
PC71CH07_Corzilius ARjats.cls April 9, 2020 12:13

Annual Review of Physical Chemistry

High-Field Dynamic
Nuclear Polarization
Björn Corzilius
Institute of Chemistry and Department of Life, Light and Matter, University of Rostock,
18059 Rostock, Germany; email: bjoern.corzilius@uni-rostock.de

Annu. Rev. Phys. Chem. 2020. 71:143–70

First published as a Review in Advance on
February 19, 2020

The Annual Review of Physical Chemistry is online at
physchem.annualreviews.org

https://doi.org/10.1146/annurev-physchem-071119-
040222

Copyright © 2020 by Annual Reviews.
All rights reserved

Keywords

dynamic nuclear polarization, DNP, nuclear magnetic resonance, NMR,
electron paramagnetic resonance, EPR, polarizing agents, sensitivity
enhancement, high magnetic field

Abstract

Dynamic nuclear polarization (DNP) is one of the most prominent meth-
ods of sensitivity enhancement in nuclear magnetic resonance (NMR). Even
though solid-state DNP under magic-angle spinning (MAS) has left the
proof-of-concept phase and has become an important tool for structural in-
vestigations of biomolecules as well as materials, it is still far from main-
stream applicability because of the potentially overwhelming combination
of unique instrumentation, complex sample preparation, and a multitude of
different mechanisms and methods available. In this review, I introduce the
diverse field and history of DNP, combining aspects of NMR and electron
paramagnetic resonance. I then explain the general concepts and detailed
mechanisms relevant at high magnetic field, including solution-state meth-
ods based on Overhauser DNP but with a greater focus on the more es-
tablished MAS DNPmethods. Finally, I review practical considerations and
fields of application and discuss future developments.
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1. INTRODUCTION

1.1. NMR, Atomic Information, and the Sensitivity Problem

After its discovery by Bloch (1) and Purcell et al. (2) in 1946, nuclear magnetic resonance (NMR)
quickly became one of the most widely applied analytical tools for the characterization of chemical
compounds, biomolecular assemblies, or materials on an atomic scale.The rather small magnitude
of the nuclear spin angular momentum, and thus the weak nuclear Zeeman interaction, leads to a
unique advantage of NMR over other spectroscopic techniques: An extremely small natural line
width on the order of �ω/ω ≈ 10−9 and long lifetimes of the excited states yield detailed infor-
mation about minute variations in local magnetic field due to local electron density distribution
(i.e., chemical shielding) or other spins (i.e., spin–spin couplings). These interactions are gener-
ally anisotropic but are averaged to their isotropic magnitude in solution under the assumption
of fast and isotropic tumbling of the analyte molecule. In the solid state, however, anisotropic line
broadening occurs, which drastically reduces sensitivity andmay cause severe overlap of individual
resonances. Furthermore, strong dipole–dipole interactions often dominate over chemical shifts,
particularly when 1H is involved. In modern solid-state NMR, this situation is alleviated by direct
detection of heteronuclei, such as 13C, 15N, or 31P, while sensitivity can be enhanced by cross-
polarization (CP) transfer from 1H (3, 4). In principle, anisotropic interactions such as chemical-
shift anisotropy (CSA) and dipole–dipole couplings can be averaged solely by magic-angle spin-
ning (MAS) (5–7). However, the interactions are very often only partially averaged because of the
finite MAS frequency, and heteronuclear spin decoupling via radio-frequency (RF) irradiation of
1H is applied during detection of the free induction decay (FID) to achieve higher resolution and
sensitivity (8, 9). Recently, advances in very fast MAS with frequencies of 110 kHz and higher have
shifted the focus to 1H detection, albeit only in minute sample volumes (10). However, because of
chemical-shift distributions as well as magnetic susceptibility anisotropy, the intrinsic line width in
solids may, rarely, approach the extreme narrowing limit in liquids (11, 12). As a result, the sensi-
tivity of solid-state NMR is significantly reduced with respect to high-resolution NMR in liquids.

Furthermore, the sensitivity of NMR in general is intrinsically low due to the flip side of the
small Zeeman energy splitting: The magnetic spin excited state (e.g., |β〉 for 1H) is almost as
equally populated as the ground state (|α〉 for 1H) due to stochastic excitation by thermal energy.
Under typical conditions, a Zeeman polarization (see the sidebar titled Magnetization, Polariza-
tion, and Population Difference) of only ∼100 ppm exists in thermal equilibrium, meaning that
only this fraction of nuclear spins contributes to the measurable net resonance absorption signal.
Therefore,NMR typically requires the averaging of several FIDs in order to improve the acquired
signal-to-noise ratio. As this ratio increases only with the square root of the number of transient
signals averaged, a tremendous factor of 108 would be saved in measurement if the nuclear spin
could be prepared in the pure ground state.

1.2. Electron Spin to the Rescue

Even though the preparation of a nearly pure nuclear spin ground state is unfeasible under most
practical conditions, increasing polarization by any significant amount may dramatically improve
NMR sensitivity. Here, we turn to the electron spin: Its spin angular momentum is several orders
ofmagnitude larger than that of any nucleus.Comparedwith the proton—which carries the largest
nuclear spin moment of any stable isotope—it is ∼660-fold larger; consequently, its polarization
is larger by practically the same factor (13).

However, this larger magnetic moment comes with several challenges. The large Zeeman
interaction has enabled electron paramagnetic resonance (EPR) to be applied mainly at low to
medium magnetic fields, typically between 0.3 and 3.4 T. This is a consequence of the ready

144 Corzilius



PC71CH07_Corzilius ARjats.cls April 9, 2020 12:13

Saturation:
depletion of transition
polarization and thus
net absorption by
strong irradiation with
a resonant
electromagnetic field

Hyperpolarization:
increase in the
magnitude of
polarization of a
specific transition
above its thermal-
equilibrium value

MAGNETIZATION, POLARIZATION, AND POPULATION DIFFERENCE

Polarization plays a central role in DNP; however, its definition is often ambiguous. For example, the macro-
scopic magnetic properties of a spin ensemble (e.g., its magnetization) are defined by the expectation value of the
z-projection operator, 〈ŝz〉 = Tr(ŝz · ρ) = ∑

i ms(i)pi, where ρ is the density matrix and the populations of eigenstates
i are described by its diagonal elements (pi = ρii). This expectation value does not yield a complete and unique mi-
croscopic description for systems with more than two states. Therefore, the distribution of population states pi
must be directly evaluated because they yield the probability with which each eigenstate is occupied in the ensem-
ble. From these, the absolute population difference between two spin states i and j can be defined as �pij = pi − p j ,
together with the respective relative population difference, defined as Pij = (pi − p j )/(pi + p j ).

For any two-state system,�pij and Pij are equal and proportional to 〈ŝz〉; therefore, most descriptions make little
differentiation between them. For coupled-spin or high-spin systems, however, these values differ considerably in
both value and relevance for DNP. Pij describes the relative ratio at which opposing spin transitions occur between
this pair of states and determines the maximum theoretical DNP enhancement factor. �pij describes the absolute
net transition rate and thus may limit the experimental DNP enhancement.

availability of microwave (μw) components in radar or superhigh-frequency communication
technology.Higher-frequency sources are rarely available because of a combination of diminished
demand (e.g., due to atmospheric absorption) and technological challenges limiting the available
μw power. This lack of availability has contributed to the existence of the so-called terahertz gap
(14). From a magnetic resonance viewpoint, this problem is exacerbated by the large magnitude of
anisotropies and spin–spin interactions encountered for electrons, ranging from several megahertz
up to tens or hundreds of gigahertz. The resulting spectral breadth requires the superconducting
magnet to have wide-range sweepability due to frequency-bandwidth limitations.

1.3. DNP: A Marriage Between EPR and NMR

Shortly after the inception of EPR and NMR, Overhauser (15) had a groundbreaking idea: By
keeping the electron spins in solid metal in saturation, hyperfine-coupled nuclei would adopt
the thermal spin polarization of the electrons, which would thus enhance their NMR signal by
∼1,000-fold. Initially, this hypothesis faced severe criticism: Reaching a state of saturation corre-
sponds to approaching infinite spin temperature, but hyperpolarization requires effective cooling
of the spin bath (16). Despite this (at first glance) nonintuitive situation, Carver & Slichter (17)
pursued this idea and finally succeeded in directly measuring the enhanced 7Li NMR signal. This
was the very first DNP experiment, and it paved the way for a multitude of different techniques
and theories, stimulated both by creative thinking and, most often, by unexpected experimental
observations.

Over the course of six decades, many flavors and applications of DNP have emerged. It is not
possible to cover every aspect of this exciting method in a single article; therefore, this review is
limited to μw-driven DNP, with a focus on experiments where NMR spectroscopy is in situ en-
hanced byDNP. I refer the reader to several excellent reviews for more in-depth study, particularly
for applications of DNP or other hyperpolarization methods not covered here in detail (18–30).

1.4. Bringing DNP to High Magnetic Field

DNPwas limited to low-field applications for a rather long time. The first applications of MAS to
polymers and other materials, developed by the Wind (31, 32) and Schaefer (33) research groups
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in the 1980s and early 1990s, were conducted only up to 1.4 T. Shortly thereafter, the field was
revolutionized with the development of high-power/high-frequency cyclotron maser sources (i.e.,
gyrotrons) for continuous-wave (cw) DNP application by a collaboration between the Griffin and
Temkin groups at the Francis Bitter Magnet Laboratory and the Plasma Science and Fusion Cen-
ter, respectively, at the Massachusetts Institute of Technology (34). This class of μw sources—
initially developed for pulsed plasma heating in tokamak fusion reactors—has opened the field to
biomolecular and materials applications, initially between 5 and 9.4 T and recently to contempo-
rary ultrahigh NMR fields up to 21.1 T (900 MHz 1H frequency) (13, 30, 35).

Because DNP requires EPR and NMR excitation at the same time, it not only increases the
complexity of instruments and experiments but also requires a combined effort from the respec-
tive communities. Such effort has effectively brought the fields of EPR and NMR much closer
together, after they had drifted apart over several decades. Furthermore, it has drawn significant
attention from the radical chemistry community via the development of novel polarizing agents
(PAs) (36), as well as from the field of high-frequency engineering forμw components (37),making
DNP a truly interdisciplinary technique.

2. DNP: CONCEPTS AND MECHANISMS

From a basic textbook perspective, pure EPR or NMR transitions are distinguished by selec-
tion rules for allowed single-quantum (SQ) transitions (i.e., �mS = ±1 and �mI = 0 for EPR or
�mS = 0 and �mI = ±1 for NMR, where S and I refer to the electron and nuclear spin quan-
tum numbers, and mS and mI are the respective magnetic spin quantum numbers, as is depicted
in Figure 1a for an S = 1/2, I = 1/2 system). However, DNP relies on the mutual spin flips
of one electron spin of a PA and a nuclear spin (in the simplest case). Such multispin transi-
tions are mediated by the hyperfine interaction (HFI), resulting in the preferential enrichment
of one nuclear magnetic spin state over the other. Thus, it is theoretically possible to quantita-
tively transfer the electron polarization to a nuclear spin. In practice, however, one obtains the
effective DNP enhancement factor ε, which is typically smaller than the theoretical maximum
defined by εmax = γS/γI , where γS and γI are the gyromagnetic ratios of the electron and nuclear
spin, respectively.

The μw irradiation either drives the mutual spin flips coherently or saturates the electron SQ
transition, which allows for incoherent electron–nuclear (e–n) cross relaxation (CR) (Figure 1b).
At the same time, nuclear longitudinal magnetization strives to return to thermal equilibrium via
spin-lattice relaxation, which limits the DNP efficiency, or it may be exchanged between nuclei of
the same type via spin diffusion (SD).

This interplay of different interactions in a multispin system harbors a multitude of potential
transfer pathways between the PA’s electron spin and the nuclear spins to be detected (Figure 2a).
These pathways may occur in parallel but can be selectively addressed through the choice of NMR
pulse sequence (Figure 2b). An important point is that SD can transport the enhanced polarization
far from the paramagnetic center, allowing the detection of nuclear spins with insignificant HFI
contribution and avoiding deleterious effects such as paramagnetic shifts or broadening (Figure 1c
shows an example featuring RNA).However, before discussing these so-called macroscopic effects
leading to tremendous signal enhancement in such a scientific sample (see Section 3.1), I describe
the microscopic DNP mechanisms in more detail.

2.1. Mechanisms Based on Continuous Microwave Irradiation

At high magnetic field, the Zeeman effect is typically the dominant interaction for any spin
involved in DNP. However, in the pseudo-high-field approximation (see the sidebar titled
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Figure 1

Schematic representation of the DNP principle. (a) Four-level system of an S = 1/2, I = 1/2 e–n two-spin system dominated by
electron (ω0S) and nuclear (ω0I) Zeeman frequencies. All six possible transitions are represented by colored arrows; state populations
(boxes) are coded by filling (black, strongly populated; white, weakly populated). (b) Coherent and incoherent pathways demonstrating
general principles for creating positive or negative DNP. Each pathway starts from a system in thermal equilibrium at the far left or
right. Gray states are medium populated as a result of saturation in a preceding step. DNP-enhanced MAS NMR (c) 13C CPMAS, (d)
15N–13C TEDOR on a 500-μM frozen solution of a trans-acting full-length HHRz RNA using 5 mM AMUPol (89) as polarizing
agent, yielding ∼180-fold signal enhancement (μw-on/μw-off comparison) at 9.4 T (400 MHz). The μw-off signal is also shown with
10-fold multiplication for comparison. The HHRz was 13C9-uridine labeled on the substrate strand and uniformly 15N labeled on the
enzyme strand. The dotted vertical line marks correlation peaks arising from canonical base pairs; the dashed vertical line marks peaks
from noncanonical (interstem) interactions. For further explanation and experimental details, see Reference 71. Abbreviations:
CPMAS, cross-polarization magic-angle spinning; DNP, dynamic nuclear polarization; DQ, double-quantum transition; EPR, electron
paramagnetic resonance; HHRz, hammerhead ribozyme; MAS, magic-angle spinning; NMR, nuclear magnetic resonance; SQ, single-
quantum transition; TEA, triethanolamine; TEDOR, transferred-echo double resonance; ZQ, zero-quantum transition; δ, chemical
shift. Spectra adapted from Reference 71 with permission from Elsevier.

Pseudo-High-Field Approximation and Pseudosecular Interactions: Basis for Solid-State DNP)
so-called forbidden transitions invoking changes of both magnetic spin quantum numbers may
be rather inefficiently excited by coherent μw fields or incoherent local field fluctuations. μw
fields are most often applied in a cw manner, addressing relatively slow transfer mechanisms such
as the solid effect (SE) (38–41), cross effect (CE) (42–45), and Overhauser effect (OE) (15, 17). In
these mechanisms, the fact that nuclear spin relaxation is even less efficient than DNP transfer
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Figure 2

(a) Possible pathways for polarization transfer from an electron spin to NMR-detectable nuclear spins. Here, nuclear spins that are
within a resonance-quenching sphere (light green) are undetectable by NMR due to paramagnetic effects and are shown as open circles.
Dashed arrows show two potential but typically slow paths for direct DNP of detectable nuclei: either through direct DNP over long
distances or via (PD)SD. (b) Basic pulse sequences for (top) indirect and (bottom) direct DNP. Thick arrows represent the primary
pathways of polarization transfer; thin arrows describe a potential secondary pathway based on incoherent CR. (c) Dipole–dipole
interaction between an electron spin (S) and a nuclear spin (I) in the z–x plane. The nuclear spin senses the local field (Bloc) generated
by the electron spin, consisting of a longitudinal (Bloc,z) and a transverse component (Bloc,x), which depend on the e–n distance vector’s
(rSI) magnitude and angle (θ ) to the external magnetic field (B0). Whereas at the magic angle the longitudinal (i.e., secular) interaction
vanishes, at the canonical orientations the transverse (i.e., pseudosecular) interaction is diminished. Abbreviations: CP, cross-
polarization; CR, cross relaxation; DNP, dynamic nuclear polarization; FID, free induction decay; NMR, nuclear magnetic resonance;
(PD)SD, (proton-driven) spin diffusion; SD, spin diffusion; SL, spin lock.

allows the accumulation of nuclear hyperpolarization with effective DNP buildup time constants
(TB) on the order of the nuclear spin-lattice relaxation time constants (T1n). In contrast, pulsed
DNP methods (discussed in Section 2.4, below) have attracted significant attention since they
allow for much larger e–n transfer rates. However, these methods presently suffer from several
drawbacks, including increased instrumental and experimental complexity.

2.1.1. OE. The OE is the longest-known DNPmechanism and relies purely on incoherent e–n
transfer by CR. To achieve supportive conditions for OE DNP, the HFI must be time dependent
in a stochastic manner, which is possible either in solid systems with mobile electrons such as
metals or in solutions containing unpaired electrons. The OE was proposed by Overhauser (15)

PSEUDO-HIGH-FIELD APPROXIMATION AND PSEUDOSECULAR INTERACTIONS:
BASIS FOR SOLID-STATE DNP

Under the well-known high-field approximation, the electron and nuclear Zeeman interactions define the spin
quantization frame along an external magnetic field, and all other interactions (e.g., spin–spin, quadrupolar) have
a negligible impact. As such, only the secular term of the HFI (i.e., AzzŜzÎz) commutes with the Zeeman operators
(Ŝz and Îz) and results in shifts of the eigenstates (i.e., hyperfine couplings) without causing any state mixing. All
terms that do not commute with Ŝz or Îz may be dropped in a first-order approximation. These include all terms
containing any of the orthogonal operators Ŝx, Ŝy, Îx, and Îy.

In the case of significant HFI, the high-field approximation is invalid for the nuclear spin but still reasonable
for the electron due to the large difference in magnitude between the nuclear and electron Larmor frequencies.
Therefore, the pseudo-high-field approximation is a good compromise in which the pseudosecular terms AzxŜzÎx
andAzyŜzÎy are retained in addition to the secularHFI.This, however, results inmixing between the nuclear Zeeman
states, which is the basis for SE and CE DNP.
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RELAXATION IN A SYSTEM OF TWO COUPLED SPINS: CROSS RELAXATION AND
THE OVERHAUSER EFFECT IN A NUTSHELL

The magnetic moments of two spins subject to a strong external magnetic field are aligned by the Zeeman inter-
action. However, each spin creates its own local magnetic field, which may be sensed by the other spin either via
dipole–dipole coupling or directly via Heisenberg exchange (e–e), Fermi contact (FC) (e–n), or J coupling (n–n). If
these local fields are undergoing stochastic fluctuation (e.g., by molecular motion), then SQ as well as zero-quantum
(ZQ) and double-quantum (DQ) transitions may be induced by Fourier components matching the respective tran-
sition frequencies. These concepts, which give rise to autorelaxation (SQ) and CR (ZQ/DQ), were derived in a
seminal paper by Solomon (48).

ForOEDNP,a PA such as a nitroxide radical is saturated byμw excitation of the EPRSQ transition.Surrounding
nuclear spins, which are under incoherently modulated HFI with the electron spin, may then experience stochastic
NMR SQ, as well as e–n ZQ and DQ transitions; an imbalance in the latter causes nuclear hyperpolarization, while
the system strives to reach equilibrium via relaxation. Note that e–n dipole–dipole coupling can potentially induce
all transitions (i.e., SQ, ZQ, and DQ), whereas FC interaction may induce only ZQ transitions.

and shown by Carver & Slichter (17) to occur in lithium and subsequently in ammonia solutions
of dissolved alkaline metals (46) or by use of radicals as PAs (47).

The OE can be quantitatively explained by Solomon’s (48) theory of relaxation in a system of
two spins (for a summary of the fundamental mechanism, see the sidebar titled Relaxation in a
System of Two Coupled Spins: Cross Relaxation and the Overhauser Effect in a Nutshell).

The OE enhancement factor can be calculated by the steady-state solution of the Solomon
equation in the following form:

ε − 1 = 2W1 +W2 +W0

2W1 +W2 +W0 +W ◦
1︸ ︷︷ ︸

f

· W2 −W0

2W1 +W2 +W0︸ ︷︷ ︸
ξ

· P
◦
S − PS
P◦
S︸ ︷︷ ︸
s

· γS

γI︸︷︷︸
εmax

= W2 −W0

2W1 +W2 +W0 +W ◦
1

· s · εmax.

1.
Here,Wi are the HFI-induced transition probabilities of the NMR SQ transition (i = 1) as well
as the e–n double-quantum (DQ; i = 2) and zero-quantum (ZQ; i = 0) transitions (Figure 3a).
Additionally,W ◦

1 describes any inherent nuclear relaxation not caused byHFI.With knowledge of
these rate constants (e.g., by analysis of the spectral density function of the local HFI field forWi

or by measurement of T1n of a sample in the radical’s absence forW ◦
1 ), the coupling factor ξ and

the leakage factor f can be derived. ξ describes the ratio between e–n CR (W2 −W0) and nuclear
autorelaxation (2W1 +W2 +W0) (Figure 3b). In turn, the efficiency of all HFI-induced pathways
with respect to the whole nuclear relaxation is given by f.The saturation factor s describes the effi-
ciency of direct μw excitation of the EPR line, and εmax is the maximum enhancement factor given
by the quotient of electron and nuclear gyromagnetic ratios. Both f and s may be assumed to ap-
proach unity for sufficiently large radical concentration and μw power (49); furthermore, smay be
indirectly measured even without EPR detection capabilities by observation of the paramagnetic
NMR lineshift (Figure 3c).

ξ is a convolved function of the dynamics of the system, the magnetic field, and the strength
and nature ofHFI. In the simplest model, both Fermi contact (FC) and dipolar HFI aremodulated
by an isotropic tumbling of the nucleus around the electron spin, which is described by the mutual
correlation time, τc. The ratio of the mean-square FC and dipolar HFI is then described by the
parameter κ , with κ = 1 for a pure FC and κ = 0 for a pure dipolar contribution to relaxation.
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(a) Level diagram of an S = 1/2, I = 1/2 e–n two-spin system dominated by electron (ω0S) and nuclear (ω0I) Zeeman frequencies.
During OE DNP, the EPR SQ transitions are saturated by μw irradiation; various relaxation pathways are represented by arrows.
Transitions and thereby connected states leading to positive DNP enhancement are shown in light red, while those resulting in
negative DNP enhancement are shown in light blue. (b) Coupling factor ξ as a function of the external magnetic field (or the EPR
frequency for a g = 2 electron spin) for a 20-ps correlation time for both scalar (FC) and dipolar HFI. The percentage relates to the
ratio of the mean-square FC and dipolar HFI (factor κ). (c) Dependence of sample temperature (top axis), NMR lineshift (open symbols:
triangles, diamagnetic sample; stars, radical solution), and the saturation factor calculated therefrom (filled squares) on the μw power.
Abbreviations: DNP, dynamic nuclear polarization; EPR, electron paramagnetic resonance; FC, Fermi contact; HFI, hyperfine
interaction; NMR, nuclear magnetic resonance; OE, Overhauser effect; SQ, single-quantum transitions. Panel c adapted from
Reference 49 with permission from the PCCP Owner Societies.

If the electron relaxation is very slow in relation to τc (which is a good assumption for organic
radicals), then ξ can be calculated as follows:

ξ = (1 − 2κ ) j(ω0S )
(1 − κ )[ 75 j(ω0S ) + 3

5 j(ω0I )] + κ j(ω0S )
, 2.

with the normalized spectral density function j(ω) = 1/(1 + ω2τ 2
c ) (50). Therefore, ξ may take

values ranging from −1 (pure FC) to +0.5 (purely dipolar HFI); a mixture of FC and dipolar HFI
reduces the effective enhancement (50).

For molecular rotational and translational motion, the spectral density function quickly van-
ishes at high electron Zeeman frequencies. Thus—as long as a dipolar contribution to relaxation
is present—nuclear autorelaxation dominates over CR, leading to diminishing ξ with increasing
field (Figure 3b). Therefore, the OE is most effective and typically applied at lower magnetic field
(e.g., 0.3 T, 9 GHz) (51). Efforts to develop robust and versatile DNP in liquids at room temper-
ature and fields greater than 9 T are currently active in several laboratories worldwide, and the
first important steps have been taken during the last decade (52–55).

Water is an excellent recipient for 1H OE DNP because it may closely approach the nitroxide
moiety and form very short-lived contacts (25); therefore, it is typically much more effectively
polarized by dipolar OE than are larger molecules, reaching enhancement factors of ∼100 at high
field. However, a significant problem lies in the polarization transfer from water to an analyte of
interest. Nevertheless, 1H within lipids may be directly hyperpolarized by OE DNP (56).

DirectOEDNPof 13C and 31P—where scalar (FC) relaxation dominates theOEmechanism—
has shown very promising results at highmagnetic field (53, 55, 57, 58).Enhancement factors of up
to 1,000 have been obtained for 13CCl4 at 3.4 T (94 GHz) (59) and up to 70 for 13CHCl3 at 14.1 T
(395 GHz) (55). In a groundbreaking demonstration, direct OE DNP of 13C enabled efficient
hyperpolarization of metabolites at a field of 9.4 T without the need to transfer the polarization
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from solvent and with uncompromised resolution of liquid-state NMR (54). This is an important
step toward applicability of OE DNP.

Recently, OE was observed in a frozen solution of 1,3-bis(diphenylene)-2-phenylallyl (BDPA)
radical at high magnetic field (60, 61). This finding is very promising, as excellent performance has
been achieved in amorphous ortho-terphenyl at 18.8 T (527 GHz) with significant enhancement
even at temperatures close to room temperature, while the efficiency of every other known DNP
mechanism or PA vanishes under these conditions (62). The observation of efficient OE in insu-
lating solids was rather unexpected, as the dynamics required for e–n CR should be diminished
at cryogenic temperatures. Fluctuations of spin density within BDPA’s conjugated electronic sys-
tem might be responsible for the required time dependence of FC interaction (61, 63); however,
the contradictory presence of OE enhancement even at 1.2 K is still quite puzzling (64). Even
though there is convincing evidence that the OE is indeed responsible for the aforementioned
observations (61), considerably more research is required to completely explain the underlying
mechanism. Interestingly, Han and colleagues (65) have shown that CE between a narrow-line
radical and a radical with an extremely broad (i.e., undetectable) EPR line may pose as an OE
lookalike.

2.1.2. SE. The SE is the first DNP mechanism known to occur in dielectric solids. It was in-
dependently discovered by three groups led by Jeffries (38, 39), Abragam (40), and Uebersfeld
(41). Over the following decades, the SE has become a universally applied DNP mechanism be-
cause it may operate between a single electron spin and a dipolar-coupled nucleus. This property
makes the SE very useful when other, potentially more efficient DNPmechanisms such as the CE
become unviable—for example, when an intrinsic radical or metal ion is utilized as PA (66–71).

SE DNP relies on a local, dipolar HFI field transverse to the external magnetic field di-
rection (which is defined as the laboratory frame z axis). Such a transverse field is present at
the position of the nucleus if the e–n connecting vector ren is not aligned along one of the
canonical orientations with respect to the magnetic field B0 [i.e., if θen ≡ �(B0, ren )� nπ/2, with
n ∈ Z] (Figure 2c). While the longitudinal local field, Bloc,‖ ≡ Bloc,z = −(μ0/4π ) · (gμB/�|ren|3) ·
(3cos2θen − 1), provides the dipolar contribution to the spectral HFI splittings, the transverse field,
Bloc,⊥ ≡

√
B2
loc,x + B2

loc,y = −(μ0/4π ) · (gμB/�|ren|3) · 3 sin θen cos θen, induces partial mixing of nu-

clear spin states that allows weak excitation of e–n ZQ and DQ coherences by μw excitation
(Figure 4a). These transitions occur at the sum of or difference between the electron and nu-
clear Larmor frequencies (Figure 4b):

ωZQ/DQ
μw ≈ ω0S ∓ ω0I . 3.

The SE is rather ineffective at high magnetic field due to its relatively weak state mixing, which
causes diminishing transition probabilities that scale with (ω1SB/2ω0I )2, where ω1S is the electron
Rabi frequency and B ≡ γIBloc,⊥ is the pseudosecular part of the HFI tensor components. The
reason for this low efficiency is the rather small branching of nuclear spin quantization as a func-
tion of the electron magnetic spin state (Figure 4c). This is the result of competition between the
relatively small dipolar HFI and the much larger nuclear Zeeman interaction (72–74).

The ZQ or DQ matching conditions (Equation 3) must be addressed selectively because they
lead to opposite signs of nuclear hyperpolarization. This can be done if the overall EPR line
width, �S, is sufficiently small compared with the nuclear Larmor frequency (i.e., �S < ω0I ),
such that the ZQ and DQ resonances are spectrally well resolved. If paramagnetic species with
inhomogeneous line widths exceeding the nuclear Larmor frequency are used (i.e., �S > ω0I ),
then the SE efficiency is drastically reduced and the differential SE is observed (75). In this case,
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Figure 4

(a) Level diagram of an S = 1/2, I = 1/2 e–n two-spin system dominated by electron (ω0S) and nuclear (ω0I)
Zeeman frequencies for the SE in the laboratory frame. Transitions and thereby connected states leading to
positive DNP enhancement are shown in light red, while those resulting in negative DNP enhancement are
shown in light blue. (b) Level diagram in the μw rotating frame for the two possible SE matching conditions,
resulting in degeneracy of states connected by either (top) DQ or (bottom) ZQ transitions. (c) Nuclear spin
quantization branching responsible for mixing of nuclear spin states. Note that ω0I is typically ∼2 orders of
magnitude larger than Azz or Azx. Abbreviations: DNP, dynamic nuclear polarization; DQ, double quantum;
SE, solid effect; SQ, single quantum; ZQ, zero quantum; μw, microwave.

DNP enhancement may be recovered by application of more sophisticated techniques such as the
integrated SE, either by rapid sweeping of the magnetic field through the whole EPR resonance
(76) or by application of chirped μw pulses (77, 78), as is described in Section 2.3.1.

Despite its limited efficiency at high field, the SE is particularly versatile since it can be evoked
by a wide variety of PAs, including radicals with a narrow EPR line such as trityl and BDPA (60,
74, 79) as well as paramagnetic transition-metal ions (80, 81). Nevertheless, it typically requires
large incident μw power due to the small transition moment (13, 74).

2.1.3. CE. The CE is presently the most efficient cw DNP mechanism in rotating solids and
occurs within three-spin systems consisting of two electron spins and a nucleus. It requires a pseu-
dosecular HFI in combination with relatively large inhomogeneous broadening of the EPR line
on the order of at least the nuclear Larmor frequency, as well as sufficiently strong electron–
electron (e–e) interactions. The CE was first experimentally observed and theoretically described
by Kessenikh and colleagues (42, 43, 82) as well as Hwang & Hill (44, 45) on the basis of inter-
molecular e–e couplings in doped polymers under static NMR conditions. However, under the
conditions investigated at very low temperatures (4.2 K and below), the EPR line is subject to
strong spectral diffusion; as such, all electron spins participate for DNP, and the underlying mech-
anism may be better described by thermal mixing (TM) (83). Later, Atsarkin et al. (84) explained
CE with distinct EPR lines caused by zero-field splitting of Cr3+ in ruby. The first description of
CE with two EPR lines separated by the nuclear Larmor frequency—which is the basis for the
modern treatment of this mechanism—was published by Wollan (85, 86) in 1976.

For CE to be active, the two coupled electron spins must differ in their effective Larmor fre-
quencies by the nuclear Larmor frequency (Figure 5a):

ω� = ω0S1 − ω0S2 ≈ ±ω0I . 4.
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(a) Level diagram of an S1 = S2 = I = 1/2 e1–e2–n three-spin system dominated by electron (ω0S) and nuclear (ω0I) Zeeman
frequencies for the CE in the laboratory frame. The two possible CE matching conditions connecting states within the e–e ZQ space
(light green box) are shown in blue and orange. (b) Level diagram in the laboratory frame for the two CE matching conditions, resulting
in degeneracy of states connected by three-spin-flip transitions. (c) Tilting of the effective field acting on the e–e pair in its ZQ subspace
responsible for driving e–e flip-flop and e–e–n three-spin-flip transitions. Abbreviations: CE, cross effect; ZQ, zero quantum.

This EPR inequivalence is often realized by using tailored biradicals in which two radical moieties
are tethered via a molecular linker (87) while preserving their individual doublet spin states;
resonance frequency offsets are then achieved by anisotropic interactions. Prominent examples are
the bis-nitroxides TOTAPOL (88), AMUPol (89), and bTbK (90). Recently, asymmetric biradicals
comprising two chemically similar (e.g., AsymPol) or different (e.g., nitroxide and trityl/BDPA)
radical species have shown significant advantages over their symmetric variants (35, 91, 92). In
addition to organic biradicals, paramagnetic bis-complexes of Gd3+ can also evoke CE (93, 94).

By fulfilling the matching condition in Equation 4, energy may be efficiently exchanged be-
tween the electron and nuclear spins due to the relatively strong coupling of nearly degenerate
states (Figure 5b). In order to reach net nuclear hyperpolarization, the two electrons must fur-
thermore be differentially saturated (i.e., a spectral polarization gradient must be maintained),
which is typically achieved by off-centered μw excitation of an inhomogeneously broadened EPR
spectrum. The CE is particularly efficient under MAS, for which its theory has been elegantly de-
scribed by a series of consecutive level anticrossings (LACs), as explained in Section 2.2 (95, 96).
In static samples, the requirements for selective saturation of one electron spin and fulfillment of
the CE matching condition (Equation 4) in a concerted manner often lead to reduced efficiency
of this direct CE. This can be compensated for in the indirect CE by an electron polarization
differential induced by spectral diffusion (97); its efficiency strongly increases with concentration
of the PA. At very low temperature, the electron spin relaxation is diminished, and the collective
response of all coupled electron spins gives rise to the TM DNP mechanism (98). This mecha-
nism, not discussed in detail here, typically occurs for high radical concentrations at temperatures
of 4 K or below, and it is utilized mainly in dissolution DNP (99).

The superior efficiency of the CE in comparison to the SE stems from the fact that—instead
of the rather weak μw field—the much stronger e–e coupling is driving an e–e–n triple spin flip
between two states within the significantly tilted e–e ZQ subspace (Figure 5c) (73, 100). Never-
theless, manipulating the nuclear spin state still requires pseudosecular HFI, similarly to the SE.
As long as all spin–spin couplings are smaller than the nuclear Zeeman interaction, the resulting
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transition probability is proportional to (D◦
eeB/ω0I )2, where D◦

ee ≡ −(dee + 2Jee ) is the effective
e–e coupling, with dee = (μ0/4π ) · (g1g2μ2

B/�|ree|3) · (3cos2θee − 1) and Jee the Heisenberg ex-
change interaction. Therefore, the CE suffers from an equally detrimental dependence on the
external magnetic field as the SE (101); however, it can be more easily compensated for by
strategically increasing the e–e coupling in biradicals (91).

2.2. EPR Anisotropy and Level Crossings Under MAS

Under MAS, sample rotation causes a coherent and periodic modulation of all anisotropic inter-
actions. For any interaction that is small compared with the frequency of rotation,ωr, the spin sys-
tem behaves fully diabatically upon the modulation of eigenstates by MAS. Thus, the anisotropy
is effectively averaged, leaving the isotropic interactions behind. This situation is often met for
several NMR interactions, such as CSA of light nuclei or dipolar couplings between nuclear spins.
If electron spins are involved, however, the anisotropic interactions are typically several orders
of magnitude larger than ωr. This results in a significantly adiabatic behavior, such that the spin
populations may evolve under the relatively slowly modulated eigenstates.

As a consequence, all solid-state DNPmechanisms must be reconsidered under the MAS rota-
tion.To do so, it is convenient to describe all essential transitions leading toDNP in the framework
of consecutive LACs occurring during each rotor period (95, 96). Hediger et al. (102) recently
published an excellent review describing this situation and the resulting practicalities.

2.2.1. SE. For the SE, an e–n ZQ or DQ coherence must be directly induced (Equation 3).
The resulting transition may be described by an LAC within the μw rotating frame (Figure 4b)
(96). The adiabaticity is then determined by the rate with which this LAC is passed (given by the
anisotropy and the MAS frequency) as well as by the coupling between the two states (given by
the SE transition moment). In a simple model, the Landau-Zener formalism may be evoked to
calculate the adiabaticity factor and the resulting probability that a transition will occur during
the LAC (95). By consideration of the LACs occurring for all possible transitions (SE ZQ and
DQ, EPR SQ) in the μw rotating frame, both (a) the competition between positive and negative
DNP enhancement and (b) off-resonant saturation of the EPR transition can be understood and
simulated (103).

2.2.2. CE. For the CE, the addition of a second electron spin leads to the further occurrence
of both e1–e2–n three-spin CE LACs as well as e1–e2 flip-flop LACs (95, 96). These LACs always
appear in the e1–e2 ZQ subspace in the laboratory frame without involvement of μw irradiation
(Figure 5b). Thus, a μw LAC between two spin states connected by an EPR SQ transition may
be temporally independent of the CE LAC, given that the polarization depletion of one electron
spin imprinted during the former is memorized at the time of the latter. This is achieved if the
electron longitudinal relaxation time constant,T1e, is at least on the order of the rotational period,
τr = 2π/ωr. If one of the two electron spins is preferentially saturated during the μw LAC, a small
fraction of the resulting difference in their polarization is then transferred to the nucleus during
the weakly adiabatic CE LACs. Due to the very long T1n, these small transfer steps may then
accumulate nuclear hyperpolarization over many rotational periods, until a periodical steady-state
condition is reached.

If two electron spins with similarly large anisotropic broadening of their EPR spectra are par-
ticipating in the CE (as is the case for bis-nitroxide PAs), it is likely that at some point during the
rotor period the two electrons will swap their order in frequency space and an opposite CE LAC
will occur in which the sign in the CE matching condition (Equation 4) is inverted. Similarly to
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the SE, the direction of polarization transfer is opposite for two such CE LACs; however, they
must always be separated by a highly adiabatic e–e LAC (see Section 2.2.3) during which the po-
larizations of the two electrons are almost quantitatively exchanged. Therefore, all CE LACs may
contribute to accumulating net enhancement on the nucleus.

CE effectively couples the nuclear polarization to the differential electron polarization inde-
pendently of μw irradiation. As a result, CE-active PAs also act as superb longitudinal relaxation
agents: Within an electron spin system that exchanges polarizations adiabatically, the MAS CE
efficiently drives the HFI-coupled nuclear spins back to thermal equilibrium. This process results
in the typically observed equality of DNP buildup (TB) and relaxation (T1n) time constants of
CE-PA-doped samples (102). In contrast, in the case of SE,TB is accelerated under μw irradiation
with respect to T1n (74, 79).

2.2.3. Nuclear depolarization. Despite the relatively high adiabaticity of e–e LACs, even small
deviations from ideal behavior may accumulate and lead to a significant equilibration of the polar-
izations of the two electron spins ifT1e > τr.Consequently, this process will reduce the polarization
enhancement on the nucleus and also cause nuclear depolarization if no μw irradiation is applied,
eventually leading to a reduced intensity of the μw-off signal (104, 105). The resulting exaggera-
tion of the enhancement factor must be considered when assessing the actual sensitivity advantage
gained by DNP; ideally, the sensitivity gain is compared with that of an identical sample but in the
absence of PA (102). The detrimental effect of the lower electron polarization difference available
for transfer to nuclei may be alleviated or even avoided by increasing the effective e–e coupling
in the biradical (e.g., by exchange interaction) (92) or when using asymmetric biradicals of which
one is a narrow-line radical with very small anisotropy, such as trityl or BDPA (35, 91, 106).

2.3. DNP with Incoherent Microwave Pulses

The ability to vary the frequency or amplitude of the μw field creates many possibilities for more
efficient manipulations of the spin space in comparison to cw irradiation. Suchmanipulations have
been demonstrated with low-power μw sources (107, 108). For MAS DNP, the higher required
μwpower necessitates specialized hardware such as frequency-agile gyrotrons (109–111), since the
currently commercially available gyrotrons or extended interaction oscillators typically operate
under cw conditions only (37).

2.3.1. Frequency modulation and FS-ISE/S2E. Similar to field modulation, simple frequency
modulation of a continuous μw field can be used to increase the effective excitation bandwidth
of inhomogeneously broadened EPR lines for DNP (107, 108, 112). Using chirped μw pulses
instead of a continuous μw field may lead to further interesting effects if the chirp pulses’ sweep
width is sufficient to excite several transitions during a single pulse, as observed for the stretched
solid effect (S2E) (77, 78). Here, consecutive excitation of the e–n ZQ or DQ (both of which lead
to SE) and the SQ EPR transition (which saturates the electron spin and depletes the polarization
available for transfer) cause a shift of the SE matching condition with respect to the pulse center
frequency, depending on both the sweep width and direction.

If the pulse’s sweep width is sufficient to cover both SE transitions (as well as the allowed
EPR transition in between), an adiabatic inversion of the EPR polarization may occur that inverts
the sign of one SE transition and thus leads to accumulation of polarization generated by both
ZQ and DQ instead of mutual cancellation, where �S � ω0I . Therefore, this frequency-swept
integrated SE (FS-ISE) is able to provide DNP enhancement from single paramagnetic sites with
large inhomogeneous broadening of their EPR spectrum (77, 78).
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Overview of different pulsed DNP experiments in comparison to cw DNP. The DNP transition moment is shown under ideal matching
conditions for each mechanism. Abbreviations: CE, cross effect; cw, continuous wave; DNP, dynamic nuclear polarization; DSSE,
dressed-state solid effect; FC, Fermi contact; FID, free induction decay; HFI, hyperfine interaction; NOVEL, nuclear orientation via
electron spin locking; NRF, nuclear-rotating-frame; OE, Overhauser effect; RF, radio frequency; SE, solid effect; TOP, time-optimized.

2.3.2. Electron decoupling. If the μw source is able to switch the output frequency sufficiently
rapidly, it is possible to partially decouple the nucleus from the electron spin during NMR detec-
tion in an SE experiment. To this end, the nuclear spins are first hyperpolarized by irradiation at
an EPR offset corresponding to the nuclei’s Larmor frequency (Equation 3). After the polariza-
tion period, the μw frequency is quickly switched for on-resonant EPR excitation, and the NMR
spectrum is recorded by FID. Similar to high-power decoupling of 1H used in MAS NMR for the
observation of low-γ nuclei (8, 9), this process results in a narrowing of the observed NMR spec-
trum due to a partial averaging ofHFI (113).Theμwfield strength generated inside anMAS stator
(114) is currently not sufficient to completely decouple the HFI, either because it is stronger than
the decoupling field or because the large offsets of spin packets in the inhomogeneously broadened
EPR line prevent efficient excitation of all electron spins. However, the decoupling efficiency can
be improved by using chirped μw pulses (115).

2.4. Pulsed DNP Utilizing Coherent Spin Rotations

Frequency-agile gyrotrons can be used for the experiments described in the above section, but they
do not allow for coherent manipulation of the spin magnetization vector. For such experiments
(Figure 6), custom-built integral EPR/NMR/DNP spectrometers are typically required, as they
feature low-power phase-locked μw sources as well as static samples situated inside a μw-resonant
cavity (116–118).

2.4.1. NOVEL. Pulsed DNP was described independently in similar experiments by the
Hausser (119) andWenckebach (120) groups in the late 1980s. In nuclear orientation via electron
spin locking (NOVEL), the electron spinmagnetization is spin-locked in the transverse plane after
an initial flip pulse, and effective energy matching is achieved between the rotating frame of the
electron and the laboratory frame of the nuclear spins. The condition is similar to the Hartmann-
Hahn matching encountered in heteronuclear CP (3, 121); however, the Rabi frequency of the
electrons is matched to the Larmor frequency of the nuclei (ω1S ≈ ω0I ). Under this condition,
the pseudosecular HFI can drive the e–n transition without attenuation by the nuclear Larmor
frequency. Therefore, nuclear hyperpolarization is very quickly built up along the z axis of the di-
rectly coupled nucleus during the single spin lock.By fast repetition, enhanced polarizationmay be
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further accumulated on the many bulk nuclei via SD if the electron spin magnetization is allowed
to recover by spin-lattice relaxation (122, 123).

At high field, though, achieving the NOVEL matching condition is extremely challenging be-
cause it requires electron Rabi frequencies on the order of tens to hundreds ofmegahertz,well out-
side the technical capabilities of current instruments. Recently, the matching condition has been
broadened and the efficiency improved by increasing the bandwidth during a ramped-amplitude
spin lock (124). Furthermore, off-resonant NOVEL has been demonstrated, where the require-
ment of large Rabi frequencies may be partially compensated for by an offset between the μw
frequency of the spin-locking field and the electron Larmor frequency (125).

2.4.2. Nuclear-rotating-frame DNP and dressed-state SE. Other pulsed DNP schemes in-
clude RF irradiation of the nuclear spins such as nuclear-rotating-frame (NRF)-DNP or dressed-
state SE (DSSE) (126–128). In NRF-DNP, the nuclear magnetization is spin-locked in the trans-
verse plane on resonance, while the electrons are irradiated with an offset frequency according to
the effective nuclear field in the rotating frame:

ωµw = ω0S ±
√

ω2
1I + A2

4
≈ ω0S ± A

2
,

whereA ≡ Azz is the secular part of theHFI.TheDSSEmay bemost easily described by reversing
the roles of the electron and the nucleus: The electron is spin-locked on resonance and thus
resembles a dressed state, while the nucleus is subject to RF irradiation with an offset according
to the effective field acting on the electron:

ωrf = ω0I ±
√

ω2
1S + A2

4
≈ ω0I ± ω1S.

Note that while in NRF-DNP the RF field strength during the spin lock is typically much smaller
than the HFI, the situation is the opposite in DSSE (i.e., the μw field strength dominates over the
HFI), resulting in rather different effective matching conditions.

In both experiments, the electron polarization is transferred to fast-decaying nuclear transverse
magnetization, and as such, it is rather difficult to accumulate or propagate it within the nuclear
spin network. In fact, for DSSE, no effective nuclear hyperpolarization has yet been observed
experimentally, but the depletion of electron spin magnetization upon transfer to the nuclei has
revealed a characteristic profile reminiscent of its matching condition (128). NRF-DNP, in con-
trast, has shown significant experimental sensitivity gains, which are caused by the very fast DNP
transfer, on the order of a few tens of microseconds, while the one-shot signal enhancement is
close to unity (127). Therefore, such transverse-transfer methods are effective in observing nuclei
that undergo fast relaxation (126). Therefore, in combination with techniques currently under
development, such as electron decoupling (113), it may be possible to specifically hyperpolarize
and observe nuclei in direct contact with the electron spin.

2.4.3. Time-optimized DNP. Tan et al. (129) have demonstrated a fundamentally new ap-
proach stimulated byMASNMR recoupling experiments. In time-optimized DNP (TOP-DNP),
a μw pulse train is applied to the electron spin during the DNP buildup period. The repeated
pulses and delays induce a composite rotation of the spin space with an effective frequency ωeff,
which depends on the Rabi frequency, length, EPR offset, and separation of the pulses. As a re-
sult, the DNP μw frequency profile consists of several intercalated and evenly spaced peaks, each
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resulting in positive or negative DNP enhancement. In comparison to NOVEL, TOP-DNP re-
quires only ∼7% of the μw power but necessitates fast switching of the μw field on the order of
the nuclear Larmor period, which is related to subnanosecond pulse lengths for high magnetic
fields. Therefore, so far TOP-DNP has been demonstrated only at fields of 1.2 T or lower (129).

3. FROM THE POLARIZING AGENT TO THE ANALYTE:
APPLICATIONS OF MAS DNP

3.1. Indirect Versus Direct DNP

The large electron spin polarization may be transferred to different nuclear species present in the
sample. On the basis of the combination of DNP mechanism and PA utilized, this can be either
selective (e.g., SE with narrow-line PA) or unselective (e.g., CE with wide-line PA), depending on
the nuclear spin species fulfilling the respective matching conditions (13). Once built up on the
directly HFI-coupled nuclei, the enhanced polarization may propagate through the homonuclear
network by SD and may further be transferred to other nuclear species. This complex situation
therefore allows for several different application scenarios.

3.1.1. Indirect DNP via 1H. In solids, the most commonly polarized nucleus is 1H, since it fea-
tures a large magnetic moment and abundance in most samples. The strong homonuclear dipole–
dipole interactions ensure an efficient transfer of enhanced polarization through the nuclear bulk
by SD (Figure 2a). This enhanced bulk polarization can then be transferred to other (insensitive)
nuclei by a Hartmann-Hahn CP step (Figure 2b, top). Subsequently, either the DNP-enhanced
FID is directly observed or the transverse magnetization is further evolved in a more sophisticated
(e.g., multiresonance or multidimensional) experiment (13).

The advantage of indirect DNP via 1H lies in its generally high sensitivity gain with short
polarization/recycle delays. It also ensures a virtually uniform enhancement of all resonances with
negligible paramagnetic broadening as long as the proton spins are strongly and homogeneously
coupled (i.e., their mutual polarization exchange is faster than its buildup and/or relaxation).

3.1.2. Direct DNP. In a direct DNP experiment, polarization is usually detected or utilized
on the nuclear species that has received its polarization directly from an electron spin without
involving a heteronuclear transfer step (Figure 2a). Longitudinal magnetization created by cw
DNP is then flipped into the transverse plane by a single 90° RF pulse and either detected via
Bloch decay or further evolved, as needed (Figure 2b, bottom).

Direct DNP can thus be utilized if the sample is lacking any 1H spins (70). Alternatively, di-
rect DNP may be applied if a more specific (i.e., nonuniform) transfer pathway is of interest, for
example, within systems containing endogenous PAs or localized PA tags (67, 68, 71, 130).

Nuclei with a low gyromagnetic ratio and low spin concentration typically feature diminished
SD, resulting in heterogeneous DNP behavior of individual nuclei depending on their spatial
relationship with the electron spin. In this SD-limited case, paramagnetic broadening of DNP-
enhanced resonances is often observed and is more pronounced for short polarization periods,
where nuclei close to an electron spin contribute more strongly to the measured spectrum (68).

3.1.3. Heteronuclear cross talk during DNP buildup. The clear distinction between indirect
and direct DNP by choice of NMR detection (i.e., CP or single-pulse excitation) is blurred if 1H
and the low-γ nuclear species of interest dynamically exchange polarization during the buildup
of enhanced longitudinal magnetization. Such a situation occurs when active motions give rise to
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Specific cross
relaxation
enhancement by
active motions
under DNP
(SCREAM-DNP):
may occur during
direct DNP due to
heteronuclear CR;
leads to additional
enhancement by
molecular motions

DNP juice: common
cryoprotective solvent
mixture used in
biomolecular DNP;
consists of
D8-glycerol,
D2O, and H2O in a
6:3:1 volume ratio

heteronuclear dipolar relaxation (131). While this is typically the major mechanism for nuclear
autorelaxation and thus limited DNP efficiency, hyperpolarization of 1H may also cause transfer
to, for example, 13C via CR within dynamically active methyl groups or molecular ring systems
[specific cross relaxation enhancement by active motions under DNP (SCREAM-DNP)]. This
process results in the occurrence of two parallel transfer pathways (i.e., direct e−→13C and indirect
e−→1H→13C), where the CR transfer causes buildup of an inverted (i.e., emissive) 13C NMR
signal if 1H polarization is positively enhanced (132–134).

SCREAM-DNP has recently been demonstrated as an effective tool to selectively detect
biomolecular complexes where methyl groups have been specifically introduced by the bound
ligand (135) and to investigate the retinal-binding active site of proteorhodopsin during its pho-
tocycle (136). Furthermore, it may be utilized to indirectly investigate the molecular dynamics
giving rise to dipolar relaxation under DNP conditions (137).

3.2. Samples Amenable to DNP

Because in most samples of interest no suitable endogenous PA is inherently present, special sam-
ple preparation is necessary for DNP. This introduces the PA typically in the form of a persistent
radical dissolved in a glass-forming solvent mixture. Freezing of this solution is necessary to pro-
vide the rigid dipolar network required for solid-state DNP, and the sample often must be cooled
significantly below room temperature with the use of cryogenic gases such as nitrogen or helium.
In the resulting frozen solution, the spins are immobilized and their relaxation is slowed down.

3.2.1. Vitrified solutions and biomolecular assemblies. The PA-containing, glass-forming
solution may be used either to codissolve the analyte, which is often done in the case of biomolec-
ular samples, or to wet insoluble materials, as is explained below. In terms of alternatives to the
solvent-wetting approach, several solvent-free preparation methods have been developed; these
are not a topic of this article but are described in more detail elsewhere (13).

In the case of homogeneous solutions, the sample freezing and glass formation may introduce
inhomogeneous broadening of NMR spectra, particularly for biomolecular samples (13, 138). For
aqueous systems, a D8-glycerol/D2O/H2O mixture of 60/30/10 vol% (i.e., DNP juice) is most
often used (139). If organic solvents are preferred, for example, for the wetting of water-sensitive
materials or compounds, tetrachloroethane has proven to be the solvent of choice (140).

The efficient spreading of polarization by SD ensures, on the one hand, that a small concentra-
tion of PAs (e.g., ∼10 mM) is able to hyperpolarize a large concentration of nuclei (e.g., typically
∼10 M for 1H in DNP juice). On the other hand, it enables the intermolecular, relayed trans-
fer of polarization to the analyte through the solvent over large distances of several hundreds of
nanometers up to several micrometers (141, 142), while preventing the deleterious paramagnetic
effects that would arise from a close spatial relationship between the analyte and PA (143–145).

In most applications, a PA is used in concentrations of up to ∼20 mM. Smaller concentrations
may be preferable to avoid accelerated transverse relaxation and signal loss in experiments utilizing
coherent mixing for heteronuclear recoupling (146), or if the radical may interact with the analyte
phase (147, 148).This solvent-dopingmethod is applicable to a wide range of sample formulations
in biomolecular research, including soluble proteins and nucleic acids, membrane proteins, viral
capsids, and whole virus particles and plant tissue, among others (13, 149–151).

DNP is particularly powerful for the study of specific components of large biomolecular com-
plexes or within complexmixtures.The large sensitivity gain has thus allowed for unique structural
investigations of a signal peptide within the exit channel of the complete ribosome (152) and of a
fibrillar protein at endogenous concentration within cellular milieus (153).
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3.2.2. Insoluble phases. Insoluble materials may be wetted with PA solutions, which is attrac-
tive for biomaterials such as bone and biosilica, for microcrystalline or porous solids in materials
science such as catalysts and metal–organic frameworks, or for pharmaceutical formulations (13,
30, 154).The sensitivity gain byDNP is particularly interesting for thesematerials because isotope
labeling is often impossible or extremely expensive. It has enabled investigations of, for example,
the effective dispersion and disorder of active pharmaceutical ingredients in tablets (155) and of
surface-bound active species by surface-enhancedNMR spectroscopy (DNP-SENS) (154, 156). In
the context of the latter method, DNP has revolutionized MAS NMR, as such low-concentration
species in natural isotope abundance are normally inaccessible due to insufficient sensitivity.

The tremendous increase in sensitivity of DNP has also proven highly useful for NMR crys-
tallography because of the unique possibility of recording 13C–13C as well as 15N–13C correlation
spectra in natural abundance, despite the very small effective occurrences of spin pairs of only
0.012% or 0.004%, respectively (157, 158). The full sets of assigned chemical shifts thus obtained
then serve as constraints for quantum chemical calculations (158). These constraints may even be
refined by the direct measurement of both intra- and intermolecular spin–spin distances of up to
∼7 Å (159). In the homonuclear case, these distances are accessible only in natural abundance due
to potential interference of dipolar truncation (160).

4. CONCLUSION AND OUTLOOK

DNP is an integral magnetic resonance method at the interface between NMR and EPR. During
the last few decades, it has evolved from an intriguing oddity into a powerful tool to boost NMR
sensitivity in order to enable experiments that would otherwise be completely infeasible due to
prohibitive time requirements. DNP has continuously stimulated numerous novel concepts and
theories, particularly regarding many-spin effects and complex interplay between electron and
nuclear spins, which differ in their magnetic moments by approximately three orders of magni-
tude. These developments have supported the growth of a highly creative and interdisciplinary
community, which will ensure that DNP brings great potential into the future.

However, DNP faces several challenges. Particularly for biomolecular applications, DNP-
enhanced MAS NMR faces powerful competition from emerging methods both inside and out-
side magnetic resonance, such as 1H detection under very fast MAS (161) and cryo-electron mi-
croscopy (162). Undoubtedly, each method will find its own scope of application utilizing its
unique strengths. In particular, DNP may exploit its potential to provide additional selectivity
in NMR by specific signal enhancement only of targeted species in complex environments (135,
163, 164). This property might be very useful for in-cell applications or, for example, for charac-
terization of structural changes in materials under practical conditions. Furthermore, the specific
decoration of biomolecules or surfaces with PA tags may provide additional distance information
(68, 71). On the one hand, inhomogeneous broadening often hampers clear spectral assignment,
but on the other hand, it provides useful information about conformational flexibility or hetero-
geneity, which is difficult to assess with other methods (165, 166).

Clearly, the development of DNP from amethodological viewpoint is far from over. In the near
future, we will witness stepwise improvements as well as fundamental breakthroughs.These might
include completely novel PAs, DNP mechanisms, or instrumental designs. Numerous examples
of such developments can be found throughout DNP’s past and present. For example, symmet-
ric biradicals were created in 2004 (87) and are now an indispensable part of MAS DNP (167),
while asymmetric biradicals have only recently become state-of-the-art PAs for DNP at ultrahigh
field (35, 91). The iterative optimization of PAs by using high-field EPR and theoretical predic-
tions has just begun and promises great advances in the future (92, 168–171). DNP-SENS was
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first demonstrated in 2010 (156) and is now one of the fastest-growing applications of DNP (30,
154, 172). Paramagnetic metal ions were introduced in 2011 (80) and are currently being utilized
for the investigation of highly reactive battery electrode materials (69, 70). SCREAM-DNP was
recently discovered as a spurious effect in direct polarization experiments (132, 133), but it has al-
ready been utilized to selectively detect bound biomolecular complexes with very high specificity
(135). Future developments might involve pulsed DNP methods and the respective hardware re-
quirements (173). Other instrumentation advances are aimed toward highly sensitive MAS DNP
at very low temperature (174) and economical operation with a closed-loop helium MAS system
(175), or toward the introduction of novel MAS designs that improve the reliability of MAS DNP
operation, such as in spinning spheres (176).

Despite these exciting developments, it should not be forgotten that—even though DNP was
conceived more than six decades ago—the commercialization of high-field DNP-enhanced MAS
NMR and thus its broad availability occurred only during the last 10 years. During this relatively
short time, numerous research institutes worldwide have acquired DNP capability, and the scien-
tific impact in terms of publications and citations has been growing exponentially ever since. In the
future, this methodological growth will undoubtedly lead to numerous novel breakthroughs. At
the same time, DNP-enhanced MAS NMR will further develop as a standard analytical method
supporting the existing toolbox, adding invaluable information during multitool characterization
of biomolecular structure and materials (177–179).

SUMMARY POINTS

1. DNP at highmagnetic field is a truly interdisciplinary technique.Not only has it brought
the EPR and NMR communities closer together, but also it has strengthened collabo-
rations between the larger fields of magnetic resonance, theory, synthetic chemistry, and
high-frequency electrical engineering.

2. MAS DNP is already established as a powerful and versatile technique for tackling ex-
tremely challenging problems in structural biology and materials research with atomic-
scale resolution.

3. DNP in solution still poses several methodical challenges for large-scale applicability at
high NMR fields, but exciting breakthroughs have recently been made.

4. Spectrometers for DNP-enhanced MAS NMR have been commercially available since
as early as 2009, and many such instruments are in operation worldwide at fields up to
21 T (900 MHz 1H, 592 GHz e−).

5. PAs provide large electron spin polarization and can come in the form of either persistent
radicals, such as (bis-)nitroxides or trityl, or paramagnetic metal ions.

6. The mechanisms by which DNP operates at the microscopic scale are complex. Impor-
tant new insights, particularly for the theory of CEDNP underMAS, have recently been
gained.

7. By better understanding the theory, improved PAs have been designed with greater ef-
ficiency at very high magnetic field and a reduced tendency for nuclear depolarization.

8. Control over polarization transfer pathways and/or sample constitution enables specific
DNP enhancement of a targeted analyte, thus not only increasing NMR sensitivity but
also introducing selectivity.
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FUTURE ISSUES

1. The additional hardware required for DNP demands greater investment, often exceed-
ing the cost of the actual NMR spectrometer. It also has a relatively large laboratory-
space footprint.

2. OE DNP in solution may be on the brink of more general applicability for the en-
hancement of high-resolution NMR sensitivity; however, the issues of μw absorption
and excessive sample heating persist.

3. The required sample freezing below the glass transition temperature may yield informa-
tion about structural flexibility but results in inhomogeneous broadening and compro-
mises spectral resolution, particularly for biomolecular samples.

4. The high consumption of liquefied gases for cryogenic MAS results in significant oper-
ational costs, which may be drastically reduced by commercial development of a closed-
cycle refrigeration/MAS system that would allow sample temperatures approaching that
of liquid helium.

5. DNP at very low temperatures could provide very high sensitivity gains but would pose
additional challenges for PA development (e.g., to prevent nuclear depolarization due to
excessive electron spin saturation) and instrumentation.

6. Understanding and predicting the complex behavior of the large number of spins in-
volved in the full DNP process require very expensive many-spin calculations and simu-
lations. Several major breakthroughs have already been made in the de novo prediction
of quantitative DNP parameters.

7. Despite recent progress, DNP efficiency still typically decreases with higher magnetic
field and higher sample temperature, both of which are required for improving spectral
resolution by avoiding homogeneous or inhomogeneous broadening.

8. MAS DNP is yet to be routinely combined with high-resolution 1H detection, which
would provide tremendous sensitivity gains.
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