse quadratic dependence of the enhancement factor on the ZFS axial D parameter, following equation 3.1. This simple relationship is therefore confirmed experimentally and can now be confidently used to predict the DNP performance of Gd(III) polarizing agents.

Figure 5 . 5 :

 55 Figure 5.5: Proton DNP enhancement at 9.4 T for 4 mM solutions in DNP juice of seven different Gd(III) complexes as a function of their axial zero field splitting parameter D. The red curve is a fit to the theoretical inverse quadratic relationship.

  3 mm zirconia rotors without plugs. Samples in 3.2 mm rotors were degassed at least 3 times to reduce the concentration of paramagnetic oxygen in the sample. In 1.3 mm rotors, freeze-thaw cycles did not yield any increase in the enhancement, indicating that the rotors are too tight to allow for efficient degassing (data not shown). For the experiments in 1.3 mm rotors, a small layer of finely ground KBr was added to the bottom of the rotor in order to monitor the sample temperature via the79 Br nuclear longitudinal relaxation time. For the contribution factor determinations, the mass of solution introduced in each rotor was weighed, and the signal intensities were normalized to the mass of the solution in each rotor.

3 and 3. 2 mm

 2 LTMAS triple resonance probes respectively. The samples were irradiated with continuous wave high-power microwaves at a 527 GHz (18.8 T, 800 MHz proton Larmor frequency) or 593 GHz (21.1 T, 900 MHz proton Larmor frequency), with a power stability better than ± 1%. At 18.8 T, the external magnetic field was set to the value of maximum DNP enhancement, corresponding to a microwave irradiation close to the EPR resonance of the BDPA moiety. At 21.1 T, the absence of sweep coil required to sweep the gyrotron cavity temperature instead to tune the microwave power delivered, in turn reaching the maximum enhancement value, also corresponding to an irradiation close to the EPR resonance of the BDPA moiety at that field. This optimization was conducted on BMTPO as this biradical produced the highest enhancement in the series and the corresponding curve is reported in figure 5.6.

Figure 5 . 6 :

 56 Figure 5.6: Enhancement via proton-carbon CP on a 32 mM BMTPO solution in TCE at 21.1 T, 12 kHz MAS and 100 K, as a function of the gyrotron cavity temperature.

Figure 6 . 1 :

 61 Figure 6.1: (a) Energy level diagram of nitrogen vacancies (NV -) in diamond and optical pumping scheme (green arrow), featuring radiative and non-radiative desexcitation pathways (red and orange arrows). (b) Field-dependence of the m s = 0, ± 1 levels on the triplet ground state of the NV -, with the two asymmetric optical transitions pictures in red and blue. (c) Enhanced 13 C signal after hyperpolarization transfer from the electronic state to the nuclei via one of the transitions described in (b), and subsequent NMR trace with the same color coding. Reproduced

Figure 6 . 2 :

 62 Figure 6.2: (a) Energy level diagram and triplet DNP mechanism, featuring the singlet-triplet ISC occurring in photo-excited molecules and the polarization transfer to protons via ISE. (b) Scheme of the different processes occuring during the triplet-DNP mechanism inside a constrained MOF structure. (c) Proton enhancement factors recorded as a function of build-up time for PDBA in ZIF-8 at 220 K and room temperature. Reproduced from reference [172] with permission.
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 63 Figure 6.3: (a) X-band EPR spectrum of free radicals in fused quartz generated by ionizing γ-radiation. (b) Corresponding Zeeman field profile for 29 Si at 9.4 T. The ppm offset is calculated from the maximum proton CE position for AMUPol. (c) Overlay of the 29 Si spectra in presence (light blue) and absence (dark blue) of microwaves at 9.4 T, 100 K and with a 4000 s recycling delay. (d) Enhancement build-up curve at 9.4 T and 100 K. (e) Temperature dependence of the 29 Si enhancement for two different recycling delays, 500 s (light blue) and 100 s (dark blue).

13 CFigure 6 . 4 :

 1364 Figure 6.4: (a) Structure of PyT. (b) 13 C DNP enhancement factor as a function of temperature at 9.4 T and 20 kHz MAS for PyT in DNP juice (purple trace) and PyT in threalose (green trace, 2 wt% of PyT in threalose, freeze-dried and rehydrated at 11%, 50 wt% of milk casein).
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 668 Figure 6.6: Overlay of the MAS DNP proton enhancement of HyTEK2 in 95% d 14 -OTP at 18.8 T under 40 kHz MAS measured in a 1.3 mm standard LTMAS probe (this study) with those of BDPA and TEKPol in similar conditions, under 8 kHz in a 3.2 mm diameter sapphire rotor (from reference [28]) at variable temperatures ranging from 100 K to 290 K.

Figure 6 .

 6 7(a) shows the field-swept EPR spectrum of a 25 mM HyTEK2 frozen solution in OTP recorded at 100 K. The blue arrow indicates the field position corresponding to the maximum intensity of the contribution of the nitroxide moiety, while the red arrow corresponds to that of the BDPA moiety. The experimental points reported in figure6.7(b-e) were measured at these respective field positions.

Figures 6 .

 6 Figures 6.7(b) and (c) display the inversion recovery times T ir and figures 6.7(d) and (e) display the phase memory time T M , respectively of the nitroxide (in blue) and BDPA (in red) moieties, as a function of temperature from 100 to 300 K.
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 67 Figure 6.7: (a) Field-swept echo-detected Q-band (35 GHz) EPR spectrum of 25 mM HyTEK2 in 95% d 14 -OTP at 110 K. Arrows show the field position of the maximum intensity in the nitroxide (blue arrow) and the BDPA (red arrow) line. (b, c) Nitroxide and BDPA inversion recovery times as a function of temperature, respectively, T ir,N O in blue diamonds and T ir,BDP A in red diamonds. (d, e) Nitroxide and BDPA phase memory times as a function of temperature, respectively, T M,N O in blue diamonds and T M,BDP A in red diamonds. The glass transition temperature of OTP is indicated by a dashed line at 243 K.
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 6869 Figure 6.8: DNP enhancement factors of 25 mM HyTEK2 in OTP as a function of (a) the BDPA and (b) the nitroxide saturation factors measured

Figure 6 . 10 :

 610 Figure 6.10: (a) Simulated Zeeman field profile for HyTEK2 at 18.8 T, 40 kHz MAS and 100 K. The maximum of the sharp positive peak in this profile, indicated by the red arrow at 18.789 T, corresponds to the optimum field for cross effect between the BDPA and nitroxide moieties. (b) Comparison between the experimental and simulated Zeeman field profiles for HyTEK2 at 9.4 T, 8 kHz MAS and 100 K. The experimental data are taken from reference [134].

Figure 6 . 11 :

 611 Figure 6.11: Simulated enhancement factor as a function of the Rabi frequency of the applied microwave irradiation in MHz for three sets of parameters: T 2e,N O = T 2e,BDP A = 2.1, 4.0 and 5.5 µs (orange diamonds, blue circles and purple squares respectively). All simulations were conducted with T 1e,N O = 0.1 ms and T 1e,BDP A = 3 ms.

Figure
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 6 12 displays a 20 × 20 map of the relative enhancement as a function of both transverse relaxation times, setting to 1 the highest enhancement obtained for T 2e = 6 µs on both electrons. The simulations are conducted in a regime where the BDPA is kept saturated, and where the enhancement does not depend anymore on T 1e,BDP A (calibration not shown), which is maintained at 3 ms.
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 612 Figure 6.12: Two-dimensional (20 × 20) contour plot map of the normalized MAS DNP enhancement simulated as a function of T 2e,N O and T 2e,BDP A spanning across the experimental range, from 1 to 6 µs. All simulations were conducted with T 1e,N O = 0.1 ms and T 1e,BDP A = 3 ms.
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 613 Figure 6.13: Simulated enhancement factor as a function of the transverse electron relaxation times (T 2e,N O = T 2e,BDP A , from 1 to 6 µs) for different microwave Rabi frequencies. All simulations were conducted with T 1e,N O = 0.1 ms and T 1e,BDP A = 3 ms. The curves correspond to the diagonal of the 2D map from figure 6.12 recalculated with a different microwave power. A total of 20 points were computed for each 7 different microwave Rabi frequencies from 0.1 to 1 MHz.
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  DNP polarizing matrix composed of HyTEK2 in OTP yielded enhancements as high as 65 at 230 K, 40 kHz MAS and 18.8 T. The combination of this hybrid radical, tailored for CE DNP at a very high magnetic field and fast MAS rates, with a rigid glassy matrix considerably expands the range of temperatures at which MAS DNP NMR experiments can be efficiently conducted Chapter 6

Q

  -band pulsed EPR measurements were performed on a home-built high-power spectrometer equipped with a custom resonator for samples with 3 mm outer diameter. The temperature stabilization was performed with a continuous flow He cryostat (ESR900, Oxford Instruments) equipped with an Oxford Instruments temperature controller ITC 503S.Echo-detected (ED) EPR spectra were recorded with a constant-delay Hahn echo sequence(90 • -τ -180 • -τ -echo),with the lengths of the 90 • and 180 • pulses being 12 and 24 ns, respectively. The time delay τ was set to 400 ns in the ED EPR experiment. The phase memory times time were measured with a variable-time Hahn echo experiment, with the same pulse settings and initial interpulse delay as in the ED EPR experiments. The time delay increment in the T M measurements was set to 8 ns. The inversion recovery times measurements were performed with an inversion recovery pulse sequence (180 • -T-90 • -τ -180 • -τ -echo) with an initial delay T = 2000 ns, a Hahn echo delay τ = 400 ns, an inversion pulse length of 24 ns, and a soft Hahn echo detection sequence with the lengths of the 90 • and 180 • pulses being 52 and 104 ns, respectively. The time increment in the inversion recovery experiment varied with temperature and usually was adjusted to obtain the full curve with about 300 to 500 measurement points.

Chapter 7

 7 Probing the whole temperature range accessible to DNP in inorganic solids via endogenous Gd(III) doping This chapter is largely based on the following publication [186]: M. A. Hope, S. Björgvinsdóttir, D. M. Halat, G. Menzildjian, Z. Wang, B. Zhang, J. L. MacManus-Driscoll, A. Lesage, M. Lelli, L. Emsley, C. P. Grey, Journal of Physical Chemistry C 2021, 125 (34), 18799-18809. DOI: 10.1021/acs.jpcc.1c04479.

1 2 7 Endogenous

 17 states has a narrow EPR linewidth, with a g-factor close to 2. This work demonstrates that endogenous DNP can dramatically improve the sensitivity in gadolinium-doped17 O-enriched ceria, with17 O enhancement factors up 652-fold at 9.4 T and Chapter Gd(III) doping for HT DNP 100 K for the lowest doping ratio. Efficient hyperpolarization could still be achieved at elevated temperatures, with enhancement factors of 320-fold at room temperature and 150-fold at 370 K, establishing the feasibility of endogenous DNP at temperatures where materials are typically operational. Another illustration of endogenous Gd(III) DNP is reported with the study of interfaces in vertically aligned nanocomposite (VAN) thin films, composed of gadolinium-doped17 O-enriched ceria nanopillars embedded in a strontium titanate SrTiO 3 matrix. Here, DNP produces selective enhancement of the different phases and enables a previously infeasible two-dimensional correlation experiment to be performed, showing spin diffusion between ceria and the solid-solid interface.

7. 1

 1 Gd(III) doping in ceria enables high17 O enhancements from 100 to 370 K 7.1.1 Record DNP performance at 100 K The DNP performance of gadolinium-doped 17 O-enriched ceria was first evaluated for the 0.01 % doping fraction. Figure 7.1 shows the 17 O NMR spectra recorded at 9.4 T and 100 K with and without microwave irradiation. The choice of an enriched sample is dictated by the poor sensitivity of the signal in absence of DNP. The enhancement measured from the integrated area reaches 652 ± 7, which is the highest value reported so far for 17 O endogenous DNP with Gd(III).

Figure 7 . 1 :

 71 Figure 7.1: 17 O NMR spectra of 17 O-enriched ceria doped with 0.01 % of Gd(III) acquired at 9.4 T, 10 kHz MAS and 100 K, with a 200 s recycle delay, in the presence (red) or absence (blue) of a ca. 14 W microwave irradiation. The magnetic field was swept to reach the positive lobe of the solid effect. The enhancements are indicated by peak intensity and area, and the insert shows a comparison of the linewidths with normalized intensities.

7. 1 . 2

 12 Gd(III) concentration dependence of the DNPEPR linewidth as a function of concentration

Figure 7 . 2 :

 72 Figure 7.2: (a) Integrated X-band EPR spectra of gadolinium-doped ceria as a function of Gd(III) concentration. The insert shows a log-log plot of the double integral as a function of nominal concentration. (b) 17 O DNP enhancements at 9.4 T, 10 kHz MAS and 100 K, with a 100 s recycle delay (for time saving reasons), as a function of Gd(III) dopant concentration in ceria.

Figure 7 . 3 :

 73 Figure 7.3: DNP performance of 17 O-enriched 0.01 % Gd(III) doped ceria at 9.4 T and 10 kHz MAS as a function of temperature. Data are shown with microwave powers of ca. 14 and 30 W and recycle delays (r.d.) of 100 and 200 s, respectively. The enhancements were calculated by recording spectra with and without microwave irradiation at the same sample temperatures, except for the points recorded with a ca. 30 W power above room temperature, for which the enhancements were all measured relative to the microwave-off spectrum at 293 K (therefore slightly underestimated).

Figure 7 . 7 Endogenous

 77 Figure 7.4(a) shows the17 O NMR spectra of the VAN films acquired at 9.4 T, 37 kHz MAS and 140 K, with and without microwave irradiation. The magnetic field was optimized for the negative lobe of the solid effect to allow unenhanced background signals to be readily distinguished by their opposite phase. A scheme of the VAN structure is provided as an insert to this figure. The Gd(III)-doped ceria signal at 875 ppm is enhanced by a factor 9.9 in absolute value, in line with the results on the bulk 1 % doped sample (ϵ = 8.5). Although the gadolinium concentration is much higher than would be ideal for DNP, this nevertheless demonstrates the applicability of the technique. The SrTiO 3 signal at 465 ppm has a significantly lower enhancement

Figure 7 . 4 :

 74 Figure 7.4: a) 17 O NMR spectra of 1 % Gd(III)-doped CeO 2 -SrTiO 3 VAN film, with and without microwave irradiation, with peak deconvolutions and corresponding enhancements. The assignments are as determined in reference [187]. A schematic of the nanopillars is provided in the insert. (b) DNP-enhanced 17 O EXSY spectrum, showing notably a cross-peak between the ceria and interface signals. Green and blue contours indicate positive and negative intensities, respectively, and asterisks indicate spinning sidebands. All spectra were recorded at 9.4 T, 37 kHz MAS and 140 K and with recycle delays of (a) 1 and (b) 4.2 s respectively. The sample being constrained at the center of the zirconia rotor, it likely experiences a more uniform ⃗ B 1 field than the rotor itself, contributing to the slight mis-phasing of the ZrO 2 signal.

  accurate at high temperatures, and the error bars indicate the distribution of temperature within the sample. Spectra on figure 7.4(a) were deconvoluted using the DMfit software [188]. The EXSY spectrum on figure 7.4(b) was recorded with a 0.1 s mixing time and 38 increments of 27 µs in the indirect dimension.

8 T

 8 At the start of this work, there were no nitroxide-based polarizing agents (PAs) that could produce above 50-fold DNP enhancement factors in an aqueous frozen solution at 18.8 T, dramatically limiting the applicability of the technique at high magnetic fields. After gaining crucial understanding on the role of the local conformation around the electron in binitroxides for DNP at intermediate fields, a family of short-tethered binitroxides, dubbed TinyPols, was tailored for efficient DNP at 18.8 T and above, yielding about a factor of two improvement over AMUPol at high fields and fast spinning frequencies. The TinyPols were later refined by further functionalization of the nitroxide rings. In combination with an upgraded LTMAS instrumentation, their performance now culminates around 150-fold enhancement factors at 18.and 40 kHz MAS, nearing that of the hybrid BDPA-nitroxide radicals, but with more stable and easy to synthesize polarizing agents. Notably, TinyPol-like radicals now yield a DNP performance close to that of AMUPol at 9.4 T. Pulsed EPR and DNP-enhanced NMR spectroscopies jointly allowed to rationalize the behaviour of these new radicals and highlight the key role of the local proton density in close vicinity to the unpaired electrons.More alternative PAs were investigated: either nitroxide-based radicals for organic solvents, hybrid BDPA-nitroxides for DNP at the highest available field of 21.1 T, or gadolinium complexes for versatile use in reducing media at intermediate fields. While none of these investigations yielded a new record performance, they each enabled a deep understanding of which parameters has the most impact on the performance of these PAs, including the magnitude of their electron-electron couplings, their electronic relaxation times, or the axial zero field splitting value in the case of Gd(III) complexes. Future studies should keep searching for more diversified polarization sources, with a focus on organic solvents as well as reducing biological environment compatibility, and aim at deciphering how PAs can be further fine-tuned for maximum efficiency in specific applications at high fields.

  

  4.1.3 Rationalization of the results: the role of the local geometry GHz and 105 K were conducted on a 3.2 mM solution in d6-DMSO/D 2 O/H 2 O (60/30/10 v/v/v) and a 16 mM solution in TCE in order to determine their electron T ir and T M parameters. The results are summarized in the table below: Radical T ir /µs T M /ns T ir × T M /µs 2 1 H enhancement

	(2) in DMSO/water	168	581	98	250
	(3) in DMSO/water	116	862	100	23
	(2) in TCE	78	411	32	102
	(3) in TCE	70	864	81	14

Electronic relaxation times

Previous developments on binitroxide radicals have established that the MAS DNP enhancement is closely related to the electron spin relaxation properties of the radical, which can be quantified via the phenomenological saturation factor T 1e × T 2e , with higher saturation factors leading to larger enhancements

[98,102]

. In the case of (

2

) and (3), pulsed EPR experiments at 94.1

  Enhancements scaled by a factor 0.77 to account for the upgraded 1.3 mm DNP probe used for this data point.b DNPj = 60% d 8 -glycerol/30% D 2 O/10% H 2 O c DMSOj = 60% d 6 -DMSO/30% D 2 O/10% H 2 O

			10 kHz MAS 20 kHz MAS		40 kHz MAS	
	Radical	concentration	ϵ	ϵ	T b /s	ϵ	T b /s
	TinyPol-CD 3	5 mM in DNPj	-	-	-	53	18.0
	TinyPol-CD 3	10 mM in DNPj	-	38	6.2	34	8.2
	TinyPol-CD 3	20 mM in DNPj	-	31	2.8	28	4.0
	O-TinyPol-CD 3	5 mM in DNPj	47 a	46 a	10.5	41 a	12.3
	O-TinyPol-CD 3	10 mM in DNPj	87	80	4.6	76	5.4
	O-TinyPol-CD 3	20 mM in DNPj	60	60	2.7	56	3.4
	TinyPol-mesyl	5 mM in DNPj b	-	26	-	23	26.1
	TinyPol-mesyl 5 mM in DMSOj c	-	19	17.9	17	20.7
	Table 4.1: DNP performance of TinyPol-like radicals with a constrained linker at 18.8 T for
	various concentrations of radical and as a function of MAS frequency. All these results, unless
	stated otherwise, were acquired with a standard 1.3 mm LTMAS DNP probe.		

These radicals were evaluated at 18.8 T at various concentrations and MAS frequencies and the results are gathered in table 4.1.

a

  4 and M-TinyPol(OH) 4 . These two PAs however perform the best among the new series, with M-TinyPol(OH) 4 reaching almost 150-fold (resp. 190) enhancement factors at 40 kHz

	MAS (resp. 10 kHz).						
		10 kHz MAS		20 kHz MAS		40 kHz MAS	
	Radical	ϵ	T b /s	ϵ	T b /s	ϵ	T b /s
	10 mM AMUPol	70	-	73	12.0	67	-
	10 mM M-TinyPol	138	14.7	141	14.9	123	16.8
	10 mM TinyPol-NH	-	-	57	15.2	71 a	25.4
	10 mM TinyPol(OH) 4	137	-	126	9.8	115	13.5
	10 mM O-TinyPol(OH) 4	141	5.4	117	5.8	110	7.0
	10 mM M-TinyPol(OH) 4	189	9.7	159	10.5	147	12.8

a The MAS rate was 38.5 kHz for this data point.

Table 4 . 3 :

 43 ESEEM modulation depths and solvent accessibility parameters determined at X band for a series of 200 µM solutions of TinyPol-like radicals in DNP juice at 50 K. In the light of their work, ESEEM experiments were conducted on 200 µM solutions of M-TinyPol and TinyPol(OH) 4 in either h 8 -glycerol/D 2 O 60/40 or d 5 -glycerol/H 2 O 60/40. Both of these solvents have ca. 40% 2 H content, but with a different distribution, almost all the deuterium atoms being on the water molecules in the first case and on the non-exchangeable positions of glycerol in the second case. The results of these experiments are summarized in table 4.4.

		modulation depth solvent accessibility
	TinyPol	0.18 ± 0.02	0.35 ± 0.03
	M-TinyPol	0.18 ± 0.02	0.35 ± 0.03
	TinyPol-NH	0.19 ± 0.02	0.37 ± 0.03
	TinyPol(OH) 4	0.17 ± 0.02	0.33 ± 0.03
	O-TinyPol(OH) 4	0.18 ± 0.02	0.34 ± 0.03
	M-TinyPol(OH) 4	0.17 ± 0.02	0.32 ± 0.03

Probing the local organization of the solvent around the radical Despite the similar accessibility found for deuterium around the unpaired electrons in TinyPols, more insight can be gained from ESEEM experiments on the local organization of the solvent around the radical. Tan and co-workers used ELDOR to probe the immediate environment of trityl in DNP juice in the context of the newly proposed three-spin solid effect mechanism

[53]

.

Table 4 . 4

 44 

: X-band ESEEM modulation depths and solvent accessibility parameters for a series of 200 µM solutions of TinyPol-like radicals in different glycerol/water mixtures at 50 K. The modulation depth and accessibility parameter do not depend on the biradical and are similar for the two TinyPol-like PAs. Both radicals however yield drastically different accessibilities in each solvent mixture. More precisely, the accessibility is almost doubled in d 5 -glycerol/H 2 O 60/40 compared to h 8 -glycerol/D 2 O 60/40. The stronger modulation (via the distance-dependent hyperfine coupling) of the echo decay of the electrons in d 5 -glycerol/H 2 O 60/40 suggests that there are more deuterium atoms in the immediate vicinity of the radical in this solvent. As they are mostly located on glycerol in this case, this result points towards a greater proximity, in average, between

Table 4 . 5 :

 45 DNP performance of bTbK and three bTbK-like radicals at different concentrations in TCE at 18.8 T and 37 kHz MAS. SulfiPydiNO, given its structure, appears to be compatible with both aqueous and organic solvents. However it was only soluble up to 5 mM in DNP juice and 10 mM in DMSO juice. In each case, as displayed on table 4.6, its performance is rather modest and underperforms AMUPol in the same conditions, with at best 40-fold enhancement factors and relatively average build-up times. The sulfoxide linker in SulfiPydiNO is nonetheless an interesting synthetic tool to fine tune the distance between the two electrons in binitroxides and deserves more future investigation. This concentration is only an estimate due to a lack of precision on the mass of radical for this experiment.This data point was acquired with the upgraded 1.3 mm LTMAS probe.

				37 kHz MAS			
	Radical (concentration in TCE)	ϵ	T b /s		
		bTbK (16 mM)		8	5.7		
		bPbK (16 mM)		7	3.3		
		bPbK (32 mM)		9	1.7		
		bPAM (16 mM)		8.5	11.8		
		bPAM (32 mM)		6	3.4		
		KTO (16 mM)		3	7.2		
		KTO (32 mM)		12.5	3.1		
		10 kHz MAS		20 kHz MAS		40 kHz MAS	
	SulfiPydiNO concentration	ϵ	T b /s	ϵ	T b /s	ϵ	T b /s
	5 mM in DNP juice	40	12	39	13.2	32	16.8
	5 mM in DMSO juice	-	-	11	21	9	24
	10 mM in DMSO juice	-	-	14	14.5	13	15
	Table 4.6: DNP performance of SulfiPydiNO at 18.8 T at various in aqueous matrices as a
	function of MAS frequency.						
	In TCE, the performances of SulfiPydiNO, TinyPol-phenyl and M-TinyPol(OH) 4 , the best radical
	for aqueous solutions from the previous section, were evaluated at 18.8 T as a function of MAS

frequency. The results are gathered in table 4.7. Here again, it can be seen that, compared to TEKPol, all radicals yield similar enhancement factors in TCE, with poor values ranging from 8 to 15-fold only. Irrespective of their functionalization, such as the phenyl groups in TinyPol-phenyl, or of the magnitude of the enhancement they can produce in DNP juice, such as M-TinyPol(OH) 4 , all PAs tested seem to fail at producing high sensitivity gains in TCE at high magnetic fields. a

Table 4 .

 4 7: DNP performance of four functionalized binitroxide radicals in TCE at 18.8 T as a function of MAS frequency.

Table 5 . 2 :

 52 ) complex ϵ H (9.4 T) ϵ H (14.1 T) ϵ H ratio ϵ C (9.4 T) ϵ C (14.1 T) ϵ C ratio DNP performance of 4 solutions in DNP juice of Gd(III) complexes evaluated at either 9.4 or 14.1 T, 110 K and 8 kHz MAS frequency. The enhancement factors reported as taken as absolute values at the maximum position of the negative solid effect Zeeman field profile for each complex. The ratios for each directly hyperpolarized nucleus N (either 1 H or 13 C) are computed as ϵ N (14.1 T)/ϵ N (9.4 T).

	Gd(tpatcn)	36	11.1	0.31	122	31	0.25
	Gd(dota)	15.8	5.7	0.36	79	14.1	0.18
	Gd(tpatcnam)	12.9	1.8	0.20	30.4	12.1	0.40

Table 5 .

 5 ) complex D / MHz σ D / MHz T ir / µs T M / µs S / µs 2 3: Q-band Ppulsed EPR data for the four new Gd(III) complexes. ZFS parameters were determined at 10 K in 25 µM solutions while the relaxation data were acquired in DNP conditions, i.e. at 100 K in 4 mM solutions in DNP juice.

	Gd(dotp)	1000 ± 100	250 ± 50	0.50	0.47	0.23
	Gd(tbptcn)	1120 ± 105	290 ± 80	0.86	0.46	0.40
	Gd(tpatcnam)	700 ± 75	233 ± 35	0.65	0.32	0.20
	Gd(tpptcn)	750 ± 40	224 ± 40	0.76	0.39	0.32

Table 6 .

 6 /K T ir,BDP A /ms T M,BDP A /µs T ir,N O /ms T M,N O /µs S BDP A /µs 2 S N O /µs 2

	110	11	5.6	0.4	6.0	61600	2400
	120	9.0	5.5	0.26	6.0	49500	1560
	140	7.0	5.5	0.19	5.8	38500	1102
	160	5.0	5.5	0.14	5.6	27500	784
	180	3.5	5.3	0.10	5.1	18550	510
	215	2.5	5.0	0.08	4.6	12500	368
	230	2.0	4.7	0.07	4.0	9400	280
	250	1.5	3.8	0.05	2.7	5700	135
	280	1.0	3.0	0.02	1.8	3000	36

1 reports the saturation factors S for both BDPA and nitroxide moieties in HyTEK2 as a function of temperature, computed from the products of respective T ir and T M values extracted from figures 6.7(b-e). From 100 to 230 K, the decrease in the DNP enhancement correlates relatively well with the BDPA saturation factor, as seen in figure

6

.8(a), suggesting that insufficient electron saturation could still limit the DNP efficiency, despite the use of a 1.3 mm rotor (standard LTMAS design). The reduction of the BDPA saturation factor from 100 to 230 K is primarily due to a reduction of T ir,BDP A , which is about one order of magnitude shorter at 230 K than at 100 K. In contrast, T M,BDP A reduces only by 20% in the same temperature range. T

Table 6 .
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	Chapter 6

1: Electronic inversion recovery times, phase memory times and saturation factors for the BDPA and nitroxide moieties in 25 mM HyTEK2 in 95% d 14 -OTP measured via echo-detected Q-band EPR spectroscopy as a function of temperature.

The data presented here were mostly acquired at the start of this thesis. At the time, 0.7 mm LTMAS probes for DNP were not available. Due to difficulties encountered in the synthesis process of these new PAs, no further attempts at testing them at

21.1 T under fast MAS has been made yet. The two currently existing 0.7 mm DNP probes are very recent prototypes, hence the limited possibilities for experiments using them during this PhD.

Remerciements

Remerciements

Part II

Rational design of new polarizing agents for efficient MAS DNP at high magnetic fields Chapter 4 New efficient binitroxides for high field DNP 9.4 T, 22 W at 18.8 T and 9 W at 21.1 T, measured via a calorimeter halfway through the waveguide. For the experiments at 9.4 and 18.8 T, the main magnetic field position has been adjusted for optimal cross-effect on binitroxides. At 21.1 T, the gyrotron microwave cavity temperature was optimized to 21.5 ± 0.2 • C. The collector current was also carefully optimized in all cases.

One-dimensional proton NMR spectra were recorded for all samples at 9.4 T and 18.8 T.

The direct excitation experiments were acquired with a DEPTH pulse sequence in order to suppress the background of the probes, consisting in a π 2 pulse followed by two π pulses which are phase cycled according to a combined "EXORCYCLE "and "CYCLOPS" scheme. The duration of π 2 pulses was set to 2.5 µs, corresponding to a 100 kHz RF field. At 18.8 T, the background signal of the probe could not be fully suppressed using DEPTH experiments, and an additional background correction using TopSpin was applied. At 21.1 T, enhancements were measured from the proline signals in 13 C one-dimensional CPMAS spectra, obtained with a standard ramped-CP, as the presence of the silicon plug yields a strong proton signal overlapping with the resonance of the solvent. The spectra in presence and absence of microwave irradiation were taken using a recycle delay of 1.3 × T B,on .

For experiments in TCE, three freeze-thaw cycles were always performed to reduce the presence of dissolved paramegnetic impurities such as oxygen in the solvent. Proton enhancements values were measured in 1.3 mm zirconia rotors at a sample temperature of 110 ± 5 K, while enhancements at 21.1 T were measured in 3.2 mm sapphire rotors at a sample temperature of 115 ± 7 K. In most experiments, the temperature of the microwave ON and OFF spectra was carefully monitored via 79 Br longitudinal relaxation and adjusted if necessary, in order to ensure uniformity across the spinning frequency range and to compensate for sample heating in presence of microwave irradiation. Proton longitudinal relaxation times and DNP build-up times were measured with a standard saturation recovery sequence followed by a rotor synchronized echo period before signal acquisition.

Pulsed EPR experiments

Solution-state X-band EPR spectra of TinyPols were measured at 0.1 mM concentration in water on a commercial Bruker EMX Nano spectrometer. The data were corrected using the Xenon software and fitted using the MATLAB package EasySpin. The fitting was performed with the "pepper" function, though it is originally intended to be used for solid-state EPR, in order to speed up the calculations for a biradical without losing accuracy. The initial g, A, and J coupling values were set to those found for AMUPol by Soetbeer and co-workers [114]. The use of a multicomponent fit was rationalized with the distribution found in the MD simulations shown in figure 4.14. The best fits were found using three different isotropic J components and adding a gaussian line broadening of ca. 10-15 MHz for each component.

Echo-detected (ED) EPR measurements, as well as longitudinal and transverse relaxation measurements were performed at W band (94.1 GHz) on a Bruker Elexsys E680 spectrometer at 105 K. Transverse relaxation data were acquired with a Hahn echo sequence applying a (+x, -x) phase cycle to the π 2 pulse. Longitudinal relaxation data were acquired with an inversion recovery pulse sequence, with similar phase cycling. The pulse lengths were 12 ns for the Pairing the spectral resolution provided by high magnetic fields at ambient temperature with the enhanced sensitivity offered by dynamic nuclear polarization (DNP) is a major goal of modern solid-state NMR spectroscopy, which will allow one to unlock ever-challenging applications. This chapter first reviews state-of-the-art techniques or matrices developed for DNP at elevated temperatures in solids, including very recent additions to the literature (part 6.1).

Then, research conducted during this PhD thesis is presented demonstrating that, by combining HyTEK2, a hybrid BDPA-nitroxide biradical polarizing agent (PA), with ortho-terphenyl (OTP), a rigid DNP matrix, enhancement factors as high as 65 can be obtained at 230 K, 40 kHz magic angle spinning (MAS), and 18.8 T (part 6.2). The temperature dependence of the DNP enhancement and its behavior around the glass transition temperature (T g ) of the matrix is investigated by variable-temperature EPR measurements of the electron relaxation properties and spin dynamics numerical simulations. A correlation is suggested between the decrease in enhancement at the passage of the T g and the concomitant drop of both transverse electron relaxation times in the biradical (part 6.3). This work not only provides a new efficient polarizing system for DNP applications at high magnetic fields and elevated temperatures but also deepens the understanding of the underlying properties that govern the efficiency of such systems.

HyTEK2/OTP, an efficient formulation for high field DNP at elevated temperatures

The cross-effect (CE) DNP performance of the hybrid BDPA-nitroxide biradical HyTEK2, currently the best performing polarizing agent for very high-field DNP (18.8 T and above) in organic solvents [134], was investigated in an OTP glassy matrix at 18. At 100 K, the working temperature typically used for MAS DNP NMR experiments, a 150-fold 1 H enhancement was obtained. This value is in good agreement with previous DNP measurements conducted on a frozen solution of 32 mM HyTEK2 in 1,1,2,2-tetrachloroethane (TCE) under otherwise similar experimental conditions [134]. A relatively long proton build-up time T B,on of 38 ± 2 s was observed at 100 K, and is comparable to the nuclear relaxation time in absence of microwave irradiation T B,of f , measured at 36 ± 2 s at this temperature. This value is much longer than the 3.3 s build-up time previously reported for HyTEK2 in TCE under similar experimental conditions. The T B,on value of HyTEK2 is shorter than that of BDPA in OTP (ca. 90 s) and sizeably longer than that of TEKPol (ca. 3 s) in the same solvent at 100 K and 18.8 T [28]. In other words, HyTEK2 in OTP is a formulation that provides DNP build-up times ranging in

Experimental details

Sample Preparation

The synthesis of the hybrid biradical HyTEK2 was performed according to the protocol reported by Ouari and co-workers [134]. All other commercially available chemicals were purchased and used without further purification.

The preparation of the 25 mM solid solution of HyTEK2 in OTP tested in MAS DNP NMR and EPR experiments was conducted following the method proposed by Lelli and coworkers [28]. The sample was prepared by dissolving HyTEK2 at a 25 mM concentration in a mixture of 95% d 14 -OTP and 5% OTP. Both the polarizing agent and the OTP mixture were dissolved in ca. 1 mL of deuterated chloroform, and after homogenization of the solution, the solvent was let to evaporate on a glass plate. The resulting powder was packed into the 1.3 mm zirconia rotor and then melted directly in the rotor at about 338 K (65 • C) for about 30 minutes. This step ensures a homogeneous distribution of the radical into the OTP matrix. The rotor was then rapidly inserted into the cold NMR probe to form the glassy frozen OTP phase. The 25 mM concentration of the polarizing agent was chosen as a compromise between the 32 mM optimized for HyTEK2 in TCE [134], the 32 mM used for BDPA in OTP and the 16 mM used for TEKPol in OTP [28]. This concentration was not further optimized.

MAS DNP NMR Methods

MAS DNP NMR experiments were performed on a Bruker Avance III wide-bore spectrometer, operating at 18.8 T, and equipped with a triple-resonance 1.3 mm low-temperature MAS probe.

DNP was achieved by continuous irradiation of the sample with high-power microwaves at a frequency of 527 GHz generated by a gyrotron operating in the second harmonic mode (stability better than ± 1%). The gyrotron collector current was carefully adjusted, and the external magnetic field was swept to produce optimal cross effect. The optimal microwave irradiation position was found to be close to the EPR resonance of the BDPA moiety at that field.

The sample was packed into a 1.3 mm diameter zirconia rotor. The temperature of the sample was carefully monitored, equilibrated at each step, and was always comprised within a 5 K range for both the spectra recorded in the presence or absence of microwave irradiation.

The temperature indicated in figure 6.5 corresponds to the reading on the auxiliary sensor that measures the temperature in the stator at the vicinity of the rotor. This is the reading in the presence of microwave irradiation. Other measurements using KBr and confronting the corresponding temperature values to this external reading indicate that the uncertainty is ± 5 K.

In the absence of microwave irradiation, the temperature is typically 3 to 4 K lower.

One-dimensional proton NMR spectra were recorded via direct excitation exploiting a DEPTH pulse sequence to suppress the background of the probe. The DEPTH sequence consists of a 90 • pulse followed by two 180 • pulses, which are phase-cycled according to a combined "EXORCYCLE" and "CYCLOPS" scheme. When needed, additional background correction was applied using processing features available in TopSpin. The 90 • pulse duration was chosen to produce a 100 kHz RF excitation. As the temperature of the sample was varied throughout the experiment, the Chapter 7

Endogenous Gd(III) doping for HT DNP previous work [150]. In practice, it is challenging to ensure a uniform distribution of dopants at such low concentrations from solid-state synthesis, and therefore, lower concentrations were not attempted here, although this would be interesting to explore in future.

Overall sensitivity considerations

The sensitivity in DNP NMR experiments is not determined only by the enhancement but also by the build-up: the faster hyperpolarization is generated, the more scans can be recorded per unit time. The sensitivity gain from DNP can therefore be assessed by considering the parameter 

High temperature endogenous DNP with Gd(III)

In gadolinium-doped ceria, the metal dopant is dispersed within a rigid crystalline lattice with a melting point of ca. 2400 • C. As a result, its DNP performance can be assessed at temperatures above the glass transition temperature of typical DNP matrices. Therefore, the DNP enhancements for a 0.01 % Gd(III) dopant concentration were evaluated at 9.4 T up to 370 K, as reported on figure 7.3. Two sets of experiments were conducted, one using a microwave power of ca. 14 W, as in figure 7.1, and a recycle delay of 100 s, and the other using a higher microwave power of ca. 30 W and a recycle delay of 200 s. In both cases, the enhancement decreases with increasing temperature, due to a less efficient electronic saturation in conjunction with a reduction of the nuclear build-up times. Nevertheless, at any given experimental temperature, DNP in this system increases the sensitivity by more than two orders of magnitude compared to MAS NMR.