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Abstract

Dynamic Nuclear Polarization Methods Development for Achieving High Nuclear

Magnetic Resonance Signal Sensitivity
by

Yuanxin Li

Solid-state nuclear magnetic resonance (NMR) is an essential tool for the study of bi-
ological solids, catalysts, and other functional materials. However, NMR has intrinsically
low signal sensitivity and dynamic nuclear polarization (DNP) is one of the most effective
approaches to enhance NMR sensitivity. DNP enhances NMR signal sensitivity through
transferring the high polarization of electron spins to nuclear spins using microwave (puw)
irradiation as a perturbation via different DNP mechanisms. As current DNP efficiency
is still far from the theoretical limit (660 for 'H NMR), a major focus in DNP research
is to develop methods that can maximize DNP enhancements at conditions germane to
solid-state NMR, at high magnetic fields, with fast magic angle spinning (MAS), and
under variable temperatures. There are many aspects involved in DNP methods devel-
opment, including the DNP mechanisms clarification and improvement, instrumentation

development, better samples preparation methods, and new data processing techniques.

DNP mechanisms development is one of the most important aspects in the DNP
methods development area. Current diagnostics of DNP mostly rely on the analysis of
the nuclear spin dynamics as a function of puw irradiation parameters which provides
incomplete (sometimes even misleading) insights into the mechanism diagnosis process.
With the help of continuous wave and pulsed electron paramagnetic resonance (EPR)

spectrometers at various fields (from 0.35 to 7 Tesla) as well as quantum mechanical simu-
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lations, I have developed and standardized a workflow to diagnose DNP mechanisms and
improve their efficiencies. Using the developed workflow, I have improved the existing
Cross Effect (CE) DNP efficiency significantly by rationally tuning the the EPR spectral
density of mixed broad (TEMPO) and narrow (Trityl)-line radicals, suggesting a novel
polarizing agent design of one Trityl tethered to at least two TEMPO moieties. With the
help of this novel workflow, a new truncated CE DNP mechanisms was discovered that
has the apparent features of an Overhauser Effect. This discovery not only expanded the
scope of the theoretical understanding of DNP mechanisms but also provided a technique
to probe paramagnetic materials with very fast electron spin lattice relaxation rates. Fur-
thermore, I have discovered an unexpected 'H Thermal Mixing (TM) DNP mechanism
with narrow line radicals Trityl and BDPA, providing a new direction of future DNP

radical design utilizing the TM DNP mechanism.

Instrumentation development is another key aspect in the DNP methods develop-
ment. In this aspect, being able to operate at ultra low temperature (ULT, < 100 K)
is one of the major challenges. In collaboration with JEOL RESONANCE Inc., Japan
and JEOL USA Inc, we have successfully installed the first commercial 14.1 Tesla NMR
spectrometer equipped with a closed-cycle helium ULT-MAS system. To demonstrate
the feasibility of doing DNP/NMR at ULT using the newly installed system, I conducted
a comprehensive NMR characterization of a hydrated [U-'3C]alanine standard sample
at variable temperatures (25 — 100 K) and different spinning speeds (1.5 — 100 kHz).
I confirmed that the *C CP-MAS NMR of [U-'*C]alanine obtained a large sensitivity
gain at ULT resulting from the Boltzmann factor, radio frequency circuitry quality fac-
tor improvement and the suppression of its methyl group rotation. I further observed
that the addition of organic biradicals widely used for CE DNP significantly shortened

the 'H T, spin lattice relaxation time at ULT via the two-electron-one-nucleus triple
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flip transition, without further broadening the 3C spectral linewidth. My experimental
observations suggest that the prospects of DNP/NMR under ULT conditions established

with a closed-cycle helium MAS system are bright.

With the DNP mechanisms improvements and instrumentation advancements, I have
further applied DNP enhanced NMR to study biological samples as well as inorganic
silica nano-particles, where tens to hundreds of DNP enhancements have been achieved
in all the tested samples. Preliminary DNP study has already provided unprecedented
information of the presence of a minor —Si(OH)s species in the hydrated natural abundant
silica nano-particle materials. However, the applications of DNP in bio-solid materials
need more than sensitivity enhancement, where NMR spectral resolution is another criti-
cal factor. To eventually apply DNP in bio-solids, better sample preparation methods to
obtain homogeneous Tau amyloid protein fibrils and better data processing using wavelet

denoising techniques are underdevelopment.
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Chapter 1

Introduction

Reprinted with permission from Equbal, A., Jain, S., Li, Y., Tagami, K., Wang, X.,
& Han, S. (2021). Role of electron spin dynamics and coupling network in designing
dynamic nuclear polarization. Progress in Nuclear Magnetic Resonance Spectroscopy,

126-127, 1-16. Copyright 2021 Elsevier.

1.1 Motivation

Solid-state Nuclear Magnetic Resonance (NMR) spectroscopy is a powerful charac-
terization technique with a broad application scope ranging from structural biology, bio-
chemistry, molecular design, and catalysis to materials chemistry. NMR is a non-invasive
technique that offers atomically detailed structural and dynamical information of crys-
talline and non-crystalline materials that may harbor significant disorder and/or hetero-
geneity. In spite of these merits, the intrinsically low sensitivity remains the bottleneck for
expanding the utility of solid-state NMR for the characterization of surfaces and the de-
tection and characterization of minor species, including low natural abundance isotopes or

low population species. Dynamic Nuclear Polarization (DNP) is a rapidly evolving tech-
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nique that can improve solid-state NMR sensitivity by several orders of magnitude using
highly polarized electron spins (e) of a paramagnetic polarizing agent (PA).[I] DNP-NMR
has provided unique access to chemical systems that are out of reach for conventional
NMR characterization, including time-resolved structural studies of amyloid fibrils in
their formation process, determination of the molecular structure of the reaction center
in membrane proteins, [2, 3, 4], B [6] and multi-dimensional NMR of low-abundant NMR,

active nuclei such as 2Si and 7O in functional inorganic materials.|7, 8, 9, 10} [T, 12]

However, there are inherent challenges in harnessing the full potential of DNP for
solid- state NMR characterization. In particular, bio-molecular NMR cannot fully ex-
ploit the benefit of DNP given that the DNP efficiency is lower at high magnetic fields
and under fast magic-angle spinning (MAS), both of which are important conditions for
achieving high spectral resolution. Moreover, the requirement to use vitrified samples
for DNP lowers the NMR spectral resolution, in part because of the properties of the
vitrified sample itself, and in part because cryogenic operation ~100 K relies on liquid
nitrogen which limits reaching high MAS frequencies. DNP requires 'H rich solvents for
the diffusion of the polarization from the electron spins to the target sites. Hence, there
are challenges in the utilization of DNP for materials not embedded in, impregnated with,
or dissolved in 'H-containing solvents. The characterization of solvent-less materials de-
mands innovation around the current DNP approaches that tend to be optimized for the
polarization of abundant NMR active nuclei. In fact, even for archetypal 'H rich systems
that offer robust DNP performance, there still remains significant scope for increasing

the DNP efficiency towards its theoretical limit.[I]
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A: Scheme of DNP Experiments in 'H-rich Matrix B: DNP Mechanisms
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Figure 1.1: A: Schematic of polarization pathways for DNP of 'H-rich solvent. The
electron spin, 'H of water, 60 of water and target sample are represented as green,
red, blue and grey circles, respectively. The e-n hyperfine couplings, e-e couplings and
n-n couplings are displayed with differently colored arrows as indicated. B: Model
system for four general DNP mechanisms: SE (e,n), OE (e,n), CE (2e,n) and TM
(multi-e,n) with corresponding pw irradiation conditions.

1.2 DNP of a 'H-rich matrix

The most common experimental approach to DNP is the selective saturation of the
electron paramagnetic resonance (EPR) of the PA by pw irradiation, resulting in po-
larization transfer from e to n spins. A scheme of DNP experiments is illustrated in
figure [[.TA. Currently, the majority of DNP applications rely on nitroxide- or carbon-
based PAs. The structures of the most commonly used PAs are included in figure [1.TA,
where the free electrons are marked with green circles. These PAs are dissolved in sol-
vent mixtures such as water-glycerol, water-DMSO or tetrachloroethylene (TCE) that
form a glassy matrix upon vitrification and provide a 'H spin-diffusion network. The
NMR sample of interest is either dissolved in the PA-containing glass-forming matrix or
is impregnated with it. DNP enhancement of NMR of samples impregnated with the
PA-containing glass-forming matrix has proven to be a highly beneficial approach for
surface characterization of materials, and is popularly referred to as DNP-Surface En-

hanced NMR Spectroscopy (DNP-SENS).[12] 13| 14} [15] [16]
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The polarization enhancement of the target sites in a glassy matrix relies on three
major steps. First, the selective saturation of the EPR signals of PAs induces polariza-
tion transfer from the PA to nearby 'H spins (orange arrows, figure ) In the second
step, the enhanced polarization is distributed among the 'H spins of the glassy matrix
via nuclear spin diffusion that allows the polarization to travel over distances of up to
hundreds of nanometers (purple arrows, figure ) The efficiency of spin diffusion is
sensitive to the 'H concentration in the solvent, which dictates the 'H-'H distance distri-
bution, as well as to T} (*H) (proton spin-lattice relaxation). Finally, cross-polarization
(CP) using radio frequency (RF) pulses transfers the polarization from the abundant 'H
spins to the target lower ~y (relatively insensitive) nuclei. As the polarization propagates
through the solvent 'H spins, sites inaccessible to the PAs can still be enhanced by this
approach, while the undesired paramagnetic relaxation effects of the PAs on the target

nuclear spin sites are minimized.[I7, [1§]

1.3 DNP Mechanisms

DNP mechanisms can be broadly classified based on the number of coupled electron
spins participating in the polarization transfer process (figure [1.1B). These mechanisms
can be further divided into coherent and incoherent processes depending on the relative
strengths of the terms in the Hamiltonian of the system and their contributions to the
spin relaxation rates. In a coherent mechanism, pw pulses are used to drive a particular
transition in the e-n system, such that the corresponding polarization oscillates between
e and n spins. However, exploiting such coherent mechanisms requires further advances
in puw technology (high power and pulse phase control) to be implemented at high By

field. Incoherent DNP is achieved by saturation of selected EPR transitions of the PA to

4
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achieve a steady-state nuclear spin polarization that is higher than at thermal equilibrium.

In this section, we will discuss pertinent DNP mechanisms within the incoherent
regime. The earliest known mechanism is the Overhauser Effect (OE) that involves satu-
ration of the allowed single quantum electron spin transition in a coupled e-n spin system
followed by e-n cross-relaxation (figure ).[19] Although very popular in liquids and
conducting solids, OE has not been frequently observed in insulating solids under cryo-
genic conditions and high field due to the requirement of efficient e-n cross relaxation
under cryogenic conditions. Another mechanism for enhancing nuclear spin polarization
is the solid effect (SE) that relies on driving an e-n (forbidden) double quantum (DQ)
or zero quantum (ZQ) transition, as illustrated in figure , and is applicable to many
different types of solids.[20] However, these forbidden DQ and ZQ transitions become

less probable at higher By, rendering SE inefficient.

Alternatively, the Cross Effect (CE)[2I] and Thermal Mixing (TM)[22] 23] mecha-
nisms rely on (strong) e-e couplings (tens to hundreds of MHz) to induce simultaneous
flip-flop-flip (triple-flip) transitions between two coupled e spins and a hyperfine coupled
n (figure [1.1B). For a triple-flip to occur, the difference of the EPR frequencies (Awk)
of the two coupled e spins must match the nuclear Larmor frequency (wp,). Usually, if
the EPR line is broadened by the g-anisotropies of the two coupled electron spins, CE
occurs predominantly. On the other hand, if the dipolar (D) or exchange (J) coupling
between electron spins broadens and shifts the EPR line by values greater than wy,,, then
TM typically becomes the dominant DNP mechanism.[22] In either mechanism, a large
(Zeeman including g-anisotropy) polarization gradient AP, across the EPR spectrum
must build up under steady state upon puw irradiation to generate a net nuclear Zee-

man polarization enhancement by the triple-flip. The magnitude and the rate of the e-n

5
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polarization transfer is determined by the integrated gradient AP, and the e-e coupling
strength (wee), respectively. More in-depth discussion of the four DNP mechanisms can

be found in the relevant chapters.

To date, the search for PAs (especially for CE DNP) has been driven by optimiz-
ing parameters that have been empirically shown to improve DNP, including longer 77,
(electron spin-lattice relaxation times) to improve the AP, [24] mixed radical systems
to maximize the triple-flip matching probability (Aw. = w,),[25, 26, 27] and stronger
Wee-[28, 29] Some of these developments have led to breakthroughs in DNP enhancement
at high (> 18.8 T) fields with PAs consisting of concentrated BDPA, HyTek, AsymPol
and TinyPols. [30, 26], 28 31, [32] Recent studies have shown that directly diagnosing and
optimizing the topology of the e-e coupling network in a real sample (also including their
relaxation rates, mutual e-n couplings, and EPR frequencies) provides a more complete
approach for optimizing high field CE DNP.[28, 33] EPR detection and quantum me-

chanical simulations are important tools in this pursuit.



Chapter 2

Role of Electron Spin Dynamics and

Coupling Network in Designing
DNP

Reprinted with permission from Equbal, A., Jain, S., Li, Y., Tagami, K., Wang, X.,
& Han, S. (2021). Role of electron spin dynamics and coupling network in designing
dynamic nuclear polarization. Progress in Nuclear Magnetic Resonance Spectroscopy,

126-127, 1-16. Copyright 2021 Elsevier.

2.1 Overview

The efficiency and viability of DNP mechanisms rely heavily on the electron spin
properties of the polarizing agent (PA). Hence characterization of electron spin parame-
ters is critical to understanding and improving the triple-flip DNP mechanism. Current
diagnostics of DNP mostly rely on the analysis of the nuclear spin dynamics (measure-

ments of NMR signal enhancement) as a function of pw irradiation parameters, such
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Figure 2.1: A: Pulse schematics for EPR experiments. B: Echo detected EPR spectra
of Trityl-OX063 at 7 T.[34] C: T}, (measured at W-band, marked with blue symbols)
increases with the molecular weight of a radical (tested up to 905 amu) which results
in higher DNP enhancement (measured at 9.4 T, orange symbols).[24] D: Structures
of bis-nitroxide radicals in C. Panels B, C and D are reproduced and modified with
permission with modifications from references [34] and [24] respectively.



Role of Electron Spin Dynamics and Coupling Network in Designing DNP Chapter 2

as resonance frequency, power and irradiation time. Although the e-e-n transfer can
be modified by effects of nuclear spin diffusion involving the bulk solvent 'H nuclear
spins, NMR signal enhancements provide incomplete insight into the e-e-n transfer pro-
cess. Clearly, insight into the spin dynamics of both the electron (the source of polar-
ization) and the nucleus (the recipient of polarization) is needed for a comprehensive
understanding of processes underlying DNP. Recent studies showed that the direct char-
acterization of EPR spin dynamical properties of PAs under DNP conditions can exhibit
surprising or even counter-intuitive features that will foster deeper insight and further
developments.[35], [36], 37, 38, 34] Here, we demonstrate three different kinds of EPR data
that aid in DNP studies: the continuous wave (CW) and echo-detected EPR line-shape
(i.e., the detectable electron spin population vs. resonance frequency/field), the electron
spin relaxation rates and the electron spin polarization profiles under pw irradiation ob-
tained by pump-probe experiments. These experiments are vital to gain insight into the
e-e coupling network and its effects on the DNP mechanisms. We will present archetypal

studies that showcase this point.

2.2 EPR line-shape Analysis

CW EPR line-shape analysis combined with pulsed EPR techniques (figure ) and
DFT (Density Functional Theory) calculations can be used to obtain the g-anisotropy,
intra- molecular e-e dipolar and J coupling, e-n hyperfine coupling, as well as the zero field
splitting parameters of many-electron spin PAs. Several studies relied on solution-state
CW EPR line-shape analysis at X-band (0.35 T) to quantify the e-e J couplings in various
biradical PAs.[39, 40, 41] Surprisingly, it was found that different enantiomers of a mixed

trityl-nitroxide radical can have highly different J couplings (~196 and ~6 MHz) that
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resulted in dramatically different DNP enhancements (7 and 40, respectively at 18 T).[42]

The CW EPR line-shape is not weighted by relaxation effects. Therefore, CW EPR
does not provide direct insights into DNP-active (that can be saturated by pw irra-
diation) versus DNP-passive (that cannot be saturated) electron spin populations. In
contrast, an echo-detected line-shape is modulated by electron spin relaxation times (77,
and T,,), such that the spectrum is dominated by the slow relaxing electron spins that
can likely be saturated by pw irradiation. Therefore, an echo-detected EPR spectrum
provides a representation of spin packets that can contribute to DNP experiments. In
a recent study, echo-detected pulsed EPR experiments aided in the discovery of 'H TM
DNP with Trityl-OX063 (between 10-120 K) by revealing an asymmetric EPR line-shape
that betrays the presence of heterogeneous spin populations — a condition required for
TM, as theoretically predicted by Karabanov et al. [43], 34] The asymmetry was a result
of an intrinsic tendency of Trityl-OX063 to cluster at radical concentrations exceeding

tens of millimoles/liter in a water-glycerol or DMSO solvent (figure 2.1B).

2.3 Role of Electron Spin Relaxation Dynamics

In DNP, there is a tug of war between pw saturation and electron spin relaxation.
Specifically, the selective saturation of an inhomogeneous EPR spectrum can give rise
to a large electron spin polarization differential, AP,, while T}, relaxation pushes the
polarization back towards its thermal equilibrium, thus reducing AP.. Short T3, rapidly
reduces the polarization gradient and can lead to low DNP efficiency. This has been the
key argument of a study by Ouari, Emsley and co-workers who developed a series of bis-

nitroxide radials of the family of bTbk and TEKPOL exhibiting long 77, that correlated
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with higher DNP enhancements (figure 2.1]C).[24], 44] The strategy was to increase the
bulkiness or the molecular weight of nitroxide-based PAs, and in turn slow down their
motional dynamics to yield longer 7T}, with a more rigid molecular framework near the
radical center (figure 2.1D). The T, values of the PA varied from 10 to 45 ps (~ 15 mM
PA concentration, at 100 K and 3.5 T). The DNP enhancements measured at 100 K, 9.4
T and 15 kHz MAS, showed a direct correlation between 77, and enhancement. Increas-
ing T}, increased the observed DNP enhancement. However, long T}. can also induce
the detrimental effect of nuclear depolarization under MAS. We hence assume that there
is an optimum regime for 7Tj, that should be long enough to maintain saturation, but
short enough to replenish electron spin polarization after each rotor event, to avoid the

undesirable nuclear depolarization effect under MAS.[45]

It is worth noting that T}, can be highly field dependent, underscoring the impor-
tance of measuring T, under DNP operating conditions.[38] Additionally, T}, may vary
significantly across a heterogeneously broadened EPR-line.[46] Identifying the spectral
heterogeneity of Ti. is especially relevant for DNP if two distinct spin populations are
strongly overlapping, or if one of them is spectroscopically invisible due to fast relax-
ation, while its presence still influences the DNP mechanisms. The comparison of CW
and pulsed EPR spectra can reveal the presence of fast relaxing electron spin popula-
tions. One such example was demonstrated with the truncated Cross Effect (¢tCE) DNP
generated between a slow relaxing (narrow-line) Trityl radical and a fast relaxing radi-
cal cluster whose spectrum was severely broadened.[38] The discovery of tCE that had
a similar appearance as Overhauser Effect DNP according to the NMR-measured DNP
profile alone reinforces the importance of the measurement of electron spin dynamics in

deciphering underlying DNP mechanisms.
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Figure 2.2: A: Concentration dependent ELDOR spectra of 10 mM and 40 mM
TEMPO acquired at 4 K and 6.9 T with a probe frequency set to 193.45 GHz. A
larger width of saturation at higher concentration implies larger electron spectral
diffusion (eSD) driven by the stronger e-e couplings. B: Temperature dependent
ELDOR spectra of 40 mM TEMPO acquired at 3.3 T and at variable temperatures:
10, 20 and 40 K. Larger width of saturation (or larger eSD) at lower temperatures is
a manifestation of longer Ti. at lower temperatures. Panels A and B are reproduced
and modified from references [47] and [48] respectively with permission.

2.4 Characterizing the e-e Coupling Network

DNP mechanisms and their efficiency strongly depend on the topology of the e-e cou-
pling network and on the number of coupled electron spins participating, as illustrated in
figure . The e-e coupling in a dilute (sub mM) bi- or tri-radical can be obtained using
a combination of EPR measurements and DFT calculations. However, determining the
topology of the coupling network in a concentrated radical system is not straightforward,
especially because in a typical DNP experiment the PA molecules (used at concentra-
tions of 10-50 mM) cannot be treated as systems of isolated electron spins. Additionally,
the inter-radical couplings between electron spins can adopt uneven spatial distributions
throughout a vitrified sample depending on radical-solvent and radical-radical (chemical

and physical) interactions. To uncover properties of the e-e coupling network, we turn
12
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to two-dimensional pump-probe pulsed EPR measurements. The idea is to perturb the
electron spins by mimicking the effect of microwave irradiation under DNP conditions,
and then detect the resulting electron spin polarization that is dictated by the e-e spec-

tral diffusion across the EPR line.

In a pioneering study, Hovav, Feintuch, Vega and Goldfarb introduced multi-frequency
pump-probe Electron-Electron Double Resonance (ELDOR) measurements as a means
of studying the e-e coupling network under DNP conditions.[49] The pump channel sat-
urates the electron spin polarization to emulate the pw irradiation condition used in
DNP experiments. The probe channel measures the polarization of electron spins at the
selected probe frequency. This measurement reveals the role of electron spectral diffu-
sion (eSD), which results in the spread of saturation across a wide frequency range that
exceeds the bandwidth of the pw pulse. The saturation of spins via eSD is governed by
the combined effect of the e-e coupling strengths (that determine the e-e flip-flop transi-
tion rate) and electron spin relaxation. Figure shows ELDOR polarization profiles
measured at 4 K and 6.9 T for a fixed probe frequency (193.45 GHz), while the yw pump
frequency is varied through the complete EPR spectrum, for 10 and 40 mM TEMPO
dissolved in water-glycerol. The eSD becomes dominant when inter-radical coupling is
large (at 40 mM), demonstrating that eSD is a qualitative indicator of the e-e coupling
network. The extent and width of electron spin saturation also increases with Ti., e.g. at
lower temperatures. Figure shows ELDOR polarization profiles of 40 mM TEMPO
at a fixed probe frequency (95.86 GHz), acquired at three different temperatures, 10, 20
and 40 K, in a 3.3 T field. Clearly, eSD is more prominent at 10 K as revealed by the

wider saturation dip compared to higher temperatures.

A complete two-dimensional electron spin polarization profile can be generated by
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Figure 2.3: A: DNP frequency profiles of 10 mM (violet) and 40 mM (mint)

Trityl-OX063 at 20 K and 6.9 T. The prominent 'H DNP mechanism undergoes a

crossover from SE to TM at the higher concentration of Trityl. B: The ELDOR

profiles measured for the two concentrations near the Trityl-OX063 center frequency.

Hyperpolarization at 40 mM (shaded in gray) reveal the EPR signatures of TM DNP.

The figures are reproduced and modified from reference [34] with permission.
measuring ELDOR profiles at different probe frequencies and by deconvoluting the rel-
ative contributions of different DNP mechanisms. Hovav et. al. developed a numerical
model to use the two-dimensional ELDOR polarization profile to reconstruct the DNP
frequency /field profile.[48] The model provided critical insights in distinguishing the di-
rect CE (where AP, is achieved by direct pw irradiation of one the two electrons inducing
CE) and the indirect CE (where AP, between the two electrons is generated as a result

of eSD and not via direct irradiation). It was revealed that indirect CE is the major

mechanism responsible for bulk DNP at all three temperatures.

Recently, we observed 'H TM DNP using a narrow-line (i.e., with a g-anisotropy
smaller than wy, ) water-soluble Trityl-OX063 radical at 7 T. Surprisingly, the DNP mech-
anism crosses over from SE to TM with increasing concentration of Trityl-OX063 between

10 and 40 mM (figure 2.3]A). ELDOR measurement served as a powerful diagnostic tool
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to unambiguously identify a TM signature in a strongly coupled spin system, as had been
numerically predicted by Vega and co-workers.[50] Their key prediction was the genera-
tion of the hyperpolarization (or cooling) of selected electron spin resonances under the
effect of TM DNP, when the uw pump frequencies is set at some distance from the probe
frequency.[34] Figure shows overlaid ELDOR polarization profiles (normalized with
respect to the Boltzmann polarization) for two different Trityl-OX063 concentrations.
Clearly, in the sample containing 40 mM of the PA, TM is the dominant DNP mech-
anism. An increase in the polarization of electron spins above the thermal Boltzmann
distribution is observed when the pw pump frequency is set at an offset with respect to
the probe frequency. The hyperpolarized electron signal is highlighted in gray. When
puw pump and probe frequencies are close, only saturation of the EPR signal (shown as

a dip in intensity in the ELDOR profile) is observed for both PA concentrations.

2.5 Quantum Mechanical Modeling of Spin Physics

The DNP pathways and their efficiencies depend on a multitude of different inter-
twined parameters. Quantum mechanical (numerical) simulations offer a unique handle
to selectively monitor the effect of different spin dynamics parameters and to dissect
and understand DNP at a microscopic level. [51), 52] 53], 27, B3] Figure illustrates
the model of a PA (bis- nitroxide for CE DNP) with parameters including the relative
g-tensor orientation, the e-e dipolar coupling between two coupled electron spins, as well
as Ti.. The calculation of the proton enhancement ¢(*H ) for a typical bis-nitroxide un-
der MAS predicts that: (i) a sufficiently long Ti. (i.e., above a threshold) is critical for
efficient DNP, but an excessively long T}, becomes deleterious, (ii) there are preferable

relative g-tensor orientations between two coupled electron spins that maximize CE DNP,
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Quantum Mechanical Modelling
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Figure 2.4: Quantum mechanical modeling of T}., relative g-tensor orientations and

dipolar coupling in bis-nitroxide radicals under 25 kHz spinning in a field of 18.8 T
using 0.5 MHz pw nutation frequency.
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Figure 2.5: A. Landau-Zener population transition model used to rationalize spin dy-
namics under MAS. B. Schematic representation of essential spin transitions involved
in CE DNP. C. Plot of e-e coupling (panel i) and e-Zeeman energies in rotating frame
(panel i7), the electron and nuclear spin polarizations (panels #ii and iv, respectively).
The rotor events uw, e-e and CE are marked with black, green and orange symbols.
The e-e couplings at the green e-e rotor events are large and therefore corresponding
transitions are adiabatic. D. Similar to C but for a different crystallite orientation
that leads to inefficient DNP. A non-adiabatic e-e event impedes the net DNP enhance-
ment. The energies and polarizations were calculated using SpinEvolution package.
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and (iii) generally, stronger e-e dipolar couplings enhance the DNP performance (up to
a threshold value), largely validating experimental observations. These profiles were cal-
culated by varying a selected parameter (shown along the x-axis) while keeping all other
parameters constant (typical for bis-nitroxides).[53, 28, 41] Notably, EPR measurements
of spectral (J coupling, g-tensor) and relaxation (T}., Ts.) properties offers critical input

to accurately carry out the relevant DNP simulations.

In this section, we will focus on how quantum mechanical analysis can enhance our
understanding of the role of the DNP parameters. We will focus on CE DNP, which is the
most accessible mechanism for MAS DNP. Notably, the widely used average Hamiltonian
theory or Floquet theory cannot be straightforwardly applied to study time-dependent
interactions involving electron spins under MAS, as the strength of these interactions are

much larger than the MAS frequency itself.[54]

2.5.1 Landau-Zener Model

A major development in the (quantum mechanical) understanding of the CE DNP
mechanism under MAS came from the description of dynamic electron spin transitions
using the Landau-Zener (LZ) model, as delineated by Tycko and Thurber,[55] and sub-
sequently by Mentik-Vigier et al.[56] Their studies contributed to unraveling the distinc-
tions between of MAS DNP and static DNP. Under MAS the essential spin transitions
leading to puw excitation and other spin flip-flop events are separated in time (unlike
under static conditions) because of energy modulation in time owing to anisotropic inter-
actions of the electron spins (i.e., the g tensor anisotropy and dipolar e-e couplings). The

energy modulation causes a series of time-dependent and periodic resonance conditions
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(a.k.a. rotor events) where spins may transition from one state to another. The changes
of spin populations between energy states at a rotor event where a resonance condition
is met can be analyzed by the LZ model. According to this model, the probability for
population exchange (p) at each rotor event depends on the rate of change of the energy
of the states () and the magnitude of the perturbation (E;) at the rotor event accord-

ing to the following equation:

aEy

p=1 —e:vp(—ﬂ*Elz/( o

). (2.1)

Figure represents a level anti-crossing (rotor event) in a two energy-level sys-
tem. The dashed lines represent the energies of the diabatic states (diagonal terms of the
Hamiltonian, Ey, and Eg, not including the perturbation term). The solid lines represent
the energies of the adiabatic states of the Hamiltonian (eigenvalues of the full Hamilto-
nian, including the perturbation term). The rotor event is said to be diabatic if there is
negligible exchange of the spin populations between the energy states, while an adiabatic
transition refers to a complete exchange of the spin populations between the states (see
figure ) These concepts are pedagogically explained in a recent review article by
Ivanov and coworkers.[57] As mentioned above, CE involves two essential transitions: (i)
pw event: selective saturation of one of the electron spin polarizations in resonance with
the irradiating pw frequency (i.e. we, = wyy), and (ii) CE event: simultaneous triple-spin
flip of e-e-n at the CE resonance condition (i.e. we, — we, = £ wy,). There is another very
critical transition, the e-e event that occurs when the two electron spins become degen-
erate (wWe, = we,), leading to the partial or complete exchange of polarization between e;

and e spins. These transitions or the rotor events are illustrated in figure [2.5B.

Using the basic understanding of the LZ model, we now address an important ques-
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tion: what determines the DNP efficiency of a polarizing agent? The DNP enhancement
is highly orientation dependent, and encoded in the energy trajectories of the energies of
the states which determine the sequence of the rotor events. Additionally, the relaxation
time constant 77, relative to the rotor period (7,) determines whether the effect of the
different rotor events can add up constructively or not. Very short T}./7,. will relax the

system back to thermal equilibrium in between the rotor events.

We illustrate these nuances using two selected orientations, one leading to efficient
DNP and the other to inefficient DNP. Figure 2.5C-D maps the e-e coupling energies
(panel i) and Zeeman energies in the rotating frame (panel ii) of two electron spins (e-e-
n with n = 'H spin system) in the yw rotating frame for an e-e-n crystallite orientation
that leads to high (figure 2.5C) and low (figure [2.5D) DNP enhancements. The modu-
lation in panel (i) results from the dipolar anisotropy of the e-e coupling. The coupling
energy spans the range [% + J, D + J]|. The modulation in panel (ii) results from the
g-anisotropy of the electron spins. Panels (#ii) and (iv) map the polarization profiles of

the two electrons and the nucleus, respectively.

The rotor events, involving one (uw event), two (e-e events) and three spins (CE
event), are marked by black, green and orange symbols, as their resonance conditions are
satisfied at different time points within a rotor period. Essentially, a uw event (time point
where the Zeeman energy of one of the electrons becomes zero, (marked by horizontal
dotted lines) in the uw rotating frame generates a polarization difference between the
two electron spins (panel iz). The change in the polarization of the two electron spins

can be monitored in panel (i) of figure 2.5C-D.
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perturbation strength of CE transition ~ (2.2)

The nuclear polarization enhancement occurs with the triple e-e-n spin flip transition,
here referred to as the CE rotor event, in a step-function by an amount that is propor-
tional to AP, accumulated prior to this event (also illustrated in figure . These
transitions are marked with orange symbols, where the difference of electron spin ener-
gies matches the nuclear Larmor frequency, i.e. 300 MHz for 'H at 7 T (panel ii). The
transition probability can be calculated using the LZ equation, where the perturbation
E depends on the product of the e-e coupling and the relative e-n coupling as shown
in equation The corresponding step-wise buildup of nuclear spin polarization of the
selected orientation under MAS is shown in panel (iv) of figure 2.5C-D.

Maintaining high adiabaticity, especially for all e-e events in a rotor period, is key
to achieving high CE DNP under MAS. A favorable e-e event leads to an exchange of
electron spin polarization, provided that the instantaneous e-e coupling is large enough
at the event.[55] [56] This is important to maintain the electron spin polarization gradient,
as well as to maintain the same sign of the polarization difference AP, = P,, — P., and
the frequency difference Awpe = we, — we,. To understand this nuance, let us focus on
the e-e event, which is interleaved between two CE events (figure 2.5(C, panel i — ii1) as
highlighted with dashed vertical lines. Prior to the e-e event, the polarization difference
AP, between the two electrons with respect to their frequency difference Awg, and the
corresponding DNP enhancement is positive, e ( figure panel ). After the e-e
event, the electron frequency difference changes the sign (i.e., the green symbol is higher
and the cyan symbol is lower in energy). For the CE DNP to constructively add up,

the polarization of the two electron spins should swap, so to maintain the polarization
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difference, and maintain its sign with respect to the frequency difference. This requires
that the e-e event is adiabatic (i.e. p ~ 1 in equation , contributed by a large e-e
coupling at the event, as seen in figure[2.5C. Then, a large DNP enhancement is achieved.
In contrast, if the e-e event (highlighted with dashed line) is diabatic or non-adiabatic,
as illustrated in figure [2.5]D panels ¢ — v, and the relative sign of AP, and Awg,. is not
maintained at the two different CE events (before and after the e-e event as highlighted),
this can lead to self-cancellation effects for DNP. Also, the large AP, is not maintained
at steady state. Notably, even a single non-adiabatic e-e event can lead to poor DNP
enhancement for the select orientation (figure , panel iv). In a nutshell, the sequence
of the rotor events, the adiabaticity of these transitions and the relative Ti./7, all con-
tribute to the CE DNP efficiency of a given crystallite or molecular orientation. An ideal
PA will be one with maximum adiabatic transition probabilities for all e-e events in a

rotor period, and is fulfilled for a large number of orientations in a powder ensemble.

2.5.2 Design of New Polarizing Agents

A major research topic in MAS DNP has been the design and synthesis of biradicals
that are more efficient at high By and fast MAS frequency. In particular, the search for
a bi-radical with optimum e-e coupling has been an important research focus. Initially,
the optimization of the biradicals was based on the optimization of the dipolar coupling
and g-anisotropy through variation of the chemical linker connecting the radical centers.
The aim was to optimize (i) the length of the linker and thereby the dipolar coupling and
(ii) the rigidity of the linker to ensure an optimum relative orientation of the g-tensors
of the two radical centers in the bi-radical. This design approach is further being refined

by considering the role of exchange or J coupling. [28, 4T, 20]
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Figure 2.6: A. 'H DNP vs. J/D in bis-nitroxide exhibiting the requirement of an
optimal J/D for maximum enhancement. Non-optimal J/D of ~0.7 results in strong
interference in bis-nitroxides with perpendicular g-tensors. B. Measured "H DNP en-
hancement €, /o on left y-axis, and nuclear depolarization (€gepo) on right y-axis for
a powder sample. The more meaningful € is defined as €,y ¥ €on Joff- This shows
that the factor €,,/,r; overestimates the actual DNP enhancement. C. Numerically
simulated correlation between enhancement and depolarization for 230 different crys-
tallite orientations mimicking AMUPol spin parameters at 12.5 kHz MAS and 18.8 T
field. Figure A is adapted from reference [33] with permission. Figure B was simu-
lated numerically using SpinEvolution under 25 kHz spinning and 18.8 T field using
0.5 MHz pw nutation frequency.

23



Role of Electron Spin Dynamics and Coupling Network in Designing DNP Chapter 2

Sigurdsson, De Paépe and coworkers have designed an asymmetric bis-nitroxide rad-
ical, AsympolPOK, to maximize the CE DNP efficiency while minimizing the depolar-

ization effect; it is reportedly the best performing bis-nitroxide radical at 18 T to date.[28]

Recently, we discovered the importance of balancing the relative magnitude of J and
D in a biradical for maximizing the enhancement in a powder sample.[33] This is illus-
trated in figure that shows simulated 'H DNP enhancements as a function of the
relative J/D values in bis-nitroxide radicals. We discovered that not only the sum J+D,
but also the ratio of J/D needs to be balanced (specifically in the range 1 < J/D < 2.5)
to achieve robust enhancement for all radical orientations.[33] The recently developed
TinyPol PA is a very appropriate example to highlight the necessity of balancing J and
D coupling. Compared to AMUPol, the TinyPol radical has a smaller linker, and there-
fore much enhanced dipolar coupling (~ 40 MHz). However, the J coupling (~ 22 MHz
calculated using DFT) of a large number of conformers falls in a non-optimum regime
(J/D ~ 0.55), hence rendering its performance far below that than initially expected.
In fact, the key strategy to boost DNP efficiency at high By and fast MAS is to en-
hance the ratio of the isotropic J coupling and the anisotropic D coupling between the
CE-inducing electrons spins. This strategy minimizes the interference effects between
the two interactions and maximizes the effective e-e couplings at all radical orientations,
thus ensuring large adiabaticity for the e-e and CE rotor events. In all transitions, again,
maintaining high adiabaticity is the key for achieving efficient DNP. The adiabaticity of
CE rotor-events is the smallest in magnitude (relative to other two rotor-events) as it is
a second order perturbation term77 that is proportional to the product of e-e and the

difference between two e-n couplings and is scaled down by the nuclear Larmor frequency

(equation [2.2).
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Therefore, the adiabatic transition probability of the CE event becomes smaller with
increasing magnetic field. The loss of adiabaticity of the CE event at higher field can be

compensated for with an increase in the e-e coupling, as reflected in equation

2.5.3 Depolarization Effect under MAS

DNP enhancement is generally evaluated by comparing the NMR signal intensities
under pw-on and -of f conditions, i.e. (€pn/orf). However, when evaluating the DNP
efficiency, it is important to consider the effect of nuclear depolarization (€ege, = Signal
under MAS/Signal under static) under MAS too, i.e., the loss of nuclear polarization to
electrons via the same CE mechanism under MAS and pw-of f condition (figure[2.6B).[58]
The effect is a manifestation of non-adiabaticity of some e-e rotor events. Under such
conditions, AP, decreases and can lead to nuclear depolarization via reverse nucleus-
to-electron CE transfer. The effect becomes severely pronounced as the ratio T3./7, in-
creases, i.e. when alow AP, (< P,) is maintained throughout the rotor period.[58, 59, 45]
Since both effects are manifestations of the triple-flip mechanism, we mapped their cor-
relation for 230 different orientations of a e-e-n spin system that is designed to mimic
the e-e coupling strength of the AMUPol radical.[39, 33] Similar to the observation made
by Mentink-Vigier et al. for TOTAPOL radicals,[59] we find a linear correlation between
€depo and the realistic enhancement factor, €5 = €on/of ¥ €depo (marked by the dotted line
in figure [2.6/C). Specific orientations can be beneficial or detrimental in minimizing depo-
larization and maximizing DNP enhancement. Interestingly, there are some orientations
that deviate from the statistical correlation of enhancement vs. depolarization in the

powder ensemble, although the sequence of CE and e-e rotor events are identical in both
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enhancement and depolarization processes. This is due to uw events. The time-sequence
of the uw events with respect to the other two events determines the DNP enhancement
actually accrued. Consequentially, a given orientation can lead to significant depolariza-
tion but also have a very high DNP enhancement, as highlighted with the horizontal line
in Figure [2.6(C. Interestingly, this suggests that the presence of moderate depolarization
(0.6 < €gepo < 0.8) can be an indicator of efficient CE DNP activities of bis-nitroxide PAs

that have long 7. and optimum relative g-orientations.

2.5.4 MAS rate Dependence of CE DNP

The insights provided by the LZ model explain the complex behavior of the DNP
enhancement as a function of the MAS frequency (v,). The effective DNP enhancement
is an interplay of the number of rotor events per unit time (which increases with v,.)
and their adiabaticity (which decreases with v,.). As a result, the CE DNP enhancement
for the common AMUPol radical (€.) sharply increases with v, compared to static
conditions. The enhancement reaches an optimum, then levels out, and subsequently
deteriorates at very fast MAS (figure ) The exact position of this optimum depends
on the e-e coupling strengths, as they determine the adiabaticity of the events. The CE
DNP benefits from the effect of MAS that incorporates a large number of orientations to

fulfill the CE polarization transfer condition — an effect dubbed as ”self-chirping”.[55]

2.5.5 Design of New pw Irradiation Scheme

The LZ theory has played a key role for the development of new uw pulse irradiation

schemes to achieve efficient DNP with fast 1/7}, rates. The microscopic insights of pw
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and CE rotor-events under MAS that are separated in time inspired the idea to execute
fast and broadband irradiation to maintain a gradient AP, throughout all CE events
that occur during sample rotation and result in a larger DNP enhancement.[60] So far,
we demonstrated the importance of numerical simulations to understand and develop

DNP. Next, we highlight the available packages to perform these simulations.

2.5.6 DNP Numerical Simulation Packages

SpinEvolution (C based) and Spinach (MATLAB based) are two simulation packages
that are available for general users to carry out quantum mechanical simulations of DNP
effects that incorporate all relevant experimental parameters (including relaxation rates).
[61], 62] Spinach is a freeware developed by Kuprov and coworkers.[62], [63] SpinEvolution
was developed by Veshtort et al.[61] and has been commercialized, but is significantly
more rapid for DNP simulations compared to Spinach. For example, a typical CE DNP
profile (e.g. as shown in figure ) can be computed in a few minutes using SpinEvo-
lution, but may take several hours by Spinach. Of course, the exact simulation duration
depends on the magnitude of the different terms in the relevant Hamiltonian describ-
ing the spin system, especially of the off-diagonal or the perturbation terms. We used
SpinEvolution to carry out numerical simulations in all of our recent studies after the pro-
gram’s functionality was extended to include the capability to simulate DNP phenomena.
We found this tool indispensable for simulating and understating effects of the truncated
CE and TM DNP mechanism that we observed experimentally, and predicting the char-

acteristics of new bis-nitroxide and mixed radical systems as PAs.[64] 38, [34, [33] [4T], 27, [65]

Just as with numerical simulations of other types of NMR experiments, DNP simu-
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lations are performed by the numerical integration of the time-dependent Liouville-von
Neumann equation of motion. The Hamiltonian (equation. [2.3) has the following form

in this case:

7:[ == 7:[Zeeman + 7:[@—3 + ﬂhyperﬁne + ﬁ,uw (23)

This includes the pseudo-secular (1,5, + I,,S,) parts of the hyperfine coupling terms
and uses the lab frame for the nuclei I, while a rotating frame is used for the electron
spins S. The electron spin relaxation terms are assumed to be of the form generated by
fast random fluctuations of the single-spin operators, having phenomenological relaxation
time-constants (7} and 75). The #,,, term may have an arbitrary time-dependent fre-
quency and amplitude. Paramagnetic spin systems with effective spin quantum number
S > 1/2 are allowed in addition to spin 1/2 electrons. Calculations of MAS DNP are par-
ticularly challenging because the integration of spin dynamics must be performed in very
small-time steps (typically on the order of 10 ns). The situation is further complicated by
the incorporation of relaxation in the equation of motion, necessitating calculations in Li-
ouville space, which makes such calculations very expensive compared with conventional
MAS ssNMR simulations where pseudo secular terms are ignored and spin interactions
are much smaller in magnitude so that their numerical diagonalization is easier. To al-
leviate this problem SpinEvolution uses a set of algorithms that integrate the equation
of motion in such systems much more efficiently than the straightforward methods used
by other authors.[55, [56] The method set includes the Liouville space, reduced Liouville
space and Hilbert space algorithms. The latter methods (although not exact) are useful
for dealing with very large spin systems, where calculations in Liouville space become
exponentially time consuming. In particular, the method used by Thurber and Tycko[55]

is a special case of the SpinEvolution’s Hilbert space algorithm. Most recently, Perras
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and co-worker incorporated the LZ formalism with locally restricted low-level correlations
using the Liouville space method that can allow for simulations of systems containing
thousands of spins.[66] The method is not exact and truncates the spin interactions to
the nearest neighbor, yet it can be very helpful for understanding bulk phenomena such

as nuclear spin diffusion in presence of electrons.
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Chapter 3

Electron Spin Density Matching for
Cross Effect DNP

Reprinted with permission from Li, Y., Equbal, A., Tagami, K., & Han, S. (2019).
Electron spin density matching for cross-effect dynamic nuclear polarization. Chemical

Communications, 55(53), 7591-7594. Copyright 2019 Royal Society of Chemistry.

3.1 Introduction

DNP normally requires exogenous polarizing agent (PA), to transfer polarization from
its unpaired electron spins to coupled nearby nuclei, which is subsequently relayed to the
bulk nuclei through the nuclear spin-diffusion mechanism. While many interesting ap-
plications of DNP-NMR have been demonstrated already, a prime research objective for
DNP is to enhance its performance under the desired experimental conditions, including
at high By, fast magic angle spinning (MAS) and/or at higher temperatures, while min-

imizing the microwave (pw) power requirement.
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Among the different DNP mechanisms in insulating solids, the Cross Effect (CE)[67]
is the most promising mechanism at high By and with the currently available state of the
art pw instrumentation.[68] The CE relies on three-spin dynamics (two coupled electron
spins, e, differently coupled to a nuclear spin, n), and is induced by two essential spin
transitions: (i) the quantum mechanically allowed pw transition that depolarizes the
ensemble of one of the two e spins involved in the CE transfer, thereby creating a large
polarization difference between the two e spins relative to the n spin polarization, and
(ii) the simultaneous flip-flop-flip of all three spins induced by second-order cross-terms
between the e-e and e —n couplings. This is achieved when the CE resonance condition,
|wer — Wea| = |wpl, is satisfied.[55], 56] Maximizing the CE transfer therefore requires

maximizing the transition probabilities of these two processes.

The first break-through in CE radical design was accomplished by Hu et al. who
introduced bis-nitroxide radicals.[69] Thereafter, efforts have been devoted to optimize
the electron spin relaxation rates, linker size, molecular geometry, and solubility. [69, [70,
71], [72] However, bis-nitroxide radicals loses efficacy at high By field and under fast MAS,

conditions under which the relevant adiabatic CE transition probabilities decrease. [50]

A promising solution to this dilemma emerged from the discovery of Hu et al.,[73]
showing that mixed Trityl (narrow line) and TEMPO (broad line) radicals display fa-
vorable g-tensor difference that can effectively increase the CE e;-e5 spin pairs for 'H
DNP. This mixture improved the CE DNP enhancement by a factor of 3 compared to
an equivalent amount of TEMPO at 90 K, 5 T, 5 kHz MAS, when using high-power
(10 W) paw irradiation. Taking advantage of this favorable condition, significant efforts
have been invested into synthesizing a PA archetype of a broad nitroxide radical teth-

ered with a narrow Trityl or a BDPA radical, while preserving their anisotropic g-tensor
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features [74, [75] for efficient DNP, as first successfully demonstrated by Mathies et al.

for TEMPO-Trityl, [76] and recently by Wisser et al. for TEMPO-BDPA.[75]

In this study, we add a new perspective for further enhancing the CE DNP of mixed
radical-based PAs by matching the electron spin density for the broad and narrow line
radicals. The conceptual underpinning for testing ratios other than 1:1 (conventional)
between the broad and narrow radical is that the two radicals have very different EPR
linewidths and relaxation properties.[3§] This raises an obvious question- Is 1:1 ratio of
the radicals the optimum composition? The question we address is whether a significant
boost in the DNP enhancement can be achieved under static and MAS conditions by
matching the electron spin density for Cross Effect DNP. The outcome of this study will
offer a key design principle for the type and composition of mixed-radicals that maximize

their DNP performance.

An ideal testing system would be a narrow line radical tethered to more than one
broad line radicals. However, the synthesis of such radical system, and searching for the
adequate length and geometry of the chemical linker is synthetically challenging, espe-
cially when a Trityl or a BDPA radical is involved. Before proposing with the design
and synthesis of such systems, the viability of this concept must be tested first. To this
end, we carried out the initial test by increasing the relative portion of the broad line
radical in the physical mixture of Trityl and TEMPO. In this study we chose not to focus
on the physical mixture of TEMPO and BDPA, another commercially available narrow
line radical, given the low solubility of BDPA in toluene which significantly impairs the
CE probability between the two radicals. The here reported DNP experiments were
performed under static, as well as MAS conditions, at 6.9 T powered by a tunable solid-

state microwave source.[77, [78, [7T9] Two factors will be closely investigated: the change

32



Electron Spin Density Matching for Cross Effect DNP Chapter 3

in DNP enhancement factor and the DNP buildup rate, as these factors constitute the

DNP enhancement per unit time.

3.2 Experimental Methods

Static DNP/EPR Sample 4-Amino TEMPO, denoted as TEMPO, (Sigma-Aldrich)
and Trityl-OX063, denoted as Trityl in this chapter, (GE Healthcare AC) with a total
radical concentration of 30-53.2 mM were dissolved in DNP Juice, dg-glycerol (Cambridge
Isotopes):D,O (Cambridge Isotopes):H,O (UCSB Lab) = 6:3:1, vol%. 40 ul. mixed rad-
ical solution was deposited into a cylindrical Teflon sample holder. Further description
of the sample holder and 6.9 T static pulsed DNP/EPR instruments can be found in the

appendix.

3.3 Results and Discussion

3.3.1 Electron Spin Relaxation Measurements

The Ty, relaxation time was measured for Trityl and TEMPO at DNP conditions us-
ing saturation recovery experiment. The pulse scheme is shown in figure [3.1j(a). 100 ms,
P, = 120 mW pw pulse was used to saturate the electron spins at the probe frequency,
Vprobe- ' The EPR signal intensity was recorded at the same frequency using solid-echo
detection, following a variable recovery delay, 7p. Ti. was measured for three different
radical mixtures, (a) TEMPO:Trityl = 1:1 (Cyppr = 30 mM, blue), (b) 2:1 (Cyppr = 30
mM, red). Two-component exponential fitting, using the equation, I = I(1-A*(exp(-

0/ T1e—siow))-B*(exp(-7p/T1e—tast))), Was used to extract the Tj. values recorded for
33



Electron Spin Density Matching for Cross Effect DNP

Chapter 3

0.5

>
E l B L] __55.5-;‘"""'1' x 1
5 [(@) T
2081 2 T, 1 108
206 Vorobe | b 6 5 0.6
83
-qz 04 1:1 1}probe 104 2:1 vabc |
= (Crotar=30mM) (Crorar=30mM)
Eo_z 193.6 | 02 193.6 |
e 1939 | T e 193.9
Z 0 0
0 0.1 02 03 04 05 0 0.1 02 03 04
Saturation Recovery Delay (s) Saturation Recovery Delay (s)
Figure 3.1:  Saturation recovery Ti. measurement at 4 K for two different radi-

cal-mixtures: (a) TEMPO:Trityl = 1:1 (Cyotar = 30 mM, blue), (b) 2:1 (Cioter = 30
mM, red). The grey crosses are normalized electron echo intensities as a function of
7p, and the solid and dotted lines are the two-component fitting curve for v,,.qpe set
at Trityl (193.6 GHz) and TEMPO (193.9 GHz) center frequencies, respectively.

Vprobe S€t to the center frequencies of the Trityl (figure solid lines) and TEMPO (fig-

ure [3.1| dotted lines) radicals. We make two major observations: (i) with the same total

spin concentration, Ty, measured at Trityl and TEMPO frequencies barely changed with

the radical compositions; (ii) Ty, of Trityl was significantly shorter than that of TEMPO

for both ratios. In the 1:1 ratio, the average T;, values were 32.7£3.6 ms and 54.849.2

ms for Trityl and TEMPO, respectively. This is unexpected, and suggests that the ben-

efit for DNP of mixing Trityl with TEMPO does not come from more facile saturability

of the Trityl resonance under these condition. Fitted T;. are recorded in table 3.1 where

Ty, are calculated as (A*T1c_siow+B*Tie—fast)/(A+B).

Table 3.1: Simulated T4,

TEMPOTI'ltyl Vprobe Tle—slow A Tle—fast B Tle
(Crotar mM) (GHz) (ms) (ms) (ms)
1:1 (30) 193.6 | 58.04+3.4 | 0.418+0.01 | 1.440.1 | 0.339+0.01 | 32.7+3.6
1:1 (30) 193.9 | 103.3£8.8 | 0.432+0.02 | 3.44+0.4 | 0.407£0.01 | 54.8+9.2
2:1 (30) 193.6 | 48.0+2.4 | 0.411+£0.01 | 1.840.1 | 0.374+0.01 | 26.0+2.6
2:1 (30) 193.9 | 87.8+£5.3 | 0.4764+0.01 | 2.5+0.3 | 0.345+0.01 | 52.04£5.6
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3.3.2 Pump-probe ELDOR Experiment
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Figure 3.2: ELDOR experiments with a pulse scheme (a) were recorded at 4 K for
mixed-radical systems (b) TEMPO:Trityl = 1:1 (blue) and 2:1 (red) with a total
concentration of 30 mM. Solid and dotted lines correspond to vprope = 193.6 and
193.9 GHz, respectively. The amplitude for the 100 ms vpymp is 120 mW.

Electron-electron double resonance (ELDOR) experiments delineate how e spin sat-
uration at one frequency (vpump) is transferred to another frequency (Vprohe) across the
EPR line. ELDOR profiles are shown in figure [3.2| for the 1:1 (blue) and 2:1 (red) ratios,
where the solid and dotted lines correspond to vp,oe = 193.6 and 193.9 GHz, respectively.
The ELDOR spectra of the two mixtures at vy, = 193.6 GHz display comparable eSD
around the Trityl, indicating similar e spin dipolar coupling from clustering of Trityl in
DNP Juice.[80] When v, s set to 193.9 GHz, the ELDOR profile of the 2:1 sample
exhibits greater eSD around the TEMPO v, frequency than in the 1:1 sample, indicat-
ing the eSD among TEMPO has increased. Meanwhile, for v, = 193.9 GHz, smaller
eSD is observed in the 2:1 mixture when the vy, is set around the Trityl frequency,
which can be explained by the relatively lower spin density of Trityl. Taken together,

the ELDOR data analysis suggests that the benefit of the 2:1 mixture mainly comes
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from a higher number density of CE-fulfilling spins, as properties of spin dynamics and

saturation appear rather comparable for the two ratios.

3.3.3 Static '"H DNP Experiments

(a) (b) 4-Amino TEMPO  (c¢) Trityl-OX063 "
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Figure 3.3: Mixed-radical with a total concentration Ciye; = 30 mM, TEMPO: Trityl
= 1:1 (blue) and 2:1 (red). (a) Simulated EPR spectra at 6.9 T. Chemical structures
of (b) 4-Amino TEMPO and (c) Trityl-OX063. (d) Experimental 'He vs. v, at
static condition, 4 K measured with solid-echo detected 'H signal in DNP Juice and
Py = 120 mW, tpyiqup = 60 s. (e) 'He vs P, obtained at optimum v, = 193.6
GHz.

Mixtures with 1:1 and 2:1 TEMPO:Trityl ratios, respectively, with a total concen-
tration of 30 mM in DNP Juice (60/30/10 vol% ds-glycerol/D2O/H20) were chosen to
commence the study. The simulated EPR spectra of the two mixtures are shown in
figure (a). The Trityl and TEMPO center frequencies are separated by roughly the
'H Larmor frequency, while the electron spin density is concentrated at the Trityl reso-
nance. However, whether or not the DNP enhancement () will be boosted by electron

spin density matching of the mixed radicals cannot be inferred from the EPR spectra,
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given the role of electron spin relaxation, electron-electron coupling and electron spectral
diffusion (eSD) in modulating DNP. Here, we empirically examined the effect of electron

spin density matching using our DNP setup.

The DNP frequency profiles (‘He vs. v,,) of the radical mixtures with 1:1 and 2:1
ratio for TEMPO:Trityl, with a total e spin concentration (Cle) fixed to 30 mM, were
recorded at 4 K from the ratio of the integrated solid-echo 'H NMR signal at pw-on
and pw-off, as displayed in figure [3.3(d). The positive maximum enhancement, ¥, is
obtained at v, = 193.6 GHz for both mixtures, and the negative maximum enhance-
ment, ¢, at 193.9 and 194 GHz for 1:1 and 2:1, respectively. The absolute value for
e~ is significantly lower than e* in both cases. The overlaid profiles show that the 2:1
mixture yields 72% greater enhancements, with et = 224 for the 2:1 mixture compared
to et = 130 for the 1:1 mixture with 120 mW pw power (P,,) irradiation for 60 s. To
investigate the P,, dependence on DNP, 'He™ values were obtained as a function of
P, at the optimum frequency of v, = 193.6 GHz. The power profiles showed (figure
3.3|(e)) an increase, followed by a decrease in ¢ with increasing P,,, beyond an optimum
threshold value. This is attributed to oversaturation, an effect originating from beyond
optimum e spin depolarization caused by eSD.[54] Notice that under the applied DNP
conditions, we readily reach the maximum e with a low P, of ~30 mW, making the
mixed-radical system particularly beneficial for DNP under pyw power-limited conditions.
At the optimum v, and P,,,, the 2:1 mixture yields greater € of 347, which is 95% larger
than that of the 1:1 mixture. The electron spin dynamics, probed using T, (figure
and ELDOR measurement (figure at the DNP conditions, suggests that the bene-
fit of the 2:1 mixture mainly comes from a higher number density of CE-fulfilling spins
overall, as properties of spin dynamics and saturation appear rather comparable for the

two ratios under static conditions. EPR measurement also revealed that the T, at the
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Trityl resonance is shorter compared to that at the TEMPO resonance, perhaps due to
the clustering of Trityl in DNP Juice. This shows that the increased DNP efficiency of
mixed radical radical can not attributed to slow relaxation of Trityl, but rather to its

narrower line.

The vital question is whether the benefit of the 2:1 over the 1:1 mixture will be main-
tained under MAS, where the CE mechanism is principally different from static condi-
tions due to energy oscillations of the relevant spin states.[55], [56] The energy oscillations,
mainly originating from the large g-anisotropy, typically increase the combinations of spin
pairs fulfilling the CE conditions. Since the g-anisotropy of Trityl is very small compared
to TEMPO, the effective number of CE resonances per rotor period (7;.) is not limited by
Trityl but by TEMPO, and depends heavily on TEMPO’s g-tensor orientation. Thus, the
multi-spin effect under MAS is considerably more complex, and optimizing the mixed-

radical composition is critical to maximize its CE DNP.

3.3.4 MAS 'H DNP experiments

The investigation of mixed-radicals under MAS were carried out at 6.9 T, using a
custom MAS probe (Revolution NMR, LLC.)[45] operational at 25 K and powered by
a 350 mW pw source. The DNP frequency profiles, as obtained by 'H-!3C Cross Po-
larization (CP) under 3 kHz MAS measured with 2-'3C glycine (to avoid background
signal from the MAS system), are shown in figure (a). The €on/0ff enhancements are
determined from the ratio of the integrated pw-on and pw-off NMR signal. Overall, the
frequency profiles under MAS were found to be similar in appearance to those obtained

under static condition. The MAS DNP profile of AMUPol in DNP Juice, acquired under
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Figure 3.4: (a) Experimental 'He vs. v, at 3 kHz MAS, 25 K for TEMPO:Trityl =
1:1 (Ciotar = 40 mM, blue), 2:1 (Ciptqr = 40 mM, red), and 3:1 (Ciorqr = 53.2 mM,
green), and Ciyq = 20 mM AMUPol in DNP Juice, measured using 2-3C glycine
through 'H-3C CP experiment. Pw = 350 mW and tpyidup = 60 s. (b) DNP buildup
at optimum v/,,.

the same conditions, is overlaid in grey, for comparison. At the optimum v, the 2:1

mixture leads to a 28% greater Eonjoff than the 1:1 mixture at the same Cjoqp = 40 mM.

The e

onjfof f observed for 1:1 and 2:1 are 109 and 140, respectively. This is a phenomenal

result, considering the relatively low P,,, = 350 mW at the source output available for
our DNP setup. We also tested the 3:1 mixture with Cy; = 53.2 mM. This resulted
in a decreased ajn Joff = 82, which may be due to faster T;. relaxation with increased
spin concentration. Impressively, e;rn Jof f of the 1:1, 2:1 and 3:1 mixtures were all higher
than of AMUPol at an optimum C}yq; = 20 mM (5jn/off = 55).[72, [76] The lower 5jn/off
observed with AMUPol is due to high pw power requirement for bis-nitroxides. [T} [76] The
mixed TEMPO-Trityl radical has also been shown to exhibit minimal *H depolarization
[58, [81] under MAS in contrast to AMUPol.[45] Hence, the absolute 'H enhancement for
AMUPol will be even lower if its large depolarization factor at MAS exceeding 1.5 kHz

is considered, as reported in the literature. [45]

The steady state DNP buildup time (Tpyiaup) shows a marked decrease as the TEMPO:
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Trityl ratio is increased in the mixture (figure 3.4(b)). In fact, Tyuiauy (5 8) for unteth-
ered 3:1 mixture is slightly shorter than that of AMUPol (8 s), where the two e spins are
strongly coupled within the tethered biradical. It is anticipated that chemically tethering
two or three nitroxide moieties to Trityl will significantly boost € and shorten the Tpyiigup

time.

3.4 Numerical Simulation

However, unlike tethered mixed radical systems, the physical mixtures cannot main-
tain a radical distribution where one Trityl radical is strongly coupled to one/two tethered
TEMPO radicals. To further examine if increasing the TEMPO composition as well as
tethering can be beneficial, quantum mechanical simulations of DNP-NMR were per-
formed using the Spin Evolution package.[82] The Spin-Evolution package allows DNP
simulation for solid samples with powder averaging in Liouville space, and therefore can
also incorporate relaxation into account. The simulations were performed for e; —ey—'H
and e; — ey — e3—H spin system, with e; representing a narrow-line Trityl radical, and e,
and e3 representing broad-line TEMPO radicals. The principal axis components of the
g-tensors of the electron spins were taken the same as in table The g-tensor of ey
and e3 were related to e; by the Euler angles sets, (30,10,0) and (50,70,0), respectively.
The relative e;-e; and ej-e3 dipolar tensor orientation were given by the angles (20,60,30)
and (50,90,60), respectively. The orientation of the dominant e;—'H hyperfine coupling
was chosen to be (40,10,0). The relaxation rates, 'H Ty, Ty,,, and Tlez/g, are set to 4 s,

4 ms, and 3 ms respectively, unless mentioned otherwise.

We simulated CE DNP at 6.9 T, under 10 kHz MAS and a pw B; of 0.2 MHz for a
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Table 3.2: g and A anisotropy

Radical e gy g, A, MHz | A, MHz | A, MHz
TEMPO | 2.009 | 2.006 | 2.0021 16 15 95
Trityl | 2.0034 | 2.0031 | 2.0027 0 0 0

1:1 (e; — e;—'H) and 2:1 (e; — ez — e3—'H) type radical system, with e; representing a
Trityl and e, and ez representing TEMPO moieties. In both cases, we fixed the e;-e5 and
e;-'H dipolar couplings to 6 and 2 MHz, respectively. Only the e;-e3 dipolar couplings
were varied, while keeping its relative orientations fixed. All the other dipolar couplings

were turned off for simplicity, including the es-e3 dipolar coupling from TEMPO-TEMPO

interaction.
250 600
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Figure 3.5: (a)Simulated 'He for e; — ea—'H (blue) and e; — eg — e3—'H (red and
black) spin systems for 232 powder orientations, at 6.9 T, 10 kHz MAS and 0.2 MHz
P,y. e1 mimics Trityl, and ez and e3 mimic TEMPO. e; — e3 dipolar coupling is set
to 6 and 12 MHz, in red and black curve, respectively. Ti1y and T, were set to 4 s
and 3 ms, respectively. Inset shows normalized ‘He. (b) 'He mapped for 50 different
orientations.

The aim of the simulation was to ask: (i) can the CE between Trityl and TEMPO
radicals be increased by increasing the relative number density of the TEMPO, and (ii)
will increased e-e coupling by chemical tethering further improve CE for the 2:1 mixture?

The simulated 'He as a function of pw irradiation time (Touitaup) With v, fixed to the
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Trityl center frequency is shown in figure (a). Remarkably, the net 'He increased by
~26% by merely changing the radical type from 1:1 (blue line, 'He = 173) to 2:1 (red line,
"He = 217) with tpuiau = 3 s (steady state), corroborating the experimental observa-
tions of the physical mixture. The 'He and the buildup rates could be further augmented
by increasing the coupling strength, as observed when ej-e3 coupling is increased from
6 MHz (20A) in red to 12 MHz (16A) in black. This observation confirms that the in-
creased proportionality of TEMPO with respect to Trityl will be even more advantageous
when these radicals are chemically tethered. This is because optimally increasing the e-e
coupling strength increases the CE transition probability, while also maintaining a large
steady state polarization difference between the e spins as a result of adiabatic e-e po-
larization exchange, resulting in higher CE enhancement. Here, we want to assert that
the design principle introduced here may not work for oligomeric nitroxide-radical due
to its more stringent orientation dependence or selectivity. For instance, for the same
simulation parameters, replacing the narrower e; (Trityl) with a broad line (TEMPO)

radical abates the DNP enhancement for e; — es — e3—'H compared to e; — e;—'H.

In figure [3.5(b), we show steady state 'He for 50 different orientations in powder for
the same parameters as used in figure (a). We observe that 'He increased statistically
for most orientations at 2:1 ratio (red and black) and with stronger coupling (black). In
other words, for the majority of e spin pairs, the CE between e;-e5 and ej-e3 construc-
tively adds up, shifting the net enhancement and buildup rate to much higher values.
This result makes sense as the CE resonance conditions between the broad and narrow
radical are determined/limited by the orientation of the broad line radical. Therefore,
increasing the broad line proportionality increases the net effective CE frequency per 7,.
We can conclude that the gain in both 'He and buildup rates are due to increased prob-

ability for CE between Trityl and the TEMPO radicals. Note that in the simulation, the
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mechanistic prerequisites for TEMPO-TEMPO CE are turned off (no es-e3 coupling). In
other words, for low-power pw source, the benefit from the 2:1 ratio is not primarily due
to indirect effects coming from increased TEMPO-TEMPO couplings, while such effects
are certainly present additionally under experimental conditions. The SE mechanism is
also eliminated since 'H is hyperfine coupled only to the narrow line e; spin and the pw
irradiation is on-resonance with e;. Turning on more couplings, such as between es-e3,

eo-'H and es-'H can further increase the net DNP enhancement.

3.5 Conclusion

Taken together, we demonstrated that tuning the e spin density by simply altering
the ratio of mixed broad and narrow line radical dramatically enhanced the CE DNP
performance, under both static and MAS conditions. Surprisingly, even a simple phys-
ical mixture between TEMPO and Trityl, when the e spin density is matched without
chemical tethering, can outperform the broadly used AMUPol biradical when relying on
low-power pw solid-state diode sources that is becoming increasingly popular owing to
its low cost and pw versatility, as well as pulsing capability.[78, [79] A very recent joint
venture by Bruker Biospin and Virginia diodes has shown that a 250 mW solid-state
source with optimized pw transmittance can lead to an impressive enhancement of ~61

at 9.4 T, 100 K and 8 kHz spinning. [83]

In summary, this study reveals a new design principle for next generation PAs target-
ing greater CE DNP enhancement factors and DNP buildup rates. Quantum mechanical
simulations elucidated that a single narrow line radical can constructively perform CE

polarization transfer with multiple coupled broad line radical partners under MAS. While
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our present study was carried out with a physical mixture, we expect tethered TEMPO-
Trityl systems with a higher than 1:1 TEMPO:Trityl ratio to further and dramatically

enhance CE DNP under static and MAS conditions.
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Chapter 4

Truncated Cross Effect DNP: An

Overhauser Effect Doppelganger

Reprinted with permission from Equbal, A., Li, Y., Leavesley, A., Huang, S., Rajca, S.,
Rajca, A., & Han, S. (2018). Truncated cross effect dynamic nuclear polarization: an
overhauser effect doppelganger. The journal of physical chemistry letters, 9(9), 2175-

2180. Copyright 2018 American Chemical Society.

4.1 Introduction

An important focus in DNP has been on optimizing the paramagnetic polarizing agent
(PA) and solvent to yield maximum DNP enhancements under different mechanisms. [84]
85, 7, B0, 87, 25, 44, 88 B0] However, a rational understanding of the effect of the
radical or radicals mixture, solvent, temperature, and magnetic fields on the DNP effi-
ciency and mechanism is still elusive. The Solid Effect (SE) and Cross Effect (CE) are
the most prominent DNP mechanisms in non-conducting solid-state samples. In con-

trast, the Overhauser Effect (OE) mechanism has been thought to be relevant only in
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conducting-solids or liquids, where electron spin-diffusion and molecular-tumbling mo-
tion can provide rapidly fluctuating hyperfine-couplings, causing efficient e — n Zero
Quantum (ZQ) or Double Quantum (DQ) cross-relaxation.[89, 00] However, contrary
to expectations, Can et al. [01] recently reported on an unexpected observation of OE
with the non-conducting, narrow-line, polarizing-agent, 1,3-bisdiphenylene-2-phenylallyl
(BDPA) [92] dispersed in polystyrene and with sulfonated-BDPA (SA-BDPA) [93] in a
glassy ds-glycerol/D,O/H20O (6:3:1, v/v/v) matrix termed DNP Juice, at ~100K and
at magnetic fields between 5 and 18.8 T. This discovery of OE in insulating-solids is
considered pivotal for the prospect of DNP in high magnetic fields, owing to the low
pw-power requirement of OE and the potential field-independent DNP efficiency. How-
ever, the underlying relaxation mechanism in insulating solids is unknown, and therefore
the mechanistic basis for the OE in insulating solids is inconclusive. This makes the
discovery of OFE in insulating-solids by Can et al. unexpected and exciting. Even more
curiously, reports of OE-DNP mechanism in non-conducting SA-BDPA have been made
by Bodenhausen and coworkers at temperatures as low as 1.2 K under static conditions
and at 6.7 T, [94] while there is no obvious physical basis for the occurrence of fast e —n
fluctuations near the electron Larmor frequency under these experimental conditions.
Recent work by Pylaeva et al. [05] discusses possible mechanisms for the observed OE in
BDPA on the basis of molecular dynamics and spin dynamics simulations, but a rigorous

experimental proof does not exist to date.

Counter to the proposed theory [95] and our own expectations, we observed very sim-
ilar strong OE features with Trityl-OX063 (OX063) when doped with equivalent amounts
of tetracarboxylate-ester-pyrroline (TCP) nitroxide radicals|[?], a nitroxide radical that
possesses electron withdrawing, gem-dicarboxylate ester substitutes, across a wide range

of temperatures in DNP Juice. This intriguing discovery further showed that varying
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the solvent from DNP Juice to DMSO changed not only the DNP efficiency, but also the

apparent DNP mechanism from OE to CE in hitherto unknown ways.

This chapter reports on a series of experiments and quantum mechanical calculations
of the DNP mechanism that yield a rationale basis for the apparent OE observed with
0OX063-TCP mixtures in DNP Juice. It is important to note here that we do not intend
to experimentally validate the mechanistic basis of OE in BDPA in this chapter since its

reported experimental conditions[91], 94, [96] are very different from ours.

4.2 Experimental Methods

4.2.1 Pulse Sequence

The pulse schematic for acquisition of the 'H NMR signal under pw -on and -off
conditions is shown in figure [4.1a). The relaxation rates of electrons were measured by
calculating the electron signal recovery rate after saturation, using the pulse schematic
shown in figure[£.1|(b). Electron-electron double resonance (ELDOR) measurements were
acquired using two separate puw channels: (i) pump/saturation of electrons at one fre-
quency and (ii) probe/detection of electrons at another frequency, as shown in figure
4.1(c). In the ELDOR experiments, the pump frequency was scanned while the probe

frequency was held constant.
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Figure 4.1: (a) Solid-echo experiment with pre-saturation pulses used for NMR, ex-
periments. Here, tpyiq—up block shows puw irradiation and the two short pulses (t,)
represent solid-echo pulses. (b) Saturation-recovery scheme to measure electron relax-
ation rate. The yellow block represents the electron saturation pulse and the short t,
represent echo pulses for EPR detection. The recovery time, 74 is changed here. (c)
Two channels ELDOR pulse schematic. The v, pump channel is to pump or saturate
an electron with pulse duration (ts), shown in yellow block. The v}, prope channel
is to probe or detect electron using sold echo pulses, shown in blue.

4.2.2 Sample

The nitroxide radicals studied here possess gem-dicarboxylate ester substituents within
the prollyl ring structure, referred to as tetracarboxylate prollyl (having two forms, TCP1
and TCP2) nitroxides (figure [£.2(a)).[97] 50 pL of these radical solutions were used for
each measurement. TCP molecules were synthesized in search of a new spin label for
DEER experiments. Here, the methyl groups are designed to be far away from N-O
(nitroxide). This leads to slower relaxation (especially, T,,) at higher temperatures,
above 70 K. TCP1 and TCP2 showed similar EPR and DNP features (will discuss in
the following sections), and so for this reason all experimental comparisons presented
here were conducted using TCP2. The electrochemistry of these exotic radicals has been

explored recently in acetonitrile solvent, showing relatively low (less negative) reduction
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Figure 4.2: (a) Chemical structures of Trityl-OX063, TCP1, and TCP2. (b) Simulated
EPR spectra of OX063, TCP1 and TCP2, where the g-tensors of the electrons were
taken as: OX063 g,=2.0034, g,=2.0031, g,=2.0027; TCP1 g,=2.0099, g,=2.0060,
g.=2.0025; and TCP2 g,=2.0099, g,=2.0061, g.=2.0026. EasySpin has been used for
simulation.

potentials.[98] However, our focus here was to exploit the DNP capability of this radical
in the most commonly used solvents: DMSO /water and glycerol/water. Different con-
centrations of tetracarboxylate ester pyrroline nitroxides (TCP2) radicals were added to
15 mM Trityl-OX063 (GE Healthcare AC) in two standard glassing solvents: (a) DMSO
which was dg-DMSO (Cambridge Isotopes), DO (Cambridge Isotopes), and H,O in
the ratio 78:14:8, by % weight, and (b) DNP Juice which was dg-glycerol (Cambridge
Isotopes), DO, HoO mixture in the ratio 6:3:1, by % wvolume. The total proton con-
centration in DMSO and DNP Juice were kept constant to ensure similar spin diffusion
rates in the two different glassing agents. Notably, TCP2 showed high solubility (~ 30
mM) in DMSO, but its solubility in DNP Juice was poor (<< 5 mM). However, in the
presence of OX063, TCP2’s solubility increased significantly (~ 60 mM) in DNP Juice,
suggesting that the electron deficient TCP2 interacts or associates with the electron rich

0OXO063. The Easyspin-simulated[99] EPR spectra of TCP and Trityl are shown in figure
T3(b).
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4.3 Results and Discussion

4.3.1 'H DNP uw Frequency Profile

The DNP frequency-profile is indicative of the underlying DNP mechanism and the
optimum conditions. [T, 00, 101} 102, 47] Figure [.3(a) shows the DNP frequency-profile
of a mixture containing 15 mM TCP2 and 15 mM OX063 in DNP Juice at 4 K. Significant
'H DNP enhancements were observed at the yw irradiation frequencies of ~193.3 GHZ,
~193.6 GHz and ~193.9 GHz. Clearly, the enhancements at 193.3 GHz and 193.9 GHz
are +300 MHz apart from the OX063 center-frequency, and correspond to conditions for
SEz¢g and SEpg DNP, respectively. The enhancement at 193.6 GHz was a prior: assigned
to OFE as it corresponds to OX063's center-frequency at 6.9 T. Observing OE around this
frequency was not only unexpected, but also initially inexplicable, and therefore will be
dubbed as OE* (till the time it’s actual origin is proven later), with the * denoting an
apparent OE. Surprisingly, no visible features of DNP resulting from TCP2 in DNP Juice

appeared in the observed frequency-profile.
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H Enhancement
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Figure 4.3: DNP frequency profiles of 15 mM TCP2 - 15 mM OX063 mixture at 4 K
in (a) DNP Juice; (b) DMSO. DNP frequency-profiles were obtained by measuring 'H
DNP signal enhancement as a function of uw irradiation frequency which was swept
from 193.2 GHz to 194.1 GHz, with 120 mW pw-power and 60 s irradiation time. The
'H enhancements displayed were normalized by the maximum absolute value.

The DNP frequency-profile was also measured for the same OX063-TCP2 mixture in
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DMSO. Adding to the OE* conundrum, the frequency-profile in DMSO displayed a dia-
metrically different frequency envelope compared to DNP Juice, revealing a dominant CE
mechanism. The positive and negative maximum enhancements were observed at ~193.6
GHz and ~193.9 GHz, respectively (figure [£.3(b)). The separation of these maximum
peak positions by 300 MHz is consistent with CE between OX063 and TCP2, while the
broader features are presumably due to CE between two TCP2 radicals, where a range
of electron spin pairs at different pw-frequencies fulfill the CE conditions. The presence
of the OE* mechanism in DMSO cannot be ruled out, since the optimum frequency for
the OE* (in DNP Juice) coincides with the peak resulting from TCP2-OX063 CE. At
193.6 GHz (optimum for OE*), enhancements (NMR signal intensity ratio: pw-power
on/of f) of ~31 was observed for TCP2-OX063 in DNP Juice and ~139 in DMSO, both

at 4 K with 120 mW pw-power and 60-s irradiation.
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Figure 4.4: (a)TCP2:0X063 ratio optimization for maximum OE* enhancement at
4 K in DNP Juice using: 60 s yw irradiation time and 120 mW pw-power. OX063
concentration was fixed to 15 mM. All the profiles are normalized to the correspond-
ing SEpg enhancement number. (b) Absolute OE* enhancement is plotted on the
left y-axis and eop+/eskp,, ratio is plotted on the right y-axis for different radical
concentrations.

Next, the radical mixture composition was investigated to achieve optimum OE* en-
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hancements in DNP Juice (at 4 K, 120 mW pw-power, 60-s pw-irradiation). The DNP
frequency-profile of a series of TCP2/0X063 mixtures were recorded, where the OX063
concentration was fixed at 15 mM and the TCP2 concentration varied from 0 to 60 mM
(figure[d.4[a)). All frequency-profiles were normalized with the optimum SEpg enhance-
ment. The DNP frequency-profiles show OE* enhancements only with TCP2 doping, in
addition to SE enhancements at 193.3 and 193.9 GHz. The absolute OE* enhancement
and its relative efficiency with respect to SEpg, eor*/esg,,, are plotted in figure {4.4(b).
They show that an increase in the TCP2 concentration leads to an increase in the OE*
enhancement up to 30 mM, after which it plateaus with increasing TCP2 concentration
(and slightly decreases at 60 mM). For all the following investigations, the radical com-

position was fixed to the optimum composition of 15 mM OX063 and 30 mM TCP2.

4.3.2 Temperature Dependence

35 T T T
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Figure 4.5: Frequency-profile of 20 mM TCP2 15 mM OXO063 in (a) DNP Juice at 10

K and (b) DMSO at 25 K with 120 mW pw power and 60 s irradiation time.

To verify the temperature dependence of the underlying DNP mechanism, DNP
frequency-profile and power-profile measurements were acquired at higher temperatures.
It was found that the overall frequency-profile envelope remains similar, independent of

the temperature. The OX063-TCP2 mixture in DNP Juice continues to show the SE
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and OE* features, while the same OX063-TCP2 mixture in the DMSO solvent reveals
the CE to be the predominant DNP mechanism. The frequency-profiles of OX063-TCP2
mixtures in DNP Juice acquired at 10 K and DMSO acquired at 25 K are shown in figure
[4.5] Clearly, the profiles at 25 K are very similar to the ones recorded at 4 K for both the
solvents. The temperature dependence of the OE* DNP enhancements was evaluated
between 3.3 K and 85 K with the yw conditions: 193.6 GHz irradiation frequency, 120
mW pw power, and 60 s buildup time (see figure [4.6). Above 10 K, OE* enhancements
decreased gradually with increasing temperatures, but below 10 K the dependence of
enhancement on temperature was found to be more dramatic. Notably, when the tem-
perature was decreased from 4 K to 3.3 K, the OE* enhancements jumps from 31 to
145. To rationalize this sudden jump, we currently have an unproven hypothesis, which
is: due to increase in OX063’s T,,, the echo-detected pw-off NMR signal is significantly
reduced at 3.3 K compared to 4 K, owing to removal of self decoupling from the nearly
100% polarized electron spins. However, under pw irradiation, the paramagnetic effect
is repressed, [36] resulting in high apparent DNP signal enhancements, partially owing to
the lowered pw-off signal. The full confirmation of this change in spin relaxation will

have to be based on a full understanding of the electron spin relaxation mechanisms.
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Figure 4.6: OE* DNP enhancement as a function of temperature of 30m M TCP2 15
mM OX063 DNP Juice mixture. Enhancement was calculated as the puw on signal
intensity normalized by pw off signal intensity at the same temperature.
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4.3.3 Scrutinizing the OE* DNP Observed with Trityl TCP

Mixture
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Figure 4.7: (a) DNP power saturation experiments of 15 mM OX063 30 mM TCP2
mixture in DNP Juice recorded at 4 K with pw-power varied from 0 to 120 mW and
60 s pw-irradiation. The pw-frequency was fixed at the optimum conditions for SEzq
(green), OE* (red) and SEpq (blue), respectively. (b) T of pure OX063 (black) and
TCP2-doped OX063 (red) at 4 K. (¢) ELDOR of pure OX063 (black) and TCP2-doped
0OX063 (red) at 4 K.

The DNP power-curve (enhancement vs. pw-power) at the OE* frequency showed
that the maximum enhancement (at 60 s pw-irradiation) was reached at merely 7 mW of
pw-power, as shown in figure (a). Remarkably, 90% of the maximum enhancement was

achieved with minuscule (4 mW) pw-power, further corroborating the signature proper-
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ties of OE. In stark contrast, the optimum-power for SE-DNP enhancements could not
be met by even 120 mW of puw-power. At low pw-power, the OE*-derived enhancement
was higher by 16-fold compared to the SE-derived enhancements. At higher pw-power
(>70 mW), the SE began to dominate over the OE* (at 4 K). Impressively, the low-power
requirement to saturate the OE* resonance was observed even at higher temperatures of
10 and 25 K, and at low TCP2 concentrations (5 mM), indicating that the OE™ effect is
not power limited under the tested conditions (figure . The OE* phenomenon was
observed across all the temperatures, from 3.3 to 85 K (figure . The temperature
dependent DNP-measurement showed a sharp increase in OE* enhancement below 5 K,
indicating the pivotal role of electron relaxation in the OE* phenomenon, given that its

saturation can be ruled out as a limiting factor.
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Figure 4.8: Power sweep at OE* center frequency (193.6 GHz) at 10 K (black) and
25 K (red). OE* 'H enhancement was normalized by its maximum enhancement.

Scrutinizing the OE* discovery, we first compare our results with reported OE stud-
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ies of BDPA in the literature. Can et al. attributed the absence of OE in OX063 and
perdeuterated-BDPA (d2;-BDPA) to the absence of strong e — H couplings. [91] In our
case, OX063, all hydrogen atoms in the aromatic rings joined directly to the carbon rad-
ical center are purposefully substituted to remove the influence of large e — H hyperfine-
couplings.[85] The study by Pylaeva et al. [05] further proposed that fluctuations in the
electron spin-density in BDPA results from conjugation in the carbon-radical position,
leading to hyperfine-couplings fluctuations. Ji et al.[94] hypothesized that stochastic
motions at low vibration frequencies can be a source of non-zero spectral-density at the
electron resonance frequency leading to cross-relaxation, effective at low temperatures.
Hyperfine-coupling fluctuations due to conjugation would not be a plausible mechanism
for OX063, as its radical-center is fixed. Therefore, OX063 does not meet any of the hy-
pothesized requirements (strong e —n coupling and conjugation) for exhibiting OE in the
pure or doped-state. Equally peculiar is our observation that OE* is turned on/off with
the choice of the glassing solvent. Although the results duplicate the apparent properties

of OE-DNP observed in insulating-solids, it does not meet the proposed theoretical basis.

Solving this OE* riddle requires scrutiny of the electron spin dynamics. This was en-
abled with unique instrumentation, which allowed for EPR measurements, polarization-
profile, and electron-relaxation times under the relevant DNP conditions.[TI03] The echo-
detected T, relaxation rates were measured at the frequencies corresponding to OE* and
SE transitions. The T4, of pure OX063 in DNP Juice was found to be ~16 ms, which
shortened to ~4 ms upon addition of 30 mM TCP2 (figure [£.7|(b)). Crucially, the Ty,
of TCP2 in DNP Juice was too short to be detected which was also attributed to very
short T,,, while Ty, of TCP2 in DMSO was significantly longer (~17 ms). This hints
at clustering[104), [105] of TCP2 in DNP Juice. That the T4, of OX063 and/or nitroxide

radicals are so critically solvent and mixture-dependent was unexpected, showcasing the
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need to evaluate Ty, at the precise experimental DNP conditions. Tabulated T;. values
and further discussions on T4, with respect to literature can be found in the later sub-

section.

Further insight was gained with electron-electron double resonance (ELDOR) that
measures how EPR saturation or polarization at one frequency is transferred to another
frequency. In the ELDOR-profile shown in figure [4.7(c), the electron detection/probe
frequency was set to that of the OX063 center, and the saturating/pump frequency was
scanned from 193.5 to 193.75 GHz with 120 mW power at 4 K. The ELDOR-profile
showed that pw-irradiation resonant with TCP2 did not affect the OX063 resonance.
This is consistent with the very fast relaxation of TCP2 in DNP Juice, which prevents it
saturation by puw. Also, the hole burnt at the OX063 frequency narrows upon addition of
TCP2, consistent with the shortening of OX063’s T, upon doping with TCP2, especially

with clustered TCP2 in DNP Juice.

4.3.4 Clustering of TCP in DNP Juice

The clustering of TCP2 radicals will shorten its electron relaxation rates, both Ty,
and T,,, and make the Hanh-echo signal of TCP2 undetectable. T;. and ELDOR ex-
periments suggest the formation of TCP2 clusters as explained in the main text. This
is verified by comparison of X-band continuous-wave electron paramagnetic resonance
(CW-EPR) spectra of (a) 20mM TCP1 alone in DMSO (red), (b) 20mM TCP2 mixed
with 15mM 0X063 in DMSO (blue), and (¢) 20mM TCP2 with 15mM OX063 in DNP
Juice (black), shown in figure All CW experiments were conducted at room tem-

perature on a Bruker EMX X-band spectrometer, which has a center field of 0.35 T
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and microwave-frequency of 9.8 GHz. 4 pL sample solution was packed in a 0.66 mm
inner-diameter quartz capillary (VitroCom, Mountain Lakes, NJ) designed for EPR mea-
surements. Clearly, in DMSO, the spectrum showed a superposition of TCP and OX063
CW-EPR spectra. However, the CW-EPR lines of OX063-TCP2 mixture in DNP Juice

displayed dramatic line broadening, especially at the TCP2 resonance frequencies.
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Figure 4.9: X-band CW-EPR spectrum of OX063-TCP2 mixture in DMSO (blue),
DNP Juice (black) and TCP2 in DMSO (red). The concentrations of OX063 and
TCP2 were fixed similar to the DNP conditions.

4.3.5 Electron Spin Relaxation Measurements

Figure [£.10] (a) and (b) show the intensity of the electron spin echo, observed at
the OX063 centre frequency, as a function of magnetization recovery time, following a
hard saturation pulse of 50 ms with 120 mW power for three TCP2 concentrations. The
overlaid magnetization recovery curves for pure and TCP2-doped OX063 (detected at
~193.6 GHz) show the notable shortening of relaxation rate constant upon doping. While
the longitudinal relaxation time constant, 77, of pure OX063 in DNP Juice was long, ~16
ms, it was reduced to ~4 ms upon doping with TCP. No dramatic changes were observed

upon changing the TCP2 doping concentration above 15 mM. We clarify here that it is

o8



Truncated Cross Effect DNP: An Overhauser Effect Doppelganger

Chapter 4

02} 20mM TCP2 15mM OXO063 |

DNP-juice
DMSO

Tle

(@) 1 (b) 1
g g
@ 0.8 2 0.8
% OmM TCP2 15mM OX063 %
= 0.6 5mM TCP2 15mM OX063 | | =06
3 30mM TCP2 15mM OX063 2
= 0.4 1 5 0.4
S Tie £
202 DNP-juice 2

Ot : : : : 0

0 0.1 0.2 0.3 0.4 0.5 0
Time (s)

0.1 0.2 0.3

Time (s)

0.4 0.5

Figure 4.10: (a) Ty, experiments of pure OX063 (black), 5 mM TCP2 15 mM OX063
(red), 30 mM TCP2 15 mM OX063 mixtures in DNP Juice (blue). (b) 20 mM TCP2
15 mM OXO063 mixtures in DNP Juice (red) and DMSO (blue). All the relaxation
rates were measured at 193.6125 GHz, which is the center frequency of OX063.

misleading to fit the T4, curve using either one or two exponential components because of

radical clustering. Thus, the Ty, values are determined as the time when the recovered

echo intensity reached 0.66 of the maximum (fully recovered) following its saturation.

The T, relaxation rates measured in this study (at ~193.9 GHz) and available in the

literature® for TCP2 are listed in table[d.1], showing that different experimental conditions

have a marked effect on the observed T, values.

Solvent Concentration By Temperature T,
DNP Juice 15 mM 6.9 7T 4K *
DMSO 15 mM 6.9T 4 K 17 ms
Trehalose/Sucrose(9:1)° 0.1 mM 035 T 10 K 100 ms

Table 4.1: Ty, relaxation rate for TCP2 in the presence of 15 mM OX063 in DNP
Juice and DMSO/water. *Relaxation rate was very short, below detection limit and
the corresponding T,, was also very short, below 0.85 us and, therefore making the
electron echo detection impossible on our instrument.
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4.4 Numerical Simulation

Inspired by the observed EPR results, we quantum mechanically simulated the DNP
frequency-profile for a narrow radical (e;-OX063) and a broad radical (eo-TCP2), un-
equally coupled to a proton in an e; — e;—'H system. Mimicking the slow-fast relaxation
rate combination observed in DNP Juice, T, of e; and ey were set to 4 and 0.01 ms, re-
spectively. The DNP simulation was performed using SpinEvolution, a software package
for spin dynamics simulations.[61] The SpinEvolution based numerical simulation shown
here was performed using a 3-spin system, including 2 electrons and a nucleus, 'H. The
e1 — e9, e;—H, and e;—H couplings were taken to be 2, 3, and 0.087 MHz respectively.
The principal axis components of the g-tensors of the electrons were taken as: OX063-
e1: g,=2.0034, g,=2.0031, g.=2.0027, and TCP2-ey: g,=2.0099, g,=2.0061, g.=2.0026.
The g-tensor of e; was randomly related to e; by a set of Euler angles, (0,45,90) and the
relative ej-ey dipolar tensor orientation was given by the angles (0,30,0). The orientation
of the dominant e;-n coupling was randomly chosen to be (0,10,90). The relaxation rates,
T1m, Tie,, and Ty, are set to 4 s, 4 ms, and 0.001 ms, respectively. The microwave irradi-
ation power was fixed at 0.8 MHz for the DNP frequency-profile simulation. Economical
power averaging with 100 orientation was used. To circumvent the need of including a
very large powder orientations to cover all the possible orientations or the EPR reso-
nances, a low 2.5 kHz spinning of the 100 crystallites was incorporated. Essentially, this

will not change the frequency-profile, but rather make it more continuous.

Remarkably, we could replicate the experimental 'H enhancement frequency-profile of
the OX063-TCP2 mixture. A positive maximum enhancement is observed at the OX063
center-frequency, as well as 300 MHz apart from the OX063 center, representing the

SEzqo and SEpg conditions. Clearly, the OE* feature is observed, even though the
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cross-relaxation mechanisms are turned off, i.e. the mechanistic prerequisites for OE are
eliminated. This shows that the observed OE* is just a truncated CE (tCE) induced by
conditions when one of the two electron spins involved in the CE has a very short T;.. The
CE relies on the selective saturation of one of the coupled electron spins. Thus, irradiation
of the slower relaxing, “easy to saturate”, electron spin (e;) (193.6 GHz in figure [£.11|(b))
will lead to an effective polarization transfer to the nucleus. In contrast, irradiation of
the very fast relaxing electron spin (e3) will not result in electron saturation, and thus
no appreciable polarization differential. Consequently, the CE polarization transfer will
be truncated at the EPR frequencies resonant with the fast relaxing radical, TCP2 in

this study.
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Figure 4.11: (a)Simulated 'H DNP enhancement as a function of uw irradiation fre-
quency, for a e-e-'H spin system at 300 MHz conditions. (b) Polarization measure-
ments of the two electrons under the DNP conditions of figure 4.3((a). This is demon-
strated using a three spins (two electrons and one proton) based simulation at the
experimental condition taken of figure 77. The longitudinal relaxation rate constants
of electrons are taken to be 0.01 and 4 ms, mimicking relaxation rates of TCP2 and
0X063, respectively.
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4.5 Conclusion

In summary, this chapter reports on the discovery of a truncated Cross Effect (tCE)
that has the appearance of an Overhauser-effect DNP. Such an effect was observed when
doping OX063 with the nitroxide based radical, TCP2, in vitrified water/glycerol. The
mechanistic basis for this astonishing effect was found to be a substructure of the CE
mechanism defined by distinct electron spin dynamics properties of fast and slow relax-
ing radicals. The puzzling OE* or the tCE mechanism can be replicated by quantum
mechanical simulations with a mixed radical system, where the two radicals maximize
the EPR spectral overlap to fulfill the CE conditions, while one radical type is easily sat-
urated, but not the other, due to very short T4.. This discovery is potentially important
in many different ways, one of which is the prospect of the tCE serving as an indirect
read out of “dark” (or invisible) electron spins that, despite being undetectable, elicit a
tCE by means of a detectable reporter radical. The OE characteristics may be a spuri-
ous effect owing to its similarity with the tCE, and therefore, probing the electron spins
dynamics will be the ultimate test of the underlying mechanism, and not just analysis of

the DNP frequency- and power- profiles. 48], [100]

We also clarify that our study cannot address the mechanistic basis of OE in BDPA|
as it is impossible to differentiate between OE and tCE (OE's doppelgénger ) in the case
of BDPA with the present level of theoretical understanding, and the currently available
experimental methods. Accordingly, we opine that the proposed theory of OE in BDPA

as well as the herein discovered tCE in doped OX063 can stand in parallel.
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Chapter 5

Crossover from SE to TM 'H DNP
with Trityl-OX063

Reprinted with permission from Equbal, A., Li, Y., Tabassum, T., & Han, S. (2020).
Crossover from a solid effect to thermal mixing 1H dynamic nuclear polarization with
trityl-OX063. The journal of physical chemistry letters, 11(9), 3718-3723. Copyright

2020 American Chemical Society.

5.1 Introduction

DNP mechanisms relying on the allowed flip-flop transitions of more than one electron-
spins are among the most feasible mechanisms to achieve efficient DNP enhancement, as
their effect can be enhanced with strong e-e couplings and better exploited with lower
pw powers. One such process is the simultaneous triple-flip of two coupled electron-spins
(e; and ey) and a nuclear-spin (n), achieved when the resonance condition, in which the
frequency difference (Aw,) of the two electron-spins (we, and we,) matching the Larmor

frequency (w,) of a nucleus coupled unequally to both the electron-spins, is fulfilled. A
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keystone feature of the triple-flip mechanism is that it does not require pw to drive the
flip-flop-flip transition. Rather, pw irradiation only serves to create a large net polariza-
tion difference (AP,) between the electron-spin pairs separated by w, across the Electron
Paramagnetic Resonance (EPR) line. The amplitude of nuclear polarization is then pro-
portional to AP,.[21], 107, [54] Cross effect (CE) and thermal mixing (TM) are two DNP

mechanisms that rely both, at its core, on this triple-flip process.[108, 109} 1T0]

It is noteworthy that the definition and utility of TM-DNP has been a topic of sus-
tained debate and disagreement. Interestingly, the fundamental triple-flip process under-
lying both TM and CE is the same. According to a recent study by Wenckebach, these
mechanisms merely present two distinct limits of the same process, while the extent of
e-e coupling acts as the defining factor.[22] In the case of CE, the coupling between
electron-spins is weak compared to w,, while for TM the coupling must be stronger than
wy. Accordingly in CE, the difference in Larmor frequencies between the two coupled
electron-spins, Aw,, is largely a result of the g anisotropy or their anisotropic Zeeman
interactions. The CE mechanism can fundamentally proceed with two coupled electron-
spins if they fulfill the required triple-flip resonance condition. In contrast, Aw, in TM
results from differences in the dipolar coupling fields experienced by the participating
electron-spins from all other surrounding electron-spins, and hence TM typically involves
a large ensemble of coupled electron-spins. Macroscopic spin-temperature formalism is
widely applied to analyze the dynamics of the electron-spin ensemble under pw irradiation
conditions,[I08], [109] in which different spin interactions are treated as heat reservoirs,
each having a characteristic spin-temperature. Experimentally, pw irradiation is applied
in a way that the electron Zeeman (eZ) reservoir is heated and the electron non-Zeeman
(eNZ) reservoir is cooled. The coupling of the eNZ reservoir to the nuclear Zeeman

(nZ) reservoir via many triple-flip transitions then leads to their subsequent tempera-
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ture equalization (Thermal Mixing), and hence subsequent cooling of the nZ reservoir.
Time evolution of these spin-temperatures under pw irradiation can be determined using
rate equations based on Provotorov’s theory[I11]. The theory has been subsequently ad-
vanced to incorporate the effect of inhomogeneous spin interactions[112, [113] (including
g-tensor and hyperfine coupling which are essential for describing TM-DNP), and has

been extended beyond the high-temperature approximation.[114], 107, 115]

Multi-nuclear DNP-NMR measurements have been diligently used by researchers
to identify the TM-DNP mechanism—exploiting the cross-talk (or indirect interaction)
among different nZ reservoirs of nuclei- coupled via the eNZ reservoir.[I16] Recently,
Guarin et al. [117] and Jahnig et al. [23], in separate studies, used this approach to de-
termine the dominance of the TM-DNP mechanism with TEMPO (or its derivative) as
a function of radical concentration at ~7 and/or ~3.5 T. The TM mechanism was found
to dominate for strongly coupled electron-spins (regime where homogeneous coupling be-

comes dominant), that is more likely at lower By field and higher PA concentration.

While the macroscopic spin-thermodynamics approach is well established, the ad-
vancement of DNP methods and applications using this framework is limited, as this
model does not provide microscopic insights into the underlying spin-dynamics, and hence
does not offer a handle how to improve the polarizing agent (PA) and other concrete ex-
perimental conditions to exploit the benefits of TM-DNP. Specifically, the variation and
the anisotropy that exists in the electron-spin interactions, and its relaxation properties
and spectral diffusion rates across the EPR-line are not incorporated in the macroscopic

rate equations.

To provide microscopic insight into the spin-temperature model, Kockenberger and
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co-workers provided a purely quantum mechanical description of thermal mixing DNP. [43]
The major highlight of the quantum mechanical model was its prediction that a strong
asymmetry in the e-e coupling is an essential criterion for establishing an efficient TM-

DNP mechanism in a primarily homogeneously broadened EPR-line.

In another quantum mechanical study, Vega and coworkers predicted that the pump-
probe ELDOR experiment can be used to differentiate between the strong e-e coupling
regime giving rise to TM-DNP from the weak coupling regime giving rise to CE DNP.[50]
Their simulation showed that strong coupling leads to hyperpolarization of select electron-
spin populations that manifests itself in a characteristic ELDOR pattern revealing an
electron-spin temperature (i.e. polarization) gradient. Notably, these EPR features sig-
nifying the TM mechanism have never been experimentally demonstrated under practical

DNP conditions at high By fields.

This chapter reports on the surprising and never before seen observation of crossover
in the dominant "H-DNP mechanism at 7 T from Solid Effect (SE) to TM using Trityl-
OX063 with increasing PA concentration. Triple-flip based DNP was never forecasted
nor reported for 'H nuclei using Trityl-OX063 at high By field, as its g-anisotropy is much
smaller than the 'H Larmor frequency (here 300 MHz). We unambiguously diagnosed
the dominant 'H DNP mechanism to be TM by means of experimental EPR analysis,
in alignment with theoretical predictions, and by toggling between SE- and TM-DNP
by design. Knowing the underlying DNP mechanism is important as the design crite-
ria to optimize the sample system are entirely different for different DNP mechanisms.
Furthermore, TM reveals distinctly superior practical benefits for DNP-NMR, as will be

discussed in this study.
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5.2 Experimental Methods

We present our experimental results that were obtained with a ~7 T, static, dual
EPR-NMR spectrometer. The polarizing agent (PA), Trityl-OX063 (purchased from GE
Healthcare AC), was dissolved in DMSO-water glassing solvent of dg-DMSO (Cambridge
Isotopes), DO (Cambridge Isotopes) and HyO in the ratio 78:14:8 by % weight, respec-

tively, unless mentioned otherwise.

5.3 Results and Discussion

5.3.1 DNP Signature of TM

Figure shows the normalized 'H-DNP frequency profile of Trityl-OX063 for four
different PA concentrations at 20 K using 350 mW of pw power. At a modest concen-
tration of 10 mM, a large positive and negative enhancement was observed for the pw
irradiation frequency (v,,) set to 193.35 and 193.95 GHz, corresponding to an offset of
4+300 MHz from the Trityl-OX063 center frequency. Therefore, this fulfills the expected
conditions for SE-ZQ and SE-DQ DNP for the Trityl-OX063 radical (ZQ and DQ stand
for zero-quantum and double-quantum, respectively). Unexpectedly, we observed an ad-
ditional, small but distinct, enhancement peak (dispersive in feature) for v, near the
center of the Trityl-OX063 resonance. This center enhancement feature intensified in
magnitude to ~25% of the SE-DNP peak as the PA concentration was increased from 10
mM to 20 mM. When the PA concentration was further increased to 40 mM, its mag-
nitude surpassed that of the SE-DNP enhancement feature by a factor of nearly two.
At even higher PA concentration of ~100 mM, the center enhancement was significantly
boosted, while the enhancement observed at the SE conditions was drastically attenu-
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Figure 5.1: Crossover from SE to TM. Experimental 'H-epnp vs. Vyw at 7T

and 20 K static condition, measured for four different Trityl-OX063 concentrations in

DMSO solvent, using P, = 350 mW, tpyitgup = 2 .
ated, resulting in an enhancement ratio for the central-to-SE peak greater than 50! This
observation was unexpected as Trityl-OX063 has a small g-anisotropy (with associated
linewidth of order ~65 MHz) compared to the 'H Larmor frequency of 300 MHz at 7
T. The DNP enhancement cannot be attributed to OE as the profile is dispersive and
the effect clearly increases in relative intensity with increasing radical concentration, i.e.
the e-e coupling strength. There is no mechanistic basis for fluctuating e-n hyperfine

couplings of the order of w, £ w, (~200 GHz at 7 T) in the Trityl-OX063 PA system

dissolved in DMSO-water (insulating matrix) at 20 K that scales with the e-e coupling
68



Crossover from SE to TM 'H DNP with Trityl-OX063 Chapter 5

strength. Also, the underlying DNP mechanism cannot be CE as per the established def-
inition of CE, in which Aw, originates from the difference in Zeeman interaction between

the electron-spins involved in triple-flip.

Conc. (I’IIM) lH — €SE 1H — €ETM 1H - ETM/lH — €SE
10 10 1.6 0.16
20 19.2 ) 0.26
40 14 30 2.14
100 2 110 55.0

Table 5.1: DNP Enhancement. Experimental 'H-epyp for different Trityl-OX063
concentration using 2-s long, 350 mM pw power, measured at 20 K and 7 T.
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Figure 5.2: DNP frequency profile Experimental 'H-epynp vs. Vyw at 7 T and
110 K, under static condition, measured for 40 mM Trityl-OX063 concentrations in
DMSO solvent, using P, = 350 mW, tpyitqup = 2 .

The question then is what is the mechanistic origin of this center peak in the DNP
profile? Since the relative contribution of the center peak to the SE enhancement is in-
creasing with PA concentration (see table , the mechanism must benefit from stronger
e-e couplings. In fact, strong e-e couplings exceeding the EPR linewidth and approach-
ing that of the *H Larmor frequency offers a mechanistic basis for TM-DNP, rather than
CE DNP. Such enormous e-e couplings in a Trityl-OX063 system inevitably requires the
clustering of this PA. Reassuringly, it has already been demonstrated in the literature,

by a combination of EPR, mass-spectrometery and cryo-electron microscopy, that Trityl
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self-assembles (prominently in Trityl-Finland, but also seen in Trityl-OX063) to nano-
particles.[TI18, 119] The resulting e-e coupling will be, in part, manifested in a broadened
EPR spectrum, while stronger e-e couplings exceeding the EPR resonance will be in-
creasingly difficult to detect as they broaden into the background. This characteristic
center peak in the DNP profile was furthermore observed across a wide temperature
range (figure , which can be reconciled with the TM-DNP, but not the OE-DNP
mechanism. The ratio 'H — erp/'H — €gp increases from 1.81 at 18 K to 2.85 at 120
K. Finally, we point out that the relative contribution of TM dominates over the SE at
a PA concentration exceeding 40 mM (figure .

In fact in the literature, Karabanov et al. reported on observing the TM-DNP ef-
fect in 15 mM Trityl-D3 dissolved in 2:1 tetrahydrofuran:toluene solvent at 1.4 K and
3.35 T, but suggested that TM-DNP is not expected in Trityl-OX063 given its water
solubility.[43] We propound that it cannot be apriori predicted whether a PA system
will yield significant TM-DNP or not, especially as the DNP efficiency can become less
favorable at PA concentration exceeding a threshold. This is because the DNP efficiency
depends on the relative rates of pw transition, electron-spectral-diffusion and electron-
spin relaxation processes that are not independent of each other, but are inextricably
linked with the radical-radical and radical-solvent interactions, and therefore needs ex-
perimental scrutiny. We discuss next the empirical diagnosis of TM-DNP by EPR and
ELDOR line-shape analysis.
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5.3.2 EPR Signatures of Thermal Mixing
5.3.2.1 EPR line-shape

We anticipate that TM is an important mechanism for DNP applications, or is already
playing a significant role in existing DNP experiments. However, it is difficult to decon-
volute the various, simultaneously operating, mechanisms. In the literature, DNP mech-
anisms are often discerned based on the shape of the DNP frequency profile or pw power
dependence. Such experimental inference can be highly misleading, especially if the EPR
characteristic of the source of the polarization is unknown, as exemplified in the recently
published discovery of the truncated CE by our group that revealed DNP frequency and
power profile reminiscent of OE-DNP that, mechanistically, is not.[38] Here, the capa-
bility to measure electron-spin dynamics of the PA under DNP conditions[120, 121, [38]
will be critical to discerning the DNP mechanism. Using a quantum mechanical treat-
ment, Karabanov et al. had predicted that an essential criterion for efficient TM-DNP
mechanism is an asymmetry in the e-e coupling leading to an asymmetric EPR line-
shape.[43] Such an asymmetry ensures that the polarization gradient can be non-zero in
the strongly broadened EPR-line. We tested this theoretical prediction experimentally by
recording the pw frequency-swept pulsed-echo EPR profile of Trityl-OX063. As shown in
figure 5.3 we indeed observed a large asymmetry in the EPR line-shape, which becomes
more prominent as the radical concentration is increased from 10 mM to 100 mM. Re-
assuringly, the asymmetry in the EPR line-shape was clearly visible at concentration >

10 mM, when the TM-DNP signature also became apparent in the DNP frequency profile.

The T, and T,, relaxation rates of the electron-spins are found to be different across
the EPR-line, and increased at higher PA concentrations, consistent with an inhomo-

geneous electron-spin population. There exists a large electron-spin population that is
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Figure 5.3: Pulsed EPR spectra. Echo-detected EPR-line recorded at 20 K for 10,

40 and 100 mM Trityl-OX063 in DMSO solvent under the DNP conditions.
not visible in the echo-detected EPR spectrum shown in figure (measured with pw
power of 350 mW) due to their very short relaxation times T;, and T,,. By employing
higher pw powers available at Q-band, a greater portion of the hidden electron-spin pop-
ulations could be detected in the echo-detected EPR spectrum (as illustrated in figure
and [.5). However, the electron-spin relaxation time was too short to record the
entire EPR line. Alternatively, quantum mechanically forbidden, half-field transitions
corresponding to Am, = +2 have been used by Eaton et al. to estimate the inter-radical
(r) distances[122]. However, getting any quantitative information about clustered spin-
states using half-field transition is not possible. We note that two electron-spins that
are 6.37A apart will span an EPR line that is wide enough to readily encompass the 'H
NMR Larmor frequency of 300 MHz at 7 T, and hence can satisfy the triple-flip resonance

conditions, as demonstrated with simulated spectra shown in the simulation section.
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Figure 5.4: CW EPR 1-100 mM Trityl-OX063 in (a) dgDMSO/Dy0/H,0 =
76/14/10 (v/v/v) and (b) dgDMSO/H20 = 90/10 (v/v) were examined under
room-temperature condition using X-band CW EPR.

5.3.2.2 ELDOR

Pump-probe ELDOR can serve as an important tool to scrutinize the nature of
the e-e coupling network. ELDOR measures how EPR saturation at one frequency
(pump) effects the electron-spin polarization at another frequencies (probe) across the
EPR spectrum.[106], [47] Strong e-e coupling (or the consequential TM-DNP) can lead to
pronounced hyperpolarization of electron-spins in an ELDOR experiment, as predicted

recently in a theoretical study by Kundu et al.[50]

To illustrate this effect, we show overlaid ELDOR profiles for 10 mM and 40 mM
Trityl-OX063 obtained at 20 K, in figure |5.6| The electron-spin probe frequency was set
to (near) the center of the Trityl-OX063 spectrum and the pump frequency was swept
from 193.4 to 193.9 GHz using a long saturation pulse of 350 mW of pw power and 50
ms duration. Clearly, at 40 mM PA concentration, the visible hyperpolarization of the

probed electron-spin population was observed, as manifested in a gain in the electron-spin
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Figure 5.5: Pulse EPR Echo-detected EPR spectrum recorded for 40 mM
Trityl-OX063 in dg-DMSO/D20/H20 = 76/14/10 (v/v/v) at Q-Band frequency. A
400 ns long echo delay was used to acquire the spectra. Inset shows zoomed in EPR—-
line at its base.

echo intensity in the ELDOR spectrum relative to the Boltzmann intensity, normalized
to 1. Any visible signature of electron-spin hyperpolarization was absent in the ELDOR
spectrum of the 10 mM Trityl-OX063 sample. The ELDOR signature for hyperpolariza-
tion of electron-spin populations generated by pw irradiation (also termed an anti-hole in
the literature) requires strongly coupled electron-spins, and has been suggested in the lit-

erature as a tool to measure electron-spin proximity in Cu(II)-porphyrin dimers.|[123], 124]

5.4 Numerical Simulation

5.4.1 Half-filed EPR transition

Half-field transition has been used to show the extent of clustering in Trityl radical
by Chen et al. and Marin-Montesinos et al. [125, [I19] To illustrate this spin-physics, we
show an Easy-spin[99] simulated EPR spectra for the case of (i) strongly coupled and (ii)

uncoupled two-electron spin system (figure .
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Figure 5.6: Electron hyperpolarization. Experimental ELDOR profile recorded at
20 K for 10 and 40 mM Trityl-OX063. Probe frequency was set to 193.675 GHz. A 350
mW and 50 ms long pw saturation pulse was used via the pump channel. Dashed line
shows echo detected EPR-line of 40 mM Trityl-OX063 recorded at the same condition.

5.4.2 Multi-component Dipolar Broadened EPR Spectrum

Efficient TM-DNP requires that there is a large dispersion in e-e coupling strength as
pointed out by Karabanov et al. [43]. The electron spins (population) that are strongly-
coupled presumably have very fast relaxation and may not be detectable in an EPR
experiment, but they are important for TM-DNP condition to be satisfied. To illus-
trate this scenario, figure [5.8/ shows simulated EPR of coupled electron spin-system with
different ratio of strongly and weakly coupled e-e pairs. As clustering increases, the pop-

ulation/probability of strongly coupled (broader) component increases.
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Figure 5.7: Half-field transition Easy-spin based simulated EPR spectrum for two
electrons having g-ansiotropy equivalent to that of Trityl, at X-band conditions. In
case of strong e-e coupling, a non-negligible, Amg = £2 transition is observed.

5.5 DNP puw Power Profile and the CROSS OVER

With the veracity of the TM-DNP mechanism firmly demonstrated, we next examine
its practical utility. The 'H DNP frequency profiles shown in figure were obtained at
the maximum available pw power with our setup. The power dependence of the DNP
frequency profile of 40 mM Trityl-OX063 at 20 K using a fixed 2 s pw irradiation time is
shown in figure [5.9h. At lower pw power of less than 100 mW, the TM-DNP signature
was much more prominent relative to that of SE-DNP. This observation highlights the
advantage of TM- over SE-DNP. The pw transition in SE-DNP utilizes the “forbidden”
ZQ or DQ transitions of the coupled electron-nuclear spins, while in TM-DNP relies on
quantum-mechanically allowed single-quantum spin transitions. With the Trityl-OX063
PA, the TM-DNP feature reached the maximum enhancement with a modest pw power

of 200 mW. In stark contrast, the SE-DNP efficiency was far from reaching saturation at
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Figure 5.8: Dipolar Broadening Dipolar coupling vs. inter radical distance is shown
in (a). Easy-spin based simulated EPR spectrum for coupled electron system having
two-components in the ratio 1:2 (b) and 1:1 (c¢). A g-anisotropy equivalent to that
of Trityl was considered, at 7 T conditions. Individual components are shown with
dashed lines and sum is shown in solid line.

a higher pw power of 350 mW, even at 20 K. This is highlighted with the enhancement
at the optimum SE- and TM-DNP conditions plotted vs. pw power in figure [5.9pb,
clearly demonstrating the lower pw power requirement to achieve effective TM-DNP-
induced enhancement. This is also because the TM-DNP mechanism is facilitated by
highly efficient electron spectral-diffusion, in which a large number of electron-spins are
actively recruited to achieve triple-flip processes. We observe an additional practical
benefit of TM-DNP, namely more rapid 'H polarization build-up (table , and hence
greater signal enhancement per unit time. In TM-DNP, the direct e to 'H polarization
transfer should be significantly faster due to large e-e couplings, but the bulk nuclear
spin polarization buildup is limited by the 'H-'H spin diffusion rate, and hence limited
by T4,. An increased rate of triple-flips induced by electron spin clustering has already

been shown to cause faster Ty, and 'H DNP buildup of protons.[107, 29] This is evident

in our investigation too (table .
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Figure 5.9: pw power dependence. (a) Experimental 'H-epnp vs. Vyw at 7T and
20 K static condition, measured for 40 mM Trityl-OX063 using different P, with
touitdup = 2 5. (b) 'H-epnp vs P, obtained at optimum v, = 193.7 GHz (TM, solid
line) and 193.375 GHz (SE, dashed line).

Conc. (mM) | Tpyp (8) | Tig (s)
10 80 85
40 40 20
100 1.75 2.5

Table 5.2:  Experimental Tpyp for TM mechanism and Tipy rate constants for
different Trityl-OX063 concentration using 350 mM pw power, measured at 7 T and
20 K.

5.6 Conclusion

In conclusion, we report on the crossover of the optimum DNP mechanism from SE
to TM using Trityl-OX063 as the PA, as its concentration is increased from 10 to 40
mM at 20 K and 7 T and using 350 mW of pw power. This finding is novel and sur-
prising, as only SE-DNP was expected for the 'H-DNP with Trityl-OX063 in the high
By field regime. Electron-spin dynamics investigations under DNP conditions replicated

and established the signatures of TM-DNP, including the (i) asymmetry in the otherwise
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severely broadened EPR spectrum by strong e-e coupling, and (ii) hyperpolarization of
strongly coupled electron-spin population reflected in a characteristic anti-hole feature

observed by pump-probe ELDOR experiment.

The condition required to establish asymmetry in the e-e coupling network depends
on the nature of the molecular interactions, and is not straightforward to predict for a
given PA system. Strong e-e coupling that broadens the EPR line of the order of the
nuclear Larmor frequency requires the proximal location of many electron spins, which
may be achieved by clustering of electron spins or otherwise close arrangements of multi-
ple electrons, e.g. of multiple radicals grafted on a small molecular framework, serving as
PAs.[126] Hence, we presume that asymmetrically and strongly broadened EPR spectra
originate from the presence of strongly coupled PAs coexisting with isolated (weakly cou-
pled) PAs (figure will bode favorable for TM-DNP. Ideally in the future, PAs with
controlled spatial arrangement of electron spins can be designed to tune the TM-DNP

effect.

The distinct practical benefits of the TM-DNP process are: (1) lower pw power re-
quirement, (2) faster direct e — n polarization transfer rate leading to enhanced Ty, of
'H, and (3) recruitment of a large number of electron-spin pairs (due to fast electron
spectral diffusion) to contribute to DNP, making the TM process highly efficient. Further
investigation to understand the dependence of TM-DNP on By and magic-angle sample
spinning will be an important venture in the future. Another outstanding question is the
dependence of equilibration dynamics of the spin-temperature of multiple nuclei on elec-
tron and nuclear spin relaxation times, and the cross-talk between nuclei via the electron

spins.
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Our findings underscore the need to access electron-spins dynamics properties via
EPR, in addition to NMR measurements, so as to gain an in-depth understanding of the
underlying DNP mechanisms. With a solid understanding, one can more rationally push
the limits of the (experimentally) achievable DNP enhancement closer to the theoretical
limit. Based on the present investigation, we postulate that TM-DNP can play an im-
portant role in the DNP process observed with other commonly used narrow-line radical
PAs that can populate PA clusters. For example, the role of BDPA in DNP that was
suggested to give rise to OE must be carefully re-examined.[91] The capability to perform
pulsed EPR experiments (using high pw power) under DNP experimental conditions is

critical to discover new territories of DNP.[30]

80



Chapter 6

IH TM DNP with BDPA as

Polarizing Agents

Reprinted with permission from Li, Y., Equbal, A., Tabassum, T., & Han, S. (2020). 1H
thermal mixing dynamic nuclear polarization with BDPA as polarizing agents. The jour-
nal of physical chemistry letters, 11(21), 9195-9202. Copyright 2020 American Chemical

Society.

6.1 Introduction

A major goal in DNP research is to ramp up the polarization transfer efficiency
in the experimentally important regimes of high By, under fast magic angle spinning
(MAS), and at higher temperatures than the current operating temperature of solid-
state DNP at ~100 K. Significant efforts to make DNP feasible at these conditions are
underway, [127, 128, [129] including the impressive improvements shown with newly de-
buted PAs.[28] 31 130] Still, the scope of possible development remains expansive and

cannot be effectively rendered by heuristic design of PAs and DNP experiments. The
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major bottle-neck lies in the lack of precise understanding of the polarization transfer
mechanism from electron spins (e) to nuclear spins (n). Transfer can occur via various
competing mechanisms that are highly dependent on e-e/e-n couplings and electron spin
dynamics. The complexity of electron spin dynamics arises from various factors: electron
spin-orbit coupling including the g and hyperfine (A) anisotropies, various possible spin
relaxation mechanisms, the number of e interacting with one another, the spatial distri-
bution of e within the e-e coupling network, as well as the spatial distribution of n that
interact with the e.[51] 131 [132] [133] In addition, the effects of external perturbation

such as the MAS rate and pw pulse irradiation schemes are crucial to understand.

The strategy to improve DNP efficiency, via a rational design of a DNP radical system
or new pulse irradiation schemes, largely depends on knowing the precise DNP mechanism
requirements and effective conditions. Generally, there are four DNP mechanisms: Solid
Effect (SE), Cross Effect (CE), Overhauser Effect (OE), and Thermal Mixing (TM). The
operational DNP mechanism directly guides the rational design principle of optimal PAs.
To date, PA and DNP experimental design has been focused around optimizing the SE
and CE mechanisms, [134], 92, 135] 129} 27, 136}, 137, 28] given the in-depth understanding
of the two mechanisms that can be illustrated with coupled two-spin e-n or three-spin
e-e-n model systems, respectively. [138] 132, [I31] However, the intrinsic problem of SE

and CE is that the polarization transfer efficiencies are significantly impaired at high By.

Unlike the SE and CE mechanisms, TM and OE are less exploited for solid-state
DNP. Similar to SE, OE can be described with a two-spin e-n model system, but re-
quires a source of zero quantum (ZQ) and double quantum (DQ) e-n cross-relaxation
which is normally absent in insulating solids. This is because cross-relaxation between

an electron spin and nuclear spin is mediated by the fluctuation of the e-n hyperfine
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couplings, which generally requires molecular dynamics at frequencies comparable to the
electron spin Larmor frequencies. Abragam hypothesized that OE exists in non-metallic,
paramagnetic solids under circumstances when the e-n hyperfine coupling is much larger
than the nuclear Zeeman interaction.[I39] However, such a requirement is mostly not
satisfied at the experimental conditions of current solid-state NMR applications, where
the 'H Larmor frequencies are on the order of hundred MHz. Furthermore, such effect
would be dampened at cryogenic temperatures. Interestingly, there have been on-going
efforts in understanding and optimizing the plausible OE DNP in doped silicon at low
temperatures (below the metal-insulator transition temperature).[140, 141} 142] OE DNP
in doped silicon was originally observed by Honig in 1954 using As doped silicon at 4
K and 0.3 T.[143] Plausible theoretical explanations were proposed by Slichter et al. in
1957, [144] where they proposed that the modulation in the hyperfine coupling can be
attributed to the lattice vibration between the donor electron and the 2°Si. However, it
is important to note that unambiguous experimental proof of OE in doped silicon or in
insulating material is not available in the literature. Also, the experimental conditions of
the above described systems are drastically different from that of solid-state DNP NMR
using organic radicals. OE is generally not an effective DNP mechanism in insulating

solids at high By.

However, in 2014, Can et al. reported an unexpected OE-like (which we here refer
to as OE’) DNP feature at high By (9.4-18.8 T) using the non-conducting, narrow line
PA, 1,3-bisdiphenylene-2-phenylallyl (BDPA),[145] where the radical was dispersed in a
polystyrene (PS) matrix (2 wt %). The OE’ feature was also observed in vitrified samples
containing BDPA dissolved in o-terphenyl (OTP) solvent, as well as with high concen-
trations (~40 mM) of sulfonated-BDPA (a water soluble BDPA derivative) dissolved in

a water/glycerol glassy matrix. The performance of this OE’ DNP effect with BDPA was
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further examined by several groups and showed promising results of large enhancements
under diverse conditions: (i) at higher temperatures (up to room temperature) than the
operational temperature of conventional solid-state DNP (~100 K) [127]; (ii) across a
wide By field range between 9.4-18.8 T [145], [127], and (iii) with high tolerance towards
fast MAS, confirmed up to 40 kHz.[128] The outstanding DNP performance of the OF’
in BDPA across such widely divergent conditions urged the validation of the underlying
mechanism in order to translate this success to other PAs and applications. Using MD
simulations, Pylaeva et al. proposed a plausible explanation for the source of potentially
rapid fluctuations (on the scale of several hundred GHz) in the hyperfine coupling in the
BDPA radical system,[146] but such fluctuations have not been experimentally verified.
The subsequent observation by Ji et al. of OE’ in BDPA at even lower temperatures of
1.2 K generated even greater confusion about the origin of a common molecular fluctu-
ation in the temperatures ranging from 1.2 K to room temperature.[I47] A key piece of
missing information is the operational electron spin dynamics of the BDPA radical under
experimental conditions that yield OE’. There are several EPR studies of BDPA, but of
BDPA solution at ultra low temperature (<1 K),[148] or lower magnetic field,[149] or
of BDPA-Benzene micro crystals,[I50, [I51] which are all very different from the current

DNP operating conditions, and hence less relevant.

The insight into DNP mechanisms is commonly achieved through DNP-enhanced
NMR measurements as a function of By (alternatively uw frequency) or pw power to
derive the corresponding By (uw frequency) or puw power dependence of the operational
DNP mechanism. However, ascertaining DNP mechanisms only from NMR-based mea-
surements can be misleading, as shown in a recent discovery of the truncated Cross
Effect (tCE) with a combination of Trityl-OX063 and Nitroxide radicals in vitrified

water/glycerol.[I52] In fact, the tCE has a similar DNP frequency and power profiles
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as the OE’ observed in BDPA.[I45] A combination of EPR measurements and quantum
mechanical simulations clarified that tCE is fundamentally different from OE’ and in-
stead originates from the CE between a slow relaxing, narrow-line, radical (e.g. Trityl)
and a fast relaxing broad-line radical that was undetectable with the currently available
pw power and detection scheme at high-field, and was posited to originate from clustered

nitroxide radical.

Very recently, we discovered TM DNP to be operational in Trityl-OX063 (another
narrow line radical with small g-anisotropy, [gx, gy, gz] = [2.0034, 2.0031, 2.0027]),[81]
prominently above a PA concentration of 40 mM in a vitrified water/DMSO matrix.[34] A
combination of EPR line-shape and electron-electron double resonance (ELDOR) analy-
sis, supported by quantum mechanical simulations were instrumental in the unambiguous

assignment of TM DNP as the operational mechanism.[I33], 115, [153], [34]

The present study is motivated by the question of whether a different mechanism
other than OE is at play for the OE’ effect observed with BDPA, and if so, whether the
TM mechanism may be operational. We have systematically scrutinized this conundrum
for BDPA using a combination of DNP pw frequency and power profile measurements,
EPR line-shape analysis and pump-probe ELDOR experiments of BDPA at varying rad-
ical concentrations. Quantum mechanical simulations of 3 coupled electron spins and 1

nuclear spin further support our experimental observations.
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6.2 Experimental Methods

BDPA in o-terphenyl (OTP): Partially deuterated OTP (d;4-OTP (Cambridge Iso-
tope) : OTP = 95 : 5, weight percent) melted under 60°C with water bath. BDPA was
dissolved in the warm OTP and resulted in concentrations of 0.1 - 40 mM. 40 uL radical-
solvent mixture was transferred to a custom cylindrical Teflon sample holder (7.5 mm
inner-diameter, 8 mm outer-diameter, 17.8 mm height) and subsequently freeze-quenched

in liquid nitrogen to avoid the crystallization of OTP.

2% BDPA in polystyrene (PS): 100 mg PS (Sigma Aldrich, Average MW 35000) was
suspended in 5 mL chloroform and 2 mg BDPA (BDPA complex with benzene (1:1),
Sigma Aldrich) was added to the mixture. The 2 weight-percent BDPA in polystyrene
solid sample was prepared by adding the solution on a glass slice drop-wise and let chloro-
form vaporize overnight at room temperature. The 2% BDPA PS thin film was scratched

off from the glass.

6.3 Results and Discussion

6.3.1 'H DNP uw Frequency Profile

We first measured the DNP frequency profile, i.e e'H (ratio of NMR signal intensities
acquired under pw-on and pw-off conditions) vs. puw frequency. Figure shows the
'H DNP frequency profile of 10 mM BDPA in the OTP matrix. A large positive and
negative e'H was observed at pw irradiation frequencies of 193.35 and 193.925 GHz,
respectively, which are around 4+ 294 MHz (proton Larmor frequency at 6.9 T) away
from 193.625 GHz (near the BDPA center frequency at 6.9 T). They correspond to the
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Figure 6.1: ¢'H as a function of uw irradiation frequencies were recorded for (A) 10
mM (red) and (B) 40 mM (blue) BDPA in OTP at 20 K with pyw irradiation power
of 350 mW. The displayed e'H was normalized by the maximum value: 5 for 10 mM
BDPA and 55 for 40 mM BDPA. For 40 mM BDPA in OTP, ¢'H was recorded as a
function of pw power up to 336 mW with pw irradiation frequency fixed at (C) 193.35
(violet) and (D) 193.625 GHz (green). The solid lines were fitted trendlines while the
dots were the experimental data with error bar (standard deviation) indicated. The
build-up time was 20 s for 'H DNP measurements.
DQ and ZQ transitions in SE DNP. In addition, a small positive ¢'H intensity (~10% of
the e'H acquired at the SE-DQ condition) was observed at the BDPA center transition
(~ 193.625 GHz). This characteristic feature was seen by many other researchers (typi-
cally with BDPA at higher concentrations), and is currently assigned to OE DNP in the
literature. [145] 147, 146}, 128, 127] At a PA concentration of 40 mM, all features of the
DNP frequency profile seen with a PA concentration of 10 mM were reproduced. How-
ever, the central DNP enhancement dramatically increased from ~10% (10 mM BDPA)
to 50% (40 mM BDPA) of the e'H at the SE-DQ condition (193.35 GHz) amplitude
(figure |6.1B). This observation suggests the central DNP intensity originates from multi-
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electron spin effects as they are amplified at increased radical concentration. We note
here that fundamentally there should be no dependence of the OE DNP on radical con-
centration as the OE does not require e-e interactions. In contrast, mechanisms such as
TM and CE DNP have a clear dependence on radical concentration, as recently observed
with Trityl-OX063 [34] and 4-Amino TEMPO [47], respectively. Furthermore, the pw
power requirement of the SE transition and the central features are strikingly different.
The SE DNP effect showed severe power limitations at the maximum pw power of 336
mW available to our DNP instrument (figure [6.1IC), while the central DNP intensity
readily plateaued off at the same maximum pw power (figure ) This shows us that
the central feature is induced by an allowed transition, leaving the possibility open for
CE and TM mechanism to be at play, based on just the DNP-NMR properties. How-
ever, CE per definition is incommensurate with narrow line radicals (radicals with small
g-anisotropy) whose width does not encompass the nuclear Larmor frequency, leaving
TM as the major contender. Of course, the simultaneous existence of OE and TM DNP
mechanisms cannot be ruled out.[154] However, the presence of an OE DNP mechanism
cannot be proven with presently available experimental techniques and is less likely under
DNP conditions at high magnetic fields. With that in mind, next, we further examine

whether TM DNP is a viable alternative.

6.3.2 EPR Signatures for TM DNP
6.3.2.1 EPR line-shape Analysis

Using EPR, we have recently established experimental signatures of TM DNP, which
is deliberately designed to distinguish TM from other mechanisms. The characteristic

EPR signatures are: (i) an asymmetrically broadened EPR line-shape and (ii) hyperpo-
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larization of select electron spin populations.[34] Hence, we scrutinized the experimental
signatures of TM DNP in both 10 mM and 40 mM BDPA in OTP using EPR measure-

ments under the same DNP conditions.
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Figure 6.2: Echo-detected EPR lines were recorded for 10 mM (red) and 40 mM (blue)
BDPA using 6.9 T pulse EPR/DNP spectrometer under 20 K. The inter-pulse delay
for the solid echo detection was 400 ns.

We began with echo-detected EPR. line-shape analysis at 6.9 Tesla and at 20 K of
the two BDPA samples. The EPR line-shape of 10 mM BDPA showed a single compo-
nent centered at ~ 193.635 GHz, with a width of 120 MHz at the base (figure[6.2] red).
However, the EPR line-shape of 40 mM BDPA was dramatically broadened and dis-
played significant asymmetry across a pyw frequency range of 193.57-193.75 GHz (figure
, blue). Notably, multiple component EPR line-shape for the BDPA sample system
has been reported previously under different conditions: 1) 40 mM SN-BDPA (a BDPA
derivative) in water/glycerol mixture at 80 K under 5 T [93] and 2) 5 mM BDPA in
toluene at 0.5 K under 2.5 T [148]. This asymmetry in the EPR line-shape is the result
of strong e-e (dipolar as well as exchange) couplings indicating the presence of clustered
BDPA radicals. In fact, the clustering of BDPA was recently confirmed to occur by a
combination of EPR and Mass spectroscopy measurements, where an instability origi-
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nating from radical clustering/aggregation was observed with concentrated BDPA and
its derivatives (tested up to 30 mM) prepared in a series of organic solvents above -80°C
.[149] As previously discussed by Karabanov et al.[I33] and later confirmed by Equbal
et al.[34], the asymmetric EPR-line is one of the distinctive features of TM DNP. Asym-
metry is necessary to maintain a large polarization gradient across the dipolar broadened
EPR-line under pw irradiation, and provide a mechanistic basis to induce effective triple-
flips that constructively add up to DNP enhancements. It is important to note that a
significant population of electron spins are possibly ”hidden” from echo-detected EPR
due to fast relaxation (decoherence) of strongly coupled electron spins that approach the

detection limit by the current pulsed EPR capabilities at high field.
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Figure 6.3: Echo-detected EPR line-shapes for different BDPA samples under variable
experimental conditions are obtained. Inter-pulse delays are varied between 200 and
800 ns. t, = 16 ns is used for all the measurements. Under Q-band spectrometer at
65 K, (A) 40 mM BDPA in OTP, (B) 0.1 mM BDPA in OTP and (C) 2% BDPA in
PS are examined. 2% BDPA in PS is also examined at room temperature with (D)
Q-band as well as (E) X-band.

In figure[6.3], echo detected EPR line-shape of BDPA radical systems were further ex-
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amined using X- and Q-band EPR spectrometers. The EPR line-shapes of concentrated
BDPA (40 mM BDPA in OTP and 2% BDPA in PS) all displayed asymmetrical multi-
component features. These features were observed under different magnetic fields (X- or
Q-band) and temperatures (65 K or room temperatures). However, the EPR line-shape
of low concentration BDPA (0.1 mM in OTP) had only one narrow component where

the asymmetry is not obvious.
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Figure 6.4: Echo detected EPR line-shapes of BDPA systems are overlaid to demon-
strate their (A) concentration, (B) temperature and (C) field dependencies.

EPR line-shapes of 40 mM (blue) and 0.1 mM (red) BDPA in OTP obtained at 65
K under Q-band were first overlaid in figure [6.4JA. The linewidth at the base for 40 mM
BDPA (~322 MHz or ~115 Gauss) is much wider than that of 0.1 mM BDPA (~70
MHz or ~25 Gauss). EPR line-shape of 2% BDPA in PS obtained at Q-band for both
65 K (black) and room temperature (green) are similar, as displayed in Figure S3B. An
asymmetric EPR line-shape containing multiple components was also detected of 2 wt%
BDPA in PS at X-band (figure ) Consistently across different magnetic fields and
temperatures (figure [6.4B), the EPR linewidth of 2% BDPA in PS is nearly invariant at
~154 MHz (~55 Gauss). This reveals that the EPR line-broadening of high concentra-
tions of BDPA is mainly caused by interactions that are independent of the magnetic

field, such as e-e dipolar and J couplings.
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Figure 6.5: A: The nutation experiments (varying the saturation pulse length up to
600 ns followed by a Hahn Echo detection, ¢, = 16 ns) for 40 mM BDPA in OTP (blue
solid line), 0.1 mM BDPA in OTP (red solid line) and 2% BDPA in PS (grey dash
line) are obtained under Q-band at 65 K. B: The corresponding Fourier transformed
nutation frequencies.

Multi-spin effect has been further verified with the nutation frequency measurement
(figure [6.5/A) and the corresponding Fourier transformed nutation frequencies (figure
6.5B). It is further confirmed that there are multiple spin species with different nutation
frequencies existing in high concentration BDPA (40 mM BDPA in OTP and 2% BDPA

in PS) while only one major nutation frequency existing in low concentration BDPA (0.1

mM in OTP).

We suggest that the 40 mM BDPA sample consists of populations of species with
varying degrees of clustering that display fast T, relaxation times. The in-homogeneity
in the clustering BDPA species can be deduced from the variations in the T, values at
different pw irradiation frequencies measured for both 10 mM BDPA at 20 K and 40 mM
BDPA at 60 K in OTP (figure[6.6). Taken together, this observation demonstrates that
the dipolar or exchange broadening of a narrow line radical can be significant enough,
in the presence of radical clustering, to encompass the 'H NMR Larmor frequency, here

294 MHz, and hence offer the energy difference to induce a triple e-e-n spin flip.

92



'H TM DNP with BDPA as Polarizing Agents Chapter 6

A 1 T e = Bl F T T q C 1
E' 0.8 1 0.8fF -~ 08 —
_g 0.6 40 mM BDPA, 60K] 6 40mMBDPA,20K | 06 10 mM BDPA, 20K |
B —193.615 GHz — 193.655 GHZ —193.6 GHz
£ 04 —193655GHz | 0.4 4 04 ——193.635 GHz |
200k 193.685GHz | (5 1 o2 ]
0'. 1 1 1 1 0 1 1 L 1 O 1 1 1 1
0 50 100 150 200 250 0 50 100 150 200 250 O 50 100 150 200 250

Saturation Recovery Delay (ms) Satuartion Recovery Delay (ms) Saturation Recovery Delay (ms)

Figure 6.6: Saturation recovery experiments were used to measure the 77, at 6.9 T
with variable pw irradiation frequencies. The different BDPA samples are: (A) 40
mM BDPA in OTP at 60 K, (B) 40 mM BDPA at 20 K and (C) 10 mM BDPA at 20
K. The pw irradiation frequencies can be seen in the legend. The experimental data

points are displayed in ”*” while the fitted curves are in solid lines.

6.3.2.2 ELDOR

We sought to reveal additional TM DNP signatures by ELDOR under DNP conditions. [T153]
34] ELDOR is a pump-probe experiment, which measures the pw saturation transfer from
the electrons at the pump frequencies to electrons at the probe frequency. The ELDOR
spectra were normalized to the echo intensity obtained when the yw pump frequency was
set at the far end of the EPR spectral base-line (Boltzmann polarization). Saturation
leads to lowering of the echo intensity, i.e. smaller than 1. In contrast, yw induced

electron spin hyperpolarization would lead to an echo intensity greater than 1.

Two sets of ELDOR experiments were carried out for each BDPA sample at two dif-
ferent probe frequencies, while continuously stepping through the pump frequency across
the entire EPR line. The echo-detected EPR line-shapes of the 10 and 40 mM BDPA
samples are indicated in light red and blue shades in figure to guide the eye. The
ELDOR spectrum of 10 mM BDPA showed an intense dip below 1, reaching values as
low as 0.2 at a pump frequency matching the probe frequency, a phenomenon observed

when both 193.6 GHz and 193.635 GHz were set as probe frequencies (figure [6.7A). The
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Figure 6.7: A. ELDOR experiments were recorded for 10 mM BDPA in OTP at 20
K, where the yw probe frequencies were set at 193.6 GHz (black) and 193.635 GHz
(green). The light red shade is the 10 mM BDPA EPR line recorded under the same
experimental conditions displayed as a reference. B. ELDOR experiments were also
recorded for 40 mM BDPA at 20 K, where the uw probe frequencies were set at 193.61
GHz (black) and 193.69 GHz (green). The light blue shade is the 40 mM BDPA EPR
line. The electron hyperpolarization region are highlighted as the grey shade in the
spectra. The saturation pulse for the uw pump frequency is 50 ms with an amplitude
of 350 mW.

dips are broadened by electron spectral diffusion (eSD). However, the ELDOR intensity
stayed at or below 1 across the entire frequency range, implying that little/no hyperpo-
larization of electron spin populations occurred upon pw irradiation of 10 mM BDPA.

7#7 come from standing wave issues

(Here, the sharp dips at the frequencies marked with
from the DNP spectrometer). The ELDOR spectrum of 40 mM BDPA, acquired under
the same experimental conditions as of 10 mM BDPA, is dramatically different (figure
). We can clearly see a significantly broader hole burnt when the yw probe frequency
was set to 193.61 GHz (black), signifying much larger eSD effects due to the presence of
the strong e-e coupling network in 40 mM BDPA. At this probe frequency, in addition to
the dip centered around the puw probe frequency, another dip is burnt around the BDPA
center frequency of 193.635 GHz due to eSD. A similarly large eSD was also observed
when the puw probe frequency was set to 193.69 GHz (green) in the ELDOR profile. Most

importantly, we clearly observe the hyperpolarization of electron spins (highlighted in the
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grey shaded area) with 40 mM BDPA for both probe frequencies. The hyperpolarization
of electron spins have been theoretically predicted by Kundu et al.[I53], and recently
experimentally deduced by Equbal et al.[34] as an unambiguous indicator of strong e-e

couplings and an EPR fingerprint for the TM DNP mechanism.
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Figure 6.8: A: e'H as a function of uw irradiation frequencies were recorded for 40
mM BDPA in OTP under 20 K (blue) and 150 K (light blue). B: Echo-detected pulse
EPR line-shapes of the same sample are also displayed for the two temperatures. ¢,
used in the high field EPR measurement is 500 ns with an amplitude of 350 mW.

Thus, based on the characteristic features of the DNP frequency profiles, power satu-
ration curves, asymmetrically broadened echo-detected EPR line-shape and the ELDOR
spectra, we conclude that TM is the underlying DNP mechanism at the BDPA center
frequency. Similar to the previous study of 'H TM DNP in Trityl radical systems,[34]
the DNP and EPR signatures of TM are clearly visible for 40 mM BDPA and less pro-
nounced in 10 mM BDPA. This TM mechanism is also reproduced in 40 mM BDPA in
OTP at higher temperature (150 K), resulting in an enhancement of 19 using 350 mW of
w irradiation power (figure . In fact, TM of *C DNP has been reported by Becerra
et al. in 1993 for 2 wt % BDPA in PS at 5 T [155] and recently by Radaelli et al. for 60
mM and 120 mM SA BDPA in water/glycerol mixture at 6.7 T,[I50] suggesting that the
spatial distribution of such a BDPA spin system can lead to TM DNP already. Although
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the possibilities of 'TH TM DNP of BDPA in PS or SA-BDPA in water/glycerol mixture
have not been examined, we are confident to propound that it is the same TM DNP
mechanism arising at the BDPA EPR center transition for 'H DNP of BDPA in PS and
SA-BDPA in water/glycerol.

6.4 Numerical Simulation
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Figure 6.9: Simulated 'H DNP enhancement as a function of uw irradiation frequency
for a ej-es-e3-'H spin system at 294 MHz conditions under MAS rate of 10 kHz. A.
Using g-tensor of BDPA, and couplings: es- e3 = 200 MHz, e; - e = 4 MHz, e;-
es = 3 MHz, and relaxation rates Ti.: 15 ms, 5 us and 1 us fore e, ey and eg,
respectively. B. Using g-tensor of Trityl, and couplings: es- es3 = 350 MHz, e1- e =
15 MHz, e;- e3 = 5 MHz, and relaxation rates Ti.: 8 ms, 5 us and 1 us fore ey, e
and eg, respectively.

An intriguing issue is that the envelope shape of the central DNP frequency profile is
different when using BDPA v.s. Trityl-OX063 as the PA at 6.9 T. While Trityl-OX063
shows a dispersive shaped (anti-phase) central feature in the 'H TM DNP frequency
profile,[34] BDPA consistently shows a positive absorptive shaped (in phase) central fea-

ture in the 'H TM DNP frequency profile. We set out to model this difference using
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quantum mechanical (QM) simulations. Our aim is not to model the exact experimental
condition, but rather to test the hypothesis that the absorptive vs dispersive shape of
the central DNP feature depends on the asymmetry in electron spin coupling, which in
turn relies on the (spatial) topology of the electron spin coupling network and the dif-
ferent relaxation rates of the different electron spin packets. QM simulation of DNP was
performed using the Spin-Evolution software [61]. Taking insights from pulsed EPR mea-
surements, we understand that the electron spin system representing BDPA comprises
of the sum of at least two populations: 1) very strongly coupled electron spins with fast
relaxation time, i.e the "hidden” BDPA population to EPR detection at the available
puw power with our high field EPR spectrometer, and 2) weakly coupled electron spins
with relatively slower relaxation times, i.e the ”visible” BDPA population that can be

detected by EPR and saturated with our high field EPR spectrometer.

The Thermal-Mixing DNP simulations of coupled narrow-line radicals were performed
using Spin-Evolution software package, under 6.9 T and 100 K conditions.[61] The sim-
ulations were performed in Liouville space, incorporating phenomenological relaxation
rates into account. A minimal of 3 electron spins are needed to demonstrate the triple-
flip 'H Thermal-Mixing DNP in narrow-line organic radicals (g-anisotropy smaller than
'"H Larmor frequency). Therefore, all the simulations were performed for e; — ey —e3—'H,
with e; representing a narrow-line radical with principle components of g-tensor equiv-
alent to [2.0028 2.0026 2.0025] for BDPA[I57] and [2.0034 2.0031 2.0027] for Trityl.[81]
The enhancement was calculated with respect to the thermal Boltzmann polarization un-
der static. Powder averaging was done using 50 («, ) angles following Lebedev scheme
for weighted orientation distributions. Notably, numerical results with higher number of

orientations showed the same trend as with 50 orientations.
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Unless mentioned otherwise, the spin parameters used for the calculations were as
follows: the g-tensor of e; and e3 were orientated with respect to e; by the Euler angles
sets, (20, 30, 0) and (40, 60, 0), respectively (in degrees). In both types of PA, the
relative e; — eq, €1 — e3, es — ez dipolar tensor orientations (relative to e; g-tensor) were
given by the Euler angles (20, 30, 30), (50, 90, 60), and (0, 45, 90), respectively. These
choices were random as the orientations of the spin tensors in a clustered systems are not
unique. For simplicity, only e; —' H hyperfine coupling (2 MHz) was considered with a
random orientation of (40, 10, 0). The spin relaxation rate constants of visible electron
spins were chosen based on their phenomenological values detected for 40 mM BDPA

and Trityl. T1g set to 4 s.

The pw centre frequency was set around isotropic g of the e; resonance. The simula-
tions were carried out using 0.2 MHz uw power. In the plots presented in this section,
an averaging over relative dipolar orientation (5 angle) of e; — e3 was done to account
for conformational distributions in clustered system. Averaging smoothens the shape of
frequency profiles but makes computationally significantly expensive. The calculations
were under 10 kHz spinning condition to circumvent the need for a very large number of

powder orientation in a broad static spectrum.

Accordingly, we constructed a minimal e;-es-es3-'H four-spin model, in which e, and
es are strongly coupled (dipolar coupling set to 200 MHz, r.,., = 6.37121) and have a short
Tie (5 ps and 1 ps), and eq, with a longer Ty, value of 15 ms, relatively weakly coupled
to ey (dipolar coupling = 4 MHz, 1.,., = 23.54) and e (dipolar coupling = 3 MHz, 1.,.,
— 25.94). Exchange interactions between the coupled electron spins were ignored for
simplicity. Plausible Ty, values were chosen for the visible electron spins based on Ty,

measurements of 40 mM BDPA in OTP at 20 K under 6.9 T. The simulations were per-
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formed using the g-anisotropy of the BDPA radical.[157] For simplicity, only the e;-'H
hyperfine coupling (2 MHz) was considered. All DNP simulations were performed at 6.9
T and under MAS at 10 kHz spinning frequency to account for large powder orientation
and associated anisotropy. The QM simulation results derived under MAS are also valid

under static conditions.[I52]

Encouragingly, we could reproduce a DNP frequency profile as observed experimen-
tally using BDPA as the PA, where a positive and absorptive enhancement envelope was
observed around the BDPA center transition frequency, along with SE DNP features
at the SE-DQ transition of -300 MHz and SE-ZQ transition of 300 MHz (figure [6.9A).
This demonstrates the proof-of-principle that the absorptive central feature of the DNP
frequency profile observed experimentally can originate from triple-flip DNP mechanisms
without needing to invoke cross-relaxation processes, i.e. the spin dynamic mechanism
necessary to induce OE. In other words, the possibility of OE can be ruled out in the here
presented simulation, as e-n ZQ and DQ cross-relaxation mechanisms were turned off.
Notably, the TM DMP model utilizes the same underlying triple-flip mechanism as CE
and truncated CE, but requires a different e-e coupling network. In contrast to the CE
and truncated CE model that can be replicated with a e-e-n spin system, the TM model
requires a minimum of three coupled e and one n. While in the truncated CE model the
fast relaxing EPR component is broadened by g-anisotropy, in the TM model the fast

relaxing EPR species is broadened by strong e-e (dipolar and/or exchange) coupling. [152]

Next, we tuned the spatial topology of the e-e coupling network by varying the e-e
coupling strength among the electron spins using the g-anisotropy of the Trityl radical
[81] to simulate the dispersive 'H TM DNP frequency profile observed with Trityl. We

found that we can deliberately alter the shape of the central feature of the TM DNP
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Figure 6.10: Simulated 'H DNP enhancement as a function of yw irradiation frequency

for a e1-eg-e3-1H spin system at 294 MHz conditions. G values of [2.0034 2.0031 2.0027]

are used in simulating the negative-absorptive DNP profile envelope. es and e3 are

strongly coupled (T1. = 0.1 ps) while e; is less strongly coupled to ey or es (T =

5 ms). The 'H is coupled only to e;. The e-e dipolar couplings are: ej-eo = 4 MHz,

€1-€3 = 4 MHZ, €9-€3 = 200 MHz.
frequency profile envelope. The T, values of the ”visible” electron spin was set to 8 ms.
We could replicate the dispersive shape for the central feature of the DNP profile (figure
) when setting the dipolar couplings between es-e3 to 350 MHz (re,e, = 5.29;21), e1-€
to 15 MHz (1¢,e, = 15.1A4), and e1-e5 to 5 MHz (r.,., = 21.84) (schematically illustrated
in the inset of figure ), which are higher values than the dipolar couplings used to
simulate the positive absorptive TM frequency profile. Notably, a negative-absorptive
(emissive) DNP field profile envelope was observed previously with deuterated BDPA by
Griffin and coworkers.[145] The emissive envelope of the TM DNP feature could also be

replicated with QM simulations (figure [6.10)).

The minimum four-coupled spin model calculations illustrate that the electron spin
polarization gradient and the corresponding TM DNP profile can display different shapes/
envelope with respect to the pyw irradiation frequency. A more thorough quantum me-
chanical study, using a larger multi electron spin system and comprehensive explorations
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of the various spin dynamics parameters, concurrent with experimental ELDOR inves-
tigations are needed to reach a deeper understanding as to how the topology of the
e-e coupling network and the nature of asymmetry tunes the shape of the TM DNP
field /frequency profile envelope. Investigating such dependencies will be an important
future endeavour. In this study, we could show that TM is a dominant mechanism that
generates the large enhancement around the BDPA center transition, while the exact
and beneficial features of TM strongly depend on the spatial topology of the coupled
multi-electron spin network, as reflected in the tuning of the different frequency pro-
files. The coupling network is modulated not only by the radical-radical, but also the
radical-solvent interaction. Synthetic chemistry prowess (to tune the chemical interac-
tions, i.e. the e-e coupling network) and further theoretical chemistry studies (to model
the molecular dynamics and interactions) are indispensable in the pursuit of radical de-

sign to achieve efficient TM DNP with desirable attributes.

6.5 Conclusion

In summary, we propose the presence of TM DNP as an alternative explanation to the
OE DNP hypothesis. This revelation is based on experimental EPR measurements that
have been missing in recent analyses of DNP with BDPA, further supported by quantum
mechanical simulations of the DNP profiles. Prediction of the effective DNP mechanism
solely based on NMR measurements can be misleading, as the properties of the electron
spin dynamics and the e-e coupling network are not fully apparent in NMR-based DNP
measurements. A similar conundrum was solved in the discovery of the truncated Cross
Effect.[152] The direct investigation of electron-spin dynamics by high-field pulsed EPR

and pump-probe ELDOR measurement under DNP conditions was critical in revealing
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the underlying mechanisms. The TM DNP observed in BDPA is fundamentally similar
to the TM effect observed in Trityl-OX063, except with distinct shapes for the DNP
uw frequency profile envelopes. The envelope shape of the TM DNP feature matters,
in particular for its effectiveness under MAS conditions and broad-band pw irradiation.
Quantum mechanical simulations revealed that the shape of this central DNP feature
is dependent on the spatial topology of the e-e coupling network. However, this study
also reveals that the study of TM DNP deserves more in-depth investigations. How do
the microscopic events in DNP mesh with the macroscopic spin temperature arguments
that traditionally underlie the discussion around TM? Clearly, CE, truncated CE and
TM span a continuum, and this study shows that there are many different flavors of
TM that can be exploited. Furthermore, this study has not investigated the effects of
equilibration rates of the spin temperature of the electron non-Zeeman reservoir and
that of the various coupled nuclear spin reservoirs. Here, we confirm the presence of
TM DNP, and in principle leave open the question under what circumstances and for
what types of samples OE may exist simultaneously. In the present study of BDPA as
the DNP polarizing agent, it is impossible to directly deconvolute the contributions of
OE and TM DNP enhancements (even if both were operating simultaneously) based on
the field/frequency DNP profile alone. However, quantum mechanically speaking the
efficiency of TM DNP mechanism will strongly depend on the magnitude of e-e coupling,
and hence on PA concentration, while OE DNP does not require e-e coupling as it is
primarily driven by the cross relaxation between a single electron spin with a proximal
nuclear spins. Further experimental evidences are needed to clarify the role of OE in
DNP using BDPA under cryogenic conditions. In parallel, a great deal of research is
needed to quantify the TM DNP mechanism via EPR experiments, as well as seek an

improved theoretical understanding and advance numerical simulation models for DNP.
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Finally, we point out that the pioneering discoveries of Griffin and co-workers of the
OFE’ effect not only inspired these studies, but the benefit of the originally discovered ef-
fects obviously holds. For example, the TM in BDPA has a positive enhancement shape
where the enhancement will not be attenuated under fast MAS condition. Furthermore,
the TM DNP effect can be deliberately tuned to be highly efficient at a wide range of
temperatures, at high magnetic fields, under fast MAS rates and has low puw power re-
quirements. Our own study presented here showed decent 'H DNP enhancements using
BDPA spin systems using moderate microwave powers. How to exactly exploit this ef-
fect is up to the PA and sample design to replicate the ideal electron and nuclear spin
network that teases out the maximum benefit of TM DNP for the specific experimental

conditions at hand.
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Chapter 7

Solid-State MAS NMR at Ultra Low
Temperature of Hydrated Bio-solids
Doped with DNP Radicals

7.1 Introduction

Solid-state magic angle spinning (MAS) nuclear magnetic resonance (NMR) is an
essential tool for the study of inorganic and biological solid samples. However, NMR has
intrinsically low signal sensitivity, and hence instrument and method developments to
enhance MAS NMR sensitivity are ongoing efforts. There have been many approaches
to improve MAS NMR sensitivity, such as increasing the magnetic field By,[I58], 159]
lowering the sample temperature,[160] 161, 162, [163] 164] cooling the radio frequency
(RF) circuitry,[?, ?] applying efficient cross-polarization (CP) from abundant 'H nu-
clear spins, shortening the experimental repetition time by adding paramagnetic dopants
[58, ?] and by hyperpolarization techniques, most commonly, dynamic nuclear polariza-
tion (DNP).[160, 161, 162] Performing DNP enhanced MAS NMR at high By integrated
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with ultra low temperature (ULT, < 100 K) sample cooling would yield great signal sen-
sitivity by potentially several thousand of folds compared with room temperature MAS
NMR at the same field. However, there are many theoretical and technical complexities
in building such a system, where achieving ULT is one of the biggest challenges. More-
over, NMR signal line broadening and increasing nuclei spin lattice relaxation time (T})

are among the biggest concerns in performing ULT NMR experiments.

The minimum sample temperature largely depends on the cooling gas used in the
MAS NMR system. Generally speaking, three types of gases have been used to achieve
low temperature NMR: 1) dried air (~ 250 K to room temperature); 2) nitrogen cooled
to liquid nitrogen temperature (> 77 K); 3) helium cooled by compressors and/or liquid
helium (< 77 K). MAS NMR cooled by dried air or cold nitrogen gas has been used
to study the structural properties of vitrified proteins in solution and trapped transient
states of proteins.[160] 165 166, 167] However, there is still a large demand in pushing
the sample temperature down to the ULT regime. An ideal ULT MAS NMR system
achieves stable low temperature and stable MAS with little helium consumption, is easy
to operate and requires little maintenance effort, has a broad accessible temperature and

MAS range, and is efficient in cooling and exchanging samples.

There have been persistent endeavors in the development of helium cooled systems to
achieve ULT NMR/DNP. The journey began in the 1980s when Yannoni and co-workers
successfully conducted the 3C CP-MAS NMR experiments at ULT on several organic
molecules and polymers using cold helium gas directly warmed up from liquid helium
for spinning and cooling. [168], 169] A maximum sample spinning speed of 2.5 kHz and a
minimum sample temperature of 4.2 K was achieved with a large liquid helium consump-

tion rate (15 L/h at 30 K with 1 kHz MAS). In 1997, the Griffin group at MIT adapted
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the Yannoni design and combined the ULT NMR with DNP capabilities at 5 T. [160]
A significant increase in the DNP enhancement was achieved at 25 K (~100) compared
with 100 K (~ 5). New designs and optimizations have been implemented to further
push this field forward. Samoson et al. customized a ULT MAS NMR system located in
Tallinn to allow < 20 kHz MAS at > 7 K with a 2 mm rotor. [I70] In the Tallinn design,
helium is used in all three gas lines (bearing, drive, and VT), and is later recovered and
recycled. The main problem for the Tallinn design is that the stability is limited and the
sample temperature is strongly coupled to the spinning speed. The Levitt group provided
another design in Southampton using super-critical helium in a pressurized vessel for the
three gas lines. [I71] The super-critical helium avoids the instability caused by the inher-
ent two-phase flow of liquid helium. This design allowed a minimum sample temperature
of 9.6 K with 15 kHz MAS using a 2 mm rotor. However, the current operation of the
Southampton system, especially the super-critical helium generator, is very expensive
due to large demand for liquid helium ~5000 L. The Barnes group customized their own
cryostat in order to integrate with versatile MAS DNP probes and rotor designs. The
Barnes design uses liquid helium for cooling and spinning with still a large liquid helium
consumption rate of ~33 L/h to achieve sample temperatures of <6 K. [163] The Tycko
group in Bethesda (NIH) has provided a new approach, where cold helium gas is used
only for cooling the sample and cold nitrogen gas is used for spinning. This design al-
lowed significant reduction in the liquid helium consumption rate of about 3 L/h and
enabled MAS-DNP experiments at 20 K with ~7 kHz MAS for a 4 mm rotor.[162] This
design was later commercialized by Revolution NMR LLC and installed in the Han group

at UC Santa Barbara.[45]

In order to further reduce the helium consumption rate, closed-cycle helium systems

were designed and used to recover the helium used for cooling and spinning. The De
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Paépe group at Grenoble designed a ULT MAS DNP system equipped with a helium
circulation system and has achieved up to 15 kHz MAS at 30 K using a 3.2 mm rotor.
[164, [172] A spinning stability of 7 kHz £50 Hz was measured at 50 K.[164] In this design,
the cryostat was initially cooled down to ~80 K using liquid nitrogen. To achieve tem-
peratures < 77 K, the cryostat was flushed with room temperature helium gas and then
cooled using cold helium gas directly boiled off from liquid helium Dewar. NMR/DNP
probes are further cooled using recirculated pressurized bearing, drive and VT helium
gases cooled by the cryostat. The helium gas consumption rate for the Grenoble design
is < 1 L/h for both the leaks and pneumatic rotor insertion/ejection. However, the
current Grenoble design still consumes liquid helium at a relatively high rate of 5-25
L/h depending on the desired sample temperature and MAS. The next generation of
fully autonomous system with zero liquid helium consumption is under testing. Another
closed-cycle helium circulation ULT NMR/DNP design has been introduced by the Fuji-
wara group in Osaka, where cold helium gas is used for bearing and drive (no VT in the
design).[I73] It is worth noting that the Osaka design doesn’t use liquid helium, which
is a big improvement from all the other designs mentioned above. In the Osaka design,
helium gas was initially cooled by vacuum insulated heat exchangers for both bearing
and drive. The cold helium gas is pressurized by bellows compressors and the precise
flow rates are further regulated using mass flow controllers. The regulated helium gas
is then used for sample cooling and spinning. Afterwards, the return helium gas is still
cold and is used in the initial cooling step through a tube-in-tube type counter-flow heat
exchanging system. This system has shown great stability in sample temperature and
spinning, where up to of 8 kHz of stable MAS at 20 K has been reported with &+ 5 Hz
MAS variations for days of testing using a 3.2 mm rotor.[I61] In 2020, JEOL RESO-
NANCE Inc. has commercialized the Osaka design and launched its first installation in

collaboration with the Han group at UC Santa Barbara.
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ULT has allowed large NMR signal sensitivity gain from both the Boltzmann fac-
tor and the general increase in the quality factor (Q) as well as the reduction of the
Johnson-Nyquist noise (thermal noise) for the RF circuit. In addition, the capabilities
of ULT MAS NMR can offer more profound scientific benefits. For example, through
measuring the Cu NMR quadrupolar broadening and spin-spin lattice relaxation rates
at 90-10 K, Kramer and Mehring observed that the superconductor YBasCuszOrs trans-
formed into an ordered charge density wave state at < 35 K.[174] In addition, ULT MAS
NMR has been attracting interests for biomolecular systems in which the NMR signal
sensitivity may be improved with the slowed down molecular motion of methyl group
rotation.[I75, 165], 161 Ni et al. reported that *CHjs and NHj signals in MAS spectra
of biological samples disappear due to the interference of the molecular motions with ‘H
decoupling in the temperature range of 110-80 K.[165] Moreover, such methyl group ro-
tations may also hamper the DNP efficiency, especially for samples where the 'H-'H spin
diffusion is limited by really short "H DNP Tyyaup (e.g. 1.8 s at 86 K) such as crystalline
samples with high methyl-bearing density.[161] Matsuki et al. recently showed a DNP
enhancement of 15-fold at 27 K with a high methyl-bearing NMR standard sample MLF
(N-formyl-Met-Leu-Phe-OH), while almost no enhancement was observed at 100 K. [161]
As almost half of the proteinogenic amino acids contain CHz or NH3 groups in their side
chain, ULT NMR and DNP have the potential to offer dramatic improvements for the

MAS NMR studies of protein samples.

In this chapter, we examined the newly installed JEOL ULT closed-cycle helium MAS
NMR system and reported on the helium consumption, cooling efficiency, sample temper-
ature stability and MAS stability. MAS NMR performance was also examined at ULT of

a methyl-bearing NMR standard [U-'3CJalanine dissolved in a water /glycerol glassy ma-
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trix doped with paramagnetic centers. The 'H NMR spectra exhibited the benefit from
the enhanced Boltzmann factor at ULT. The impact of different paramagnetic centers is
also examined through 'H spin-lattice relaxation and spectral linewidth measurements

at variable temperatures.

7.2 Methods

1 mg of ¥*C uniformly labeled Alanine ([U-!3Clalanine, Sigma Aldrich) was added in
30 uLL DNP Juice (dg-glycerol/DoO/H20O = 6/3/1, v/v/v), resulting in a concentration of
375 mM [U-!3CJalanine, note as Ala in the following text. The solution was then doped
with paramagnetic centers, including 10 mM AMUPol (CortecNet), 10 mM TEMTriPol-
1, 20 mM 4-Amino TEMPO (Sigma Aldrich), and 14.3 mM Gd-DOTA (Macrocyclics).
30 pL solution was then packed in the center of a 3.2 mm Siz3Ny rotor using Kel-F spac-
ers. One of the Kel-F spacers was packed with KBr for temperature calibration. In this
paper, all the reported temperatures are calibrated by measuring the spin lattice relax-
ation time of ™Br in KBr,[176] unless mentioned otherwise. Specially designed Vespel
caps with Dyneema fiber reinforced plastic inserts that expand at low temperatures were
used to ensure the tightness of the caps at low temperatures and easy removal at room

temperature. [177, [178]

ULT NMR experiments were conducted using a 600MHz ECZ600R solid-state NMR,
spectrometer equipped with a closed-cycle helium MAS system (JEOL RESONANCE
Inc.). A CH double-resonance ULT MAS NMR probe was used for NMR experiments
and was cooled by the heat exchanger (figure[7.1)). The Q-factors of the 'H and '3C coils

were measured at variable temperatures (room temperature to 30 K) and are reported
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in table [7.1 The nutation frequencies of the 'H and '*C channels were also measured
at different temperatures (100-26 K) and are recorded in table [7.2 All the NMR ex-
periments shown in this paper are conducted with an MAS of 7 kHz, unless mentioned

otherwise. Further evaluations of the system can be found in the instrumentation section.

Pulse sequences used for NMR experiments are shown in figure . 'H NMR sig-
nal was measured after a direct 7/2 pulse (figure [7.2A). A buildup time of D; = 7 s
was used unless mentioned otherwise. 13C CP-MAS experiments were acquired using the
pulse sequence shown in figure . In 13C CP-MAS experiments, buildup time D; = 7 s

was applied and Spinal64 'H decoupling pulse with > 80 kHz decoupling power was used.

Figure 7.1: Left: Picture of the 14.1 T JEOL magnet and the heat exchanger unit.
Right: Picture of the helium circulation unit.

Table 7.1: Q-factor of 'H and '*C RF Coils
Temperature (K) | RT | 80 | 30
'H Q-factor 243 | 468 | 709
13C Q-factor 134 | 269 | 358
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Table 7.2: Nutation Frequencies of 'H and '3C RF
Temperature (K) 98 85 70 60 50 40 26
"HRF 35 W (kHz) | 104.2 | 104.2 | 108.7 | 113.6 | 113.6 | 119.0 | 125.0
IBCRF 36 W (kHz) | 56.8 | 58.1 | 59.5 | 59.5 | 62.5 | 62.5 | 65.8

A. 'H direct B. 'H-*C CP
2 w2 n/2 /2
H E II D1=7s I\M 1HE Ij D1 I CP Spinal64
J=20 |V Ji=20
13C ’{hﬂn

v
Figure 7.2: NMR pulse sequence for A. 'H direct detection, B. 13C CP-MAS.

7.3 Results and discussion

7.3.1 'H NMR

A typical hydrated bio-solid sample prepared for ULT NMR/DNP contains target
samples, a glassy matrix, and paramagnetic centers as is shown in figure [7.3A. In this
study, a typical glassy matrix, DNP Juice (ds-glycerol/ DoO/ HoO = 6/3/1, v/v/v), was
used mainly for three purposes: 1) protect the sample at freezing conditions, 2) dissolve
the paramagnetic centers, and 3) provide a spin diffusion network for future ULT DNP
studies. We chose two bi-radicals, AMUPol and TEMTriPol-1, as the paramagnetic cen-
ters. The chemical structure of AMUPol and TEMTriPol-1 can be found in figure [7.3[B
and [7.3[C, respectively. The main purpose of doping the bi-radicals is to enhance the
nuclear longitudinal relaxation time (T;) for cutting down the experimental repetition

time. The effects of relaxation enhancement will be discussed in later sections.

One of the major benefits of operating NMR at ULT comes from the Boltzmann dis-
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Figure 7.3: A. Sample composition. Electrons (e) in the bi-radicals, oxygen in HzO,
'H nuclei in HyO, and target sample are represented in green, blue, red, and grey,
respectively. e-e couplings, e-n couplings, and n-n couplings are marked in green
lines, yellow arrows, and purple arrows, respectively. B. AMUPol chemical structure
(e is highlighted in green). C. TEMTriPol-1 chemical structure (e is highlighted in
green). D. Steady state 'H signal intensity, normalized by what was achieved at 100
K, was plotted as a function of temperature. 'H signal was measured with hydrated
Ala samples doped with 10 mM AMUPol (blue), 10 mM TEMTriPol-1 (green), and
no radicals (purple). Signal enhancement from Boltzmann factor is calculated and
plotted as the dashed grey line.

tribution favored at low temperature, noted as the Boltzmann factor in the paper. We
started our investigation by measuring the 'H NMR signal intensity in order to confirm

the benefits of Boltzmann factor at ULT.

The steady state 'H NMR signal of the sample was calculated to be the area of the

'H signal at 5 x T}, where the following equation was used:

Cl — OQ X 65(]p(-5 X Tl/Tl)
Cl — CQ X 6(L’p<—D1/T1)

Areagieqay = Areap, X (7.1)

In the equation, Areagqqy is the calculated NMR signal area at the steady state and
Areap, is the measured signal area with Dy = 7s. C) — Cy X exp(—7/T}) is obtained
through fitting the saturation recovery experiment at the corresponding temperature,

where C and Cy are constants. Figure [7.3D shows the temperature-dependent steady
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state 'H signal area normalized by what was measured at 100 K. The dashed grey line
is the 'H NMR signal sensitivity gain calculated from the Boltzmann factor. Normal-
ized steady state 'H NMR signals for the hydrated bio-solid samples doped with 10 mM
AMUPol, 10 mM TEMTriPol-1, and no radical are plotted as blue, green, and purple,
respectively. Overall, from 100 K to 25 K, the steady state 'H NMR signal enhancements
for the three samples follow the Boltzmann factor, where a signal intensity gain of ~ 400

% is obtained at 25 K compared with 100 K.

To be noted, the RF circuit’s quality factors (Q) also contribute to the ULT NMR
sensitivity enhancement as NMR signal sensitivity is proportional to v/Q.[?] With the
current probe, a sensitivity improvement could be achieved by a factor of 1.71 for 'H and
2.67 for 13C at 30 K compared to at room temperature (table[7.1)). However, the current
'H NMR sensitivity enhancement is lower than the product of Boltzmann factor and Q
factor gains at ULT, of which the reason is not fully understood. In addition, the noise
levels did not change significantly because the thermal noise from the RF coil is not a
major factor compared to the noise from the room-temperature preamplifier. For future
development, adding and cooling a preamplifier in the probe will increase signal-to-noise

ratio considerably.

7.3.2 1BC CP-MAS

We then examined the benefit of ULT for 13C CP-MAS experiments, especially for
bio-solids that are highly methyl-bearing. Here Ala (figure [7.4)A) was chosen to probe
the influence of ULT NMR on samples with CH3 groups. The paramagnetic center we

used for this series of studies was 10 mM AMUPol.
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Figure 7.4: A. Chemical structure of Alanine, where the CO, CA, and CHj are marked
with blue, red, and yellow circles, respectively. B. 13C CP-MAS spectra of Ala from
100 K to 28 K. Spinning side bands are marked in * and solvent glycerol peaks are
marked in #. C. 3C CP-MAS CO and CH3 peak area measured at variable temper-
atures. CP mixing times are optimized for CO and CHg separately. D. Normalized
signal intensities for CO, CA, and CHjs as a function CP mixing time at variable
temperatures (from 100 K to 28 K). The solution was doped with 10 mM AMUPol.

Figure displays the 13C CP-MAS spectra of Ala measured at variable tempera-
tures from 100 K to 28 K. A decrease in the signal intensities for all the three 3C sites in
Ala is observed as temperature goes down from 100 K to 28 K. Figure [7.4C displays the
signal area of the CO (blue) and CHj (yellow) peaks at variable temperatures from 100
K to 28 K, where the signal intensities are normalized to what was acquired at 100 K.
Signal enhancement due to the Boltzmann factor is also plotted as the grey dashed line.
We observed that lowering the temperature from 100 K to 28 K leads to signal enhance-
ment by 400% for the *C in the CHs group, which is notably higher than the increment
in the Boltzmann factor (357%). In contrast, the *C in the CO group shows a similar
signal enhancement at 28 K compared to the Boltzmann factor. We ascribe the large

signal enhancement in the methyl group *C at 28 K to the improved efficiency of the
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CP-MAS due to reduction in methyl proton hopping rate. In addition, a drop in signal
intensity ~ 80 K was observed for both CO and CHj sites. This was previously observed
and discussed by Ni et al., where the signal reduction is attributed to the methyl group

dynamics interfering with 'H decoupling around 110-80 K. [165]

13C CP-MAS experiments of methyl-bearing bio-solids also benefit from the choice of
CP mixing time. A series of temperature-dependent Ala '3C sites’ signal intensities was
recorded as a function of CP mixing time and is displayed in figure[7.4D. The signals from
CO, CA, and CHj sites are shown in blue, red, and yellow crosses, respectively. At 100 K,
the optimum CP mixing time for the CO site is 2.5 ms while the signals for CA and CHj
sites already started decreasing with the mixing time greater than 0.5 ms. As tempera-
ture decreased to 28 K, the optimum CP mixing time for all three sites has increased. In
addition, signals for CA and CHj sites did not decrease with long CP mixing time up to
2.5 ms. In general, the optimum CP mixing times for CO are much longer than for CHjy
due to the weaker 'H-'3C coupling in the former case. However, under the long spin-lock
pulse required for CP, the methyl protons tend to relax due to their faster relaxation
rates in the RF frame (T;,) at 100 K. Thus, a compromise between optimum CP for CO
and methyl carbons has to be made typically at temperatures > 50 K. At ULT, this is-

sue is resolved because the methyl protons hopping rate is significantly slowed down. [175]

In conclusion, operating *C CP-MAS of high methyl-bearing sample at ULT has
major three benefits. First, NMR signal intensity benefits from the Boltzmann factor
and @ as temperature goes down. Second, methyl group dynamics have been greatly
impaired at temperatures below 50 K, providing higher CP efficiency. Third, optimum
CP for both methyl group and non-methyl group carbons can be achieved with long CP

mixing time at ULT while a compromise has to be made at higher temperatures.
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7.3.3 HT,

Table 7.3: 'H T; at variable temperatures measured using >*C CP-MAS saturation recovery

Temperature (K) RTe [ 100° | 100 | 85 | 50 [ 30
No Radicals (s) 1.6 - 1 93.5193.6 | 85.2 | 254.7

10 mM AMUPol (s) - |41 [ 515657 56

10 mM TEMTriPol-1 (s) - 1823|2426 32
20 mM 4-Amino TEMPO (s) | - - [ 135]21.1]26.0] 31.8
14.3 mM Gd-DOTA (s) - - | 5262 ] 77| 128

a: Measured for [U-'*Clalanine crystal packed in a 1 mm rotor under 600 MHz JEOL
NMR. MAS was 7 kHz.

b: Measured using a 3.2 mm HX probe under 400 MHz Bruker DNP-NMR spectrometer.
MAS was 7 kHz.

T, is another important factor that determines the signal per unit time. At ULT,
some samples can have very long Ty, leading to long experimental repetition time and
low sensitivity. Generally paramagnetic centers are added to reduce the T;. In this study,
AMUPol, TEMTriPol-1, 4-Amino TEMPO, and Gd-DOTA were examined to reveal the
plausible mechanism of nuclear T; relaxation enhancement. *H T, was measured through

13C CP-MAS experiments and the fitted values are recorded in table (7.3

Without any radical addition, 'H T; increased significantly from 93.5 s to 254.7 s
when temperature was cooled down from 100 K to 30 K. 'H T; of [U-'3CJalanine solid
crystals at room temperature was also provided as a reference. With 10 mM AMUPol
addition, 'H T, has been significantly shortened to ~ 6 £ 1 s compared with no radical
addition. One of the popular mechanisms for explaining the T, relaxation enhancement is

the Paramagentic Relaxation Enhancement Effect (PRE). According to PRE theory, the
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A. No Radical B. 10 mM AMUPol C. 10 mM TEMTriPol-1 D. 20 mM 4-Amino TEMPO E. 14.3 mM Gd-DOTA
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Figure 7.5: 'H NMR spectra of the solvent 'H measured at 100 K (black), 85 K
(yellow), 50 K (red) and 30 K (blue). 7 s buildup time was used for all the displayed
spectra. Different relaxing agents are used in the solvents: A. no radicals, B, 10 mM
AMUPol, C: 10 mM TEMTriPol-1, D: 20 mM 4-Amino TEMPO, and E: 14.3 mM
GdDOTA.

nuclear relaxation was enhanced by providing an external magnetic field fluctuation near
the nuclear sites. In solids, the PRE rates are given by Solomon-Bloembergen-Morgan

(SBM) expressions, where the equations can be found below:

Tipre 154« 76 14+ w272 14wt '

11 1 1
= —+—+— (7.3)

Tel Tle Tr T™

1 1 1 1
= — 4+ — 7.4
Te2 TQe * Tr * ™ ( )

From the equations, it is known that efficiency of PRE is related to many factors, such
as the paramagnetic dopant concentration reflected in the e-n distance r, spin angular

momentum (S), e relaxations rates (71, and T5.), rotational motions (7,.), and chemical
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exchange rate (7). In addition to PRE, there is another possible relaxation enhance-
ment mechanism involved in the AMUPol radical, where the a.f8.c, and S.a.5, states
flip simultaneously during energy level crossings addressed as triple-flip in this paper.
This triple-flip driven T4 enhancement was first discussed by Houten et al. in 1977.[179]
They observed a significant decrease in the 'H Ty time of the (Cu,Zn)Csy(SO4)2-6(H,D),0
crystal whenever the rotating crystal orientation provided EPR frequencies that matched
the simultaneous triple-flip condition we; — weo = wig. Such a matching condition is also
the resonance condition for Cross Effect (CE) DNP. The triple-flip driven nuclear re-
laxation enhancement mechanism was later investigated by Leavesley et al., where 'H
T, was measured for glycerol-water mixture doped with a series of mono-, bi-, tri-, and
dendritic-nitroxide radicals.|29] They observed that a stronger e-e coupling can lead to a

shorter solvent 'H Tj.

In order to verify the T; enhancement mechanism, we measured the 'H T; of hydrated
Ala sample doped with a mono-nitroxide radical, 20 mM 4-Amino TEMPO. Such a sys-
tem was chosen as a comparison to the 10 mM bi-nitroxide radical AMUPol, where the
20 mM global e spin concentration was maintained. Overall, the 'H T; of sample doped
with 4-Amino TEMPO is much longer than with AMUPol, indicating that e-e coupling
is important in the mechanism that relaxes 'H T, with bi-radical addition. Since the
conventional definition of PRE doesn’t include the e-e coupling term (SBM expressions
in SI), we can already conclude that the triple-flip mechanism is playing a significant
role in the 'H T; enhancement. More importantly, 'H T; in solvent doped with 4-Amino
TEMPO increased significantly from 13.5 s to 31.8 s as the temperature cools down from
100 K to 30 K while 'H T remains similar when AMUPol was added. This observation
can be explained by the theory of PRE and triple-flip in CE DNP, where the temperature

dependent e relaxation rates have a large impact on PRE efficiency but very little impact
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on the simultaneous triple-flip.

A typical PRE agent Gd-DOTA was also examined to further explore the benefit
of using the triple-flip mechanism for nuclear T; enhancement rather than simply using
PRE. It is already established that the solvent T depends on the Gd-DOTA concentra-
tion. Based on the study from Ullrich et al., 14.3 mM Gd-DOTA would result in a 'H
T, reduction of 88.4 s [I80], resulting a 'H T; of 5.1 s at 100 K (93.5s — 88.4s = 5.1s)
in our system theoretically. Experimentally, we measured a 5.2-s 'H T; of sample doped
with 14.3 mM Gd-DOTA at 100 K. As temperature goes down to 30 K, the 'H T has
increased to 12.8 s, longer than what was measured for sample doped with AMUPol
(5.6 s). This observation further strengthened the argument that the triple-flip drive
relaxation enhancement mechanism could potentially be better than conventional PRE;,

as the triple-flip mechanism has shown lower temperature dependence.

We further explored the relationship between the efficiency of triple-flip mechanism
itself and the nuclear T enhancement. 'H T, of sample doped with 10 mM TEMTriPol-1
radical was measured to be only 2.3 s at 100 K, even shorter than what was measured with
AMUPol. The 'H T; only increased to 3.2 s upon cooling down to 30 K. With the com-
mercial Bruker 400 MHz DNP-NMR system, 'H T; measured with 10 mM TEMTriPol-1
is only 1.8 s at 100 K, still much shorter than what was measured with AMUPol (4.1
s). It is known that the efficiency of triple-flip in TEMTriPol-1 radical is higher than
that of AMUPol as simulated by Equbal et al..[I81] Our observation suggests that higher

triple-flip efficiency can enhance the T, relaxation more.

Next, we compared the 'H NMR signals of all the five samples, shown in figure [7.5]

The set of experiments was acquired using D; = 7 s and 4 scans. This comparison takes
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into account of all the factors that can enhance/attenuate NMR signal intensity, such
as Boltzmann factor, Q factor, T;, paramagnetic quenching,|[?] and the depolarization
effect.[45] Among all the samples, Ala solution doped with TEMTriPol-1 has the highest
NMR signal intensity across a large range of temperatures from 100 K to 30 K. This
observation suggests that TEMTriPol-1 is not only a radical that can provide high CE
DNP enhancement [25] [8T] but also a good nuclear Ty relaxing agent with less impairment

in the NMR signal.

7.3.4 Spectral linewidth

A. 10 mM TEMTriPol-1 B. 14.3 mM Gd-DOTA

FWHM FWHM

30K * 30K
100K 100K

40 30 20 10 0 40 30 20 10 0
13¢ Chemical Shift (ppm) 3¢ Chemical Shift (ppm)

Figure 7.6: 13C CP-MAS of CHj3 in Ala measured at 30 K (black) and 100 K (green)
with the addition of paramagnetic centers: A: 10 mM TEMTriPol-1, B: 14.3 mM
Gd-DOTA. The spinning side bands were marked in *.

Spectral resolution is another critical factor in bio-solid NMR applications. In this
paper, spectral resolution is reflected by the full width at half maximum (FWHM) of
the CH3 peak measured using *C CP-MAS, as recorded in table Without radical
addition, as temperature decreases from 100 K to 30 K, FWHM of '3C signal in CHj
increases from 3.3 ppm to 3.9 ppm. The significant increase of FWHM to 4.3 ppm at 85

K results from interference between the methyl group rotation frequency and 'H decou-
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Table 7.4: CHs3 Peak Full Width at Half Maximum (FWHM) at Variable Temperatures
Measured Using *C CP-MAS (20 Hz line broadening was applied)

Temperature (K) 100* | 100 | 85 | 50 | 30

No Radicals (ppm) - 331433739

10 mM AMUPol (ppm) 47 | 3.8 | 45|38 4.0

10 mM TEMTriPol-1 (ppm) 46 | 3.7 | 45| 3.7 4.0
20 mM 4-Amino TEMPO (ppm) | - | 3.6 | 3.8 3.9 | 4.2
14.3 mM Gd-DOTA (ppm) T 40 | 49|44 |48

a: Measured using a 3.2 mm HX probe under 400 MHz Bruker DNP-NMR spectrometer.
MAS was 7 kHz.

pling, as already discussed previously.[165] With the addition of 10 mM AMUPol, at 100
K the FWHM increases by 0.5 ppm compared with no radical addition, while at 30 K
FWHM only increases by 0.1 ppm. Compared with that of no radical addition, the line

broadening with the addition of 10 mM AMUPol is insignificant at 30 K.

With the addition of 10 mM TEMTriPol-1, FWHM values are similar to that of 10
mM AMUPol. This suggests that the increase in the triple-flip efficiency does not increase
the spectral linewidth further. However, with the addition of 20 mM 4-Amino TEMPO,
FWHM increases from 3.6 ppm to 4.2 ppm from 100 K to 30 K, which is much larger
compared with that of no radical addition. The increase in linewidth at ULT is even more
severe with doping the PRE agent Gd-DOTA, where the FWHM has increased from 4.0
to 4.8 ppm. Figure shows the overlaid normalized *C CP-MAS spectra of CHs in Ala
measured at 30 K (black) and 100 K (green), where the effects of line broadening doped
with TEMTriPol-1 (figure [7.6]A) or with Gd-DOTA (figure [7.6B) are compared side by
side. The spectral linewidth of the CH3 peak has a much more significant increase when
doped with Gd-DOTA compared with TEMTriPol-1. This observation suggests that the

PRE agent might cause more severe line broadening compared with triple-flip radicals,

121



Solid-State MAS NMR at Ultra Low Temperature of Hydrated Bio-solids Doped with DNP
Radicals Chapter 7

which is another great advantage of using triple-flip radicals as the paramagentic centers
for ULT NMR experiments. However, more rigorous examinations are required to un-

derstand the line broadening effects from PRE and triple-flip mechanism.

7.4 Conclusion

In conclusion, the JEOL closed-cycle helium MAS system has allowed efficient cooling
and stable spinning (tested from 1.5 kHz to 12 kHz) under variable temperatures (tested
from 25 K to 105 K) with little helium consumption. Using this system, we have system-
atically examined the ULT NMR properties of a hydrated bio-solid, [U-'3C]alanine (Ala)
dissolved in dg-glycerol/DsO /HoO (DNP Juice) solution doped with paramagnetic cen-
ters. Steady state 'H NMR signal at ULT has shown a similar signal intensity increment
compared with the Boltzmann factor. ULT NMR benefits signal sensitivity through many
aspects: Boltzmann factor, increasing in the quality factor of the RF circuitry as well as
the reduction of spin dynamics such as methyl group rotation. At 28 K, *C CP-MAS
signal for the methyl *C in Ala has achieved a signal enhancement of 400% compared
with signal at 100 K, which is higher than the contribution from the Boltzmann factor
(357%). This signal enhancement was ascribed to the improved efficiency of the CP due
to reduction in methyl proton hopping rate. In addition, at ULT, an optimum CP mixing
time can be chosen to achieve high CP efficiency for both CO and CHj carbons while a

compromise has to be made at higher temperatures (> 50 K).

It is also worth noting that the choice of paramagnetic centers can significantly influ-
ence the nuclear T, relaxation enhancement. 'H T, has shorten significantly from 254.7

s to 3.2 s at 30 K with the addition of 10 mM TEMTriPol-1, a radical known to provide
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efficient Cross Effect (CE) DNP enhancement at high field and under fast magic angle
spinning. The efficient T relaxation enhancement using TEMTriPol-1 is due to not only
the paramagnetic relaxation enhancement (PRE) effect but also the triple-flip driven
relaxation enhancement. The higher efficiency of the triple-flip can result in greater nu-
clear T, relaxation enhancement. More importantly, the linewidths of the 3C CP-MAS
spectra for Ala doped with triple-flip radicals are not further impeded at ULT compared
with that at 100 K, suggesting that the prospects for NMR and DNP under ULT con-
ditions are highly promising. This observation provides a promising design principle for
future nuclear relaxation enhancement radical development. The developed radicals with

efficient triple-flip can also be a good candidate for future CE DNP applications.

123



Chapter 8

Prospective DNP Applications in

Inorganic and Biological Materials

8.1 Revealed Minor Species of Surface Silanol Groups
on Silica Nano-particles

Silica nano-particle plays an important role in heterogeneous catalytic systems, due
to its tunable surface properties by thermal treatment and chemical modification. Dur-
ing calcination, silanol groups (-SiOH) of silica nanoparticles on nearby silica sites un-
dergo dehydration to form siloxane groups (-Si-O-Si-). There are four kinds of sites
on silica surface, termed Q1, Q2, Q3, and Q4, corresponding to the number of silanol
groups decreasing from three to zero. With DNP enhanced NMR, we revealed that silica
nanoparticle after calcined at high temperatures of 1000 C can surprisingly still undergo
rehydration and form Q1 surface species (figure . This Q1 species is only ~ 1% of
the total surface sites meaning that the NMR active Q1 species is only 0.05% of the total

surface sites (*Si natural abundance is only 4.67%). Such a minor amount of Q1 species
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Figure 8.1: 'H-2Si cross polarization (CP) pulse sequence used for quantification of
the Q1 species on the silica surface.

could only be probed due to the sensitivity enhancement of the NMR signal though DNP.

8.2 Probe Tau Amyloid Fibrils Self-Assembly Inter-
mediates

Tau aggregation is involved in many neurodegenerative diseases, such as Parkinson’s
and Alzheimer’s diseases. Although the structure of tau aggregate has been solved using
cryo-EM and solid-state NMR,[182, [183] 184] the aggregation pathway is still elusive.
While understanding this pathway is indispensable for understanding Tauopathies, prob-
ing protein self-assembly intermediates is a big challenge. Using DNP enhanced NMR
at ultra low temperature, Tycko’s group in NIH has successfully captured a protofibril-
lar stage before Amyloid-F(Af) fibril formation.[I85] However, Tau aggregation is more
complicated than the AfS case as the full-length Tau peptide is around 10 times larger
than AS and it is an intrinsically disordered protein, making it difficult to obtain ho-

mogenous Tau fibrils as the first step.

Thus, the first stage of the project is to obtain homogeneous Tau fibrils in vitro con-
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Figure 8.2: NMR 2Si DNP-enhanced CP-MAS NMR spectra of the hydrophilic («OH
= 4.5 nm~2) silica nanoparticles. The spectra were recorded at 95 K in a solvent
prepared by mixing dg-DMSO, D20, and HsO in weight percentages of 78, 14, and
8, respectively. The blue line corresponds to the silica ~10 mins after immersion in
the aqueous NMR solution. The red curve corresponds to the silica after 16 hours in
1x PBS, the green curve after drying for 18 hours, and the magenta curve after 16
hours of rehydration in 1x PBS. The inset shows the peak (or lack thereof) at -74
ppm, which corresponds to the Q1 signal. The Q1 signal comprises 1.4 % of the total
integration of the red curve, and 2.7 % of the magenta curve.
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Figure 8.3: Tau peptide fragment used here was *>GKVQIINKKLDL?* with the
271K and 283D residues uniformly labeled with '*C and '°N. 1 mg tau fragment was
aggregated using heparin (15 kDa) with the concentration of peptide:heparin = 4:1.
The fibril was then lyophilized and resuspended in 30 ul.. DNP Juice with 10 mM
AMUPol radical dissolved. Sample was packed in a 3.2 mm Bruker sapphire DNP
rotor. The spectra were acquired suing 3C CP-MAS using a 400 MHz Bruker DNP
system operating at 95 K. The buildup time used in the set of experiments was D1
= 10 s and the number of scans is 4. Blue spectra was acquired with pyw irradiation.
Red spectra was acquired without pw irradiation as a comparison. DNP enhancement
was calculated to be ~ 150.

dition. Using the Bruker 400 MHz DNP system operating at 95 K, we have reported
large DNP enhancement of 150 for an aggregated Tau fragment (figure . Once ho-
mogeneous fibrils are produced, we would be able to utilize the large enhancement and

reveal the intermediate stage.
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8.3 Denoise the PR Transmembrane Protein DNP
Spectra

Proteorhodopsin (PR) is a light-driven proton transport pump which belongs to the
family of eubacterial retinal proteins. PR contains a highly conserved histidine site,
His75, that directly interacts with PR’s primary proton acceptor, Asp97, and is consid-
ered a “switch” in the proton transport. The hydrogen bond interaction between His75
and Asp97 has been suggested to stabilize the protonated form of Asp97, and hence
increase the pKA of Asp97 (pKAD97). Previously our group has found that the electro-
static environment of PR embedded in liposomes, modulated by the ion concentration
and type in the buffer and/or the net charge of liposomes, can directly toggle this ap-
parent pKAD97 value significantly.[I86] However, the reason why the intrinsic pKAD97
is altered by the electrostatic environment is not understood. DNP enhanced NMR has
been applied to reveal the atomic-level structural rearrangements of PR upon changing
electrostatic environment. DNP has provided an enhancement of 11, which requires fur-
ther optimization of the sample preparation method. In addition, the signal sensitivity
is also intrinsically limited by the protein sample loading amount and the amount of His

sites in the PR protein.

In addition to the efforts in DNP radical optimization, wavelet denoising methods were
applied to further overcome the low sensitivity issue. Figure shows the C CP-MAS
spectrum upon applying wavelet denoising (green line). The DNP spectrum with 100 Hz
exponential decay line-broadening window function (maroon line) and spectrum with-
out line-broadening (grey line) were overlaid for comparison. With the wavelet denoising
methods applied, the noise level of the DNP spectrum is significantly reduced. Moreover,

using wavelet denoising instead of line-broadening function, the spectral linewidth is not
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Figure 8.4: 3.5 mg [U-'*C]PR was prepared with POPC/POPG (80/20, mol/mol)
membrane in a solvent with DoO:HsO = 3:1. The ratio of PR protein to lipid is
1:50. Dgglycerol was added to the solution and result in a solvent mixture with the
ratio dgglycerol:DsO:HoO = 6:3:1. 10 mM AMUPol was dissolved for DNP experi-
ments. Sample was packed in a 3.2 mm Bruker sapphire DNP rotor. The spectra
were acquired suing *C CP-MAS using a 400 MHz Bruker DNP system operating at
95 K. The buildup time used here was D1 = 2 s. Blue spectra was acquired with pw
irradiation with 16 scans. Red spectra was acquired without pw irradiation with 1280
scans as a comparison. DNP enhancement was calculated to be ~ 11.
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Figure 8.5: Acquired PR DNP spectra figure was compared using different pro-
cessing methods. Grey line shows the spectrum without applying line-broadening
window functions or denoising methods. Maroon line displays the result with 100
Hz exponential decay line-broadening function applied. Green line is after applying
wavelet denoising without line-broadening functions. A shows the PR, DNP spectra.
B displays the spectra zoomed in to the region corresponding to CO chemical shift.

impaired as shown in figure [8.5B, which is another great advantage of applying denoising

in DNP signal processing. Further more, methods to denoise multi-dimensional DNP

spectra are under development.
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Chapter 9

Conclusion and Outlook

In conclusion, understanding DNP mechanism is essential in the field of DNP methods
development to push the DNP enhancement close to the theoretical limit in the exper-
imentally crucial high By and fast magic angle spinning regimes under a large range of
temperatures. I have shown that it is incomplete and sometimes misleading to diagnose
DNP mechanisms using only NMR signal enhancements as a function of pyw irradiation
parameters such as resonance frequency, power, and irradiation time. As the efficiency
and viability of DNP mechanisms rely heavily on the electron spin properties of the
polarizing agent (PA), characterization of electron spin parameters is critical to under-
stand and improve DNP mechanisms. Herein, a technical workflow of diagnosing DNP
mechanisms and improving their efficiencies was developed and standardized, where DNP
experiments, electron paramagnetic resonance (EPR) measurements and quantum me-

chanical simulations are all involved.

In this workflow, continuous wave and pulsed electron paramagnetic resonance (EPR)
spectrometers at various fields (from 0.35 to 7 Tesla) were used to measure the EPR line-

shapes, electron spin relaxation rates, and the electron spin polarization profiles under
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uw irradiation obtained by pump-probe experiments. These experiments are vital to
gain insight into the electron spin dynamics as well as the electron-electron coupling net-
work and its effect on DNP mechanism efficiencies. For example, Cross Effect (CE) and
Thermal Mixing (TM) DNP mechanisms can be diagnosed and optimized with the help
of EPR spectroscopy to reveal the dynamics of the coupled electron spin system under
operational DNP conditions. Pump-probe electron-electron double resonance (ELDOR)
experiments can directly diagnose the polarization gradient generated by (shaped) pw ir-
radiation; predict the efficiency of triple (e-e-n) flip processes; determine the extent of the
e-e¢ coupling network; and identify characteristic signatures of the underlying DNP mech-
anisms. Such diagnostic capabilities will be key to rational development of effective high
field DNP methods. Such capabilities to diagnose the properties of the coupled electron
and nuclear spin network are critical to utilize and apply TM using strongly coupled nar-

row line radicals that we believe is one of the most promising approaches for DNP.[54] 65]

Quantum mechanical simulation is another important part in this workflow as it offers
a unique handle to selectively monitor the effect of different spin dynamics parameters
and to dissect and understand DNP at a microscopic level. DNP is a complex process
involving a multitude of interconnected parameters and events that occur on nanosecond
timescales. As such, it is impossible to individually tune the effect of a single parameter
experimentally, e.g., the coupling strength or type (dipolar or J coupling) or the micro-
scopic, time dependent processes that lead to the build-up of bulk DNP enhancements.
However, insight into these factors can be gained from fully quantum mechanical analy-
sis of spin dynamics underlying DNP, which can in turn assist in the design of efficient

PAs or new puw pulse schemes to maximize DNP under desirable experimental conditions.

Using this workflow, I have further optimized CE DNP efficiency through tuning the
132



Conclusion and Outlook Chapter 9

e spin density by altering the ratio of mixed TEMPO and Trityl line radical.[27] By in-
creasing the TEMPO:Trityl radical ratio from 1:1 to 2:1, I observed a DNP enhancement
rise of 94% and 30% at static and spinning condition, respectively, in addition to much
faster polarization buildup rate. With the help of quantum mechanical simulation, I
have proposed a new CE radical design principle,electron spin density matching, which
is tuning the composition of a mixed broad and narrow-line radical to boost the DNP
efficiency. This workflow is also used to discover new DNP mechanisms. The discov-
ery of a truncated CE DNP NMR that has the features of an Overhauser Effect (OE)
DNP is a good example.[I52] The apparent OE DNP, where minimal gyw power achieved
optimum enhancement, was observed when doping Trityl with a pyrroline nitroxide rad-
ical that possesses electron withdrawing, tetracarboxylate substitutes (tetracarboxylate-
ester-pyrroline or TCP) in vitrified water/glycerol at 6.9 T and at 3.3 to 85 K, in apparent
contradiction to expectations. While the observations are fully consistent with OE, we
discovered that a truncated CE is the underlying mechanism, owing to TCP’s shortened
Ti.. Quantum mechanical simulation is used to demonstrate that a crossover from CE
to truncated CE can be replicated by simulating CE of a narrow-line (Trityl-OX063) and
a broad-line (TCP) radical pair, with a significantly shortened T}, of the broad-line rad-
ical. In addition to this study, we used this workflow and observed a surprising 'H TM
DNP with high concentration narrow-line radicals Trityl and BDPA.[54] [65] TM DNP
diagnostic signatures have been experimentally ascertained by us that have only been
theoretically predicted previously. The TM DNP signatures are: i) an EPR spectrum
that maintains an asymmetrically broadened EPR-line from strong e-e couplings, and ii)
hyperpolarization, i.e. cooling, of select electron-spin populations manifested in a char-
acteristic pump-probe ELDOR spectrum under DNP conditions. In this TM DNP study,
quantum mechanical simulations using a spatially asymmetrically coupled three electron

spins and a nuclear spin demonstrated that triple-flip DNP, with hyperfine fluctuations
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turned off, can yield the 'H DNP profile as observed with Trityl or BDPA depending on
the e-e coupling network. Low microwave power requirements, high polarization transfer

rates and efficient DNP at high magnetic field By are key benefits of TM DNP.

Instrumentation development is also critical for DNP methods development. Achiev-
ing MAS DNP/NMR experiments at ultra low temperature (ULT) (< 100 K) have
demonstrated clear benefits for obtaining large signal sensitivity gain and probing spin
dynamics phenomena at ULT. However, ULT DNP/NMR is not widely used, given lim-
ited availability of such instrumentation from commercial sources. In this work, I present
a comprehensive study of hydrated [U-'*Clalanine, a standard biosolid sample, from the
first commercial 14.1 Tesla NMR spectrometer equipped with a closed-cycle helium ULT-
MAS system. The closed-cycle helium MAS system provides precise temperature control
from 25 K to 100 K and stable MAS from 1.5 kHz to 12 kHz with little Helium gas
consumption. The *C CP-MAS NMR of [U-'*C]alanine showed 400% signal gain at 28
K compared with 100 K. The ULT NMR sensitivity enhancement results from the Boltz-
mann distribution favored at low temperature, radio frequency circuitry quality factor
improvement and the suppression of Alanine’s methyl group rotation. 'H T, of H,O in a
ds-glycerol/ DO/ HoO mixture is dramatically shortened from minutes to a few seconds
with the addition of 10 mM biradicals (AMUPol or TEMTriPol-1) due to allowed e-e-n
triple flip transitions that also give rise to CE DNP. It is worth nothing that the '3C
spectral linewidth is not furthered broadened at ULT upon adding CE biradicals com-

pared with no radical addition.

With the current DNP mechanism improvement and instrumentation development,
the next step is to apply DNP in the characterization of biological and inorganic ma-

terials. With the enhancement of DNP, I showed that Q1 species (-Si(OH);) with the
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amount of ~ 1 % of the total surface sites was formed upon hydration. This was observed
using a natural abundance silica nano-particle sample, where the 2°Si natural abundance
is only 4.67 %. DNP has also provided a large enhancement of 150 with the isotope la-
beled Tau amyloid fibril fragment impregnated with water/glycerol solution with 10 mM
AMUPol dissolved in. However, better NMR spectral resolution is still needed for the
bio-solid NMR applications. In this regard, significant efforts have been devoted to obtain
high quality Tau amyloid fibrils that packed more homogeneously. Transmission electron
microscopy (TEM) and double electron-electron resonance (DEER) spectroscopy have
been used rigorously to reveal the fibril packing quality. In addition, wavelet denoising
is another on going project to further improve the NMR signal sensitivity and resolution

during the signal processing stage.
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Appendix: Instrumentation

A.1 DNP

A.1.1 Bruker 400 DNP-NMR

Bruker 400 MHz (9.4T) Dynamic Nuclear Polarization (DNP) NMR spectrometer
with a 25 W gyrotron microwave source (G-factor range from 2.0163777 to 1.9844550)
was used for DNP applications. The sample was cooled down to ~95 K using cold ni-
trogen gas. The sample can be spun up to 12.5 kHz. 3.2mm MAS DNP-NMR triple

resonance broadband X/Y/H probe was used for experiments.

A.1.2 Static 6.9 T Dual Pulsed DNP/EPR System

The cylindrical Teflon sample holder has the following dimensions: 7 mm o.d. and
outer height, with 0.5 mm thick walls. The sample holder was inserted into a 294 MHz
home-built inductively coupled Alderman-Grant 'H NMR coil,[77] with a silver-plated

mirror below the sample to increase the microwave B; field. The NMR probe insert
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consisting of a NMR coil and associated circuitry and a corrugated waveguide (Thomas
Keating Ltd) to transmit microwaves to the sample for DNP and EPR was top-loaded
into a custom-designed Janis STVP-NMR wide-bore cryostat. Continuous flow of liquid
helium was used to cool the cryostat and NMR probe insert to 3.3 K-200 K. All DNP
experiments were performed using a Bruker 300 Avance solid-state NMR spectrometer
at a field strength of 6.9 Tesla (T). Microwaves for DNP and EPR experiments were
produced from ss-microwave YIG sources (Microlambda and Virginia Diodes Inc), where
12 GHz irradiation passed through 16x amplification and multiplication chains (AMCs)
to reach =194 GHz. A home-built pulse forming network with arbitrary waveform gen-
erators (AWGs) at 12 GHz allowed for precise frequency and phase manipulation of
continuous wave (CW) and pulsed microwave irradiation.[77, 78] After amplification and
multiplication of the microwaves, quasi optics (Thomas Keating Ltd) were used to cou-
ple the microwaves in free space to the waveguide in the NMR probe insert, which were
then directed to the sample. For heterodyne EPR operation, a wiregrid polarizer in the
quasi optics was used to separate the elliptical reflected microwaves into induction and
reflection mode EPR signal. The two sources used for pump-probe type experiments
have orthogonal polarizations, thus one source would result in induction mode EPR sig-
nal at the heterodyne detector, while the second source would result in reflection mode
EPR signal at the detector. A receiver system (Virginia Diodes Inc) was used to collect
the 194 GHz EPR signal and down convert the EPR signal to a 3 GHz intermediate
frequency. This 3 GHz EPR signal was then mixed with a 3 GHz reference in an 1Q)
mixer to achieve phase sensitive heterodyne detection that is directly digitized. The mi-
crowave manipulation and synchronization with NMR detection schemes were controlled
by Specman4EPR. Additional descriptions of the hardware setup can be found in previ-

ous publications by the Han group.[77, [78, 47, 187, 103]
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A.1.3 MAS 6.9 T Pulsed DNP System

30 pL sample solution was blended with ~60 mg dry KBr for the purpose of temper-
ature calibration inside a zirconia rotor obtained from Revolution NMR, which has the
following dimension: 4 mm outer-diameter, 2.36 mm inner-diameter, and 46 mm axial-
length. The sample position was fixed at the center of the rotor using Teflon-inserts placed
at its both ends. The rotor was cooled down to 25 K with helium gas in the center, and
was spun with room temperature nitrogen gas on the side. The sample temperature
was calibrated by measuring the spin-lattice relaxation time of ™Br, as demonstrated
by Thurber et al..[I88] 189] Continuous-wave pw was irradiated from tuneable Virginia
Diode Inc. source, with a frequency range of 193-201 GHz and pw irradiation power
up to 350 mW, measured at right after AMC transmitter. The transmitted pw beam
was guided through QO bridge, and finally reached to the corrugated wave-guide inside
the 6.9 T wide bore magnet. The sample rotor (MAS-Stator) was located at the end of
the wave-guide. The design of the probe was an adaptation from the design of Thurber
et al..[188, [189] More detailed description can be found in a recent publication from Han

group. [45]

A.2 Low Field EPR

X-band CW: CW EPR experiments were operating at 0.35 T (10 GHz) (X-band
frequency) using a commercial Bruker EMX CW EPR spectrometer. Samples were pre-
pared in quartz capillaries (0.6 inner-diameter, 0.8 outer-diameter), and inserted into 3
mm EPR quartz tubes.

X-band ELEXYS: pulse EPR experiments at X-band (10 GHz) were conducted

with an ELEXYS 580 Bruker spectrometer with a liquid helium cryostat from Oxford
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Inc.. Samples were prepared in quartz capillaries (0.6 inner-diameter, 0.8 outer-diameter),

and inserted into 3 mm EPR quartz tubes.

Q-band ELEXYS: pulse EPR experiments at Q-band (34 GHz) were also performed
on an ELEXYS 580 Bruker spectrometer equipped with a liquid helium cryostat from
Oxford Inc. Quartz capillaries (0.6 inner-diameter, 0.8 outer-diameter) were also used for

sample preparation and were inserted into 3 mm EPR quartz tubes inside the resonator.

A.3 ULT MAS NMR with Helium Circulation

The JEOL ULT closed-cycle helium MAS system requires little helium gas for opera-
tion without losing helium during experiments. With the current probe design, the major
source of helium gas consumption is the sample exchange. In this process, the probe was
detached from the heat exchanger and was loaded with the sample rotor. Afterwards,
the probe was connected back to the magnet and was flushed with helium gas before
reattaching to the heat exchanger. In total, a 7-m? helium gas tank allows >15 times of

sample exchange process.

There are major two steps to cool down the sample: heat exchanger cooling and
probe cooling. During the first step, the heat exchanger was initially disconnected from
the probe. Helium gas in the heat exchanger was cooled with compressors and the
temperature was stabilized using internal heaters. It took ~4 h to cool down the heat
exchanger from room temperature to < 20 K. During the sample exchange process, the
heat exchanger was disconnected from the probe and the temperature was maintained

at the setting values. In the second step, the probe was connected back to the heat
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Figure A.1: A. Sample temperature (calibrated using KBr) as a function of time
during cooling and warming up at setting temperatures. B. Temperature measured
through the sensor near the sample position as a function of time during cooling and
stabilization. C. MAS as a function of time at different setting temperatures. D. MAS
as a function of time when temperature was stabilized at 26 K, 30 K and 50 K. Stable
MAS of 8 kHz +3 Hz at 26 K, 10 kHz 4+3 Hz at 30 K and 12 kHz +3 Hz at 50 K were
reached. E. Changing MAS from 1.5 to 8 kHz with a step size of 1-1.5 kHz at 28 K.
exchanger. Both the sample and probe were cooled by the cold bearing and drive helium
gas provided by the heat exchanger. Sample temperature was further regulated using

the heaters in the probe for bearing and drive helium. It took ~1 h for the sample

temperature to be brought down to and stabilized at the target value.

We then tested the efficiency of the warmup process and sample temperature stability.
Figure A shows that the sample temperature is stabilized from 28 K to 51 K within 0.5
h and from 51 K to 85 K within 1 h. Figure displays temperature sensor readings

at the sample position as a function of time. Upon stabilization, the sample temperature
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sensor reading only displays a fluctuation of up to & 0.142 K over a long duration (> 7 h).

Sample spinning using the helium circulation system was further evaluated. Figure
shows that the sample achieved stable 8 kHz MAS while changing the temperature
from 28 K to 51 K and 85 K. Further MAS stability tests were performed at different
temperatures, where stable MAS of 8 kHz + 3 Hz, 10 kHz + 3 Hz and 12 kHz 4+ 3 Hz
were achieved at 26 K, 30 K and 50 K, respectively (figure [A.ID). The MAS variation
was calculated using standard deviation for the 2-h duration. 8 kHz stable MAS at 26 K
was attained for more than 10 h. The helium circulation system also allows convenient
variable MAS speeds as shown in figure [A.TE. Stable MAS was achieved from 1.5 to 8
kHz within ~ 2 min of stabilizing time at each step. It is worth noting that the reported
MAS (8 kHz at 26 K, 10 kHz at 30 K and 12 kHz at 50 K) are not the maximum MAS
speeds the system can reach. With the current design, the maximum achievable MAS is
mainly limited by the capacity of the bellows compressors, where the bearing line bel-
lows compressor produces a maximum helium flow rate of 80 L/min and pressure of 270
kPa and drive line bellows compressor produce a maximum helium flow rate of ~ 120
L/min and pressure of 270 kPa. All the helium gas flow rates measured by us are using
the normal liter per minute (NLPM) standard. As a reference, using the Osaka system,
Matsuki et al. has reported maximum MAS speeds of 12 kHz + 5 Hz at 30 K and 14
kHz + 5 Hz at 60 K, where the reported MAS speeds are stable for days. [I61] With the
Grenoble system, Lee et al. achieved a maximum MAS of 17.5 kHz at 50 K. [164] The
maximum helium gas flow rates for the Grenoble system are: 250 L /min for bearing, 250
L/min for drive and 500 L/min for VT. The reported MAS stability for the Grenoble
system at 50 K with 7 kHz MAS is 4+ 50 Hz.

The evaluation results suggest that the JEOL ULT helium circulation system provides
141



Appendix: Instrumentation Chapter A

a stable MAS at variable temperatures. The cooling is efficient and requires low helium
consumption. The sample spinning speed is not coupled to temperature and can be easily
stabilized at different MAS rates. A future probe designed with sample exchange ability
is under construction for even more efficient cooling and less helium consumption. We
further explored the benefits of conducting MAS NMR experiments for hydrated bio-solid

samples under ULT using this setup.
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Appendix: Spin Labeling

B.1 Labeling Silica Nano-particle

1. Dehydroxylate silica nanoparticle (np-Si) under a certain temperature:

a. Weigh around 150 mg np-Si and use a tube furnace to perform dehydroxylation at

a certain temperature.

b. Condition of tube furnace: Heat the sample up 10 C/min to the target tempera-
ture and then maintain the temperature for 6 h. Then, cool the sample down 10 C/min.
N2 or Ar gas flow should be applied from the beginning to the end.

2. Functionalize silica:

a. Mix 20 mg np-Si with 2 mL. PBS Buffer (pH = 7.4). Stir under room temperature

for 16 h. The result concentration is 10mg silica/mL PBS.
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b. Add 1.1 L APDMES into silica solution. Stir for another 16 h under room tem-
perature. (Calculation is: add L= (3.12*¥10 ~)*m silica*SSA*nyp»/, where msilica is
the mass of silica sample in mg, SSA is the specific surface area of our sample in m?/g,

nygo is the desired amount of NH, in numbers of NHy/nm? | is the efficiency 0-1)

c. Separate the solution into two portions: one will be spin labeled, another one is

the control group. Centrifuge each portion at 8000 rpm/rcf 23 C for 4 min.

3. Spin label:

a. Add > 666 L 10 mM TEMPO solution (TEMPO dissolved in MES buffer 0.1 M,
pH = 4.5) into silica solution, which result in a concentration 20 times excess. For the
reference sample, just add 666 L. MES buffer. Vortex and sonicate the mixture until

suspended.

b. Add catalyst > 1.333 mL EDC+MES buffer (~ 50 mM, 8-10 mg/mL) solution to
the mixture. Store it in fridge to react 20 min (rotate the solution at the same time).

(EDC solution should only be made right before usage.)

c. Centrifuge the solution for 5 min at 8000 rpm/rcf 23 oC. Remove the solvent.

d. Wash the silica sample with 1 mL NaCl (15 mM) five times: 8000 rpm/rcf 23 C

for 4 min each time.

e. Mix the final sample with 42 L. NaCl (15 mM), Vortex and sonicate. Store the

final solution in fridge until Overhauser DNP measurements.
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B.2 Tau Fibrils for EPR Measurements

MTSL Labeling Peptides

a. Dissolve 1 mg peptide in 1 mL of 20 mM Ammonium Acetate (pH=7, fully deuter-
ated) and MTSL at a concentration 5 times the concentration of cysteines. Incubate the

solution at 4 C overnight or room temperature for 1 h.

b. Buffer exchange through a G-10 column twice into MTSL free buffer. Since G-10
elutes 1.2 mL but only takes 1 mL, the extra 200 ulL for the second run can be considered
as a lost. The instruction can be found from the instruction website using the gravity

protocol.[190]

Aggregating Spin labeled Tau Fibril

a. Spin labeled peptides are mixed with Cys-less monomer tau peptides resulting a
total concentration of 600 uM total peptide concentration and 6.6 % spin label concen-
tration in 20 mM Ammonium Acetate buffer (pH = 7, D,0O). 150 uM heparin (15 kDa)
was added to the 600 uM peptide resulting a 4:1 = peptide : heparin mixture. The whole

sample was incubated under 37 C overnight.

b. 60 uL tau 16 heparin fibril solution was purified through dialysis bag (12 kDa cut
off) at 4 C for 24 h. The solution outside the dialysis bag is also 20 mM Ammonium

Acetate buffer (pH = 7, D50). Concentrate the sample solution by 30-50% through

145



purging Ny gas.
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