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A B S T R A C T

Overhauser-effect dynamic nuclear polarization (OE-DNP) is an emerging method for enhancing the sensitivity of 
high-resolution nuclear magnetic resonance (NMR) in liquids. OE-DNP generates nuclear spin hyperpolarization 
by electron-to-nuclear cross-relaxation between the analyte and a paramagnetic polarizing agent doped into the 
NMR solution. The key advantage of this method is the in situ enhancement of nuclear polarization under steady- 
state, which is inherently compatible with multiscan signal averaging and multidimensional NMR. Although OE- 
DNP has been known for several decades, recent demonstrations of one and two-dimensional OE-DNP at high 
magnetic fields (9 and 14 Tesla) have expanded its application, and opened up new possibilities for NMR-based 
analysis of drugs, natural products, and heterogeneous catalytic processes. In parallel, progress in quantum 
chemical calculations and numerical simulation capabilities have started to unravel the atomistic details of the 
OE-DNP mechanism at high magnetic fields. These studies revealed that hyperpolarization generation relies on 
sub-picosecond molecular dynamics and hyperfine coupling through non-covalent intermolecular interactions, 
such as hydrogen and halogen bonds. This understanding enables not only the rational design of OE-DNP ex
periments tailored to different samples, but provides new insight into fundamental physics and chemistry in 
solution as well. In this review, we summarize recent developments of OE-DNP and outline guidelines for its 
implementation to different nuclei. We start with an overview of the current theoretical framework of OE-DNP, 
and subsequently, discuss the role of electronic spin saturation and its implications for microwave hardware 
design at 9 and 14 Tesla. Finally, we review high-field OE-DNP performance of the most extensively investigated 
nuclei, 13C, 1H, 19F and 31P, and representative applications that illustrate the future potential of this method.
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1. Introduction

Nuclear magnetic resonance (NMR) spectroscopy is an indispensable 
tool for probing molecular structure and chemical dynamics, and for 
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characterizing complex systems ranging from small organic molecules 
and catalytic intermediates to biological macromolecules. Such appli
cations usually necessitate high chemical shift resolution, roughly cor
responding to operation at magnetic fields ≳ 9 T in modern NMR 
analysis. Over the last two decades, it has been widely recognized that 
an inherent limitation of NMR is the low sensitivity, arising from the 
small nuclear polarization (i.e., the population difference of the nuclear 
spin states) at thermal equilibrium. For example, at room temperature 
and a magnetic field of 9.4 Tesla, the proton polarization is only about 
32 ppm (parts per million), and that of carbon-13 is approximately 8 
ppm. Because the polarization increases linearly with the magnetic field, 
the sensitivity limitation of NMR persists even at the highest commer
cially available static polarizing field of 28.8 Tesla, [1] and is particu
larly severe for dilute samples, transient species, or high-throughput 
analysis.

Over the past two decades, overcoming this sensitivity barrier has 
been a central goal of magnetic resonance research. The resulting field of 
study, known as hyperpolarization, encompasses a range of physical and 
chemical strategies designed to generate non-equilibrium population of 
nuclear spin states with significantly enhanced polarization. Histori
cally, dynamic nuclear polarization (DNP) was the first such method, 
originally proposed by Overhauser in 1953 in the solid state. [2] Early 
investigations of DNP in liquids [3,4] and solids [5–9] were performed 
up to ~1.5 Tesla. Later in the 1990s, Griffin and coworkers expanded 
DNP in combination with magic angle spinning (MAS) NMR for bio
logical applications in the solid state. [10] Subsequently, DNP-based 
methods were developed to boost sensitivity also for liquid-state NMR, 
including dissolution DNP (dDNP) [11–13], Overhauser-effect dynamic 
nuclear polarization (OE-DNP) [14–16], and photochemically-induced 
dynamic nuclear polarization (photo-CIDNP) [17–19] at magnetic 
fields above 3 Tesla. These approaches exploit the much larger polari
zation of the unpaired electron spin on a polarizing agent in the NMR 
sample. Indeed, electron spin polarization close to unity can be gener
ated at magnetic fields larger than 3.3 Tesla and cryogenic temperatures 
below 4.2 K [20], or through optical excitation. In the latter scenario, 
photogenerated electron spin triplet states have been investigated as 
polarization sources for DNP in both solids and liquids. [21] Concur
rently, parahydrogen-induced hyperpolarization (PHIP) [22,23] and the 
closely associated method of signal amplification by reversible exchange 
(SABRE) emerged as powerful alternatives. [24,25] Both methods utilize 
the large polarization created and stored in the singlet proton spin state 

of parahydrogen. These hyperpolarized protons are subsequently 
introduced into the target analyte by either irreversible hydrogenation 
of the substrate, as in PHIP [26], or reversible chemical exchange with a 
catalyst, as in SABRE [27]. Across these approaches, huge NMR signal 
enhancements up to 104 to 105 have been achieved for nuclei such as 1H, 
13C, 19F, and 15N, translating to detection limits in the micro- to nano-, or 
even picomole range. [28] These methods have already led to spectac
ular new applications, notably in metabolic profiling and magnetic 
resonance imaging (MRI). [29–34] Nevertheless, some of these methods 
are inherently limited to short acquisition times, often on the order of 
the nuclear spin-lattice relaxation time, as hyperpolarization is not re
generated after NMR acquisition. While specialized sequences have been 
developed to circumvent this issue [35–38], methods capable of 
continuously generating steady-state hyperpolarization remain of 
considerable interest.

This review focuses on Overhauser-effect dynamic nuclear polari
zation (OE-DNP), a promising method for the in situ hyperpolarization 
of small molecules in liquids. In OE-DNP, nuclear spin polarization, and 
subsequently the NMR signal, is enhanced by intermolecular electron- 
nuclear cross-relaxation associated with the unpaired electron spins 
located on the polarizing agents, which are paramagnetic molecules 
doped into the NMR solution. Polarization transfer is induced by exci
tation and saturation of the polarizing agent electron paramagnetic 
resonance (EPR) transitions, which transiently couple to the nucleus of 
interest by intermolecular hyperfine interaction. In contrast to many 
other liquid-state hyperpolarization techniques, OE-DNP generates nu
clear hyperpolarization under steady-state conditions. Therefore, it is 
intrinsically compatible with “multi-shot” NMR experiments, and data 
acquisition is not limited by nuclear spin-lattice relaxation. Conse
quently, OE-DNP can be integrated into existing one- and multidimen
sional NMR schemes without significant modification, apart from 
hardware requirements and the chemical compatibility of the polarizing 
agents with the target solution (Scheme 1). This feature renders OE-DNP 
highly attractive, despite its lower achievable enhancements (typically 
101–103) relative to dDNP, photo-CIDNP, or PHIP/SABRE.

Conceptually, OE-DNP originates from the seminal work by Over
hauser, who predicted that EPR saturation of conducting electrons in a 
metal should lead to an increased spin polarization of hyperfine-coupled 
nuclei. [2] Using the relaxation theory derived by Solomon [41], the 
Overhauser effect in liquids was initially reviewed by Hausser and 
Stehlik [3]. Several studies of liquid-state OE-DNP were conducted in 

Scheme 1. Representation of a high-field OE-DNP experiment, where the polarizing agent is mixed with the analyte solution and is pumped in situ by a microwave 
source. Left: enhancement of natural-abundant, quaternary 13C (13Cquat.) signals of a drug through heteronuclear hyperpolarization transfer. [39] Right: example of 
an OE-DNP enhanced 2D 13C–13C correlation experiment at natural 13C abundance. [40] ε represents enhancements and subscript “av” represents average of all 
nuclei in the molecule.
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the 1980–1990s by Müller-Warmuth [4], Dorn [42], and others. 
Although these studies were performed at low magnetic fields (up to 
about 1 T), they established the theoretical framework that served as a 
basis for current understanding of OE-DNP at higher magnetic fields. 
This theory, together with recent progress, is outlined in section 2.

The advent of commercially available high-frequency microwave 
(MW) sources enabled the extension of liquid-state OE-DNP to high 
magnetic fields up to 14 T. An early study was reported in 2002 by 
Griffin and coworkers at 5 T (ν(1H) = 211 MHz, ν(e− ) = 140 GHz), using 
a gyrotron as the MW source. [43] Later, Bennati and Prisner [44,45]
demonstrated 1H OE-DNP experiments at 3 and 9 T, respectively, for 
water doped with nitroxide radicals using EPR optimized resonant 
structures. Prisner and coworkers further implemented a high-power 
gyrotron in generating OE-DNP. [46] More recent developments of 
high-field liquid state OE-DNP have focused on overcoming the hard
ware challenges for simultaneously achieving high NMR resolution and 
sensitivity, as well as efficient MW excitation of the sample in the sub- 
THz frequency range. These efforts are reviewed in sections 3 and 4, 
which address EPR saturation behavior and probehead design princi
ples, respectively.

Finally, one of the most peculiar observations of liquid-state OE-DNP 
was the dipolar-driven, negative signal enhancements for 1H nuclei, 
which decay substantially with increasing magnetic fields. This behavior 
has been reviewed in detail in [14] and [15]. In contrast, studies in 2017 
and 2019 from Bennati and coworkers demonstrated sizable positive 
and scalar-dominated OE-DNP enhancements for 13C at intermediate 
(3.4 T) and high (9.4 and 14.1 T) magnetic fields, as reviewed in [16]. 
These findings highlight the critical influence of the electronic and 
chemical properties of the nucleus of interest. Since then, the commu
nity has witnessed substantial progress in elucidating high-field liquid- 
state OE-DNP mechanism and expanding its applications at 9 and 14 T. 
OE-DNP-enhanced one- (1D) and two-dimensional (2D) NMR experi
ments have been reported, and strategies for propagating hyperpolar
ization from strongly polarized sites across networks of coupled nuclei 
are emerging. While site-specificity of OE-DNP still remains a challenge, 
more general principles of protocols for practical application are 
becoming apparent. OE-DNP performance for different nuclei, along 
with emerging applications, are reviewed in section 5.

2. Theory of liquid-state OE-DNP

In the liquid state, the efficiency of OE-DNP is related to multiple 
factors, including strengths of the hyperfine and Zeeman interactions, 
timescale of molecular motions, efficiency of various relaxation path
ways, and the degree of EPR saturation. Relaxation rates and EPR 
spectral profiles are further dependent on the magnetic field at which 
OE-DNP is performed. As a result, rational optimization of the liquid- 
state OE-DNP requires detailed understanding of the underlying phys
ical and chemical principles. In the following section, we discuss the 
relaxation theory and its implications in OE-DNP at various magnetic 
fields. We then discuss insights into the microscopic OE-DNP process 
offered by computational chemistry, and ongoing efforts in describing 
OE-DNP with the Bloch-Redfield-Wangsness (BRW) theory.

2.1. Master equations

The interaction of an electron spin S = 1/2 coupled to a nuclear spin 
I = 1/2 is described by the spin Hamiltonian consisting of electron and 
nuclear Zeeman and hyperfine terms: 

Ĥ = μBB⋅g⋅Ŝ − μNgnB⋅Î + Ŝ⋅A⋅Î (1) 

where B is the vector for the external magnetic field, g the electronic g 
tensor, gn the isotropic nuclear g factor, A the hyperfine tensor, μB and μN 
the Bohr and nuclear magnetons, respectively. The hyperfine Hamilto

nian is written as a sum of the scalar Ĥ
sc 

and dipolar Ĥ
d 

parts as: [41,47]

Ĥ
sc
= AN

iso Ŝ⋅Î with AN
iso =

2μ0

3
geμBgnμNρα− β

N (2a)  

Ĥ
d
= kmgeμBgnμN

[
3(Ŝ⋅r)(r⋅Î)

r5 −
Ŝ⋅ Î
r3

]

(2b) 

where AN
iso in energy units is the isotropic hyperfine constant at the 

observed nucleus N, ge the isotropic g factor, and ρα− β
N the electron spin 

density operator at nucleus N, defined as the difference of contributions 
with electron spin α and β, km = μ0/4π in SI units, and r the distance 
vector between the electron and nuclear magnetic moments. Eqs. (2a) 
and (2b) can be also expressed in terms of the electron and nuclear 
gyromagnetic ratios γe und γn, with γe = − ge • μB/ℏ and γn = gn • μN/ℏ. 
The Hamiltonian (eq. (1)) gives rise to a system with four energy 
eigenstates, schematically depicted in Fig. 1. We note that the frequency 
of EPR transitions at a field of 9 Tesla is approximately 260 GHz, 
whereas the corresponding frequency of NMR transitions (≲ 400 MHz) is 
scaled according to γe/γn. The Boltzmann equilibrium polarization 
(population difference) of the EPR and NMR transitions is scaled by the 
same factor.

The OE-DNP enhancement, defined as ε = 〈̂Iz〉/I0 – the ratio of the 
nuclear spin expectation value along the external magnetic field over its 
equilibrium value – is induced by continuous on-resonance excitation of 
the EPR transitions. In liquids, the enhancement originates from cross- 
relaxation driven by rapid, random fluctuations of the hyperfine 
Hamiltonian. Early investigations of liquid-state OE-DNP and its theo
retical formulation were carried out by Hausser and Stehlik [3], as well 
as Müller-Warmuth [4] at low magnetic fields (B ≲1 Tesla) several de
cades ago, building on the theory of paramagnetic relaxation developed 
by Solomon and Bloembergen [41,48] and by Abragam [49]. Since key 
aspects of OE-DNP theory have been discussed in details in previous 
reviews, [3,4,14–16,50,51] we here recapitulate just briefly the essen
tial steps to provide the framework for discussing more recent obser
vations at high magnetic fields. The treatment starts with the master 
equations for the population changes in the four-level system (Fig. 1) 
under MW irradiation, which leads to a set of coupled differential 
equations: [3]

Fig. 1. Energy-level diagram of an S = 1/2 electron spin hyperfine coupled to 
an I = 1/2 nuclear spin with positive gyromagnetic ratio. wi mark transition 
probabilities per unit time; we and w1 correspond to electron and nuclear single- 
quantum transitions, respectively. w0 and w2 correspond to zero and double- 
quantum transitions, respectively, with the dashed lines representing their 
nature as forbidden transitions.
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d〈 Î z〉

dt
= − (w0 +2w1 +w2)(〈̂Iz〉 − I0 ) − (w2 − w0)(〈Ŝz〉 − S0 ) (3a)  

d〈Ŝz〉

dt
= − (w2 − w0)(〈̂Iz〉 − I0 ) − (w0 +2we +w2)(〈Ŝz〉 − S0 ) (3b) 

where wi are the transition probabilities per unit time, i.e. rates, as 
defined in section 2.2. w0 + 2w1 + w2 ≡ R1,para is the paramagnetic part 
of the nuclear relaxation rate, and w2 − w0 is the difference between the 
cross-relaxation rates. The electron (T1e) and nuclear (T1n) longitudinal 
relaxation times can be expressed as T1e = 1/(2we) and T1n= 1/(w0 +

2w1 + w2 + R1,dia), with R1,dia the diamagnetic nuclear relaxation. In a 
typical liquid-state OE-DNP experiment, the electronic spin relaxation 
(T1e ~ 102–103 ns) is orders of magnitude faster than the nuclear spin 
relaxation (T1n ~ 0.1–10 s). Under these conditions, eq. (3a) provides an 
adequate description of the nuclear relaxation. In contrast, eq. (3b)
becomes negligible for the electron spin, for which the relaxation is well 
described by the Bloch equation for an isolated S = 1/2 spin. Reaching 
steady state under continuous-wave (CW) MW irradiation, d〈 Î z〉/dt = 0, 
leads to: 

〈 Î z〉 = I0 +
w2 − w0

w0 + 2w1 + w2 + R1,dia
(S0 − 〈Ŝz〉 ) (3c) 

Rearranging eq. (3c) leads to the Overhauser equation: 

ε = 1 − ξ⋅f ⋅s⋅
|γe|

γn
(4) 

where the coupling factor ξ, the leakage factor f , and the saturation 
factor s have the following definitions: 

ξ =
w2 − w0

w0 + 2w1 + w2
(5a)  

f =
w0 + 2w1 + w2

w0 + 2w1 + w2 + R1,dia
(5b)  

s =
S0 − 〈Ŝz〉

S0
(5c) 

Specifically, the leakage factor (0 ≤ f ≤ 1) describes the contribution 
of paramagnetic relaxation to the total nuclear spin relaxation, and is 
maximized when diamagnetic relaxation becomes negligible. The satu
ration factor (0 ≤ s ≤ 1) describes the deviation of electron polarization 
from its equilibrium, and reaches s = 1 under complete saturation. Note 
that the definition of s here is opposite to that in the EPR literature, 
where s = 〈Ŝz〉/S0 and complete saturation corresponds to s = 0. [52].

The contributions of dipolar and scalar relaxation to the coupling 
factor (eq. (5a)) can be written through additive terms: [3]

ξ =
wd

2 − wd
0 − wsc

0

wd
0 + 2wd

1 + wd
2 + wsc

0
(6) 

In the limit of purely scalar relaxation, the coupling factor ap
proaches ξ = − wsc

0 /wsc
0 = –1. At the dipolar limit, ξ approaches +0.5, in 

analogy to the well-known nuclear Overhauser effect. [53] Altogether, 
considering coupling, leakage, and saturation factors, the OE-DNP 
enhancement ε can reach a theoretical limit of +|γe|/γn for scalar-only 
relaxation, and − |γe|/(2γn) for dipolar-only relaxation.

In practice, all three factors of ξ, f , and s, depend on the experimental 
conditions and may, in principle, be determined independently. Since 
the expression for f (eq. (5b)) can be rewritten as: 

f = 1 −
R1,dia

w0 + 2w1 + w2 + R1,dia
= 1 −

(
w0 + 2w1 + w2 + R1,dia

)− 1

(
R1,dia

)− 1

= 1 −
T1n

Tdia
1n

(7) 

the leakage factor can be determined by measuring the nuclear spin- 
lattice relaxation times in the presence (T1n) and absence (Tdia

1n
)

of the 
polarizing agent. Given suitable hardware, the saturation factor can be 
obtained from EPR or NMR measurements, as discussed in section 3. The 
coupling factor can be extracted from the experimentally obtained OE- 
DNP enhancement ε, f , and s, using eq. (4). In simple systems, the 
field dependence of ξ can be modelled using appropriate analytical ex
pressions for spectral densities, provided that the transient hyperfine 
coupling at the observed nucleus can be estimated or calculated by 
quantum chemical methods (sections 2.2–2.4). More recently, ap
proaches based on atomistic molecular dynamics simulations or nu
merical solutions of generalized Redfield theory have been proposed to 
estimate the coupling factors. These methods are illustrated in sections 
2.5 and 2.6.

2.2. Relaxation rates

The relation between transition probabilities per unit time (relaxa
tion rates) w0, w1, and w2 and the spectral density of the randomly 
fluctuating hyperfine Hamiltonian was derived by Solomon [41] and can 
be expressed as: 

wd
0 = kd⋅Jd(ωn − ωe, τd) (8a)  

wd
1 =

3
2
kd⋅Jd(ωn, τd) (8b)  

wd
2 = 6kd⋅Jd(ωn + ωe, τd) (8c)  

wsc
0 = ksc⋅Jsc(ωn − ωe, τsc) (8d) 

where ωn and ωe are the nuclear and electronic Larmor frequencies (in 
units of rad/s). The correlation times τd and τsc as well as the prefactors 
kd and ksc, for dipolar (d) and scalar (sc) relaxation, respectively, are 
defined in the following section.

Following the original treatment, [41] eqs. (8a-8d) can be derived 
from perturbation theory, which gives transition probabilities per unit 
time between two eigenstates |mi〉 and 

⃒
⃒mj
〉

(as) 

wij =
1
t

1
ℏ2

⃒
⃒
⃒
⃒
⃒
⃒

∫t

0

〈
mj|Ĥ(tʹ)mi

〉
e− iωij tʹdtʹ

⃒
⃒
⃒
⃒
⃒
⃒

2

(9) 

Here, |mi〉 and |mj
〉

correspond to eigenstates in Fig. 1, Ĥ(t) is the 
fluctuating hyperfine Hamiltonian, and ωij is the transition frequency. 
Under the assumption that the timescale of fluctuations is much faster 
than the observation window t (certainly valid for OE-DNP, since the 
former is of 0.1–102 ps for fast-tumbling systems in non-viscous solu
tion), the integral can be rewritten as an ensemble average taken over all 
nuclear sites at a given time. Using Abragam's notation [49], one 
obtains: 

〈
wij
〉

av =
1
ℏ2

∫∞

− ∞

〈
mi|Ĥ(t)mj

〉〈
mj|Ĥ

*
(t + τ)mi

〉
e− iωijτdτ = Jʹ(ωij, τ

)
(10) 

where 
〈
mi|Ĥ(t)mj

〉〈
mj|Ĥ

*
(t + τ)mi

〉
= Gmi ,mj (τ) is the autocorrelation 

function. The integral thus corresponds to the Fourier transform of 
Gmi ,mj (τ), resulting in the spectral density function Jʹ(ωij, τ

)
. The corre

lation function of a randomly fluctuating function follows an exponen
tial form, G(τ) = G(0)exp( − |τ|/τc ), with a characteristic correlation 
time τc. Subsequently, the Fourier transform yields a Lorentzian spectral 
density function: 

J'(ω, τc) = G(0)
2τc

1 + ω2τ2
c
= G(0)⋅J(ω, τc) (11) 
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In our case, where the fluctuating Hamiltonian is the hyperfine 
interaction, G(0) represents the prefactor in eqs. (8a-8d) for the different 
components of the hyperfine Hamiltonian. [41] Note that J'(ω, τc) and 
J(ω, τc) only differ by the prefactor. Eq. (11) dictates that the relaxation 
process defined by J(ω, τc), including cross-relaxation, becomes most 
efficient when τc is the on the order of 1/ω for fixed ω. This has 
important implications for OE-DNP with cross-relaxation at frequencies 
ωe ± ωn ≈ ωe (see eq. (8)). This point is illustrated in section 2.4. In the 
following sections, we use the abbreviations τd and τsc only in conjunc
tion with the Lorentzian function.

In practice, a Lorentzian spectral density often serves as an approx
imation for explaining experimentally observed OE-DNP enhancements 
and their magnetic field dependence. Several models have been devel
oped to describe the polarizing agent-analyte relative motions, which 
contribute to either scalar- or dipolar-driven relaxation. Reliable appli
cation and distinction of those models require measurement of OE-DNP 
coupling factors ξ at multiple magnetic fields (for instance, at 0.3 T, 1.2 
T, 3.4 T, and 9.4 T). In the following part, we describe models that have 
been validated against experiments, which mainly involves OE-DNP of 
13C and 1H.

2.3. Spectral density models for dipolar and scalar relaxation

For small molecules in solution, three phenomenological processes 
have been shown as relevant sources for random fluctuation of the 
polarizing agent-analyte hyperfine interaction – translational diffusion, 
rotational diffusion, and molecular collision. [3,16,54,55] The two 
diffusional processes modulate the intermolecular dipolar hyperfine 
coupling by changing the inter-dipole distance or orientation. The 
collisional process modulates the isotropic hyperfine coupling of the 
polarizing agent-analyte transient complex formed in solution.

The relative translational diffusion between the polarizing agent and 
the analyte was described by the hard-sphere force-free (HSFF) model 
[56–58], in which molecules are approximated as non-interacting rigid 
spheres undergoing Brownian motion. The corresponding spectral 
density function has the form: 

Jd,trans
(
ω, τd,trans

)
=

1 + 5z/8 + z2/8
1 + z + z2/2 + z3/6 + 4z4/81 + z5/81 + z6/648

(12) 

where z relates to the correlation time of the translational diffusion 
τd,trans and the frequency ω as through z =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2ωτd,trans

√
. This correlation 

time can be calculated from τd,trans = r2
d/D, where rd (in unit of m) is the 

distance of polarizing agent-analyte closest approach, and D is the sum 
of the diffusion coefficients of the polarizing agent and the analyte (in 
unit of m2/s). The corresponding prefactor in eqs. (8a-c) takes the form: 

kd,trans =
32000π

405

(μ0

4π

)2
⋅

NACγ2
ng2

e μ2
BS(S + 1)

rdD
(13) 

where NA is the Avogadro constant, C is the polarizing agent concen
tration (mol•L− 1). For typical organic molecules with molar mass below 
approximately 700 Da, τd,trans ranges from 101 to 102 ps. We note that rd 
may not equal exactly the distance between the centers of mass of the 
molecules, or that between the dipolar-coupled electron and nuclear 
spins. This effect has been studied in the context of NMR relaxation 
[59,60], and recently, also in OE-DNP at multiple magnetic fields [61].

Dipolar relaxation can further include contributions from rotation of 
the transiently-formed polarizing agent-analyte complex (so-called 
inner-sphere relaxation). Under the approximation that the interacting 
spins are located at the centers of the spheres, the spectral density can be 
represented by a Lorentzian function: [4,58]

Jd,rot
(
ω, τd,rot

)
=

2τd,rot

1 + ω2τ2
d,rot

(14) 

with τd,rot being the rotational correlation time, which can be extracted 
from line shape analysis of EPR spectra if the polarizing agent displays g 
and hyperfine anisotropy, such as in nitroxide radicals. For nitroxide and 
galvinoxyl (2,6-di-tert-butyl-α-(3,5-di-tert-butyl-4-oxo-2,5-cyclo
hexadien-1-ylidene)-p-tolyloxy) polarizing agents employed in high- 
field OE-DNP, τd,rot typically lies in the range of 100 to 102 ps in low- 
viscosity organic solvents such as toluene, carbon tetrachloride (CCl4), 
and dimethyl sulfoxide-methanol mixtures. [62–64] When the nitroxide 
radicals are anchored onto larger particles, such as fullerenes [62,65]
and nanoparticles [66], τd,rot can reach up to hundreds of picoseconds. 
Unlike translational diffusion, rotational diffusion has been more diffi
cult to quantify when analyzing the OE-DNP profile. The prefactor in 
eqs. (8a-c) is given by: [58]

kd,rot =
2
15

fM

(μ0

4π

)2
⋅
γ2

ng2
e μ2

BS(S + 1)
r6 (15) 

where r is the distance between the electronic and nuclear spins in the 
bound position, and fM is the mole fraction of the analyte in the com
plexes state.

Modulation of isotropic, intermolecular hyperfine coupling with the 
target nucleus results from molecular collisions, which can be described 
analytically by the so-called pulse model. [54,67] This model invokes 
the formation of a polarizing agent-analyte transient complex stabilized 
by non-covalent interaction, a prerequisite for Fermi contact that relies 
on orbital overlap and through-bond radical-to-analyte spin polarization 
transfer. Intermolecular collision events can be described by Poisson 
statistics, with each collision represented by a peak (“pulse”) in the 
hyperfine coupling at the nucleus, [68] while possessing characteristic 
collision frequency τ− 1

p and collision duration τcol (Fig. 2).

Fig. 2. Schematic representation of the temporal fluctuation of the isotropic 
hyperfine constant Aiso(t) as described by the pulse model. Red and gray shaded 
peaks represent two types of collisions with Lorentzian pulse shapes but 
different characteristic durations. Adapted from ref. [64]. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article.)

Scheme 2. Structure of selected polarizing agents for high-field liquid-state 
OE-DNP.
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When the pulses are approximated by Lorentzian profiles, the spec
tral density function for scalar relaxation can be derived analytically as: 
[54,67]

Jsc(ωe) =
∑

i

4π2

τp,i

〈
A2

i

〉

h2

[
τcol,iexp

(
− ωeτcol,i

) ]2 (16) 

where 
〈
A2

i
〉

is the mean squared amplitude of the isotropic hyperfine 
interaction (in energy units), and the sum runs over different types of 
collisions i. The prefactor in eq. (8d) takes the form k = 2S(S + 1)/3, 
which becomes 1/2 for an S = 1/2 polarizing agent. This mechanism has 
been shown to produce substantial enhancements at intermediate [69]
and high magnetic fields (up to 14 Tesla). Quantitative studies of 
representative systems, such as complexes of the nitroxide 4-oxo- 
2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPONE) with chloroform 
(CHCl3) and CCl4, 1,3-bisdiphenylene-2-phenylallyl (BDPA) with tri
phenylphosphine, as well as galvinoxyl (see Scheme 2 for polarizing 
agent structures) with hexafluorobenzene are reviewed in detail in 
section 5.1. For these systems, τp,i are approximately 101 ps, and τcol,i are 

on the order of 10− 1 to 101 ps. Importantly, among the three processes 
discussed above, scalar coupling behaves as the only one that can be 
modulated on the sub-picosecond timescale. Indeed, collision is ex
pected to produce small changes in bond lengths and orbital overlap, 
which are sufficient for inducing considerable changes in the spin po
larization transfer mediated by molecular orbital overlap. For eq. (16), 
one can readily see that the maximum of each contribution is found at 
ωeτcol,i ≈ 1 for fixed ωe. At 9.4 T, where the OE-DNP frequency is ω/2π ≈
263 GHz, we expect most efficient relaxation at τcol,i ≈ 0.6 ps. Therefore, 
sub-picosecond dynamics becomes key for improving the efficiency of 
liquid-state OE-DNP at high magnetic fields.

2.4. Field dependence of OE-DNP enhancements

Combining eqs. (6) and (8), the OE-DNP coupling factor can be 
expressed as: 

ξ =
5kd⋅Jd(ωeτd) − ksc⋅Jsc(ωe)

7kd⋅Jd(ωeτd) + 3kd⋅Jd(ωnτd) + ksc⋅Jsc(ωe)
(17) 

We note that the similar expression derived by Hausser and Stehlik 
[3] contains an additional term describing the scalar relaxation of the 
second kind, i.e. when the electron spin relaxation T1e becomes a source 
of time dependence for the scalar coupling and subsequently induces 
nuclear transitions. However, experimental evidence shows that for 
organic polarizing agents T1e is on the order of ≳ 100 ns (see section 3) 
and τcol ≲ 1 ps for molecular collisions (see section 2.3), thus precluding 
the need of this additional term.

Since dipolar and scalar relaxation generally coexist and contribute 
with opposing effects, the OE-DNP efficiency depends critically on the 
chemical system and the involved spectral densities of molecular mo
tion. For instance, for 1H OE-DNP, only dipolar-driven enhancements 
have been reported to date up to 14 Tesla, and scalar relaxation is 
essentially negligible. However, for heteronuclei such as 13C, 19F, and 
31P, both dipolar and scalar mechanisms have been observed, with 
several examples discussed in section 5.

For a better understanding of the field dependence, ξ can be 
expressed in terms of the measurable relaxation rate R1 = 1

/T1 
and its 

paramagnetic and diamagnetic components, R1 = R1,para + R1,dia, with: 
[16]

ξ =
5
7

[

1 −
3kd⋅Jd(ωnτd)

R1,para

]

−
12
7

R1,scalar

R1,para
(18) 

Within this formulation, the coupling factor can be computed as a 
function of the scalar contribution R1,sc to the total paramagnetic 
relaxation, R1,scalar/R1,para. Fig. 3a plots a representative field 

Fig. 3. (a) Magnetic field dependence of the coupling factor calculated with eq. (18) as a function of 100 ×
(
R1,scalar/R1,para

)
for mixed scalar and dipolar relaxation, 

using one single correlation time τd = τsc = 20 ps as well as Lorentzian spectral densities. (b) Magnetic field dependence of normalized spectral densities for 
translational diffusion (HSFF model, red), rotational diffusion (Lorentzian model, blue), and molecular collision (pulse model, purple) with correlation times relevant 
for small molecules in solutions (given in the inset). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)

Fig. 4. Selected time-dependence traces of the 13C isotropic hyperfine inter
action between CHCl3 molecules and the TEMPONE polarizing agent, as eval
uated by MD and DFT analysis (time resolution 0.2 ps). Cluster of spikes of the 
hyperfine constant Aiso(t) represents hydrogen bond-like polarizing agent- 
analyte interaction. Dashed lines mark time points when hydrogen bond-like 
complex jumps from one CHCl3 molecule to another. The traces of CHCl3 that 
form a long (> 20 ps) transient complex with TEMPONE are highlighted in 
colors. Adapted from ref. [64].
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dependence of ξ as a function of R1,scalar/R1,para, calculated with τd = τsc =

20 ps, assuming Lorentzian spectral density functions for both 
Jsc(ωe, τsc) and Jd(ωn, τd). As can be seen, ξ decays more slowly at high 
magnetic fields as R1,scalar/R1,para (increases).

In reality, however, different molecular processes lead to different 
spectral densities as illustrated in section 2.3. This is illustrated in 
Fig. 3b, where the spectral densities are calculated using realistic models 
and correlation times discussed in section 2.3 – HSFF model for trans
lational diffusion (eqs. (12− 13)), Lorentzian function for rotational 
diffusion (eqs. (14–15)), and pulse model for molecular collision (eq. 
(16)). The calculations evidently show that at high magnetic field, scalar 
relaxation remains as the only mechanism for inducing OE-DNP.

2.5. Molecular dynamics predictions of OE-DNP

While analytical models provide a phenomenological description of 
molecular dynamics (MD) of the polarizing agent/analyte pair and allow 
interpretation of the experimental data, a more accurate description 
with atomistic details can only be obtained with MD simulations. 
Compared to an analytical approach, numerical methods become 
beneficial if the complexity of the system exceeds what a model can 
describe, for instance, when multiple types of interactions and molecular 
motions coexist, [61] or when complex local and internal motions, as 
well as chemical interactions, must be taken into account.

So far, computational analysis of liquid-state OE-DNP has been re
ported only for a few selected systems, mainly focusing on 1H and 13C. 
Multiple studies by Sezer and coworkers have investigated the interac
tion of nitroxide radicals with water, acetone, and CHCl3 at various 
magnetic fields. [70–74] A recent report by Orlando and coworkers [64]
employed MD simulations in combination with density function theory 
(DFT) calculations to predict the time-dependent hyperfine couplings A 
(t) for 13C in the CHCl3/TEMPONE system. The computed Am(t) trajec
tories (Fig. 4) for multiple 13C nuclei labeled by m were used to 
numerically evaluate the autocorrelation function G(t) (see also eq. 
(10− 11)): 

G(t) =
∑

m
Gm(t) ∼

∑

m
〈Am(τ)⋅Am(τ + t) 〉τ (19) 

The corresponding spectral density function was subsequently ob
tained by a numerical one-sided Fourier transform of G(t): [71]

JSC(ωe) = Re
{∫ ∞

0
G(t)exp( − iωet)dt

}

(20) 

This approach enabled the direct comparison of experimentally 
measured, field dependent coupling factors with simulations based on 
analytical expressions (eq. (16)), the BRW theory (see section 2.6), and 
the numerical predictions from molecular dynamics.

One important insight from this report is that slow (101 ps) pro
cesses, for instance, those involving hydrogen bonds, do not exclude the 
existence of fast (< 1 ps) dynamics, the latter of which are crucial for 
achieving OE-DNP at high magnetic fields. Indeed, sub-picosecond 
fluctuations have been observed on top of a slow, tens-of-ps process 
related to CHCl3-nitroxide hydrogen bonds (Fig. 4).

Classical MD, however, inherently neglects quantum mechanical 
effects, such as structural change and electronic spin density redistri
bution upon formation of polarizing agent-analyte transient complexes. 
Towards this end, Dai and coworkers applied a quantum mechanics/ 
molecular mechanics (QM/MM) approach to study the 13C OE-DNP ef
fect of indole and CCl4 induced by nitroxide radicals. [75] Indeed, QM/ 
MM revealed sub-picosecond fluctuation of molecular structure and 
electron spin density distribution, and suggested that polarizing agent- 
analyte hydrogen bonding exerts a major influence on the OE-DNP ef
fect of indole. Nevertheless, no clear correlation between these fluctu
ations and the 13C DNP enhancements could be established for the 
different carbons of indole, reflecting the complexity of the liquid-state 
OE-DNP process. Additionally, it is worth noting that simulating 

molecular motions relevant to OE-DNP usually involves computational 
description of the system over multiple orders-of-magnitude in time
scale, from 103 ps down to ~0.01 ps, posing significant challenge for 
computational modeling.

2.6. Numerical methods for Bloch-Redfield-Wangsness theory

The derivation of liquid-state OE-DNP enhancements based on the 
theory of Solomon, Bloembergen, Hausser, and Stehlik considers a 
specialized case of one S = 1/2 electron coupled to one I = 1/2 nucleus. 
The relevant Hamiltonians include Zeeman and hyperfine interactions. 
In reality, NMR analytes almost always consist of multiple NMR-active 
nuclei. Other perturbations, such as chemical shift anisotropy, g- 
anisotropy, electronic or chemical exchange, quadrupolar effects, and 
potential cross-correlation might induce electron-nuclear cross-relaxa
tion as well. For a more generalized description of the OE-DNP process, 
reports have explored BRW relaxation theory, of which the Solomon- 
Bloembergen description is a special case.

BRW theory assumes that the stochastic processes responsible for the 
time-dependent coefficients in the perturbation Hamiltonian are sta
tionary random functions. [76,77] The perturbation Hamiltonian is split 
into a static part Ĥ0 and a stochastic part Ĥ1(t). The hat symbol corre
sponds to operators in Hilbert space. In this section, the Hamiltonians 
are given in angular frequency units. The rate of change of the density 
matrix of the spin system in Liouville space is: 

dρ̂
dt

= − i ̂̂H0 ρ̂ −
̂̂R
(

ρ̂ − ρ̂eq
)

(21) 

where ̂̂R is the relaxation superoperator, ̂̂H0 is the static Hamiltonian 
superoperator of [Ĥ0, ρ], ρ̂ is the Liouvillian density operator, and the 
subscript eq represents thermal equilibrium. For mathematical conve
nience, the stochastic Hamiltonian is expressed as a linear combination 

of spin basis superoperators (often irreducible spherical tensors) ̂̂Q times 

the spatial component D(t): ̂̂H1(t) =
∑

kqDkq(t)
̂̂Qkq. ̂̂R then becomes: 

̂̂R = −
∑

k,q

∑

kʹ,qʹ

∫ +∞

0

〈
Dkq(0)D*

kʹqʹ(τ)
〉
̂̂Qkqexp( − i ̂̂H0τ) ̂̂Q

†

kʹqʹexp(i ̂̂H0τ)dτ

(22) 

with k, q the spherical harmonics indices, and the average of the hy
perfine fluctuation incorporated into Ĥ0.

From a computational point of view, the most expensive object in the 
simulation of liquid state OE-DNP experiments is the relaxation super

operator. When an analytical expression for ̂̂H1(t) is available, three 

major avenues exist for evaluating ̂̂R . First, when Ĥ0 is simple enough to 
diagonalize, Q̂kq satisfies 

exp( − iĤ0τ)Q̂kqexp(iĤ0τ) = exp
(
− iωkqτ

)
Q̂kq (23) 

where ωk is defined by the commutator 
[
Ĥ0, Q̂kq

]
= ωkq Q̂kq. [76,77] The 

integral in eq. (22) then reduces to a sum of Fourier transforms: 

̂̂R = −
∑

k,q

∑

kʹ,qʹ

̂̂Qkq
̂̂Q

†

kʹqʹ

∫ +∞

0

〈
Dkq(0)D*

kʹqʹ(τ)
〉

exp
(
− iωkqτ

)
dτ (24) 

Specific assumptions about the stochastic process in ̂̂H1(t) have been 
reviewed in the NMR literature [78]. The disadvantage of this method is 
the need to solve 

[
Ĥ0, Q̂kq

]
, which becomes impractical for large spin 

systems when Ĥ0 contains terms beyond simple Zeeman interactions. 
Second, eq. (22) could be solved by brute-force numerical integration 
under common magnetic resonance conditions (transition frequencies 
below 1 THz; 〈D(0)D*(τ) 〉 decay below 100 ns), where numerical 
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quadratures work well. [79] This route avoids diagonalization and is 
compatible with restricted Liouville space, [80] which has thus enabled 
the first Liouville-space time-domain NOESY simulation of an entire 
protein. [81] Nevertheless, this approach can still require thousands of 
expensive matrix operations. The third option is the auxiliary matrix 
method. When the autocorrelation function can be expressed as a linear 
combination of exponentials, 

∑
nane− λnt, Redfield's integral may be 

computed in one matrix operation using the general block matrix rela
tion: [82–84]

exp
[(

A B
0 C

)

t
]

=

(
eAt eAt

∫ t

0
e− AτBeCτdτ

0 eCt

)

(25a) 

In the context of liquid-state OE-DNP, this translates into: [85]
∫ T

0
e− iH0τQei(H0τ+iλ1)τdτ = F†G 

(
F G
0 …

)

= exp
[(

iH0 Q
0 iH0 − λ1

)

T
]

(25b) 

with T chosen to be large enough to converge on the upper limit (in this 

equation, H0 was used instead of Ĥ0 for simplicity). Since all matrices 
appearing in this equation are very sparse and only their products are 
needed, this method is efficient and GPU-friendly. The auxiliary matrix 
method is implemented in the spin dynamics simulation package 
Spinach, where the capability is only limited by storing the resulting 
matrix, not by the superoperator dimension. [85].

Another attractive aspect of BRW theory is its readiness for inte
gration with numerical simulation methods based on MD and DFT, as 
discussed above. For complete numerical analysis, the Redfield integral 
is evaluated without being opened up: [86,87]

̂̂R = −

〈∫∞

0

̂̂H1(0)exp( − i ̂̂H0τ) ̂̂H1(τ)exp(i ̂̂H0τ)dτ
〉

(26) 

To evaluate this integral, two further numerical convergence con
ditions are required: [86].

(a) The upper limit of the improper integral should satisfy: 
⃦
⃦
⃦
⃦
⃦
⃦

∫T

0

(…)dτ

⃦
⃦
⃦
⃦
⃦
⃦
>>

⃦
⃦
⃦
⃦
⃦
⃦

∫∞

T

(…)dτ

⃦
⃦
⃦
⃦
⃦
⃦

(27a) 

for sufficiently long but finite time T.
(b) The squared standard deviation of the mean must be much 

smaller than the mean-squared: 

1
N
‖〈(…)(…)

†
〉 − 〈(…) 〉〈(…)

†
〉 ‖«‖〈(…)(…)

†
〉 ‖ (27b) 

where the dots in round brackets in eqs. (27) represent the integral in eq. 
(26) and N is the number of samples. In practice, a sufficiently long MD 
trajectory is required. It may be cut into enough statistically indepen
dent strips to satisfy eq. (27b), while each strip is simultaneously long 
enough to satisfy eq. (27a). This routine is implemented in the ngce.m 
function of Spinach, [88] where calculation of the scalar autocorrelation 
function can be avoided. While this method is gaining popularity with 
increasingly affordable MD and electronic structure calculations, 
particularly with neural network frame interpolation, [89] the proced
ure does not allow interpretation of the physics of the relaxation dy
namics. For OE-DNP involving two hyperfine-coupled spin-1/2 centers, 
BRW theory has been validated for 1H for several protonated solvents by 
Sezer and coworkers [73,74] and for 13C for CHCl3 by Orlando and 
coworkers [64], as described in the previous section. In case of CHCl3, 
assuming that cross-relaxation is dominated by the scalar hyperfine 
interaction, the stochastic part of the Hamiltonian, discussed above, was 
given by Ĥ1(t) = A(t) • Ĥ

sc 
with Ĥ

sc 
being the scalar part of the hyper

fine Hamiltonian as defined in eq. (2a). The autocorrelation function 
was expressed as a linear combination of exponential decays with 
different weights and the cross-relaxation rate resulted in a Lorentzian 
spectral density function. Comparison of the BRW and Solomon ap
proaches against variable-field experimental spectral densities and 
coupling factors did not show an obvious preference for either theory, 
also when rotational and translational correlation, respectively, were 
used to describe dipolar relaxation, see Fig. 5. The results supported the 
semi-classical approach used so far to model OE-DNP coupling factors. 
Nevertheless, the semi-classical approach becomes too simple for mo
lecular systems with multiple nuclei and more complex dynamics.

One interesting insight from BRW theory is the potential advantage 
of cross-correlation between hyperfine interactions and chemical shift 
anisotropy in inducing DNP effects in the liquid-state at high magnetic 
fields. Cross-correlation is a consequence of synchronous tumbling of 
different interaction tensors caused by a common molecular motion, 
such as rotational diffusion. In NMR spectroscopy, cross-correlation 
between inter-nuclear dipolar interactions and chemical shielding ten
sors is responsible for the TROSY effect (TROSY = transverse relaxation- 
optimized spectroscopy) [90], used in the determination of structures of 
thousands of proteins. [91] Cross-correlation between g-tensors and 

Fig. 5. (a) 13C coupling factor as a function of the external magnetic field for 
CHCl3 doped with TEMPONE. Comparison of simulations based on semi- 
classical relaxation theory and with the full BRW treatment with Spinach, 
which include a distribution of collisional times (shaded area). The best 
agreement (solid lines) was obtained with 2τsc,1 = 0.5 ps and 2τsc,2 = 24 ps for 
the semi-classical model and 2τsc,1 = 0.8 ps and 2τsc,2 = 30 ps for the full BRW 
treatment. The coupling factor calculated with numerical simulations (MD/ 
DFT) is from ref. [74]. (b) Scalar and dipolar spectral density functions from the 
models used to simulate the coupling factors. Reproduced from ref. [64].
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hyperfine tensors is capable of inducing CIDNP, [18] and is responsible 
for variation in the EPR line widths across hyperfine multiplets in liq
uids. [92] In terms of liquid-state DNP, Concilio and coworkers recently 
showed that the overall rate of the following process under MW irradi
ation: [93]

Ŝz →MW Ŝ± ̅̅̅̅→
HF− g 2Ŝ± Î z →MW 2Ŝz Îz ̅̅̅̅̅̅→

HF− CSA Îz (28a) 

actually increases with the magnetic field (here HF-g and HF-CSA 
represent cross-correlation between hyperfine-g tensor and hyperfine- 
chemical shift tensor, respectively), because the rate of the HF-g cross- 
correlation process increases with the field due to the combination of 
the electron Zeeman interaction with the field-independent J(0) term in 
the spectral density: [93]

w(Ŝ±→2Ŝ± Î z)∝[4J(0) +3J(ωe) ], J =
τ

1 + ω2
e τ2 (28b) 

To date, no experimental observations of this mechanism have yet 
been reported. However, it poses an interesting alternative for over
coming a common challenge in high-field liquid-state DNP.

2.7. Other mechanisms for DNP in liquids

Liquid-state OE-DNP becomes most efficient when molecular mo
tions that modulate electron-nucleus hyperfine coupling occur on the 
same timescale as the electronic spin resonance frequency, which is in 
the sub-picosecond time scale. One way around this challenge might be 
to tune the electronic spin resonance frequency to lower frequencies by 
introducing a strong interaction, for instance a second electronic spin. 
The ensuing electron-electron exchange coupling is an isotropic inter
action that is strong enough [94,95] and easily tunable, as it depends 
exponentially on the inter-electron distance [96]. In principle, it is easier 
to handle than zero-field splitting, which has much more complex 
anisotropic properties.

That is the idea behind the liquid-state JDNP mechanisms proposed 
by Concilio and coworkers, [93,97–100], who proposed theoretically 
that, in the presence of large inter-electron exchange coupling, a 
nuclear-state-dependent difference appears in the relaxation rates of 
electron singlet and triplet states. For a system with two electrons and a 
nucleus undergoing stochastic rotational diffusion, when the exchange 
coupling is set to ωex = ωe ± ωn and the magnetic field is high enough 
that (ωe ± ωn)

2τ2 >> 1, differences appear in the relaxation rates of the 

two-electron singlet and triplet manifolds according to BRW theory: 
[93,97–100]

R
[
Ŝβ
]
− R[Ŝα] ≈

ℵΔZ,ΔAB0

15
J(ωn)+

Δ2
ΔA

36
J(2ωn) (29a)  

R
[
T̂{±,0},β

]
− R
[
T̂{±,0},α

]
≈

ℵΔZ,ΔAB0

15
J(ωn) −

Δ2
ΔA

36
J(2ωn) (29b) 

where Ŝβ denotes the two-electron singlet state with nuclear spin β, T̂+,α 
the upper projection of the two-electron triplet state with nuclear spin α, 
etc., Δ2 is the second-rank norm-square and ℵA,B is the scalar product of 
the interaction tensors [101]. Such differences generate non-equilibrium 
nuclear populations.

One key implication of such relaxation rate differences is that the 
nuclear polarization can be transiently driven out of equilibrium 
without external perturbations like MW irradiation, after the radicals 
are mixed into the NMR sample [97]. While it alone remains “single- 
shot” because electronic and nuclear populations will eventually reach 
equilibrium (essentially a TROSY-type cross-correlation process [102]), 
it has been theoretically proposed that the polarization can be contin
uously pumped into the nuclear subspace by field cycling. [98–100] So 
far, JDNP has not been observed experimentally, because its matching 
requires broadly but precisely sweepable superconducting magnets. 
Nevertheless, it remains as an attractive alternative to be explored for 
liquid-state hyperpolarized NMR.

An interesting alternative for hyperpolarizing viscous liquid-state 
samples has been recently explored in the context of 1H DNP. In 

Fig. 6. 263 GHz CW EPR spectra of TEMPONE-15N-d16 in CCl4 (blue, C ≈ 2 mM), CHCl3 (red, C ≈ 2 mM), and H2O (black, C ≈ 10 mM) with N@C60 as g factor 
reference, which was calibrated in-house to a carbon fiber [113]. Reproduced from [40]. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)

Table 1 
Isotropic g factors of selected polarizing agents obtained from CW-EPR spectra 
collected at 9.4 T. N@C60 or BDPA-d21 were used as internal standards. 
Reproduced with permission from [40].

Polarizing agent Solvent giso

BDPA-d21 Toluene 2.0025
N@C60 CCl4 2.0022
N@C60 CHCl3 2.0022
Galvinoxyl Toluene 2.0044
TEMPONE-15N-d16 Toluene 2.0059
TEMPONE-15N-d16 CCl4 2.0062
TEMPONE-15N-d16 CHCl3 2.0060
TEMPONE-15N-d16 H2O 2.0057
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viscous media, where restricted molecular motion prevents complete 
averaging of the anisotropic dipolar electron-nuclear hyperfine inter
action, the system can exhibit solid-effect (SE) DNP while retaining 
liquid-state NMR characteristics. [103–107] In this case, the polarizing 
agent's rotational correlation time is slow on the EPR timescale but still 
fast on the NMR timescale. The proposed SE-DNP hyperpolarization 
mechanism possesses analogy to its solid-state counterpart – initial 
direct transfer occurs from the polarizing agent to nearby nuclei by 
direct excitation of the zero- or double-quantum transitions, followed by 
polarization propagation via molecular diffusion as opposed to spin- 
diffusion in solids. [104] Besides a suitable molecular motion, SE-DNP 
in viscous liquids requires a narrow-line polarizing agent and high 
MW power, such that the forbidden transitions can be excited suffi
ciently. Detailed theoretical descriptions have successfully modelled SE- 
DNP behavior in these systems, [106,108] including a transition back to 
OE-DNP when a fast-tumbling radical (4-hydroxy-2,2,6,6-tetrame
thylpiperidin-1-oxyl; TEMPOL) is used to hyperpolarize a lipid bilayer 
[109].

3. Electronic saturation and the role of EPR in liquid-state OE- 
DNP

Optimization of OE-DNP enhancements requires EPR characteriza
tion of the polarizing agents, including knowledge of their saturation 
factor with the available MW B1e at the sample position. This involves 
determination of the isotropic (average) g factor and hyperfine splittings 
of the polarizing agent in specific solvent environments, as well as their 
T1e and T2e at the OE-DNP magnetic field. In addition, estimation of the 
MW B1e delivered by the specific hardware configuration is also 
required. To date, several studies have presented EPR measurements 
within liquid-state OE-DNP setups utilizing specialized probe heads with 
EPR capabilities. Alternatively, determination of g factors and saturation 
can be performed ex situ. An EPR-based approach of quantifying elec
tronic saturation may rely on techniques such as CW EPR, pulsed EPR, or 
electron-electron double resonance (ELDOR). In contrast, an NMR-based 
approach estimates saturation based on paramagnetic shift changes of 
the analytes upon MW irradiation. These methods will be reviewed 
below.

3.1. Characterization of the polarizing agents

In the context of liquid-state OE-DNP, common polarizing agents are 
characterized by EPR linewidths on the order of a few MHz. Therefore, 
saturation of the electron spin resonance necessitates precise knowledge 
of radical g factors. At a magnetic field of 9.4 T, an offset of Δg = 0.001 
from the free-electron g factor translates to ~13 MHz shift in the reso
nance frequency near 263 GHz. This shift already surpasses the spectral 
width (≤ 1 MHz) of a typical CW gyrotron. [110–112] The EPR line 
shape, and subsequently the line width, results from several factors, 
including the g factor, hyperfine interaction, their anisotropies, the 
sample inhomogeneity, molecular dynamics, and electron spin relaxa
tion times. Many of these parameters cannot be extracted from mea
surements at lower magnetic fields. Consequently, direct EPR 
measurements at the OE-DNP magnetic field becomes the most reliable 
way of determining optimal saturation conditions.

Characterization of polarizing agents at high magnetic field (≥ 3 T) 
in the context of liquid-state OE-DNP has so far been focused on selected 
organic radicals (Scheme 2), particularly nitroxides 
[40,63,69,114–117]. Other radicals, such as BDPA [43] and galvinoxyl 
[39,40,118], have also sometimes been employed in high-field OE-DNP 
experiments. As evident from high-field EPR studies (Fig. 6), the radical 
isotropic g factors are solvent dependent. This effect is well-documented 
in the EPR literature and can arise from stabilization or destabilization 
of the singly-occupied molecular orbital (SOMO) of the radical due to 
differences in solvent polarity, solvation shell structure, or radical- 
solvent non-covalent interaction. [119–123] For example, Levien and 

coworkers reported isotropic g factors for TEMPONE-15N-d16 dissolved 
in CCl4, CHCl3, and H2O, recorded using a 263 GHz EPR spectrometer 
and with either N@C60 or BDPA-d21 as internal g factor references 
(Fig. 6, Table 1). [40] The g factor of N@C60 was calibrated at 263 GHz 
against carbon fiber [113], whereas that of BDPA-d21 was taken from 
ref. [124]. In this case, solvent variation led to a shift of about 65 MHz 
(corresponding to 2.3 mT) in the EPR resonance frequency. This sample- 
dependent shift underscores the necessity of frequency-tunable MW 
sources or a sweepable NMR magnet for high-field liquid-state OE-DNP 
experiments.

3.2. Determination of saturation factors by EPR methods

The saturation factor is a critical parameter in OE-DNP, as it con
tributes multiplicatively with the coupling factor in determining the 
enhancement ε (eq.(4)). Therefore, a saturation factor close to unity can 
partially compensate for a weaker coupling factor. This is the case for 
polarizing agents such as BDPA or galvinoxyl, where small hyperfine 
couplings to 1H result in a single, inhomogeneously broadened EPR line. 
Such an EPR profile is generally easier to saturate than the three-line 
EPR spectra of nitroxide radicals (or two-line if 15N labeled). Addition
ally, better saturation is often encountered when the polarizing agent 
possesses relatively long T1e and T2e relaxation times. In this section, we 
review the current understanding of the saturation behavior of polar
izing agents, with a focus on nitroxide radicals, which have been most 
extensively studied at both low and high magnetic fields.

For a spin-1/2 polarizing agent with a homogeneous EPR line that is 
continuously irradiated on-resonance, the OE-DNP saturation factor can 
be calculated from the Bloch equation as: [125]

s =
S0 − 〈Ŝz〉

S0
= 1 −

1
1 + γ2

SB2
1eT1eT2e

=
γ2

SB2
1eT1eT2e

1 + γ2
SB2

1eT1eT2e
(30a) 

Fig. 7. ELDOR experiment for TEMPONE-15N-d16, which has two hyperfine 
lines, in water at room temperature at X-band frequency. The pulse sequence is 
depicted in the inset. The normalized EPR FID intensity of the hyperfine line at 
9.74 GHz is plotted as a function of the frequency of the saturating pulse and for 
different concentrations of the radical. Adapted with permission from 
ref. [127].
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where 〈Ŝz〉 denotes the expectation value of the electron spin in z-di
rection along the external magnetic field, and S0 is its value at thermal 
equilibrium. B1e is the MW field strength, while T1e and T2e are the 
electron longitudinal and transverse relaxation times. The saturation 
factor takes values between 0 and 1, with unity corresponding to 
maximal saturation. If the electron spin is hyperfine coupled to nearby 
nuclear spins, pumping of one hyperfine transition can lead to partial 
saturation of the other transitions through Heisenberg spin exchange 
mediated by intermolecular radical-radical collision. At room tempera
ture and in liquids, the nuclear spin (T1n ~ 0.1–100 s) relaxes much more 
slowly than the electronic spin (T1e ~ 100–1000 ns). Subsequently, the 
nuclear spin appears static on the timescale of electron spin relaxation, 
allowing the cross-relaxation rates to be approximated by a single 
exchange-induced rate, wex = w2 ≈ w0 = cKx, with c being the polar
izing agent concentration and Kx being the concentration-normalized 
exchange rate. [126] Following this approximation, Türke and co
workers derived the analytical expression for the effective saturation 
factor seff of a perdeuterated, 15N-enriched two-line nitroxide radical: 
[127,128]

seff =
s1 + s2

2
=

1
4γ2

e B2
1eT2e[2(we + wn) + cKx ]

1
4γ2

e B2
1eT2e(4we + 2wn + cKx) + we[2(we + wn) + cKx ]

(30b) 

Here, seff represents the average saturation of the individual EPR 
transitions, while we = 1/2T1e and wn = 1/2T1n are the electronic and 
nuclear spin-lattice relaxation rates, respectively. Perdeuteration elim
inates large hyperfine couplings to 1H, such that the two 15N hyperfine 
lines can be considered as homogeneously broadened. Similar, albeit 
more complex, expressions have also been derived for a three-line 
nitroxide radical (with 14N) assuming full saturation of the irradiated 
transition. [65].

One method for directly measuring the effective saturation factor, 
seff , is electron-electron double resonance (ELDOR), which requires a 
pulse EPR instrument operating with two independent MW channels and 
a resonator, whose bandwidth is comparable to the radical spectral 
width. [127–129] During an ELDOR experiment, the radical is saturated 
with a long pulse (i.e., a pump) at a frequency offset from the detection 
frequency, while the EPR signal is detected at a fixed probe frequency. 
During the experiment, the pump frequency is swept stepwise across the 
full EPR spectrum of the polarizing agent (inset of Fig. 7). The saturation 
levels of each individual EPR transition, si, can be directly calculated by 
comparing the ELDOR effect, i.e., reduction of the signal intensity, with 
a reference background collected with the pump frequency set off- 
resonance (Fig. 7). The resultant seff is the arithmetic mean of si: 

seff =
1
n
∑n

i=1
si (31) 

To date, a few reports have applied ELDOR for quantifying the 
saturation factor of nitroxide radicals, including 15N-labeled Frémy's salt 
at 0.35 T [128]; TEMPONE-15N-d16 (both e-15N systems) at 0.35 T 
[127,130], 1.2 T [114,131], 3.4 T [69]; TEMPOL at 0.34 T [62,65]; 
fullerene nitroxide derivative (both e-14N systems) at 0.34 T [62,65], 
1.2 T [114]; BDPA at 1.2 T [131]; as well as galvinoxyl (both e-1H 
systems) at 1.2 T [39]. Among these examples, ELDOR measurements at 
0.34–3.4 T were performed “in situ” using the same instrument and 
cavity as for the corresponding OE-DNP experiments. In contrast, for 
high-field liquid-state OE-DNP, in situ characterization of the saturation 
factor has so far not been possible due to challenges in constructing 
suitable EPR/NMR probe heads.

Alternatively, the OE-DNP saturation factor can be calculated from 
eqs. (30a-30b) if T1e, T2e, and B1e (and Kx if Heisenberg exchange is 
significant) are known or can be determined independently. As T1e and 
T2e of the polarizing agent only depend on the sample conditions and 
MW frequency, but not on B1e, they can be measured ex situ with EPR 
instrumentation. When pulsed EPR is available, T1e can be determined 

by inversion recovery experiments in liquids at room temperature 
[40,69,127], whereas Kx, which is independent of the MW frequency, 
can be obtained at low frequencies. For radicals with homogeneously 
broadened EPR lines, T2e may be extracted from the free induction 
decay. At high EPR fields and frequencies, however, pulse experiments 
present several challenges: first, OE-DNP is usually performed with high 
radical concentrations (≥ 5 mM), whereby T2e approaches the timescale 
of EPR pulse lengths (10–50 ns); second, sample deoxygenation, crucial 
for achieving large T1e, T2e, and seff , complicates EPR sample preparation 
due to sample volume restrictions in MW cavities (10–50 nL for pulsed 
EPR at 9.4 T with resonant cavities). [40] Alternatively, T2e can be 
determined from the EPR line width of CW EPR spectra. For a homo
geneous, non-saturated EPR line, T2e is given by: [132] [52]

T2e =
2

̅̅̅
3

√
ΔBppγe

(32) 

where ΔBpp is the peak-to-peak linewidth. Note that protons may 
inhomogeneously broaden the EPR line through hyperfine interactions. 
Consequently, most OE-DNP saturation studies with nitroxide radicals 
use perdeuterated species such as TEMPONE-d16 or TEMPOL-d16.

The product of the relaxation times, T1eT2e, can also be determined 
from a power-saturation experiment, where the peak-to-peak intensity 
Ipp of the CW-EPR signal derivative of an absorptive Lorentzian line is 
measured as a function of MW power PMW ∼ B2

1e: [132]

Ipp(B1e) = I0
pp • B1e •

1
(
1 + γ2

SB2
1eT1eT2e

)3/2 (33) 

where I0
pp is the slope in the linear regime of Ipp(B1e) below saturation. 

Signal intensity is usually plotted against 
̅̅̅̅̅̅̅̅̅̅
PMW

√
, which gives rise to a 

linear increase below saturation, whereas the amplitude becomes pro
portional to (PMW)

− 1
, and therefore decreases, when strongly saturated. 

[115,133] Furthermore, it is also important to estimate the MW B1e 
averaged over the sample volume in the OE-DNP setup. For a freely- 
propagating MW beam, B1e can be estimated from the MW power. 
[134] In a MW cavity with quality factor Q, B1e can be extracted from the 
Rabi oscillation, or from B1e = c

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Q • PMW

√
if the cavity conversion factor 

c is known. More generally, B1e has been estimated indirectly from 
electromagnetic field simulations, [40,117,135–138] the details of 
which will not be discussed here.

Early examples of electron spin relaxation measurements in the 
context of high-field liquid-state OE-DNP were carried out by Prisner 
and coworkers. For instance, Prandolini and coworkers reported T2e =

Fig. 8. T1e of TEMPONE-15N-d16 in CCl4 (blue) and TEMPONE in water (black) 
as functions of EPR resonance frequency. Markers represent experimental data 
points (diamond: ref. [40]; square: ref. [69]; circle: ref. [140]; asterisk: ref. 
[144]). Solid lines represent simulation (blue upper trace: ref. [40]; black lower 
trace: ref. [140]). Adapted from ref. [40].
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28 ns for a 0.6 M aqueous solution of TEMPOL-15N at 9.2 T and room 
temperature, based on CW-EPR measurements collected directly using a 
DNP spectrometer equipped with a TE011 resonator operating at the 
same field. [116] The authors estimated T1e = 120 ns based on T1eT2e =

35 × 10− 16 s2 obtained from power saturation experiments and a MW 
conversion factor of 1.0 mT/W− 2 [115]. A similar method was applied to 
Fremy's salt in aqueous solution, yielding T2e ≈ 140 ns for the narrowest 
observed linewidth (0.5 G at concentrations near 200 μM) and T1e ~ 
120–350 ns across a concentration range of 200 μM to 65 mM at 9.2 T, 
accounting for a Heisenberg exchange rate of Kx = 1.3 × 109 s− 1 be
tween the 14N hyperfine transitions. [139].

An example of extracting s in a non-resonant DNP probe head was 
recently reported by Levien and coworkers at 9.4 T. [40] In this study, 
T1e and T2e were measured ex situ in a 263 GHz EPR spectrometer, using 
either a TE011 or TE012 resonator for pulse measurements, which allowed 
MW pulses <100 ns, or a non-resonant probe head for CW experiments, 
providing a larger sample volume and better signal-to-noise. For 5–20 
mM TEMPONE-15N-d16 solutions in CCl4, CHCl3, and water, T2e =

10–25 ns was obtained from the CW-EPR peak-to-peak linewidth 
following eq. (32), and T1e = 200–400 ns was measured through 
inversion-recovery experiments. With B1e ~ 0.05 mT estimated from 
electromagnetic field simulations and a molar Heisenberg exchange rate 
of Kx = 2.5 × 109 M− 1 s− 1 [69], eq. (30b) led to s ≈ 0.3, in good 
agreement with the value estimated from the DNP enhancement of CCl4. 
Additionally, T1e analysis at 263 GHz offered new insight into the 
electron spin relaxation theory, which predicts a flat field dependence of 
T1e at high magnetic fields (Fig. 8). [140–142] Simulation of the T1e field 
dependence revealed contributions from spin rotation, hyperfine 
anisotropy, g anisotropy, and thermally-activated processes. [40,143].

In the context of evaluating the performance of a non-resonant OE- 
DNP probe head, recent reports have characterized electron spin relax
ation for 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO) at multiple 
magnetic fields between 8 and 14.1 T. Based on B1e calculated from the 
energy density of the incident MW beam, Dubroca and coworkers esti
mated T1eT2e = 1.8 × 10− 15 s2 for 10 mM TEMPO in n‑pentane‑d12. 
[134] Orlando and coworkers obtained T2e = 10–60 ns for 0.1–10 mM 
TEMPO in various solvents (CCl4, benzene, and heptane) at 240 GHz, 
316 (or 336) GHz, and 395 GHz, based on Lorentzian line widths from 
CW-EPR measurements using T2 =

(
πγΔBavg

)− 1, where ΔBavg represents 
the average linewidth of the three nitroxide hyperfine lines. [117] A 
general trend of decreasing T2e with increasing magnetic field was 
observed (Fig. 9).

3.3. Exploration of pulsed microwave excitation

For solid-state DNP, many examples have explored the use of pulsed 
MW excitation to achieve superior enhancements. [145,146] So far, 
liquid-state pulsed OE-DNP has been investigated only at low magnetic 
fields (≤ 1.2 T). Early conceptualization was proposed by Alecci and 
Lurie [147], and detailed theoretical models have since been developed 
for the excitation scheme of a train of equally-spaced pulses with 
duration τp and repetition time τr, for systems with or without Heisen
berg exchange. [148,149] In this framework, eqs. (4–5) remain valid, 
but requires an alternative description for the saturation factor, which is 
related to a combination of T1e, T2e, ωe, δωe (resonance offset for elec
tron), τp, τr, as well as the number of hyperfine transitions. For single- 
line, homogeneously broadened polarizing agents such as trityl, 

Fig. 9. T2e of TEMPO in heptane, CCl4, and benzene at various concentrations as functions of EPR resonance frequency. Error in T2e was estimated to be 15%. 
Adapted with permission from ref. [117].

Fig. 10. Chemical shifts of pure water (triangles) and a water solution of 1 M 
TEMPOL (star), plotted against the incident MW power and sample tempera
ture. The red squares represent the saturation factors calculated by subtracting 
the temperature-induced shift of neat water from the chemical shift of the 
TEMPOL-doped water under MW irradiation. Reproduced with permission from 
ref. [152]. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.)
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theoretical analysis so far suggests that pulsed excitation is less efficient 
than CW excitation under the same average power, due to the reduced 
duty cycle. In contrast, for polarizing agents with inhomogeneously 
broadened and hyperfine-split EPR lines, pulsed excitation is expected to 
generate superior enhancements than CW if the electronic spins are 
coherently excited by multifrequency excitation – including short pulses 
with strong-B1e, frequency-jumping, or polychromatic pulses generated 
by arbitrary waveform generators (AWG). [149,150] For instance, ~ 25- 
fold enhancement has been experimentally observed for a 1 mM aqueous 
solution of TEMPOL at 1.2 T using τp = 70 ns and a 6.9% duty cycle in an 
ENDOR (ENDOR = electron nuclear double resonance) resonator, cor
responding to a ~ 40% increase relative to the predicted CW OE-DNP 
enhancements acquired with the same average MW power. [150]
Here, pulsing at τp close to T1e and T2e while providing sufficient power 
for electronic spin inversion, likely plays a significant role in pushing 
beyond the efficiency of CW irradiation. For high-field liquid-state OE- 
DNP, pulsed excitation schemes still remain unexplored due to tech
nical challenges. Such schemes, however, might represent an avenue to 
optimize saturation factors in future applications.

3.4. Determination of saturation factors by NMR methods

When EPR-based methods are not accessible, the saturation factor 
can be determined from NMR measurements, based on the polarizing 
agent-induced isotropic paramagnetic shift and the suppression of such 
shift upon continuous irradiation of the EPR resonance. An early 
example of this approach was demonstrated by Wind and coworkers for 
studying the OE-DNP effect of metals, in which case the Knight shift of 
the metal nuclei induced by conducting electrons was suppressed when 
the EPR transition of these electrons were saturated. [151] Later, Prisner 
and coworkers adapted this method for use with liquid-state systems at 
high magnetic fields. [152] The authors monitored OE-DNP enhance
ments and NMR chemical shifts of an aqueous sample doped with 1 M 
TEMPOL-14N at 9.2 T as a function of MW power, showing that a satu
ration level exceeding 0.9 could be achieved at MW powers >100 mW in 
a cavity. Importantly, thermally-induced chemical shifts were corrected 
by measuring neat water under identical MW conditions (Fig. 10, tri
angles). The same approach was adopted more recently by Kuzhelev, 
Denysenkov and coworkers for evaluating saturation for a series of 
nitroxide radicals based on 1H chemical shift. [63,114,136].

4. High-field liquid-state OE-DNP instrumentation

In liquid-state OE-DNP, the polarizing agent is saturated on- 
resonance by MW irradiation, while the nuclei of interest are detected 

in situ through conventional NMR methods. Optimal OE-DNP perfor
mance therefore requires hardware design that can efficiently deliver 
MW to liquid samples, while concomitantly enabling efficient radio 
frequency (RF) excitation and detection. On the MW side, eqs. (30a) and 
(30b) provide an estimate of the required B1e for maximizing electron 
spin saturation. As an example, for 25 mM TEMPONE-15N-d16 dissolved 
in CCl4 at 9.4 T, which is characterized by T1e ≈ 380 ns, T2e ≈ 25 ns, and 
Kx ≈ 2.5 × 109 s− 1 M− 1, [40] B1e ≳ 0.3 mT is required to attain an 
effective saturation factor of seff ≳ 0.9. Achieving such MW field strength 
at sub-terahertz frequencies (e.g., ν(e− ) = 263 GHz at 9.4 T) in liquids, 
while preserving NMR sensitivity and field homogeneity, presents a 
significant challenge. In this section, we discuss the implications 
imposed by MW penetration in liquids, review available MW sources, 
and summarize proposed strategies for constructing high-field liquid- 
state OE-DNP probe heads.

4.1. Microwave penetration in liquids

One major technical bottleneck of implementing liquid-state OE- 
DNP with millimeter and sub-millimeter MWs arises from the dielectric 
loss and sample heating associated with the electric field component of 
the MW at the sample position. These effects reduce the saturation factor 
while imposing potential constraint on sample stability and homoge
neity. The propagation of an electromagnetic wave at a given frequency 
through a sample is determined by the dielectric properties of the me
dium. Attenuation of the MW field amplitude in a dielectric lossy me
dium follows an exponential decay with a characteristic decay 
coefficient α, called absorption coefficient, and its inverse called pene
tration depth d. [153] These quantities depend on the MW frequency ν 
and the relative permittivity (εr = ε/ε0) of the medium εr = έr + i έŕ, 
where ε0 and ε are the absolute electric permittivity in vacuum and the 
medium, respectively. Dielectric losses are usually quantified by the loss 
tangent, tanδ = έŕ/έr, which together with α becomes zero in a perfect 
lossless medium (έŕ = 0

)
.The MW wavelength in the medium, λMW, is 

determined by the vacuum wavelength λ0 and the refractive index of the 
medium n following λMW = λ0/n. For example, λMW lies in the range of 
0.8 to 0.5 mm for typical OE-DNP solvents, such as CCl4, CHCl3, at 9.4 T.

When MW propagate as a free wave, the electric and magnetic field 
components are orthogonal and in phase. The instantaneous energy 
density in a region of space is equally divided between the two fields. In 
contrast, when a MW forms a standing wave, the two fields become 
spatially and temporally separated: at the position of a magnetic field 
maximum, the electric field becomes zero. Under such condition, there 
is no energy flow, but only local accumulation and dissipation. This 
principle provides the basis of the use of resonant structures, which can 
mitigate MW loss by positioning the sample at the magnetic field max
ima (section 4.3.1). To quantify dielectric constants and losses in an OE- 
DNP probe design, Scott and coworkers [154], as well as Orlando and 
coworkers [117] recently reported measurements of reflection inter
ference patterns using a Fabry-Pérot interferometer. From the reflection 
patterns the refractive index n and the extinction coefficient k were 
extracted, allowing determination of the loss tangent. These studies 
investigated several solvents and sample tube materials, including CCl4, 
pentane, hexane, toluene, fused quartz (or fused silica), FEP, and sap
phire. Alternatively, high-frequency dielectric properties of a medium 
can be extrapolated from lower-frequency data using a Debye model. 
[155,156] Subsequently, MW propagation inside an OE-DNP probe head 
can be evaluated by finite-element numerical electromagnetic wave 
simulations, for instance, using commercial software like CST Micro
wave Studio®. Table 2 summarizes the dielectric properties and MW 
penetration depths of selected media relevant for high-field liquid-state 
OE-DNP. Importantly, the MW penetration depth d in liquids depends 
dramatically on the solvent. In non-polar solvents like CCl4, the pene
tration depth at 263 GHz can reach few centimeters, while it reduces to 
less than 1 mm in CHCl3, and to approximately 100 μm in water. 

Table 2 
Dielectric properties of selected materials and solvents relevant for high-field 
liquid-state OE-DNP, including the real part of the relative dielectric constant 
(έr), the loss tangent (tanδ), absorption coefficient (α) and penetration depth (d) 
at MW frequencies of 263 and 395 GHz. For CCl4 and CHCl3, data at 263 GHz 
was extrapolated from experimental dielectric constants at 3 GHz using the 
Debye model. [40] Data for water at 264 GHz was taken from previously re
ported experimental values. [155] The derived data corresponds to experimental 
values determined at 30 ◦C. Data at 395 GHz was experimentally determined at 
20–25 ◦C. [117].

Medium νMW (GHz) έ tanδ α (cm− 1) d (cm)

Fused quartz 263 3.74 0.00037 – –
Fused quartz 395 4.16 0.00098 0.338 3.0
FEP 395 2.13 0.00157 0.278 3.6
H2O 264 5.36 1.20 ~ 105 ~ 0.01
CHCl3 263 3.52 0.122 ~ 12 ~ 0.08
CCl4 263 2.17 0.00041 ~ 0.3 ~ 3.4
CCl4 395 2.13 0.00507 0.895 1.1
Toluene 395 2.43 0.00969 1.957 0.5
Pentane 395 1.96 0.00153 0.248 4.0
Hexane 395 2.07 0.00183 0.315 3.2
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Correspondingly, MW absorption increases for samples with stronger 
polarity, which relates to the amount of heat produced in the sample, 
posing constraints on the OE-DNP experiments of these samples.

4.2. Microwave sources

To date, high-field OE-DNP experiments have mainly been per
formed with three types of MW sources: solid-state oscillator sources, 
extended interaction oscillators or klystron amplifiers (EIO or EIA), and 
gyrotrons. In this section, we summarize the advantages and limitations 
of each type, and refer the readers to a recently published review for a 
more detailed discussion. [157] Solid-state sources mainly consist of 
voltage-controlled oscillators stabilized by phase-locked loops. 
[158–160] They offer broad frequency tunability (up to tens of GHz), 
and the sub-THz frequency range required for high-field OE-DNP can be 
generated in an amplifier-multiplier chain supplied with lower- 
frequency sources. While earlier designs suffered from a large fre
quency drift, thus preventing efficient excitation of polarizing agents 
with narrow EPR lines (< 0.1 mT), recent variants offer superior fre
quency stability. [45,115,116] One additional benefit of solid-state 

sources is the compatibility with pulse shaping, for instance, by 
combining or replacing the low-frequency source with an arbitrary- 
waveform generator. [161,162] However, the power output of solid- 
state sources is limited (≤ 250–300 mW at 263 GHz), thus posing a 
significant challenge for applications in liquid-state OE-DNP unless 
combined with MW cavities. EIO/EIA are attractive alternatives that 
rely on electron beam-wave interaction, in which an accelerated elec
tron beam transfers energy to a resonant MW field. Whereas the EIO 
contains an internal oscillator, the EIA amplifies MW produced by an 
external source, often a solid-state generator. EIO/EIA are compact and 
possess relatively large bandwidth (up to several GHz), [163,164]
although they require efficient cooling during operation. Typical 
delivered power is less than 30 W. [157] Additionally, a recent report 
described the use of a traveling wave tube (TWT) amplifier in 
conjunction with a solid-state source for DNP at 140 GHz, achieving 4.4 
W output power and about 1 GHz frequency tuning range. [165].

Gyrotrons are currently the most powerful MW sources implemented 
in DNP, delivering continuous power output up to 50 W. [166] They 
have been adopted for liquid-state OE-DNP, where high power is 
required to generate sufficiently strong B1e [40,46,137,167], as well as 
for solid-state DNP applications. [168] In a gyrotron, MW is generated 
by the energy exchange between a resonant cavity and an azimuthally 
accelerated electron beam induced by its cyclotron motion inside the 
cavity in a static magnetic field. This differs from the mechanism of an 
EIO/EIA, where the electron velocity is modulated along the electron 
beam axis. Compared to other sources, one key limitation of gyrotrons is 
their relatively restricted frequency tunability while maintaining con
stant output mode and power. Most gyrotrons operate at a fixed fre
quency, which may require adjustment of the NMR main magnetic field 
to access the EPR resonance of different polarizing agents. Nevertheless, 
frequency-tunable gyrotrons operating in the sub-THz range have been 
developed, allowing 0.5–1.5 GHz frequency variation at average output 
power > 10 W. [40,169] In these cases, frequency tunability can be 
achieved by varying the operating voltage, gun coil and collector cur
rents, as well as the temperature of the broadband cavity (Fig. 11). 
Another challenge for gyrotron-based DNP systems is the high demands 
for installation and maintenance. Apart from dedicated cooling infra
structure for the active MW components, gyrotron operation relies on 
superconducting magnets, which requires additional cryogenic cooling.

4.3. OE-DNP probe head designs

4.3.1. Resonant probe head
MW irradiation into an OE-DNP probe can be optimized by the use of 

MW resonant structures. A resonator concentrates energy at specific 
spatial locations by forming standing waves, thus promoting B1e. The 
separation of electric and magnetic fields further reduces sample heat

Fig. 11. (a) Schematic of a gyrotron tube; (b) Average output power of a frequency tunable gyrotron as a function of output frequency, which is varied by adjusting 
the cathode voltage, gun coil current, cavity temperature, and the collector current. Reproduced from ref. [40].

Fig. 12. Upper left: schematic of the cylindrical helical resonator for per
forming liquid-state OE-DNP at ~9 T. [115] B0 represents the external magnetic 
field direction. Lower right: exemplary 1H OE-DNP spectrum of water doped 
with TEMPOL. Note the strong signal from sample outside the MW cavity. 
Reproduced with permission from ref. [152].

L. Yang et al.                                                                                                                                                                                                                                    Progress in Nuclear Magnetic Resonance Spectroscopy 154–155 (2026) 101600 

15 



ing. On the other hand, resonator dimensions and sample positioning are 
limited by the MW wavelength, and the presence of metallic components 
can adversely affect the static NMR magnetic field homogeneity. 
Nevertheless, depending on the application, resonators can be advan
tageous for maximizing electronic saturation, particularly in solvents 
with high dielectric losses such as water.

Initial high-field liquid-state OE-DNP probe designs predominantly 
relied on resonant cavities. Pioneering developments were carried out 
by Griffin as well as Prisner and coworkers. One such design is a single- 
mode cylindrical helical resonator originally developed by Griffin and 
coworkers for operation at 140 GHz/5 T [124], and later adapted by 
Prisner and coworkers at 260 GHz/9 T (Fig. 12) [115]. In this configu
ration, the helical structure serves as both the MW resonator (supporting 

TE011 or TE012-modes) and the RF coil for NMR detection. The resonator 
can be tuned by moving the two plungers positioned at either end of the 
helix, while coupling to MW waveguide is achieved through a centered 
elliptical iris. For measurement at ~260 GHz, the sample is loaded in a 
quartz capillary with inner diameter of 20–100 μm, corresponding to an 
effective sample volume of ~0.5–35 nL. [46,114,116,152] Owing to the 
high conversion factor and high quality factor (Q ~ 600–650 when 
unloaded) of the cavity [115], B1e ≈ 0.15 mT was achieved using only 
110 mW of MW power [46], enabling efficient saturation of polarizing 
agents such as nitroxide radicals (see Section 3). In addition, this probe 
head is integrated with the capability of EPR detection, including a field- 
modulation coil. [45,115] This is a significant advantage for developing 
OE-DNP methodology, as it allows measurement of the EPR spectrum 
and provides access to the saturation factor in situ. The design of the 
cylindrical helical resonator was later adopted by Zhang and coworkers 
in a DNP setup operating at 5 T. [165].

An alternative probe head design developed by Prisner and co
workers is based on the principle of Fabry-Pérot interferometry. 
[135,136,170] Fabry-Pérot interferometers (or resonators) consists of 
two metal mirrors between which standing wave is formed by interfer
ence. [171] While operating efficiently in the quasi-optical regime, these 
resonators support less confined electromagnetic field modes than a 
cylindrical cavity. Nevertheless, Fabry-Pérot resonators can accommo
date larger sample volumes, making them advantageous for liquid-state 
OE-DNP compared to conventional EPR cylindrical cavities. Specifically, 
Denysenkov and coworkers designed a Fabry-Pérot resonator (Fig. 13) 
comprising a spherical mirror coupled to the MW waveguide and a flat 
stripline that serves as both the resonator mirror and a dual-channel RF 
probe for 1H and 13C NMR operation. [135] [136] The resonator can 
accommodate sample volumes of ~100–200 nL and produces large OE- 
DNP enhancements, particularly for strongly polar samples such as 
aqueous solutions. [75] Compared to the cylindrical resonator, the 
Fabry-Pérot design also enables improved sample cooling.

Recently, Smirnov and coworkers demonstrated a photonic band-gap 
(PBG) resonator [172–175], which was constructed from periodically 
stacked discs with alternating dielectric constants. In this design, local 
MW B1e amplification is achieved by breaking the periodicity at the flat 
sample position. [172] These resonators can reach high quality factors 
(Q ≈ 1500 when unloaded [164]) and are compatible with microliter 
sample volumes, thus offering potential advantages over cylindrical and 
Fabry-Pérot resonators. So far, the highest field at which a PBG reso
nator has been demonstrated is 7 T, enabling proof-of-principle 
continuous-wave liquid-state 31P OE-DNP on 1 μL toluene solution of 
PPh3 doped with BDPA. [175] It should be noted, however, that PBG 
resonators require precisely-manufactured dielectric discs with thick
nesses of (2n + 1)λ/4 (where λ is the MW wavelength in each dielectric 
medium) and diameters significantly larger than the thicknesses. This 

Fig. 13. (a) Schematics of the probe head capable to excite the liquid sample at 3 frequencies simultaneously: ν(1H) = 400 MHz, ν(13C) = 100 MHz, and ν(electron) 
= 263 GHz. 1- elliptical mirror; 2- sample; 3- stripes of the coplanar line (GSG: ground-signal-ground). Capacitors at the inputs of the channels are used to tune and 
match the resonance circuits. The C-L parallel circuit in the 13C channel is a notch-filter tuned to 400 MHz. (b) Detailed design of the triple resonance structure. 1- 
housing, 2- ceramic AlN substrate, 3- copper/gold layer (the lower one is used as the coplanar stripline and the flat mirror of the FP, the higher one is used as ground) 
4- sample, 5- elliptical mirror of the FP resonator, 6- mw waveguide taper and iris, 7- quartz cover plate for the sample. Adapted with permission from ref. [136]. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 14. (a) Schematic of a liquid-state OE-DNP spectrometer at 9.2 T. MW is 
delivered from a triode-gun gyrotron into the DNP probe head through a 
corrugated waveguide, with polarization adjusted by the λ/4 and λ/8 rotating 
grooved mirrors. The gyrotron output can be synchronized with the NMR 
acquisition, as shown by the pulse scheme. (b) Schematic of the planar probe. 
The red trace represents the meander RF planar coil. Adapted with permission 
from ref. [138]. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
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could potentially pose practical challenges in fabrication when moving 
to higher fields.

While resonant probe heads have displayed the largest enhance
ments for high-field liquid-state OE-DNP (e.g. ε(13C, CCl4) = 430 ± 50 at 
9.4 T [114]), and have been instrumental in understanding the OE-DNP 
mechanisms, they also suffer from notable limitations. The presence of 
conductive materials near the active sample volume degrades magnetic 
field homogeneity, leading to NMR line broadening (for instance, on the 
ppm-level for 1H and 13C at 9.4 T [63,75,114]). Furthermore, resonator 
dimensions and the electric field distribution restrict the sample volume 
to the sub-μL range [115,135,136], often necessitating isotopic enrich
ment for measuring low-abundant nuclei like 13C. [136].

4.3.2. Non-resonant probe heads
One alternative approach for achieving larger sample volumes in 

high-field liquid-state OE-DNP is the use of non-resonant probe heads. 
One such design was developed by Yoon and coworkers at 9.2 T, uti
lizing a planar probe capable of 1H and 31P detection (Fig. 14). [138]
The planar probe consists of a layer of gold-coated aluminum nitride 
(AlN) support and fused silica glass, with the liquid sample confined in 
between, leading to an active sample volume of approximately 10 μL. 
NMR excitation and detection are performed by a meander planar RF 
coil placed on the glass cover. Despite the non-resonant configuration, 
this probe head delivers strong B1e at high MW power (~ 0.25 mT at 70 
W input), while efficient heat dissipation is enabled by high thermal 
conductivity of the support. As a result, enhancements of ε(1H, H2O) =
− 10 and ε(31P, P(C6H5)3; PPh3) = 200 were reported. However, sub
stantial NMR line broadening on the order of ~10 ppm was observed 
under DNP, which poses issues for applications in liquid-state high 
resolution NMR. A similar design was reported by Annino and co
workers, consisting of an RF transducer for NMR detection and a grating 
polarizer, which is partially transparent to MW and acts as a Fabry-Pérot 
resonator. [176,177] Nevertheless, the setup still contains conductive 
material in the sample vicinity.

Another non-resonant probe head design was reported by Dubroca 
and coworkers at 14.1 T (ν(e− ) = 395 GHz, ν(1H) = 600 MHz, ν(13C) =
150 MHz). [178] Compared to a conventional liquid-state NMR probe, a 
waveguide is positioned right below the sample compartment, which 
houses the sample tube (3 mm outer diameter; made of fluorinated 
ethylene propylene (FEP) or quartz [117]) and the RF coils. MW is 

directed onto the sample tube from the bottom, and the beam polari
zation is controlled by a Martin-Puplett interferometer placed between 
the gyrotron and the probe head. During DNP operation, sample cooling 
is achieved by a cold nitrogen gas flow through the waveguide. Elec
tromagnetic wave simulations identified B1e = 0.04 mT in a CCl4–13C/ 
TEMPO sample when 12 W was provided by the gyrotron source. [117]
This design accommodates sample volume of 50–100 μL and has enabled 
enhancements of ε(31P) = 160 for PPh3 in deuterated benzene, and 
ε(13C) = 70 for CHCl3 diluted in n‑pentane‑d12. [134,137] However, due 
to the specific sample geometry, measurements with this setup have 
been limited to solvents with very low polarity, such as benzene, 
pentane, and hexane. NMR linewidth reported so far varies from tens of 
Hz to several ppm for 13C and 31P.

One approach introduced by Yoon [138] and Dubroca [137] for 
alleviating sample heating in non-resonant probe heads is through the 
use of circularly instead of linearly polarized MW excitation. For a lin
early polarized MW field, only one of the two circularly polarized MW 
B1e components couples with the electron spin transition [179,180], 
such that only half of the power of the linearly polarized field contrib
utes to EPR saturation of the sample. In contrast, circularly polarized 
MW propagating along the magnetic field axis can, in principle, achieve 
equivalent OE-DNP enhancements with only half the power. In practice, 
Dubroca and coworkers reported a 40% increase in enhancement over 
linear polarization at identical MW power, with the deviation from the 
ideal case attributed to polarization loss within the probehead. [137].

Finally, high-field liquid-state OE-DNP can also be performed using 
commercial MAS solid state DNP hardware. This idea was first demon
strated by Orlando and coworkers at 14.1 T [114] and subsequently 
adopted at 9.4 T by Rao and coworkers [181–183]. MAS-DNP setups 
typically employ a single RF solenoid coil connected to multiple tuning 
channels, [166] and the coil geometry can be designed to function as a 
diffraction grating to improve MW exposure of the sample. [166] In this 
approach, liquid samples are loaded into sapphire solid-state rotors (3.2 
mm outer diameter) and irradiated by MW propagating orthogonally to 
the rotor axis (Fig. 15). Sample temperature is regulated by a combi
nation of variable temperature nitrogen gas flow (100− 200 K), as well 
as bearing and drive nitrogen gas flows (both ~298 K). To minimize 
temperature gradients, the sample volume is limited to 10–25 μL, and 
MAS rates of 1–8 kHz are employed. Specifically, spinning distributes 
the liquid as a thin film along the rotor wall, thereby improving MW 
penetration through the sample. This approach takes advantage of 
established DNP hardware, thus, in principle, is compatible with modern 
NMR-DNP methodology, including multi-channel and multi- 
dimensional experiments. It further allows simultaneous interrogation 
of solid-state and liquid-state samples [183] (see section 5). Neverthe
less, the poor saturation factor (estimated to be around 0.1 for TEM
PONE-15N-d16 in CCl4 and CHCl3 [114]) limits the achievable 
enhancements. For neat CHCl3 doped with TEMPONE-15N-d16, ε(13C) =
51 and 18 have been reported at 9.4 and 14.1 T, respectively. In com
parison, ε(13C) = 320 ± 60 was obtained at 9.4 T for neat CHCl3 using 
the cylindrical helical resonator described in Fig. 12.

4.3.3. NMR-optimized high-field liquid-state OE-DNP setup
To benefit from the advantages of non-resonant probe head designs – 

namely larger sample volume and superior NMR magnetic field homo
geneity – Bennati and coworkers recently reported a high-field liquid- 
state OE-DNP setup that combines optimized NMR performance with 
improved MW saturation (Fig. 16). [39,40,184] The setup comprises a 
modified commercial two-channel liquid-state NMR probe (Bruker) and 
a frequency-tunable gyrotron as the MW source. In this probe, linearly- 
polarized MW is directed onto the sample tube from the side by a set of 
four gold-coated Macor® ceramic mirrors (M1-M4 in Fig. 16). Mirror M3 
is specifically designed to spread the MW beam profile along the lon
gitudinal dimension of the sample tube, which is situated in the center of 
two sets of saddle coils as in conventional liquid-state NMR. Impor
tantly, mirrors M3 and M4, situated on either side of the sample, act 

Fig. 15. Sketch of the MAS-DNP probe head. Adapted with permission from ref. 
[114]. See ref. [166] for more details about the setup.
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together with the quartz sample and shielding tubes as a series of low-Q 
quasi-Fabry-Pérot resonators, whereby interference of the incident and 
reflected MW beam led to a B1e increase. [40,184] Particularly, elec
tromagnetic field simulation estimated B1e ≈ 0.05 mT for neat CCl4 
doped with TEMPONE-15N-d16 when 50 W continuous MW irradiation 
was employed, corresponding to ε(13C, CCl4) = 120 ± 10 and s ≈ 0.3.

To minimize sample heating and improve MW penetration, the liquid 
sample is confined between two concentric quartz tubes, resulting in a 
sample thickness controllable in the range 25–75 μm, depending on the 
sample dielectric loss. This probe head design is compatible with an 
effective irradiated sample volume of approximately 6–20 μL, achieved 
through 20 Hz spinning of the sample tube assembly, which is further 
cooled by cold nitrogen gas flow for temperature regulation. Altogether, 
these measures enable sample temperature stabilization between 190 
and 340 K with a gradient of ±10–20 K during OE-DNP experiments. 
Due to controlled sample heating and superior magnetic field 

homogeneity, this probe head design enables 13C linewidths of ~6 Hz 
for CCl4 and ~16 Hz for CHCl3 under OE-DNP for a CCl4 solution of 
CHCl3-13C doped with TEMPONE-15N-d16 (Fig. 17a). Furthermore, 
13C–13C J-coupling constants as small as ~3 Hz can be resolved for 
fluorobenzene-13C6 when hyperpolarized with the same polarizing 
agent (Fig. 17b). [40] A further feature of this setup is its compatibility 
with modern multidimensional NMR methodology, including 2D cor
relation and coherence transfer experiments. Representative examples 
of these experiments will be discussed in the following section.

5. Experimental demonstrations of high-field liquid-state OE- 
DNP

To date, high-field liquid-state OE-DNP has been most extensively 
studied for 13C and 1H. Recent studies have further expanded the scope 
of the method to include 19F as well as 31P. In this section, we review the 
OE-DNP performance of 13C, 1H, 19F, and 31P at high fields, firstly from a 
mechanistic point of view (section 5.1), and secondly in terms of 
application to practically relevant systems (section 5.2). The maximal 
OE-DNP enhancements theoretically achievable are proportional to the 
ratio of electronic and nuclear gyromagnetic ratios (eq. (4)), which are 
listed in Table 3. Liquid-state OE-DNP has also been explored for other 
nuclei, such as 15N at 5 T [43] and 0.33 T [185], 205Tl at 0.34–1.32 T 
[186], 23Na at 0.35 T [187], 29Si at 0.33 T [188], as well as 2H [189], 7Li 
[190–192], 119Sn [193] at around 7 mT. However, to date, knowledge of 
these systems is more limited, and will not be discussed in this review.

Fig. 16. Schematic of an NMR-optimized liquid-state OE-DNP setup at 9.4 T. [40] The expanded views on the right side provide details on the probe head design, 
including MW beam path, MW propagation vector (k), linearly polarized magnetic (H) and electric (E) field vectors, sample configuration, and the cooling scheme. 
WG marks the waveguide. M1, M2, M3 and M4 indicate gold-coated Macor® mirrors. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)

Fig. 17. OE-DNP enhanced 13C NMR spectra and 13C enhancements of CCl4 solutions of (a) 0.2 M CHCl3-13C and (b) 0.5 M fluorobenzene-13C6 doped with TEM
PONE-15N-d16 at 9.4 T. Red and blue traces represent spectra collected under DNP and thermal Boltzmann conditions, respectively. Black trace in (b) represents 
simulation. Insets display chemical structures of the compounds. Adapted from ref. [40]. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)

Table 3 
Electron-to-nucleus ratio of gyromagnetic 
ratios for different nuclei.

Nuclei |γe|/γn

13C 2617
1H 658
19F 699
31P 1624
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5.1. High-field liquid-state OE-DNP performance of selected nuclei

5.1.1. Carbon-13
Carbon-13 NMR provides crucial information in structural elucida

tion of organic molecules and biomacromolecules by directly reporting 
on the carbon skeleton, while also being beneficial for resolving complex 
mixtures due to chemical shift dispersion. However, compared to high 
gamma nuclei like 1H and 19F, 13C suffers from additional sensitivity 
penalties. As the only NMR-active isotope of carbon, 13C has 1.1% nat
ural abundance, a gyromagnetic ratio 25% of that of 1H, and longer T1 
relaxation times as compared to 1H. Subsequently, 2D and higher- 
dimensional 13C–13C correlation spectroscopy often requires isotopic 
enrichment, or becomes prohibitively time-consuming. 13C has a theo
retical maximum OE-DNP enhancement of 2617 (Table 3). If even only 
partially achieved, such an enhancement would compensate for the 
lower gyromagnetic ratio and natural abundance, or even surpass the 
sensitivity of conventional 1H NMR. As a result, 13C has been the subject 
of considerable OE-DNP investigation since the 1960s. Our current 
knowledge of 13C OE-DNP in the liquid-state reveals promise for high- 
field NMR (≥ 9.4 T) thanks to efficient scalar-driven electron-nuclear 
cross-relaxation. In the next part (section 5.1.1.1), we first discuss the 
model systems CCl4 and CHCl3, which have been the most thoroughly 
studied. Subsequently (section 5.1.1.2), we review the 13C DNP perfor
mance of molecules with other carbon functionalities. Overall, these 
reports provide guidelines for elucidating the mechanism and expanding 
the application of OE-DNP, for instance, in designing hyperpolarized 
molecular probes, similar to what has been performed with other hy
perpolarization techniques. [36,194–196].

5.1.1.1. The CCl4 and CHCl3 model systems. CCl4 and CHCl3 have long 
served as prototypical systems for OE-DNP. Extensive investigations 
have examined the leakage, saturation, and coupling factors, as well as 
the spectral densities governing the relaxation dynamics, based on 
measurement at multiple magnetic fields. These efforts have yielded a 
detailed understanding of their OE-DNP processes, yet at the same time 
have revealed the complexity of OE-DNP of these nominally simple 
compounds. Early mechanistic studies of CCl4 were carried out in the 
1970s at low field (0.02–800 mT) by Müller-Warmuth and coworkers. 
[54] They attributed the OE-DNP behavior to a combination of dipolar 
relaxation induced by translational diffusion, and scalar relaxation 
driven by molecular contact, as described by the pulse model. Pico
second timescale molecular motions were identified as a major source of 
scalar relaxation. CCl4 and CHCl3 were further characterized by Dorn 
and coworkers in the 1990s using TEMPO as polarizing agent in a flow 
OE-DNP setup, where the sample was hyperpolarized at 0.33 T and 
subsequently transported and detected at 4.7 T. [197] Maximal en
hancements up to 2200 ± 330 were extrapolated at 0.33 T. However, 
the experimentally observed enhancement was two orders of magni
tudes lower, due to polarization loss during sample transport, magnetic 
field change, and non-optimal s and f . It was only in 2017 that a 
remarkable 103-fold 13C enhancement was experimentally achieved for 

CCl4 at 3.4 T by Liu and coworkers using TEMPONE as the polarizing 
agent. [69] The report established picosecond-timescale dynamics as the 
key for generating efficient scalar relaxation at these intermediate 
magnetic fields. More importantly, it provided a proof-of-concept that 
13C OE-DNP could be effective even at higher magnetic field: while 
dipolar relaxation becomes inefficient (see section 2.4), zero-quantum 
scalar relaxation remains operative. In the same study, enhancements 
of 550–680 were observed for neat 13CHCl3. Later reports by Dubroca 
[134], Orlando [114], Dai [75], Rao [181], Soundararajan [178], Levien 
[40], Yang [198] and others reproduced the large enhancements in 
these model systems at 9.4 T and 14.1 T. Among these, Orlando and 
coworkers showed ε(13C, CCl4) = 430 ± 50 and ε(13C, CHCl3) = 320 ±
60 at 9.4 T using a probe equipped with cylindrical MW resonator 
(Fig. 12) in which both s and f approached their maximal values of 1. 
[114] Levien, Yang and others reported ε(13C, CCl4) = 120 ± 10 and 
ε(13C, CHCl3) = 200 ± 20 at 9.4 T using an NMR-optimized probe 
without a MW cavity (Fig. 16), which had an estimated saturation factor 
of 0.3. [40,198] At 14.1 T, all measurements to date have been carried 
out only with non-resonant probe heads. [114,134] 17- to 70-fold 13C 
enhancements were again achieved for these model systems when 
nitroxide polarizing agents were used. Tables 4 and 5 summarize the 
enhancements and the associating coupling, saturation, and leakage 
factors for CCl4 and CHCl3 between 1.2 and 14.1 T with TEMPONE as the 
polarizing agent. Care should be taken when comparing the two model 
systems, because the MW B1e is reduced in samples with higher polarity. 
Consequently, literature reports generally show ε(CCl4) > ε(CHCl3) 
when the compounds are measured neat [114], while ε(CCl4) <
ε(CHCl3) is often found when the analytes are diluted in non-polar sol
vents [40,134].

Starting from the results of these studies, further analyses have 
shown that the 13C relaxation for CCl4 and CHCl3 are mediated by the 
carbon-bonded atoms that are accessible by the polarizing agent – Cl for 
CCl4, or Cl and H for CHCl3. [64,69,114] For CHCl3, this phenomeno
logical interpretation implies two distinct sets of correlation times for 
the scalar spectral density functions: 

JCHCl3
sc (ωe) =

4π2

h2

(〈
A2

Cl
〉

τp,Cl

[
τcol,Clexp

(
− ωeτcol,Cl

) ]2

+

〈
A2

H
〉

τp,H

[
τcol,Hexp

(
− ωeτcol,H

) ]2
) (34) 

The process with longer τcol is associated with a hydrogen-bond-like 
interaction between CHCl3 and TEMPONE, whereas that with shorter τcol 

Table 4 
13C OE-DNP performances of CCl4 under various magnetic fields using TEM
PONE-15N-d16 as polarizing agent.

B0 (T) MW setup c(PA) / mM ξ s f ε

1.2 Cavity 10 − 0.41 0.25 0.925 250 ± 30
3.4 Cavity 30 − 0.47 0.75 1 930 ± 100
9.4 Cavity 100 − 0.17 1.0 0.98 430 ± 50
14.1 MAS-DNP 10 − 0.1* – 0.9 23 ± 5

Note: this table only includes reports where coupling factors were evaluated 
experimentally or computationally. Data at 1.2, 9.4 and 14.1 T is from [114]; 
3.4 T from [69]; f at 14.1 T is from [134]. *predicted based on spin dynamics 
model in ref. [114].

Table 5 
13C OE-DNP performances of CHCl3 under various magnetic fields using TEM
PONE-15N-d16 as polarizing agent.

B0 (T) MW setup c(PA) / mM ξ s f ε

1.2 Cavity 10 − 0.46 0.25 0.85 260 ± 40
3.4 Cavity 20 − 0.37 0.63 0.9 550 ± 60
9.4 Cavity 100 − 0.16 0.8 0.93 320 ± 60
14.1 MAS-DNP 10 − 0.07* – – 17.5 ± 2

Note: see note of Table 4.

Table 6 
Parameters used to fit the variable-field OE-DNP coupling factors of CCl4 and 
CHCl3 using TEMPONE as the polarizing agent. Fi = 4π2〈A2

i
〉
/h2τp,i (i = Cl or H).

FCl 
[rad2/s2]

τcol,Cl 

[ps]
FH 

[rad2/s2]
τcol,H 

[ps]
rd,Cl 

[Å]
τd,Cl 

[ps]
rd,H 

[Å]
τd,H 

[ps]

CCl4* 1.69 ×
1024

0.5 – – 4.0 114 – –

CHCl3† 0.35 ×
1024

0.4–0.7 0.03 ×
1024

8–20 4.0 53 3.4 39

*from [114]; †from [64];
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is attributed to random elastic collisions potentially mediated favorably 
by Cl. [64] Accordingly, two sets of dipolar relaxation terms were also 
required to reproduce the field-dependence of the coupling factor for 
CHCl3 (Table 6), reflecting encounters that occur either through chlo
rine or through hydrogen. More recent molecular dynamics simulations 
for CHCl3 revealed a more complex dynamics, where short contact in
teractions/rapid fluctuations may occur also during hydrogen bond or 
halogen bond complexation (section 2.5). [64,74] Additionally, because 
spectral density functions intimately depend on the underlying molec
ular interactions, the coupling factor of a given analyte varies when 
different polarizing agents are employed. This effect has been observed 
experimentally by Levien and coworkers, who reported the variation of ξ 
of CHCl3, CCl4, and toluene at 0.34 T and 1.2 T for different nitroxide 
radicals. [199] Additionally, a computational study by Küçük and co
workers found that CHCl3 exhibited a slower ξ decay with increasing 
magnetic field when TEMPOL was used instead of TEMPONE. [74].

Another instructive model compound was carbon tetrabromide 
(CBr4). First characterized in CCl4 solution by Orlando and coworkers 
with TEMPONE using a resonant probe head at 9.4 T, the compound 
displayed an 13C enhancement of 600 ± 60, approximately 1.4-fold 
larger than that of CCl4. [114] This is the largest 13C OE-DNP 
enhancement reported so far at this magnetic field. Yang and co
workers later corroborated this trend using a non-resonant probe head 
(with s ≈ 0.3) at the same field, which showed ε(CBr4) = 180 ± 18 and 
ε(CCl4) = 121 ± 10, corresponding to ε(CBr4)/ε(CCl4) ≈ 1.5. [198]
Available evidence so far indicates that this enhancement trend persists 
at 14.1 T – using a solid-state MAS-DNP probe head (with s ≈ 0.1), 
Orlando and coworkers observed ε(CBr4) = 35 ± 3 and ε(CCl4) = 23 ±

5. [114] Comparison of the three model systems suggested that 13C 
enhancement of these halomethanes are promoted by the non-covalent 
interaction between the polarizing agent and the analyte – specifically, 
weak hydrogen bond (C–H…O–N) or halogen bond (C–X…O–N; X = Cl 
or Br) when nitroxide radicals are employed. Additional discussion on 
the functional group dependence of 13C OE-DNP will be provided in the 
following section.

5.1.1.2. Carbon-13 in various chemical environments. Recent de
velopments in hardware design and the underlying physical under
standing of OE-DNP have extended the scope of 13C OE-DNP application 
beyond simple model systems to a range of practically relevant mole
cules, including amino acids, natural products, pharmaceuticals, and 
molecular probes such as enzyme inhibitors and X-ray contrast agents. 
[40,75] Measured in a range of solvents of varying polarity – including 
CCl4, benzene, CHCl3, water, and DMSO – carbon enhancements up to 
20 have been reported using TEMPONE-15N as the polarizing agent. 
These 13C enhancements are strongly influenced by the local chemical 
environment. A survey of the 13C enhancements at 9.4 T reveals site 
specificity, with trends that could guide future design of both polarizing 
agents and analytes for high-field OE-DNP. Tables A1 to A5 in the ap
pendix summarize the literature-reported 13C enhancements, grouped 
by instrumentation.

Specifically, higher 13C enhancements were consistently observed 
when the carbon of interest is adjacent to atoms participating in non- 
covalent interactions, such as hydrogen or halogen bonds, with nitro
xide radicals. These interactions facilitate spin polarization transfer by 
enabling the generation of 13C isotropic hyperfine coupling. For 

Fig. 18. Role of polarizing agent-analyte halogen bond in facilitating high-field liquid-state 13C OE-DNP enhancement. (a) 13C NMR spectra of CCl4 solutions of 4- 
iodo-methoxylbenzene (0.3 M) and pentafluoroiodobenzene (0.6 M) doped with 25 mM TEMPONE-15N-d16 under OE-DNP (red) and thermal Boltzmann (black) 
conditions. (b) Correlation between 13CI coupling factors and DFT-calculated analyte-TEMPONE halogen bond strengths of iodobenzene derivatives. Solid black line 
is an empirical fit with r2 = 0.97. (c) Electrostatic potential of TEMPONE and C6F5I. The blue electronegative region of TEMPONE interacts preferentially with the red 
electropositive region of C6F5I. White dots represent electrostatic potential maximum (i.e. C–I σ-hole, see text) or minimum. (d) Example of low-energy vibrational 
mode of the TEMPONE-C6F5I transient complex. Adapted from ref. [198]. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.)
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protonated carbons, illustrative examples include small aromatic mol
ecules, where protonated aromatic carbons (ε ≈ 3–20 using the setup in 
Fig. 16) exhibit higher enhancements than non-protonated aromatic 
carbons functionalized bearing nitro, alkyl, methoxy, nitrile, carbonyl, 
and fluorine substituents (|ε| < 1) under comparable conditions. Addi
tional examples include protonated carbons α- to electron-withdrawing 
groups, such as the methyl and methylene groups α- to carbonyl moi
eties, as well as the methylene carbon in diethyl malonate; these typi
cally yield larger enhancements than non-functionalized alkyl carbons 
(e.g., in cyclopentane, cyclohexane, hexane, and heptane). A similar 
trend is observed for electron-withdrawing groups bearing protonated 
carbons. For instance, the aldehyde carbon of phenylacetaldehyde, and 
the terminal alkyne carbon of phenylacetylene (ε ≈ 10–20) display 
markedly higher enhancements than their non-protonated analogs, such 
as the ketone or internal alkyne carbons (Tables A1-A3). Overall, these 
observations can be summarized as follows: protonated carbons exhibit 
superior 13C enhancements than non-protonated ones, and carbons 
bearing more acidic (i.e. smaller pKa) protons tend to show larger en
hancements. This is consistent with observations made at lower mag
netic fields. [55] While measurements at 14.1 T have so far been limited 
to a small number of analytes, including CCl4, CHCl3, CBr4, hexane, and 
phenylacetylene [114,134], evidence so far indicates that a similar 
dependence on chemical functionality persists at higher fields.

5.1.1.3. Role of non-covalent bonds to nitroxide polarizing agents. The 
observations above indicate that non-covalent interactions with nitro
xide radicals facilitate the generation of 13C-isotropic hyperfine coupling 
at adjacent 13C nuclei, thereby promoting scalar-driven cross-relaxation, 
which is a critical mechanism for preserving OE-DNP efficiency at high 
magnetic fields. Although weaker than O–H, N–H, or F–H variants, 
hydrogen bonds involving C–H have been well documented. [200] The 
impact of hydrogen bonding becomes more pronounced for acidic pro
tons, which are known to favor stronger hydrogen bonding interactions. 
The possible involvement of C–H…N–O hydrogen bonds in OE-DNP has 
already been examined at lower magnetic fields by Müller-Warmuth, 
Bates, Dorn and others. [4,54,55,185,197,201] While many studies 
aimed to correlate 13C DNP enhancements with the induced isotropic 
hyperfine constants arising from C–H…O–N interactions, the related 
molecular dynamics also contribute in important ways. For example, 
Orlando and coworkers recently showed that the C–H…O–N interaction 
in the CHCl3…TEMPONE transient complex generates spectral density 
at both tens-of-picosecond timescales – through stabilizing the transient 
complex – and also at sub-picosecond timescales. [64] Despite these 
insights, the influence of non-covalent interactions on molecular dy
namics relevant for high-field liquid-state OE-DNP still remains only 
partially understood and requires more systematic analysis.

Another important class of non-covalent interaction facilitating 13C 
OE-DNP is the halogen bond, initially proposed for CCl4, CHCl3, and 
CBr4. The recent report by Levien and coworkers [40] identified 
increased enhancements for polychlorinated and mono-iodinated car
bons, including those in iodobenzene, adenyl cyclase inhibitor 
ST034307, mitotane, amiodarone hydrochloride, and sodium dia
trizoate. Halogen bonds can be described as an attractive interaction 
between the electronegative oxygen of the nitroxide radical and the 
electropositive “σ-hole”, which refers to a region along the extension of a 
C–X bond (X = Cl, Br, I). [202] The role of polarizing agent-analyte 
halogen bond in high field liquid-state OE-DNP has been investigated 
in depth by Yang and coworkers. [198] In this study, the authors sys
tematically modulated the halogen bond strength between TEMPONE 
and a series of iodobenzene derivatives by introducing electron- 
withdrawing substituents onto the aromatic system. Up to 10-fold 
boost of the 13C DNP enhancements was observed for iodinated and 
brominated aromatic carbons upon functionalization with stronger 
electron-withdrawing groups (Fig. 18a). Notably, a 130-fold enhance
ment was obtained for the 13CI site of pentafluoroiodobenzene, 

surpassing that of CCl4 (ε ≈ 120) measured on the same spectrometer (i. 
e., under comparable saturation conditions). This represents the first 
example of a non-halomethane molecule exhibiting a 13C enhancement 
exceeding two orders of magnitude at 9.4 T in the liquid state.

Computational studies illustrated that polarizing agent-analyte 
transient complexes stabilized by the C–I…O–N halogen bond induce 
isotropic hyperfine interactions at least an order-of-magnitude stronger 
than those arising from alternative non-covalent interactions. Further 
investigation by Yang and coworkers revealed linear correlations be
tween the polarizing agent-analyte C–I…O–N halogen bond strength 
(Fig. 18b), 13CI spin population, 13C isotropic hyperfine constants, and 
the experimental 13CI coupling factors for a series of iodobenzene de
rivatives in different solvents. Recognizing that the accuracy of DFT 
hyperfine calculations is system- and functional-dependent [203,204], 
the authors further validated these correlations using multiple DFT 
methods as well as the DLPNO-CCSD (domain-based local pair natural 
orbital coupled-cluster with singles and doubles) method, which yields 
high-accuracy EPR parameters at the expense of increased computation 
cost. [205,206] Altogether, these results provide compelling evidence 
that polarizing agent-analyte halogen bonding is a key in boosting the 
13C enhancements of the halogenated carbons. In addition to electronic 
effects, the report identified potential influences of halogen bonds on the 
polarizing agent-analyte molecular dynamics. These include modifica
tion of the analyte electrostatic potential surface (Fig. 18c), as well as the 
presence of low-energy halogen-bond-related vibrations of the polar
izing agent-analyte transient complex (Fig. 18d), occurring on the 
optimal timescale for high-field OE-DNP (~0.6 ps at 9.4 T, corre
sponding to ~8.8 cm− 1). These dynamic aspects manifest in a more 
complex halogen-bond dependency of the DNP performances of several 
chlorinated and brominated compounds. [198].

5.1.2. Hydrogen-1
1H NMR is perhaps the most widespread NMR method across both 

academic and industrial settings due to the near-universal presence of 
protons (> 99.9% natural abundance) and their high NMR sensitivity. 
Nevertheless, 1H NMR hyperpolarization remains desirable when con
ventional NMR sensitivity becomes insufficient for chemical analysis, 
for instance, for low concentration samples in biological [1,36,207] and 
environmental sciences [208,209], for in situ chemical reaction moni
toring [210,211], or when 1H serves as a polarization reservoir for 

Fig. 19. Coupling factor between the TEMPOL radicals and water protons as a 
function of sample temperature. The coupling factors assessed from DNP ex
periments (□,○,△,☆) are compared to coupling factors determined through 
NMRD measurements (●) and by molecular dynamics (◆). Reproduced with 
permission from ref. [152].
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enhancing other nuclei [194]. In the context of OE-DNP, 1H has un
dergone extensive study – in fact, it was the first nucleus explored at 
magnetic field ≥3 Tesla, as demonstrated by Bennati, Prisner and co
workers. [44,115] Unlike 13C, which could experience both scalar and 
dipolar OE-DNP relaxation, 1H OE-DNP has been almost exclusively 
reported as dipolar-dominant when using nitroxide or galvinoxyl 
polarizing agents, except for rare cases involving reversible protonation 
of the polarizing agent [212] or protons anchored on conductive ma
terials [213] at low fields. As such, the theoretical maximum 1H OE-DNP 
enhancement is approximately − 328 (Table 3), corresponding to ξmax =

0.5.
Dipolar relaxation may arise from translational or rotational diffu

sion. Because the correlation times of these processes are diffusion- 
controlled and typically lie in the 1 to 100 ps range, dipolar-driven 
OE-DNP is more efficient at lower magnetic fields. Indeed, early 
studies in the 1970s conducted below 1.5 T sometimes could achieve 
substantial enhancements approaching the theoretical limit. 
[3,4,214,215] However, most 1H NMR-based structural elucidation re
quires high chemical shift resolution, thus necessitating high magnetic 
field operation (usually >9 T). To circumvent this mismatch between the 
optimal OE-DNP condition and the desired magnetic field for high- 
resolution analysis, Dorn and coworkers developed a two-field flow 
system where the sample was hyperpolarized at 0.33 T using an X-band 
EPR resonator and then flowed to a liquid-state NMR spectrometer at 
4.7 T for detection. [42,55,216] Lingwood, Krummenacker, Deny
senkov, and others have adapted the flow-based OE-DNP methodology 
to enhance MRI contrast of phantoms at 1–2 T. [217–220] More recent 
examples by Münnemann and coworkers integrated flow OE-DNP with 
benchtop NMR spectroscopy (~ 1.0 T) to compensate for the reduced 
sensitivity compared to high-field instruments. [221–224] A similar 
principle was explored by Bennati, Griesinger, and coworkers in the 
form of a shuttle system between a 0.34 T commercial EPR spectrometer 
(or later, the stray field of a superconducting magnet with specialized 
shimming) and a 14.1 T liquid-state NMR spectrometer. [225–227]
Despite efficient low-field 1H OE-DNP hyperpolarization, the two-field 
approach faces intrinsic drawbacks, including relaxation loss during 
sample transfer (as accelerated by the polarizing agent and magnetic 
field change), and increased thermal polarization when reaching the 
high-field detector. Further OE-DNP experiments carried out at inter
mediate magnetic fields, 3.4 T, revealed one or two orders-of-magnitude 
enhancements for 1H in water [44,228] and toluene [229] doped with 
nitroxides at elevated sample temperatures when solvents reach boiling 
or supercritical states. [230].

The first high-field (9.2 Tesla) liquid-state 1H OE-DNP experiment 
was performed by Prisner, Prandolini, Denysenkov, and coworkers using 
the cylindrical resonator described in Fig. 12 on TEMPOL doped water. 
[45,115] Initial measurements employing a 45 mW continuous-wave 
solid-state MW source yielded a 1H enhancement of − 4 for water. 
[45,115] Under similar conditions, Krummenacker and coworkers 
observed only modest enhancements of ε(1Н) ≈ − 1, corresponding to a 
signal inversion, for cancer-related metabolites of pyruvate, lactate, and 
alanine. [219] Subsequent adoption of high-power gyrotron MW irra
diation enabled ε(1H) ≈ − 10 for water at ~318 K [46,152], and ε(1H) ≈
− 83 (Fig. 19) when the sample was heated to ~433 K [152]. Alterna
tively, an enhancement of ε(1H) ≈ − 10 for water could be achieved by 
the use of narrow-line polarizing agents, such as Fremy's salt, under low 
(45 mW) MW power. [116] Similar degrees of enhancement were later 
achieved also by Yoon and coworkers using TEMPOL and a non-resonant 
probe head (Fig. 14) capable of delivering maximum B1e ≈ 2.5 G at the 
sample position. [138] Comparison between coupling factors deter
mined from 1H OE-DNP enhancements of TEMPOL in various organic 
solvents at 9.2 T and NMRD revealed substantial contributions to the 
coupling factor by fast sub-picosecond dynamics of the polarizing agent- 
analyte (i.e. solvent) complex, especially in more viscous solvents such 
as DMSO. [61,231,232] Recent work by Kuzhelev and coworkers [63]
revealed correlation between the rotational correlation times of a series 

of polarizing agents dissolved in DMSO and the 1H enhancements of 
DMSO, with longer τd,rot producing smaller |ε(1H)| through their in
fluences on the inner-sphere rotational diffusion of the polarizing agent- 
analyte transient complex. This observation aligns well with an earlier 
study by Levien and coworkers, which associated ε(1H) changes with the 
molecular mass of the polarizing agents. [62] The above studies are 
further consistent with earlier results by Neugebauer and coworkers, 
who reported an increase in the proton coupling factor for a water- 
TEMPOL system from 0.008 to 0.14 upon heating from 25 ◦C to 
155 ◦C (Fig. 19). [152] Such an increase was attributed to faster trans
lational diffusion and, more critically, faster inner-sphere reorientation 
occurring at the picoseconds timescale at elevated temperatures. 
Collectively, these reports provided mechanistic insight into high-field 
liquid-state 1H OE-DNP, while highlighting temperature as an impor
tant operational parameter.

Additionally, studies have shown that NMR spectral features are 
altered by the use of supercritical fluid (SF) as the solvent, which is 
generated under high pressure, and endows much shorter molecular 
correlation times for the dissolved substances. [233] This principle has 
been investigated in the context of 1H OE-DNP of small organic mole
cules at 1.4–3.4 T in SF ethylene and SF CO2, generated by maintaining 
the sample compartment under 60–300 bar pressure. [55,230,234]
Particularly, Dorn and coworkers reported ~2.5-fold increase in ε(1H) of 
benzene at 0.33 T by changing the solvent from C6D6 to SF CO2. [55] van 
Bentum and coworkers predicted a diffusion correlation time ≤ 1 ps and 
ε(1H) < − 100 for toluene at 14.1 T. [230] Nevertheless, high-field OE- 
DNP performed with SF solvents have not yet been demonstrated 
experimentally.

5.1.3. Fluorine-19
Fluorine-19 is the second most sensitive stable nucleus in the NMR 

periodic table. It has 100% natural abundance and a gyromagnetic ratio 
approximately 94% that of 1H. Combined with a broader chemical shift 
dispersion than 1H, 19F plays an important role in NMR-based chemical 
analysis. While chemically less ubiquitous than 1H or 13C, fluorine 
comprises a key structural element in many pharmaceuticals [235,236], 
agrochemicals [237,238], and solution-processable polymers 
[239,240]. Moreover, 19F NMR has become an invaluable tool for 
studying biological systems, because it can serve as a sensitive spin label 
for distance and orientation measurements while contributing minimal 
background signal. [241–244] Hyperpolarization of 19F is particularly 
beneficial for applications demanding exceedingly low limits of detec
tion, such as biolabel detection, environmental analysis, and MRI 
contrast agent development. [209,245] To this end, photo-CIDNP, 
dissolution DNP, and parahydrogen-based methods have been investi
gated as possible viable options. Recently, Gomez and coworkers 
demonstrated 1D and 2D 19F NMR enhanced by photo-CIDNP. [246]
Bernarding and coworkers further showed a detection limit that was 
below nanomole quantities of an antiviral drug favipiravir using 1D 19F 
photo-CIDNP-MRI. [247] Silva Terra and coworkers reported up to 
5700-fold 19F signal enhancement of a 1D acquisition via SABRE com
bined with multiplet refocusing. [248] Hilty and coworkers utilized 19F 
dissolution DNP in reaching 19F enhancements of several thousands to 
measure the binding affinity of ligands. [249,250] Nevertheless, as with 
other nuclei, these hyperpolarization approaches are generally single- 
shot in nature, thereby making OE-DNP an attractive route for obtain
ing regenerable hyperpolarization.

Extensive investigation of 19F OE-DNP has been performed over the 
last few decades. George [118], Neudert [251], Peksoz [252], Webb 
[253], Poindexter [215,254], Müller-Warmuth [67], Dey [255], Loening 
[43], and others have carried out in-depth mechanistic studies of com
pounds with a range of fluorine functionalities using both resonant and 
non-resonant probe head configurations. Depending on the analyte and 
polarizing agents (including nitroxides, galvinoxyl, BDPA, 2,3,5,6-tetra
chlorosemiquinone, and 2,4,6-triphenyl pyrylyl), both scalar- and 
dipolar-dominated cross-relaxation were observed. Chandrakumar and 
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coworkers later extended these studies to intermediate magnetic fields 
of 0.34–3.4 T. [118] Up to 20-fold 19F enhancements were observed 
when the OE-DNP experiments were performed with galvinoxyl rather 
than nitroxide radicals. Leveraging these 1D enhancements, the authors 
reported the first OE-DNP enhanced 2D NMR of 19F–19F COSY and 
19F–13C HETCOR experiments.

Only recently has liquid-state 19F OE-DNP been demonstrated at 9.4 
Tesla, by Levien, Reinhard, and others using the NMR-optimized 13C/1H 
two-channel DNP setup (Fig. 16), where 19F was detected through the 1H 
circuit. [39,40] Consistent with the earlier studies by Chandrakumar 
and coworkers at lower magnetic fields, galvinoxyl proved to be a su
perior polarizing agent for 19F OE-DNP compared to nitroxides. [118]
Scalar-dominant OE-DNP with ε(19F) = 5–20 was routinely achieved 
across a variety of small molecules containing various fluorine func
tionalities and chemical environments, whereas nitroxides yielded more 
modest enhancements of 0 < ε(19F) ≤ 4. Analysis of the field dependence 
of the 19F coupling factors of the hexafluorobenzene model system 
across 0.0015, 0.0074, 0.34, 1.2, 3.4, and 9.4 T revealed that the 19F OE- 
DNP was governed by processes involving spectral densities arising from 
translational diffusion, rotational diffusion, and molecular collision 
(Fig. 20a, Table 7). [39] Compared to the OE-DNP process induced by 

TEMPO, an additional fast (sub-picosecond) collision term, and the 
rotational diffusion component were required to describe that of galvi
noxyl. Importantly, the amplitude of the term F of the major collision- 
induced spectral density contribution of galvinoxyl is an order of 
magnitude larger than that of TEMPO. Further DFT computation 
revealed that galvinoxyl induces stronger 19F isotropic hyperfine cou
plings in the thermodynamically more stable structures of its transient 
complexes with hexafluorobenzene (Fig. 20b). Comparison of the elec
tronic effects of representative TEMPO- and galvinoxyl- 
hexafluorobenzene complexes evaluated by DFT and DLPNO-CCSD 
showed good agreement between the two methods (Fig. 20c-f). 
Finally, extrapolation of the magnetic-field-dependent coupling factor 
[39] suggested that sizable 19F OE-DNP enhancements may be attain
able at magnetic fields higher than 9 T.

5.1.4. Phosphorous- 31
Phosphorous is another important element studied by NMR. Found 

in diverse chemical environments, phosphorous is commonly employed 
in supporting ligands for organometallic catalysts, as well as active sites 
for organocatalysis. [256,257] In biological systems, phosphorous con
tributes in energy metabolism, cellular biochemistry, and genetic 

Fig. 20. (a) Magnetic field dependence of the 19F coupling factor of C6F6 when hyperpolarized with TEMPO (red) or galvinoxyl (blue). Solid lines are simulations. 
Shading represents ±20% uncertainty. (b) Isotropic hyperfine coupling constants of optimized polarizing agent-analyte complexes (blue for galvinoxyl-C6F6, red for 
TEMPO-C6F6) plotted against the relative single-point energies of the complexes. (a) and (b) were adapted from ref. [39]. (c-d) DFT-optimized structures of (c) 
galvinoxyl-C6F6 and (d) TEMPO-C6F6 complexes with their calculated spin density distribution (both isosurface thresholds are ±0.0005 e/Å3). (e-f) Comparison of 
the calculated isotropic hyperfine couplings to 19F of the respective complexes shown in (c-d) using DFT (B3LYP/EPR-II) and coupled-cluster level of theory (DLPNO- 
CCSD/EPR-II). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 7 
Parameters describing the variable-field OE-DNP performances of hexafluorobenzene using galvinoxyl and TEMPO as the polarizing agent. Collision of type i is 
described by duration τcol,i and Fi = 4π2〈A2

i
〉
/h2τp,i. Indices i = 1, 2 are used here because their molecular origins are unknown. Data is taken from ref. [39].

Polarizing 
Agent

Molecular collision Translational diffusion Rotational diffusion

F1 

[rad2/s2]
τcol,1 

[ps]
F2 

[rad2/s2]
τcol,2 

[ps]
rd 
[Å]

τtrans 

[ps]
krot 

[s− 2]
τrot 

[ps]

Galvinoxyl 16.8 × 1024 0.3 0.25 × 1024 4.1 2.75 50 1 × 1010 40
TEMPO 1.69 × 1024 1.0 – – 2.8 50 – –
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coding. [258–260] As the only stable isotope of phosphorous, 31P is a 
spin-1/2 nucleus with a gyromagnetic ratio and sensitivity lying be
tween those of 1H and 13C. In terms of 31P OE-DNP, both scalar- and 
dipolar-dominant cross-relaxation mechanisms have been observed, 
with triphenylphosphine (PPh3) routinely reaching ε ~ 102 under a wide 
range of magnetic fields (0.0074–14.1 T). [43,131,134,138,182] 31P OE- 
DNP has a theoretical maximum signal enhancement of 1624 when 
dominated by scalar relaxation.

Early studies on 31P OE-DNP date back to the 1970s, when com
pounds with diverse phosphorous chemical environments were sys
tematically examined at low magnetic fields (< 0.1 T). [261–267]
Scalar-dominated 31P enhancements were observed for protonated and 
halogenated phosphorous centers, as well as those possessing electron 
lone pairs, when paired with polarizing agents such as galvinoxyl, BDPA, 
TTBP (2,4,6-tri-tert-butylphenoxyl) and various nitroxide radicals. 
[263,266] In contrast, 31P shielded by oxo- or aliphatic substituents 
typically exhibits dipolar-dominated OE-DNP behavior. [264] For 
example, PIIIPh3 (Ph = phenyl group), PVOCl3, and (MeO)2(H)PVO 
yielded positive 31P enhancements at 0.0074 T using TTBP, whereas 
PVOPh3 showed negative DNP enhancements. Such mechanistic dis
tinctions persist at higher magnetic fields.

Recently, Reinhard and coworkers reported enhancements up to 360 
for PPh3 with BDPA at 1.2 T, but no enhancement for POPh3. [131] DFT 

analysis of the polarizing agent-analyte transient complexes revealed 
preferential BDPA-PIIIPh3 complexation mediated by the phosphorous 
lone pair, which facilitates a strong isotropic hyperfine interaction and 
efficient scalar relaxation for 31P (Fig. 21). Such interaction is absent in 
POPh3 due to involvement of the lone pair in the P––O bond. Owing to 
the large enhancements achievable with this system, PPh3-BDPA has 
become a standard benchmark for OE-DNP instrument performance 
from 5 T to 14.1 T, routinely producing 100- to 200-fold enhancements. 
[43,137,138,182] Beyond triphenyl phosphine, detailed mechanistic 
studies of 31P OE-DNP relevant for high-resolution NMR (≥ 9 T) remain 
scarce. In contrast to OE-DNP, SE-DNP has been shown to generate en
hancements up to |ε| ≈ 45 for pentavalent phosphorous species in 
aqueous solution. [107].

5.2. Applications of high-field liquid-state OE-DNP

The main goal of hyperpolarized NMR is its seamless integration into 
conventional NMR applications, which spans chemical analytics, struc
tural elucidation of small molecules, investigation of biological systems, 
and studies of catalytic processes. While dDNP has been well-established 
for metabolic studies and biological imaging, OE-DNP remains in an 
early stage of development in this regard. The recent advent of high-field 
OE-DNP over the past decade – with improvements in enhancements 

Fig. 21. DFT-optimized structures of transient complexes of BDPA and (a) PIIIPh3 and (b) PVOPh3. Distances between P and the central allyl carbon are marked with 
their values. (c) Calculated 31P isotropic hyperfine constants and single-point energies of DFT-optimized BDPA-PIIIPh3 complexes plotted against the 31P-allyl group 
distance. Adapted from ref. [131].

Fig. 22. Pulse sequences reported for OE-DNP enhanced 2D correlation and polarization transfer experiments. [39,40,271] It is worth noting that, apart from the 
introduction of CW MW irradiation, the pulse sequences for OE-DNP enhanced NMR are analogous to the standard NMR pulse sequences; this favors the imple
mentation of OE-DNP in NMR spectroscopy.
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and spectral resolution for multiple nuclei – has motivated the first ap
plications to more practically relevant systems. In the following section, 
we summarize developments in this direction.

5.2.1. OE-DNP for structural elucidation of small molecules

5.2.1.1. OE-DNP enhanced 2D NMR. While 1D NMR reflects the di
versity of chemical environments in a chemical system, assigning reso
nances often requires implementation of 2D or higher-dimensional 
correlation experiments. In a multidimensional NMR experiment, in
formation on correlation is encoded into the cross-peaks after Fourier 
transform of a series of 1D spectra acquired with incremented interpulse 
delays. Because these experiments require repeated acquisitions and 
often involve low natural-abundant nuclei, they are time-consuming and 
often require costly isotopic enrichment. To this end, hyperpolarization 
techniques can significantly speed up multidimensional NMR 

acquisition. However, the iterative nature of multidimensional experi
ments poses challenges for many single-shot hyperpolarization methods. 
Advanced acquisition and processing methods compatible with single- 
shot hyperpolarized NMR have been developed, for instance, by tak
ing advantage of fast nuclear spin-lattice relaxation [36,268], 
combining spatial-encoding with polychromatic excitation 
[37,269,270], or supplying fresh reaction mixture [38,246]. However, 
these approaches tend to be system specific, have higher experimental 
complexity, require adaptation of existing pulse sequences, or involve 
non-recoverable sample consumption. In contrast, OE-DNP allows 
continuous in situ generation of hyperpolarization, thus enabling 
repeated multidimensional acquisition on the same sample. This makes 
OE-DNP an attractive approach for hyperpolarized multidimensional 
liquid-state NMR.

To date, 2D OE-DNP NMR has been explored far less extensively than 
its 1D counterpart. Early demonstrations by Chandrakumar and 

Fig. 23. OE-DNP enhanced 2D 13C–13C INADEQUATE (a) of neat p-cymene (liquid) doped with 100 mM TEMPONE-15N-d16 measured at 9.4 T using the NMR- 
optimized setup described in Fig. 16. Inset in panel (a) shows structure of p-cymene. Expanded views in panel (b) illustrate one-bond 13C–13C J-coupling con
stants that can be measured in (a). Adapted from ref. [40].

Fig. 24. OE-DNP enhanced 19F–13C 1D INEPT and 2D HETCOR of flutrimazole (~ 0.1 M solution in 9:1 v/v CCl4:CHCl3 doped with ~15 mM galvinoxyl). (a) 
Structure of flutrimazole. Stars denote quaternary carbons. (b) OE-DNP enhanced 19F pulse-acquire spectra. (c) OE-DNP enhanced 19F–13C INEPT spectra with 
selective 19F pre-saturation. Red, blue (F2 pre-saturated and F1 observed), and green (F1 pre-saturated and F2 observed) traces are enhanced spectra optimized for 
transfer between different 19F–13C pairs. Black traces were collected under thermal Boltzmann conditions. (d) OE-DNP enhanced 19F–13C HETCOR spectrum. For (b, 
c, d), GARP-4 broadband 19F decoupling was implemented during 13C acquisition. Symbol (+) marks one of the C3 doublets. Adapted from ref. [39]. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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coworkers at 0.34, 1.2, and 3.4 T employed 19F–19F COSY (correlation 
spectroscopy) and 13C–1H HETCOR (heteronuclear correlation spec
troscopy) experiments, in which a short DNP excitation (about a second 
of MW irradiation) was delivered immediately prior to each increment 
of the NMR pulse sequence. [118,272] Keller and Maly later demon
strated OE-DNP-enhanced 1H 2D J-resolved spectroscopy at 0.35 T. 
[273] These measurements utilized EPR resonators equipped with RF 
coils.

The first examples of OE-DNP enhanced 2D NMR at 9.4 Tesla – 
specifically 13C–13C correlation experiments – have been recently re
ported by Levien and coworkers using the OE-DNP instrument described 
in section 4 (Fig. 16). [40,184] These works included DQF-COSY (dou
ble-quantum-filtered correlation spectroscopy; Fig. 22a) and TOCSY 
(total correlation spectroscopy; Fig. 22b) acquired on 13C-enriched 
samples, and INADEQUATE (incredible natural-abundance double 
quantum transfer experiment; Fig. 22c) acquired on samples at natural 
13C abundance. All experiments were performed with standard NMR 
sequences [274–276] operated under continuous MW irradiation. The 
resulting OE-DNP enhanced 2D spectra recapitulate the structural in
formation obtainable from conventional NMR, while exhibiting 
enhanced cross- and diagonal-peaks, whose intensities are modulated by 
the corresponding 1D enhancement factors. Notably, OE-DNP-13C- 
INADEQUATE enabled full mapping of the 13C connectivity of the nat
ural product p-cymene using 17 mg of sample, while resolving the1JCC 
coupling constants in the 30–60 Hz range (Fig. 23). A more recent report 
by Reinhard and coworkers further demonstrated OE-DNP enhanced 
19F–13C heteronuclear coherence transfer experiments, as detailed in 
the next section. [39].

5.2.1.2. Transfer of OE-DNP hyperpolarization between nuclei. OE-DNP 
enhanced 2D NMR redistributes hyperpolarization across coupled nu
clear spin networks through polarization and coherence transfer. For 
instance, in the enhanced 13C-TOCSY experiment, cross and diagonal 

peaks sharing the same indirect dimension frequency (i.e. appearing in 
the same row of a 2D spectrum) possess the same enhancement factors ε. 
[40] For OE-DNP-13C-INADEQUATE, ε of each cross peak corresponds to 
the arithmetic mean of the 1D ε of the two coupled carbons. [40]
Naturally, such hyperpolarization transfer schemes can also be extended 
to 1D experiments, allowing enhancement of nuclei that otherwise 
possess unfavorable ε under direct OE-DNP conditions.

Among the various polarization transfer schemes applied in liquid- 
state NMR, the coherence transfer methods of INEPT (insensitive 
nuclei enhanced by polarization transfer) [277] and isotropic mixing (i. 
e. homonuclear Hartmann-Hahn polarization transfer; the key element 
of TOCSY) [278,279] have been explored in the context of high-field 
liquid-state OE-DNP. Dai and coworkers provided an early demonstra
tion of DNP-enhanced non-refocused INEPT at 9.4 T in the liquid state, 
which was used to transfer polarization onto 13C from scalar-coupled 1H 
hyperpolarized by SE-DNP in a viscous medium. [105] Compared to the 
MW-off 1D 13C experiment, the SE-DNP enhanced 1H–13C INEPT 
experiment exhibited an overall enhancement approximately equal to 
the product of the 1D 1H DNP enhancement ε(1H) and the conventional 
thermal INEPT transfer factor, determined by γ1H/γ13C and the number 
of coupled protons. The amplification factor given by the multiplicative 
contribution of hyperpolarization and thermal polarization ratios opens 
up a promising avenue for speeding up structural elucidation by heter
onuclear correlation. The same principle was further illustrated in the 
recent report by Reinhard and coworkers, where OE-DNP enhanced 
19F–13C INEPT (Fig. 22d) and its 2D analog, 19F–13C HETCOR, of the 
antifungal drug flutrimazole (Fig. 24) were reported. [39] In particular, 
INEPT-mediated hyperpolarization transfer achieved 13C enhancements 
of as much as 100-fold in fluorinated small molecules relative to thermal 
pulse-acquire 13C spectra, arising from γ19F/γ13C ~ 3.7 and ε(19F) ~ 25. 
[39] For non-viscous samples, direct 1H OE-DNP is significantly less 
efficient, thus precluding the analogous 1H-heteronuclear hyperpolar
ization transfer experiment. Conversely, 1H signal can be enhanced by 

Fig. 25. OE-DNP enhanced (top row) and thermal (bottom row) 13C NMR spectra of aqueous solutions of (a) 2 M proline-13C5 and (b) 2 M glucose-13C6 doped with 
0.1 M TEMPOL at 9.4 T. Adapted from ref. [75].
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13C–1H hyperpolarization transfer using reverse-INEPT in 13C-enriched 
compounds, as demonstrated by Rao and coworkers at 9.4 T and by 
Soundararajan and coworkers at 14.1 T. [178,181].

Incoherent transfer schemes have also been explored for hyper
polarizing solution samples via a solid-to-liquid nuclear Overhauser ef
fect (NOE). Solid-state polarization sources include optically- 
hyperpolarized 5,12-diazatetracene-doped p-terphenyl nanocrystals 
[280] and nanodiamond [281], as well as micrometer-scale polystyrene 
particles hyperpolarized by SE-DNP [282], as demonstrated by Matsu
moto, Eichhorn, Wi, and others. In these cases, the paramagnetic agent 
either decays (as a transient triplet state) or is spatially separated (solid- 
to-liquid) from the target nuclei during the NOE step, thereby avoiding 
strong paramagnetic relaxation that would otherwise dominate. 
Nevertheless, the polarization transfer efficiency across the solid-liquid 
interface still needs further investigation and improvement. Developing 
a practical protocol for NOESY (nuclear Overhauser effect spectroscopy) 
hyperpolarization transfer under the conditions of OE-DNP is still an 
open challenge (particularly if the aim is to use semi-quantitative 
interpretation of NOESY cross-peak intensity data to aid structure 
determination [283,284]).

5.2.2. OE-DNP study of biological small molecules
Recent developments of liquid-state OE-DNP have brought forth 

structural analysis of a variety of biologically active molecules with 1H, 
13C, and 19F hyperpolarization. Early investigation by Krummenacker and 
coworkers observed relatively modest (|ε| < 2) 1H enhancements for the 
metabolites of pyruvate, lactate, and alanine in aqueous solution at 9.2 T 
using the helical cylindrical resonator described in Fig. 12. [219] Later 
studies by Orlando and coworkers achieved ε = 13 ± 3 for the methyl 
carbon of pyruvic acid using the same resonant probehead design. [114]
More recently, hardware developments have further enabled analysis of 
biologically active molecules with improved chemical shift resolution and 
sensitivity. For instance, Dai and coworkers performed 13C OE-DNP on 
glucose and amino acids in water using nitroxide polarizing agents and a 
resonant probehead equipped with a Fabry-Pérot resonator (Fig. 13), 
resulting in 2–10-fold enhancements (Fig. 25). [75] Levien, Reinhard, and 
others reported 2- to 25-fold 13C and 19F enhancements for several 
pharmaceuticals and inhibitors in various solvents using an NMR- 
optimized setup (Fig. 16). [39,40,285] Nevertheless, demonstrations so 
far have been mainly focused on molecules with low molecular weight (≤
600–700 Da). Achieving efficient OE-DNP enhancement for biological 
macromolecules, which exhibit much slower dynamics, will likely require 
development of polarizing agents with tailored non-covalent interactions 
(see sections 2.3 and 5.1.1). Alternatively, an OE-DNP hyperpolarized 
(non-viscous) solvent matrix may act as an intermediate, enhancing the 
analyte NMR signal by polarization transfer. Similar strategies have been 
employed in dissolution DNP and solution-state photo-CIDNP to extract 
information about solvent accessibility, protein-ligand binding structure, 
selectivity, and dynamics, by studying biological macromolecules in 
presence of hyperpolarized solvent or ligand. [13,36,196,286–288] Val
entine and coworkers demonstrated that the 1H NMR signal of water can 
be enhanced by about two orders-of-magnitude (ε(1H) = − 93 ± 23) at 
0.35 T when encapsulated together with flavodoxin protein inside reverse 
micelles dispersed in perdeuterated hexane. [289] Although biological 
macromolecular hyperpolarization was not demonstrated experimentally, 
the authors proposed that incoherent polarization transfer from the 
hyperpolarized water matrix should polarize the protein. One potential 
challenge for investigating biological samples using liquid-state OE-DNP is 
that the biological matrix per se, consisting of aqueous buffers, likely in
duces large dielectric loss. This reduces MW and DNP efficiency while 
generating a strong heating effect, even with a resonant probe head design 
(for example, see section 5.1.2). The sample preparation method reported 
by Valentine and coworkers presents a possible solution to this issue – 
encapsulation in reverse micelles and dispersion in a low-dielectric-loss 
solvent could help mitigate MW attenuation and heating for measuring 
aqueous samples. [289] So far, experimental demonstration of this 

strategy at high magnetic fields still remains an open challenge.
Another important aspect of NMR analysis of complex mixtures is the 

quantification of different chemical components based on their respec
tive signal intensities. In OE-DNP, quantification becomes less 
straightforward because the enhancement factors tend to be specific to 
the nuclear chemical environment. A recent work by van der Ham 
attempted to recover the peak intensity proportionality of different 13C 
in the same molecule by back-extrapolation – OE-DNP spectra were 
collected with gradually reduced duration of MW irradiation, and the 
peak intensities were fitted to a DNP build-up curve governed by nuclear 
T1n. [290] Application of this method to a model system of iodobenze
ne-13C6 solution in toluene doped with TEMPONE-15N-d16 showed good 
agreement with the expected relative integrals of the two molecules. 
Alternatively, Phuong and coworkers developed a quantification scheme 
for 1H and 13C OE-DNP-enhanced acetonitrile-water binary mixtures 
using a flow-OE-DNP setup (hyperpolarization at 0.35 T, detection at 
1.0 T). [291] The authors established a series of calibration curves with 
respect to the analyte molar fractions, which were non-linear due to 
possible influences from non-uniform enhancement and relaxation 
during sample transport. However, quantification in the conventional 
sense, i.e., extraction of the absolute concentration/mass of a compound 
in a static hyperpolarized mixture [292], has not yet been demonstrated 
for OE-DNP.

In comparison to the OE-DNP mechanism, which has highest effi
ciency at high magnetic field for molecular motions with very short 
correlation times, the DNP effects induced by anisotropic dipolar hy
perfine coupling present a promising alternative for hyperpolarizing 
systems with slow dynamics. An early example was presented by Jak
detchai and coworkers, where OE-type 1H enhancement up to − 15 was 
achieved at ambient temperature for the acyl chain protons of aligned 
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) lipid bilayer doped 
with nitroxide radical. [109] Kuzhelev and coworkers showed SE-type 
1H enhancement up to ±12 when BDPA was used to hyperpolarize 
1,2-dimyristoyl-sn-glycero-3-phosphocholine bilayer. [103] SE-DNP of 
slowly-tumbling liquid samples also allowed 1H enhancements of 35–55 
for a tripeptide dissolved in glycerol, and 31P enhancements of ~20 for a 
25-mer DNA duplex dispersed in deuterated water. [107] The above 
evidence indicates that SE-DNP could serve as a complimentary mech
anism for continuous hyperpolarization of slow-tumbling liquid and 
viscous samples, which is particularly relevant for studying biological 
systems. Finally, it should be noted that 1H OE-DNP has been extensively 
used by Han, Franck, Armstrong, McCarney and others to study local 
water dynamics of lipid vesicles, proteins, and polymers. [293–295] As 
small molecule spin probes, such as nitroxide polarizing agents, are 
doped into biomacromolecules and soft matter, they experience 
different translational and rotational diffusion correlation times 
depending on whether they are situated at the surface or interior of the 
substrate. Subsequently, this leads to differences in OE-DNP coupling 
factors, which are best characterized at X-band. However, this topic has 
already been comprehensively reviewed in the past literature 
[51,296,297], thus will not be further discussed here.

5.2.3. Application of OE-DNP in reaction monitoring and surfaces
One important application of liquid-state NMR is the monitoring of 

chemical reactions, thanks to its non-invasive nature, ability to resolve 
chemical structure, provide quantitative information, and evaluate re
action dynamics. Towards this end, hyperpolarization could further 
promote this application by enabling detection of low-concentration 
reaction intermediates and acceleration of reaction screening, which 
are critical for mechanism elucidation [298], catalysis optimization 
[299], drug discovery [300,301], process control [302], and related 
fields. To date, multiple examples of reaction monitoring using hyper
polarized liquid-state NMR, specifically dissolution DNP and PHIP/ 
SABRE, have been demonstrated, including studies of organic 
[303,304], hydrogenation [211,305,306], polymerization [307], and 
enzymatic [308] reactions. Nevertheless, due to the single-shot nature of 
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these techniques, observation windows are typically limited to the nu
clear T1 relaxation time, and quantification must rely on NMR peak 
ratios [308] or careful modeling of the nuclear spin relaxation dynamics 
[304,305,307].

Because OE-DNP allows a continuous supply of hyperpolarization, in 
principle this method is suited for monitoring chemical reactions. Rao 
and coworkers demonstrated this capacity by tracking ligand exchange 
reactions of the homogeneous catalysts [Rh(PPh3)3Cl], [Ru(PPh3)3Cl2], 
[Pd(PPh3)2Cl2] and [Pt(PPh3)2Cl2], using 31P OE-DNP at 9.4 T. [182]
For this system, metal-bound PPh3 is challenging to hyperpolarize 
directly because the phosphorous lone pair responsible for efficient OE- 
DNP (see section 5.1.4) is engaged in metal complexation. Nevertheless, 
hyperpolarization was successfully relayed to the bound ligands via 
chemical exchange with free PPh3, which exhibits strong OE-DNP effi
ciency (Fig. 26a). This strategy led to 50- to 130-fold enhancements for 
the bound PPh3, with the latter value close to the enhancement of free 
PPh3. Furthermore, kinetic modeling of the DNP and ligand exchange 

processes allowed estimation of the exchange rates as a function of 
temperature (275–314 K) for the [Pd(PPh3)2Cl2] model system. The 
exchange rate relates to the enhancements and T1 of the free and bound 
PPh3 when pulse-acquire acquisitions were performed with pre- 
saturation (Fig. 26b). An activation energy of 28 ± 10 kcal/mol was 
subsequently extracted, in agreement with literature reports obtained by 
spectroscopic and computational methods. [182] Additionally, it is 
worth noting that conventional NMR analysis of chemical exchange 
based on saturation transfer typically detects <70% differences relative 
to the thermal Boltzmann signal. [309,310] OE-DNP, in contrast, pro
vides 101–102-fold enhancements, thus enabling much higher signal-to- 
noise for analyzing exchange processes.

More recently, this combined approach of OE-DNP and chemical 
exchange has been applied by the same authors to probe PPh3 bound to 
the surface of silica at the solid-liquid interface. [183] Conventional 
DNP SENS (Surface Enhanced NMR Spectroscopy [311,312]) requires 
sample freezing to enable efficient solid-state DNP mechanisms and 

Fig. 26. (a) Schematic of hyperpolarization of transition metal bound PPh3 through chemical exchange with OE-DNP enhanced free ligand. (b) Enhancement ratio of 
bound (εC) and free (εF) PPh3 (blue dots) as a function of the ligand exchange rate obtained from pre-saturated OE-DNP pulse-acquire experiments. Adapted from 
ref. [182].

Fig. 27. Schematic representation of the exchange-mediated polarization transfer pathway for enhancing NMR signals of surface species at solid-liquid interfaces, 
together with the OE-DNP-enhanced 31P NMR spectrum (blue) acquired using this strategy. The NMR spectrum measured with off-resonance MW irradiation (red) is 
provided as a reference in the absence of DNP. Adapted with permission from ref. [183]. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)
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polarization transfer, thus limiting its applicability to study interfaces 
under operational conditions. OE-DNP, when combined with chemical 
exchange, provides an alternative room-temperature approach for 
enhancing NMR signals at solid-liquid interfaces. Using a silica- 
supported Rh(I)-phosphine complex, Rao, Gioffrè, and co-workers 
demonstrated 31P DNP enhancement of the ligands of surface sites by 
up to a factor of 30 at 9.4 T. [183] In this approach, hyperpolarized PPh3 
is exchanged between the liquid solution and the solid-liquid interface, 
enabling the detection and monitoring of various species, including 
surface Rh-PPh3 sites, free PPh3 in solution, and a cyclometalated 
byproduct (Fig. 27).

6. Outlook

The past decade has witnessed developments of high-field liquid- 
state OE-DNP as a promising method for enhancing the sensitivity of 
high-resolution NMR for routine chemical analysis. Emerging examples 
are showcasing the practical applications of OE-DNP, as in structural 
elucidation of small molecules, reaction monitoring, and study of bio
logical systems in the context of chemical and biological analysis. These 
potential applications span the characterization of pharmaceuticals, 
natural products, small quantities of synthetic material, such as per- and 
polyfluoroalkyl substances (PFAS) in the context of environmental sci
ences, as well as homo- to heterogeneous catalysis. Particularly, OE-DNP 
is compatible with enhancing routine one- and two-dimensional liquid- 
state NMR spectroscopy. Enhancements of up to two orders of magni
tude have been achieved on 13C and 19F for small molecules, and the 
nuclear polarization can be transferred from highly enhanced sites 
across networks of coupled nuclei through conventional NMR coherence 
transfer experiments. Evidence so far suggests no discernible sample 
degradation during OE-DNP experiments when the sample temperature 
is adequately controlled through active cooling.

Although direct OE-DNP enhancements in liquids are typically two 
to three orders of magnitude smaller than those obtained with other 
hyperpolarization methods, the in situ and steady-state nature of OE- 
DNP offers several advantages. OE-DNP is compatible with long-term 
signal averaging (e.g. over days), indirect-dimension incrementation 
in multidimensional NMR experiments, and repeated polarization 
transfer to other nuclei on timescales surpassing the nuclear T1n relax
ation times. At present, the direct OE-DNP approach is most efficient for 
small molecules, and a key future challenge is achieving hyperpolar
ization to macromolecules. In this regard, polarization transfer methods 
based on ligand exchange, in analogy to those developed for dissolution 
DNP, may prove promising for OE-DNP.

On the mechanistic side, we foresee that advances in computational 
methods – including molecular dynamics simulations, hyperfine 
coupling calculations, and, eventually, modeling of coupling factors – 
will play a central role in optimizing OE-DNP polarizing agents and 
experimental conditions for specific analytes of interest. For instance, 
nitroxide radicals were found to be highly efficient for 13C OE-DNP, yet 
comparatively inefficient for 19F OE-DNP, whereas BDPA exhibits su
perior efficiency for hyperpolarizing 31P of PPh3. These observations 
underscore that polarizing agents must be tailored to the electronic 
structures and chemical properties of the target analyte. On the other 
hand, experimental screening of polarizing agents with various elec
tronic properties in liquids at high magnetic fields remains a challenge, 
due to the short electron relaxation times and, in particular, the narrow 
EPR resonances that are g factor dependent. These constraints are often 
difficult to satisfy with fixed MW frequencies and NMR magnetic fields. 
Therefore, rational, model-guided searches of polarizing agents will 

likely become a more productive approach for the future.
On the hardware side, future developments will likely focus on 

improving the electron saturation factors, and simultaneously on 
increasing sample volumes – which are currently still at least 10-fold 
smaller than those of a standard 5 mm NMR tube. Present high-field 
OE-DNP setups that can accommodate large (≥ μL) sample volumes 
have reported saturation factors no higher than ~0.3 for nitroxides. This 
indicates that an approximately three-fold increase in the enhancements 
should still be attainable. In the meantime, reducing MW losses could 
also allow the use of lower-cost MW sources while maintaining sufficient 
electron saturation. Nevertheless, gyrotrons are already established in 
the solid-state DNP community, so that existing infrastructure can be 
adapted for OE-DNP by implementing dedicated probe heads, which are 
becoming commercially available. This strategy may particularly facil
itate extending OE-DNP to even higher magnetic fields, where multiple 
high-frequency gyrotrons have been already installed in NMR facilities. 
Additional future improvements could include integration of OE-DNP 
with cryogenic probe technologies to further increase sensitivity, as 
has been explored in the context of solid-state DNP.

Overall, we foresee that OE-DNP will become a powerful comple
ment to existing hyperpolarization techniques. As NMR is a central 
analytical technique for complex chemical and physical environments, 
OE-DNP might offer attractive opportunities. The synergy with other, 
previously developed, hyperpolarization methods will boost future 
research with new transformative strategies for NMR-based analysis of 
chemical, physical, and biological systems.
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Appendix A. Summary of OE-DNP enhancements at 9.2/9.4 and 14.1 Tesla

Table A1 
9.4 T 13C liquid-state OE-DNP enhancements measured with an NMR-optimized setup. Samples were doped with 
0.025 M TEMPONE-15N-d16 unless otherwise noted. FG represents the chemical functionality of the nucleus (CXn: 
polyhalogenated carbon; Cα: α- to electron-withdrawing group; C=O: carbonyl; CH=O: aldehyde; CH(Ar): aryl 
protonated carbon; CH(Alk): alkyl protonated carbon; Cq: quaternary carbon; CX: halogenated carbon). Error for ε is 
about ±10%.

Compound FG ε Reference

CCl4 
(neat)

CXn 120 [40]

CHCl3-13C 
(0.2 M in CCl4)

CXn 200

Ethyl acetoacetate-1,2,3,4–13C4 
(< 0.5 M in CCl4)

Cα 10–12
C=O -*

3-hydroxybut-2-enoate-1,2,3,4–13C4 
(tautomer of ethyl acetoacetate) 
(< 0.5 M in CCl4)

Cα 7–9
C=O –
Enol –

Benzene-13C6 
(0.2 M in CCl4)

CH(Ar) 7

Fluorobenzene-13C6 
(0.5 M in CCl4)

CF –
CH(Ar) 6–8

Chlorobenzene-13C6 
(0.5 M in CCl4)

CCl 2
CH(Ar) 9–10

Bromobenzene-13C6 
(0.5 M in CCl4)

CBr 3
CH(Ar) 9–10

Iodobenzene-13C6 
(0.5 M in CCl4)

CI 25
CH(Ar) 9

p-Iodofluorobenzene 
(1.5 M in cyclohexane)

CI 25
CF –
CH(Ar) 15–20

E-Hexenyl acetate 
(0.5 M in CCl4)

Cα 14
C=O –1
CH(Alk) 4
C=C 4–5

ST034307 inhibitor 
(0.1 M in benzene)

CXn 25
CCl 4
CH(Ar) 4–11
Cq –

Phenylacetaldehyde 
(~ 1 M in CCl4)

CH=O 13
Cα 6
CH(Ar) 6–7
Cq 2

Guaiazulene 
(0.5 M in 9:1 CCl4:CHCl3)

CH(Alk) 3–6
CH(Ar) 2–3
Cq 0–1

p-Cymeme 
(neat)

CH(Ar) 6
CH(Alk) 3–8
Cq –

Mitotane 
(0.5 M in CCl4)

CXn 12
CCl 1–2
CH(Alk) 2
CH(Ar) 2–3
Cq 1

Amiodarone hydrochloride 
(0.4 M in CHCl3)

CI 10
CH(Alk) 2–4
CH(Ar) 2–3
Cq –

Sodium diatrizoate 
(0.5 M in 9:1 H2O:Glycerol) 
(contains 0.5 M CH3CN-13C 
For field optimization)

CI 5–6
Cα 1
C=O, Cq –

Sodium pyruvate 
(0.5 M in 9:1 H2O:Glycerol)

Cα 3 [184]

Pentafluoroiodobenzene 
(0.6 M in CCl4)

CI 130 [198]
CF –

Pentafluorobromobenzene 
(0.6 M in CCl4)

CBr 20
CF –

Pentafluorochlorobenzene 
(0.6 M in CCl4)

CCl 3
CF –

4-Iodoanisole 
(0.3 M in CCl4)

CI 12
CH(Ar) 6–7
Cq –

4-Iodotoluene 
(0.6 M in CCl4)

CI 17
CH(Ar) 7–8
Cq –

(continued on next page)
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Table A1 (continued )

Compound FG ε Reference

1-Bromo-4-iodobenzene 
(0.3 M in CCl4)

CI 32
CH(Ar) 9–14
CBr 3

1-Fluoro-4-iodobenzene 
(0.3 M in CCl4)

CI 35
CH(Ar) 13
CF –

1-Chloro-4-iodobenzene 
(0.3 M in CCl4)

CI 41
CH(Ar) 13–16
CCl 3

1-Fluoro-2-iodobenzene 
(0.6 M in CCl4)

CI 44
CH(Ar) 8–12
CF –

2,4-Difluoroiodobenzene 
(0.6 M in CCl4)

CI 55
CH(Ar) 15–20
CF –

2,3,4-Trifluoroiodobenzene 
(0.6 M in CCl4)

CI 76
CH(Ar) 14–16
CF –

CBr4–13C 
(0.6 M in CCl4)

CXn 180

* |ε| < 1.

Table A2 
9.4 T 13C liquid-state OE-DNP enhancements measured with a resonant setup equipped either with a helical cylindrical or a Fabry-Pérot resonator. Measurements in 
ref. [114] were performed with 0.1 M TEMPONE-15N-d16. Measurements in refs. [75] and [136] were performed with 0.1 M TEMPOL unless otherwise noted. FG 
represents the chemical functionality of the nucleus.

Compound FG ε Reference

CCl4–13C 
(neat)

CXn 430 ± 50 [114]
Helical cylindrical resonator

CHCl3-13C 
(neat)

CXn 320 ± 60

CBr4–13C 
(~ 3 M in CCl4)

CXn 600 ± 60

Diethyl malonate-1,2,3-13C3 
(neat)

Cα 30 ± 10
C=O –

Ethyl acetoacetate-2,4–13C2 
(neat)

Cα 13–18 ± 1–2

Pyruvic acid-3-13C 
(77:100 M/M in diisopropyl ether, with 1.5:1 M/M pyridine)

Cα 13 ± 3

Indole-2-13C 
(0.1 M TEMPO) 
(2 M in CCl4)

CH(Ar) 14.1 ± 2.5 (C2) [75]
Helical cylindrical resonator

Indole-13C8 
(0.1 M TEMPO) 
(2 M in CCl4)

CH(Ar) 26.2 ± 2.4 (C2) 
5.4 ± 0.2 (C4–6) 
11.6 ± 1.1 (C3) 
20.7 ± 2.5 (C7)

Cq − 1.8 to − 2.1 ± 0.5
Imidazole-2-13C-1,3-15 N2 

(2 M in D2O)
CH(Ar) > 0 

(low SNR due to severe sample heating)
Imidazole-2-13C-1,3-15 N2 

(2 M in D2O)
CH(Ar) 50 ± 10 [75]

Fabry-Pérot resonator
Glucose-13C6 

(2 M in H2O)
Cα* 2.2–6.9 ± 0.4–2.2

Glycine-13C2 
(2 M in H2O)

Cα* 10.7 ± 1.7
C=O ~ − 1

Alanine-13C3 
(1.4 M in H2O)

Cα* 6.0 ± 1.6
CH(Alk) 6.1 ± 2.2
C=O ~ − 1

Serine-13C3 
(2 M in H2O)

Cα* 6.0–6.5 ± 0.1
C=O ~ − 1

Proline-13C5 
(2 M in H2O)

Cα* 4.5–10.5 ± 0.5–0.8
CH(Alk) 6.9–8.2 ± 0.7
C=O ~ − 1

Sodium pyruvate-3-13C 
(1 M in H2O)

Cα 16 
(at 340 K)

[136]
Fabry-Pérot resonator

* For glucose and amino acids, Cα here refers to the carbon atoms α- to an electron-withdrawing group.
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Table A3 
9.4 T 13C liquid-state OE-DNP enhancements measured with a MAS-DNP 
setup described in ref. [181]. Samples were doped with 0.01 M TEMPO
NE-15N-d16.

Compound FG ε

CHCl3-13C 
(neat)

CXn 50.8

1,1,2,2-C2H2Cl4–1,2 
(neat)

CXn 8.6

Phenylacetylene-2 
(neat)

CH(alkyne) 7.3

Table A4 
14.1 T 13C liquid-state OE-DNP enhancements measured with a MAS-DNP 
setup described in ref. [114]. Samples were doped with 0.01 M TEMPO
NE-15N-d16 unless otherwise noted.

Compound FG ε

CCl4–13C 
(neat)

CXn 23 ± 5

CHCl3-13C 
(neat)

CXn 17.5 ± 2

CBr4 (5% 13C-enriched) 
(~ 0.19 M in CCl4)

CXn 35 ± 3

CCl4–13C 
(0.01 M FN2a) 
(neat)

CXn 2.9 ± 0.3

Table A5 
14.1 T 13C liquid-state OE-DNP enhancements measured with a non-resonant setup described in ref. [137]. Samples were doped 
with 0.01 M TEMPO. Solvents were n‑pentane‑d12 unless otherwise noted.

Compound FG ε Reference

CCl4–13C 
(9% v. with 1% v. CHCl3-13C)

CXn 21 ± 1 [134]

CHCl3-13C 
(1% v. with 9% v. CCl4–13C)

CXn 70 ± 7

CCl4–13C 
(7% v. with 7% v. CDCl3-13C)

CXn 20 ± 1

CDCl3-13C 
(7% v. with 7% v. CCl4–13C)

CXn 52 ± 1

Phenylacetylene-2-13C 
(5% v. with 5% v. CCl4–13C)

C ≡ CH 
(protonated)

35 ± 6

CCl4–13C 
(5% v. with 5% v. Phenylacetylene-2-13C)

CXn 26 ± 2

n‑pentane‑d12 
(as solvent, ≥ 86% v.)

C-D(Alk) 1

CCl4–13C 
(8% v. with 2% v. CHCl3-13C) 
(solvent: n‑hexane‑d14)

CXn 4.3 ± 0.1 [178]

CHCl3-13C 
(2% v. with 8% v. CCl4–13C) 
(solvent: n‑hexane‑d14)

CXn 21 ± 1

Indole-13C8 
(0.44 M in 4:1 n‑heptane‑d16:Xylene-d10)

CH(Ar) 1–3 ± 0.2

Phenylacetylene-2-13C 
(0.32 M in 3:1 n‑heptane‑d16:Toluene‑d8)

C ≡ CH 
(protonated)

10.4 ± 0.4

Table A6 
9.2–9.4 T 1H liquid-state OE-DNP enhancements measured with resonant setups described in refs. [46,115,135,136]. Negative and positive enhancements correspond 
to OE-DNP and SE-DNP, respectively.

Compound FG PMW 
(W)

Temperature (K) ε Reference

H2O 
(1 M TEMPOL)

OH ~ 0.1 318 − 14 [152]
1 433 − 83

(continued on next page)
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Table A6 (continued )

Compound FG PMW 
(W) 

Temperature (K) ε Reference

H2O 
(65 mM Fremy's salt-15N) 
(0.05 M K2CO3)

0.6 333 − 38 [139]

H2O 
(40 mM Fremy's salt-15N) 
(0.05 M K2CO3)

0.045 ~ 318 − 10.4 [116]

H2O 
(50 mM TEMPOL-15N)

0.045 − 6.2

H2O 
(80 mM TEMPOL)

70 ~ 313 − 10 [138]

Sodium pyruvate 
(1 M in D2O/H2O) 
(12 mM TEMPOL)

CH3 0.045 ~ 313 − 1.6 [219]

Sodium lactate 
(1 M in D2O/H2O) 
(12 mM TEMPOL)

CH3 − 1

Alanine 
(1 M in D2O/H2O) 
(12 mM TEMPOL)

CH3 − 0.7

DMSO 
(1 M TEMPOL)

CH3 0.45 ~ 440 − 29 [231]

Acetone 
(1 M TEMPOL)

CH3 ~ 403 − 33

Toluene 
(1 M TEMPOL)

CH3 ~ 310 − 18
CH(Ar) − 18.3

Imidazole-2-13C-1,3-15 N2 
(0.1 M TEMPO) 
(1 M in CDCl3)

CH(Ar) 1.4 ~ 300 − 4.0 to − 5.2 [75]
Helical cylindrical resonator

Imidazole-2-13C-1,3-15 N2 
(0.1 M TEMPOL) 
(2 M in D2O)

− 12.3 to 
− 18.7

Indole-13C8 
(0.1 M TEMPO) 
(2 M in CCl4)

CH(Ar) − 1.5 to − 11.8
NH − 9.5

Imidazole-2-13C-1,3-15 N2 
(0.1 M TEMPOL) 
(2 M in D2O)

CH(Ar) 5.5 − 5.0 [75]
Fabry-Pérot resonator

Glucose-13C6 
(0.1 M TEMPOL) 
(2 M in H2O)

CH − 8.3

Glycine-13C2 
(0.1 M TEMPOL) 
(2 M in H2O)

CH − 10.0

Alanine-13C3 
(0.1 M TEMPOL) 
(1.4 M in H2O)

CH − 10.2 
(overlaps with H2O)

Serine-13C3 
(0.1 M TEMPOL) 
(2 M in H2O)

CH − 7.0 
(overlaps with H2O)

Proline-13C5 
(0.1 M TEMPOL) 
(2 M in H2O)

CH − 2.9
CH − 7.0 

(overlaps with H2O)
DMSO 

(50 mM TEMPOL)
CH3 0.23 ~ 383 − 7.2 [63]

DMSO 
(50 mM nitroxides)

− 2.7 to 
− 6.6

DMSO 
(1 M TEMPOL)

0.75 ~ 473 − 32

DMPC 
(1:39 M ratio, TEMPOL)

Acyl chain 5 ~ 298 − 5 [28,109]

DMPC 
(1:78 M ratio, bTbK)

− 14

DMPC 
(1:78 M ratio, TOTAPOL)

− 15

DMPC 
(BDPA, D2O) 
(BDPA/DPMC/D2O molar ratio 1/10/500)

5 ~ 320 12 [103]

Triglycine 
(25 mM OX063)

CH2 5 ~ 315 35 [104]

Glypromate 
(25 mM OX063)

CH2 55
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Table A7 
9.4 T 19F liquid-state OE-DNP enhancements measured with an NMR-optimized setup. Samples of 0.5 M of target were doped with 0.010 M galvinoxyl 
and dissolved in CCl4 unless otherwise noted. FG represents the chemical functionality of the nucleus.

Compound FG ε Reference

Fluorobenzene 
(0.5 M in CCl4)

FC (Ar) 23 ± 2 [40]*

α,α,α-trifluorotoluene CF3 10 ± 1
Diethyl fluoromalonate FCH (Alk) 16 ± 2
Decafluoropentane CF3 9 ± 1

CF2 8–9 ± 1
CF 10 ± 1

Flutamide 
(0.01 M in 0.33 M DMSO and CCl4)

CF3 7 ± 1

1,4-difluorobenzene FC (Ar) 20 ± 3 [39]
4-fluoroanisole FC (Ar) 20 ± 3
4-fluoroacetophenone FC (Ar) 20 ± 3
1-fluoronaphthalene FC (Ar) 21 ± 4
3-chloro-4-fluoronitrobenzene FC (Ar) 14 ± 3
1-fluoropentane FCH2 (Alk) 22 ± 4
1-fluoropentane 

(0.025 M TEMPONE-15N-d16)
FCH2 (Alk) 2.3 ± 0.4

Benzoylfluoride FC=O 9 ± 2
Methyl trifluoroacetate CF3 9 ± 2
2,3,4,6-tetra-O-acetyl-α-D-glucopyranosyl fluoride 

(0.4 M in CHCl3)
FCH (Alk) 5 ± 1

(3-bromophenyl)sulfur pentafluoride F1 (ax) 7 ± 2
F2 (eq) 9 ± 2

ʟ-Fmoc-3-fluorophenylalanine 
(0.0025 M in 1.2 M CHCl3 and CCl4)

FC (Ar) 10 ± 2

ʟ-Fmoc-3-fluorophenylalanyl-ʟ-3-fluorophenylalanine methyl ester 
(0.0025 M in 1.2 M CHCl3 and CCl4)

F1C, F2C (Ar) 11 ± 2

Fluorobenzene FC (Ar) 24 ± 4
Fluorobenzene 

(0.025 M TEMPO)
FC (Ar) 3.9 ± 0.6

Flutrimazole 
(0.015 M galvinoxyl, 0.1 M in 1.2 M CHCl3 and CCl4)

F1 (Ar, ortho) 5 ± 1
F2 (Ar, Para) 10 ± 2

Hexafluorobenzene FC (Ar) 16 ± 3
Hexafluorobenzene 

(0.025 M TEMPO)
FC (Ar) 1.0 ± 0.2

Hexafluorobenzene 
(0.025 M TEMPONE-15N-d16)

FC (Ar) 3.4 ± 0.4 [285]

α,α,α-trifluorotoluene 
(0.025 M TEMPONE-15N-d16 in toluene)

CF3 2.5 ± 0.3

Diethyl fluoromalonate 
(0.025 M TEMPONE-15N-d16)

FCH (Alk) 2.2 ± 0.3

4-fluorotoluene FC (Ar) 23 ± 2
4-fluoroiodobenzene FC (Ar) 17 ± 2
4-fluoronitrobenzene FC (Ar) 15 ± 2
1,2-difluorobenzene FC (Ar) 21 ± 3
1,3-difluorobenzene FC (Ar) 19 ± 2
1,2,4-trifluorobenzene F1C (Ar) 21 ± 3

F2C (Ar) 21 ± 3
F4C (Ar) 20 ± 2

1,2,4,5-tetrafluorobenzene 
(neat)

FC (Ar) 13 ± 2

2-fluoronaphthalene FC (Ar) 21 ± 3
Pentafluorobenzene 

(3 M in CCl4)
FC (ortho) 21 ± 3
FC (meta) 22 ± 3
FC (Para) 21 ± 3

Pentafluoroiodobenzene FC (ortho) 14 ± 2
FC (meta) 19 ± 2
FC (Para) 18 ± 2

Sitagliptin 
(0.01 M in 1.2 M CHCl3 and CCl4)

FAC (Ar) 2.4 ± 0.4
FBC (Ar) 3.6 ± 0.6
FCC (Ar) 3.8 ± 0.6
CF3 3.0 ± 0.5

Fluticasone propionate 
(0.01 M in 0.21 M DMSO and CCl4)

F9αC 0.6 ± 0.1
F6αCH 6.2 ± 0.7
SCH2F 0.8 ± 0.1

Sodium tetrakis[3,5-bis(trifluoromethyl) 
Phenyl]borate 
(0.01 M in 1.2 M THF and toluene)

CF3 1.6 ± 0.2

Fulvestrant 
(0.01 M in 0.18 M DMSO and CCl4)

CF3 3.8 ± 0.4
CF2 0.8 ± 0.1

Fulvestrant (ethylated) 
(0.04 M)

CF3 5.8 ± 0.6
CF2 5.2 ± 0.6

(continued on next page)
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Table A7 (continued )

Compound FG ε Reference

2-Fluorobenzyl alcohol 
(0.025 M TEMPO)

FC (Ar) 3.7 ± 0.4

2,6-Difluorobenzyl alcohol 
(0.025 M TEMPO)

FC (Ar) 3.3 ± 0.4

* Note: Enhancements reported in ref. [40] were recorded with a commercial batch of galvinoxyl radical containing diamagnetic impurities and 
nominal concentration of 0.025 M.

Data availability

Data will be made available on request.
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[120] M.C.R. Symons, A.S. Pena-Nuñez, Solvation of nitroxides, J. Chem. Soc. Faraday 
Trans. 1 (81) (1985) 2421–2435, https://doi.org/10.1039/f19858102421.

[121] B.R. Knauer, J.J. Napier, The nitrogen hyperfine splitting constant of the nitroxide 
functional group as a solvent polarity parameter. The relative importance for a 
solvent polarity parameter of its being a cybotactic probe vs. its being a model 
process, J. Am. Chem. Soc. 98 (1976) 4395–4400, https://doi.org/10.1021/ 
ja00431a010.

[122] P. Franchi, M. Lucarini, P. Pedrielli, G.F. Pedulli, Nitroxide radicals as hydrogen 
bonding acceptors. An infrared and EPR study, ChemPhysChem 3 (2002) 
789–793, https://doi.org/10.1002/1439-7641(20020916)3:9<789::AID- 
CPHC789>3.0.CO;2-Z.

[123] X. Pang, W.J. Jin, Exploring the halogen bond specific solvent effects in 
halogenated solvent systems by ESR probe, New J. Chem. 39 (2015) 5477–5483, 
https://doi.org/10.1039/c5nj00300h.

[124] V. Weis, M. Bennati, M. Rosay, J.A. Bryant, R.G. Griffin, High-field DNP and 
ENDOR with a novel multiple-frequency resonance structure, J. Magn. Reson. 140 
(1999) 293–299, https://doi.org/10.1006/jmre.1999.1841.

[125] F. Bloch, Nuclear induction, Phys. Rev. 70 (1946) 460–474, https://doi.org/ 
10.1103/PhysRev.70.460.

[126] J.J. Yin, M. Pasenkiewicz-Gierula, J.S. Hyde, Lateral diffusion of lipids in 
membranes by pulse saturation recovery electron spin resonance, Proc. Natl. 
Acad. Sci. U. S. A. 84 (1987) 964–968, https://doi.org/10.1073/pnas.84.4.964.

[127] M.T. Türke, M. Bennati, Saturation factor of nitroxide radicals in liquid DNP by 
pulsed ELDOR experiments, Phys. Chem. Chem. Phys. 13 (2011) 3630–3633, 
https://doi.org/10.1039/c0cp02126a.

[128] M.T. Türke, G. Parigi, C. Luchinat, M. Bennati, Overhauser DNP with 15N labelled 
Fremy's salt at 0.35 tesla, Phys. Chem. Chem. Phys. 14 (2012) 502–510, https:// 
doi.org/10.1039/c1cp22332a.

[129] J.S. Hyde, J.C.W. Chien, J.H. Freed, Electron–electron double resonance of free 
radicals in solution, J. Chem. Phys. 48 (1968) 4211–4226, https://doi.org/ 
10.1063/1.1669760.

[130] N. Enkin, G. Liu, I. Tkach, M. Bennati, High DNP efficiency of TEMPONE radicals 
in liquid toluene at low concentrations, Phys. Chem. Chem. Phys. 16 (2014) 
8795–8800, https://doi.org/10.1039/C4CP00854E.

[131] M. Reinhard, M. Levien, M. Bennati, T. Orlando, Large 31P-NMR enhancements in 
liquid state dynamic nuclear polarization through radical/target molecule non- 
covalent interaction, Phys. Chem. Chem. Phys. 25 (2023) 822–828, https://doi. 
org/10.1039/d2cp04092a.

[132] C.P. Poole, Electron Spin Resonance: A Comprehensive Treatise on Experimental 
Techniques, 2nd ed., John Wiley & Sons Inc, 1983.

[133] M.T. Türke, I. Tkach, M. Reese, P. Höfer, M. Bennati, Optimization of dynamic 
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