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of DNP mechanisms as well as of the polarization transfer pathways that can lead to a uniform or selec-
tive spreading of polarization between nuclear spins. Furthermore, we cover historical and state-of-the
art aspects of dedicated instrumentation, polarizing agents, and optimization techniques for efficient
MAS DNP. Finally, we present an extensive overview on applications in the fields of structural biology
and materials science, which underlines that MAS DNP has moved far beyond the proof-of-concept stage

and has become an important tool for research in these fields.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Contents

B R o U o e LTt (o) s L PP 122
1.1.  Structure determination by solid-state NIMR. . . .. ...ttt e ettt e et ettt e e 122

B O ) 1 1 L T 0 T3] U 122

S R @0 o ol o ) )| 123

T4, SCOPE Of thiS TOVIBW . . .ottt ettt e e e e e e e e e 123

2. Mechanisms and transfer PathwWay s . . . ... ot e e e e 124
2.1. Initial DNP transfer: DNP MeChaniSIms . . . ... ..ottt ettt e e e e e e et ettt e e 124
20100 SOld effeCt . ..ot e e et 124

20120 CT0SS Of Ot . . ottt e e e e 126

2.1.3.  Overhauser effect in insulating SOLAS . . . . ... ..ottt e e e et e e 131

2.2. Integral DNP process: from electron spin to nuclear bulk . .. ... ... . i e 133
2.2.1.  General concepts and early desCriptions. . ... ...ttt ettt et e e e e e 133

2.2.2. Recent theoretical and experimental adVanCes . .. ... .. .... ittt ettt ittt et et et ettt 135

2.3. Utilization of enhanced polarization . . ... ... ... ... .ttt ettt et e e e 137
2.3.1. DNP build-up under microwave irradiation . . . . .. ... vttt et e e e e e e 137

2.3.2. Indirect vs. direct DN . . . ..o et 139

2.3.3. ACHIVE DNP PalWaY S . oottt ittt ittt et e e e e e e e e e e e e e e e e e 139

2.3.4. Pulse sequences for indirect or direct DNP read-0Ut . . ... ... ..ottt ettt et et et et et ettt 139

2.3.5.  Simultaneous indirect and direct DNP . . . . ... . e 139

2.3.6. Examples of NMR pulse sequences used for MAS DNP . .. ... .ttt ettt ettt e ettt 140

* Corresponding author.
E-mail address: corzilius@em.uni-frankfurt.de (B. Corzilius).
! These authors contributed equally.

http://dx.doi.org/10.1016/j.pnmrs.2017.06.002
0079-6565/© 2017 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.pnmrs.2017.06.002&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://dx.doi.org/10.1016/j.pnmrs.2017.06.002
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:corzilius@em.uni-frankfurt.de
http://dx.doi.org/10.1016/j.pnmrs.2017.06.002
http://www.sciencedirect.com/science/journal/00796565
http://www.elsevier.com/locate/pnmrs

A.S. Lilly Thankamony et al./Progress in Nuclear Magnetic Resonance Spectroscopy 102-103 (2017) 120-195 121

Enhancement Profiles . . ... ... . e e e e e 140
3.1. Development of fundamental DNP theory. . . . ... ...ttt ettt ettt et ettt et et ettt 141
3.2. Differences due to DNP mechanisms and polarizing agents. . . .. .. ...ttt ittt e ettt et et ettt et 141
32,1, SOld effeCt . ..ot e 141
3022 CT0SS Bf O . . ettt e e e e 142
3.2.3. OVerhauser @ffeCt . . ..ottt e e 143
3.24.  High-spin Metal 100S . . . ..ottt ettt e e e e e e e e e e e e e 145
3.3, INfOormation CONEEML . . ..ottt ettt ettt et et e et et e et e e e e e e e e e e e e e e e e e e e e 145
3.3.1. Identification of DNP MeChaniSIm . . . . . ...ttt ettt et et e e et et et ettt et ettt et 145
3.3.2. Multinuclear DNP. . .. oottt e ettt e e e e e 146
Y T oL = Lo (o) o L PP 147
4.1.  High-freqUenCy MICTOWAVE SOUICES . . . o\ vttt ettt ettt e ettt e e e et et e e e et et et e e e e e ettt ettt et e ettt eianns 147
S O R @7 o o) LY 147
O O 3 T Y01y o 148
4.2. Control of DNP matching CONAitionsS . . .. ... ...ttt et ettt et et e ettt e ettt ettt ettt et et 148
4.2.1. Magnetic field Variation . . . ... ... e e e e e 148
4.2.2. Microwave frequency tunability . . ... ... ..o e e 148
4.2.3. Fast microwave frequency Modulation. . . .. ... ...ttt ettt e e e e e et 148
0 T G 0T~ o) (ol Y P 148
43,1, NItrOZeN COOIME . . . o\ vttt ittt ittt e e ettt e e e e e e e et e et e e e e e e e 149
432, HellUm COOIME . . .ottt et et e et et e et et e et e e e e e 149
4.3.3. Fast MAS and Cryogenic tEMPETAtUIES . . . . ..o vv ittt et e et ettt et ettt et e e et e et ettt ettt et 149
4.4, DNP NMR probe and miCrowave tranSImiSSION . . . . ..ottt t et et e ettt et e et et e e et ettt ettt et et ettt 150
4471, Cryogenic Probe deSign . . ...ttt ettt et e e e e e e e 150
442, Microwave transmission from SOUICE t0 SAMPIE . . .. ...ttt vttt et ettt e e e e et ettt et 152
4.4.3. Inside the sample Chamber . . .. .. ... . e e e e e e e e e 152
POIATIZING AZOIIES . . o ot ittt ittt ettt et e e e e e e e e e e e e e e e e e e e e e e s 154
5.1. Radicals with narrow EPR line for solid effect DNP . . ... . ...ttt et e e ettt ettt 154
5.1.1. BDPA-type radiCals. . . .ottt e e e e e e 154
5.1.2.  Trityl-type radicals . . . ... o et e e e e e e e e e 155
5.2. Nitroxides and biradicals for cross effect DNP . . ... ... .ttt e e e e ettt e e 155
52,1, Monomeric TadiCals . . . ..ottt e e e e e e e e e e e 156
5.2.2. Nitroxide biradicals (and higher oligoradicals). . . ... ...ttt e et e et e e 156
5.2.3. Heterodimeric biradicals and MIXTUTES. . . .. . ..ottt ettt et et et et et e et et et 158
5.3.  Paramagnetic Metal 10MS. . . ...ttt ittt e et e e e e e e e e e 161
5.3.1.  Ce(Ill) and Cr(V): early @XPerimMeItS . . . ..o\ttt ettt et e ettt e e et e et et et et e e e ettt et ettt eeenanas 161
5.3.2.  Gd(III) and Mn(II) in chelate COmMPIEXES . . . . ..o\ttt et e ettt et ettt et et et et e e 162
5.3.3.  Cr(III) in crystalline SOLIAS . . . ..ottt ittt ettt e et e e e e et e e e e e 162
g T | = E o< P 163
6.1.  Build-up and depletion of the (enhanced) NMR signal. . .. ... ... . i it et e et et et 163
6.1.1.  Accelerated build-up of polarization dUring SE . . ... ... ... .ttt e e e e e e e 163
6.1.2.  Depolarization DY MAS. . . . ..t e e 164
6.1.3.  The absolute SenSitiVity Tatio. . . . . ...ttt ettt et ettt e ettt e e e e 164
6.2.  EXPerimental PATamIEteIS . . . ..ottt ettt ettt et et et ettt et e et et e e e e e e e e e e e e e 165
6.2.1.  External (static) magnetic field . .. ... ... .. ittt e 165
6.2.2.  IMAS fT@QUEIICY -« v ot ottt ettt et et e e et e e e e e e e e e e e e e e e e e e e e 166
6.2.3.  IMICTOWAVE POWET . .« . vttt ettt e et e ettt e et et et et e et e e e e e e e e e e et e e e e e e e et et e 166
6.2.4. Sample temperature: enhancement factors and spectral resolUtion. . .. ...... ...ttt ittt 167
6.3.  DNP sample preparation teChMIQUES . . . . . ...ttt ittt et e e ettt e e e e 168
6.3.1.  DNP in a glass-fOorming MatliX . ... ... ...ttt ittt et e e e ettt ettt e et et et et ettt 168
6.3.2. Alternative sample preparation teChNIQUES . . . ... ... ..ttt it e ettt ettt et e 169
6.3.3.  Matrix-free approachies . .. .. ... it e e e e e 169
6.3.4. Localized and targeted DINP. . ... ... ittt ettt et e e e e e e e e e 170
6.4.  SampPle CONSTIEULION . ..o\ttt ettt ettt e e e e e e ettt et e e e e e e e e e ettt e e e e e et 170
6.4.1. Isotopic enrichment and depletion . .. ... ... . ittt et e e e e 170
6.4.2. Polarizing agent CONCENITAtION . . . . ...t \ ittt ettt et e et e e e et ettt e et ettt et et ettt ee e 171
6.4.3. Interactions between polarizing agents and analytes . ... ... ...ttt e 171
Structure determination enabled by DNP eNhanCement . . . .. ... v ittt ittt ettt ettt e e ettt ettt e et e ettt 171
7.1, Pioneering Works 0N IMAS DN, . . . .ottt et ettt e et e e e e e e e e e e e e 171
7.1.1.  Early applications on polymers and diamonds. . . .. ... ..ottt ittt e e 171
7.1.2. Pioneering developments enabling biomolecular DNP. . . . ... ... i ettt e e 172
7.2.  Modern applications on biological SYSteMIS. . . ... .. ittt e e e e 172
7.2.0. AMYLoid fiDIilS . . .o e e 172
7.2.2.  MemDIane PrOteINS . . . ..ottt ettt ittt ettt e e et ettt e e e e e e e e e 173
7.2.3. Structure of biomolecules in large COMPIEXES . . .. ...ttt et e et e e e e 175
7.2.4. Biomolecules embedded in compleX enVIrONMENTS. . . ...ttt ettt ettt ettt e e e ettt 175
7.2.5.  Towards in-Cell DNP. . . .. ottt e e e e e e e e e e e e e e e 176
7.3.  Applications to materials TeSearCh. . . ... ... .ttt e e e e 178
7.3.1.  Enabling surface probing: DNP-SENS . .. .. ... .ttt e e ettt et et e e e e 178
7.3.2. Materials embedded in organic glass-forming agents . ... ...ttt it 180

7.3.3.  Impregnated MICTOCTYStAlS. . . . ..ottt et e ettt e e e e e e e e 181



122 A.S. Lilly Thankamony et al./Progress in Nuclear Magnetic Resonance Spectroscopy 102-103 (2017) 120-195

7.4. Extending the NMR toolkit by DNP methods. ...........

7.4.1. DNP of half-integer spin quadrupolar nuclei . . ...

7.4.2. DNP of integer spin quadrupolar nuclei.........

74.3. Wideline NMR (I=%2). ..o,
8. CONCIUSIONS. . ..ottt e
Acknowledgments . . ... ...ttt e
References . .. ... ..ottt i e

1. Introduction
1.1. Structure determination by solid-state NMR

Solid-state nuclear magnetic resonance (NMR) spectroscopy is a
powerful technique for the identification of chemical compounds
as well as for the determination of molecular structures and
dynamics of various kinds of materials. This versatility is based
on several interactions that provide information about the local
electronic environment of the nuclei or inter-spin distances. Thus,
invaluable information about connectivity and conformation can
be obtained with atomic resolution.

Several (multidimensional) NMR experiments under magic-
angle spinning (MAS) conditions [1,2] have been designed over
the past decades that allow a tailored extraction of the desired
structural information while providing high spectral resolution
[3-9]. Since MAS NMR is not relying on rotational averaging of ani-
sotropic interactions by fast molecular tumbling of the analyte
molecule, the method is not limited by the molecular size as is
the case with high-resolution NMR in solution. This makes MAS
NMR especially amenable for atomistic structural investigations
of large or insoluble biomolecules and biomolecular complexes. It
can also provide structural insights into functional materials. In
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Fig. 1. Calculated absolute electron (black) and nuclear (gray) spin polarization
following Eq. (1) (top) and maximum theoretical DNP enhancement factor after Eq.
(2) (bottom) for a 'H nuclear spin coupled to an S = 1/2 electron spin with g = 2.
Magnetic fields are 9.4 T (solid line), 14.1 T (dashed line) and 18.8 T (dash-dotted
line). The typical operational temperature of 100 K for MAS-DNP is marked by a
vertical red dotted line.

particular, low-dimensional structures (e.g., fibrillar and 2-
dimensional arrangements, surface layers), as well as arrange-
ments lacking general long-range order (e.g., microcrystals, amor-
phous phases) are not accessible by means of X-ray
crystallography and are therefore particularly interesting targets
for MAS NMR.

Thus, it has been possible to address many problems in struc-
tural biology such as the arrangement of amyloidogenic peptides
and proteins within (proto-)fibrils [10-14], large oligomeric com-
plexes [15], membrane proteins [16,17], prokaryotic gas vesicles
[18], etc. Currently, large strides are taken towards the investiga-
tion of such species within the environment of whole biological
cells [19-21]. In materials science, MAS NMR has been applied to
catalysis [22,23], glasses, functional materials [24,25], energy
materials [26,27], biomass [28-31], soil [32-34], sediments [35],
polymers [36-38], geomaterials [39-41], hybrid biomaterials
[42-44], sol-gel materials [45,46], micro or macroporous materials
(e.g., MOFs) [47-49], etc.

1.2. Sensitivity issue

However, the low intrinsic sensitivity of NMR caused by the
small thermal population differences of the spin states restricts
many possible applications due to unreasonably long measure-
ment times. To a certain degree, lower experimental temperatures
and/or higher external magnetic fields can improve the signal-to-
noise ratio. If nuclei with low gyromagnetic ratio are to be
detected, polarization transfer schemes from nuclei with large
gyromagnetic ratios (high-y nuclei), such as 'H or '°F, are fre-
quently exploited for increasing the sensitivity per unit time
[50]. Recently, MAS with spinning frequencies beyond 100 kHz in
combination with direct 'H detection has shown promising devel-
opments in terms of resolution and sensitivity [51,52].

Fig. 2. Schematic representation of possible DNP transfer pathways in a system
containing 'H and '3C. The latter nucleus was chosen for demonstration purposes;
the scheme is valid for arbitrary low-y nuclei. Green arrows distinguish between
indirect (e.g., via heteronuclear transfer from 'H to '*C) and direct DNP transfer.
(PD)SD and CP/CR stand for (proton-driven) spin diffusion and cross polarization/
cross relaxation.
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Fig. 3. (A) Energy scheme of a two-spin system with S = 1/2,I = 1/2 in the Zeeman basis. SQ coherences excited by the uw field are depicted in blue, coherences introduced
by the pseudo-secular HFI in orange. (B) Depiction of the eigenframe branching of the nuclear states in the different («, ) electron spin polarization subspaces. (C) Energy
scheme in the eigenbasis of the static spin Hamiltonian (including HFI, but neglecting the pw field). SQ, DQ, and ZQ coherences are shown in blue, green, and red, respectively,
as are eigenstates connected by the DQ or ZQ coherences. (D) Matrix representation of the Hamiltonian in the Zeeman basis [same color code as in (A)]. Neglecting pw-
induced coherences the Hamiltonian is block-diagonal; the g electron spin subspace is shown in lighter colors. (E) Hamiltonian after diagonalization [same color code as in
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Nevertheless, the overall gains are small as the signal intensity
is governed by a thermal population difference, determined by the
Boltzmann factor:

_ yhBy
P = tanh (21<BT)' (1)

Here, P is the spin polarization, y is its gyromagnetic ratio, and h and
kg are the reduced Planck constant and the Boltzmann constant,
respectively. Besides the variation of the external magnetic field By,
and the temperature T, a much higher polarization gain is obtained
if hyperpolarization techniques are employed, since they can gener-
ate much larger, non-thermal population differences. Among these
are para-hydrogen induced polarization (PHIP) [53], chemically-
induced dynamic nuclear polarization (CIDNP) [54], spin-exchange
optical pumping (SEOP) [55], and dynamic nuclear polarization
(DNP) [56,57]. The latter stands out due to its broad applicability in
material science and biomolecular NMR spectroscopy. This is based
on its capability to provide substantial nuclear hyperpolarization at
high magnetic fields under MAS conditions (see Fig. 1).

1.3. Concept of DNP

As proposed by Overhauser in 1953 [56] and subsequently ver-
ified by Carver and Slichter [57], the much larger polarization of
electron spins can be transferred to nuclear spins upon saturation
of electron paramagnetic resonance (EPR) transitions by means of
microwave (pw) irradiation. In theory, a DNP enhancement factor,
¢, equal to the ratio between the gyromagnetic ratios of the elec-
tron spin, S, and the nuclear spin, I, can be obtained:

Emax = % (% ?—5 for yshBy < kBT). (2)
1 Vi

This factor is ~660 for 'H and is accordingly larger for nuclei
with smaller gyromagnetic ratios. In the decades following the ini-
tial discovery, several experimental and theoretical studies have

been performed pushing the achieved enhancement factors (i.e.,
the intensity or integrated intensity ratio between spectra
enhanced by pw irradiation and those in the absence of uw)
towards the theoretical maximum [58-64]. As the experimental
time necessary for the accumulation of a required signal-to-noise
ratio scales inversely with the square of the signal intensity and
thus with the enhancement factor, tremendous time savings and
novel possibilities for NMR spectroscopy can be achieved.

For most of the analytes under study, the application of DNP
requires doping the (diamagnetic) sample with paramagnetic cen-
ters as sources of polarization. Usually, stable radicals fulfilling cer-
tain criteria serve as polarizing agents (PAs). These criteria are
mainly governed by several possible mechanisms for DNP, besides
other considerations regarding sample constitution. Furthermore,
in order to provide the required pw irradiation and to match
DNP conditions, specialized instrumentation (i.e., pw source, DNP
MAS NMR probe as well as cryogenic gas supply for MAS) has to
be utilized. The theoretical and practical consequences of this
broad scientific field, comprising specialized engineering, radical
chemistry, EPR and state-of-the-art MAS NMR, create a scenario
where all involved researchers are expected to intuitively under-
stand the complex interplay between these fields.

1.4. Scope of this review

This review will provide an in-depth overview about the theo-
retical and practical aspects of DNP under MAS conditions at high
magnetic fields. Here we will focus on topics of current state-of-
the-art that have already proven applicability towards problems
in structural biology and materials science.

In the following two sections, a detailed description of the
theory of DNP mechanisms prominent under MAS conditions is
given. Here, we will cover not only the quantum-mechanical
description of the initial polarization transfer mechanisms but also
the processes responsible for spreading and potential drainage of
enhanced polarization within a large network of nuclear spins.
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Furthermore, important methods of read-out and utilization of
enhanced nuclear spin polarization by MAS NMR are described.
In the same vein, we draw the connection between EPR properties
of the PAs and the resulting DNP field- or frequency profiles. The
specialized instrumentation required for MAS DNP, including mod-
ifications to existing MAS NMR instrumentation, is illustrated in
Section 4. The focus lies on recent developments, for example,
the development of high-power high-frequency puw sources and
cryogenic MAS instrumentation, that played a crucial role for
bringing DNP up to speed with contemporary NMR at high mag-
netic fields. In the subsequent Section 5, the development of the
large variety of available PAs together with their DNP-relevant
properties are covered. Concepts for optimizing various experi-
mental parameters as well as sample preparation techniques pro-
ven for efficient DNP are reviewed in Section 6. Finally, the large
potential of DNP for accelerating conventional NMR experiments
and enabling novel experimental techniques is illustrated using
several examples and applications in biology and materials
research.

Especially in the last sections, it will become clear that DNP-
enhanced MAS NMR has moved well beyond the proof-of-
principle phase. However, the transition from a mostly explorative
technique to a powerful method capable of providing invaluable
structural data has only occurred very recently, in particular in
the field of structural biology. This is underlined by the fact that
of all published studies in which DNP enhancement substantially
contributed to the extraction of structural information, more than
50% have been published just during the last two years. A similar
boom has been observed in the field of materials research slightly
earlier.

This review is limited in scope to principles relevant for MAS
NMR and accompanying techniques such as (high-field) quadrupo-
lar and wideline NMR. For a detailed description of other DNP-
based hyperpolarization techniques, including dissolution DNP
for hyperpolarized NMR in solution or magnetic resonance imaging
or spectroscopy (MRI/MRS) and related topics, we refer the reader
to several other excellent reviews [65-73].

2. Mechanisms and transfer pathways

For a full understanding of DNP, we have to review the com-
plete chain of polarization transfer from the electron spin of the
PA to the nucleus where it is finally detected using typical MAS
NMR schemes as illustrated in Fig. 2. We can generally separate
the involved chain of events into three steps:

(1) The initial DNP transfer

(2) The propagation of the polarization to the nuclei of interest

(3) The direct detection or heteronuclear transfer of polarization
for indirect detection.

We will briefly describe these three steps and provide a thorough
review in the following subsections.

For the first point, the usual approach is to restrict the number
of considered spins to the bare minimum required in order to
describe a specific mechanism. In this context, we have to consider
the solid effect (SE), the cross effect (CE), and the Overhauser effect
(OE). These mechanisms can be explained with a minimum of just
two or three spins, allowing us to derive analytical solutions that
describe the underlying quantum mechanics. For the description
of SE (Section 2.1.1), we will review the situation of a static sample
that can approximately describe PAs featuring (nearly) isotropic
EPR spectra under MAS, and discuss the ramifications if the EPR
spectrum of the PA features a significant anisotropy. The CE mech-
anism varies rather strongly when comparing samples under MAS

with the static case; we will focus on the MAS situation here (Sec-
tion 2.1.2), but briefly review the steps required for description of
static CE (Section 2.1.2.6). OE theory has not yet been described in
detail for insulating solids, therefore, we review the general princi-
ples for electron-nuclear (e-n) cross-relaxation in Section 2.1.3.
These general concepts are almost exclusively based on liquid-
state DNP experiments, however, significant progress to describe
OE-enabling dynamics in solids has been made recently. Thermal
mixing (TM) is another mechanism that is closely related to CE
when many electrons and nuclei interact strongly at low tempera-
tures (typically T < 10 K). As these conditions are generally not ful-
filled during MAS DNP, we will not discuss TM in detail.

After the polarization has been transferred to the directly
hyperfine-coupled nuclei, it has to propagate to the nuclei of inter-
est, which are typically on molecules that are located at some dis-
tance from the PA. Therefore, this usually involves homonuclear
spin diffusion (Section 2.2) through the cryoprotecting matrix
and competes with the dynamic loss of polarization by spin-
lattice relaxation.

Finally, the enhanced polarization is utilized on the nucleus of
interest. This can happen in an indirect manner where advantage
is taken of efficient spin diffusion through the 'H network. The
polarization that has built up on 'H is then transferred to low-y
nuclei for detection or further evolution. Alternatively, polarization
that has built up directly on the low-y nuclear spins can be read
out or used in typical MAS NMR schemes. This direct DNP approach
is often favored for alternative transfer pathways and can result in
complementary information as compared to indirect DNP experi-
ments (see Section 2.3.2).

2.1. Initial DNP transfer: DNP mechanisms

2.1.1. Solid effect

2.1.1.1. Spin dynamics in static samples. The solid effect in its sim-
plest form is a two-spin process. It relies on the excitation of nom-
inally forbidden electron-nuclear (e-n) double- and zero-quantum
coherences by pw irradiation; these transitions are partly allowed
due to a mixing of nuclear spin states. Like in common EPR tech-
niques such as electron spin-echo envelope modulation (ESEEM)
or electron-electron double resonance (ELDOR), the pseudo-
secular hyperfine coupling is the driving interaction of such
processes.

In the simplest case, a two-spin system of one S = 1/2 electron
spin and one I=1/2 nucleus can be described in a four-
dimensional Hilbert space comprised of the Zeeman basis
{Jaer), |oB), |Bor), BB} (Fig. 3). Here o and f symbolize the magnetic
quantum number of each spin (ie, o«—m;=+1/2 and
B — m; = —1/2). A dipolar coupling between the two spins intro-
duces off-diagonal elements, perturbing this eigenbasis and intro-
ducing mixing between the Zeeman basis states. This can be
deduced by the general spin Hamiltonian described by
HSE:%Bgs—%BHSAI. 3)
Here, the first two terms are the electron and nuclear Zeeman inter-
actions while the last term is the hyperfine interaction (HFI). Using
the typical convention for the definition of the laboratory frame
defined by the external (static) magnetic field component with
magnitude By oriented along z as well as the (linearly polarized)
uw field component oriented along x and oscillating with frequency
wyw, the magnetic field vector is defined as

2By cos(wywt)
B= 0 ; (4)
Bo
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the Hamiltonian can then be written as

He — %Bosz + %Bl COS(0unt)(S: +S.) - %BOL

~Habng, cos(pt)(L. +1) + SAT. )

Upon transformation of this Hamiltonian into the frame rotat-
ing with w,, around z and truncation according to average Hamil-
tonian theory (AHT) after first order, the frequently used e-n
Hamiltonian is obtained:

A w / /
H/SE = QOSsZ - COOIIZ + Azxszlx + Azyszly + Azzszlz + % (SJr + Sf)

(6)

Prime symbols represent operators in the pw rotating frame; Qs is
the frequency offset between uw and electron Zeeman frequency,
Qos = wuw — wos. Note that here and in the following, the nuclear
Zeeman frequency, wy, is always considered to be positive; cases
for nuclei with negative g, value can be treated in a completely
analogous manner. For simplification, the nuclear spin operators
are transformed into a hybrid frame defined by the z-axis parallel
to the static field and the dipolar HFI tensor frame, so that the e-
n connection vector is pointing in the I, direction (Fig. 3):

N @ /

Hge = QosS; — woll; +AS,1, +gSZ(I’+ +I)+ %(S+ +8'). (7)
Here, per definition, A=A, and B = /A2, +Afy. Ignoring the pw-
driven coherence [i.e., the last term in Eq. (7)] the Hamiltonian is
block diagonal in each (i.e., « and B) electron spin subspace. There-
fore, each subspace can be independently diagonalized, resulting in
an effective ms-dependent state mixing.

2.1.1.2. Definition of the eigenframe without pw. Under the assump-
tions introduced above, the eigenframe of the static part of the
Hamiltonian is tilted around its y-axis by the presence of the
pseudo-secular HFI. Each electronic subspace is tilted as described
by the respective branching angle

_ B
Ny, = arctan (A - 2a)o,>' (8)

The mixed eigenstates deviate from the Zeeman basis. The new
eigenbasis {|1),]2),|3),|4)} is given by

1) = pylocr) — q,|ap

) = Dy|0B) + qylo0r)
3) = pylBor)y — G4l BB)
4) = ps|pp) + qglpor).

Dy

w N

9)

With the mixing coefficients p; = cos (%) and q; = sin (). This state
mixing of nuclear Zeeman states is a requirement for SE to occur.

At high field typically encountered in DNP-enhanced MAS NMR,
the hyperfine coupling is about two or more orders of magnitude
smaller than the nuclear Zeeman interaction. Therefore, the
branching angles can be approximately simplified to

__ B
Moy ™ F 50y for |A|, [B| < . (10)

In this case the mixing coefficients become:

Doy =1

~~ B (11)
Qoyp = $46001 :

Subsequently, the Zeeman basis {|ao), |f), |fo), |BB)} as well as
the quantum numbers ms and m; adequately describe the system
due to the relatively weak mixing, while perturbing e-n coher-
ences can still be excited by the pw field.

2.1.1.3. SE matching and coherences excited by pw. In order to induce
SE mixing within the spin pair, an e-n zero-quantum (ZQ) or
double-quantum (DQ) transition has to be excited. The respective
coherences build up when the connected eigenstates are degener-
ate in the pw rotating frame. ZQ transitions occur between |2) and
|3) (or o) and |Ba) in the unperturbed basis), DQ transitions
between |1) and |4) (or |xo) and |BB)). Therefore, the respective
matching conditions are fulfilled when

Wpw = Wos F Woj- (12)

Here, the difference in Larmor frequencies corresponds to the DQ
transitions, whereas the sum is relevant to the ZQ transitions.
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The effective SE transition moments can be obtained by trans-

forming the yw Hamiltonian
! () / /
Hyy = (8, +50) (13)

into the eigenframe of the static Hamiltonian according to the dif-
ference in branching angles’:

_ Ny
=t (14)

Then the effective yw Hamiltonian is

w / / —_ 1 / y/ / g/ /oy /oy . —
o :7”{(5- +S/)cosn +5[(S.N, +S' 1)~ (SN +S'I,)]siny }
(15)

In the pseudo-high-field approximation (|A], |B| < wq), #~ can
be simplified to

-.__B
n = 2(1)017 (16)

and subsequently the final, effective pw Hamiltonian is obtained:

H// _ Wis

= {(SQ+SL)7&[(S’+I’++SLI’,)7(S;I’,+S’,l’+)]}.

(17)

The EPR single-quantum (SQ) transition moment (first term) is
practically unchanged while the e-n DQ and ZQ transition
moments (second and third terms of Eq. (17), respectively) are
introduced with an effective scaling factor, B/2wq, compared to
the SQ transition. Due to the small magnitude of this factor, the
transition probability is relatively low (~10~#-1072 relative to that
of the SQ). Thus, large absolute pw field strengths are required in
order to sufficiently drive these transitions and build up significant
coherence.

As long as a SE transition is selectively excited (i.e., the homoge-
neous linewidth of all possible transitions is small compared to the
effective uw field strength), the system can be separated into the
ZQ and DQ subspaces and evolution of the spin system can be
described by a pseudo (doublet) spin following the simple Bloch
equations [74]. Such a simplification will be useful for analysis of
effective polarization transfer rates as is explained in more detail
in Section 2.2.

2.1.1.4. SE under MAS. If the two-spin system exhibits a relatively
large anisotropy, for example if a mono-nitroxide PA is considered,
the spin eigenstates show significant periodic modulations due to
MAS. In this case, electron SQ as well as e-n DQ and ZQ transitions
can be induced transiently during level anti-crossings (LACs) [75].
These pw-driven LACs occur when the energy levels of connected
spin states cross each other in the frame rotating with the uw fre-
quency (see also below for a more detailed description in context
of CE in Section 2.1.2 and Fig. 6). If the variations in eigenstate
energy due to anisotropy is larger than wg, SQ as well as ZQ
and/or DQ LACs will occur alternatingly. This situation is similar
to the typically described differential SE (for further details see
Sections 2.2.1.5 and 3.2.1), where enhancement by ZQ and DQ
transitions partially cancel in a static sample with an inhomoge-
neously broadened EPR signal [76]. However, SQ LACs inflict a large
saturation of the electron spin [75], which will reduce the polariza-
tion available for transfer to the nuclear spin [77].

In cases where the anisotropy is small compared to wy, (e.g., for
trityl- and BDPA-type radicals), SE-enabling ZQ or DQ transitions
can be selectively excited. Nevertheless, modulations in spin ener-

2 Due to the opposite signs of the two branching angles this difference corresponds
to the full angle between the two nuclear spin quantization axes.

gies might still reduce the net excitation efficiency of the e-n ZQ or
DQ transition of an individual spin-packet, however, virtually all
spin-packets will experience a SE-inducing LAC during a rotor per-
iod. This might in fact increase the overall DNP enhancement
under MAS as compared to the static case [75]. In a singular
demonstration, Zhou and co-workers have compared DNP of natu-
ral and synthetic diamonds under static and MAS conditions
within the same experimental setup at a rather low field of 1.9 T
[78,79]. Interestingly, a splitting pattern—caused by anisotropic
HFI to '“N in nitrogen centered radicals—was observed in the
DNP frequency profile for the static sample; that pattern was
smeared out under MAS as is shown in Fig. 4. Unfortunately, the
absolute '*C enhancement factors could not be evaluated. Further
experimental quantitative comparisons of these two cases (i.e., sta-
tic vs. MAS) with systems operating exclusively under SE have not
been reported to our knowledge.

2.1.2. Cross effect

2.1.2.1. Spin dynamics under MAS. The theoretical description of the
CE is considerably more complex than that of the SE. Not only does
the required additional electron spin increase the dimensionality
of the Hilbert space to at least 8, but the description of CE under
MAS also differs significantly from that of a static sample. Recent
quantum-mechanical descriptions of the spin dynamics have been
given independently by Hu et al. [80] and Hovav et al. [81]. In both
cases, the CE was treated as a static effect, where a pw field is
applied to Zeeman states that are coupled by electronic and hyper-
fine interactions. As we will see, this situation relies on a peculiar
set of matching conditions, where the difference in effective Lar-
mor frequencies of the two electron spins matches the nuclear Zee-
man frequency while at the same time one of the two electron
spins is on resonance with the incident uw frequency:

(Amgs = |Woesg — Wos2| = Wor) A (Wpw = Wos;1 V Wos2) (18)

In an ideal, hypothetical case, one could imagine a system of
two electron spins with isotropic Zeeman interactions where the
overall breadth of each EPR resonance is sufficiently small com-
pared to wy. Such a gedankenexperiment has been elaborated in
detail by Wollan [61]. In reality, finding two paramagnetic species
which fulfil this condition is rather unpractical. A few serendipi-
tous cases could be thought of, for example, a system of trityl-
and BDPA-type radicals would roughly match the above condition
for 13C and allow CE within a radical mixture as Michaelis et al.
have demonstrated at a field of 5 T [82]. However, even in this case
the breadth of the trityl spectrum is of the same order as g, which
leads to anisotropy in CE matching.

A revolutionary description of CE under MAS has been proposed
by Thurber and Tycko and almost simultaneously by Mentink-
Vigier et al. in 2012 [75,83]. In their theory, the spin system peri-
odically undergoes level anti-crossing (LAC) events, during which
polarization can be exchanged between electron and nuclear spins.
This model not only allows for a temporal separation of pw irradi-
ation and CE matching events but also predicts the nuclear depo-
larization by MAS, which has recently been demonstrated
experimentally [84-86]. A more detailed description of such LACs
is given in Section 2.1.2.5 and practical aspects of nuclear depolar-
ization are covered in Section 6.1.2.

As the simplest spin system capable of describing the CE, two
electron spins (S; = 1/2 and S; = 1/2) and one nuclear spin have
to be considered including electron-electron (e-e) coupling; the
nucleus has to be hyperfine coupled to at least one of the electron
spins:

HCE = % §(g]§1 + ngZ) — % § Y+§1D§2 + (§1A1 + §2A2) f
(19)
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Fig. 5. (A) Energy scheme of the three-spin system containing two electron spins and one nuclear spin with S; =1/2, S, =1/2, and I = 1/2, respectively. (B) Matrix
representation of the Hamiltonian in the Zeeman basis. Electronic ZQ states are marked in black, electronic DQ states that do not participate in CE are shown in gray.
Electronic ZQ coherences induced by e-e dipolar coupling are depicted in brown, coherences introduced by the pseudo-secular HFI in orange. (C) Energy scheme and (D)
matrix representation in the eigenbasis of the combined Zeeman and e-e interaction (including HFI but neglecting the uw terms). Electronic DQ and ZQ states are shown in
green and red, respectively; (part of) the pseudo-secular HFI (orange) is transformed into e-e-n flip-flop-flip coherences marked in purple within the ZQ subspace.

Upon rotating-frame truncation, according to the oscillating pw
field in Eq. (4), the Hamiltonian is reduced to components com-
muting with S;;, and pw-driven SQ elements appear:

HICE = Qos, S12 + Qos, 82, — Woil,
+d(381,S:: — S S5) —2JS S}
+ (A]zzslz +AZZZSZZ)IZ + (A]sz]z +A22X52z)lx -+ (Alzyslz +AZZySZZ)Iy
W1s, W1s, s/
T Y2

5 St

J’_
(20)

The effective e-e dipole coupling, d=1D,—J, and the
exchange-coupling constant, = %(DXX +Dy, +D;), can be
extracted from the full e-e coupling tensor. We can conveniently
separate diagonal and off-diagonal elements:

Hep = Qos, Stz + Qos, S22 — 0orl, + DaS1,8:; + (A1S12 + AxS2,)L,

H,

+ Do(S1,Sx +S1,S3y) + (AusSiz + AnS2: )k + (A1ySiz + AgySa)ly + 15, Sy + 015, S5,

CE.on

Heg ot

(21)

with Dg=2(d—]J), Do=—(d+2J), and A; =A;,; we have also
dropped one index ‘Z’ from the pseudo-secular HFI coupling
constants.

As mentioned above, Thurber and Tycko as well as Mentink-
Vigier et al. have introduced a way to understand the CE under
MAS by considering the time evolution of the anisotropic Hamilto-
nian during one rotor period. We can identify three separate events
that occur periodically and generally do not coincide with each
other: uw events, CE matching events, and e—e events. Accordingly,
we will consider three cases:

(1) the uw frequency is on resonance with one of the two elec-
tron spins and the frequency separation between the two
electron spins is arbitrary;

(2) the frequency separation of the two electron spins equals
the nuclear Larmor frequency;

(3) the Larmor frequency of the two electron spins is equal.

In the latter two cases, the uw frequency will be off-resonance
with respect to both electron spins by an arbitrary value.
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2.1.2.2. Microwave (spin-flip) events. In case (1), we assume that the
pw-resonance condition is fulfilled for one electron spin, j. Further-
more, the other electron spin, i, shall be far off-resonance, so that
IQosM\ > |Dy|, and we neglect mixing of nuclear spin states by
hyperfine couplings. Furthermore, we assume negligible differ-
ences in Rabi frequencies between the electrons, so that we can
define a common Rabi frequency w;is. In that case, we can drop
all state mixing terms of the static Hamiltonian, so that solely
the pw excitation acts on Zeeman states:

H/CE‘SQ = Qosl Slz + QOSZSZZ - wOIlz + DdsleZZ + (Al Slz

+Azszz)lz+%(s;+ +S,_ 1S, +S,). (22)
During evolution of anisotropic Zeeman and dipolar interactions,
the pw-resonance condition is met if |Qos | = §|Dg = A;|. The signs
depend on the magnetic spin states of the off-resonance electron
and the nucleus. This leads to equilibration of the connected Zee-
man states and saturation of the respective EPR transition.

After such a resonance condition has been passed through dur-
ing an LAC, the resulting change in polarization will decay slowly
with Tys and therefore is memorized by the system for a certain
period. The non-equilibrium populations can subsequently be
transferred to the other electron and the nucleus in a concerted
fashion during a CE event, or only to the other electron during a
dipolar flip-flop event. We will first describe a CE event, and then
discuss the importance of e-e events.

2.1.2.3. Cross-effect (flip-flop-flip) events. In order to understand the
actual CE transfer event under MAS, we have to transform the
Hamiltonian into a frame in which the full e-e dipolar interaction
is diagonal. The static Hamiltonian (excluding pw terms) is block
diagonal with two outer 2 x 2 blocks representing the e-e DQ sub-
space and one central 4 x 4 block representing the corresponding
ZQ subspace (Fig. 5). Thus, it can be rearranged as follows:

. D
Hjy = QsSy, + 0aSa; — ®0i(Ss + Sa)L, + Z" (Sz — Sa) + DoSax

+ (AZSZZ + AASAZ)IZ + SZZ(AZxIx + AZny) + SAz (AAxIx + AAny)7
(23)

with Sy, =1(S1;+S2),  Sa=1(S1;—S2), Sz =S8{S;+S/S,
Sy =SiS5+S5/S5,  Sn=1(51.S, +51.S5.), Qs =Qos, +Qus,,
WA = Wos, — Wos,, As = A1 +A;, Ay =A; — Ay, Asq = A+ Ay, and
Ana = A1q — Ay for a € {x,y}. The X index denotes operators within
the DQ space while A marks operators confined to the ZQ space.
The tilting transformation below [Eq. (26)] acts exclusively on
the ZQ subspace; thus we first separate that from the DQ subspace:

X D,
Hy = QsSs, — 0oSsl, + stz + S, (Asl, + Ay + Ag)1,)

) D
H), = 0aSa; — 0oiSal, + Z‘fsA + DoSax + Saz(AsL, + Apl + An L)
(24)

Each of these can now be transformed into the eigenframe of the
HFI acting in the respective subspace:

D "
4 Sz +AsStl + BySel]
(25)

D, y
ZdSA + DoSax + AaSazl; + BaSa.L,

with By = /A%, + A3, and B, = /A%, +A},. The sole off-diagonal

term which mixes the two electronic spin manifolds, DoSay, is
located in the ZQ space. Thus, it can be eliminated by a transforma-
tion acting selectively on that space, using the unitary operator:

I:I'z = Q5Sy; — woSsl; +

I:IIA = wASAz — (U()[SAIZ +

Uy = expliSay (Gl + ), (26)

with Ss, = L (S1,S5,_ —S;_S5, ). The angles {; are derived from the e-
e ZQ mixing coefficients as

. 2D,
{4y = arctan (m>. (27)

The resulting Hamiltonian has the form:

A - ’ D 7 / D / ! !
HY = @48, — woSal, + stA +ASUL + (BaSy, + KS\ L. (28)

Alternatively, this can be expressed in terms of the raising and low-
ering operators as:

2 ~. / D A /
H), = @Sy, — waSal, + ZdSA +ANS) I,

B / I< / / ! !
+ [_A Sp:+7(51:5,- +5:.5;,)

3'Suty (1, +1), (29)

For simplicity, we assume that |%| < |wa| at all times. This is a
reasonable assumption except for the situation when w, =~ 0. Nev-
ertheless, even in this case it is safe to assume that |%\ < |Dy.
Therefore, we can approximate that

{4 = (= (= arctan (g—i). (30)

Under this assumption, we obtain the following simplified, effective

frequencies:

Wp ~ Wy €0S{ + Dysing

Ar~ A cos(

AT (31)

Bj ~ Bjcos(

K ~ —B, sin(.
We can interpret this situation as follows within a basis where

the |opm,) and |foum;) Zeeman states in the ZQ subspace are mixed

with the coefficients g, ~ sin$ and p, ~ cos$ due to e-e coupling:

12) = |op)

[4) = p;|oBB) — q.|pop)

1) = |ooer),

3) = pc|opo) — qc| foucr),

|5) = pc|po) + qc|opor),  [6) = plBoh) + qc|oBp)

7) = |Bpoy), 18) = |BBB).
Note that the states in the DQ subspace (i.e., |1),]2),|7),|8)) remain
unaffected. @y, wqy, Dy, and A, determine the spin energies in the e-
e ZQ subspace (i.e., |3),]4),|5),|6)). Terms scaling with B, describe
simultaneous e-n transitions connecting |3) and |4) as well as |5)
and |6), effectively representing the SE in this system. Finally, terms
scaling with K describe e-e-n triple-spin transitions between |3)
and |6) as well as |4) and |5). Upon transformation of the off-
diagonal terms into the interaction frame of the diagonal elements
of the Hamiltonian in Eq. (29), we immediately find that all compo-
nents that scale with B, (i.e., e-n transitions) oscillate with g, but

components proportional to K (i.e., e-e-n transitions) can become
time independent when the CE matching condition is fulfilled:

Dp = 001 (33)

(32)

For further simplification, in the typical case where

|@a| = wo; > |Do|, we can conclude that {; is small:
Dy

{ = arctan (aT) ~ % (34)
A A
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t

Fig. 7. Schematic representation of time and rotor-angle dependence of the
eigenenergies of two arbitrary spin states (red and blue lines) over one rotor
period. Green circles mark two occurring LACs. The black square delimits the area
enlarged on the right. Close to the LAC, the rate of change in the energy difference
AE as well as in the mixing element V can often be neglected so that the Landau-
Zener equation, Eq. (45), is applicable.

Therefore, we can approximate the effective frequencies by:

ot ()
WpA = w1+ | — = +Wo &~ Wy
W

AA zAA,BA %BA (35)
K~ BeDo

Wp
and we obtain the simplified Hamiltonian:
- D
HgE ~ U)OI(SAZ — SAIZ) + ZdSA +AASAzlz

B D / ! / U ! !

5 (S0 g (51,5, +5).83.) )L+ 1) (36)

In summary, the CE matching does not require any pw irradi-
ation but is driven by a combination of the off-diagonal e-e cou-
pling and pseudo-secular HFI. After a non-equilibrium
polarization has been established on one electron spin during a
uw event, the resulting polarization difference can now be trans-
ferred to the nucleus by a concerted e-e-n triple-spin flip. The
transition moment of this event is approximately equal to
DoBa /g By comparison of this CE transition moment with that
of the SE, wsBa/2wq;, we find that for CE the dipole coupling
effectively takes the role of the pw field in SE. Therefore, consid-
ering typical dipole coupling constants and available uw field
strengths, polarization transfer of the CE has a ~50x larger tran-
sition moment and consequently a ~2500x higher transition
probability.

Due to the influence of the sign in the matching condition of Eq.
(33)—which leads to opposite signs of the generated e-e-n coher-
ences in Eq. (36)—it is important to distinguish which of the two
electrons is saturated in the pw event. Finally, this results in the
two lobes of opposite nuclear polarization enhancement in a field
profile (see Section 3.2.2).

However, it is quite intuitive that the irradiated electron will at
certain times switch places with the other electron in frequency
space and that the second electron spin will at some time also
undergo a pw event. Without adiabatic e-e events this would have
two consequences: both electrons would become equally saturated
and opposite CE transfers would occur with equal likelihood, effec-
tively cancelling the net CE enhancement. Fortunately, e—e flip-flop
events occur between these events, leading to polarization
exchange of the two electron spins and ensuring that pw and CE
events may result in the accumulation of a net nuclear polarization
enhancement.
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2.1.2.4. Electron-electron (flip-flop) events. An e-e flip-flop event
occurs when the mixing between the connected states in the ZQ
space is maximum so that e-e coherences can evolve. This is

achieved when p, = \@ and occurs for

[Do| > |- (37)
Therefore, we can intuitively expect that an e-e event occurs when
two electron Zeeman states are nearly degenerate:

wpr~0 (38)

In this strong coupling regime, the spin states are more appropri-
ately expressed in their singlet/triplet eigenbasis:

T 00) = o), IT.B) = |wotp)
1Soct) = 5 (jopor) — [Borar)).  [Toff) = 5 (|BB) — 1Bx))
o) = L5 (B + |Borc)),  [Sof) = L5 (JoB) + |Becp))
IT_0t) = |8o). IT_B) = |66P)-

In order to assess changes in Zeeman state populations, we have
to consider the Hamiltonian in the Zeeman basis and treat the non-
diagonal e-e coupling as a perturbation:

(39)

A D D / / / U
HS ¢ = waSa; — woSal, + ZdSA +AsSA L, + 70 (S,.S, +S, S,.).
(40)

The e-e flip-flop terms become time-independent in the interaction
frame when

Wy = iﬁ (41)
2

In practical terms, the HFI can be neglected and we arrive again at

Eq. (38).

If this condition is fulfilled, polarization is exchanged efficiently
between the two electron spins with a transition moment Dy. This
exchange ensures that polarization is effectively swapped between
all “opposing” CE events and between puw events that involve dif-
ferent electron spins. Therefore, given that e-e polarization
exchange is quantitative, all opposing (uw or CE) events separated
by e-e events act in a cumulative manner instead of mutually
cancelling.

2.1.2.5. Adiabaticity of events. Up to now we have treated all events
only in a static frame, where the state mixing is time independent
and a certain equilibrium state would be reached after a suffi-
ciently long time. Under MAS, however, eigenstates are evolving
under the rotation of the interaction tensors (Zeeman, e-e, HFI)
within the external magnetic field. This leads to periodic modula-
tion of their energy separation and occurrence of typically several
of the above-mentioned matching events during one rotor cycle, as
shown in Fig. 6.

The transient crossing of these matching conditions constitutes
a LAC event. If any state-mixing interaction would be absent during
degeneracy of the states, then there were no possibility for the sys-
tem to exchange populations between crossing states and an ideal
level crossing event would be achieved. In contrast, if a sufficiently
strong mixing interaction is present, populations can exchange adi-
abatically during the ideal LAC; the system remains in an eigen-
state at all times.

For a quantitative description of the degree of adiabaticity of
LACs, the rate with which the degeneracy is crossed as well as
the mixing potential have to be considered. For a precise treat-
ment, a quantum-mechanical propagation of the density operator
yields the populations of all states during the rotor cycle. Typical
DNP build-up time constants are more than four orders of magni-
tude longer than the MAS rotor period. Concurrently, the propaga-

tion under the Liouville-von Neumann equation has to be
performed over very short time steps to account for the non-
commuting properties of the Hamiltonian at different times. This
leads to prohibitively time-consuming calculations. Certain scenar-
ios can be investigated though, for example, a quasi-equilibrium
where a periodic evolution is achieved by iterative propagation,
or initial rates can be obtained based on given starting conditions.

For a semi-quantitative assessment, however, the Landau-Zener
equation can be evoked:

Piac =1 —exp(-2nl), (42)
with the adiabaticity parameter

V2
r= OAE/ot 43)

The Landau-Zener equation describes the adiabaticity of an LAC,
Piac, under the condition that the crossing rate, 9AE/ot, as well as
the mixing interaction, V, are time-independent during the cross-
ing. The adiabaticity or probability to observe an ideal LAC reaches
1 for ' = o0 or |V|>|0AE/ot|, or reaches 0 for I' =0 or
|V| < |OAE/dt|; the latter case describes a level crossing.

For LACs that are relevant for CE, the crossing rate as well as the
mixing interaction are time dependent. For typical modulation
amplitudes during MAS (e.g., due to Zeeman anisotropy of
>1 GHz in nitroxides) and relatively small dipole couplings (e.g.,
~20 MHz), the above “Landau-Zener scenario” is sufficiently ful-
filled in many cases (see Fig. 7); however, there are several situa-
tions where this approximation is clearly invalid. For example,
for LACs that occur close to turning points of the eigenstate evolu-
tion or close to inversion points of the mixing interaction, this
approximation is clearly violated. Nevertheless, we can gain insight
and compare several situations with this analytical perturbation
treatment.

The crossing rate can be expressed in terms of the rotor angle
(p) instead of time (¢):

0p = w0t (44)

which yields the MAS-dependent Landau-Zener equation

2nV?
PLAC =1- exp ( 7(0 8AE/6,0> (45)

The crossing rate for bis-nitroxides has been estimated to be in
the range of w,d(AE/h)/dp ~ 20 THz s for typical uw events, and

of ~30 THz s™! for CE and e-e events at an MAS frequency of
7 kHz [83]. In comparison, the mixing interaction is given for each
case of CE-relevant LAC:

W1s for pw event

2V =< DoB/wo for CE event (46)
Do for e—e event

Assuming  typical values of ;s/2n~1MHz [87],

Do/2m =~ 20 MHz, Bo/27m ~ 1 MHz, and wq/27 = 400 MHz, Piac
of pw events is ~50%. This indicates significant saturation by pw
irradiation over a few rotor cycles, considering typical electron
spin-lattice relaxation time constants of Tys ~ 100—1000 ps. At
the same time, e-e flip-flops are highly efficient, resulting in
Piac =~ 1, ensuring that a net polarization difference is maintained
between the two electrons. Nevertheless, a non-vanishing proba-
bility (~107°) for level crossings remains, so that over a few rotor
periods a partial equilibration of polarization can accumulate. This
results in a reduction of DNP efficiency, and also in dynamic
nuclear depolarization in the absence of pw irradiation. The impact
on practical aspects of this situation will be discussed in
Section 6.1.2.
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Fig. 8. (A) Definition of auto- and cross-relaxation rate constants responsible for OE in an e-n system with S=1/2, I = 1/2. (B) Coupling factor ¢ for dipolar interactions
(positive ordinate area) based on Solomon’s equations for rotational (solid lines) and translational (dashed lines) diffusion [93]. The negative ordinate area contains coupling
factors due to scalar interactions for different values of the parameters g which depends on the ratio of Heisenberg exchange and electronic relaxation rates. Reproduced with

permission from [94].

CE events, on the other hand, show only a rather small adia-
baticity factor on the order of 0.1%. This seems almost vanishingly
small. However, nuclear spin-lattice relaxation occurs only on the
order of ~103-10 rotor cycles, so that even small transfer steps
(smaller than the thermal nuclear polarization) can accumulate
in order to build up the large observed enhancement factors of
£>10%

2.1.2.6. Cross effect in static samples. Under static conditions, CE
matching [Eq. (33)] can only result in DNP when the pw resonance
condition is fulfilled at the same time. In this case, the same diag-
onalization of the e-e interaction as after Eq. (26) can be performed
so that the effective Hamiltonian, Eq. (29), is obtained. By subse-
quent transformation of the yw Hamiltonian into the frame of
the diagonal part of Eq. (29), several cases of frequency matching
can be deduced and effective transition moments can be obtained.

Of course, the requirement for simultaneous matching of CE and
uw conditions reduces the number of actively contributing PA
molecules randomly distributed within an amorphous frozen solu-
tion. However, DNP by CE can not only be driven “actively” by gen-
eration of pw-driven coherences, but can also “spontaneously”
occur due to imbalances in spin polarization with respect to ther-
mal equilibrium. This situation is similar to the individual CE
events under MAS which are temporally decoupled from pw
events. Such imbalances can be effectively caused by spectral dif-
fusion of electron polarization upon pw irradiation, causing elec-
tron spin saturation to spread to spin packets that are off-
resonance with respect to the pw frequency. These effects have
been studied in detail and dubbed “indirect CE” by Vega and co-
workers (see Section 2.2.2.3) [88].

2.1.3. Overhauser effect in insulating solids

The OE has been neglected in solid-state DNP (be it with or
without MAS) until recently, because of its reliance on internal
dynamics causing fluctuations of the HFI which in turn result in
e-n cross-relaxation (see Fig. 8A). In conducting solids or liquid
solutions, these dynamics can be provided by itinerant conduction
electrons or molecular diffusion, respectively. In dielectrics, where
mobile charge or spin carriers are absent, it was thought that no
mechanism exists which can provide the required amplitude of
the spectral density function at the relevant Larmor frequency
combinations of e-n ZQ and DQ transitions. Nevertheless, the OE
has been unquestionably identified in MAS DNP experiments.
While the first report was an accidental observation in a 'H SE
study of (water-soluble) sulfonated-BDPA (SA-BDPA) [89], the OE

was unambiguously proven shortly afterwards in a dedicated
study of similar types of PAs [90]. Retroactively, hints of OE can
be found in earlier published studies on BDPA [91], as well as in
an investigation of the flavin mononucleotide (FMN) semiquinone
radical that occurs as endogenous PA in flavodoxin [92].

OE DNP can simply be described by considering one electron
spin and one nuclear spin. However, in contrast to the previously
described SE, the nuclear spin has to experience a fluctuating scalar
or dipolar HFI. Such fluctuations due to the presence of dynamics
with characteristic correlation times on the order of wgs &+ o,
can bring about several (incoherent) transitions, namely electron
and nuclear SQ as well as e-n DQ and ZQ transitions. These latter
DQ and ZQ transitions result in additional electron relaxation path-
ways (i.e., e-n cross-relaxation) upon saturation of the EPR transi-
tion by pw irradiation, besides the most probable SQ relaxation. If
there exists an imbalance between DQ and ZQ relaxation rates
(described by rate constants W, and W, respectively), nuclear
hyperpolarization can be accumulated. In the case of 'H (or any
nucleus with positive y,), dominant ZQ relaxation leads to positive
OE DNP enhancement; accordingly, larger rates of DQ relaxation to
negative enhancement factors. Nuclear SQ relaxation, either being
induced by the fluctuating HFI (rate constant W;) or caused by
dynamics not related to the presence of the electron spin (W°)
causes a reduction of the magnitude of enhancement. This situa-
tion is depicted in Fig. 8A.

For a quantitative description the simple Solomon equations
[93],

g(Psm) :7<ps as:> Ps(t) = P (47)
A\ Pi(t) os P )\ Pi(t) =P )

can be solved for a steady-state solution of the nuclear spin polar-
ization [94]:

g =1- %ng (48)
1

p p
Here, eor = o and s=1-— o are the OE enhancement and satura-
1 N

tion factor, respectively. Superscript indices ‘co’ mark parameters
in the steady-state, while ‘0’ denotes parameters in thermal equilib-
rium. pg and p, are the electron and nuclear auto-relaxation rate
constants, while og is the e-n cross-relaxation rate constant.

=0 — __Wry-Wo — P WotdWi+W; i
(=0 =Sy tw, and f =B = et are the coupling

and the leakage factors, respectively.
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Fig. 9. (A) Two structures of BDPA showing two distinct sets of hydrogens (red and blue). Due to asymmetry in the distances between the fluorene groups and the central
carbon (r;#r,), these structures are inequivalent and the two sets of 'H show different scalar HFI. (B) MD time trace of scalar HFI of the two sets of 'H (red and blue) in BDPA
in vacuum, showing large amplitude of correlated fluctuations which occur out-of-phase with each other. (C) Fourier-transform of the time trace shown in (B), revealing a
distinct frequency component near 650 GHz (black line); when embedded in amorphous OTP, this peak shifts slightly to lower frequency and broadens, leading to a wide

background distribution. Figure reproduced with permission from [99].

W, W,, as well as W1, have to be derived from relaxation mod-
els based on dipolar or scalar HFI. In the seminal review of Hausser
and Stehlik, several models have been described in detail, including
intra- as well as intermolecular dynamics. For example, purely
translational or rotational diffusion models lead to a dependence
of the coupling factor on the electron Larmor frequency and the
molecular correlations times as shown in Fig. 8B [94].

The saturation factor can be deduced in the simplest description
from a steady-state solution of the Bloch equations under continu-
ous wave (cw) irradiation [95]:

2 T2
s=1- - 1tO%Te (49)
1+ Q4T + 035 TisTas

Here, it should be noted that, given sufficient uyw power for signifi-
cant saturation (i.e., w?,T1sT2s > 1), off-resonance excitation of the
PA can also cause OE. This results in an expected broadening of
the OE field profile with respect to the EPR line (see Section 3.2.3).
Similar observations have been made in solution OE DNP given suf-
ficient homogeneous broadening of the EPR line by Heisenberg
exchange for off-resonance excitation [96].

Of course, rotational and translational diffusion models are
generally not applicable in the solid-state. Nevertheless, by OE
DNP using BDPA as PA, significant 'H signal enhancement factors
on the order of 80 have been observed in an amorphous matrix
of ortho-terphenyl (OTP) at a high field of 18.8 T [97]. Similarly,
surprising experimental observations were made by Prisner and
co-workers with high-field (9.2 T) OE DNP in solution. Here—even
for small molecules such as water—rotational and translational
correlation times are typically long compared to the inverse elec-
tron Larmor frequency (wos/27 = 259 GHz). Therefore, based on
the detailed description by Hausser and Stehlik, vanishing OE
enhancement would be predicted at this high field as is seen in
Fig. 8B [94]. However, a rather large &or ~ 100 has been observed
on 'H in water. As an explanation, the model by Hausser and
Stehlik has been extended to include transient contacts between

the solvent and the PA with short correlation times which can be
described by molecular dynamics (MD) simulations [72]. Very
recently, similar findings have also been reported by Bennati and
co-workers [98].

In the solid-state, the reason for OE-supporting fluctuations in
the systems investigated so far is still vividly debated. A direct
comparison between protonated and deuterated BDPA has identi-
fied the scalar-coupled protons on the BDPA molecule as responsi-
ble for the large, positive OE DNP enhancement. Furthermore, the
unique field dependence—with increasing enhancement at higher
external magnetic field (see Section 6.2.1)—might not only prove
extremely valuable for DNP applications at fields of 18.8 T and
above, but it was also expected to play an important role in solving
this puzzle [90]. Very recently, Pylaeva et al. have presented a
study of OE DNP based on classical and ab initio molecular dynam-
ics (MD) simulations combined with spin dynamics simulations.
According to their findings, two sets of protons (A and B, marked
red and blue in Fig. 9A) show not only the largest scalar HFI, but
also a very strong sensitivity of the scalar HFI to internal dynamics.
Note that such fluctuations of the scalar HFI can contribute to the
ZQ but not to the DQ and SQ rates mentioned above. The unique
situation proposed is caused by the delocalization of the electron
spin over the two fluorene rings via the bridging allyl. Asymmetry
of the distance between the fluorene moieties and the central car-
bon atom then leads to an inequivalence of spin density on the two
fluorenes and thus of the scalar HFI of the two sets of "H. MD sim-
ulations have furthermore revealed that internal vibrational
(ground state) dynamics cause a time-dependence of the distances
r1 and r,, which in turn leads to correlated fluctuations of the scalar
HFI (Fig. 9B). Fourier-transformation of this time-dependence
revealed a clear peak near 650 GHz for BDPA (Fig. 9C). While this
study may explain the observed DNP enhancement from BDPA
by OE in an intuitively comprehendable manner, no experimental
evidence for such a vibrational mode has been provided thus far.
Therefore it remains to be seen whether this hypothesis will be
accepted as the valid theory for OE in dielectric solids.
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Fig. 10. Direct experimental observation of the spin-diffusion barrier in YES:Yb at 69 MHz 'H frequency and 1.4 K. Labeled signals correspond to protons within 6.2 A of Yb**
impurity; the bulk NMR signal at 16.33 kOe is 1000 x off-scale. (A) 'H spectrum in thermal equilibrium. (B) After irradiation of the bulk for 2-6 min, many 'H signals from
outside the diffusion barrier are saturated by strong homonuclear coupling. (C) Only very few 'H signals inside the diffusion barrier remain at lattice temperature even after

100 min of bulk saturation. Figure reprinted with permission from [115].

2.2. Integral DNP process: from electron spin to nuclear bulk

2.2.1. General concepts and early descriptions

2.2.1.1. Generation, accumulation and loss of enhanced nuclear
polarization. In the above sections we have reviewed several
quantum-mechanical DNP transfer mechanisms. In all discussed
cases of cw DNP, the effective rate of transfer (or the net polariza-
tion transferred per LAC event) is small [75,83,100]. For simple
considerations, we are reminded that the magnitude of
steady-state DQ or ZQ coherence would be small due to the almost
vanishing transition moments of the SE. In this case—without any
longitudinal relaxation—continuous excitation and concurrent
decay of the built-up ZQ or DQ coherence would lead to slow but
steady saturation of the connected polarization states. Within the
isolated e-n spin pair, a maximum DNP enhancement factor of
only 0.5 x /7, (~330 for 'H) would be achieved even for com-
plete saturation, contradicting Eq. (2). This is even exacerbated as
one electron typically serves ~100-10,000 nuclear spins; the max-
imum enhancement factor would then scale with the e-n number
ratio, Ns/N,, resulting in negligible enhancement. The situation
would be similar for CE due to the equilibration of the electron spin
polarization difference by CE events [75,83,100].

However, large net enhancements can be achieved on all nuclei
as electron spin polarization recovers by spin-lattice relaxation
during or between the coherent transfer steps [101,102]. At the
same time, nuclear polarization is also undergoing much slower
spin-lattice relaxation leading to a reduction in steady-state polar-
ization. The magnitude of the observed steady-state enhancement

depends on a rather complicated interplay between DNP transfer
mechanism, homonuclear spin diffusion and effective electron
and nuclear spin-lattice relaxation which in turn strongly depend
on sample constitution and experimental conditions (see
Section 6). Thus, only a semi-quantitative description for net
observables has been derived for the SE which strongly relies on
homonuclear spin diffusion (see below). A microscopic
(quantum-mechanical) treatment is rather tedious and in most
cases analytical derivations are impeded by the large number of
spins to be taken into account. In Section 2.2.2.2, we review the
general description of the problem, as well as several approaches
including stark simplifications of the underlying problem and
numerical simulations. However, we will first describe extensive
studies from the early days of DNP, where attempts to understand
the general processes involved in spreading of enhanced nuclear
polarizations were made.

2.2.1.2. The coupling between electron spins and the nuclear spin
bath. In simple and intuitive models, enhanced polarization is
transferred only to nuclei in the direct vicinity of the electron
spin(s), a model described early as the strict shell-of-influence or
influence-sphere model [103,104]. Once directly transferred to a
hyperfine-coupled nucleus, nuclear polarization is then expected
to spread spatially by homonuclear spin diffusion [101,105,106].
This situation is in principle very similar to the relaxation of
nuclear spins by paramagnetic dopants or impurities which has
been exhaustively studied in the early days of magnetic resonance
[101,107-111]. In fact, a paramagnetic species can act both as
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Fig. 11. Differential solid effect with an inhomogeneously broadened EPR line. Net
signal enhancement results from imbalances in effective e-n ZQ and DQ transition
intensity (A) and resembles the derivative of the EPR (SQ) absorption line (B).
Figure reproduced from [76] with permission.

polarization source or as relaxation sink in DNP-active or DNP-
inactive centers, respectively. This has been described previously
in order to quantitatively predict steady-state nuclear enhance-
ments [112,113].

2.2.1.3. Nuclear spin relaxation by paramagnetic sites and the diffusion
barrier. In the above-mentioned models [101,107-111], paramag-
netic centers are directly hyperfine-coupled to nuclear spins in
close proximity. These core nuclei are subsequently communicat-
ing with the bulk lattice by homonuclear spin diffusion. Upon rf
saturation of the bulk spins, their longitudinal magnetization is

mainly repleted by fast spin-lattice relaxation of the core nuclei.
Therefore, two bottlenecks can be identified: (i) core nuclear spin
relaxation is fast and bulk relaxation is limited by spin diffusion
or (ii) spin diffusion is fast but core spin relaxation is the limiting
factor [104]. Since spin diffusion relies on net energy conserving
nuclear flip-flop transitions, large hyperfine couplings will offset
the Larmor frequency of the core nuclei and quench diffusion to
less hyperfine-shifted nuclear spins. The cut-off distance below
which the effective communication between nuclei in dipolar con-
tact to the electron spin (core nuclei) and nuclei that are virtually
unaffected by the electron (bulk nuclei) ceases, is known as spin-
diffusion barrier [114], and has been demonstrated (Fig. 10) by
Wolfe on a sample of yttrium-ethyl-sulfate doped with ytterbium
(YES:Yb) [115]. The very definition of the barrier can be based on
the above-mentioned bottlenecks: nuclear spins that have a stron-
ger coupling to the lattice phonons than to the bulk spins are
within the spin-diffusion barrier, while spins that are strongly
dipolar-coupled with the bulk homonuclear bath are outside of
that barrier.

2.2.1.4. Spreading of enhanced nuclear polarization by spin diffu-
sion. As already mentioned, the situation in DNP is rather similar
to nuclear relaxation induced by paramagnetic centers where a
repletion of bulk magnetization by core spins is following the rf
saturation of the bulk; in DNP, core spins are hyperpolarized and
the enhanced polarization is spread to the bulk by spin diffusion
[101,106]. Therefore, all considerations derived for paramagnetic
relaxation in the solid state should also be applicable to DNP.
However, nuclear spins undergo spin-lattice relaxation at the same
time as being hyperpolarized, either due to long-wavelength pho-
nons, (local) temperature-activated dynamics in the bulk, or para-
magnetic relaxation towards inactive PAs (e.g., those not fulfilling
the DNP matching condition) acting as drain for hyperpolarization
[108,116]. Consequently, a significant—and in many cases largest—
amount of enhanced nuclear polarization is lost to the lattice [101].

2.2.1.5. Role of electron—electron interactions and spectral diffu-
sion. Very early after the discovery of the SE [117-120] the effects
of inhomogeneously broadened EPR lines, where the overall line
width exceeds 2wy, were studied by several groups [76,121,122].
In this general case, the differential solid effect (DSE) was formu-
lated. It was theoretically predicted and experimentally confirmed
that the DNP field profile is proportional to the first derivative of
the EPR absorption line (see Fig. 11) [76]. Due to the cancellation
of positive, (+), and negative, (—), enhancements simultaneously
caused by ZQ and DQ transitions from different spin packets, the
overall net enhancement can be reduced by one or more orders
of magnitude with respect to the maximum enhancement that
could be reached by selective saturation of the ZQ or DQ transition.

Given sufficient pw power to achieve a strong induction of the
“forbidden” SE (DQ/ZQ) transitions, it has been shown that a signif-
icantly larger enhancement can be obtained than what would be

Fig. 12. Models utilized by Smith et al. for the description of transfer pathways between an electrons spin (red) and core nuclei (yellow) as well as bulk nuclei (green) as
described in the text. A “soft” spin-diffusion barrier (slowly penetrable) is marked by a blue circle, a “hard” spin-diffusion barrier (impenetrable) by a red circle. The size of the
spin-diffusion barrier and number of nuclei within it do not represent actual values. Reprinted from [77] with permission.
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Fig. 13. Comparison of DNP enhancement factor (A) and build-up time constant (B)
between 40 mM trityl OX063 (green) and 10 mM Gd-DOTA (blue) for various 'H
concentrations in the matrix. Open circles represent samples prepared with dg-
glycerol, whereas open squares and diamonds correspond to samples prepared with
ds- and hg-glycerol, respectively. The glycerol/water ratio was 60/40 (v/v) in all
cases. All data points were recorded under 8 W microwave power at a temperature
of ~86 K. Reprinted from [74] with permission.

predicted from the slope of the inhomogeneously broadened EPR
line [112]. This was explained by the expectation that electron
spins switch their “state” between DNP-active (i.e., irradiated by
a pw field matching the SE frequency) and inactive (i.e., irradiated
with a pw field off-resonance with respect to the SE matching con-
dition). This switch is induced by changes in the local field due to
interactions with close-by nuclei or other electrons (i.e., spectral
diffusion). Thus, a larger fraction of electron spin packets can act
as active PAs and contribute to an increase of net enhancement.

2.2.2. Recent theoretical and experimental advances

2.2.2.1. The role of spin diffusion in SE DNP. The above-mentioned
descriptions and problems have also been addressed in several
modern approaches. Due to the large size of the spin system under
consideration, a phenomenological treatment via effective rate
equations provides a computationally less expensive way of
describing the polarization transfer. As has been already elaborated
in several works mentioned above [61,77,101,106], this situation
can be classically described by a system of coupled differential
equations as long as the magnitude of the coherences that may
build up at any point in time is negligible:

dpi J Jj ¢ nj (pn J 1 eq J
CT:kDNP(PS*Pl) +ZI<SD(P, *PI)JFT-(PI - P)

t n=1 Ty,
dpP Ni 1 (50)
=S - _ n no__ 0 o/ped
dt koPs + ;kDNP(Pz Ps) + Tos (Pt — Ps).

Here, Ps and P{ are the spin polarizations of the electron and the j™
nucleus; Tqs and T{ , are the electron and nuclear longitudinal relax-
ation time constants, respectively, ki, is the effective rate constant
of DNP transfer to the j™ nucleus, and k¥ describes the spin-

diffusion rate constant between the n™ and j nuclei. Finally, ko is
the rate constant of electron spin saturation due to off-resonance
excitation of the SQ transition by the uw field.

Using this rather simple model, Smith et al. have compared
three different scenarios (Fig. 12) [77]: (A) the polarization is trans-
ferred from the electron to the bulk and spin-diffusion rates
between all nuclei are equal; in other words no spin-diffusion bar-
rier exists; (B) the polarization can only be directly transferred to
core nuclei and then has to cross a “soft” diffusion barrier before
it can spread uniformly through the bulk; (C) the polarization is
directly transferred in parallel to nuclei within and to those outside
a “hard” spin-diffusion barrier with respective rate constants while
no polarization is exchanged between the two baths. By experi-
mental determination of three observables—the nuclear relaxation
time constant without DNP, the buildup time constant under
microwave irradiation and the net nuclear enhancement factor at
infinite polarization time (for further details how these parameters
are influenced by DNP see Section 6.1.1)—it was concluded that
only model C is in qualitative agreement with experiment. How-
ever, a quantitative assessment of the size of the spin-diffusion
barrier was not possible due to an insufficient set of experimental
observables.

A semi-analytical definition of the barrier has been described by
Hovav et al. based on the effective truncation of dipolar flip-flop
terms by HFI: the transition between core and bulk nuclei can be
found where the magnitude of the homonuclear flip-flop terms
d; with all other nuclei become larger than the respective differ-
ence in hyperfine coupling to the electron AA; = A; — A;j [123]:

dy

(] > a4y (51)

The parameter { describes paramagnetic quenching and results in
the broadening of the nuclear flip-flop degeneracy condition due
to faster nuclear decoherence. The vague character of this parame-
ter also prohibited reliable analysis of the barrier’s dimensions in
this case.

Further experimental indication of different bottlenecks gov-
erning the net transfer of polarization from the PA to the bulk
has been provided by comparing 'H SE caused by trityl (0X063)
and Gd-DOTA within otherwise identical samples (Fig. 13). By
adjusting the protonation level of the solvent matrix a starkly dif-
ferent behavior has been observed: for trityl, enhancement factors
are largest for maximum deuteration and decrease nearly hyper-
bolically with increasing 'H concentration while build-up rates
show little variation; for Gd-DOTA the enhancement factor and
build-up rates increase and level off at a protonation level of
~40%. This difference is explained by rate-limiting DNP transfer
but (relatively) fast spin diffusion through the bulk in the case of
trityl, whereas for Gd-DOTA initial DNP is fast with subsequent
rate-limiting spin diffusion.

The purely classical, diffusive treatment neglects any coherent
interactions which might play a role in the spreading of polariza-
tion. This has been investigated by Briischweiler and Ernst, where
a linear chain of spins was simulated quantum numerically and
deviations from uniform spreading of polarization (which would
be expected under steady-state diffusion without relaxation) were
identified [124]. Nevertheless, such a quantum-mechanical treat-
ment is extremely difficult to extend to a general network of N
nuclear or electron spins. This stems from the fact, that—in order
to include relaxation which is necessary for DNP—a transformation
from Hilbert space (with a dimensionality scaling with 2N) to Liou-
ville space is required. The resulting space with 4N x 4N elements
makes solution of the Liouville-von Neumann equation very
demanding.
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Fig. 14. Simulation of DNP on large spin systems. (A) Schematic illustration of the flow of the density matrix norm in the spin correlation order subspaces. Fast relaxation
leaves high product order subspaces unpopulated. (B) Separation of the Liouville state space into subspaces of operators of equal spin correlation order (vertical axis) or
coherence order (horizontal axis). (C) Time dependence of the norm of the ZQ coherence subspace and higher coherence subspaces. Only the norm for the ZQ coherence
subspace is non-vanishing if the Krylov-Bogolyubov averaged Hamiltonian is used (gray line) while oscillations occur for all subspaces with the non-averaged Hamiltonian
(black lines). (D) Simulation of the polarization dynamics of 1330 nuclear spins ('>C) arranged on a regular grid in a cube around one central electron (black). The diameter
and the color of the spheres indicate the nuclear spin polarization expectation value. The rightmost simulation shows the result with inhibited spin diffusion. Subfigure (A)

reprinted from [128], (B) and (C) from [129], (D) from [130], with permission.
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Fig. 15. (A) Polarization generated by direct DNP (thick red arrow) can be directly
read out on the desired nuclei (e.g., '>C). Recently, it has been shown that incoherent
polarization transfer pathways (cross relaxation from hyperpolarized proton spins;
thin purple arrows) may contribute to the obtained spectra. (B) Pathway of
polarization transfer for indirect DNP. 'H hyperpolarization generated by DNP is
transferred to '>C by CP (thick red arrows). Depending on the width of the DNP
resonance condition, a simultaneous direct polarization of the low-y nuclei can
occur (dashed thin red arrow), which is filtered out by appropriate phase cycling.

Therefore, a hybrid treatment has been adapted towards DNP
by Hovav et al. where they describe a linear chain of one electron
spin and a few nuclear spins, while accounting for relaxation as
well [123]. In this hybrid treatment, changes in spin population
(not polarization) are modeled with effective rate equations which
are based on a complete diagonalization of the spin Hamiltonian.
By defining a direct hyperfine coupling only between the electron
spin and the closest nuclear spin but allowing for dipolar evolution
between all nuclei within the chain, it was found that direct trans-
fer pathways exist between the electron spin and nuclei further
removed along the chain. This result shows—from a theoretical
viewpoint—that a classical treatment is insufficient for a complete
description of the spreading of hyperpolarization. From a more
practical viewpoint, it becomes clear that by a combination of

HFI and a strong dipolar-coupled network of core and bulk nuclear
spins, additional transfer pathways exist which could alleviate the
problem imposed by the spin-diffusion barrier. A more realistic
description of a three-dimensional system, with much larger ratio
of nuclei to electron spins would be highly desirable because this
could allow for a quantitative comparison between theoretical pre-
diction and experimental observation.

2.2.2.2. Simulations of DNP with large nuclear/electron spin
ratio. Unfortunately, the model described in the section above is
very difficult to generalize towards larger spin systems due to
restrictions in computational power [123]. Recently, Kuprov has
proposed the utilization of Fokker-Planck formulism in order to
achieve higher efficiency of density operator propagation [125].
Even though the dimensionality of spin operators in Liouville space
has to be extended by the spatial dimensions in Fokker-Planck
space, the time slicing—necessary when the Hamiltonian is not
self-commuting at all times—can be performed more efficiently
particularly for situations involving complex spatial evolution of
the spin Hamiltonian [126]. This can be beneficial for experiments
under MAS. This formalism has been incorporated into the Spinach
simulation library [127], which could lead to promising advances
in theoretical modeling of complex situations for DNP under MAS.

Strides towards a general description of a system containing a
rather large number of nuclear spins per electron spin have been
taken by Kockenberger and co-workers (Fig. 14). For example,
Karabanov et al. have shown that the large (Liouville) state-space
can be effectively reduced because the norm of subspaces of higher
spin-order does not significantly build up on the time scale of
typical experiments (Fig. 14A). Therefore, only subspaces up to a
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Fig. 16. (A) Pulse sequence for read-out of enhanced '3C polarization generated by direct DNP (magenta arrow) or generated indirectly by cross relaxation from DNP-
enhanced 'H (cyan arrows). Read-out is performed by single-pulse excitation (left) or by Hahn echo (right). (B) MAS NMR spectra of three different samples (U-'°N,'3C-IL1-
R2 protein loaded with Gd>* as well as U-'3C-alanine in the presence or absence of Gd**) doped with AMUPol, recorded using the pulse sequences in (A). Positive signals arise
from direct '3C (+)-DNP whereas 'H-'3C cross-relaxation leads to negative signals. Reprinted with permission from [141].

certain spin-order have to be considered, leading to polynomial
scaling instead of exponential scaling of the state-space with the
number of spins. This facilitates simulations of large spin systems,
even though the scaling power is still significant [128]. The same
authors have also extended this state-space restriction approach
by applying Krylov-Bogolyubov averaging of the fast oscillations
during spin-evolution. Due to the presence of the electron spin
and acceleration of higher spin-order decoherence, the state-
space can be very effectively truncated for DNP-relevant systems
(Fig. 14B and C). This allowed for simulations of SE [129] as well
as CE [131] with a large number of nuclear spins up to 10%; in such
a large system, the SE DNP process is governed by kinetically con-
strained diffusion (Fig. 14D) [130]. Further extension of the theo-
retical model by incorporation of a kinetic Monte Carlo algorithm
for the description of spin diffusion allowed the authors to predict
that more efficient bulk hyperpolarization could be achieved by
increasing the minimum distance between the electron spin and
the closest nuclei [132]. This result is similar to the findings of
Griffin and co-workers where it was concluded that a significant
amount of nuclear spin polarization is lost to fast-relaxing core
nuclei [74,77]. Although Kdckenberger and co-workers have devel-
oped these models for conditions suitable for dissolution DNP
(large '3C concentration, very low temperature), results could be
qualitatively applicable to MAS DNP as well. However, in order
to obtain quantitative predictions in the latter case, sample
rotation under MAS would have to be explicitly included.

2.2.2.3. Spectral diffusion in the context of DNP: direct vs. indirect
CE. Developments in high-field EPR spectroscopy have allowed to
investigate the role of spectral diffusion which occurs under
DNP-relevant conditions. A detailed study has been led at the
Weizmann Institute (Rehovot, Israel) in a collaboration between
the Goldfarb and Vega laboratories using an integral EPR/NMR/
DNP spectrometer operating at W-band (94 GHz e~, 140 MHz 'H,
3.4T) [88,133]; this study has very recently been extended to a

field of 7 T (198 GHz e~, 300 MHz 'H) [134]. An additional (pump)
uw-frequency source was used for ELDOR spectroscopy, allowing
the measurement of electron (de-)polarization after off-
resonance saturation [135]. A similar approach had been utilized
by Granwehr and K&ckenberger, however, their resonator-free
setup in combination with longitudinal detection (LOD) of electron
spin polarization is only suitable for experiments under TM condi-
tions (i.e., at very low temperatures) [136].

The above-mentioned ELDOR experiments enabled the identifi-
cation of spectral diffusion pathways active under typical DNP sat-
uration. Using such a technique the authors have experimentally
confirmed the correlation between differential polarization within
the electron spin pair and the polarization of the coupled nucleus
under CE (see Sections 2.1.2 and 6.1.2) [133]. Furthermore, it has
been shown that the required selective electron depolarization
can be inflicted either directly by uw irradiation of the spin packet
of one of the electrons within the CE-matching pair, or indirectly
by excitation of an off-resonance spin packet and subsequent spec-
tral diffusion of electron polarization. These processes have been
dubbed direct CE (dCE) and indirect CE (iCE) [88]. It should be noted
that this distinction is highly relevant under static conditions
where the narrow matching condition for dCE can be achieved only
by a rather small number of active spin pairs whereas iCE can ben-
efit from significantly increased fraction of actively polarizing pairs
due to effective spectral diffusion. Under MAS, the spin packets
modulate their Larmor frequency [75,83], which leads to a situa-
tion comparable to iCE (see above, Section 2.1.2).

2.3. Utilization of enhanced polarization

2.3.1. DNP build-up under microwave irradiation

Since DNP causes a build-up of longitudinal magnetization, this
process is indistinguishable from the return to thermal polariza-
tion due to spin-lattice relaxation. Even though early experiments
using DNP enhancement in combination with MAS utilized a gated
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Fig. 17. Various MAS NMR pulse sequences employing DNP enhancement. (A) Homonuclear correlation spectroscopy by proton-driven spin diffusion and (B) by SPC5 double-
quantum mixing; reprinted from [137] with permission. (C) Heteronuclear correlation spectroscopy by double CP in combination with homonuclear mixing; reprinted from
[146] with permission. (D) Double-quantum (DQ) 2H-'3C correlation spectroscopy; reproduced from [147] with permission. (E) Frequency-selective transferred-echo double
resonance (FS-TEDOR); reprinted from [148] with permission. (F) “Backward” (4D CX(Co)NC'CX i — i — 1) and (G) “forward” (3D CX(C')N(Ca)CX i —» i+ 1) S> correlation
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uw irradiation where the acceleration voltage of the gyrotron pw
source was cut right before NMR acquisition [91], it was shown
that this instrumentation-taxing technique is unnecessary [137].
Consequently, experiments can be performed virtually unchanged
from their “conventional” variants by allowing the polarization
transfer chain explained earlier to occur during the regular recycle
delay while the sample is continuously irradiated by pw. Thus,
modification of typical MAS NMR pulse sequences is generally
not required.

2.3.2. Indirect vs. direct DNP

As shown in Fig. 15, DNP can be performed either directly on
the nuclear species to be detected (i.e., low-y nucleus) or indirectly
by first hyperpolarizing 'H and then transferring the enhanced
polarization to the low-y nuclei for detection or further evolution/-
transfer [91]. These scenarios are usually known as direct and indi-
rect DNP.? Here, it should be noted that these definitions should
generally be based on the pathway of enhanced polarization from
the PA to the nuclear spin that is detected. In the following, we will
see that there are several ways how this pathway can be controlled.
In particular, experimental parameters such as field/frequency
matching can be adjusted in favor of a specific DNP mechanism, or
a suitable pulse sequence/phase cycle can be employed which allows
a selective read-out of the sought-after polarization.

2.3.3. Active DNP pathways

In the case of bis-nitroxide PAs, the field profiles of 'H and low-
v nuclei such as '3C are almost congruent (see Section 3.2.2). Con-
sequently, both DNP transfer pathways are equally active, although
they may occur with different rates. Polarization that has built up
by unwanted transfer pathways has to be discarded by the pulse
sequence used for read-out, however, in most cases, appropriate
phase cycles are already implemented in the conventional pulse
programs (e.g., Hartmann-Hahn cross-polarization) in order to sup-
press spurious contributions.

In the case of PAs with narrow EPR lines, the SE mechanism
allows for selection of the DNP transfer pathway. By choosing the
respective SE matching condition, Eq. (12), either 'H or the low-y
nuclear species can be selectively hyperpolarized while the other
species remains close to thermal polarization (see Section 3.2.1).
Therefore, in these cases, the DNP matching has to be adjusted
when changing between indirect and direct DNP detection
schemes by adjusting the magnetic field or the pw frequency.

2.3.4. Pulse sequences for indirect or direct DNP read-out

Most commonly performed is indirect DNP, where the polariza-
tion is generated on a suitable nuclear species, normally 'H, and is
then transferred to the nuclear species of interest such as 2H, '3C,
15N, 170, 27Al, °Si, etc. (Fig. 15). This transfer is typically performed
by cross-polarization (CP), after which either the free induction
decay (FID) is recorded or further magnetization transfer steps
can be employed. Any potential polarization that has built up by
direct DNP is filtered by an appropriate CP phase cycle, in the same
way as the thermal polarization of the nuclear spins to be detected
is discarded in a conventional CPMAS experiment. Indirect DNP has
the advantage that by hyperpolarizing a strongly-coupled nuclear
spin network, the DNP transfer process is very efficient and short
build-up time periods as well as a uniform spreading of enhanced
polarization can be achieved.

For direct DNP, on the other hand, no heteronuclear transfer
step is involved and a simple single-pulse excitation is used for
read-out of the FID or for further transfer. In the cases where

3 Direct and indirect DNP as transfer pathways are not to be confused with direct
and indirect CE as DNP mechanisms (dCE/iCE) which are described in Section 2.2.2.3.
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Fig. 18. 'H enhancements as function of static applied magnetic field at 4.2 K and
70 GHz: (A) 1% Nd** in LMN; (B), (C), and (D) 0.25, 1.5, and 5% Ley’s radical by
weight in polystyrene, respectively. The magnetic field axis is shifted for compar-
ison as g ~ 2.7 for Nd-LMN, and g ~ 2.0 for Ley’s radical. Reprinted with permission
from [59].

low-y nuclei are detected, the initial direct DNP transfer and the
subsequent spreading through the bulk can be considerably slower
and less efficient, especially when the local spin concentration is
small. Therefore, spatial polarization gradients must be expected
and have indeed been observed experimentally [138,139]. Also,
increased line widths of the DNP-enhanced MAS NMR spectrum
in comparison with the non-enhanced spectrum have been
reported due to selective hyperpolarization of nuclei that are close
to the paramagnetic PA [139-141]. Nevertheless, direct DNP can be
performed in the absence of 'H (i.e., where CP cannot be employed)
[142], or where the direct transfer pathway is preferred, for exam-
ple, in order to distinguish between surface and bulk sites
[143,144] or to constrain enhanced polarization within a certain
distance/volume around the PA [139,140].

2.3.5. Simultaneous indirect and direct DNP

Differentiation between direct and indirect DNP processes is
only clear when no heteronuclear contact exists except the con-
trolled (coherent) transfer pathway during the CP contact period.
Recently, it has been shown that non-coherent transfer of polariza-
tion can also occur during DNP build-up between hyperpolarized
'H and '3C due to cross-relaxation (see Fig. 16) [139,141,145]. In
this case, a negative signal enhancement is generated on '3C sug-
gesting dipolar '"H-'3C cross-relaxation dynamics to be responsi-
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Fig. 19. Theoretically predicted DNP field profiles (green) of SE, CE, and OE, based on simple EPR line shapes (blue and red). Small satellite peaks at an offset corresponding to
g are the forbidden e-n DQ and ZQ transitions and are largely exaggerated in intensity. For CE, the EPR lines of two electron spins with ideal CE matching condition

Awygs = wo; are shown in different colors.

ble. For biomolecules, methyl groups have been identified as effec-
tive cross-relaxation promotors under DNP, even at temperatures
of 100K [141].

In the case of a bis-nitroxide PA, both nuclear species (i.e., "H and
13C) are hyperpolarized at the same time. Subsequently, a combina-
tion of (+)-DNP enhancement by direct '*C DNP and of (—)-DNP by
indirect DNP due to cross-relaxation is observed, partially cancelling
each other. Nevertheless, due to the spatial selectivity of the two
processes—direct DNP requires close vicinity of a PA while indirect
DNP is emanating from methyl groups substantially removed from
the PA—filtering schemes can be applied in the form of decoherence
filters or 'H saturation schemes [141,145]. The former technique
removes contributions from fast-decaying coherences of '>C nuclear
spins in close vicinity of the PA while the latter suppresses the
build-up of (—)-DNP by cross-relaxation from 'H. When the 'H SE
condition can be induced selectively, enhancement due to indirect
DNP by cross-relaxation can also be selectively observed without fil-
tering techniques [139].

The additional selectivity provided by these methods is highly
promising towards the generation of non-uniform and spatially
constrained polarization which can potentially be utilized for spec-
tral isolation of a sought-after molecular species within a complex
mixture. First steps in this direction have been taken with the
direct labeling of biomolecules with PA-tags (see also Sec-
tion 6.3.4); the possibility of straightforward background removal
by subtraction of non-enhanced ('H-saturated) spectra under-
scores the importance of such methods.

2.3.6. Examples of NMR pulse sequences used for MAS DNP

Generally, most MAS NMR pulse sequences can be applied in
combination with DNP without further modifications. Therefore,
we will only present a small selection of NMR pulse sequences
reported in combination with DNP which is based mostly on histor-
ical developments. However, the performance of pulse sequences—
in particular those including long mixing periods—might be affected
by the presence of the PAs which act as centers for enhanced longi-
tudinal and transverse relaxation (see Section 6.4.2).

Many examples of DNP-enhanced multidimensional pulse
sequences have been reported during the last years. Earliest reports
included homonuclear chemical-shift correlation spectroscopy

[137], heteronuclear correlation spectroscopy by double CP (DCP)
in combination with homonuclear mixing [146], double-quantum
(DQ) ?H-"3C correlation spectroscopy [147], and frequency selective
TEDOR (FS-TEDOR) in combination with DNP [148] (see Fig. 17), as
well as indirect detection of '*N by HMQC [150].

The large sensitivity gain by DNP has also stimulated the devel-
opment and application of techniques that are otherwise not pos-
sible. For example, Marker et al. have applied a '>N-!3C DCP-based
heteronuclear correlation experiment (DCP-HETCOR) on a deoxyri-
bonucleoside derivative in natural isotopic abundance which—in
combination with 3C-'3C J-refocused INADEQUATE—allowed for
the complete assignment of '3C and '°N resonances despite the
very low probability of direct one-bond contacts (i.e., 1072% for

13¢-13C and 4 x 107% for '>C=">N) [151]. Very recently, McDer-
mott and co-workers have developed a novel 3D/4D sequential
sidechain-sidechain (S3) correlation spectroscopy experiment (see
Fig. 17F and G). This technique is only possible due to the large sen-
sitivity gains by DNP and allows full assignment of protein reso-
nances in a fraction of the experimental time required for
conventional MAS NMR despite the frequently encountered inho-
mogeneous broadening and subsequent overlap of resonances at
cryogenic temperatures [149]. A much more exhaustive descrip-
tion of experiments enabled by DNP is given in the context of rel-
evant applications with DNP in Section 7.

3. Enhancement profiles

Polarization transfer from electron spins to nuclear spins can
only take place at appropriate resonance conditions defined by
the DNP mechanisms [i.e., the DNP matching conditions as given
by Eqgs. (12) as well as (33)] and as explained in detail in Section 2.1.
This can be achieved in two ways: either the magnetic field is
shifted such that the electron and nuclear Zeeman interactions ful-
fil the matching condition with a fixed uw frequency, or—given a
frequency-tunable uw source is available—the pw frequency can
directly be adjusted. Thus obtained profiles of field- or
frequency-dependent enhancement factors are commonly referred
to as DNP field or frequency profiles, respectively; these two meth-
ods yield—except for the typical inversion of the abscissae—practi-
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cally equivalent profiles. The oftentimes rich information con-
tained in such profiles can be used to optimize DNP experiments
or to investigate DNP mechanisms in more detail. Due to the wide-
spread use of fixed-frequency gyrotron sources for MAS DNP (see
Section 4.2.1), field profiles are most commonly recorded with
sweepable NMR magnets which are now commercially available
[152]. Alternatively, when a frequency-tunable pw source is uti-
lized, the acquisition of frequency profiles is the most convenient
method in a static DNP setup; however, the limited bandwidth of
the pw resonating structure has be taken into account [153].

3.1. Development of fundamental DNP theory

Discussions of DNP field profiles have played a major role in the
development of DNP theory. In fact, the very first hypothesis of CE
was based on the observation of unexpected changes in the DNP
field profiles at 2.5 T (70 GHz e~; 106 MHz 'H) [58,59]. In these
important experiments, Hwang and Hill observed a drastic change
in the DNP enhancement profiles with varying concentration of
Ley’s radical [154] in polystyrene (see Fig. 18). SE was the only
DNP mechanism known for solids at that time, and Jeffries and
Schmugge had already established that (+)- and (—)-DNP enhance-
ment peaks were then separated by 2wg;, based on the experi-
ments on a lanthanum magnesium double nitrate crystal doped
with 1% Nd3* (Nd-LMN) [155]. With higher concentrations of Ley’s
radical in polystyrene, Hwang et al. observed a decrease in the sep-
aration of the (+)- and (—)-DNP extrema. This was attributed to the
variation in e-e spin interactions and was dubbed spin-spin effect.
Further experimental and theoretical research in this direction led
to the establishment of CE as a viable DNP mechanism [61,62]. To
date, CE is the most commonly employed mechanism when DNP is
applied as structural investigation technique (see Section 7).

Analysis of DNP profiles of sample systems where SE is
dominating—especially when differential SE was observed with
inhomogeneously broadened EPR spectra—stipulated a deeper
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understanding of the role of spatial and spectral spin diffusion
(Section 2.3.2) to explain the efficient transfer of enhanced
polarization to the nuclear spin bulk [76,101,106,121,122]. Conse-
quently, the information obtained from DNP profiles led to the
development of advanced theories of (integral) DNP mechanisms
[156]. While DNP profiles due to SE can oftentimes be predicted
quite accurately on basis of the EPR spectrum of the PA [157], CE
is associated with much more complicated and less intuitive DNP
profiles [158]. Furthermore, OE DNP was observed in insulating
solids by analysis of DNP profiles [89,90,97]. In the following, we
summarize the key points that characterize active DNP mecha-
nisms (i.e., SE, CE, and OE) under typical experimental conditions
based on the theoretical discussion in Section 2.1.

3.2. Differences due to DNP mechanisms and polarizing agents

3.2.1. Solid effect

SE is mainly observed with monomeric radicals featuring a
relatively small EPR spectral breadth so that CE matching is ineffi-
cient; alternatively, also radicals with broad EPR linewidth can
induce SE when their concentration is small and thus, intermolec-
ular e-e interactions required for CE are negligible. In the simplest
case, the shape of the DNP field profile can be directly deduced
from the EPR spectrum of a PA [74,139,158]. According to Eq.
(12), excitation of the e-n DQ or ZQ transitions leads to positive,
(+), or to negative, (—), nuclear polarization enhancement, respec-
tively. These conditions are separated by 2wyq,. In the case of a nar-
row EPR spectrum—where ZQ and DQ transitions are sufficiently
separated—the net (+)- and (—)-DNP enhancement peaks are well
resolved and occur at frequencies wos — wo; and wos + Wy, respec-
tively (see SE case in Fig. 19 and green spectrum in Fig. 20).

Inhomogeneous broadening of EPR spectra by typical mecha-
nisms such as Zeeman anisotropy or unresolved HFI directly affects
DNP field profiles as well. Even when the ZQ and DQ SE transitions
are sufficiently separated (yellow spectrum in Fig. 20), the
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Fig. 20. Theoretical analysis of field profiles predicted by inhomogeneously broadened EPR spectra, demonstrating the transition from well-resolved SE (green) via partial
overlap of ZQ and DQ transitions (orange) to differential SE (red). The left column shows spectra and profiles normalized to the full area under the EPR absorption spectrum
while the right column data is normalized to the maximum peak absorption.
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Fig. 21. Experimental DNP field profiles of TOTAPOL (blue) and trityl 0X063 (green) in comparison with their respective EPR spectra at 140 GHz pw frequency. For trityl, DNP
by SE is excited at the DQ and ZQ transitions of the EPR resonance (outer red dotted lines). For TOTAPOL, excitation of the SQ EPR transition of one spin packet (middle red
line) leads to possible CE matching with spin packets resulting in opposite DNP sign, albeit with different probabilities (red dots).

resulting reduction of the excitation efficiency achievable with a
fixed-frequency pw source leads to a proportional reduction of
the maximum bulk signal enhancement due to a smaller number
of spin-packets actively participating in SE induction [159]. This
reduction can (in part) be compensated for by electron spectral dif-
fusion [134,160], or—in the case of MAS DNP—rotor-angle depen-
dent evolution of anisotropic interactions [75,83,156]. Also,
frequency modulation has been shown to result in higher enhance-
ment factors in static DNP [161-164]. In all of these cases, a larger
number of electron spins were excited by uw irradiation as would
be expected from the homogeneous linewidth of the spin packets
as long as sufficient yw power was available for operation in the
(partial) saturation limit of the SE. Unfortunately, this power
requirement is usually not met for MAS DNP—even when a high-
power gyrotron is used—due to the small transitions moments of
the SE [74,89,139].

If the overall breadth due to inhomogeneous broadening of the
EPR line exceeds 2wy, (red spectrum in Fig. 20), overlap of the ZQ
and DQ transitions causes mutual cancellation of (+) and (-)
enhancements and hence reduction of the net nuclear bulk polar-
ization in addition to the less effective spin packet excitation
described in preceding paragraph. As we have already explained
in Section 2.2.1.5, for very large EPR line widths (A > 2wy;), the
DNP profile resembles the first derivative of the EPR spectrum
[76]. Consequently, the separation between the maxima of
(+)- and (—)-DNP peaks becomes greater than 2wy,.

A simple yet effective method for simulation of SE DNP profiles
has been presented by Shimon et al. and is based on the differential
(net) amplitude of DQ and ZQ transitions obtained by the EPR spec-
tral shape function [158]. This method can easily be applied if the
EPR spectrum is available (most preferably recorded with the same
uw frequency used for DNP) and has proven highly useful in the
identification of transitions between active DNP mechanisms
[139,165], as is outlined in Section 3.3.1.

3.2.2. Cross effect

PAs with broad and anisotropic EPR spectra often favor the CE
mechanism, given sufficient inter- or intramolecular e-e dipole
coupling is provided. The shape of the CE field profile caused by
such an inhomogeneous EPR line is difficult to understand or pre-
dict. As a gedankenexperiment, a spin system featuring two narrow
lines which are separated by the nuclear Larmor frequency would
achieve an ideally efficient CE [61]. In this case, the field profile
would consist of two DNP peaks of different relative sign, sepa-
rated by the nuclear Larmor frequency. These peaks coincide with
the two EPR absorption lines: by direct excitation of either the low-
or high-frequency EPR transition a CE three-spin-flip is induced,
leading to either (+) or (—) nuclear enhancement, respectively
(see CE case in Fig. 19). Such idealized systems are difficult to
design due to the limitations on g-factor variation of available
radicals; nevertheless, a mixture of BDPA and trityl type radicals



A.S. Lilly Thankamony et al./Progress in Nuclear Magnetic Resonance Spectroscopy 102-103 (2017) 120-195

Gd-DOTA Mn-DOTA

143

'H Enhancement

4
>4
>4

104

- 81
é 40- 61
4
(0] 20-
2 24
& 0; 0]
[
8 -20- -2
2] '4'
2 401 e
60+ -84

< <<
>

500 5.01 5.02
Magnetic Field (T)

4.96

4.98 5.00 5.02

Magnetic Field (T)

Fig. 22. 'H and '3C DNP field profiles of Gd-DOTA and Mn-DOTA PAs. EPR spectra shown on top of DNP profiles. All data recorded at 140 GHz pw frequency with 10 mM PA
concentration in a 60/40 (vol%) glycerol/water solution at ~86 K. Figure adapted with permission from [139],.

60 +

—
SA-BDPA !
trityl (OX063 !
40| trityl (OX063) |

'"H Enhancement

T T T
-10 5 10

EPR Resonance Field Offset (mT)

Fig. 23. 'H DNP enhancement field profiles of SA-BDPA (red) and trityl OX063
(green) measured at 140 GHz uw frequency (5T) at 40 mM PA concentration in
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significant OE with a saturation-broadened peak at the EPR transition; in contrast,
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transition. Data taken from [89].

can mimic such a scenario for DNP of low-y nuclei [82]. This situ-
ation is discussed in more detail in Section 5.2.3.

For strongly anisotropic, inhomogeneously broadened EPR lines
(i.e., A > wq > 6), contributions from all spin packets within the
spectral envelope have to be considered in a disordered sample.

Excitation of the absorption line at an arbitrary field/frequency
combination will in most cases lead to both (+)- and (—)-DNP with
concomitant partial cancellation. Subsequently, the DNP profile
spreads across the whole EPR absorption spectrum and most
importantly, no plateau occurs (Fig. 21). Under static conditions
with randomly oriented monomeric radicals, a rather straightfor-
ward matching probability between spin packets can be evoked.
Thus, for each point in field or frequency, the probabilities of find-
ing matching partners separated by Awgs ~ +my; [see Eq. (33)] that
result in (+) or (—) enhancement are weighted against each other,
yielding a relative enhancement factor [158].

For a typical bis-nitroxide system, this analysis would have to
account for the correlation between the molecular frames of the
two interconnected radical moieties. The complexity is further
exacerbated under MAS as explained in Section 2.1.2. As we have
additionally laid out in Section 2.2.2, quantum-mechanical propa-
gation of the full density operator in Liouville space is currently not
feasible. Very recently, Mentink-Vigier et al. have introduced a
semi-classical theory for simulation of such CE profiles under
MAS, based on the solution of Bloch-like differential equations
and numerical analysis of the adiabaticities of level anti-crossing
(LAC) events within the Landau-Zener approximation [156].

3.2.3. Overhauser effect

As already discussed in Section 2.1.3, initially unexpected 'H
signal enhancements by OE DNP have been reported in dielectric
solids under MAS [89,90,97]. Since the OE operates by incoherent
e—n cross relaxation, it can theoretically be driven by direct or indi-
rect saturation of the EPR resonance line. Up to now, only direct
saturation has been reported experimentally [89,90,97]; however,
the slight asymmetry of maximum (+)- and (—)-DNP enhancement
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factors observed at the SE conditions for trityl and SA-BDPA [74,89]
might be attributable to an indirect saturation of the EPR line and
subsequent OE by e-n cross relaxation.

DNP enhancement of one specific sign is theoretically expected
and has been observed experimentally [89,166]. As shown in
Fig. 19 (OE case), the DNP condition is centered around the EPR
spectrum and generally resembles the EPR line shape. However,
in all cases reported so far, a broadening of the OE DNP profiles
with respect to the EPR spectrum has been observed. This is caused
by a highly efficient saturation even at low pw power, so that off-
resonance saturation has to be considered as is described in
Section 2.1.3.

3.2.4. High-spin metal ions

The DNP mechanisms responsible for enhancement by high-
spin metal ion PAs (Gd** and Mn?*) have been analyzed based on
their field profiles [139,159,167]. Representative examples of field
profiles are shown in Fig. 22. The theoretical description follows
the same principles as laid out for PAs with S = 1/2 in Section 2.1.
However, the situation is not trivial due to the occurrence of mul-
tiple spin transitions with different properties. The EPR spectra of
half-integer high spin systems often feature a narrow and isotropic
(to first order) central transition (CT) and highly anisotropic satel-
lite transitions (STs) spreading over a large field/frequency range
due to zero-field splittings (ZFS.) As a result, the narrow CT evi-
dently allows for SE [139], whereas the role of STs is still unclear.
The large angular dependence of ZFS might support CE under
MAS [167]. However, clear indications for such CE matching
between STs or between a ST and the CT has not been presented
yet. Therefore, for all examples of DNP with high-spin PAs pre-
sented thus far, a treatment of the CT alone is believed to be suffi-
cient to explain occurrences of both SE and CE [139,168].

3.3. Information content

3.3.1. Identification of DNP mechanism

Even though knowledge of the sample composition and envi-
ronment (e.g., PA type and concentration, temperature, external
magnetic field) might already indicate the dominant DNP mecha-
nism, the exact prediction is not straightforward; indeed, even a

transition from one dominant mechanism to another can occur
when changing experimental parameters. As described in the pre-
ceding sections, the shape of the field profile can yield valuable
information about the DNP mechanism active within a sample
under certain experimental conditions.

Certain selection criteria have to be fulfilled for effective contri-
bution of a specific DNP mechanism. CE requires a PA which allows
for frequency matching according to Eq. (33) (i.e., |Awos| = wor)
while at the same time sufficient e-e dipole couplings have to be
present. If one of those criteria is not met, CE is absent or inefficient.
For example, SA-BDPA shows no sign of CE due to the small EPR line-
width even though sufficient e-e dipole couplings are expected at
the high concentration. In many cases two mechanisms can be
observed to exist next to each other. For example, SA-BDPA shows
OE being active besides SE; for trityl 0X063, minor contributions
from CE 'H DNP are evident along with major enhancements due
to SE [74,89]. This situation is illustrated in Fig. 23.

Such a combination of different DNP mechanisms is much less
obvious when PAs with EPR line widths exceeding the nuclear Lar-
mor frequency are considered (i.e., A > wq > ). Intuitively, effi-
cient CE is expected if a dipolar coupling between electron spins
is provided. However, SE can still contribute significantly to the
observed DNP enhancement. This situation has been investigated
in detail by the Vega group in the context of static DNP. Shimon
et al. corroborated the relative contribution of CE and SE from
TEMPOL in static samples and found a transition between the dif-
ferent mechanisms depending on experimental parameters such as
sample temperature and incident pw power [158]. Interestingly,
the absolute contribution of the 'H CE decreased at low tempera-
tures (<30 K); this observation has also been reproduced by similar
experiments with the biradical TOTAPOL [165] as well as with the
monoradical trityl for 1>C DNP [169]. The latter example is shown
in Fig. 24. Significant extension of electron spin lattice relaxation at
lower temperatures has been proposed as the possible explanation
of this phenomenon. The decrease of CE efficiency when lowering
the temperature is rather unexpected and not observed under MAS
conditions. In contrast, under MAS overall DNP enhancements
increase with decreasing temperatures; this has been experimen-
tally shown down to 24 K [170]; furthermore, enhancement factors
are higher than those obtained under static conditions [171]. How-
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ever, to the best of our knowledge, no similar attempt to disentan-
gle relative contributions of SE and CE has been undertaken so far
for MAS DNP.

3.3.2. Multinuclear DNP

Another interesting effect has been reported already more than
40 years ago by Borghini, De Boer and Morimoto in relation to their
analysis of 'H and 2H DNP enhancement profiles. They observed
(weak) DNP features occurring at @uw = Wos £ 2o ('H) as well
as uw = Wos = wo(H) = wo(*H) at temperatures of 700 mK
[172,173]. These features were identified as forbidden multi-spin
SE transitions, where an electron spin flips together with two pro-
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tons or one proton/deuteron pair in a concerted manner. Such
multi-nuclear SE transitions with up to four protons flipping at
the same time have also been observed indirectly by depletion of
the electron spin polarization at 80 K by Smith et al.; however,
no DNP enhancement by multi-nuclear flips could be observed at
this temperature. Nominally, such multi-spin transitions are
strongly forbidden, nevertheless, the large number of nuclear com-
binations paired with indirect homonuclear couplings introduced
by strong HFI is expected to increase the effective transition prob-
abilities [174].

The aforementioned heteronuclear multi-spin SE has also been
observed for 'H and '3C in samples doped with 15 mM trityl at
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temperatures of up to 30 K (see Fig. 24C) [169]. Shimon et al. have
performed a detailed experimental analysis of this effect and have
proposed several multi-spin transfer pathways to occur in parallel
as direct (i.e., coherently pw-driven) or indirect (i.e., due to electron
spin polarization depletion) DNP mechanisms (see also Fig. 25)
[175]. Later, this model was extended to account for experimental
observation of simultaneous heteronuclear CE between 'H and %H
[176]. For detailed explanation of these effects we refer the reader
to the original publications.

4. Instrumentation

Due to the unique experimental conditions (i.e., high-power,
high-frequency pw irradiation, cryogenic MAS), application of
DNP requires significant modifications of existing MAS NMR
instrumentation. Since 2009, specialized hardware has been
offered commercially by Bruker Biospin for a magnetic field of
9.4 T [177]; recently the scope has been extended by instruments
operating at fields of 14.1 and 18.8 T [152].

A schematic drawing of a typical DNP MAS setup is shown in
Fig. 26. A short description of the most important components
and their implication on effective DNP enhancements is given in
the following. For an extensive treatment of the technical details
of the individual components, the reader is referred to several
excellent reviews [146,152,178-180].

4.1. High-frequency microwave sources

4.1.1. Gyrotrons

Until the mid of the 1990s, the available pw sources had been the
limiting factor for the external magnetic field at which the DNP NMR
experiments were conducted. Pioneered by Griffin and co-workers,
[91,181,182] the introduction of gyrotrons as sources of high-
power/high-frequency pw radiation dramatically extended this
limit (see Fig. 27). Moderate- to high-field DNP setups are accessible
today as a result of intensive research [152,177,183,184].

Gyrotrons were originally developed for plasma heating in Toka-
mak fusion experiments by producing pulsed outputs in the
> 1 MW power range; an excellent historical review on the general
development of these devices has been written by Nusinovich et al.
[186]. For DNP experiments, gyrotrons have been introduced as a
truly continuous pw source by a combined effort of Richard Temkin
at the Plasma Science and Fusion Center (PSFC) and Robert Griffin at
the Francis Bitter Magnet Laboratory (FBML) at MIT [182]. While the
original setup operated at 140 GHz, the scope has been extended by
development of gyrotrons by academic research groups with pur-
pose for DNP applications at 250, 330, and 460 GHz (MIT)
[146,187-190],400 and 460 GHz (Osaka)[191-193], 187 GHz (War-
wick) [194], 200 GHz (WUSTL) [195], and 260-530 GHz (EPFL)
[196-198]. Furthermore, gyrotrons for DNP applications have been
developed or designed by Bruker Biospin/Communication & Power
Industries (CPI) (263, 395, and 527 GHz) [152,177,199], Gycom
(259 GHz) [200] and Bridge12 (395 GHz) [201].

Gyrotrons for continuous wave (cw) operation provide reliable
monochromatic pw irradiation frequencies up to 1 THz and deliver
continuous output power at the sample in the order of 10 W and
higher. Such high power levels are necessary for MAS DNP as the
size of the sample exceeds the pw wavelength several-fold; thus,
the sample is not situated inside a pw-resonating structure. In con-
trast, for EPR and static DNP experiments a resonator is typically
used, alleviating the requirement for large incident power by effi-
cient conversion between incident pyw power and field amplitude.

As electron cyclotron maser devices, gyrotrons rely on the
acceleration of an annular-shaped electron beam—which is emit-

ted from an electron gun cathode—into a longitudinal magnetic
field (see Fig. 28). Within this field, the electrons gyrate with their
cyclotron resonance frequency and pass an interaction cavity.
Here, the cyclotron maser instability causes transverse bunching
of the electrons and an electromagnetic field is generated [202].
This field in turn interacts with the movement of the electrons in
the beam, amplifying the bunching and allowing the extraction
of transverse kinetic energy in the form of uw irradiation which
is then guided into an overmoded, corrugated waveguide (see Sec-
tion 4.4.2) by a quasi-optical mode converter.

Under stable operation conditions, up to 200 W of power can be
extracted while the power from the overall kinetic energy of the
beam is ~1.5 kW. This results in an energy efficiency of ~10-15%
[189]; this figure is considerably smaller (~1%) when a high-
frequency gyrotron operates at the second harmonic of the cyclo-
tron condition (thus requiring a smaller magnetic field) [204]. This
high power output is possible because a gyrotron operates as a
fast-wave device with minimal power deposition in the highly-
overmoded interaction cavity. Virtually all excess (waste) power
is deposited within a water-cooled collector situated behind the
quasi-optical mode converter. This situation is different for slow-
wave devices which can also provide high frequencies, but are lim-
ited with respect to the output power because of significant power
deposition within the small interaction structure (see section
below).

For practical purposes, the cyclotron frequency must coincide
with the Larmor frequency of the electron spins of the PA. There-
fore, a second superconducting magnet of similar field strength
as the NMR magnet (or an integer fraction thereof if overtones
are used) is required. However, due to relativistic effects of elec-
trons within the high-energy beam, the magnetic field of the gyro-
tron magnet has to be increased by ~2% so that DNP matching
conditions can be achieved with typical nitroxides or other radi-
cals. There are plans to overcome this requirement for a second
superconducting magnet—bearing significant cost and lab space
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with permission.
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burden—by a miniaturized gyrotron to be used inside a two-center
magnet [205-208].

4.1.2. Other sources

In addition to the above, pw irradiation generated by an
extended interaction oscillator/klystron (EIO/EIK) [170,209], a
backward wave oscillator (BWO) [206], or a solid-state source
[162,163] has been employed for MAS DNP. EIKs and EIOs are
linear-beam devices with high-power capability and a relatively
large bandwidth that can either spontaneously generate the
high-frequency pw field (EIOs) or amplify a low-power driving
input (EIKs). In both cases, this is accomplished through interaction
of the accelerated electron beam with a cavity, which can consist of
a single gap (EIO) or can be constituted by multiple coupled gaps
(EIK) [210]. However, the dimension of the interaction cavity of
these “slow-wave” devices decreases with increasing frequency.
If long life-time should be guaranteed, this restricts the achievable
maximum powers.

Similar limitations are also faced in the case of BWOs. These are
vacuum tube devices, where pw frequency oscillations are created
by propagating a traveling wave backwards against the electron
beam. Thus, the group velocity of the generated electromagnetic
wave is opposite to the direction of the electron beam. BWOs have
a broad tuning range and can in principle be operated in both cw
and pulsed mode, however, output powers decrease rather quickly
at frequencies higher than approximately 100 GHz [211].

Solid-state sources—which usually operate by up-conversion of
a low pw frequency to the desired output—are robust, cheap and
allow for control of the output power, frequency and phase in a
simple way. Furthermore, employment of fast uw gating by PIN
diode switches or mixers and frequency modulation by an arbi-
trary waveform generator (AWG) before up conversion allow the
generation of simple rectangular or amplitude/frequency shaped
pulses, similar to applications in modern pulsed EPR
[153,162,212,213]. The major drawback is the extremely low max-
imum power tolerated by these solid-state devices in the range of a
few tens of mW that typically requires a combination with a high-
frequency amplifier based on the above-mentioned principles.

In these situations where MAS DNP enhancement factors are
limited by insufficient pw power, lowering the experimental tem-
perature to 20 K and below can alleviate the problem [163]. How-
ever, increasing demand by high-frequency DNP applications has
already stimulated significant advances in maximum output power
and frequency of these rather cheap and compact devices and fur-
ther developments might make these sources viable alternatives to
gyrotrons for common MAS DNP applications.

4.2. Control of DNP matching conditions

4.2.1. Magnetic field variation

A drawback of commercially available gyrotrons for DNP appli-
cations [152] is that they generate a fixed pw frequency. Therefore,
the static external magnetic field of the NMR magnet is initially set
to a certain value such that electron and nuclear Larmor frequen-
cies are adjusted for optimum enhancement obtainable with typi-
cal nitroxide-based PAs.

A greater flexibility is obtained if the NMR magnet is equipped
with an additional superconducting sweep coil. This allows for
fine-tuning of the magnetic field and consequently, the matching
conditions for maximum SE or CE enhancement [Eqs. (12) and
(33), respectively]| can be reached for other PAs as well. It is impor-
tant to note that—in particular for PAs with narrow matching con-
ditions—sweeping the field may be required to achieve (direct)
DNP for different nuclei. Examples for such field-swept DNP
enhancement profiles are illustrated in Section 3 as well as in
Fig. 35.

Superconducting magnets with such tuning capabilities are
now commercially available with fields up to 18.8 Tesla. However,
the accessible field range is limited by the sustainable current limit
of the sweep coil and the field can only be swept over a restricted
range. Thus, the DNP conditions for certain radical-nuclei combi-
nations may or may not be accessible depending on the type of
PA (for details see Section 5) and magnet setup used. Furthermore,
the sweep rate often is rather limited and temporary field instabil-
ity/drift as well as changes in homogeneity following charging or
discharging the sweep coil have to be considered.

4.2.2. Microwave frequency tunability

Accounting for these above-mentioned limitations, recently
developed frequency-tunable gyrotrons have potential advantages
and would simplify the experimental setup because they could
alleviate the necessity for field sweepability of the NMR magnet.
Rather small frequency tuning within a range of ~100 MHz can
be achieved by temperature-controlled changes in (single-mode)
interaction cavity dimensions [177]. For a larger frequency range
the interaction cavity has to be re-designed such that several lon-
gitudinal modes are accessible by magnetic field and/or beam volt-
age variation. Such devices have first been introduced for DNP
operation at 460 and 330 GHz with a tuning range of up to
1.2 GHz [187,188]. However, the output power can vary signifi-
cantly over the tuning range due to differences in efficiency and
overlap of different interaction modes. More recently, tuning
ranges of up to 3 GHz have been reported for several devices oper-
ating at frequencies between 200 and 530 GHz [189-192,195,196].
Nevertheless, such frequency tunability has barely been utilized
yet in order to address varying matching conditions due to differ-
ent DNP mechanisms or PAs, or for the acquisition of DNP fre-
quency profiles under MAS [209].

4.2.3. Fast microwave frequency modulation

An interesting application of frequency tunability has first been
demonstrated using solid-state sources under either static or MAS
conditions: by modulation of the pw frequency in the kHz range, a
significant increase in DNP enhancement was observed [161-164].
A modulation capability has henceforth been adopted for
frequency-tunable gyrotrons, where variation of the beam voltage
allows for fast modulation of output frequency [193].

In the context of static DNP, the effect can be easily explained
by the increase of the number of directly excited spin packets
within an inhomogeneously broadened EPR spectrum [161]. For
MAS, the situation is more complex due to rotational evolution
of the spin Hamiltonian (see Section 2.1.2) and an extended theo-
retical treatment of the problem still has to be developed in order
to properly explain the effect.

4.3. Cryogenic MAS

A rigid dipolar-coupled spin network and sufficiently long elec-
tron and nuclear spin relaxation times are prerequisites for high
DNP enhancements. Thus, typical MAS DNP of biomolecular samples
or surface-wetted materials generally require cryogenic tempera-
tures between 20K [163] and 180K [214]. The region between
~100 and 180K can rather easily be achieved with commercial
instrumentation and liquid nitrogen (LN;) as cryogen. Custom
instrumentation with optimized thermal insulation can reach tem-
peratures as low as 80 K [215,216]. For even lower temperatures,
cooling with liquid Helium (LHe) is necessary [170,178,217]. In both
cases the liquid cryogens are also often used for in-situ generation of
very pure MAS gas by evaporation.
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Fig. 30. Schematic drawing of a closed-loop system for helium- or N,-cooled MAS with cooling by (A) cryogenic fluid (LHe or LN,) or (B) a cryo-cooler. Reprinted from [217]

with permission.

4.3.1. Nitrogen cooling

Several engineering challenges have been mastered to provide
stable MAS with cryogenic gas, specifically nitrogen at favorable
temperatures close to the liquefaction point [152,215]. A steady
flow for each of the cold spinner gases (i.e., bearing and drive with
a gas flow in the order of 50-100 1/h [152]) has to be produced by
external heat exchangers, which can be regulated according to the
required spinning frequencies and sample temperature. A “coil-in-
can design” has proven very effective for providing long-term sta-
bility and preventing liquefaction of the spinner gas to avoid major
spinning instabilities [184,215]. This design relies on the spinner
gas flowing through a coiled copper tube that is situated within a
pressurized copper-can submerged in LN, (see Fig. 29). By exter-
nally adjusting the pressure of N, gas inside the can, the liquid
level and thus the contact surface and heat transfer rate between
coil and LN; can be controlled. In early designs, both spinner gas
lines were cooled within one can; more recent designs feature sep-
arate cans for bearing, drive and variable temperature (VT) gas
lines, allowing for greater adjustability. Vacuum jacketed transfer
lines then transport the cold gases to the DNP probe, entering
the sample chamber either through the probe body, or from the
top of the vertical magnet bore.

Use of LN, for MAS feed gases (boil-off) and for cooling thereof
results in significant costs of operation. In total, the consumption of
LN, adds up to several hundreds of liters per day for a typical setup
described above. Recently, it has been shown that consumption of
LN, can be dramatically reduced by utilization of nitrogen genera-
tors and refrigerators [183,184].

4.3.2. Helium cooling

Further reduction of the sample temperature can be desirable
for increase in DNP enhancement, especially when available pw
power is limited (see also Section 6.2.4). This can be achieved by
using Helium as spinner gas for MAS [91,178,217,218]. In particu-
lar, due to the large running-costs associated with LHe, a low-
consumption design is essential. For example, the return gas can
be recycled in a closed-circle setup as shown in Fig. 30 [178,219].

Alternatively, LHe boil-off can be directly used to selectively
cool the sample with the VT line, while MAS operation is provided
with RT or precooled gas [170,220]. In this design, a rotor material
with low thermal conductivity such as ZrO, allows for anchoring
the (axially) outer regions of the rotor at room temperature by
the bearing and drive gas while the central region—separated from
the bearing spaces by baffles—is cooled down to 20 K. However,
this low temperature can only be reached if extra-long rotors are
used so that the temperature gradient between bearing and sample
region is reduced. Furthermore, recycling of the cost-expensive
helium is not possible in this case.

4.3.3. Fast MAS and cryogenic temperatures

Due to the increasing viscosity of N, as temperatures approach
the liquefaction point, maximum MAS rates are significantly
reduced as compared to conventional MAS NMR experiments with
room temperature gas. Originally, the instrumentation for cryo-
genic MAS has been developed for rotor diameters between 2.5
and 7mm [91,184,215,218,221]. In these cases, spinning rates
were limited to ~15 kHz.
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With the advent of fast MAS applications and 'H detection, fast-
spinning MAS DNP probes have recently become available. This
extended the available spinning frequencies up to 40kHz at
100 K by using smaller diameter rotors (1.3 mm), allowing not only
for mechanistic investigations of DNP under these conditions (see
also Section 6.2.2) but also for higher sensitivity and resolution
[86].

4.4. DNP NMR probe and microwave transmission
4.4.1. Cryogenic probe design

In addition to conventional solid-state NMR functionality, DNP
probes have to be designed to account for pw transmission and
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cryogenic MAS. The latter requires an air dielectric transmission
line rf circuit design [222]. This allows for removing the tuning
and matching elements from the cold rf coil and positioning of
those within the probe box that is ideally stabilized at room tem-
perature [215].

The large temperature gradient within the probe is typically
sustained by incorporation of thermally insulated transfer lines
for cold MAS gas as well as a VT line for additional sample cooling
capacity. In order to prevent significant temperature reduction and
subsequent condensation of humidity within the probe body, the
exhaust line has to be thermally insulated as well; the cold exhaust
can be used to pre-cool MAS/VT feed gases in order to reduce cryo-
gen consumption [217]. Insulation can be provided by vacuum
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Fig. 31. (A) Model for the vacuum-jacketed, thermally insulated transfer lines inside the probe. Brass tubing is used for durable vacuum retention. (B) A vacuum-jacketed
Dewar is incorporated with a sample exchange port and an exhaust port. Fiberglass and brass bellows act as thermal breaks. Reprinted from [184] with permission.
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Fig. 33. Simulated pw magnetic field magnitude distribution inside the coil of a 3.2 mM MAS probe at 263, 395 and 527 GHz. The microwave beam enters from the right side.
Rows show views along the rotor axis (top) and in a plane perpendicular to this axis (bottom). Reprinted from [152] with permission.
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jacketing of coaxial tubes and employing materials with small
thermal conductivity. Stainless steel fulfils these criteria, however,
even ‘“non-magnetic” austenitic steel alloys (e.g., 316, 321 series)
tend to magnetize due to mechanical stress and repeated temper-
ature cycling [215]. Therefore, stainless steel should not be used
near to the homogeneous region of the magnetic field (i.e., the
sweet spot). Fiberglass can be an alternative, but brass has proven
superior vacuum retention properties as well as durability and can
be easily soldered to the stainless-steel section of the transfer
lines; in the same vein bronze has successfully been used for con-
struction of the cryostat that shields the magnet bore from the
cryogenic temperatures [184]. Such a design is shown in Fig. 31.

Additionally, a thermal break is incorporated within the electri-
cally and thermally well-conducting copper transmission line. A
section of stainless steel near the probe body can serve as such,
but reduction of electrical conductivity of this part of the resonant
circuit and subsequent loss of rf efficiency has to be compensated
by a non-magnetic silver/gold plating with thickness on the order
of the rf penetration depth [215].

4.4.2. Microwave transmission from source to sample

Usually, the pw beam is converted from its initial higher mode
generated inside the gyrotron interaction cavity to a Gaussian
mode of propagation by the use of a quasi-optical mode converter
typically consisting of a Vlasov antenna [189,194]. The Gaussian
beam then exits the gyrotron tube via a sapphire window opti-
mized in thickness for minimal reflection losses and is guided into
an overmoded circular waveguide for transmission in an HE;
mode (Fig. 32A). Due to the excellent coupling between a Gaussian
beam propagating in free space and this hybrid mode propagating
inside an overmoded waveguide, negligible insertion losses occur
even in the absence of special coupling elements such as horns,
given that the beam width is significantly smaller than the inner
diameter of the waveguide. Corrugation of the inner waveguide
surface further minimizes transmission losses so that <0.1 dB m™!
attenuation [223] can be achieved (Fig. 32D); however, care has to
be taken for good alignment of the waveguide. Miter bends are
used for changes in propagation direction, for example for adjust-
ment between differences in the gyrotron output window and the
probe input port orientation, or if vertical level changes have to be
accounted for.

Alternatively, also quasi-optical systems of transmission have
been developed for DNP. These feature the advantage of extremely
low transmission losses and simple manipulation of the pw polar-
ization properties by a Martin-Puplett interferometer that can be
utilized to increase power efficiency of spin excitation and larger
DNP enhancements for a given output power [224]. However,
due to the rather long wavelengths in the 0.6-2 mm range, the
angular spread of the pw beam is significant. This requires a signif-
icant number of parabolic mirrors with large diameter and rela-
tively short focal lengths so that the pw beam can be transmitted
efficiently over the necessary distance [194]. Therefore, such a sys-
tem can only be employed if space is not a limiting factor.

The uw beam enters the probe via one of the above-mentioned
paths. Due to the space restriction within the longitudinal bore of
the superconducting magnet, an efficient design can be achieved
by utilizing the hollow inner conductor of the coaxial rf waveguide
of the transmission line probe as the circular overmoded pw
waveguide. Since this conductor is part of the rf resonant circuit,
care has to be taken to provide electrical isolation between the
externally connected end of the waveguide and the rf transmission
line, for example by quasi-optical coupling between the elements
[215]. Alternatively, the pw beam can also be coupled to the DNP
probe from the top of the bore [194].

4.4.3. Inside the sample chamber

4.4.3.1. Microwave irradiation of the sample. In a typical design, a
miter bend in close vicinity of the MAS stator changes the direction
of propagation such that the pw beam is launched orthogonally to
the rotor axis. The waveguide is terminated shortly before reaching
the rf coil (Fig. 32E). As shown in Fig. 33, the wave fronts are sig-
nificantly diffracted (and reflected) due to the rf coil featuring a
pitch of similar magnitude as the wavelength. This can create a
non-uniform distribution of the pw field amplitude and induce
phase shifts across the sample.

The dielectric properties of typically used sapphire rotors
improve the pw-field filling factor; at the same time MAS leads
to a partial averaging of angular field inhomogeneity. Nevertheless,
a field inhomogeneity with an amplitude variation of a factor ~3
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Fig. 35. Comparison of the EPR lineshapes and the corresponding 'H and '>C DNP
field profiles of different PAs. Figure taken with permission from [139].
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has to be accounted for [87]. Furthermore, thermal conductivity of
sapphire is similar to that of copper at temperatures of around
100 K, which ensures efficient dissipation of heat deposited by
dielectric losses within the sample during pw irradiation. Rotors
made of ZrO,—which are generally more robust and less expen-
sive—have less favorable transmission/reflection properties at pw
frequencies as well as lower thermal conductivity, so that reduced
enhancement factors and increased sample heating is observed
[177].

Efforts have been taken to improve the conversion factor (i.e.,
the ratio between incident uw power and generated field ampli-
tude) within the framework of an MAS stator, for example by addi-
tion of an astigmatic lens optimized for the cylindrical rotor shape
[87], or by reflective coating of the inner stator surface so that a
significant Q factor increase could be achieved [215]. Also, varying
the rf coil pitch with larger separations in the central section has
been tried in order to minimize diffraction interference [152].
Alternative approaches employ pw irradiation of the sample along
the spinning axis [91,183,194]. Such a design does not require
modification of a commercially available stator, prevents diffrac-
tion by the coil and potentially improves power conversion and
irradiation efficiency, for example, by providing a reflective surface
at the far end of the sample chamber [91]. However, in such a
design, the presence of the waveguide or quasi-optical mirrors
along the rotor axis introduces additional problems regarding sam-
ple ejection.

: Monoradicals with Narrow EPR Line ;

4.4.3.2. Sample changing: injection and ejection of rotors. Due to
operation under cryogenic conditions, removal of the cold probe
from the cryostat for access to the stator requires exposure to
ambient environment. This in turn necessitates a full temperature
cycling of the probe to room temperature and back to ~100K in
order to remove any condensation. This procedure is not only
time-consuming but also introduces the possibility of failure due
to handling or thermomechanical wear. Therefore, modern DNP
probes are usually equipped with a semi-automatic sample
inject/eject system.

A model developed by the Griffin group at MIT is shown in
Fig. 34 [215]. This design has been adapted by Bruker in their com-
mercial instruments [177]. The rotor is injected either from the top
of the bore or through the bottom of the probe and is pneumati-
cally driven in and out of the stator by controlled pressure bursts
of nitrogen gas. This greatly eases experiments, especially when a
large number of samples is involved, such as for systematic inves-
tigations of optimal DNP conditions, or when screening sample-
composition dependent parameters [225]. Under certain condi-
tions it is also possible to inject pre-cooled rotors containing
temperature-sensitive samples [177].

4.4.3.3. Light-activation. For the investigation of photo-activated
processes, the DNP probe can be modified with a light irradiation
channel (Fig. 34). This is typically achieved by introduction of an
optical fiber that connects to a laser system outside the probe
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and is terminated inside the MAS stator. Such modifications have
been employed, for example, to study temperature-trapped states
within the photo-cycle of membrane proteins of the rhodopsin-
family, such as bacteriorhodopsin [226,227] or channelrhodopsin
[228]. For more details of these applications see Section 7.2.2.

5. Polarizing agents

DNP requires the presence of unpaired electrons in the form of
free radicals or metal ions with an open d- or f-shell in order to
enhance NMR signals by transferring polarization from electron
spins to the nearby nuclear spins [229]. Therefore, such PAs play
a very important role for DNP. Most commonly, PAs are exogenous
(e.g., small paramagnetic molecules such as mono- or biradicals)
which are added to the system (usually by dissolving the sample
in—or impregnating it with—a radical-containing, glass-forming
cryoprotecting mixture, see Section 6.3). Recently, endogenous
PAs have come into focus, where stable radicals or paramagnetic
metal ions are present in the analyte molecule [92,140]. This is fur-
ther described in Section 6.3.4.

Generally, PAs are evaluated based on several parameters, as
their efficiency is influenced by the solubility, concentration and
electron spin properties at experimental temperatures. As illus-
trated in Fig. 35, the DNP mechanism evoked by PAs depends on
several factors such as the homogeneous linewidth () as well as
the inhomogeneous breadth (A) of the EPR spectrum, its g-
anisotropy, and the nuclear Larmor frequency (). The develop-
ment and design of new PAs for proficient DNP mechanisms under
MAS and high magnetic field are growing areas of research.

CT-03 R=CH,

In the following section, we describe different PAs used mainly
for MAS DNP by exploiting SE and CE. In the case of the latter
mechanism, we classify the PAs into two main classes: monomeric
radicals (including mixtures thereof) as well as homo- and hetero-
dimeric biradicals. Then, we will review the utilization of metal
ions that can give rise to both SE and CE. Fig. 36 shows an overview
of the developments in the design of PAs discussed in detail in this
section.

5.1. Radicals with narrow EPR line for solid effect DNP

In order to satisfy the requirements for SE, PAs with a small
homogeneous EPR linewidth (§) and inhomogeneous breadth (4)
in relation to the nuclear Larmor frequency (i.e., §,A < 2wy) are
considered. As already laid out in Section 2.2.1.5, excessive inho-
mogeneous or homogeneous broadening leads to differential SE
with starkly reduced net enhancement.

At high magnetic fields, this limits the choice of suitable PAs
due to the dominant Zeeman interaction, thus excluding the use
of any radicals featuring significant g-anisotropy. To date, applica-
tions of MAS DNP using SE at high magnetic field (B; > 5 T) have
mostly been performed with two exogenous PA types, namely
BDPA and trityl. Therefore, we will limit the description to these
systems. Furthermore, a reduced flavin mononucleotide (FMN)
semiquinone has been used in a single study as endogenous PA;
this system will be discussed in Section 6.3.4.

5.1.1. BDPA-type radicals
1,3-bisdiphenylene-2-phenyl allyl (BDPA, for chemical struc-
ture see Fig. 37) [230] was the first stable radical PA utilized for
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Fig. 37. Chemical structures of BDPA [230], its sulfonated (SA-BDPA) and sulfonamide (SN-BDPA) derivatives [89] and trityl-type radicals 0X063 and CT-03 (the latter is also

known as Finland trityl) [233,234].
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DNP under MAS [63,91,231]. Its narrow EPR line width of 20 MHz
[173,232] is caused by inhomogeneously broadening due to the
HFI with the 21 protons on the aromatic rings. This width is main-
tained over a large external magnetic field range; only at a field of
9.4 T and higher, the g-anisotropy broadening becomes of similar
magnitude [90]. The high chemical stability and ease of dilution
in polystyrene makes BDPA an ideal sample for calibration pur-
poses [63,91]. Even though BDPA is an excellent PA, its biological
applications are limited due to its lack of solubility in aqueous
mixtures.

Haze et al. expanded the potential biological applications of
BDPA by synthesizing a highly water-soluble and air-stable deri-
vate, sulfonated-BDPA (SA-BDPA) [89]. It has a narrow EPR line-
width similar to BDPA, which makes SA-BDPA a very efficient PA
for SE DNP. In the same study, a sulfonamide derivative (SN-
BDPA) was introduced as well, which allows for highly modular
chemical variability. In a 40 mM frozen solution of SA-BDPA in
dg-glycerol/D,0/H,0, a 'H enhancement factor of 110 was
obtained for MAS experiments. The SE performance is slightly bet-
ter as compared to trityl OX063 (see below), however, the slow
electron spin-lattice relaxation (Ts = 56 ms at 80 K and 5 T) may
cause saturation at moderate pw power [89]. This tendency of sat-
uration in combination with the large number of HFI-coupled 'H
spins in BDPA (and its derivatives) give rise to OE DNP in insulating
solids as we have laid out in Sections 2.1.3 and 3.2.3.

5.1.2. Trityl-type radicals

A highly prominent group of water-soluble PAs with narrow
EPR line width is based on triphenylmethyl (trityl) radical also
known as triarylmethyl (TAM) radical (see Fig. 37). Towards the
end of the 1990s, Ardenkjéer-Larsen et al. investigated such
radicals as probes for EPR oximetry. The requirements for good
sensitivity towards oxygen-induced line broadening included high
chemical stability, water solubility, narrow EPR spectra as well as
an inherently small inhomogeneous linewidth [233].

One resulting trityl derivative, 0X063, fulfils these require-
ments to a very large degree and shows efficient SE [233]. In
0X063, all aromatic hydrogens are replaced by hydrophilic
functional groups, providing not only chemical stability by steric
hindrance and water-solubility but also removing the relatively
large isotropic HFL. In contrast to another prominent trityl
derivative, Finland trityl CT-03 [234], 0X063 does not contain
relaxation-promoting methyl groups, which alleviates the need
for deuteration in order to reduce the homogeneous EPR linewidth
[235]. The inhomogeneous linewidth of 0X063 in frozen solution is
~50 MHz (FWHH) at 5T, and it scales linearly with the external
field strength since the g-anisotropy is the major cause of broaden-
ing at high magnetic fields [139].

0XO063 is a versatile PA for MAS, yielding a 'H enhancement fac-
tor of up to 91 (with a linear dependence on the pw power) [74].
The spin-lattice relaxation time is sufficiently fast (T1s = 1.3 ms
at 80 K and 5 T), thus significant EPR saturation is avoided during
SE DNP [74,77,89]; it has also been demonstrated as a powerful
PA for DNP of nuclei with small gyromagnetic ratios such as 2H
(¢ = 700) [147], 13C (¢ = 480) [82] and '70 (&~ 115) [236]. In all
these latter cases, OX063 is the most efficient PA studied so far.
This is explained by the fact that the EPR linewidth is of a similar
magnitude as the nuclear Larmor frequencies, in fact allowing for
CE to be efficient (see below).

Besides these applications as PA for MAS DNP, trityl OX063 is
popular for its pivotal role in dissolution DNP [237]. Here, trityl
greatly outperforms nitroxides when '3C is directly hyperpolarized
within neat, amorphous pyruvic acid (doped with 0X063) [238].
0X063 has been patented and is the sole approved PA for the com-
mercial HyperSense dissolution DNP system [239]. In that context,
two carbon centered perchloro-triphenylmethyl (chlorinated
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Fig. 38. 'H DNP enhancement factors in the bTnE series as a function of e-e dipole
coupling. The inset shows the chemical structure of bTnE. Figure reprinted with
permission from [254].

trityl) radicals aimed for dissolution DNP have been investigated
[240]. The authors observed unexpected behavior including an
inversion of enhanced NMR signals that was tentatively ascribed
to hetero-nuclear effects due to the presence of magnetically active
35Cl and *Cl nuclei (both I = 3/2 with significant nuclear quadru-
pole interactions) within the PA. Further reports on such hetero-
nuclear assisted DNP effects—where a 3>37Cl-13C transfer pathway
has been postulated—are not conclusive [241].

5.2. Nitroxides and biradicals for cross effect DNP

So far, CE has been proven the most efficient polarization-
transfer mechanism in DNP and is widely applied to materials
and biological systems at high magnetic fields (>5 T). It dominates
over other potential mechanisms when the inhomogeneously
broadened EPR linewidth (e.g., due to g-tensor anisotropy) is larger
than the nuclear Larmor frequency (i.e., A > wg > J). As described
in Section 2.1.2, the CE is a three-spin process that requires signif-
icant dipolar coupling between the two electrons, which therefore
have to be in close spatial relationship (generally at a distance
<25 A) [242,243]. This requirement can be fulfilled in two ways.
On the one hand, a sufficiently high concentration of monomeric
radicals eventually leads to intermolecular spatial proximity. On
the other hand, two (or more) radical moieties interconnected by
a molecular linker of particular length enable CE.

Besides the necessity of sufficient e-e coupling, the separation
of the EPR resonance frequencies of the two electron spins has to
match the nuclear Larmor frequency (ie., |wsi — Wsa| = wor).
Therefore, the CE performance of individual (bis-)nitroxide radicals
is strongly orientation-dependent because the Larmor frequency of
the electron spin is dominated by the anisotropic g-tensor at high
magnetic fields [244,245]. This anisotropy is the reason that the
EPR frequency separation scales linearly with the external mag-
netic field and thus also with the nuclear Larmor frequency. This,
on the other hand, ensures that the CE matching condition can
be fulfilled at practically any NMR frequency or field.

Further advantages of these radicals are their solubility in aque-
ous or organic media (depending on the type of nitroxide used) and
their chemical stability under a wide range of conditions [244].
Furthermore, nitroxides are extensively used for spin-labeling
purposes and are therefore offered in a large variety of derivatives
tailored for different applications and conditions [246-249].

Another important parameter for efficient CE DNP is electron-
spin relaxation. Both, the spin-lattice relaxation time (T;s) and
electron spin-spin relaxation time (Ts), play an important role in
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saturation of the EPR transition and excitation of CE under pw
irradiation [81,250]. The electronic relaxation-time constants
strongly depend on the molecular mass and polarity of the solvent,
which has to be considered during PA design [251]. Systematic
attempts to improve these parameters are further elaborated in
the following sections.

5.2.1. Monomeric radicals

As we have laid out in Section 3.2.2, the first DNP experiments
evoking the CE were reported in the early stages of DNP by Hwang
et al. They described the CE in polystyrene doped with diphenyl-
picryl-hydrazyl (DPPH), galvinoxyl and Ley’s radical [59,60]. In
1976, Wollan explained the theory of CE with 'H DNP experiments
on erbium-doped yttrium ethyl sulfate (YES:Er) [61,62]. However,
biological samples cannot be doped with these radicals for DNP,
as they are typically prepared in aqueous media. Griffin and co-
workers first utilized the nitroxide radical TEMPO (2,2,6,6-tetrame
thyl-1-piperidiny-1-oxyl) dissolved in glycerol/water (60/40 vol%)

solution and enhanced the 'H signals of glycine 185-fold at 5T
and 14 K [181]. It was also shown that large enhancements were
obtained with 40 mM TEMPO concentration, demonstrated on
the amino acid arginine and the 18.7 kD protein T4-lysozyme in
MAS experiments [218]. Even though reasonable enhancement fac-
tors were obtained with these monomeric radicals, the high radical
concentrations required can lead to paramagnetic quenching and
line broadening in NMR spectra [225,252,253].

5.2.2. Nitroxide biradicals (and higher oligoradicals)

5.2.2.1. The advent of bis-nitroxide PAs: BTnE and TOTAPOL. Birad-
icals were introduced by Griffin, Swager and co-workers at MIT
in order to reduce the required radical concentration and to
improve the efficiency of CE by providing sufficient intramolecular
e-e dipolar coupling. By the interconnection of two TEMPO
molecules using di-, tri-, or tetra-ethylene glycol chains—yielding
a series of bis-TEMPO-n-ethyleneglycol (BTnE) biradicals—Hu
et al. demonstrated that the size of the e-e dipolar coupling



A.S. Lilly Thankamony et al./Progress in Nuclear Magnetic Resonance Spectroscopy 102-103 (2017) 120-195 157

(A)
N

BTurea BTOXA

RMSD(rings) = 0.03 A

TOTAPOL
RMSD(rings) =2.15 A

BT2E
RMSD(rings) = 2.82 A

I EEEREEEEI

? oY 7 (¢}
@ oF «O*? «Yg é(f" /\,,jo ,\b?’ &
LA e}

Proton Enhancement
o
o

SR & &

Radical Species

Fig. 40. (A) Structures of bTurea, BTOXA, TOTAPOL, and BT2E, refined using geometrical constraints obtained from EPR lineshapes, with given root-mean-square deviations
(RMSD) for the atoms of the TEMPO rings. Reprinted from [244] with permission. (B) '"H DNP enhancement factors of several PAs (10 mM in electron spin concentration each)
in standard solutions (2 M 3C-urea, 60/30/10 (w/w/w) dg-DMSO/D,0/H,0) at 90 K and 5 T. Figure reprinted from [229] with permission.

directly affects the CE mechanism [see Fig. 38, also see Eq. (36) and
Section 2.1.2.3]. However, those radicals were insoluble in a glyc-
erol/water solution required for biomolecular studies [254].

This issue was overcome by the introduction of the water-
soluble biradical 1-(TEMPO-4-oxy)-3-(TEMPO-4-amino)propan-2-
ol (TOTAPOL), which was a milestone for the development of
exogenous PAs in solid-state DNP NMR [221]. It has the ability to
dissolve in aqueous media containing salt and glycerol and is
highly stable at room temperature. Outstanding signal enhance-
ments were obtained with TOTAPOL which is one of the most com-
monly used exogenous PAs for solid-state materials and biological
systems to date [143,209,255-263].

5.2.2.2. Tri-radicals and higher: the DOTOPA series. In 2010, Thurber
et al. introduced a new triradical DOTOPA-TEMPO. By increasing
the number of nitroxide functionalities per molecule, the larger
number of close e-e contacts suggest a higher probability of CE
matching. The DNP performance of DOTOPA-TEMPO was com-
pared with 4-amino TEMPO and TOTAPOL; even though large
enhancements for 'H NMR signals of proteins in frozen glycerol/
water solutions were observed in static samples with low pw-
power, DOTOPA-TEMPO is less soluble in water [163]. Later on,
the same group synthesized DOTOPA-TEMPO-based oligo triradi-
cals, as well as nitroxide-based biradical and tetraradical com-
pounds; these radicals varied in e-e distances, T;s, relative
orientations of nitroxide groups and solubility. Among them,
DOTOPA-TEMPO-based triradicals showed better water solubility
and indirect DNP enhancement factors (& =92-128) for °N, 13C-
labeled melittin tetramer in partially protonated glycerol/water
at 30 mM total nitroxide concentration. The experiments were per-
formed under MAS in a temperature range of 25-30K at 9.4 T and
with an output pw power of approximately 0.8 W. The triradicals
satisfied the requirements for CE, while tetraradicals showed lower
enhancements because of the poor solubility and longer e-e dis-
tances than the triradical, as well as rapid electronic spectral diffu-
sion [264].

5.2.2.3. Rigidity of the linker: bTurea, BTOXA, and the bTbK series. In
TOTAPOL, two TEMPO moieties are linked with a propan-2-ol
group that is flexible and can adopt many molecular orientations
(see Fig. 40A). In early attempts to shorten the tether, and also to
study a more rigid alignment of the two nitroxides, Hu et al. intro-
duced two novel linker groups, resulting in bis-TEMPO-urea
(bTurea) and bis-TEMPO-oxalyl amide (BTOXA) [244]. Both biradi-
cals failed to generate enhancement factors that can approach

those obtained with TOTAPOL or BT2E; in particular, BTOXA
yielded virtually equal performance as TEMPO monoradicals. This
was tentatively attributed to the possibility that the dipole cou-
pling was too large in combination with an unfavorable mutual ori-
entation, especially in the case of BTOXA where the two nitroxide
g-tensor frames are almost collinear. A comparison of the enhance-
ment factors obtained with the above PAs is shown in Fig. 40B.

At that point, in the first decade of the 2000s, PA design efforts
were guided by the prediction that the ideal mutual orientation of
two nitroxides for optimal CE matching efficiency were such that
the x-axes of the g-tensor eigenframes of the two electron spins
would have to be collinear, but that their z- and y-axes would have
to be rotated by 90°. In this case, the EPR spectrum could be irra-
diated at the high-field side (corresponding to g,, orientation)—
where experimentally the largest DNP enhancement is
observed—and each saturated electron spin would be accompanied
by a nitroxide with a resonance frequency given by gg,. This sce-
nario would yield the most-efficient CE matching, see Eq. (33).
From a molecular-geometry perspective, this condition would be
found if the N—O bonds are collinear, while the C—N(O)—C planes
of the two nitroxides are orthogonal to each other.

Such an arrangement was accomplished within a new biradical,
bis-TEMPO-bisketal (bTbK) in which the two TEMPO moieties are
linked by a spiro-center locking the radicals in the suitable relative
orientation. With bTbK, NMR signal intensities were enhanced
with ¢ being 1.4-fold larger as compared to TOTAPOL [265]. How-
ever, the main limitation of bTbK was its poor solubility in aqueous
media.

This triggered a search for water-soluble rigid biradicals incor-
porating the electron spin properties and DNP efficiency found in
bTbK. One approach was the substitution of the oxygen atoms in
the spiro-linker by more polarizable sulfur groups in mixed oxida-
tion states. This resulted in a better water solubility of the resulting
bis-TEMPO-bis-thioketal (bTbtK) biradicals in DMSO/water [266].
Solubility was further enhanced by Kiesewetter et al. by substitu-
tion of the protecting dimethyl groups by tetrahydropyran (THP)
rings. The resulting bTbtK-py/SPIROPOL yielded an enhancement
of 230 in glycerol/water solvent and finally outperformed TOTA-
POL, which at that point seemed to have serendipitously fulfilled
the most desirable properties of an ideal CE-efficient PA [267].

5.2.2.4. The larger the better: bCTbK, PyPol/AMUPol, and the TEKPol
series. At the same time, the groups of Tordo and Ouari (Aix-
Marseille University) were leading an extraordinary undertaking
to probe the chemical space for possible improvements of PAs
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[268,269]. This led to the development of a new rigid biradical for
non-aqueous solvents. The bulky derivative of bTbK, bis-
cyclohexyl-TEMPO-bisketal (bCTbK), was introduced by Zagdoun
et al. by replacing the geminal dimethyl groups of bTbK by spirocy-
clohexyl moieties [270]. This increased the size and rigidity of the
radical and resulted in slower electron spin relaxation. They have
shown that T;s of bCTbK in TCE impregnating a hybrid mesostruc-
tured silica material was twice as long and that larger enhance-
ment factors were obtained compared to bTbK under similar
conditions.

This approach was then extended towards two novel water-
soluble radicals PyPol and AMUPol in 2013 by Sauvee et al.
[271]. Structurally these are based on bTurea, and water solubility
has been maximized by nitroxide-protecting THP rings and linker-
decorating polyethyleneglycol (PEG) chains. The enhancement fac-
tors obtained for AMUPol in glycerol/water system were 3.5-4
times larger than for TOTAPOL at 9.4 and 14.1 T at a typical tem-
perature of 97 K. The structural flexibility of the urea linker might
seem to contradict this high efficiency. However, Michaelis et al.
have also reported that larger conformational flexibility can
improve DNP performance in a systematical study of several
thiourea-type bis-nitroxides [272]. Very recently, it has also been
shown that AMUPol exhibits a rather strong e-e exchange interac-
tion of J/21 = 43 MHz that is expected to support CE-enhancement
and explain the significant advantage over TOTAPOL, particularly
at high magnetic fields [273].

Furthermore, the non-aqueous soluble radical TEKPol—a heav-
ier analog of bTbK—was also introduced [274]. Similar to AMUPol,
large enhancement factors of more than 200 were obtained for
TEKPol in TCE that was also ascribed to the slow electron spin
relaxation. Interestingly, it also yielded relatively large DNP
enhancement at higher temperatures (180-200 K). Current devel-
opment of bTurea-based PAs is ongoing in systematic studies in
order to improve DNP efficiency and solubility within several
research groups and promising results have been recently pub-
lished [275-277]. An example of such a systematic effort is shown
in Fig. 41.

5.2.2.5. Other approaches. Alternative routes to achieve water-
solubility of bTbK were demonstrated in the form of host-guest
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complexes. Mao et al. have encapsulated bTbK in a cyclodextrin
(Captisol) that resulted in improved water solubility of the PA
and larger DNP efficiency as compared to TOTAPOL [278]. Later
on, a related approach was used again to solubilize hydrophobic
biradicals by surfactant encapsulation within micelles. Large signal
enhancements were obtained by bTbK that was solubilized in a
water/glycerol mixture with the help of deuterated surfactant
sodium octyl sulfate [279] or by TEKPol that was incorporated into
micelles formed by the protonated neutral surfactant polysorbate
80 (Tween-80) [280]. The solubilization in micelles preserves the
glassy nature of the mixture and enables the DNP activity of the
biradical.

Furthermore, systems such as OTP and the anti-inflammatory
drug indomethacin have metastable amorphous phases but are
not miscible with biradicals like TOTAPOL. Hence, Ong et al.
introduced the novel organic biradical bis-TEMPO terephthalate
(bTtereph), which has similar EPR and DNP properties as TOTAPOL.
They succeeded in uniformly distributing bTtereph in OTP and
indomethacin by a procedure that is common in pharmaceutical
sample preparation (i.e., in the absence of solvent) and obtained
a 'H signal enhancement factor of 58 for the amorphous phase of
OTP [281].

5.2.3. Heterodimeric biradicals and mixtures

The advantages of two specific radical types can be combined
within heterodimeric biradicals where the respective radical moi-
eties can differ in their EPR spectral and/or relaxation properties.
For example, one radical with slow spin-lattice relaxation paired
with another fast-relaxing radical can boost CE efficiency if the
slow-relaxing radical species is irradiated by uw [82,229,282]. This
leads to efficient saturation of this radical type, while the accompa-
nying (fast-relaxing) radical ensures a large polarization differen-
tial to be transferred to the nuclei. Equally, irradiation of a
radical moiety with a narrow EPR line causes similarly efficient
EPR saturation; a paired radical with large spectral anisotropy
can then provide efficient CE matching over a large range of
molecular orientations.

A proof of concept has been demonstrated experimentally by
Hu et al.; in a mixture of TEMPO and trityl (20 mM each), the
DNP enhancement factor could be increased 4-fold as compared
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Fig. 41. '"H DNP enhancement factors from several bis-nitroxide PAs at a concentration of 16 mM in frozen solutions of TCE (9.4 T, 110-115 K). For chemical structure of
selected PAs see Fig. 39; for structures of all given PAs see original publication. Figure taken with permission from [276].
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to a TEMPO solution with equal PA concentration (40 mM) [282].
One of the most striking observations was that this advantage
can only be achieved if the (narrow and slowly relaxing) trityl
is directly excited by uw, while irradiation of the (broad and fast
relaxing) TEMPO function gave no significant advantage (see
Fig. 42A).

Another example of such a radical mixture has been provided
by Michaelis et al. [82]. A 34 MHz difference (at 5 T) between the
EPR absorption maxima of trityl 0X063 and SA-BDPA potentially
allows for CE matching of a large variety of nuclei with small gyro-
magnetic ratios. In fact, 13C (with a nuclear Larmor frequency of
53 MHz at 5 T) could be hyperpolarized with an enhancement fac-
tor of ¢ =620 at a concentration of 20 mM of each radical, signifi-
cantly surpassing enhancement factors obtained with solutions
containing only one of the two radicals at equal electron spin con-
centration of 40 mM (& = 300 for SA-BDPA; ¢ = 480 for OX063), see
Fig. 42B. Interestingly, spectral decomposition of the DNP field pro-
file into all possible contributions allowed for unambiguous identi-
fication of the CE contribution which resulted from SA-BDPA/
0X063 pairs [82].

However, efforts to create stable and water-soluble heterodi-
meric biradicals that encompass these advantages and alleviate
the detrimental effects of the large paramagnetic concentration
of a molecular mixture have been hampered by chemical difficul-
ties. Problems intrinsic to radical chemistry are potentiated in
the presence of two radicals with different redox potentials. Activ-
ity of both radicals has to be maintained throughout the synthetic
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pathway, or one radical must be activated in the presence of the
other. One combined effort of the Swager and Griffin labs resulted
in the successful synthesis of a BDPA-TEMPO biradical that
combined the advantages of a narrow and broad EPR line radical
situated within one molecule, however, water-solubility was lim-
ited. Additionally, the chemical modification of the BDPA moiety
resulted in a significant g-anisotropy that might partially invali-
date the advantages of the otherwise very slowly relaxing spin
with a narrow resonance line [284].

Nevertheless, a newly developed heterodimeric biradical that
satisfies the CE matching condition with an electron pair featuring
different electron relaxation rates has been successfully synthe-
sized and tested for DNP efficiency at various field strengths by
Mathies et al. [283]. TEMTriPol-1—in which a TEMPO nitroxide
and a trityl radical are chemically interconnected (structure shown
in Fig. 42C)—yielded a rather large 'H signal enhancement of 65 in
a 10 mM glycerol/water solution at 18.8 T (527 GHz e~, 800 MHz
H). Interestingly, TEMTriPol-1 showed an anomalous dependence
on the external magnetic field, yielding its best performance (in
relation to other PAs) at high field (¢ =65 at 18.8T; ¢ =87 at
14.1°T), whereas its efficiency dropped at lower field (¢=50 at
5T), see Fig. 42D. This behavior has been explained by the strong
exchange interaction (J/27 = 73 MHz) between the nitroxide and
trityl moieties that disturbs the CE mechanism when J is of a sim-
ilar order of magnitude as the nuclear Larmor frequency (i.e.,
211 MHz at 5 T; 600 MHz at 14.1 T; 800 MHz at 18.8 T) [283].
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Fig. 43. (A) Chemical structures of the high-spin metal complexes Mn/Gd-DOTA and Gd-DTPA. (B) Field-swept EPR spectra of the metal complexes recorded at 1 mM in
frozen solutions of dg-glycerol/D,0 at 139.5 GHz and 80 K using a Hahn echo sequence. Subfigure (B) adapted with permission from [159].
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5.3. Paramagnetic metal ions

5.3.1. Ce(1ll) and Cr(V): early experiments

DNP using paramagnetic metal ions has first been reported
immediately after the discovery of SE DNP. Abraham et al. studied
Ce(IIl) as main constituent in Ce,Mg3(NO3);2-24 H,0 or as impurity
in diamagnetic La,Mg3(NOs3)12-24 H,0 (also known as LMN) and in
CaF,. Furthermore, they reported rather small enhancement factors
by employing Cr(Ill) as impurity within synthetic sapphire
(a-Al,03) or utilizing ferric impurities in K3Co(CN)g [76,113]. Later,
Cr(V)—reduced in situ from Cr(VI) [285]—in complexes with diols

and glycerol has been extensively used as PA for spin-polarized tar-
gets in scattering experiments [286-290]. All these experiments
have been performed at low field and very low temperatures. In
the transition metal complex of Cr(V), a single unpaired electron
is located in the 3d-shell, yielding a S = 1/2 system with an isotro-
pic g-factor (g;,, = 1.981) in liquid ethylene glycol; upon freezing
of the solution, only a very small anisotropy is observed [286].
The rare earth Ce(Ill) has a 4f! configuration with a free ion 2F
ground state (S =1/2, L = 3, ground state | = 5/2) [291]. In trigo-
nal LMN, this situation results in a large spin-orbit coupling
(SOC) and effective Zeeman anisotropy with a parallel principal
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axis component (PAC) g, ~ 1.83 and an almost vanishing perpen-
dicular PAC |g,| < 0.1 [292,293]. In contrast to these S = 1/2 sys-
tems, Cr(Ill) and Fe(Ill) feature high spin quantum numbers,
leading to much more complex DNP enhancement profiles featur-
ing more than one DNP condition as compared to what has been
observed for doublet PAs [76].

5.3.2. Gd(1ll) and Mn(II) in chelate complexes

The increasing complexity of DNP parameters imposed by high-
spin properties makes the prediction of DNP performance and the
design of an efficient high-spin PA rather difficult [167]. Neverthe-
less, the search for efficient PAs for high-field MAS DNP constrains
the space of possible PAs to a large degree. One of the most strin-
gent requirements of a PA is the compatibility with current instru-
mentation, consisting of an NMR magnet without or with a limited
sweep capability as well as a gyrotron, typically with a fixed-
frequency output (see Section 4.2). This prohibits the use of metal
ions or PAs that feature pronounced SOC, resulting in g-factors
strongly deviating from the ‘spin-only’ g. = 2.0023 of the free elec-
tron. Unfortunately, many transition metal ions in low-spin com-
plexes such as Cu?*, Co?*, Fe** experience significant SOC due to
an admixture of (energetically low-lying) excited states and conse-
quently show significant g-anisotropy [291]. This impedes DNP
applications using such S=1/2 metal ions as PAs at high field
despite exciting perspectives, given their relevance in biology
and materials science.

A rather small group of high-spin transition-metal or rare-earth
ions—including Gd** and Mn?'—feature peculiar electron-spin
properties. These are caused by the combination of a non-
degenerate electronic ground state with no orbital momentum
and (unpopulated) excited states lying high above the ground-
state energy [291]. Half-filled electronic subshells quench the orbi-
tal momentum: Mn?* has a 3d° configuration with a ¢S ground
state, whereas Gd>* has 7 unpaired electrons in the highly screened
f-shell (4d’ configuration with 8S state).* Despite their high-spin
properties, the quenched SOC leads to a practically isotropic Zeeman
interaction with g-values very close to g = 2.00, manifested in a
rather narrow EPR central transition (CT) between the ms = +1/2
states in the half-integer (Kramer’s type) systems. Satellite transi-
tions (i.e., transitions where ms changes its absolute value) are influ-
enced by ZFS in first order, which results in a very broad spectral
feature, especially when amorphous solutions of such high-spin
complexes are considered [294].

Given a highly symmetric complex geometry, the ZFS constant
is typically in the range of a few hundred MHz up to a few GHz.
For example, in high-affinity chelate complexes, the CT is only
affected to a small degree by second-order effects that are less pro-
nounced and can even be negligible at high magnetic fields [295].
The compatibility with cellular environments [296,297|—also con-
sidering the inherent chemical stability of Gd(III) or Mn(II) as well
as the biological relevance of Mn(Il)—makes such complexes highly
interesting PAs for MAS DNP [139,140].

Gd>* and Mn?* bound in complexes of the chelators DOTA and
DTPA (see Fig. 43) were first introduced as high-spin metal ion
PAs for MAS DNP by Corzilius et al. in 2011. A very narrow EPR
CT linewidth of 29 MHz at 5 T was observed for Gd-DOTA complex,
which allowed induction of SE with an initially reported 'H
enhancement factor of ~12 in a urea model sample [159]. Due to
the narrowing of the CT at higher magnetic fields, the detrimental
field dependence of the SE transition probability proportional to
Bgz [see Eq. (17)] is partially compensated for, leading to still sig-

4 Eu?* and Tb*" also exist in the same electronic configuration and show similar
EPR spectroscopic properties, however, they are chemically less stable than Gd**
and—as most lanthanides—tend to obtain a+3 oxidation state.

nificant performance with ¢ =8 at 14.1T. Direct DNP of low-y
nuclei (*3C and >N) was reported with enhancement factors in
excess of 100, potentially allowing for site-directed DNP on biomo-
lecules using site-directed spin-labeling (SDSL) with metal chelate
tags; furthermore, the contribution of CE mechanism was demon-
strated [139].

The latter observation stimulated the groups of Corzilius (Frank-
furt) and Godt (Bielefeld) to design several bis(Gd-complex)es in
which two Gd-binding chelate moieties are interconnected by
linkers of varying lengths [ 168]. This has not only led to an increase
in DNP efficiency in analogy to what has been achieved with bis-
nitroxide PAs [254], but also has resulted in further understanding
of the inter-electronic distance dependence for CE DNP of different
nuclear spins (see Fig. 44).

Due to the strong isotropic HFI to the **Mn nucleus (I = 5/2,
100% natural abundance), Mn(Il) suffers from a splitting of the
EPR CT into a sextet with ~250 MHz separation; this reduces the
achievable enhancement factors equally ~6-fold with respect to
Gd(II) [139,159]. Nevertheless, the high biological relevance of
Mn?* and structural similarity with the diamagnetic Mg?* ion
justifies further investigation as potential endogenous PA. Such a
premise was demonstrated on an inactivated hammerhead ribo-
zyme where one Mn?* ion was specifically bound to RNA. In this
case, intra-molecular DNP was used to directly hyperpolarize '>C
within the same molecule [140].

5.3.3. Cr(1ll) in crystalline solids

Cr3* can have similar properties as the above-mentioned metal
ions, despite its 3d> electronic configuration with atomic “F
ground-state term. In an octahedral ligand field, this state
transforms into a (non-degenerate) A,, ground state with L =0,
resulting in an isotropic Zeeman interaction and g ~ 2.0. However,
significant deviation from ideal octahedral symmetry can reintro-
duce an excited-state admixture (mainly “T,¢) and lead to larger
deviations from the free-electron g. [298]. Small distortions of
the ligand-field symmetry may still conserve the pure ground-
state properties but manifest themselves in a moderate ZFS of up
to several GHz, as can be found in ruby [299-301].

An ideal system featuring a high trigonal symmetry of the metal
site is found in a crystalline sample of [Co(en)sClz],-NaCl-6 H,0
(en = ethylenediamine, C,HgN,, Fig. 45) paramagnetically doped
with Cr® [303]; in this case, Cr** (S=3/2) and Co*" (low-spin
3d®, S =0) are structurally interchangeable due to the similarity

(A) - .
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Fig. 45. (A) Crystallographic unit cell of [Co(en);Clz],-NaCl-6H,0 (en = ethylenedi-
amine, C;HgN,). Projection of the crystal structure with the c axis perpendicular to
the plane of the drawing. (B) Molecular unit with hydrogen atoms. (C) Field-swept
140 GHz EPR spectrum of 0.1% Cr(IlI)-doped [Co(en);Cl3],-NaCl-6H,0 using a Hahn
echo sequence at a temperature of 80 K. Figure adapted from [302] with permission.
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of ionic radii [304]. Therefore, paramagnetic doping with molar
ratios between 0.1 and 3% can be achieved without effecting any
change in the crystal structure [302]. The EPR spectrum
(Fig. 45C) shows a narrow CT with practically isotropic g = 1.987
and an axial ZFS with a constant of D = 740 MHz at 80 K. By irra-
diation of the SE condition, a rather small 'H enhancement was
observed in the fully-protonated sample. More interestingly, sig-
nificant direct-DNP enhancement factors on the order of 20-30
have been observed for 3C and >°Co at high doping ratios of 3%,
with a strong dependence on the latter parameter. This was sur-
prising in several ways. First, the rather narrow CT linewidth of
~40 MHz was relatively small compared to the 'C and >°Co Lar-
mor frequencies (53 and 51 MHz, respectively); more importantly,
any anisotropies resulting from ZFS or HFI would act equally on
neighboring Cr3* in the long-range ordered crystalline lattice, pro-
hibiting the majority of matching conditions found in stochasti-
cally oriented (amorphous) samples [167]. This indicated that CE
matching between the CT of one Cr** and a satellite transition of
a neighboring ion might support DNP: while the former transition
appears static, the latter are modulated by ZFS under MAS. As the
second surprise, the nearest distance between a Cr>* PA and >°Co
nucleus is 7.7 A, proving that direct DNP can act over rather large
distances [302].

6. Practical aspects

The observed outcome of a DNP experiment, such as the gener-
ation of enhanced nuclear polarization or quenching of NMR signal
due to the presence of the paramagnetic PA, is a result of the inter-
play between various microscopic processes. In turn, these pro-
cesses themselves are dependent on experimental conditions
(e.g., sample temperature, pw power, MAS frequency, etc.), the type
of PA used, and the constitution of the sample. Clearly, sample
preparation is a very important factor for DNP and can play a deci-
sive role in the success of an experiment. For example, due to the
complexity of samples in biomolecular as well as materials science
applications, and the manifold molecular dynamics that determine
the relaxation behavior, the overall enhancements are often found
to be several-fold reduced as compared to model substances. An
exception is the enhancement factor of 250 obtained for a ribo-
zyme where relaxation-inducing methyl groups are absent in the
purified sample [140]. Similarly, unfavorable freezing properties
of the solvent can render a DNP experiment fruitless [281]. In the
following, an overview is given about the influence of various
parameters and guidelines for their optimization.

6.1. Build-up and depletion of the (enhanced) NMR signal

6.1.1. Accelerated build-up of polarization during SE

In the case of SE the observed DNP-build-up rate (under pw
irradiation) is expected to be larger than the spin-lattice relaxation
rate (without pw) [61,106,121]. Based on a simplified description,

the effective bulk DNP rate, keDf,ZP, and the observed relaxation rate,
T;/, are additive towards the measured build-up rate, T3' [77]:

1 1
7o = Kowe + 7 (52)

This is valid as long as spin diffusion within the bulk nuclear
spin bath is faster than the effective transfer of polarization
between electron spins and (observable) bulk nuclei. Then, the
effective DNP rate depends on the uw field strength and accord-
ingly on the incident pw power. Such an acceleration of
longitudinal-polarization build-up is observed in experiments
and potentially complicates the reliable measurement of DNP
enhancement factors [62,74,77]. For a reproducible measurement,

the enhancement at infinite polarization time, &,,, has to be mea-
sured. Practically this requires recording the DNP-enhanced signal
intensity, Ipnp, While using a polarization build-up period, 7, which
is significantly longer than Tg. This is then compared to the
thermal-polarization signal intensity, I.s, that must also be
recorded at recycle delays much longer than Ty;:

. IDNP(T > TB)

= . 53
Ioff(f > T]I) ( )

In a reasonable approximation, this can be achieved by choosing
a polarization period or recycle delay approximately 5-fold longer
than Ty or Ty, respectively. More reliable is the acquisition of a full
build-up curve after complete destruction of the polarization due
to a pre-saturation train [225]. Exponential fitting allows for the
extraction of a pre-exponential factor representing the polarization
at infinite time. In many practical cases, an “instantaneous” DNP
enhancement factor is provided by measuring DNP-enhanced sig-
nal intensity vs. thermal equilibrium at a finite build-up time well
below the optimum ~ 5 x Tj. For example, this can be due to pro-
hibitively long build-up time constants typically encountered for
(dilute) low-y nuclei, weak thermal signals that do not allow for
the acquisition of a full time profile, or ineffective off-signal sensi-
tivity at ~ 5 x Ty,. In these cases, care has to be taken because the
instantaneous &(7) is a function of polarization time if Ty #T1;:

r) — g L= EXBCT/Ty)

-1 —exp(=t/Tu)’ >4

Thus, the destruction of the residual magnetization using a pre-
saturation train or the use of an adequate number of dummy scans
is of great importance for a reproducible quantification of the
enhancement.

On the other hand, the acceleration of the polarization build-up
accounts for an additional sensitivity advantage not included in &,
[305]:

T
- )

This factor x only represents the advantage in S/N gained by faster
build-up of DNP-enhanced signal vs. longitudinal relaxation in the
same sample without pw irradiation and thus does not account
for paramagnetic relaxation enhancement (PRE), which can be
caused by the presence of the paramagnetic PA:

1 1

- l—*PRE'
T“ Til + 11 (56)

T3, is the relaxation time constant of the diamagnetic (undoped) ref-
erence and is stringently larger than or equal to Ty, of the sample
doped with PA, since the latter is accelerated by the PRE rate,
"%, Therefore, a reference sample of equal composition but lacking
PA has to be measured for the accurate determination of off-signal
intensity and spin-lattice relaxation time constant. An effective x° is
then obtained:

- _ [T
1=y (57)

This additional acceleration due to PRE might indicate an addi-
tional increase in sensitivity at first glance, however, the SE
enhancement strongly depends on the spin-lattice relaxation time
constant of the bulk nuclear spins [74,77]:

£ ~ KT Ty. (58)

As soon as Ty < T3, or from another viewpoint I > (T5,)7", Eq.
(58) shows that the bulk DNP enhancement factor scales inversely
with the PRE rate:
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K <eff

€. ~ NP (59)
e

Under the further assumption that keDf,zp < Ty (i.e., operation of the
SE far from saturation), K° then is simplified as

K= [Ty, (60)

Here it becomes clear that the sensitivity loss due to reduction of
DNP enhancement outweighs the benefit of faster acquisition due
to PRE, so that a compromise has to be found. In most cases, typical
SE PAs are quite poor PRE agents, so that sufficient DNP enhance-
ment can be achieved with minimal reduction in Ty; [225].

6.1.2. Depolarization by MAS

In comparison to SE, the situation is completely different when
a CE-active PA is concerned. As we have described in Section 2.1.2,
CE transitions do not require pw irradiation in order to transfer
polarization between electron spins and nuclear spins. This
leads—especially under MAS—to a strong link between the nuclear
polarization, P;, and the difference in electron polarization, APs,
between the two electron spins that in turn fulfil the CE matching
condition Eq. (33). In thermal equilibrium P; and APs are equal; this
can be simply derived from the respective Boltzmann factors. How-
ever, if there is an induced imbalance, the relatively large CE tran-
sition moments [see Eq. (36)] will lead to a very efficient
polarization transfer. For example, under saturation or inversion
of the nuclear spin polarization, the recovery towards equilibrium
is greatly accelerated by the presence of PAs potentially fulfilling
the CE condition [306]. This coherent repolarization process is
experimentally indistinguishable from nuclear spin-lattice relax-
ation processes, however, it is not to be confused with incoherent
processes typically responsible for relaxation.

Equivalently, the nuclear spin polarization will also follow APs
when the latter is perturbed. This effect is naturally sought-after
during CE DNP by saturating the EPR spectrum at certain points
within the spectral shape, so that the polarization differential APs
is maximized. On the other hand, reduction of this differential in
electron spin polarization (up to complete equilibration) over all
possible CE pairs will reduce the observable non-DNP-enhanced
NMR signal amplitude (down to vanishing). Such a (complete or par-
tial) equilibration can be induced by large homogeneous EPR line-
widths or electron spectral diffusion, so that pw-saturation at one
frequency also causes saturation of electron spins off-resonance by
the nuclear Larmor frequency, or by MAS without pw irradiation.
In both cases sufficiently long electron spin longitudinal relaxation
time constants, Tys, are a prerequisite. In the latter case this condi-
tion can in many cases be quite easily fulfilled at intermediate-to-
fast MAS frequencies, where T is of similar size than the rotational
period, 27t/ w,, or larger. In that case, any non-adiabaticity of the e-e
flip-flop events (see Section 2.1.2.5) leads to non-ideal exchange of
polarization accumulating over several rotor periods and therefore
partial equilibration of electron spin polarization. This process
causes effective dynamic nuclear depolarization driven by CE under
MAS in the absence of pw irradiation [85].

This depolarization is unique to CE-enabling PAs and is difficult
to distinguish from paramagnetic bleaching or quenching that can
occur at the same time (see below). Nevertheless, both effects have
starkly different consequences. In fact, nuclear depolarization
rather strongly depends on the MAS frequency and can be reverted
to a large extent by uw-driven selective saturation of the EPR spec-
trum so that a large polarization differential is induced. In contrast,
assuming uniform enhancement of all observed nuclear spins,
bleaching is affecting both the DNP-enhanced as well as the non-
enhanced NMR spectrum (i.e.,, the on- and the off-spectrum,
respectively). In the latter case (i.e., bleaching) the NMR signal
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Fig. 46. Magnetic field dependence of 'H DNP enhancement factors for different
PAs. Data taken from [283] (AMUPol, TEMTriPol-1) and [90] (BDPA). Enhancement
factors obtained by SE and CE drop significantly with increasing values of By. Note,
that the increase between 5 and 14.4T observed for TEMPTriPol-1 is due to a
change in mechanism [283]. Only the OE in BDPA shows a favorable field
dependence over the whole accessible range.

intensity might be greatly reduced even though large DNP
enhancement factors would be measured, due to the reduced num-
ber of observable spins. In the former case (i.e., depolarization) the
enhancement factor might be overestimated because the DNP-
enhanced spectrum is compared to an off-spectrum that is not in
thermal equilibrium but effectively at a much higher spin-
temperature. This might even result in quite unexpected observa-
tions such as apparent enhancement factors that exceed the theo-
retically possible ratio of y¢/y, [see Eq. (2)] as has already been
demonstrated in experiment [217].

6.1.3. The absolute sensitivity ratio

The presence of the paramagnetic species causes a reduction of
the number of detectable nuclear spins by bleaching effects in the
vicinity of the electron spins. One possible reason for this is a
broadening of NMR resonances due to increased transverse relax-
ation of nuclear spins (coherence quenching), possibly in combina-
tion with strong paramagnetic shifts. Furthermore, even when
detected low-y nuclei are virtually unaffected by the PA, global
H relaxation in the rotating frame can reduce efficiency of typi-
cally employed techniques such as heteronuclear CP.

These effects have been systematically studied in homogeneous
frozen solutions using TOTAPOL as PA [252]. Furthermore, a direct
comparison between different PAs and effective DNP mechanisms
was presented [225]. Besides these experiments in environments
relevant for biological studies, a quantitative study of 2°Si CP and
CP/CPMG experiments on hybrid mesoporous silica impregnated
with aqueous biradical solutions was reported by Rossini et al.
[253]. In all cases, a reduction of the non-enhanced (pw-off) signal
intensity in the presence of radicals was observed. The ratio between
the thermal polarization signal intensity of a DNP sample doped
with PA, I¢, and that of diamagnetic reference sample, I°, is therefore
often given as a so-called bleaching or quenching factor ¢:

Lot
- = 61
o (61)
Together with the acceleration factor x° from Eq. (57), this can be
combined into an effective DNP signal-to-noise enhancement E:

&=1

- o o dor [Ty
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(62)



A.S. Lilly Thankamony et al./Progress in Nuclear Magnetic Resonance Spectroscopy 102-103 (2017) 120-195 165

| 600 MHz 9’1‘30 ppm (F2)
- 800 MHz RiSSRom (F2)y

F1:'3C Chemical Shift / ppm

=

40 30 20 10
F2:3C Chemical Shift / ppm

Fig. 47. Overlay of >C-'3C PDSD 2D NMR spectra of MxiH protein needles using DNP at 800 MHz (red, 8 kHz MAS, 95 K, 30 ms mixing time) and at 600 MHz (blue,
11 kHz MAS, 104 K, 20 ms mixing time). The full widths at half height (FWHH) in the direct dimension are annotated for some resolved peaks illustrating the increase in

resolution at 800 MHz. Figure taken from [311] with permission.

However, from a practical viewpoint several aspects have not
been considered here. For example, the groups of Lafon and Pruski
have systematically analyzed the effective sensitivity enhance-
ment (per unit time) in DNP-enhanced '3C and 2°Si CPMAS on func-
tionalized mesoporous silica nanoparticles and separated the
contributions due to DNP, paramagnetic quenching/bleaching,
the presence of frozen solvent, sample temperature (ie., the
increased Boltzmann factor at lower temperatures) as well as the
changes in relaxation and cross-polarization behavior [307]. In
addition, Takahashi et al. have provided an even more comprehen-
sive discussion of various factors, including experimental temper-
ature, line broadening due to altered experimental conditions
(different sample composition and/or temperature), reduced effec-
tive analyte concentration, signal loss by bleaching or reduction in
transfer efficiencies in sophisticated NMR pulse sequences, as well
as differences in equipment, which also come into play when com-
paring the full scope available for conventional MAS NMR with
specialized instruments required for DNP [308]. Thus, for optimal
performance, multiple and partially interconnected experimental
parameters have to be considered.

6.2. Experimental parameters

6.2.1. External (static) magnetic field

From a basic NMR-spectroscopic point of view, higher external
magnetic fields are beneficial in terms of sensitivity and resolution.
Thus, most of the DNP-supported MAS experiments aiming at
structural investigations are performed at fields > 9 T. In contrast,

SE and CE decrease in efficiency due to a complex interplay
between various factors [179]. Mainly, the increasing width of
the EPR line associated with incomplete excitation and the lower
transition probabilities of the driven e-n transitions at higher fields
and Zeeman frequencies are the reason for this dependence. Fur-
thermore, the significant field dependence of electron and nuclear
spin relaxation as well as spin diffusion has to be considered. The
theoretical description of the underlying interactions is rather
complex, nevertheless the general dependence on the external
magnetic field is confirmed experimentally [90,309].

As shown in Fig. 46, particular radicals allowing for CE DNP can
yield significant signal enhancements at the highest currently
available fields. Compared to SE, much larger absolute values of
the CE transition probability explain this performance (see Sec-
tion 2.1.2.3). Still, the loss in enhancement factors as compared
to lower fields is tremendous. Differences in instrumental design,
for example, the pw-power output of the gyrotron, different con-
version factors due to shorter wavelength, and changes in effective
sample temperature are likely contributing to this behavior as
well. It should be noted that especially at high magnetic fields,
the reduction in enhancement could be compensated for, provided
larger pw power was available. This is predicted by theory due to
the direct scaling of the SE transition moment with B; field
amplitude [74]; additionally, it was shown in experiment that
the observed enhancement due to CE is far from saturation at the
largest available power [184].

In view of routine DNP applications at high external fields, the
development of novel radicals with narrow EPR lines and long
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electronic relaxation times becomes highly desirable. Special inter-
est lies in the further investigation and development of heterodi-
meric PAs for CE that have shown promising early results (see
Section 5.2.3). Furthermore, PAs capable of performing OE DNP in
solids might be a promising alternative, as the enhancement
becomes more effective at high external magnetic fields [90].
Recent experiments have shown that under certain conditions,
the enhancement obtained by OE (using BDPA as PA) can even
exceed those generated by CE using highly efficient bis-nitroxide
PAs [97]. As another alternative, pulsed transfer schemes are
expected to be independent of the external field and could lead
to improved enhancements provided that the necessary hardware
requirements can be fulfilled [166,310].

Despite the ideally expected linear increase of spectral resolu-
tion with the external magnetic field, the exact dependence thereof
in DNP-enhanced MAS NMR is still discussed in lively controversy.
On the one hand, the introduction of paramagnetic species into the
sample is a potential source of line broadening (Section 6.1.3). On
the other hand, especially in biomolecular NMR, resolution losses
due to the “protein glass transition” [312] have complex reasons
that are still not fully understood, see also Section 6.2.4 for further
discussion. As described in more detail in this sections, non-
equivocal observations have been reported in the literature sug-
gesting a potential conclusion that the line broadening processes
may not only be strongly sample-dependent but also be deter-
mined by both homogeneous and heterogeneous broadening
mechanisms. Due to the significant inhomogeneous contribution,
the use of higher external magnetic field is not expected to
increase the resolution in a linear fashion, even though substantial
improvements have been demonstrated [261,311,313-315] as is
shown exemplary in Fig. 47. It should also be noted that especially
higher-dimensional correlation experiments suffer less from inho-
mogeneous broadening experienced at high fields and can be uti-
lized in order to resolve overlapping signals without losing signal
intensity [149].

6.2.2. MAS frequency

Resolution and sensitivity of NMR experiments also benefit
from high MAS frequencies. From a mechanistic point of view,
the MAS frequency can influence the DNP process during several
stages. On the one hand, the adiabaticity of LAC during the CE
polarization transfer, discussed in Section 2.1.2.5, depends on the
MAS frequency, see Eq. (45). However, for a CE event the adiabatic-
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Fig. 48. MAS frequency dependence of the "H DNP enhancement of 0.25 M proline
in a typical glycerol/water mixture (DNP-juice) with 10 mM AMUPol at 115K and
18.8 T. Reproduced with permission from [86].
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Fig. 49. Microwave power dependence of the normalized DNP enhancement for SE,
CE and OE DNP. Data collected from [90,266].

ity parameter I" is small and the Landau-Zener equation predicts
an almost linear dependence of the adiabaticity with the MAS fre-
quency in that range. Thus, a reduction of the transfer probability
due to faster MAS is compensated for by the increased number of
CE events per unit time [83]. Another potential influence of MAS
on the observed global DNP enhancement is caused by the depen-
dence of nuclear spin-diffusion processes on the MAS frequency
[316-319]. Due to the scaling of the spin-diffusion rate constants
with roughly the inverse of the spinning frequency, detrimental
effects, such as a less uniform distribution of polarization over
the sample, might be expected. However, if spin diffusion is the
rate-limiting step for nuclear spin relaxation at the same time,
the overall enhancement factor should remain unaffected [101].

Experimentally, Chaudhari et al. [86] reported only small varia-
tions of the 'H CE DNP enhancement factor between 5 and 40 kHz
MAS at 18.8 T (Fig. 48), suggesting that 'H spin diffusion still seems
to be fast enough to provide for a homogenous distribution of
polarization over the whole sample. Rosay et al. performed an
investigation for slow to intermediate MAS frequencies at an exter-
nal field of 9.4 T. In contrast, they observed a significant influence
of the MAS frequency on the 'H DNP enhancement, leading to a
maximum of ¢ =80 at 3 kHz MAS. The decreasing enhancements
at MAS frequencies up to 14 kHz were, however, attributed to sam-
ple heating effects due to insufficient temperature control (see Sec-
tion 6.2.4 for further information) [177].

The seemingly simple conclusion of DNP being unaffected by
the MAS frequency might no longer be valid for direct DNP on
dilute nuclei with small gyromagnetic ratios [318,319]. Here, spin
diffusion is generally slower and large overall enhancements might
be prohibited by the bottleneck of polarization distribution
[138,139]. However, no systematic studies either supporting or
refuting this prediction are known to the authors.

It is worth mentioning that in all aforementioned studies,
increased enhancement factors were obtained under MAS condi-
tions as compared to static experiments. This indicates significant
mechanistic changes of the quantum-mechanic processes in rotat-
ing samples compared to static CE-based DNP experiments. Such
changes are in line with the theory of CE under MAS by Thurber
and Tycko as well as Mentink-Vigier et al. as discussed above
and in great detail in Section 2.1.2.

6.2.3. Microwave power

An additional observation in the study of Chaudhari et al. is that
the enhancement factors obtained for samples in smaller rotors
(ie., 1.3 mm instead of 3.2 mm outer diameter) are significantly
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larger [86]. Similar findings have also been reported by Song et al.
who compared the DNP efficiency in 4 mm and 2.5 mm rotors
[221]. This was claimed to be caused by an improved pw penetra-
tion of the sample due to the reduced wall and sample thickness
compared to the larger diameter rotors, finally leading to an
increase in average pw field strength and thus larger enhancement
factors [87]. In addition to wall thickness, the rotor material can
have an influence on the obtained results, as we have explained
in more detail in Section 4.4.3.1. Other experimental findings,
where the pw field is enhanced inside the sample by the addition
of diamagnetic particles [320], support such an explanation.

Fig. 49 shows the general trend of the dependence of the
enhancement factor on the incident yw power for several DNP
mechanisms. Significant differences can serve as indications to dis-
tinguish between the three DNP mechanisms [165]. For SE-type
polarization transfer, DNP enhancement factors (as well as the
build-up rate constants, see Section 6.1.1) increase almost linearly
with increasing pw power. In contrast, maximum CE enhance-
ments can be reached even with lower pw power. This is due to
the fact that allowed electronic SQ instead of “forbidden” e-n DQ
or ZQ transitions must be excited by pw in this case (see Sections
2.1.1 and 2.1.2). For (solid-state) OE DNP a very steep increase
and an early saturation of the transferred polarization as a function
of the uw field is observed, explained by efficient electronic SQ sat-
uration due to long Tis of the utilized BDPA in combination with
efficient excitation of its narrow EPR line. This effect is especially
interesting for cases where the pw power is limited by low-
power sources.

In all cases, saturation or even a certain reduction of the
enhancement is observed or predicted for very large uw power
[74,152,162,163,177]. Sample heating, which leads to increased
relaxation, is expected to play a significant role for a limitation of
the maximum applied power [321].

6.2.4. Sample temperature: enhancement factors and spectral
resolution

A graphical summary of the DNP enhancement as a function of
sample temperature is shown in Fig. 50 for various PAs, obtained
from several reports [97,214,217,219,250,271,322]. The maximum
enhancement factor measured under MAS up to date has been
obtained on a sample doped with AMUPol, which yielded ¢ =680
for 'TH at 55K [217].° A significant contribution towards this
increase in DNP enhancement can be traced to the increase in
nuclear longitudinal relaxation time constants with decreasing tem-
perature which is important for more efficient accumulation of
polarization (see Section 6.1 for further discussion). However, the
details of the interplay between electron spin relaxation, nuclear
spin-lattice relaxation and motional averaging of dipolar interactions
that are responsible for the DNP transfer as well as for the propaga-
tion of enhanced nuclear polarization are still unclear, in particular
with respect to vanishing enhancement near the glass transition
temperature of the solvent [97].

Even though the tremendous increase in sensitivity at low tem-
perature opens up several new fields of applications, the sample
constitution under these cryogenic conditions can become an
issue. Especially in the case of DNP on biomolecular systems, there
has to be a compromise between signal enhancement and a loss of
resolution induced by frozen-out dynamics at temperatures below
the “protein glass transition” [312,323]. Such a signal broadening
for protein samples can already be observed at temperatures that
are easily accessible by nitrogen cooling (approximately at 200 K
and below) and necessitates a tradeoff between enhancement

5 The reader should note that this enhancement factor is larger than the
theoretically predicted maximum from Eq. (2). This is explained by CE-induced
depolarization of the off-signal (w/o uw) and explained in more detail in Section 6.1.3.
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Fig. 50. Temperature dependence of 'H DNP enhancement for various PAs and
under different experimental conditions. Data was collected from several studies at
a 'H resonance frequency of 400 MHz [97,170,177,214,216,217,271,274]. The data
marked with an asterisk (') were recorded at 380 MHz [216]; the data marked with
double asterisk (") were recorded with a low-power pw. Source [170].

and desired resolution [324]. If higher temperatures are used to
avoid these effects, the losses in DNP enhancement can partially
be compensated for by faster signal accumulation due to the accel-
erated build-up of polarization; additionally, deuteration of the
sample has shown to increase DNP enhancement factors especially
at elevated temperatures (Fig. 51) [214,325]. However, the
conditions are not yet sufficient to perform DNP experiments on
biomolecules with significant enhancements at or near room
temperature.

It is noteworthy that in OTP, significant enhancement factors of
up to 20 have indeed been obtained close to room temperature,
even at a field of 18.8 T [97]. This holds promise for molecules that
are soluble in such a matrix as well as for surface-wetting of insol-
uble materials. Despite this intriguing observation, it is still unclear
in how far the larger overall rigidity of the OTP matrix will alleviate
resolution problems at these elevated temperatures.

Despite optimized sample preparation procedures to reduce the
above-mentioned broadening [263], extraction of structural infor-
mation under DNP may still be complicated, in particular for large,
uniformly isotope-labeled systems prone to spectral crowding.
Very recently, multi-dimensional correlation spectroscopy enabled
by the large DNP sensitivity enhancement has been shown to over-
come this issue and may be applicable in a general manner [149].
Also, selective isotope labeling has been successfully used to sim-
plify the spectra so that sufficient resolution is retained. For exam-
ple, several studies on retinal proteins such as bacteriorhodopsin
[146,226,227], proteorhodopsin [326,327] and channelrhodopsin
[228] have been reported. In order to study structural changes dur-
ing their photo-cycle, the trapping of intermediate states at tem-
peratures of approximately 100 K is an essential requirement of
these experiments. This makes MAS DNP a method of choice even
though a certain broadening of the resonances is observed. The
interested reader is also referred to Section 7.2.2 for more details
on these applications.

In the same vein, reduction of the temperature to cryogenic
conditions may result in additional information that is otherwise
not accessible. In some cases, the local environment can preserve
the line widths of specific resonances so that sufficient resolution
is obtained at low temperatures and high magnetic fields. Thus,
the occurrence of well-resolved signals is also an indicator for
structural or dynamical properties [311,313,328]. Furthermore,
highly flexible parts of a macromolecule can be invisible in NMR
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Fig. 51. Comparison of the resolution in 2D '3C-'3C spectra of protonated and deuterated SH3 samples at different temperatures. The figure is reproduced from [214] with

permission.

spectra recorded at room temperature and only observed under
DNP conditions [261].

Similarly, side-chain dynamics can show distinct differences
between room temperature and cryogenic conditions. Many aro-
matic functional groups show twofold symmetric flips that often
interfere with NMR detection. At room temperature, this typically
leads to rather broad or even undetectable resonances of aromatic
side chain signals. Upon slowing down of the responsible intercon-
version at typical DNP-relevant temperatures of ~100K the
resonances can be recovered [329], allowing for the extraction of
a larger number of structural constraints, in particular if coupled
with the sensitivity gains from DNP [330,331]. In contrast, three-
fold symmetric methyl groups reorient rapidly at room tempera-
ture, which results in intrinsically narrow '>C resonances [332].
Under typical sample temperatures employed in DNP, these
hopping dynamics approach an intermediate-exchange regime

and often lead to broad resonances and fast relaxation [324,333].
This situation, however, can give rise to interesting phenomena
such as heteronuclear cross-relaxation during DNP (see
Section 2.3.5) [141,145].

6.3. DNP sample preparation techniques

6.3.1. DNP in a glass-forming matrix

For most DNP experiments, the PA is dissolved in a solvent at
ambient temperatures to ensure a uniform distribution. The
analyte can be co-dissolved in a homogeneous mixture or it can
be heterogeneously dispersed within the solution. In the first case,
solubility of all components in the solvent is obviously essential. In
the latter case, the enhanced polarization has to diffuse into the
phase containing the analyte, such as a lipid bilayer bearing
the membrane protein of interest, or microcrystals. For small
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Fig. 52. Sketch of the basic principle behind matrix-free sample preparation. In order to avoid phase separation and aggregation upon freezing, the PA is either (A) covalently
bonded to the analyte molecules or (B) a “gluing agent” is used to establish close spatial proximity. Figure reproduced from [342] with permission.
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Fig. 53. Spatial proximity between PAs and analyte molecules can be guaranteed by
covalently decorating the structure preserving matrix (e.g., lipids) with PA units.
Figure adapted from [262] with permission.

nanoscopic systems, polarization can be uniformly spread through-
out the analyte by 'H homonuclear spin diffusion, while for larger
microscopic systems a polarization gradient is observed as a func-
tion of the distance from the surface [138,258].

Crystallization of the solvent upon freezing can cause phase
separation between the PA and the analyte molecules, leading to
strongly reduced enhancements [281]. For this reason, the solvent
should be a good glass-forming agent and additionally offer cry-
oprotection of the analyte upon freezing. Especially biomolecules
might undergo cold-denaturation processes or phase transitions

due to solvent crystallite formation. This may lead to heterogeneity
of the sample and result in reduced spectral resolution or even to
an irreversible adaption of non-functional structures that must
be circumvented or minimized by the appropriate solvent. Often,
the so-called “DNP-juice” (dg-glycerol/D,0/H,0, 60:30:10%) or
dg-DMSO/water mixtures are used as glass-forming matrix for
aqueous solutions [334,335]. While DMSO often provides better
solubility for PAs, glycerol is favored for biomolecular systems
due to their larger stability in this solvent. In the case of hydropho-
bic compounds, TCE or OTP can serve as good glass-forming agents
[97,274,280,281,336].

6.3.2. Alternative sample preparation techniques

The addition of a large amount of cryoprotectant causes a
reduction in sample filling factor and thus a significant reduction
in signal intensity that has to be accounted for when assessing
the absolute sensitivity ratio (see Section 6.1.3). Additionally, the
matrix might disturb the properties of the analyte. In order to
tackle these issues, alternative ways of preparing samples in order
to achieve a homogenous radical distribution while avoiding any
(excess) solvent matrix are being developed.

One such sample preparation technique is “incipient wetness
impregnation” that is specifically suitable for porous samples that
are insoluble in the PA-bearing solvent [255]. Here, the solution is
added to the sample in such a small volume that the pores and the
surface are saturated with solvent while excess volume is avoided
to optimize the sample filling factor. Also, due to the altered phys-
ical properties of the solvent molecules upon direct contact with
the surface, crystallization upon sample freezing is prevented.

Other techniques are co-sedimentation of large biomolecules
[337,338], co-condensation for functionalization of mesoporous
silica with nitroxide radicals [142], film casting of polymers,
[339] or co-milling of solid samples with a matrix-forming agent
[340]. In the special case of amorphous polymers, a solvent-free
sample preparation is feasible. In order to avoid phase separation,
the PA is covalently bonded to (a fraction of) the analyte molecules
[341].

6.3.3. Matrix-free approaches

Recent approaches explore the possibility to study systems
without the use of the typical glass-forming solvents. Aggregation
and phase separation of the individual components of the sample
upon removing the solvent can be avoided if the PA exhibits a cer-
tain binding affinity to the analyte (Fig. 52A). Otherwise, “gluing
agents” establish contacts between PA and analyte (Fig. 52B)
[342]. Such an approach is especially appealing in systems that
are prepared in a structure-preserving matrix. For example,
membrane proteins are usually reconstituted in a lipid matrix that
mimics their native environment. For matrix-free DNP experiments,
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such liposomes have been stabilized in combination with small
amounts of alternative cryoprotectants like trehalose [343]. Fur-
thermore, the PA can be bonded covalently to molecules in the
environment (Fig. 53B) rather than distributed randomly over the
whole sample [262,340,342,343]. A maximized filling factor of
the NMR rotor and the close spatial proximity between PA and
analyte lead to promising sensitivity gains compared to samples
where the PAs are distributed statistically over the sample. Fur-
thermore, under certain conditions, signal broadening was
reported to be less severe than in the classic approach using bulk
glass-forming agents [342].

In the context of applications to materials science, solvent-free
DNP-enhanced NMR of an organic-inorganic hybrid material has
been demonstrated on mesoporous silica functionalized with
TEMPO moieties. Lilly Thankamony et al. incorporated TEMPO into
porous inorganic silica materials by co-condensation, enhancing
295i NMR signals by direct DNP. Due to the close vicinity between
PA and nuclear spins, the 2°Si signals rapidly build up in direct DNP
experiments—which further improves the NMR sensitivity [142].
Later, Gajan et al. also demonstrated matrix-free DNP applications
to insoluble hybrid organic-inorganic silica materials containing
homogeneously distributed mono- or dinitroxide radicals [344].
Meanwhile, the fast acquisition of 2D '*C-'3C NMR correlation
spectra of natural abundance microcrystalline cellulose—in which
the PA is again uniformly distributed without any solvent—was
also reported by the group of Gaél de Paépe [345]. Later, they also
introduced a novel matrix-free sample preparation approach for
the study of nanoassemblies such as diphenylalanine (FF) dipep-
tide [260].

6.3.4. Localized and targeted DNP

More recently, several studies on localized or targeted DNP
using site-directed spin labeling (SDSL) schemes or non-covalent
labeling with PA-bearing tags or ligands have been reported. In
the localized DNP approach, a close and well defined spatial prox-
imity between PA and target molecules is achieved by specifically
attaching the PA to native or point-mutated cysteine sites in pro-
teins by SDSL [139,262,346-348], a technique often utilized in
EPR spectroscopy or for PRE/PCS studies by NMR spectroscopy. In
a very elegant demonstration, it has been shown that the contact
interfaces of two proteins within a heterodimer can be probed,
using CE DNP in combination with SDSL. By attaching one
(mono-)nitroxide PA tag to each of the two subunits, CE DNP is
only enabled if the complex adopts a closed conformation thus that
the two nitroxides are in dipolar contact [348].

For targeted DNP, a modified ligand or paramagnetic metal ion
is specifically bound to the biomolecule of interest [140,349,350].
Endogenous radicals such as the flavin mononucleotide semiqui-
none in the flavodoxin protein have also been shown to act as PA
[92]. These approaches allow for selective DNP transfer to the ana-
lyte while loss of hyperpolarization due to spreading to the bulk
can be prevented by deuteration of the latter [349,350], or by
employing direct DNP of a biomolecule that is enriched with
low-y nuclear isotopes [140]. Further information about the appli-
cation of these techniques is provided in Section 7.2.

6.4. Sample constitution

6.4.1. Isotopic enrichment and depletion

As mentioned above, the initial polarization transfer step from
the electron spins to nearby “core” nuclear spins is followed by
spin-diffusion processes that are responsible for a spatial distribu-
tion of the magnetization to bulk nuclei and thus play an important
role for efficient DNP. The proton concentration of the matrix was
found to have a strong impact on the DNP enhancement, hence the
typically used ratios of deuterated and protonated components
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Fig. 54. (A) Influence of the concentration of TOTAPOL on 'H and '3C relaxation
times on 2 M '3C-urea in dg-DMSO/D,0/H,0 (60/30/10 vol%). (B) Resulting absolute
sensitivity ratio (ASR) in a refocused INADEQUATE experiment, combining DNP and
relaxation effects. Data show DNP enhancement factor only (squares), as well as
cumulatively adding the following parameters: acceleration of experiment due to
reduction of build-up time constants (crosses), loss of signal due to bleaching
(triangles), reduced CP efficiencies due to increased relaxation in the rotating frame
(full circles) and loss of signal during mixing due to increased transverse relaxation
(open circles). The right ordinate axis is used for data represented by crosses.
Reprinted from [308] with permission.

(see also Section 6.3.1) [335]. While a sufficiently high level of pro-
tonation has to be provided in order to guarantee efficient path-
ways for nuclear spin diffusion, the deuteration increases the
electronic as well as nuclear relaxation times and in turn the
DNP enhancements [74,351]. This depends strongly on the PA
and DNP mechanism involved [74]. Also, recent reports have
shown indications that no loss in DNP enhancement is observed
even for fully protonated matrices when highly-efficient PAs such
as AMUPol are used [141]. However, systematic studies are
required to identify the optimal 'H bulk concentration over a large
range of experimental parameters.

Additionally, deuteration of the PAs [250,352] and target mole-
cules [325] has been shown to improve the DNP enhancement due
to optimized relaxation properties. As proton detection may
become feasible with the latest generation of commercially
available fast-spinning DNP probes, a dilution of the strongly
dipolar-coupled proton network has the obvious advantage of
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improved resolution of 'H spectra [353]. Because in most DNP
experiments to date the 'H magnetization is read out after CP to
the respective nucleus, a certain degree of protonation is required
for improved sensitivity [354]. Thus, optimal ratios under DNP-
enhancement are expected to be dependent on the PA and the
sample under study.

Similar arguments also hold for direct DNP of low-y nuclei. In
that case, proton-driven spin diffusion leads to a significant distri-
bution of the polarization, however, it requires sufficiently high
concentration of the low-y nuclear species (e.g., upon isotopic
enrichment). In contrast, certain parts of the sample (e.g., solvent
matrix, linker) in natural abundance or even depleted in the mag-
netically active isotope can selectively block transfer pathways
[139-141,349]. Trivially, isotope depletion of the solvent also elim-
inates background signals that otherwise might overlap with the
spectrum of the analyte [337].

6.4.2. Polarizing agent concentration

As should be clear from the discussion in the previous sections,
the concentration of the PA has to be adjusted carefully such that
optimal enhancement, sensitivity and resolution are obtained
[252,308,340]. The underlying effects are complex, and in most
cases difficult to predict.

On the one hand, a certain number of unpaired electrons need
to be available, serving as source of polarization. Furthermore,
the relative contributions of various DNP mechanisms depend on
the radical concentration (see Section 3 for further information).
In particular, e-e contacts required for the CE become more prob-
able if monoradicals are used in high concentrations. For biradicals,
this proximity is always given and a rather low concentration is
generally sufficient to obtain sufficient enhancements by CE.

On the other hand, a high (global or local) concentration of rad-
icals causes unfavorable quenching effects (Sections 6.1.2 and
6.1.3) resulting in reduced sensitivity and potentially in a loss of
spectral resolution and information [85,225,253]. The increased
relaxation rates may also cause losses in efficiency during recou-
pling and polarization transfer experiments [252,253]. However,
the reduction of polarization build-up times (Fig. 54A) is beneficial
as it allows for increased repetition rates.

Experimental findings (Fig. 54B) indicate optimum PA concen-
trations between 10 and 20 mM for homogeneous solutions. In
particular cases, for example if long coherence decay times are nec-
essary for efficient transfer of polarization between nuclei over
intermediate/long distances, a reduced PA concentration can be
beneficial [259]. In addition, it should be noted that in more com-
plex samples, interactions between the analyte and the PA can
result in larger effective, local concentration of paramagnetic cen-
ters around the nuclear spin systems of interest (see below). In this
case, the global concentration has to be adjusted accordingly, such
that excessive line broadening or quenching is avoided [355].

6.4.3. Interactions between polarizing agents and analytes

In addition to an influence on electronic relaxation properties,
the molecular size and geometry of the radicals may also have
application-specific consequences. For example, larger radicals
may not enter porous materials, which on the one hand may lead
to lower signal enhancements but on the other hand cause less
quenching. Thus, the dimensions of the radicals themselves can
be a useful parameter to investigate [356], see more details in
Section 7.3.2.

In any case, a possible interaction between the radical and the
substrate has to be considered because a very large local concen-
tration of PA can cause line broadening of the NMR resonances
(see above section). For example, Ravera et al. exploited non-
specific interactions for co-sedimentation of proteins and PAs
[338]; furthermore, specific interactions with TOTAPOL have been

observed in BSA [337]. PAs have also been found to bind to amyloid
surfaces [355] and active surface sites in porous materials [357].
Highly specific interactions between a PA-carrying ligand and a
protein have been utilized deliberately to obtain selective hyperpo-
larization in the case of targeted DNP [349,350]; this approach is
covered in more detail in Sections 6.3.4 and 7.2.5. Finally, possible
reactions of the PA with other components of the sample—leading
to a destruction of radical functionality and consequently to a loss
of DNP (but possibly a gain in resolution)—have to be considered as
well [358].

7. Structure determination enabled by DNP enhancement

MAS DNP has come a long way since the earliest pioneering
applications on polymers and materials in the laboratories of Wind
and Schaefer and the groundbreaking later works dominated by
Griffin. Applications in the first ~2% decades (i.e., 1983-2009)
were largely guided by the development of custom-built hardware.
Furthermore, DNP applications towards biomolecular systems
required a significant amount of proof-of-concept development
in order to become interesting for the young, quickly developing
field of biological MAS NMR.

Nevertheless, the commercialization of MAS DNP instrumenta-
tion around 2009—in combination with a quickly growing and
highly creative community—paved the way for the popularity of
MAS DNP today. This has led to a tremendous increase in reported
state-of-the-art DNP applications towards structural problems
from various research groups, first in the field of materials science,
and more recently also in the field of structural biology. In the fol-
lowing, we will give an overview of these developments and of the
diverse field of applications.

7.1. Pioneering works on MAS DNP

7.1.1. Early applications on polymers and diamonds

Wind and coworkers introduced the instrumentation suitable
for MAS DNP and presented the first DNP-enhanced MAS NMR of
coal as well as BDPA-doped polystyrene as early as 1983 [359].
During the following years they applied the method to study the
structural properties of various materials such as undoped trans-
polyacetylene [360], doped polymers [361], coal [362], amorphous
silicon [363], organic conducting polymers [364], ceramic fibers
[365], and diamond films [366]. All of these experiments were per-
formed at room temperature using an external magnetic field of
1.4T (40 GHz e~, 60 MHz 'H).

The structural defects of undoped trans-polyacetylene were
studied in detail by indirect '>C DNP NMR, using intrinsic defects
(i.e., unpaired electrons in the material) as PA. Spectra recorded
before and after air oxidation showed the formation of oxygen
bridges, as well as epoxide, hydroxyl and carbonyl groups in '>C
spectra [360]. It was also shown that direct and indirect DNP can
probe the surface structure of '3C-enriched chemical-vapor-
deposited diamond films [366]. Using indirect DNP ('H-13C
CPMAS)), all carbon atoms in the sample were enhanced uniformly
because of fast spin diffusion among 'H. This signal enhancement
enabled the acquisition of spectra, which would require impossibly
long measurement times under conventional MAS NMR conditions.
Besides that, by employing 3C (direct) DNP in samples with natu-
ral isotopic abundance, only the rare '3C spins near to the radicals
were enhanced [367]. An excellent overview of these pioneering
works is given in a review by Wind et al. [63].

Later, the group of Schaefer studied heterogeneous blends of
undoped polycarbonate (PC) and of polystyrene that was homoge-
neously doped with BDPA, by using indirect [231,368] and direct
DNP of '3C [369]. Filtering to retain only enhanced NMR signals
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of PC by comparing uw on- and off-signals allowed for selective
detection of the polymer interface. As a result, it was possible to
show that molecular dynamics of interface chains were retarded
as compared to those within the PC bulk [370].

Another early effort towards MAS DNP was undertaken by the
Zhou lab, using a custom-built 53 GHz (1.8 T) instrument. They
were able to investigate the structures of different natural [78]
and synthetic [79] diamonds using direct *C DNP NMR. Such stud-
ies are usually prohibited by extremely long spin-lattice relaxation
time constants; however, a DNP enhancement factor of ~1000
allowed for acquisition of sufficient signal intensity after reason-
able polarization times. Further studies involved hyperpolarization
of pitch using the intrinsic unpaired electrons as PA [371].

7.1.2. Pioneering developments enabling biomolecular DNP

In the early days, the development required for DNP-enhanced
MAS NMR spectroscopy on biological samples was almost exclu-
sively driven by the pioneering work of Griffin and co-workers.
In principle, NMR-sensitivity for most biomolecular systems is
smaller than that of (bulk) materials or powdered systems because
biomolecules form crystals with a high water content, or are
embedded in conformation-stabilizing matrices such as lipids.
Therefore, the first seminal demonstration of possible sensitivity
enhancement by DNP transfer from a co-dissolved PA to a small
biomolecule (1-'3C-glycine) in frozen solution showed a way to
overcome this problem. Shortly thereafter, Hall et al. hyperpolar-
ized the amino acid L-arginine as well as '>N-Ala-labeled T4 lyso-
zyme using TEMPO as PA and achieved DNP enhancements up to
50-fold, proving that protein structural biology by MAS NMR can
benefit from a large sensitivity gain [218].

Subsequently, Rosay et al. extended the investigation to soluble
and membrane proteins as well as to an intact bacteriophage, con-
sisting of virus capsid and the contained genome. By analyzing the
DNP enhancement factors of the coat protein and the single-
stranded DNA core of fd bacteriophages, it was shown that 'H
polarization can efficiently diffuse through the 20A thick coat
layer, allowing for hyperpolarization of the encapsulated genome
that is not in direct contact with the solvent [372]. Furthermore,
it was demonstrated, that structurally relevant amino acid signals
of (membrane) proteins can be resolved in the DNP-enhanced
spectra even for uniformly isotope-labeled samples [373].

Another proof-of-principle has been provided by van der Wel
et al. by hyperpolarization of GNNQQNY nanocrystals. This
oligopeptide forms the core of the yeast prion protein Sup35p
and can undergo fibrillization; consequently, it served as a test-
bed for the investigations of amyloid fibrils that play a key role
in many neurodegenerative diseases. DNP caused a polarization
gradient within the relatively large nanocrystals that not only
allowed for direct analysis of the spin-diffusion kinetics governing
the spreading of enhanced 'H polarization, but also served as proof
that heterogeneous, nanoscopic structures such as amyloid fibrils
can be effectively investigated by DNP-enhanced NMR [258].

7.2. Modern applications on biological systems

Especially for large biomolecular systems like protein-protein
complexes or membrane proteins, the intrinsically low sensitivity
imposes challenges for structure elucidation by solid-state NMR.
Thus, biomolecular NMR spectroscopy can benefit in several ways
from the signal enhancements provided by DNP. Obviously, the
increased signal-to-noise ratio allows for gathering the required
information in less experimental time and the measurement of
higher-dimensional spectra in fully labeled compounds becomes
feasible which can provide additional structural information or
simplify spectral assignment [149].

Furthermore, the required isotope labeling is often cost-
expensive or the enriched samples can hardly be produced and
purified in copious amounts. Provided the DNP enhancement is
sufficiently large, multidimensional experiments of samples at nat-
ural abundance even in rather small amounts may be envisioned,
as has been demonstrated for small organic molecules
[138,151,342,374] and for a peptide embedded in bioinspired silica
[375]. For samples at natural abundance, the structurally relevant
long-distance restraints can be measured reliably, as no dipolar-
truncation effects by strong dipolar couplings (e.g., between neigh-
boring carbons) suppress the polarization transfer between
weakly-coupled nuclei [376].

7.2.1. Amyloid fibrils

The principle of DNP on amyloid fibrils was demonstrated by
Debelouchina et al. on GNNQQNY fibrils [330]; this system has
already been described in above Section 7.1.2. Due to their struc-
tural rigidity amyloid fibrils are an ideal sample system for inves-
tigation by DNP-enhanced NMR. There is experimental evidence
that for amyloid-3 (Ap40), this can result in comparable line widths
at room temperature and at cryogenic temperatures relevant for
DNP [315].

The large sensitivity gains from DNP can greatly facilitate the
measurement of medium- to long-range distances that typically
require the acquisition of a large number of different mixing times.
This advantage has been utilized by Bayro et al. for the generation
of intermolecular constraints in order to elucidate the arrangement
of p-strands within fibrils formed by the 86-residue SH3 domain of
PI3 kinase (PI3-SH3). Under MAS DNP conditions, a significantly
larger number of intermolecular constraints could be obtained that
was attributed not only to the larger signal intensity due to DNP,
but also due to the occurrence of resonances at cryogenic temper-
atures that are dynamically quenched at or near room tempera-
ture. Based on a total of 111 intermolecular *C-'3C and >N-'3C
constraints, it was established that the PI3-SH3 protein strands
are aligned in a parallel arrangement within the amyloid fibril
[331].

Similarly, investigation of the higher-order structure of fibrils is
a pivotal step towards understanding the extraordinary stability of
the amyloid architecture. Debelouchina et al. succeeded in deriving
the protofilament arrangement within fibrils formed by an eleven-
residue segment of the amyloidogenic protein transthyretin. Due
to large savings in acquisition time, it was possible to obtain a large
number of quantitative distance and torsion-angle restraints in
order to derive an accurate structure (Fig. 55) [377].

The formation of Ap40 fibrils has been studied by Tycko and co-
workers by DNP-enhanced MAS NMR at very low temperatures
near 30 K. Potapov et al. were able to monitor intermediate steps
of the self-assembly process of Ap40 from monomers via oligomers
and protofibrils to form fibrils by freeze-quenching the fibrilliza-
tion process at different points of time [378]. They found that the
supramolecular B-sheet structure only forms during the fibril
stage, but that the molecular conformation is qualitatively similar
at all stages [378].

Weirich et al. have elucidated the structure of amyloid fibrils
formed from islet amyloid polypeptides that are a hallmark of
type-2 diabetes mellitus and are known to be cytotoxic to pancre-
atic p-cells. Here, DNP-enhanced MAS NMR at cryogenic conditions
supported the study of the conformational flexibility of the
N-terminal residues [379].

An intriguing observation was made by Nagaraj et al. when
investigating functional amyloids formed by CsgA protein. They
found that TOTAPOL has the propensity to bind to the fibril surface,
similar to the fluorescent dye thioflavin-T (ThT). DNP from only
0.25mM TOTAPOL allowed for the extraction of long-range
distance constraints, which were difficult to obtain without
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Fig. 55. (A) Structure of the amyloidogenic protein transthyretin TTR(105-115) protofilament (PDB ID: 2m5n). View along the fibril axis with an emphasis on the parallel, in-
register p-strands within each g-sheet (left), and summary of the observed quantitative contacts that constrain the odd-even-odd-even antiparallel g-sheet interface (right).
(B) Two possible arrangements of the protofilaments are head-to-tail and head-to-head arrangements. (C) DNP-enhanced '°N-'3C experiment with REDOR mixing was used
to measure the distance between the two labels. The fitted distance is 3.51 + 0.09 A, consistent with a head-to-tail protofilament organization. Figure adapted with permission

from [377].

sensitivity enhancement. The small PA concentration reduced the
line broadening occurring under conventional PA concentrations.
Such affinity towards fibril surfaces is proposed to be a general fea-
ture of amyloids [355].

7.2.2. Membrane proteins

The function of membrane proteins is crucial in understanding
many transport processes in biology that are often linked to dis-
eases and their treatment. Therefore, they offer an intriguing target
for solid-state NMR while being constituted within an immobiliz-
ing lipid bilayer. This, however, leads to a small effective protein
concentration and thus typically low NMR sensitivity that can be
overcome by DNP.

Interestingly, the requirement for cryogenic temperatures in
order to conduct DNP experiments and the resulting freezing of
biomolecular dynamics—which often imposes a substantial chal-
lenge due to signal broadening—also offers the possibility to access
states that may otherwise be hidden in conventional NMR at or
near room temperature. Such trapping of states has been impres-
sively demonstrated with the first major biological application of
MAS DNP. Griffin and co-workers have trapped several intermedi-
ate states of the photocycle of bacteriorhodopsin (bR) by photo-
activation due to in-situ optical irradiation (see Section 4.4.3.3)
and controlled thermal relaxation. The conformational ensemble
is then conserved and spectroscopically accessible during the
acquisition of DNP-enhanced MAS NMR spectra at cryogenic tem-
perature. Such a technique has enabled the first observation of the
early K state of bR by NMR. Mak-Jurkauskas et al. identified signif-
icant changes in retinal Schiff-base/counterion interactions
between the light-adapted resting state (bRsgg), the K state, and
the L state that is reached by thermal relaxation [226]. Further-
more, in a subsequent study by Bajaj et al., the interaction with
the counterion was found to play a crucial role in the adoption of

several possible L-state conformations: out of a discrete set of four
observed L substates, only one functional state with a very strong
counterion interaction allows the further photocycle evolution
towards the M state, while three shunt substates of L directly
revert the system back to bRsgg [227].

Similar investigations have been conducted by Glaubitz and co-
workers on the related retinal proteins proteorhodopsin (PR) and
channelrhodopsin-2 (ChR2). By employing an in-situ light-
irradiation technique similar to that used in the above-described
studies, Becker-Baldus et al. have been able to investigate the con-
formation of retinal and its interactions within the active site in
ChR2 (Fig. 56). They found three distinct intermediates of the pho-
tocycle; whereby two of those could be trapped by repeated illumi-
nation, freezing, and thermal relaxation, the third could only be
detected during continuous illumination [228]. The same group
has also applied ex-situ illumination in combination with freeze-
quenching of photointermediates of PR, which allowed for the
detailed analysis of photoactive-site interactions during the photo-
cycle with DNP-enhanced MAS NMR [380]. Furthermore, Mao et al.
were able to accurately determine the structural changes in the
retinal that give rise to green/blue color switching caused by a sin-
gle point mutation [326] and Maciejko et al. studied the contacts
across protomers in PR oligomers. In the latter case, it was shown
that one specific salt-bridge is responsible for the formation of
pentamers or hexamers [327].

DNP is also a powerful tool for the investigation of ligand bind-
ing to (membrane) proteins where orthogonal labeling strategies
(e.g., 13C-ligand/*>N-protein or vice versa) allow for selective spec-
troscopy of ligand-protein contacts even in the presence of sub-
stantial line broadening. Such an approach was pursued by
Andreas et al. for studying the binding of the small drug molecule
rimantadine to the M2;g_go proton transporter from influenza A
virus. By employing a rather small TOTAPOL concentration of only
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~5 mM, the measurement of intermediate/long-range distances of
4 A and larger allowed for the localization of the binding site
within the pore with an accuracy of 0.2 A, and furthermore allowed
for the observation of weak (dynamical) external binding sites
[259]. In the same vein, Ong et al. investigated the binding of
two different substrates to the secondary multidrug efflux pump
EmrE by DNP-enhancement of homonuclear, intermolecular con-
tacts between '>C-labeled substrate and 2-'>C-glycerol-labeled
protein. It was possible to identify a common binding pocket occu-
pied by both substrates while at the same time the bound ligand
population showed some degree of heterogeneity [381].

Further DNP-supported studies of membrane proteins and
membrane-embedded peptides include the assembly of a

correctly-folded and functional heptahelical membrane protein
by protein trans-splicing [382], the observation of multiple confor-
mations of lipid-anchored peptide vaccines [383], as well as the
refinement of the membrane-embedded channel structure of a
potassium channel (KcsA) [313]. The latter study by Koers et al.
revealed conformational sub-states in two different stages of the
channel’s gating cycle.

Amongst very recent efforts, DNP has been explored by Glaubitz
and co-workers as a method for the investigation of E. coli MsbA as
a model ATP-binding cassette (ABC) transporter and signal
enhancement factors of ~20 have been obtained [384]. Shortly
thereafter, the same group has applied DNP-enhanced MAS NMR
for studying the human transporter associated with antigen
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processing (TAP), a 150 kDa heterodimeric ABC transport complex.
The successful identification of the binding cavity of an antigenic
peptide as well as its backbone conformation and interactions with
the protein is the first step to determine the structural basis for the
function of TAP in human health [385].

7.2.3. Structure of biomolecules in large complexes

DNP has been intensively employed in the investigation of large
biomolecular complexes that often suffer from potential spectral
crowding and the small volume concentration of the sought-after
species. For example, Oschkinat and co-workers have recently
studied the structure of a chromophore in phytochrome photore-
ceptors. DNP-enhanced MAS NMR supported the localization of
the positive charge of the phycocyanobilin (PCB) chromophore.
Furthermore, the proximity of PCB ring nitrogen atoms and func-
tionally relevant water molecules was also determined, both of
which play a role in proton exchange pathways [386].

The same group has also investigated the structure of a signal
sequence of disulfide oxidoreductase A (DsbA), stalled within the
nascent chain exit tunnel of the ribosome. Such a situation not only
imposes a selectivity problem due to the large background of the
ribosome (>5000 a.a. vs. 37 a.a. of the peptide) but also a sensitivity
problem due to the small effective concentration of the nascent
peptide [387]. While the former problem can be compensated for
by isotope labeling strategies, the latter problem can be overcome
by DNP as has been first demonstrated by Bodenhausen and co-
workers on a protein subunit within a ribosomal complex [388].
In the above-mentioned study, enhancement factors between 15
and 20 have allowed Lange et al. to investigate the conformational
states of the peptide resembling the nascent chain. In conclusion,
the chain adopts an extended structure in the ribosome with only
minor populations of helical structure (Fig. 57) [387].

The epidermal growth factor receptor (EGFR) has been recently
investigated in a collaborative effort headed by Baldus and van
Bergen en Henegouwen. As one of the most common protein tar-
gets in anti-cancer therapy, its activation by epidermal growth fac-
tor (EGF) is of utmost interest. Therefore, Kaplan et al. studied the
changes in EGFR dynamics upon binding of EGF (Fig. 58). By

employing DNP-supported MAS NMR they found that in the
ligand-unbound state, the extracellular domain (ECD) is highly
flexible, while the intracellular kinase domain (KD) is rigid. Upon
binding of EGF, the ECD becomes restricted in its motions, which
favors cooperative binding. The latter is required for receptor
dimerization, which in turn causes allosteric activation of the
intracellular tyrosine kinase [389].

Furthermore, the 36 MDa filamentous circular single-stranded
DNA bacteriophage Pf1 has been studied by McDermott and co-
workers. The virion consists of the genome (7.3 kb) distributed
over two non-complementary DNA strands embedded within a
capsid of ~2 pm in length. Due to the ~5-fold smaller signal inten-
sity of NMR signals from DNA as compared to coat protein, the
investigation of interactions between the genome strands as well
as between DNA and the protein imposes a significant challenge.
Nevertheless, Sergeyev et al. have succeeded in shedding light on
the unusual structure of the DNA in uniformly !3C, >N-labeled
Pf1 by analysis of chemical shifts made accessible by a ~22-fold
DNP enhancement [390].

Very recently, the study of viral structure and function by DNP-
enhanced MAS NMR has been extended towards human immunod-
eficiency virus (HIV-1) tubular assemblies of CA capsid protein in a
collaborative effort. By achieving a DNP-enhancement factor of 64
at 14.1T and a remarkable resolution of NMR spectra at 109 K,
Gupta et al. were able to observe functionally relevant “invisible”
species, such as dynamically disordered states, which are not
detectable using other methods. Furthermore, it was concluded
that within a CA-SP1 assembly, the SP1 spacer peptide is unstruc-
tured and in a random-coil conformation [391].

7.2.4. Biomolecules embedded in complex environments

The study of biomolecules that are embedded in their native
environment (ideally within the complete cell/organism) is one
of the major aims of structural biology. However, such studies
are often impeded by similar problems as discussed in the above
sections (i.e., selectivity and sensitivity). First strides towards this
aim in combination with DNP have been taken by Griffin and co-
workers by reconstitution of bR in purple membrane
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with permission.

[148,226,227]. Further explorative developments have been driven
by Reif and co-workers by characterization of membrane proteins
in isolated native cellular membranes: Jacso et al. have demon-
strated that membranes can be directly isolated from E. coli cul-
tures in which the membrane protein is over-expressed, without
need for purification and reconstitution [392]. In a similar vein,
Renault et al. have investigated the prospect of DNP-enhanced
MAS NMR spectroscopy of whole cells as well as cellular envelope
preparations [393]. This technique has been subsequently applied
in order to investigate the structure of the type IV secretion system
core complex (T4SScc) that is a 1-MDa part of a larger machine
(T4SS) being embedded in both the inner and outer membranes
of Gram-negative bacteria. DNP allowed for the study of T4SScc
embedded in the cellular envelope of E. coli by 2D and 3D correla-
tion spectroscopy (NCACX/NCOCX) at fields of 9.4 and 18.8T.
Kaplan et al. were able to confirm earlier structural models based
on in vitro and in silico data, but also observed the folds of parts
of the complex at the periplasmic surface that have evaded detec-
tion in purified complexes [394].

Hong and co-workers have studied the binding of expansin to
plant cell walls. This protein plays a crucial role in loosening the
cell wall, yet its course of action has been mostly unknown due
to its presence in typically minute quantities during cell growth.
By DNP-enhanced spin-diffusion and 2D '3C correlation spec-
troscopy, the authors have observed highly specific binding of
expansin to cellulose domains enriched in xyloglucan. These bound
domains in turn appear to have altered conformations, leading to
the cell wall loosening [395].

A very recent field of interest made accessible by DNP is the
study of biomacromolecules embedded within silica networks. In
these hybrid organic/inorganic materials, the sought-after biomo-

lecule is sparsely dispersed within the embedding matrix—similar
to the examples given above—which makes NMR-spectroscopic
investigation for structural biology difficult. Signal enhancement
by DNP has allowed several groups to examine such systems, stim-
ulated by a proof-of-concept demonstration by Ravera et al. on
biosilica-entrapped enzymes [396]. Subsequent studies were able
to determine the structure of the incorporated proteins and pep-
tides in intact diatom biosilica [397] as well as of a silaffin-
derived pentalysine peptide embedded in bioinspired silica [375].

7.2.5. Towards in-cell DNP

In-cell NMR holds the ultimate promise of observing biomole-
cules and investigating their structure and function within their
native environment. It has been shown that processes such as
ligand binding [398], protein—protein interactions [399], and even
protein folding [400] strongly depend on the environment and can
differ when observed within cells or in a “sterile” in vitro buffer.
However, in-cell NMR significantly suffers from similar problems
encountered for large complexes but to a much larger degree, lead-
ing to extremely weak sensitivity and poor selectivity in order to
differentiate between sought-after molecules present in minute
concentrations and large amounts of diverse cellular background
components.

Strategies for the selective introduction of isotope-labeled
proteins have been introduced to overcome the latter issue to some
degree [401]. By application of multidimensional correlation
spectroscopy or multiple-quantum filters, the selectivity can be
improved by the appropriate power of the ratio of the isotopic
enrichment (e.g., ~10,000-fold by double-quantum filtering in
the case of pairs of '3C nuclei). A similar approach was pursued
by Frederick et al. who have been able to demonstrate that macro-
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molecular folding of proteins in fibrillar structures significantly dif-
fers when fibrillization occurs in cellular milieus (i.e., from proteins
in native concentration within eukaryotic cell lysates) as compared
to induction in purified media (Fig. 59). In this case, selective
detection of NMR signals from the analyte protein (NM domain
of eukaryotic translation release factor Sup35) was achieved by
introduction of isotope-enriched protein to the cell lysate upon
which the amyloid formation was induced in the complex cellular
milieu. By choosing appropriate NMR techniques using DNP-
enhancement after adding TOTAPOL to the lysate, it was possible
to provide evidence for significant structuring of the middle (M)

domain that otherwise adopted a disordered random-coil confor-
mation in vitro [402].

As mentioned in Sections 6.3.3 and 6.3.4, an alternative
approach providing high selectivity is the introduction of the PA
in a “targeted” or “site-specific” manner. This promising technique
has recently emerged in several independent and parallel demon-
strations and has already been successfully applied within a cell
lysate [349]. In general, a covalent bonding of the PA to the sample
[139,346,347] or the surrounding structure-preserving matrix
[262,343] ensures a close spatial proximity of the sources of polar-
ization to the target molecules. Also a non-covalent binding affinity
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of the PA to the analyte can be exploited [140,349,350,355] In addi-
tion to the above, such an affinity has been introduced by a “gluing
agent” such as trehalose [342].

A simplification of the spectra and an optimized ¢ is found
experimentally as the enhancement of (parts of) the target mole-
cules is favored over the enhancement of the matrix. Due to
such a selective enhancement using protein-specific ligands, this
approach would also facilitate in-cell NMR experiments [394] or
experiments in systems, which are difficult to purify [392]. In a
similar vein, Viennet et al. [349] and Rogawski et al. [350] inde-
pendently obtained a localized position of the PA by docking a
radical-carrying ligand to the target protein (Fig. 60). In both
studies, enhancement factors on the order of ~20 were observed
at a field of 14.1 T (600 MHz/395 GHz) using the protein-bound
PA in stoichiometric concentration with respect to the protein.
Interestingly, virtually no global quenching or bleaching of pro-
tein resonances was observed, despite the close vicinity of the
paramagnet. A related approach was applied in the case of
metal-binding biomolecules, such as RNA, where a native bind-
ing ion can be exchanged by a paramagnetic transition metal
(e.g., Mg?" by Mn?*), introducing localized PA centers for DNP
[140]. Also, molecules that contain endogenous radicals have
been studied using DNP [92].

All these approaches have in common that the position of the
radical is known ab initio or can be identified from paramagnetic
relaxation effects (Fig. 60D) [403]. Thus, additional site-specific
information can be deduced [313,347]. Future prospect could also
be the analysis of site-specific DNP enhancement in order to obtain
more quantitative distance information.

7.3. Applications to materials research

After the early MAS DNP studies had been reported as described
in Section 7.1.1, it took more than a decade to develop the dedi-
cated hardware technology that is now commercially available.
This, however, led to an extraordinary interest in using DNP-
enhanced NMR particularly to characterize inorganic and hybrid
materials where isotope labeling is usually impossible or difficult.
Also, due to the oftentimes already intrinsically inhomogeneously
broadened signals encountered in solid materials, the incorpora-
tion of the analyte within a glass-forming matrix at cryogenic tem-
peratures (see Section 6.3.1) was not accompanied by a further
detrimental loss in resolution as had been observed for biological
samples.

7.3.1. Enabling surface probing: DNP-SENS

First applications of high-field DNP to materials were initiated
by the groups of Emsley, Bodenhausen and Lafon. In 2010, Lesage
et al. described the first surface-enhancement of hybrid organic
silica materials with a 50-fold increase in the NMR sensitivity. They
used TOTAPOL to enhance the '*C CPMAS spectra of organic groups
(phenol or imidazolium units) in natural isotopic abundance,®
covalently attached to the surface of porous silica (Fig. 61) [255].
This general approach for enhancing the surface signals by DNP
was dubbed “DNP surface-enhanced NMR spectroscopy”

5 In the following, natural isotopic abundance is to be assumed if not stated
otherwise.
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with TOTAPOL solution, showing selective DNP enhancement of the surface phenol
functional groups. Figure adapted from [255] with permission.

(DNP-SENS) and is applicable to porous materials impregnated by
radical solutions. The PA occupies the pores of the material and
hyperpolarizes the protons in the solvent. Efficient 'H spin diffusion
aides in spreading the polarization towards the pore surface. The
enhanced polarization is then transferred to the nuclei of interest
within the material by CP. This method that allowed for selective
enhancement of surfaces and surface-bound species in contrast to
the larger amount of nuclear spins in bulk, was quickly recognized
as a seminal step towards a broad field of applications [404].

For example, surface-enhanced 2°Si DNP spectra served as evi-
dence for the incorporation of functional groups on silica surfaces
by identifying the surface Q- and T-sites in a functionalized silica
material (Fig. 62); in addition, the large enhancement factors
allowed the acquisition of 2D "H-2°Si correlation spectra in a short
time [256]. Shortly thereafter, Lafon et al. presented the comple-
mentarities of direct and indirect DNP. Indirect DNP was found
to be selective for surface sites, whereas direct DNP allows for
the observation of both surface and subsurface sites. In particular,
the 2°Si NMR spectra of subsurface sites were enhanced by direct
DNP with a 30-fold enhancement using TOTAPOL (Fig. 63) [143].
They also showed that dispersed nanoparticles of laponites can
also be enhanced by indirect or direct 2°Si DNP [144].

A further important demonstration of the applicability of DNP
to mesoporous systems has been provided by Lafon et al. A one-
dimensional 'H spin-diffusion model was employed to analyze
the enhancement factors of an organic/inorganic hybrid material
with surfactant (S-MSN) and without surfactant (Ex-MSN). It has
been proven that DNP can be used to indirectly enhance the
NMR signals of 3C and 2°Si in S-MSN where the nuclei (within
the pores) and the PA (trapped in the surrounding disordered

T, l
Q4 / Q3 XO\
(0]
ol 5 1,0 l/OH 0, o3 /O A"
'771/ i _Si—0-¢.” Si ‘771 sl/ ~y
Si—0 \o S'|O/ s A \ (o) \o
"'L{J\w" ;Si:‘.\,\, (|) e iﬁ./s'\ ]
% }p,, - VY v
Q, X=HorR
(B) Q%
Qz
Hybrid Material \
MW =On T
n
€.=21 \
Si
MW = Off
VAAALAA AN S A\ S NAT AT APt MNP
100 50 0  -50 -100 -150 200 250  -300
28 chemical shift / ppm
Tz Ts
(C)
Hybrid Material
MW =On

Post-Grafted SBA
MW =On

SIOSI(CH,),

40 20 0 -20 -40 -60 -80 -100 -120 -140 -160
28i chemical shift / ppm

Fig. 62. (A) Structures of the T3 and T, species that are present on phenol-
functionalized silica surfaces. (B) 2°Si CPMAS spectra of I with (top) and without
(below) DNP enhancement. (C) DNP-enhanced 2°Si CPMAS spectra of two different
phenol functionalized mesoporous materials showing different ratios of surface
species. Figure taken from [256] with permission.

water matrix) are spatially separated by several hundreds of
nanometers (see Fig. 64). This is due to the diffusion of 'H spin
hyperpolarization into the mesopores before it is being transferred
to the rare spins by CP [356].

In 2014, Guo et al. exploited the signal enhancement of DNP by
TOTAPOL to identify different amine sites and to quantify the bind-
ing of Pt?* to a zirconium-containing metal-organic framework
(MOF), Ui0-66-NH, [405]. By 'H->N CPMAS NMR in combination
with X-ray absorption spectroscopy and density functional theory
(DFT) calculations, they determined the stereoisomerism of Pt**
binding and rationalized the lack of affinity of Cu?" for the host
material. It is worth mentioning that TOTAPOL is too large to enter
the pores of the framework, so that the observed enhancement
must be based on an efficient distribution of polarization by spin
diffusion.

DNP has also been used to elucidate the binding sites in a
catalyst constructed from dirhodium acetate dimer (Rhy(OAc),)
units covalently linked to amine- and carboxyl-bifunctionalized
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permission.

mesoporous silica (SBA-15-NH,-COOH) by Gutmann et al. The
binding sites of carbonyl and amine groups were detected using
DNP enhanced '3C and >N CPMAS spectra within a short experi-
mental time [406]. Furthermore, "N CPMAS enhanced by DNP
allowed the discrimination between covalently bound and
adsorbed peptides on collagen-like peptides immobilized on car-
boxylate functionalized mesoporous silica (COOH/SiOy) [407].
DNP SENS using 1D and/or 2D NMR has also been applied for
structural determination of various other materials, including silica
(Si0,) nanoparticles [408,409], silica-supported zirconium catalyst
[410], hybrid mesoporous silica [411], silicates [412],
phenylpyridine-based periodic mesoporous organosilicate [413],
nanostructured soft matter [414], alumina-supported metal
nanoparticles [415,416], heterogeneous alkene metathesis catalysts
[417], cellulose nanocrystals [418], alumino silicates [419,420], lig-
nocellulosic biomass [421], functional paper materials [422],
organometallic complex supported on an amorphous silica [423],
nitrogen-containing active pharmaceutical ingredients (APIs)

[424], polymorphs of theophylline [425], colloidal quantum dots
[426], functionalized nanodiamonds [427], etc. In addition, thermol-
ysis of ammonia borane was also explored by using >N DNP NMR in
combination with other spectroscopic techniques [428].

7.3.2. Materials embedded in organic glass-forming agents

In a search for DNP-supporting glass-forming agents other than
the commonly employed glycerol/water mixtures, Zagdoun et al.
tested the DNP enhancements on hybrid mesoporous materials
for a series of non-aqueous solvents capable of dissolving the
hydrophobic PA bTbK. They concluded that TCE is a promising
organic solvent that can provide signal enhancements similar to
aqueous solvents and can be used with hydrophobic materials
for solid-state DNP [336]. Subsequently, the first application of
DNP-enhanced >N and '*C CPMAS NMR to an N-functionalized
MOF was tested with bTbK in TCE solution (Fig. 65). A reduction
of the experimental time by two orders of magnitude due to DNP
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was found irregardless of the ability of bTbK to penetrate the small
(1.6 nm) pores of the material [429].

A chemical application of DNP MAS NMR at 14.1 T was reported
by Blanc et al. for the molecular structure determination of micro-
porous organic polymers (MOP) using bCTbK as PA dissolved in
TCE. A good signal-to-noise ratio of the '>C and >N CP MAS NMR
spectra due to ¢ > 10 allowed for the detailed determination of
molecular structure of the complex polymer networks of the
MOP [430].

Rossini et al. demonstrated the atomic-level characterization of
active pharmaceutical ingredients (API) in commercial pharmaceu-
tical formulations (with API contents between 4.8 and 8.7 wt%).
They determined the domain sizes of the API using DNP-
enhanced 3C and >N CPMAS spectra. The use of TCE as the solvent
for the biradical PA TEKPol minimized potential perturbations of
the API [431].

Apart from the DNP studies of nonporous or mesoporous
nanoparticles, Lilly Thankamony et al. studied the trend of catalytic
activity in a series of fibrous nanosilica oxynitrides with various
nitrogen contents (KCC-1) using DNP-enhanced >N NMR while
the samples were impregnated with bTbK in TCE. The reduction
of catalytic activity of KCC-1 upon preparation at higher nitridation
temperatures was shown to correlate with the disappearance of
primary amine sites and the formation of secondary amines [432].

7.3.3. Impregnated microcrystals

Van der Wel et al. demonstrated that microscopic dispersions of
insoluble biomolecular assemblies can be hyperpolarized in a glyc-
erol/water mixture doped with PA [258]. This concept had been
extended by Rossini et al. towards microcrystalline solids that
are soluble in aqueous glass-forming agents but can be dispersed
as a solid in hydrophobic organic solvents. This was first demon-
strated on powdered microcrystalline solids of small molecules
such as glucose, sulfathiazole, and paracetamol that have been
impregnated with bCTbK in tetrabromoethane [138]. Signal
enhancements on the order of 100 were obtained, which allowed
for the rapid acquisition of '3C-13C correlation spectra in natural
abundance. Furthermore, it was shown that the analysis of DNP

enhancement factors and polarization dynamics can be directly
used in order to obtain information about the crystal grain size
due to rate-limiting spin diffusion through the crystal bulk [138],
a concept that has also been applied to spherical silicon nanoparti-
cles [257].

This impregnation technique has proven extremely valuable for
the investigation of pharmaceutical formulations in order to assess
the quality of the distribution of the API [431]. Furthermore, the
sensitivity gain by DNP has allowed the extraction of quantitative
structural constraints for organic powders at natural isotopic abun-
dance by means of NMR crystallography which has been first
demonstrated by Viel and co-workers [433]. Mdrker et al. have
extended this approach for the crystal structure determination of
molecular assemblies [151]. In particular, by avoiding dipolar trun-
cation [376] in compounds in natural abundance, quantification of
distances of up to 7 A between pairs of 13C allowed for the identi-
fication of m-stacking in (nano-)self-assembled cyclic dipeptides
[374]. In another demonstration, the structure elucidation of a
complex organic framework has been supported by DNP-
enhanced NMR crystallography [434].

7.4. Extending the NMR toolkit by DNP methods

Quadrupolar nuclei (see Table 1) often pose as a problem for
solid-state NMR when the quadrupole interactions are large. In
many cases, even the central transition of nuclei with half-
integer spin quantum number experiences a second-order effect
that can lead to inhomogeneous broadening with effective line
widths that can be much larger than the MAS frequency. In the
same vein, nuclei with I = 1/2, but featuring a rather large chemical
shift anisotropy, can share similar problems with quadrupolar
nuclei such as low sensitivity due to a large resonance dispersion
and insufficient excitation/detection bandwidth. Combined with
small gyromagnetic ratios and/or a low natural abundance of the
nuclear species, the strongly reduced NMR sensitivity significantly
limits the application of conventional NMR techniques. For this
reason, DNP is a powerful method for the investigation of
quadrupolar nuclei.
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Table 1
List of selected NMR-active nuclei.
Isotope Spin Gyromagnetic ratio Quadrupole moment Abundance
S y/2m [MHz T™!] Q [fm?] [%]
H 1/2 42.576 - ~100
H 1 6.536 0.286 0.01
3¢ 1/2 10.708 - 1.07
14N 1 3.078 2.044 99.6
15N 1/2 4317 - 0.37
70 52 5.774 ~2.56 0.038
27Al1 5/2 11.103 14.66 100
2954 1/2 8.466 - 4.68
31 3/2 4177 -8.17 75.8
Ca 72 2.869 ~4.08 0.14
Sty 712 11.213 -43 99.8
9Co 72 10.077 +42 100
1195n 1/2 15.966 - 8.59
195pg 12 9.292 - 33.8
207pp 1/2 9.034 - 22.1
the large chemical shift range and quadrupole coupling tensor can
yield important information about the local environment of oxy-
gen. Indirect and direct DNP of 70 has first been demonstrated
by Michaelis et al. on H,'70 in the glycerol/water matrix or on
(A) Ca(OH), simulation small molecules, while in all cases 70O was partially enriched
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Fig. 66. (A) DNP-enhanced 70 MAS NMR spectra of Ca(OH), in natural abundance,
acquired using CP-QCPMG (bottom) and PRESTO-QCPMG schemes (middle), as well
as simulations of the PRESTO MAS spectra (top). (B) DNP-enhanced 'H-'70 MAS
PRESTO QCPMG-HETCOR NMR spectra acquired in 4.5 h. Projections along the 'H
dimension show that polarization is transferred mainly from the hydroxyl proton
and not the solvent. Figure adapted from [437] with permission.

7.4.1. DNP of half-integer spin quadrupolar nuclei

7.4.1.1. 770 (1= 5/2) NMR. 70 is a rather challenging nucleus due to
its relatively large quadrupolar moment, small gyromagnetic ratio,
and particularly low natural abundance (see Table 1). Nevertheless,

[236,435]. Shortly afterwards, Blanc et al. extended the method
for detection of 170 in natural isotopic abundance within the sur-
face and subsurface sites of inorganic oxides and hydroxides [436].

Later, Perras et al. demonstrated the applicability of the PRESTO
technique which can improve the sensitivity of 170 DNP-SENS even
further (Fig. 66). This technique is an alternative approach for the
direct transfer of polarization from a spin-1/2 to a quadrupolar
nucleus for DNP applications. PRESTO was used to distinguish
between hydrogen-bonded and lone 'O sites on the surface of
the silica gels. Its use enabled undistorted line shape measure-
ments, 2D 'H-170 HETCOR NMR spectra, and accurate internuclear
distance measurements [437]. They also demonstrated that
PRESTO provides several advantages over conventional CP for a
number of different quadrupolar nuclei, including ''B, 2°Na, and
2771 [438].

7.4.1.2.%7Al (1= 5/2) NMR. The observation of homo- and heteronu-
clear proximities involving 27Al is particularly challenging if
diluted species such as surface sites or defects are studied. How-
ever, DNP enhancement compensates for the low sensitivity as
well as for the small efficiency of cross polarization and dipolar
recoupling due to the presence of the quadrupole interaction. This
is a prerequisite for more sophisticated 2’Al-2’Al correlation
experiments that allow for probing spatial proximities and local
environment. Thus, the local coordination sphere of 27Al sites at
the surface of the 7y-alumina nanoparticles or mesoporous
y-alumina has been successfully probed using standard techniques
for high-resolution NMR of bulk quadrupolar nuclei like MQ-MAS
[439-441]. As shown in Fig. 67, 2D homonuclear dipolar correla-
tion experiments were utilized to identify penta-coordinated Al
sites that act as bridging units between interfacial tetra- and
hexa-coordinated Al at the surface of mesoporous y-alumina
[440]. In these studies, spatial information is obtained by exploit-
ing the fact that 'H are located exclusively in hydroxyl groups at
the surface. In addition to that, Lee et al. confirmed that penta
coordinated AI** ions are only present in this first surface layer
by utilization of indirect DNP via '"H-27Al CP [441].

Furthermore, Pourpoint et al. reported the first observation of
27A1-13C proximities in Al-based MOFs impregnated with TOTAPOL
using advanced NMR methods, such as dipolar-mediated HMQC
(D-HMQC) and symmetry-based RESPDOR (S-RESPDOR), combined
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Fig. 67. (A) DNP-enhanced, interface-selective DQ-SQ 2’Al homonuclear dipolar correlation spectra of mesoporous alumina. (B) Transmission electron micrograph and (C)
schematic representation of ordered hexagonal mesoporous alumina. (D) 2’Al NMR spectra of this sample. Figure adapted from [440] with permission.

with a frequency splitter so that the very similar Larmor frequen-
cies of 2’Al and '3C can be tuned simultaneously. EPR and DNP-
enhanced NMR spectroscopy could prove that TOTAPOL enters
the cavities of MOFs within a short timescale of ~minutes even
though these cavities are smaller than 0.88 nm [442]. They also
investigated the complexity of a geological material using 2’Al
and 3C DNP NMR. The proximity between the aluminum ions
and dissolved organic matter (DOM) from the Kochechum River
(Central Siberia) was studied. The DNP sample was prepared by
impregnating lyophilized DOM powder with a solution of 10 mM
AMUPol in dg-DMSO/D,0/H,0. The DNP-enhanced NMR spectra
enabled the detection of proximities between the 2’Al and '3C
nuclei present in the DOM. They showed that ~8% of the carboxy-
late groups observed by NMR are connected to the Al** ions in the
DOM sample and that aluminum ions exhibit a tetrahedral envi-
ronment [443].

The practicality of targeted DNP characterization by varying the
functional side groups of mono-radicals was demonstrated by
Lund et al. in a systematic study of 2’Al direct-DNP-enhanced
solid-state NMR on surface-exposed acid sites of mesoporous alu-
mina-silica (Al-SBA-15). By employing 4-amino TEMPO that is
attracted to the negatively charged surface sites of Al-SBA-15 in
its protonated form, a 2’Al signal enhancement factor of 13 was
obtained. This was compared to ¢ = 3 — 4 from other—neutral or
negatively charged—mono-radicals that do not adsorb as strongly
to Al-SBA-15. The differences in enhancement factors have been
attributed to the local concentrations of the spin probes and their
proximity to 2’Al on the surface [357].

7.4.1.3.35Cl (I = 3/2) NMR. Hirsh et al. demonstrated DNP-enhanced
'H-35Cl broadband adiabatic inversion cross polarization (BRAIN-
CP) experiments for the detection of APIs. In order to benefit from
the significantly larger DNP enhancements under MAS while
avoiding the acquisition of spinning side bands within the wideline
35CI NMR powder pattern, they have applied a technique called
spinning-on spinning-off (SOSO) acquisition. During the polariza-
tion delay, MAS was applied for efficient DNP and rotation is
stopped shortly before acquisition. This provided for an extra 2-
fold intensity gain compared with purely static experimental
DNP conditions. By impregnation of APIs with 15 mM TEKPol in
TCE or 1,3-dibromobutane an overall DNP enhancement of 110
was obtained. This allowed for the molecular-level characteriza-
tion of APIs in their bulk forms as well as in dosage forms with
low Cl contents (0.45 wt%) [444].

7.4.1.4. “3Ca (1=7/2) NMR. Even though calcium is a very interest-
ing and highly relevant element, its only NMR-active stable iso-
tope, 43Ca, is extremely insensitive due to a combination of
effects (see Table 1). Very recently, Lee et al. reported the first
DNP application to “*Ca NMR. They demonstrated the differentia-
tion of calcium environments in surface and core species of carbon-
ated hydroxyapatite nanoparticles using “*Ca MAS DNP NMR in a
short experimental time. They succeeded to record 'H-**Ca and
TH-'3C 2D correlation experiments at the very small natural iso-
topic abundance of only 0.14%. The analysis revealed that surface
species (Ca* and carbonates) could be distinguished from the core
entities [445].
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7.4.1.5.5'V (I=7/2) NMR. Applications of DNP by directly and indi-
rectly enhancing 'V signals on vanadyl sulfate samples under MAS
conditions were reported by Perez Linde et al. DNP-enhanced >'V
NMR spectra of vanadium species dissolved together with TOTA-
POL in a glycerol/water mixture were recorded as a function of
pH. The pH-dependent presence of vanadyl radicals was investi-
gated and it was observed that at pH higher than 11, 'H can be
most efficiently hyperpolarized by TOTAPOL and the enhanced
polarization can be transferred to 'V nuclei through CP. Most
interestingly, the presence of vanadyl sulfate resulted in a larger
'H enhancement factor as compared to solutions containing only
TOTAPOL. This effect was attributed to the interactions between
paramagnetic vanadyl species and the PA [446].

7.4.1.6.°°Co (I = 7/2) NMR. 5°Co has been directly hyperpolarized by
employing Cr3* as PA by Corzilius et al. The paramagnetic Cr>* has
been used to isostructurally substitute the diamagnetic Co>" in
crystalline [Co(en)s;Cl3],-NaCl-6 H,0 (see Section 5.3.3 and Fig. 45
for details on the sample system). A >*Co DNP enhancement factor
of up to 16 was reported. This approach demonstrated the general
feasibility of MAS DNP using PAs which have been doped into the
host crystalline lattice without inducing structural changes [302].

7.4.2. DNP of integer spin quadrupolar nuclei

7.4.2.1.°H (I1=1) NMR. Despite carrying an integer spin, the quad-
rupole moment of 2H is particularly small which results in a rela-
tively narrow NMR spectrum. The concept of direct 2H MAS DNP
on isotope-labeled compounds was first demonstrated by Maly
et al. [147].

Recently, DNP-enhanced "H-2H CPMAS of organic solids in nat-
ural abundance, such as histidine hydrochloride monohydrate, gly-
cylglycine and theophylline, have been performed by Rossini et al.
at 94T and 100K [353 1803]. Samples were impregnated with
TEKPol in TCE; indirect DNP allowed for the acquisition of 2H
CPMAS spectra within 1 h. The resolution of the acquired ?H spec-
tra was comparable to that of 'H spectra obtained with state-of-
the-art homonuclear decoupling techniques and provided direct
access to hydrogen chemical shifts and H EFG (electric field gradi-
ent) tensor parameters.

7.4.2.2. "N (I=1) NMR. N poses as an intriguing but challenging
target for NMR studies due to its large natural abundance and rel-
evance especially in biological context while at the same time suf-
fering from an integer nuclear spin quantum number that does not
give rise to a narrow CT. Although it shares the latter property with
2H, the quadrupole moment of '“N is about one order of magnitude
larger which makes direct detection extremely difficult.

Indirect detection of '“N via single-quantum correlation (SQC)
or double-quantum correlation (DQC) with an I =1/2 nucleus
(e.g., 3C) in an HMQC-type experiment can yield correlation spec-
tra under MAS with rather narrow lines [447,448]. Alternatively,
excitation of the “forbidden” Am; = +2 transition at twice the
nuclear Larmor frequency results in a narrow overtone (OT) NMR
spectrum not influenced by the nuclear quadrupole interaction to
first order [449,450]. This method has also been demonstrated in
combination with MAS [451,452]. However, both techniques typi-
cally suffer from low efficiency and therefore DNP is an excellent
method to counter that problem.

Indirect N detection by HMQC with DNP-enhancement has
been demonstrated by Vitzthum et al. [150], based on experiments
introduced by the same group earlier without DNP [453]. Indirect
13C DNP enhancement with factors of ~40 were achieved on
U-'3C-proline dissolved in glycerol/water together with 20 mM
TOTAPOL. This allowed for the acquisition of *C-'%N correlation
spectra within a few hours while experimental time on the order
of at least one week were required without DNP. The detection

of DNP-enhanced “N°T MAS NMR spectra has been presented by
Rossini et al. Indirect N DNP enhancements of around two orders
of magnitude were achieved on model amino acids which were
impregnated with 15 mM TEKPol in TCE. CP transfer from hyperpo-
larized 'H nuclei directly to the N overtone transition was
demonstrated using a standard pulse sequence. It was also shown
that DNP enhancement enables '"H-1*N°T HETCOR and !3C-14N°T
HMQC spectra to be obtained from samples in natural >C abun-
dance in a short time, proving that such correlation experiments
can be used for observing H—N and C—N correlations in completely
unlabeled samples [454].

7.4.3. Wideline NMR (1= ¥2)
7.4.3.1. 9Sn NMR. Gunther et al. demonstrated the first DNP appli-
cation to ''®Sn NMR for characterizing microporous zeolites con-
taining ~2 wt% of natural abundance Sn in the catalytically-
active Sn-B. They used TOTAPOL, bTbK, bCTbK, and SPIROPOL
(i.e., bTbtK-py) biradicals as PAs and obtained enhancement factors
as large as 75 with bCTbK for indirect DNP of ''°Sn which allowed
the characterization of Sn-p by more than ~2 orders of magnitude
reduced acquisition times [455]. 1°Sn DNP-SENS has also been
applied to allyltributylstannane [BusSn(allyl)] to detect the minor
surface species [(RSiO),SnBu,|, present in low density
(<0.1 nm~2). Signal enhancements of 56 for ''°Sn in combination
with CPMG enabled the acquisition of a 'H-''°Sn HETCOR spec-
trum in less than 6 h and showed the correlations between the
two tin resonances and the protons of the butyl group [456].
Protesescu et al. showed that DNP-SENS selectively enhanced
the weak ''°Sn NMR signal of the natural oxide coating as well
as of capping ligands on colloidal Sn/SnO4 nanoparticles (NPs). By
combining DNP-SENS with Mdéssbauer and X-ray absorption spec-
troscopies, they have determined a Sn/SnO/Sn0O, core/shell/shell-
structure of the Sn-NPs. They have also shown that DNP-SENS
experiments can be carried out for hydrophilic (ion-capped) sur-
faces and hydrophobic functionalities of surfaces capped by ligands
with long hydrocarbon chains in various solvents [457]. At the
same time, Wolf et al. presented framework Sn(IV)-active sites in
an octahedral environment which are bound to three or four siloxy
groups of a Sn-p zeolite framework using DNP-SENS. It was con-
cluded that there are two active sites of Sn(IV) present which have
distinct NMR signatures: one site where two water molecules are
coordinated to Sn (closed site), and another site where one of the
water molecules has opened one of the Sn—0—Si bridges (open
site) [458]. Later, they also studied the morphology and atomic-
level structure of Sn-p zeolites using DNP-enhanced NMR [459].

7.4.3.2. 9Pt NMR. Recently, Kobayashi et al. have demonstrated
that DNP enhancement can be used in combination with BRAIN-
CP from 'H and WURST-CPMG detection of wideline !°°Pt solid-
state. NMR. The breadth of the 9Pt spectra reaches
~10,000 ppm, therefore a combination of several sensitivity-
enhancing methods was necessary to characterize the atomic-
scale geometry of the Pt** ions coordinated by the linkers in MOFs.
It was possible to separate the signals from cis- and trans-
coordinated atomic Pt?>* species supported on the UiO-66-NH,
MOF in the DNP-enhanced wideline NMR spectra (Fig. 68). Further-
more, the kinetic effects in the formation of Pt>* complexes and the
thermodynamic effects in their reduction to nanoparticles were
also studied [460].

7.4.3.3. 2°7pPb NMR. DNP has been used by Kobayashi et al. to
enhance the wideline 2°’Pb solid-state NMR spectra of lead white
[lead carbonate, 2 PbCO3-Pb(OH),], a model lead soap, and an aged
lead-based paint film. The samples were impregnated with 16 mM
TEKPol in a TCE/d4-methanol (96:4) mixture. They performed DNP-
enhanced static wideline 'H-27Pb BRAIN-CP and 'H-2°’Pb CPMAS
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Fig. 68. (A) Simulated powder patterns for the cis and trans sites of Pt?*/Ui0-66-
NH,. (B-C) DNP-enhanced wideline '®°Pt BRAIN-CP spectra (B) prior and (C) post
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subspectra acquired in 7.5 h. Figure adapted from [460] with permission.

experiments at a temperature of ~110 K, and 2°”Pb WURST-CPMG
experiments at temperatures ranging from 110K to 308 K. By
applying the above-mentioned set of methods and utilizing selec-
tive DNP enhancements of certain chemical components it was
possible to disentangle the spectral contributions within the com-
plex mixture. Thus, the formation of a lead soap upon aging could
be detected within the paint film and the degradation mechanism
of lead pigments in such films could be elucidated [461].

8. Conclusions

We have presented a comprehensive review about the theoret-
ical concepts as well as instrumental and methodological progress
in solid-state DNP NMR. Based on the continuously improving

theoretical understanding of the underlying microscopic processes
and driven by interdisciplinary efforts—such as the development of
advanced instrumentation, tailored polarizing agents and opti-
mized sample preparation techniques—not only a tremendous
boost in the available maximum enhancement factors but also a
much broader general applicability has been reported over the past
years. This progress allows for applications of hyperpolarization
techniques to various problems in material science and biomolec-
ular solid-state NMR. In this vein, DNP has enabled several investi-
gations of structural properties of materials that would not have
been possible without the outstanding gain in sensitivity due to
signal enhancement by DNP.

Still, further improvements are to be expected in the next few
years. DNP has become the driving force for the development of
high-power high-frequency pw sources. Thus, promising develop-
ments on frequency-tunability of such sources are expected to
simplify the experimental setup. The ongoing quest for sources
operating at even higher frequencies is likely to extend the current
limitations on the external magnetic fields faced by DNP. Further-
more, several revolutionary techniques that are still in the devel-
opment/concept phase and have not been covered in this review
might prove highly useful in the near future. Such developments
include time-domain/pulsed DNP [166,310,462-464] potentially
in combination with gyro amplifiers [465,466], frequency-swept
techniques [467-469], electron decoupling [74,195,470], DNP of
oriented membranes [471,472], or micro-MAS compatible with
uw resonating structures [473]. Furthermore, temperature-jump
[474-476] or rapid-melt techniques [477,478] which are both
based on solid-state DNP could become applicable to signal
enhancement in solution NMR.

Initially aimed to improve sensitivity on biomolecules, high-
field MAS DNP demonstrated its versatility, in particular in applica-
tions to problems in material science. NMR investigations of low-
density species, as well as of “challenging” nuclei with low gyro-
magnetic ratios, low natural isotopic abundance and/or large ani-
sotropic interactions (chemical-shift anisotropy or quadrupolar
interaction) were performed in a reasonable experimental time.
Also, several methodological developments such as correlation
experiments of heteronuclei at low natural isotopic abundance sig-
nificantly extended the toolkit of conventional solid-sate NMR.

Even though the full potential of DNP in biomolecular NMR
spectroscopy has not yet been reached and mostly specialized
questions are addressed at the moment, recent advances on tack-
ling the resolution issue show promising results. Among these
are improvements in sample preparation which allow for higher
sample filling factors and reduce line-broadening effects due to
the protein glass transition. Recent progress in localized/targeted
DNP studies offers perspectives for further investigations of struc-
tural properties of selected species. Not only additional PRE
restraints can be determined in such an approach; potentially,
site-specific DNP enhancement might also provide quantitative
structural information in the near future. Furthermore, the resolu-
tion issue can be tackled by multidimensional NMR experiments
that become possible with large enhancement factors as well as
DNP-accessible magnetic fields greater than 18 T.
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AHT: average Hamiltonian theory
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API: active pharmaceutical ingredient
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DQC: double-quantum correlation

DQF: double-quantum filter
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EGFR: epidermal growth factor receptor
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ESEEM: electron spin echo envelope modulation

Ex-MSN: surfactant extracted mesoporous silica nanoparticle

FID: free induction decay
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MRI: magnetic resonance imaging

MRS: magnetic resonance spectroscopy

MSN: mesoporous silica nanoparticles

NMR: nuclear magnetic resonance

NQI: nuclear quadrupole interaction

OE: Overhauser effect

OT: overtone

OTP: ortho-terphenyl

PA: polarizing agent

PALI-melittin: Pro14-, Ala15-, Leul6-, and Ile17-isotopically-labeled peptide
melittin

PC: polycarbonate

PCB: phycocyanobilin

PCS: pseudo-contact shift

PDSD: proton-driven spin diffusion

PEG: polyethyleneglycol

PHIP: para-hydrogen induced polarization

PI3-SH3: SH3 domain of the PI3 kinase
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POST-C7: permutationally offset stabilized C7
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PRE: paramagnetic relaxation enhancement

PRESTO: phase-shifted recoupling effects a smooth transfer of order

QCPMG: quadrupolar Carr Purcell Meiboom Gill

REDOR: rotational echo double resonance

RESPDOR: resonance echo saturation pulse double resonance

rf: radio frequency
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SE: solid effect

SEOP: spin-exchange optical pumping
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SN-BDPA: sulfonamide BDPA
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SQ: single quantum

SQC: single-quantum correlation
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ST: satellite transition
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TEDOR: transferred echo double resonance

TEKPol: tetrakis(phenylcyclohexyl) TEMPO-bisketal

TEMPO: 2,2,6,6-tetramethyl-1-piperidiny-1-oxyl

TEMPOL: 4-hydroxy-TEMPO

TEMTriPol: TEMPO/trityl polarizing agent

THP: tetrahydropyran

ThT: thioflavin-T

TM: thermal mixing

TOTAPOL: 1-(TEMPO-4-0xy)-3-(TEMPO-4-amino)propan-2-ol

VT: variable temperature

WURST: wideband uniform rate and smooth truncation

YES: yttrium ethyl sulfate

ZFS: zero-field splitting

ZQ: zero quantum

uw: microwave
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