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Abstract:  11 

Nuclear magnetic resonance (NMR) spectroscopy is a powerful method to study structure and 12 

dynamics of materials. The inherently low sensitivity of NMR spectroscopy is a consequence of 13 

low spin polarization. Hyperpolarization of a spin ensemble is defined as a population difference 14 

between spin states that far exceeds what is expected from the Boltzmann distribution for a given 15 

temperature. Dynamic nuclear polarization (DNP) can overcome the relatively low sensitivity of 16 

NMR spectroscopy by using a paramagnetic matrix to hyperpolarize a nuclear spin ensemble. 17 

Application of DNP NMR can result in sensitivity gains of up to four orders of magnitude 18 

compared to NMR without DNP. Although DNP NMR is now more routinely available for solid-19 

state NMR spectroscopy, it has not been exploited to the same degree for liquid-state samples. 20 

This review will consider challenges and advances in the application of DNP NMR to liquid-state 21 

samples. The review is organized into four sections: (i) mechanisms of DNP NMR relevant to 22 

hyperpolarization of liquid samples; (ii) applications of liquid-state DNP NMR; (iii) available 23 

detection schemes for liquid-state samples; and (iv) instrumental challenges and outlook for liquid-24 

state DNP NMR.  25 
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Introduction: 27 

Nuclear magnetic resonance transitions have small energy scales (ΔE << kT; where ΔE is the 28 

energy difference between magnetic energy levels, k is the Boltzmann constant, and T is 29 

temperature of the system). Due to unfavorable Boltzmann factors (NI = +1/2/NI = -1/2 ≈ 0.999999 for 30 

an ensemble of proton nuclear spins at 1 K and 1 T), nuclear spin ensembles have very low spin 31 

polarization. The resulting low sensitivity of this method hinders its application to samples with 32 

limited mass, volume, or concentration. Development of instrumentation for high-field and low-33 

temperature NMR has greatly improved detection limits but nuclear spin polarization is low even 34 

under these demanding conditions. Apart from these so-called ‘brute force’ strategies to increase 35 

spin polarization, dynamic nuclear polarization (DNP) has gained significant attention in the past 36 

few decades. In DNP, polarization is transferred from an electron spin ensemble to a nuclear spin 37 

ensemble; the large difference in timescales of relaxation of electron spins and nuclear spins results 38 

in hyperpolarization of the nuclear spin ensemble. Compared to nuclear spin ensembles, electron 39 

spin ensembles have much higher polarization as a result of the thousand-fold or greater advantage 40 

provided by the higher gyromagnetic ratio of an electron compared to nuclei. Secondly, the 41 

relaxation processes of an electron spin ensemble are much faster than those of a nuclear spin 42 

ensemble. DNP exploits these disparities to transfer polarization from electrons to nuclei, resulting 43 

in hyperpolarization of the nuclear spin ensemble. Most notably, the combination of DNP with 44 

magic angle spinning (MAS) has resulted in phenomenal improvements in sensitivity for solid-45 

state samples.1 In contrast, DNP NMR in the liquid state has not been explored to the same extent, 46 

despite its potential utility in applications such as nuclear magnetic resonance imaging and high-47 

resolution NMR spectroscopy of biological samples.  48 
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Solid-state magnetic resonance spectra are broadened by dipolar interactions, anisotropies of 49 

chemical shift, and in some cases, anisotropies of quadrupolar interactions. Motional averaging 50 

removes this broadening in liquid-state experiments, yielding high-resolution spectra that contain 51 

information about structure and dynamics of molecules in solution. Liquid DNP NMR has the 52 

potential to provide information that is presently inaccessible, particularly regarding dynamic 53 

processes that only occur under physiological conditions or in the liquid state. Such processes 54 

include reaction mechanisms, kinetics, and evolving chemical profiles of complex mixtures. 55 

Imaging of tissues necessarily involves aqueous solutions and is typically performed at ambient 56 

temperature. Spectroscopy at physiological temperatures is also important for determination of 57 

structure-function relationships in biomacromolecules. The sensitivity gains obtained from DNP 58 

make it particularly applicable to the study of low-concentration, mass-limited samples, such as 59 

transient species in reactions and aggregation-prone biomacromolecules. Membrane proteins, for 60 

example, are extremely challenging to study because their concentration must be limited due to 61 

their tendency to aggregate. Recent progress in DNP NMR with magic angle spinning (MAS) has 62 

been highly impactful in protein structure studies by improving sensitivity as well as resolution. 63 

Lyophilized membrane proteins allow solid-state (ss) NMR to be conducted at ambient 64 

temperatures. However, the protocols for sample preparation for ss NMR are not well-defined.2 65 

Liquid DNP NMR is a more general approach suitable for a broad range of samples. It can provide 66 

information about dynamic processes such as conformational changes, protein-ligand interactions, 67 

and changes in solvation during structural transformations. Liquid DNP NMR has the most 68 

potential for impact in spatio-temporal studies which must necessarily be conducted in the liquid 69 

state and are hindered by the small concentrations of transient species -- e.g., studies of solvation 70 

dynamics, reaction kinetics, metabolite profiling, and imaging. Such studies would benefit greatly 71 
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from the sensitivity gains provided by DNP NMR. Section II provides examples of the benefits of 72 

liquid DNP NMR for these fields. 73 

Several comprehensive reviews of DNP NMR, especially under the high-field conditions of 74 

modern NMR, are available.1,3,4,5 There are also more recent reviews of liquid-state NMR.6,7,8 75 

These reviews provide an understanding of the mechanistic aspects of DNP NMR and particular 76 

methodological developments. In this review, we aim to highlight how hyperpolarization through 77 

DNP can be employed to achieve sensitivity gains for liquid-state NMR spectroscopy. We will 78 

consider the current scope, applications, opportunities for development, and experimental 79 

challenges hindering widespread adoption of liquid-state DNP NMR spectroscopy as an analytical 80 

tool. In Section I, we provide a brief description of the mechanisms of liquid DNP NMR, including 81 

both solid-state and liquid-state mechanisms because both are applied for liquid DNP NMR. In 82 

section II, we discuss potential applications that are particularly suitable for liquid DNP NMR. In 83 

Section III, we review available detection schemes that exploit various mechanisms. Finally, in 84 

Section IV, we attempt to delineate the challenges associated with these detection schemes, and 85 

survey future research directions in the development of instrumentation for DNP NMR for liquid-86 

state samples.  87 

Section I: Mechanisms relevant to liquid DNP NMR.  88 

We shall consider only mechanisms for steady-state or continuous-wave (CW) DNP of insulators 89 

since these are predominantly applied in present-day DNP NMR detection schemes. In CW DNP, 90 

microwaves are continuously applied to the sample containing the paramagnetic material, called 91 

the polarizing agent (PA), in order to saturate the electron paramagnetic resonance (EPR) 92 

transition. Under optimal conditions defined by microwave frequency, magnetic field, and 93 

temperature, hyperpolarization of the nuclear spin ensemble results from the dynamic process of 94 
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spin-lattice relaxation of the polarized electron spin ensemble, resulting in transfer of spin 95 

polarization from electrons to nuclei. Following this process, Fourier transform (FT) NMR is 96 

conducted on the hyperpolarized nuclear spin ensemble using pulse schema.  97 

Of the CW mechanisms, only the Overhauser effect is directly applicable to solutions. Here we 98 

first provide a brief description of the Overhauser effect. We will also describe, albeit qualitatively, 99 

solid-state DNP mechanisms (solid effect, cross effect, and thermal mixing) since these can be 100 

exploited by conducting DNP in the frozen, solid state, followed by rapid melting/dissolution and 101 

detection of NMR in the liquid state. The reader is directed to papers that provide in-depth 102 

mathematical discussions of these mechanisms and their theoretical limits. Finally, we will briefly 103 

discuss why integrating DNP with high-field NMR is challenging. 104 

Electron-nuclear coupling through the hyperfine interaction (HFI) is the basis of all DNP 105 

mechanisms. In the first step of CW DNP, an electron spin ensemble in a static magnetic field is 106 

irradiated with high-intensity microwaves to saturate its electron spin resonance (see Figure 2a), 107 

creating a non-equilibrium state. Coupling between an electron and nucleus is mediated by the 108 

hyperfine interaction (HFI), which can be composed of the isotropic (scalar) Fermi contact term 109 

and/or the anisotropic dipolar term. The spin Hamiltonian 𝐻̂ for a coupled two-spin (electron – 110 

nucleus, S = ½, I = ½) system is shown in the high-field limit, where the static field is applied in 111 

the z direction and all other terms can be treated as perturbations to the electron Zeeman term HS:  112 

𝐻̂ =  𝐻̂𝑆 + 𝐻̂𝐼 + 𝐻̂𝑆𝐼 = 𝜔0𝑆𝑆̂𝑧 −  𝜔0𝐼𝐼𝑧 + 𝐴̂𝑆𝐼
𝐹𝐶 + 𝐴̂𝑆𝐼

𝑑𝑖𝑝
(Eq. 1); 113 

where 𝐻̂𝑆 is electron Zeeman term, 𝐻̂𝐼
̂ is the nuclear Zeeman term, 𝐻̂𝑆𝐼 is the hyperfine term, ω0S 114 

and ω0I are the electron and nuclear Larmor frequencies respectively, 𝑆̂𝑧 and 𝐼𝑧 are the z-115 

components of the electron and nuclear spin operators respectively, 𝐴̂𝑆𝐼
𝐹𝐶  is the Fermi contact 116 
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(scalar) part of the HFI (see Eq. 2 below) and 𝐴̂𝑆𝐼
𝑑𝑖𝑝

 is the distance-dependent, anisotropic dipolar 117 

part of the HFI (see Eq. 3 below).  118 

𝐴̂𝑆𝐼
𝐹𝐶 =  

𝛾𝑆𝛾𝐼ћ28𝜋

3
|𝜓(0)|2𝑰 ∙ 𝑺 (Eq. 2);  119 

where γS and γI are the gyromagnetic ratios of the electron and proton respectively, and 𝜓(0) is 120 

the electron spin density at the nucleus (s-electron density is the only contributor to this term). 121 

𝐴̂𝑆𝐼
𝑑𝑖𝑝

=  𝛾𝑆𝛾𝐼ћ2 [
𝑰∙𝑺

𝑟3] − 
3(𝑰∙𝒓)(𝑺∙𝒓)

𝑟5  (Eq. 3); 122 

Figure 2b shows the eigen level diagram and possible transitions in the coupled two-spin (electron-123 

proton; S = ½, I = ½) system described above. Single-quantum (SQ) transitions are the allowed 124 

transitions in conventional perpendicular-mode EPR excitation (excitation field B1 applied 125 

perpendicular to static field B0). They are described by the selection rule ΔmS = ±1, ΔmI = 0. 126 

Double quantum (DQ) and zero quantum (ZQ) transitions involve simultaneous electron and 127 

nuclear spin flips and are forbidden. However, it is precisely these forbidden transitions that 128 

provide the cross-polarization pathways resulting in nuclear hyperpolarization. Selective driving 129 

of either the ZQ or DQ transition results in ‘overpopulation’ of the ׀-˃ or ׀+˃ nuclear state, 130 

respectively, resulting in a population difference much higher than that expected from the 131 

Boltzmann thermal distribution. Hyperpolarization through the ZQ transition overpopulates the 132 

lower nuclear energy level, resulting in positive enhancement of the NMR signal. Conversely, 133 

hyperpolarization through the DQ transition results in negative enhancement of the NMR signal. 134 

 135 
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 136 

 137 

Figure 1: Common features of continuous-wave dynamic nuclear polarization mechanisms. (a) 138 
Schematic of steps to produce a hyperpolarized nuclear ensemble using DNP under steady-state 139 

microwave irradiation. (b) Cartoon representation of eigen levels of an electron-nucleus (two-spin) 140 
system with S = ½ and I = ½. ωe and ωN are the allowed single quantum transitions (ΔmS (ΔmI) = 141 
±1, ΔmI (ΔmS) = 0) It should be noted that the differences between electronic energy levels are at 142 

least three orders of magnitude larger than differences between nuclear energy levels, i.e. ωe >>> 143 
ωN. Dipolar and/or scalar components of the hyperfine interaction can facilitate the forbidden 144 

double quantum (DQ) and zero quantum (ZQ) transitions. Selectively driving either the DQ or ZQ 145 
transition leads to nuclear hyperpolarization. (c) Frequency/field-dependence of ODNP 146 
enhancement coupling factor (ξ) for modulation of dipolar and scalar components of HFI. 147 

(Adapted with permission from ref. 9 Copyright 1968 Elsevier) See text below for an explanation 148 
of the factor β. (d) Schematic of cross-polarization processes that lead to hyperpolarization in the 149 
four broad classes of mechanisms. 150 
 151 

  152 
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It is evident from the above explanation that the success of DNP depends on two factors: first, 153 

increasing the probability of the forbidden ZQ or DQ transition and second, the ability to 154 

selectively drive either the ZQ or the DQ transition. The HFI can mediate these nominally 155 

forbidden transitions in two ways:  156 

i. Random fluctuations in the hyperfine term can provide a cross-relaxation pathway to 157 

transfer polarization from the electron spin ensemble to the nuclear spin ensemble. This 158 

is the mechanism of DNP proposed originally by Overhauser for metals. In metals, 159 

electron delocalization causes random fluctuations of the electronic wave function, 160 

which results in cross-relaxation from the electron spin ensemble to the nuclear spin 161 

ensemble through the scalar part of the HFI.10 In insulating liquids, these random 162 

fluctuations are provided by translational or rotational diffusion of molecules.11 DNP 163 

enhancement of the NMR signal is maximized when the rate of fluctuation of the 164 

hyperfine term matches the frequency associated with the ZQ or DQ transition. 165 

ii. The dipolar part of the HFI can result in mixing of nuclear states, allowing direct 166 

excitation of the nominally forbidden ZQ and DQ transitions. This is the basis of the 167 

‘solid effect’, which describes DNP enhancement in insulating solids.11 168 

Dipolar coupling can induce SQ, ZQ, and DQ transitions while scalar coupling induces ZQ 169 

transitions selectively. 170 

Whereas the Overhauser effect and solid effect are two-spin mechanisms, the cross-effect and 171 

thermal mixing are three-spin mechanisms that may be thought of simplistically as cross-172 

polarization through coupling of two different electron-nucleus systems sharing the same nucleus. 173 

Often, a combination of mechanisms is observed, with one being dominant depending on the 174 

choice of physical conditions, PA, and concentration of PA. The study of nuclear hyperpolarization 175 
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mechanisms is an active field, with ongoing theoretical and experimental work to elucidate and 176 

quantify various factors that determine DNP enhancement. Below, we describe characteristics of 177 

the four main classes of DNP mechanisms relevant to liquid DNP NMR. We delineate the 178 

interactions responsible for transfer of polarization from electrons to nuclei, conditions for 179 

observing DNP, and how DNP enhancement is affected by field strength for each mechanism. The 180 

Overhauser effect is described in greater detail while the solid effect, cross effect, and thermal 181 

mixing are described qualitatively. Theoretical work on solid-state mechanisms is ongoing and the 182 

interested reader is directed to papers describing these effects in greater detail. 183 

 184 
1. Overhauser effect: This is the only mechanism that can result in direct DNP enhancement in 185 

the liquid state. Overhauser predicted that the spin polarization of a bath of conduction-186 

electrons could be transferred to a nuclear spin ensemble. Spin polarization of the conduction-187 

electron spin ensemble must first be saturated by irradiation with microwaves of frequency ω0. 188 

Cross-relaxation through the Fermi contact term of the HFI (HSI, Eq. 1) results in 189 

hyperpolarization.10 This effect, which he thought would only apply to the case of metals, was 190 

verified experimentally by Carver and Slichter for metallic lithium.12 Abragam pointed out the 191 

mechanisms by which Overhauser enhancement could be achieved for insulating solids and 192 

solutions.11,13 In Overhauser DNP of paramagnetic ions in solution, electron-nuclear (e-n) 193 

cross-relaxation can occur through stochastic fluctuations of the dipolar and/or scalar parts of 194 

the HFI. Time-dependence of the dipolar part of the HFI in solutions may be associated with 195 

electron spin relaxation, electron spin exchange, chemical exchange, or translational/rotational 196 

motions. On the other hand, time-dependence of scalar interactions is typically associated with 197 

processes that change the electronic configuration and s-electron density of the paramagnetic 198 

species, including electron spin relaxation, electron spin exchange, and chemical exchange.9  199 
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Under the condition that electron spins relax much faster than nuclear spins, Solomon 200 

described the enhancement in steady-state nuclear spin polarization as:14 201 

〈𝐼𝑧〉

𝐼0
= 1 +  (

𝑤2 − 𝑤0

𝑤0 + 2𝑤𝐼 + 𝑤2
) (

𝑤0 + 2𝑤1 + 𝑤2

𝑤0 + 2𝑤1 + 𝑤2 + 𝑤0
) (

〈𝑆0〉 − 〈𝑆𝑧〉

〈𝑆0〉
) (𝑬𝒒. 𝟒); 202 

Here, w0 and w2 represent the transition rates for the ZQ and DQ transitions respectively. w1 203 

represents the rate of the single quantum nuclear transition (ΔI = ±1, ΔS = 0) while w0 204 

represents the rate of nuclear spin relaxation through all other means besides electron-nuclear 205 

coupling. 206 

Eq. 4 may be rewritten as Eq. 5 to define the factors that determine DNP enhancement via the 207 

Overhauser effect.  208 

𝜀 = 1 −  𝜉𝑓𝑠
𝛾𝑆

𝛾𝐼
  (Eq. 5); where 209 

𝜉 =  
𝑤2−𝑤0

𝑤0+2𝑤𝑁+𝑤2
 (Eq. 6); 𝑓 =

𝑤0+2𝑤1+𝑤2

𝑤0+2𝑤1+𝑤2+𝑤0 (Eq. 7); 𝑠 =
〈𝑆0〉−〈𝑆𝑧〉

〈𝑆0〉
 (Eq. 8) 210 

The enhancement of nuclear spin polarization, Ɛ = 
〈𝐼𝑧〉

𝐼0
, is then a function of three factors: (i) 211 

the coupling factor, ξ, which is the ratio of polarization enhancement through selectivity of the 212 

DQ or ZQ transition over relaxation through all other competing transitions; (ii) the leakage 213 

factor, f, which describes how much of nuclear relaxation is caused by coupling to the electron 214 

spin (when f = 1, nuclear spin relaxation is exclusively through coupling to the electron spin 215 

and when f = 0, electron-nuclear coupling does not contribute to nuclear spin relaxation); and 216 

(iii) the saturation factor, s, which describes how completely the electron spin resonance 217 

transition can be saturated.  218 
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As mentioned earlier, enhancements from DQ transitions offset those from ZQ transitions. 219 

Eq. 6 indicates that the enhancement factor increases as the rates of DQ and ZQ transitions 220 

become well separated so that one can be driven selectively over the other. DQ transitions 221 

result in positive enhancement of nuclear polarization while ZQ transitions result in negative 222 

enhancement. Enhancement factors on the order of 104-105 have been reported for liquid-state 223 

samples.15  224 

Decrease in ODNP enhancement at high fields. The DNP enhancement depends on the 225 

coupling factor (Eq. 6), which in turn is a function of the transition rates for the DQ, ZQ, and 226 

nuclear single-quantum transitions. In liquids, HFI may be modulated by stochastic 227 

fluctuations of the dipolar HFI, scalar HFI, or a mixture of both. As mentioned above, time-228 

dependence of the dipolar HFI may be associated with relaxation and exchange of the electron 229 

spin, chemical exchange, as well as rotational and translational diffusion. On the other hand, 230 

time-dependence of the scalar HFI can only be a result of electron spin relaxation, electron 231 

spin exchange or chemical exchange. The spectral density functions jd(ω) and js(ω) describe 232 

the match between the ZQ/DQ transition frequencies and the modulation frequency of the HFI. 233 

The coupling factor for a system with a mixture of dipolar and scalar HFI can be described in 234 

terms of the spectral density functions:9 235 

𝜉 =  
𝑀𝑑𝑗𝑑2

(𝜔𝑠) − 𝑀𝑠
𝜏𝑠2
𝜏𝑑2

𝑗𝑠2
(𝜔𝑠) 

𝑀𝑑{
7

5
𝑗𝑑2

(𝜔𝑠)+
3

5

𝜏𝑑1
𝜏𝑑2

𝑗𝑑1
(𝜔𝐼)}+ 𝑀𝑠{

𝜏𝑠2
𝜏𝑑2

𝑗𝑠2
(𝜔𝑠)+𝛽

𝜏𝑠1
𝜏𝑠2

𝑗𝑠1
(𝜔𝐼)} 

 (Eq .8) 236 

Here, the subscripts 1 and 2 stand for longitudinal and transverse components as used in the 237 

Bloch formulation. Md and Ms are the components of the mixing parameter M, which is the 238 

ratio of scalar to dipolar coupling. β describes the attenuation of the scalar enhancement due 239 

to spin exchange. It can range between 0 and 1, where β = 0 indicates no spin exchange.  240 



12 
 

The spectral density functions for time-dependence of the scalar and dipolar HFI are given by 241 

the following equations: 242 

𝑗𝑑(𝜔) =  
1

1+ 𝜔2𝜏𝑑
2  (Eq .10) and 𝑗𝑠(𝜔) =  

1

1+ 𝜔2𝜏𝑠
2  (Eq .11) 243 

where ω is the frequency of the ZQ/DQ transition and τ is the correlation time for the associated 244 

HFI modulation. These equations indicate that when ωs >> 1/τ, the spectral density function 245 

for cross-relaxation becomes vanishingly small, with a corresponding decrease in the coupling 246 

factor. This describes the case at high fields, where the Zeeman splitting becomes much larger 247 

than the modulation frequency of the HFI, e.g., when molecular motions are no longer fast 248 

enough to facilitate the ZQ/DQ transitions. Similarly, in solids, the transverse fields provided 249 

by the electron-nuclear dipolar interaction are too small to allow mixing of nuclear energy 250 

levels at high fields. Therefore, DNP generally becomes less efficient at high fields.  251 

Scalar enhancement occurs exclusively through the Fermi contact interaction. It is in principle 252 

independent of field and can allow DNP to be conducted at high fields.6, 16 However, this 253 

situation is rarely observed because DNP enhancement in samples with a scalar HFI 254 

contribution is often attenuated by spin exchange processes (β > 0). Thus, the coupling factor 255 

can range from -1 to +0.5, where ξ = +0.5 indicates purely dipolar modulation of HFI and ξ = 256 

-1 indicates purely scalar modulation of HFI (Figure 1c). 257 

2. Solid effect: Abragam described how DNP could occur in an insulating solid containing a 258 

small concentration of paramagnetic impurities.11 In this case, hyperpolarization of the nuclear 259 

spin ensemble is achieved through direct excitation of DQ and ZQ transitions by microwave 260 

irradiation of frequency ω0S ± ω0I. Dipolar electron-nuclear interactions cause a slight tilting 261 

of nuclear magnetic moments, resulting in energy level mixing that facilitates the nominally 262 
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forbidden DQ and ZQ transitions. The degree of mixing is described in terms of the factor q, 263 

which describes the dipolar coupling between the electron and nucleus: 264 

𝑞 = −
3

4

𝛾𝑆𝛾𝐼

𝜔0𝐼

1

𝑟3 𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜃𝑒−𝑖𝜑- Eq. 9 265 

Microwave frequency (ω0S – ω0I) drives the DQ transition while (ω0S + ω0I) drives the ZQ 266 

transition (Table 1). As mentioned in the description of the Overhauser effect, driving the DQ 267 

transition results in positive enhancement while the ZQ transition results in negative 268 

enhancement. To ensure that these two enhancements do not cancel each other out, it is 269 

desirable to selectively drive one of the two forbidden transitions by fulfilling the condition 270 

that the EPR linewidth must be much smaller than ω0I.  271 

Field dependence of SE: As with the Overhauser effect, the solid effect also becomes less 272 

efficient at higher fields. At low to intermediate fields, the spin temperature and dipolar 273 

temperature become comparable.11 The resulting quasi-continuous energy level distribution at 274 

low fields increases the efficiency of cross-relaxation between spin levels. In contrast, at high 275 

fields, spin temperature and dipolar temperature are well-separated in magnitude. Therefore, 276 

the solid effect becomes less efficient as the field is increased. The solid effect may also be 277 

observed in viscous liquids. For examples, the rotational correlation time of vanadyl complexes 278 

is slow enough to result in DNP enhancement through the solid effect while yielding liquid-279 

state NMR spectra of protons, which have a much faster rotational correlation timescale.17 280 

3. Cross effect and thermal mixing: Other than the two-spin mechanisms described above, there 281 

are two other broad classes of mechanisms that are characterized by DNP enhancements that 282 

increase with the concentration of the paramagnetic material. Hwang and Hill reported a new 283 

hyperpolarization mechanism that is distinguishable from the solid effect because of the field 284 

profile of the enhancement factor (Table 1).18 In this mechanism, the peaks in positive and 285 
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negative enhancement become stronger and more well-resolved when the concentration of the 286 

paramagnetic dopant is increased (in contrast to the solid effect, which becomes less efficient 287 

at high concentrations of PA).  288 

Hwang and Hill provided a phenomenological description of the cross effect (CE) for systems 289 

with high electron spin polarization.19 CE relies on the presence of an EPR line that is 290 

inhomogeneously broadened by g-anisotropy. Such a system consists of multiple spin packets 291 

with varying ESR frequencies. Consider two spin packets, ‘i’ and ‘’i+1’, that are dipolar-292 

coupled, with allowed SQ EPR transition frequencies related by the expression ωe
i+1 = ωe

i + 293 

ωN, where ωN is the nuclear Larmor frequency of the nuclei that are dipolar-coupled to the 294 

electron spin packets. Since ωe
i + ωN is the transition frequency of the ZQ transition for the 295 

spin packet i, this forbidden transition can now be cross coupled with the allowed SQ transition 296 

of the spin packet i+1, ωe
i+1 (Figure 1c). Similarly, ωe

i is cross-coupled to the DQ transition of 297 

the spin packet i-1, where ωe
i = ωe

i-1 + ωN. The resulting nuclear hyperpolarization through 298 

cross-coupling of the allowed EPR transition of one spin packet with the forbidden transition 299 

of another spin packet is termed the cross effect. For maximum efficiency of CE, the linewidth 300 

of the inhomogeneously broadened ESR line must be greater than the nuclear Larmor 301 

frequency. Because cross-coupling is possible with both DQ and ZQ transitions, lower net 302 

enhancements are observed due to offsetting of positive enhancements by negative 303 

enhancements.  304 

Thermal mixing: Thermal mixing (TM) is also a three-spin process and is the dominant 305 

mechanism of hyperpolarization at high concentrations of PA. TM requires high fields and 306 

ultralow temperatures (< 4K), and is observed in the presence of PAs that appear to have 307 

homogeneously broadened lines at low or intermediate fields but with appreciable g-factor 308 
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dispersion at high fields. Unlike CE (which can only yield polarization transfer between nuclei 309 

with the same gyromagnetic ratio), TM allows transfer of polarization between nuclear 310 

ensembles of different gyromagnetic ratios, e.g. 1H and 13C. This transfer of polarization is 311 

mediated by energy transfer between different thermal spin reservoirs via dipolar interactions 312 

(Figure 1c). The first mathematical description was provided by Borghini,20 and a more 313 

generalized mathematical description was provided by Wenckebach.21 First, the ESR transition 314 

is saturated at frequency ω0S. The central assumption in the thermal mixing mechanism is that 315 

the electron spin polarization is transferred throughout the entire EPR spectrum via spin 316 

diffusion, on a timescale that is much faster than any other relaxation process. This polarization 317 

is then transferred to the nuclear spin reservoir through the HFI, resulting in nuclear 318 

hyperpolarization.21  319 

Field-dependence of CE and TM: Cross-coupling between spin packets becomes less 320 

efficient at higher fields because it becomes increasingly difficult to satisfy the condition ΔωS 321 

> ωN. Thus, both the CE and TM enhancements scale with 1/B0. 322 

The study of solid-state nuclear hyperpolarization mechanisms is an active field, with ongoing 323 

theoretical and experimental work to elucidate and quantify various factors that determine DNP 324 

enhancement.22–24 The dominant mechanism in a DNP experiment is affected by a complex 325 

interplay of experimental conditions, including temperature, field, frequency, and concentration of 326 

PA.25 In the solid state, more than one mechanism may be operational simultaneously. For 327 

example, as the concentration of PA is increased, the SE becomes less efficient and the CE or TM 328 

may take over. We have qualitatively described the origins of various mechanisms of DNP 329 

enhancement, focusing on CW mechanisms which are described in terms of macroscopic rates of 330 

relaxation via fluctuations of the scalar and dipolar HFI. However, we note that quantum 331 
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mechanical models were developed early on,26,27 and have also been proposed more recently for 332 

the case of EPR excitation using microwave pulses.28–30 333 

 334 

Table 1: Summary of steady-state DNP mechanisms 335 

‖B. Corzilius, Phys. Chem. Chem. Phys., 2016, 18, 27190 - Published by the PCCP Owner Societies 336 

 337 
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Typical frequency profile 

of DNP enhancement 
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Societies  
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Observed in state Liquid Solid Solid Solid 

Detection schemes that 

apply mechanism 

Direct detection, 

supercritical DNP 

d-DNP, shuttle DNP, temperature-

jump DNP, rapid-melt DNP 

d-DNP, shuttle DNP, temperature-jump 

DNP, rapid-melt DNP 

d-DNP, shuttle DNP, temperature-

jump DNP, rapid-melt DNP 

Interactions leading to 

hyperpolarization 

Relaxation through contact 

hyperfine, dipolar hyperfine 
interactions. Rate of  

fluctuation of electron 

density preferentially 

enables DQ or ZQ transition 

Level mixing through dipolar 

hyperfine interaction, direct 
excitation of DQ or ZQ transition 

by microwaves 

Dipolar electron-electron and dipolar 

hyperfine interactions; inter-system 
cross-coupling leads to cross-

polarization from electron ensemble to 

nuclear ensemble 

Dipolar electron-electron and 

dipolar hyperfine interactions;  spin 
temperatures of different nuclear 

ensembles are rapidly equalized via 

dipolar interactions, allowing 
heteronuclear spin 

hyperpolarizations 

Conditions 1. Saturating SQ 

transition: ωmw = ωSQ 

2. Relaxation through 

either ZQ or DQ: 

ωmotion ≈ ωZQ/DQ 

Selective, direct excitation of either 
ZQ or DQ transition: ωmw = ωSQ ±  

ω0I. Requires PA with narrow EPR 

linewidths to achieve selectivity of 

DQ or ZQ transition. 

ωmw = ωSQ 

Δωe >> ωN ; where  Δωe is the width of 

the inhomogeneously broadened EPR 

line 

ωmw = ωSQ 

Δωe >> ωN ; where  Δωe is the width 

of the inhomogeneously broadened 

EPR line 

ω0 

with 

DNP 

without 

DNP 
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Section II: Applications of liquid-state DNP NMR 339 

   340 

 341 

Figure 2: Overview of current and potential future applications of liquid-state DNP NMR. (a) 342 

Increasing the sensitivity of spectroscopic applications for structural studies; (b) Spectroscopic 343 
identification of transient species such as reaction intermediates in solution; (c) Imaging of species 344 

with low steady-state concentrations, e.g., metabolites and free radicals at ambient temperature. 345 
The overlapping areas of the three circles show applications that combine different types of studies. 346 

The examples listed below and summarized in Figure 2 show that liquid-state DNP NMR has 347 

broad and fundamental applications ranging from studies of reaction kinetics and mechanisms, 348 

metabolomics, imaging/metabolic imaging, to structural studies of biomolecules. Liquid-state 349 

DNP NMR is also envisioned to have a profound impact on the future of quantitative NMR.33 Here 350 

we note some areas where liquid-state DNP NMR has yielded or promises to yield unique, 351 

previously unavailable information. 352 

➢ Studying protein hydration: Liquid-state NMR studies provide information about dynamics 353 

of solute-solvent interactions. For example, protein molecules are surrounded by a hydration 354 

layer, the dynamics and heterogeneity of which are thought to be a determinant of protein 355 

function.34 Han et al. have conducted seminal work in the use of Overhauser DNP (ODNP) for 356 

selective probing of local or ‘internal’ water surrounding peptides and proteins in varied 357 



18 
 

environments.35-37 Using a combination of site-directed spin-labeling and ODNP, Han et al. 358 

separate signals of local water surrounding a protein from bulk aqueous solution. In this 359 

method, DNP occurs by transfer of electron spin polarization of spin labels attached at selected 360 

sites to protons of water molecules diffusing in the vicinity of the spin label. Translational 361 

diffusion of the water molecules modulates the dipolar interaction between the electron spin 362 

of the spin label and nuclear spins of the local water protons, and this modulation results in 363 

cross-polarization from the electron spins to the nuclear spins through the Overhauser effect. 364 

Thus, ODNP isolates the translational dynamics of the hydration layer, occurring on the 365 

picosecond-to-nanosecond timescale. Secondly, ODNP selectively amplifies the signal from 366 

water molecules interacting with the site of interest, while separating out the background NMR 367 

signal of bulk water. More recently, the technique has been used by Segawa et al. to observe 368 

penetration of water into a model membrane and its interaction with a membrane-inserting 369 

peptide.38 They found that ODNP was the only technique able to distinguish accessibility in a 370 

site-selective manner, validating the utility of ODNP in distinguishing areas of heterogeneity 371 

with single-residue resolution. Chaubey et al. observed changes in dynamics of the solvent 372 

2,2,2-trifluoroethanol (TFE) when the peptide melittin undergoes structural reorganization 373 

from a random coil to a helical structure. They measured the DNP enhancement of 19F by the 374 

polarizing agent TEMPOL, and used the DNP coupling parameter as an indicator of the 375 

correlation time of the co-solvent TFE.39 Hyperpolarized water has also been used to measure 376 

protein hydration by increasing the sensitivity of techniques such as fast 2D NMR, exchange 377 

spectroscopy (EXSY), and nuclear Overhauser effect spectroscopy (NOESY).40-43 378 

Studying membrane proteins, disordered proteins, and aggregation-prone 379 

biomacromolecular systems: Membrane proteins are a particularly suitable example of the type 380 
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of aggregation-prone biomacromolecules that could benefit from improvements to liquid-state 381 

DNP NMR. The maturation of solid-state DNP NMR with MAS has yielded valuable high-382 

resolution structural information about these systems.44, 45 However, these proteins remain difficult 383 

to solubilize/reconstitute in active form.2 Liquid DNP NMR can provide information about 384 

dynamics processes, such as changes in conformation and solvation, for a wide range of samples, 385 

including in-cell samples. An advantage of DNP NMR is that by using site-directed spin labeling, 386 

hyperpolarization can be achieved with high site-specificity, thus allowing highly localized 387 

probing of protein dynamics and secondary structure. Hilty et al. recently used the method of 388 

dissolution-DNP (d-DNP) to hyperpolarize lipids (dodecyl phosphocholine), and monitored lipid 389 

interactions with the membrane protein OmpX.46 By exploiting the facile exchange of amide 390 

protons, hyperpolarized water has also been used to obtain high-resolution 2D NMR spectra of 391 

disordered proteins.47 Hyperpolarized ligands have been used to selectively enhance signals of 392 

ligand-binding sites48,49 or to transfer polarization to other nearby ligands50 on the protein. A 393 

potential application of high-throughput, quantitative analysis of ligand-protein interactions using 394 

liquid-state DNP NMR is the screening of small-molecule ligands for drug development.48,51 395 

(High-throughput biochemical assays, typically based on fluorescence readout, are the workhorses 396 

to identify potential drug/target combinations; however, such assays do not provide the atomic-397 

level structural details required for in silico methods for drug design and discovery.52)  398 

➢ Observing transiently formed species in solution for reaction monitoring and mechanistic 399 

studies. Hyperpolarization amplifies the NMR signal so that single-scan pulse experiments 400 

with otherwise low sensitivity can now be used to track the progress of a reaction by monitoring 401 

temporal profiles of NMR spectra. This ability has been used to observe reaction intermediates, 402 

conduct mechanistic studies, and monitor reaction kinetics.  403 
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Hilty et al. have conducted extensive work on the use of hyperpolarized substrates for 404 

monitoring non-equilibrium reactions with second to sub-second resolution.53,54 Recently, they 405 

used d-DNP-enhanced pulse NMR to monitor the styrene polymerization reaction and the 406 

reaction of p-anisaldehyde with isobutylamine, with second-scale resolution.55 They were able 407 

to extract single-scan 1H-13C correlation spectra during the reaction and calculated 1H chemical 408 

shifts from 13C spectra of transient species, demonstrating direct observation of transient 409 

species formed during the reaction. Jensen and Meier used hyperpolarized fructose to identify 410 

a previously elusive reaction intermediate and to monitor the carbohydrate dehydration 411 

reaction.56 There are many examples of the use of d-DNP to identify reaction intermediates 412 

and measure reaction kinetics of organic and inorganic reactions.57-61 413 

Hyperpolarization has been similarly exploited to study kinetics of protein-enzyme/protein-414 

ligand complex formation. 13C NMR spectra provide signatures of protein-ligand binding, and 415 

the broad frequency dispersion of 13C spectra overcomes the problem of potential chemical 416 

shift overlap encountered in proton NMR. However, 13C NMR spectra are weaker than 1H 417 

NMR spectra because of the lower gyromagnetic ratio of 13C. DNP enhances the weak 13C 418 

signals, and has been used for ligand binding studies, including enzymatic assays.62 As with 419 

organic reactions, d-DNP has been used to increase the signal intensity of single-scan 13C 420 

spectra collected when monitoring biochemical reactions, enabling acquisition of data points 421 

at sub-second intervals for more than a minute as the reaction progresses.63-67 Hilty et al. have 422 

used DNP to obtain 13C DNP NMR spectra of lipid membranes, characterizing their 423 

biosynthetic pathways based on fractional isotopic labeling of reactant feeds.68 Duus et al. also 424 

used DNP of 13C to study the mechanism and kinetics of transglycosylation.69  425 
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➢ Metabolomics: NMR of heteronuclei (nuclei other than 1H, e.g. 13C, 15N etc.) is advantageous 426 

for metabolite profiling because the NMR signals of heteronuclei are dispersed over a large 427 

frequency range and also do not need to be separated from the large background signal of 428 

aqueous protons in cells. However, the low, shifting concentrations of metabolites along with 429 

the low natural abundances of NMR-active heteronuclei result in metabolite quantities that are 430 

undetectable by conventional NMR spectroscopy. Hyperpolarization can amplify the signal 431 

from these low-concentration metabolites and increase the speed of analysis by eliminating the 432 

need for signal averaging. The increased signal-to-noise ratio (SNR) and speed of data 433 

collection allow real-time detection and monitoring of metabolites for clinical and investigative 434 

purposes. This approach was first demonstrated by Thaning et al., who injected 13C-435 

hyperpolarized pyruvate into rats, and subsequently detected, monitored, and quantified the 436 

metabolites lactate, hydrate, alanine, bicarbonate, and pyruvate at 3 s intervals for 50 s after 437 

injection.70 Ardenkjær-Larsen et al. demonstrated the utility of 13C d-DNP NMR to determine 438 

levels of the anticonvulsant carbamazepine and its major metabolite carbamazepine-10,11-439 

epoxide in blood plasma.71 Brindle et al. conducted in vitro and in vivo studies of ascorbic and 440 

dehydroascorbic acid hyperpolarized by d-DNP, using these as probes of tumor redox status 441 

(loosely understood as the balance of oxidants and anti-oxidants in cells).72 The signal 442 

intensities of metabolites tracked in these reports indicate the suitability of DNP NMR for 443 

quantitative NMR.73 444 

➢ In-cell DNP NMR: All the above-mentioned analyses, including reaction monitoring and 445 

metabolite analyses, can provide valuable information if conducted within a native cellular 446 

environment. Frydman et al. used d-DNP followed by magnetization transfer from 13C to 1H 447 

to monitor the actions of pyruvate decarboxylase and pyruvate formase lyase enzymes.74 They 448 
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were able to perform these experiments in both yeast and bacteria. Meier et al. observed acetate 449 

influx and subsequent metabolic consequences in yeast.75 Meier et al. and Balbach et al. have 450 

presented comprehensive reviews of the applications of in-cell hyperpolarized NMR.76, 77 It 451 

should be noted that solid-state in-cell DNP NMR is an emerging field.78,79 However, only 452 

liquid-state DNP has the potential to provide information about dynamic processes such as 453 

conformational changes, reaction kinetics and evolution of metabolite profiles in intact cells. 454 

➢ Imaging/Metabolic imaging: In addition to spectroscopic metabolite profiling, 455 

hyperpolarization also improves imaging of metabolites by amplifying their NMR signal.70 456 

13C-labeled pyruvate is the most commonly used molecular probe in metabolic imaging, which 457 

is expected to be highly impactful as a clinical tool because of the noninvasive nature of 458 

magnetic resonance techniques and non-toxicity of spin-probes,80,81 many of which occur 459 

endogenously. Metabolic imaging of hyperpolarized pyruvate is expected to be useful for 460 

tracking redox status of tissues, oxidative stress, and profiling the effects of radiation.82-84 461 

Similar to the study by Thaning et al., Ardenkjaer-Larsen et al. demonstrated the use of 462 

metabolic imaging to scan implanted tumors in rats and to quantify the glycolytic status of 463 

cancer cells.85 Glycolysis has also been quantified by imaging of hyperpolarized 13C-labeled 464 

glucose86 and fructose.87 465 

Hyperpolarization enhancements can be similarly used to image other types of spin probes and 466 

spin traps. 13C-labeled spin traps have been used to image reactive oxygen species (ROS) in 467 

tumors, allowing quantification of the redox status of cancer cells. When the hyperpolarized 468 

spin-trap is injected into the tumor, it reacts with ROS to form diamagnetic adducts. 469 

Hyperpolarization allows detection of reaction intermediates, which is the origin of the 470 

measured signal prior to adduct formation.88,89  471 
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➢ Increasing the sensitivity of alternative NMR methodologies and low-field NMR: In NMR 472 

relaxometry, sample components are characterized by their magnetization decay profiles (due 473 

to spin-lattice relaxation or spin decoherence) as a function of field or frequency. This 474 

technique suffers from poor sensitivity and resolution at lower frequencies and in multi-475 

component chemical systems. Hyperpolarization via a spin label can enhance the signal at low 476 

frequencies while also allowing observation of specific sites via DNP through spin labels. DNP 477 

enhanced NMR can be used as a complementary technique to relaxometry,90 but DNP may 478 

also be used to enhance signals for relaxometry. Selective DNP-enhanced fast field cycling 479 

(FFC) relaxometry can be used to separate signals of protein and solvent91 or to measure the 480 

properties of the composing polymers of a block copolymer in solution.92 Finally, relaxometry 481 

profiles in the solution state can help to design ODNP material systems by predicting DNP 482 

enhancements.93,94 Low-field NMR, which has particular applications in compact NMR and in 483 

vivo imaging, is another sub-field in which gains of more than a hundred-fold may be obtained 484 

by using DNP. Compact NMR can enable ‘on-field’ measurements of low-concentration 485 

analytes, including hazardous substances and reaction intermediates.95-97 Increasing the 486 

sensitivity of low-field magnetic resonance imaging would be highly beneficial for developing 487 

low-cost in vivo imaging instruments that do not require cryogens, which are increasingly 488 

scarce.98,99 489 

Section III: Available detection schemes and challenges for liquid-state samples 490 

Detection schemes: Of the DNP mechanisms discussed above, only the Overhauser effect is 491 

applicable directly to liquid-state samples. However, there are several experimental challenges 492 

associated with this mechanism, including lower efficiency at higher fields, solvent heating effects 493 

due to the high microwave power required to saturate the ESR transition, and lack of applicability 494 



24 
 

to large molecules (this point is especially relevant for biomacromolecular samples). Low 495 

temperatures favor high enhancement factors, which is likely why early successes in detection 496 

schemes for liquid samples involved melting frozen solutions; hyperpolarization is achieved in the 497 

frozen, solid state at low or intermediate fields. The sample is then melted or rapidly dissolved in 498 

a hot solvent and transported to another high-field location, where NMR spectroscopy is conducted 499 

on the melted sample (or imaging conducted of the liquid sample injected into tissue). Such ex situ 500 

detection schemes have been highly successful for enhancing the NMR signals of liquid samples. 501 

Challenges associated with ex situ hyperpolarization are: (i) loss of polarization during transport 502 

and (ii) inability to average over multiple scans because sample preparation requires several hours 503 

and the sample is lost after one cycle due to dissolution in the hot solvent. On the other hand, in 504 

situ detection schemes eliminate the transport step, conduct DNP and NMR at the same field, and 505 

allow averaging over multiple scans. Prominent ex situ and in situ schemes are summarized below.  506 

  507 
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  508 
Figure 3: Summary of ex situ detection schemes. (a) Main components of a d-DNP setup. (b) 509 
Schematic of a supercritical NMR setup, which can be adapted for DNP by the addition of a 510 
microwave source and resonator. (Adapted with permission from ref. 100 Copyright 2016 511 

Elsevier) (c) Main components of a shuttle-DNP setup.  512 



26 
 

1. Ex situ detection: As mentioned above, the experimental conditions (low temperatures and 513 

low-to-medium fields) that favor DNP are incompatible with those that are desirable for NMR 514 

spectroscopy of liquids (high fields that provide better sensitivity and resolution, and 515 

temperatures near room temperature). Ex situ methods overcome this incompatibility by 516 

separating the DNP and NMR steps so that each step is conducted under its respective optimal 517 

conditions. DNP is conducted in a separate location (either a separate magnet or the stray-field 518 

region of the NMR magnet) at lower fields and low temperature (in the frozen state). The 519 

hyperpolarized sample is then rapidly melted or dissolved in a hot solvent and transported to a 520 

separate high-field location where NMR spectroscopy is carried out. Here we label ex situ 521 

methods as all those in which there is a separation of locations for DNP and subsequent NMR 522 

detection. These locations may be separated by as little as a few cm or the sample may be 523 

transported to a completely different instrumental unit. 524 

1.1. Dissolution DNP: Dissolution DNP (d-DNP)15 is perhaps the most impactful 525 

hyperpolarization scheme implemented thus far, with commercial setups available 526 

(Hypersense by Oxford Instruments and SPINlab by GE Healthcare†) and several ‘home-527 

made’ setups reported.102–108 528 

 529 

  530 

†Certain commercial entities, equipment or materials may be identified in this document to describe an 

experimental procedure or concept adequately. Such identification is not intended to imply recommendation or 

endorsement by the National Institute of Standards and Technology, nor is it intended to imply that the entities, 

materials or equipment are necessarily the best available for the purpose. 
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Ardenkjær-Larsen et al. showed that hyperpolarization of a frozen solution (achieved via 531 

a solid-state mechanism i.e. solid effect, cross effect, or thermal mixing) is stable enough 532 

to be detected if the frozen solution is melted rapidly by dissolution in a hot solvent.15 533 

After the sample has been hyperpolarized, it is transported to a separate location for either 534 

spectroscopy15 or imaging109, provided the transport is accomplished more quickly than 535 

the relaxation of the sample polarization.  536 

In d-DNP, hyperpolarization is carried out in the ‘polarizer’ (consisting of the magnet and 537 

cryostat) at a temperature of 1 K and static magnetic fields in the range of 3 T to 7 T. The 538 

optimal field for d-DNP depends on the relative relaxation times of nuclear and electron 539 

spin polarizations. Higher fields result in longer nuclear relaxation times while maintaining 540 

rapid electron-spin relaxation. Thus, d-DNP typically employs medium-to-high static 541 

magnetic fields, and future setups are projected to work with even higher fields.110 A 542 

paramagnetic material with a narrow EPR line – typically a trityl or nitroxide radical – is 543 

dissolved in glycerol to a concentration of 10 mmol L-1 to 20 mmol L-1. When frozen, this 544 

solution forms a glassy, homogeneously doped paramagnetic matrix that hyperpolarizes 545 

the nuclear spin ensemble of the sample. Hyperpolarization can also be achieved by first 546 

transferring polarization from unpaired electrons to protons, followed by cross-polarization 547 

to other low-γ nuclei, e.g. 1H-13C cross-polarization. A low-quality-factor (low-Q) metal 548 

cylinder is used to localize microwaves around the sample. Saddle coils fitted inside the 549 

metal cylinder are used to conduct solid-state NMR measurements of hyperpolarization 550 

while the sample is still in the polarizer. After hyperpolarization, superheated water is 551 

rapidly injected into the frozen glassy sample to convert it to an aqueous solution, which 552 

is transported out of the low-temperature region and either used for NMR spectroscopy at 553 
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a higher field (> 9 T)15 or injected into a tissue sample for imaging in vitro or in vivo.109 554 

The sample volume is typically around 100 µL and the volume of injected solvent is 555 

typically around 5 mL, resulting in dilution. Polarizations of 30 % to 90 % have been 556 

reported, translating to improvements of up to four orders of magnitude in the SNR, 557 

compared to NMR without DNP. 558 

DNP requires high microwave powers in order to saturate the EPR transition. In d-DNP, 559 

high-power sources, such as gyrotrons with typical power outputs of approximately 200 560 

mW are used to generate microwaves. Saturation of broad EPR lines can be improved by 561 

modulating the microwave frequency or field, which increases the fraction of DNP-active 562 

radicals.111,112 Next, it is critical to transport the hyperpolarized sample to its destination 563 

without significant loss of polarization, which is exacerbated by the presence of the 564 

paramagnetic material acting as a relaxant of nuclear spin polarization. The transport step 565 

is automated so it can be accomplished within a few seconds.113 Fields of a few tenths of a 566 

mT applied while transporting the sample are usually adequate to preserve polarization.114 567 

d-DNP is most advantageous for inherently ex situ applications, e.g., it has been highly 568 

impactful by improving signals for in vivo imaging and it also enables real-time monitoring 569 

of metabolites.70,86 However, it is limited by the long time – often several hours – required 570 

to generate the hyperpolarized sample, which must then be transported and measured 571 

before the nuclear polarization relaxes. Widespread application of d-DNP in clinical 572 

settings requires that hyperpolarization be accomplished on large sample volumes (e.g. 573 

through high throughput) in a consistent and reproducible manner (quality control). To 574 

achieve these objectives, the following improvements have either been reported or are 575 

expected: (i) magnet design (incorporation of shielded magnets and dual-core magnets in 576 
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the polarizer so that NMR spectroscopy can be conducted after short transport); (ii) 577 

development of optimized high-Q microwave resonators for greater saturation of the EPR 578 

transition; (iii) improvements in transport systems, e.g., the use of pneumatic systems to 579 

speed up transport from a timescale of several seconds to less than a second;115 (iv) 580 

development of labile radicals or radical-free phases to eliminate paramagnetic species and 581 

extend the relaxation time of nuclear polarization; or formulation of persistent, 582 

transportable hyperpolarized states by manipulation of multi-phase systems.116,117 583 

1.2. Supercritical DNP: When Overhauser enhancement occurs through e-n cross-relaxation 584 

mediated by the dipolar component of the HFI, the frequency of modulation of the dipolar 585 

interaction must match the energy gaps associated with the forbidden transitions. These 586 

energy gaps increase at higher fields, and the correlation times must be correspondingly 587 

shorter to provide the required high-frequency modulation of the HFI. (This trend may not 588 

apply when the HFI is dominated by the scalar component, whose magnitude is 589 

independent of field.) Fast molecular motions in supercritical fluids result in 590 

correspondingly short correlation times and therefore, improved Overhauser 591 

enhancements.16,118 Supercritical CO2 can be obtained under relatively mild conditions – 592 

at room temperature and a pressure of approximately 7500 kPa. In supercritical DNP 593 

NMR, DNP is carried out at a lower field of 0.3 T. The supercritical solution is then 594 

transported to the high-field NMR magnet using a flow system.  595 

Building on their work on flow-transfer NMR,119-121 Dorn et al. have established the use 596 

of supercritical solvents for flow-transfer DNP NMR.16 They use two protocols for flow 597 

DNP NMR: liquid-liquid intermolecular transfer (LLIT)119 and solid-liquid intermolecular 598 

transfer (SLIT).120,121 In the setup for LLIT, the solution is pumped from a high 599 
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performance liquid chromatography (HPLC) unit, mixed with analytical grade CO2 600 

pumped from a superfluid chromatography unit (SFU), and equilibrated to a pressure of 601 

17000 kPa (165 atm). The volume ratios of sample solution and CO2 are determined by 602 

their relative flow rates. Thus, a 0.1 mL/min flow of sample solution and 1 mL/min flow 603 

of CO2 at the time of mixing results in a 1:10 ratio of sample volume to supercritical CO2 604 

volume for hyperpolarization. The mixture is heated to 40 °C in a superfluid 605 

chromatography (SFC) oven, and the resulting supercritical fluid is directed to a low-field 606 

(0.33 T) magnet where hyperpolarization is carried out. Microwaves are generated by a 607 

klystron source, amplified, and localized at the sample volume using a TE102 cavity 608 

resonator. The hyperpolarized solution is then flowed to a high-field magnet for NMR 609 

spectroscopy. Here, radiowaves are localized at the sample volume using a Helmholtz 610 

detection coil. The typical sample volume is approximately 160 µL in the low-field magnet 611 

and approximately 60 µL in the high-field magnet. 612 

The protocol for DNP NMR using SLIT is identical to the LLIT protocol, except that the 613 

sample flowing from the HPLC unit through the SFC oven does not contain the PA, i.e. 614 

nitroxide radicals. Nitroxide radicals immobilized on silica gel are placed in the 0.3 T 615 

magnet and hyperpolarization occurs as the supercritical solution flows over the silica gel. 616 

For benzene, Dorn et al. reported approximately 5-fold improvement of observed DNP 617 

enhancement in LLIT using supercritical CO2 when compared to ‘normal-flow’ DNP 618 

NMR. SLIT DNP NMR with supercritical CO2 showed a 10-fold improvement in 619 

observed DNP enhancement compared to normal-flow DNP NMR. In addition to better 620 

sensitivity, SLIT separates the PA from the sample and thus avoids the problem of 621 

paramagnetic relaxation during transfer from the low-field magnet to the high-field 622 
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magnet. Finally, since the paramagnetic material is not mixed with the sample in the SLIT 623 

protocol, the sample can be recycled for multiple measurements. 624 

Supercritical CO2 has several desirable properties that make supercritical DNP a 625 

promising methodology, particularly for small-molecule analytes.7,85 The polarity of 626 

supercritical CO2 can be varied continuously by adding small volumes of co-solvents, 627 

making it suitable for polar as well as non-polar solutes. CO2 is non-polar and thus avoids 628 

the dielectric heating effects observed in solvents like water. This is particularly important 629 

considering the high intensity of microwaves typically required for DNP. The use of CO2 630 

as a solvent yields a proton-free background. Most importantly, supercritical DNP gives 631 

the ability to achieve fast molecular tumbling, achieving correlation times of 2 ps to 5 ps 632 

at room temperature (compared to 5 ps to 6 ps at 400 K for water). These fast correlation 633 

times can enable Overhauser DNP at correspondingly higher fields/frequencies, making 634 

supercritical DNP an exciting prospect for enabling direct DNP enhancement in high-field 635 

NMR. 636 

1.3. Shuttle DNP: In shuttle DNP, the probe containing the liquid sample is shuttled between 637 

the low-field and high-field region produced by the same magnet, allowing separation of 638 

hyperpolarization and detection steps. Hyperpolarization occurs through Overhauser 639 

enhancement at low magnetic fields, after which the sample is shuttled to the high-field 640 

region for NMR detection. There are many early examples of the use of setups with 641 

multiple magnetic field regions in zero-field NMR, low-field NMR, NMR relaxation, and 642 

relaxation-dispersion measurements, which form the basis of the instrumental setups used 643 

in shuttle DNP.122-124 In such setups, it is desirable to have several magnetic field regions 644 

either to separate the relaxation and detection steps or to study the field-dependence of 645 
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relaxation time. Typically, the liquid sample is shuttled by a computerized pneumatic 646 

system over distances of 10 cm to 100 cm in times < 1 s. Fast and precise positioning at 647 

locations of specific field strengths in the fringe field of a magnet can be accomplished 648 

using stepper motors. Such setups have been used for fast field cycling NMR and the 649 

application has been extended to chemically-induced DNP (CIDNP) experiments.125,126 650 

In the liquid state, there can be many reasons (besides inverse field-dependence of 651 

Overhauser enhancement) for choosing to conduct DNP at a lower field than that used for 652 

NMR detection. For example, Reese et al. chose to conduct hyperpolarization at the lower 653 

frequency of 10 GHz (0.3 T) because the larger wavelength allows higher sample sizes and 654 

decreased dielectric losses in an optimally designed cylindrical resonant cavity.127 After 655 

DNP, the sample is shuttled downwards pneumatically to a 14 T magnet to take advantage 656 

of the higher sensitivity and resolution of high-field NMR detection. This setup is not 657 

efficient for large molecules with fast proton relaxation times because hyperpolarization 658 

cannot be sustained through the drop in magnetic field during the shuttling step. In a 659 

variation of this setup, the low-field region is located in the stray field of the 14 T NMR 660 

magnet.128 A ferromagnetic cylinder used for shimming provides a homogeneous-field 661 

length of 10 mm. By avoiding the drop in magnetization during a long transfer to a separate 662 

magnet, this setup extends the scope of shuttle DNP NMR to larger molecules.  663 

2. In situ detection: Several ways have been proposed to overcome the problem of loss of 664 

polarization during sample transport, including two-center magnets and magnetic tubes. On 665 

the other hand, so-called ‘in situ’ methods aim to eliminate sample transport altogether by 666 

carrying out DNP and NMR at the same magnetic field. Disadvantages of DNP NMR in the 667 

liquid state are the lower efficiency of the Overhauser effect at higher fields and excessive 668 
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heating of polar solvents such as water due to application of high-intensity microwaves. 669 

Nonetheless, in situ methods promise sample recyclability and greater retention of polarization 670 

before NMR detection, which also leads to greater concentration sensitivity. Here we cover the 671 

main classes of protocols for in situ DNP NMR. Of these, temperature-jump and rapid-melt 672 

DNP NMR work by achieving hyperpolarization in the frozen state, followed by detection in 673 

the melted state. Lastly, we discuss the experimental developments that have enabled direct in 674 

situ Overhauser DNP in the liquid state, followed by NMR detection without any intervening 675 

steps. 676 

 677 
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Figure 4: Summary of in situ detection schemes. (a) Schematic of steps in temperature-jump 678 

NMR. The temperature can be produced using gas flow, microwave power from a gyrotron, or 679 

lasers. (b) Schematic of a rapid-melt apparatus consisting of microfluidic channels. Adapted with 680 
permission from ref. 101 Copyright 2015 Elsevier (c) i. Schematic of an in situ Overhauser setup 681 
where both DNP and NMR are conducted at the same magnetic field. To increase B1 intensity, 682 
double resonant structures are used, for example: ii. a double-resonant flat helical cylinder (adapted 683 
with permission from Weis et al. J. Magn. Res. 140, 293-299 Copyright 1999 Academic Press) or 684 

iii. a cylindrical resonator with matched ENDOR coils. 685 
 686 

2.1. Temperature jump DNP NMR: One way of eliminating the transport step of ex situ 687 

techniques is by conducting DNP and NMR in the same magnet. DNP is conducted at low 688 

temperatures, after which the sample is rapidly melted in situ for NMR spectroscopy. The 689 

first example of such an implementation was by Akasaka et al., who achieved the 690 

temperature jump using gas flowed through valves placed adjacent to the NMR probe.129 691 

In the in situ DNP NMR apparatus implemented by the Griffin lab, the temperature jump 692 

is effected using an infrared pulse.130,131 To overcome the lower Overhauser enhancements 693 

at higher fields, Griffin et al. use cross-polarization pulse sequences to transfer 694 

polarization from 1H to low-γ nuclei such as 13C or 15N.130 They have also reported direct 695 

detection of 13C using total correlated spectroscopy (TOCSY).131 In these experiments, the 696 

sample is cooled to 90 K or 100 K, hyperpolarized, melted rapidly using a CO2 laser, and 697 

then subjected to NMR experiments. 10 µL of the sample is placed in a 2.5 mm o.d. quartz 698 

tube and the laser beam directed to the sample using an optical fiber. A gyrotron provides 699 

high-intensity continuous microwave irradiation required for DNP. The Kockenberger 700 

group have reported an improvement to this setup by conducting DNP at liquid-helium 701 

temperatures and using a high-power erbium-doped yttrium aluminium garnet (Er: YAG) 702 

laser for rapid melting of the sample.132 Recently, Yoon et al. have reported the use of a 703 

frequency-tunable and power-tunable gyrotron that can be used for both DNP and melting 704 
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steps. DNP is carried out using a microwave power of 1 W to 5 W, following which a 705 

high-power (> 50 W) microwave pulse is applied to melt the sample in < 1 s.133 The sample 706 

is placed in a saddle coil for application of radiowaves, while microwaves are applied 707 

without the use of a resonator. 708 

2.2. Rapid-melt DNP NMR: van Bentum’s group have developed an in situ apparatus that 709 

works for mass-limited samples (10 nL to 1 µL), in which the sample is contained in a 710 

microfluidic capillary.101 The capillary is placed on a microstrip probe that provides 711 

radiofrequency (RF) excitation for NMR spectroscopy. The capillary and microstrip are 712 

placed in a microwave cavity that can work in either resonant or non-resonant mode. 713 

Similar to the temperature-jump apparatus by Akasaka et al.,129 this apparatus also uses 714 

gas flow to control the sample temperature. In van Bentum et al.’s apparatus, channels for 715 

liquid nitrogen and warm nitrogen gas (equally applicable to liquid helium) are fabricated 716 

in a poly(methyl methacrylate) (PMMA) block molded around the microwave cavity to 717 

enable rapid freezing and melting of the sample as it is moved over a distance of < 5 cm 718 

in this region of highest magnetic field homogeneity. Three separate regions are delineated 719 

within this range: a 77 K region for DNP, a 350 K region for melting and a 300 K region 720 

for NMR spectroscopy. An actuator moves the capillary between these regions, whose 721 

temperature is controlled by the flow of liquid nitrogen. DNP and NMR are carried out at 722 

the same magnetic field, making this an in situ detection protocol. DNP is carried out in 723 

the frozen solid state while NMR detection can be carried out either in the liquid state or 724 

in the frozen state. The small volume and ability for rapid melting/freezing eliminate the 725 

time required for sample preparation and repeatability of the melt-freeze cycle enables 726 
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averaging over multiple scans. van Meerten et al. have demonstrated the implementation 727 

of this apparatus for high-frequency, multinuclear NMR experiments.134 728 

2.3. In situ Overhauser DNP: While the above-mentioned in situ schemes provide 729 

improvements for spectroscopic measurements of small molecules, direct Overhauser 730 

enhancement would extend the benefits of hyperpolarization to larger molecules and 731 

biomacromolecular systems. The Prisner group and the Bennati group showed that direct 732 

Overhauser DNP enhancements for liquids at high magnetic fields can be larger than 733 

expected due to contributions from scalar HFI, provided the microwave power is high 734 

enough to approach saturation of the ESR transition for the paramagnetic matrix.135-138 735 

Double-resonant structures can be used to concentrate and enhance the microwave and RF 736 

magnetic fields at the sample, allowing the use of low-power microwave sources. To 737 

further increase the microwave power at the sample, Denysenkov et al. use both a 738 

resonator and a gyrotron in their high-field DNP spectrometer for liquids.139 The increased 739 

microwave power provided them a three-fold gain in DNP enhancement. The size of 740 

resonant structures for microwaves is inherently restricted due to their smaller 741 

wavelengths (< 1 cm at frequencies > 35 GHz), which in turn restricts sample size. To 742 

allow larger samples, Dubroca et al. have implemented a quasi-optical system that directs 743 

gyrotron-sourced high-power microwaves directly to the sample contained in a non-744 

resonant structure.140 745 

Section IV: Instrumental challenges and outlook for liquid-state DNP NMR. 746 

In this section, we speculate on future directions of method development for liquid-state DNP 747 

NMR. Since modern NMR is predominantly conducted at high fields to achieve better resolution 748 

and sensitivity, progress in instrumentation development for DNP NMR has also focused on 749 



37 
 

enabling high-field operation in both ex situ and in situ methodologies. As mentioned previously, 750 

rather large DNP enhancements can be achieved at high fields if the EPR transition can be fully 751 

saturated. Therefore, it is desirable to enhance microwave intensity at the sample volume. In situ 752 

and ex situ techniques have separate and characteristic challenges. We will discuss sample 753 

containment and flow setups in applications requiring larger or smaller volumes than those 754 

presently available in DNP NMR probes, development of PA, improvements in hardware, and the 755 

development of lab-on-a-chip DNP NMR setups for volume-limited samples. Finally, we mention 756 

advances in the field of low-field DNP NMR, which may be particularly impactful for field 757 

applications and in vivo imaging. 758 

 759 

Figure 5: Overview of future directions of research in liquid-state DNP NMR. The figure provides 760 
a simple schematic of the liquid-state DNP NMR setup, with possible areas of development for 761 
various components of the setup. 762 
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Challenges for in situ DNP NMR at high fields: In situ DNP NMR, particularly when DNP 763 

and NMR are conducted under identical physical conditions (field and temperature) is 764 

advantageous because it eliminates the problem of loss of polarization during the time taken 765 

to go from hyperpolarization conditions to NMR-spectroscopy conditions. However, the only 766 

mechanistic pathway for direct liquid-state DNP NMR is through the Overhauser effect, which 767 

becomes less efficient at higher fields, because the frequencies corresponding to the ZQ and 768 

DQ transitions become much greater than the modulation frequency of the HFI (provided by 769 

molecular motions). From a practical standpoint, in situ Overhauser DNP with direct NMR 770 

detection at the same field is also hindered by the high temperatures required to achieve the 771 

necessary correlation times for Overhauser enhancement. (As explained in Section III, point 772 

1.2, supercritical DNP is a promising avenue for solving this problem in the case of small-773 

molecule analytes.) Absorption of microwaves by polar solvents such as water can cause 774 

further heating, especially at higher frequencies. Lastly, Overhauser enhancement factors can 775 

be low for larger molecules due to their longer correlation times. Nonetheless, several recent 776 

reports demonstrate that it is possible to achieve enhancements in the range of 10 to 104 in 777 

liquid-state in situ DNP NMR at high frequencies. In these demonstrations, the high microwave 778 

power required to achieve near-saturation conditions is either generated directly by a gyrotron 779 

source,135,122,124,140 or enhanced at the sample volume using microwave resonant structures 780 

(combined with RF resonant structures).138 781 

Optimizing sample volume (resonant vs. non-resonant structures for microwave 782 

excitation): To achieve appreciable DNP enhancements in liquids, high microwave power is 783 

critical in order to saturate the EPR transition. Typically, resonant or non-resonant metallic 784 

structures, including coils, cylinders, and cylindrical/rectangular cavities, are used to couple 785 



39 
 

the input microwaves or radiowaves to the sample. Resonators can be used to amplify 786 

microwave intensity at the sample when the use of high-power sources such as gyrotrons is 787 

expensive or inconvenient. For example, the Prisner group has reported cylinders made of flat 788 

metal helices, which are resonant for both EPR (up to 260 GHz) and NMR frequencies.135,136,139 789 

The Bennati group use cylindrical TE011 cavities to obtain EPR saturation at 94 GHz, while 790 

electron nuclear double resonance (ENDOR) coils are used to localize radiowaves over the 791 

sample volume.137,138 However, the dimensions of resonators become smaller as frequency 792 

increases (wavelength decreases), resulting in limits on the sample volume (< 1 µL). This 793 

problem is exacerbated in double-resonant structures, where the wavelength mismatch of 794 

microwaves and radiowaves leads to a situation where only a small fraction of the available 795 

sample volume in the RF resonator can be filled because the upper limit of sample volume is 796 

determined by the microwave resonator. A solution to this problem is to miniaturize the RF 797 

resonator so its size is comparable to the EPR resonator.141 However, this still results in sub-798 

microliter sample volumes. Additionally, due to their higher Q-factors, microwave resonant 799 

structures have inherently low bandwidths, which deteriorates the sensitivity by allowing DNP 800 

enhancement from only a small fraction of the available EPR spectrum. Thus, the use of 801 

resonators proves advantageous for mass-limited samples but is less so when the sample 802 

quantity is not a limiting factor. Non-resonant structures may be used to localize incident 803 

microwaves at the sample volume. These are not size-restricted and can therefore 804 

accommodate larger sample volumes. However, these necessitate the use of high-power 805 

microwave sources to saturate the EPR transition. Ultimately, structures for localizing 806 

microwaves and radiowaves must be chosen to maximize SNR by optimizing sample volume, 807 

B1 intensity, and fraction of the EPR spectrum excited. Additionally, resonators must be 808 
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designed to separate the regions of electric and magnetic field so that sample heating of high-809 

loss dielectric samples, such as aqueous solutions, is minimized.  810 

Large-volume structures are desirable when sample quantity is not limited, so that a large amount 811 

of sample may be used to achieve the best possible SNR. On the other hand, many samples are 812 

inherently mass-limited as well as concentration-limited, e.g., membrane proteins and other 813 

biomacromolecular samples prone to aggregation. Liquid-state DNP NMR of such samples can 814 

potentially provide information about dynamics of structure, conformation, and solvation, which 815 

is not obtainable through solid-state MAS DNP NMR for all protein samples. Resonators are more 816 

suited to such mass-limited and concentration-limited samples. To maximize the SNR in this case, 817 

the sample volume should be comparable to the volume of the resonator. Novel approaches are 818 

being applied to solve the above-mentioned challenges in resonator design. In Fabry-Perot 819 

resonators, the resonator dimension must be limited in only one direction. This allows the sample 820 

volume to be extended in the remaining two directions, resulting in large-volume planar structures 821 

with sample volumes of tens of microliters.142-144 The Smirnov group has developed double-822 

resonant structures in which photonic bandgap microwave resonators are incorporated with NMR 823 

coils. These structures are also size-limited in only one dimension, resulting in sample volumes of 824 

several microliters.145 825 

Ex situ DNP NMR at high fields: It is generally accepted that in the case of d-DNP, increasing 826 

the field at which DNP is conducted increases the maximum enhancement but also increases the 827 

time required to reach this maximum. Further, no appreciable sensitivity gains are obtained after 828 

a field of about 7 T. Therefore, further improvements to ex situ DNP NMR are likely to focus on 829 

first, decreasing loss of polarization between the DNP and NMR steps and second, increasing the 830 

amount of hyperpolarized material to offset the expense of time and cryogen while building up 831 
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hyperpolarization (the second point is particularly important for clinical applications, in which the 832 

amount of sample is not a limiting factor).  833 

• High throughput: Increasing the throughput of the hyperpolarization stage is desirable 834 

because: first, it overcomes the time lost during buildup of hyperpolarization, which is a 835 

limiting step in d-DNP; and second, it partially overcomes the lack of sample recyclability. 836 

Ardenkjær-Larsen et al. have reported a d-DNP polarizer that can simultaneously produce 837 

up to three hyperpolarized samples of up to 2 g with a buildup time of 20 min.146 Further, 838 

their system uses a closed loop to recycle the cryogen required to cool the sample down for 839 

hyperpolarization, easing the massive cryogen requirements of d-DNP. Another similar 840 

design of d-DNP spectrometer reported recently can accommodate two samples, and can 841 

be modified to accomodate up to four samples.147 Bornet et al. have shown that cross-842 

polarization from 1H to 13C during the hyperpolarization step can be preserved through 843 

dissolution, dramatically increasing the DNP throughput for low-gamma nuclei.148  844 

• Preserving hyperpolarization: Developing hardware for efficient transport of 845 

hyperpolarized sample is an active area in DNP research, since ex situ schemes such as d-846 

DNP are still limited by the problems of sample depolarization during transport and sample 847 

dilution in the dissolution step. Kouřil et al. have reported a new transportation protocol in 848 

which the sample is hyperpolarized and transferred to the site of NMR in the solid form 849 

(“bullet DNP”) in 70 ms.115 Dissolution is carried out just before NMR, and the amount of 850 

solvent can be adjusted as required for NMR spectroscopy. This makes the method scalable 851 

to small volumes.  852 

Polarizing agents: Exogenous radicals such as TOTAPOL,149 AMUPOL,150 BDPA and its 853 

derivatives, and trityl are typically used as PAs in DNP NMR. Recent years have seen the 854 
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development of biradicals, which contain two rigidly linked paramagnetic moieties, that provide 855 

improved DNP enhancements, particularly via the cross effect.151,152 For applicability at high 856 

fields, Lund et al. have recently developed ‘TinyPols’, which are water-soluble biradicals with 857 

strong dipolar coupling between the two unpaired electrons.153 In d-DNP, Gd3+-doping has been 858 

shown to have a strong influence on polarization enhancement of 13C compounds such as 859 

pyruvate.154-156 Below we summarize the most recent developments in PAs, based on different 860 

methodologies of solution DNP NMR.  861 

• PA for scalar Overhauser effect: Earlier reports of direct Overhauser enhancement 862 

involved predominantly dipolar HFI of protons, resulting in the conventional thought that 863 

enhancements become small as field is increased. While this may be true for 864 

hyperpolarization of high-γ nuclei such as protons, the Bennati group has recently shown 865 

that enhancement factors of the order of 1000 can be obtained for 13C in Overhauser DNP 866 

for fields in the range of 1 T to 10 T.138 These enhancements have been explained as arising 867 

from the scalar HFI between the 13C-containing molecule and paramagnetic radical, and 868 

the key features of the mechanism have been identified.157 Further elucidation of the 869 

mechanistic origins of these large 13C enhancements is likely to result in new PA for direct 870 

Overhauser enhancement in the solution state.158,159 871 

• PA for ex situ techniques: In ex situ techniques where hyperpolarization and NMR/MRI 872 

are separated by a transport step, the paramagnetic matrix is required for DNP but becomes 873 

undesirable in the transport and NMR steps because it causes loss of polarization and 874 

broadening of NMR lines. The PA may be separated from the sample by physical methods, 875 

e.g., filterable agents160,161 or immobilization on a solid substrate.162,120,121,163 An elegant 876 

means to generate longer-lasting, transportable hyperpolarized samples is photo-generation 877 
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of radicals that re-combine when the temperature is increased after the hyperpolarization 878 

step.164,165 This provides a way to eliminate the undesirable paramagnetic matrix after the 879 

hyperpolarization step.  880 

• Triplet DNP for liquid samples: Photo-induced triplet states can be used to generate 881 

hyperpolarization that is independent of temperature and magnetic field strength.166 882 

Kagawa et al. have recently reported protocols for preparing a wide range of 883 

hyperpolarized samples at room temperature using the photo-induced triplet state of 884 

pentacene,167 and have further used triplet DNP in conjunction with the d-DNP protocol to 885 

obtain hyperpolarized solutions at both low and high fields.168,169 The Yanai group is active 886 

in developing PAs with favorable properties such as improved air stability170 and water-887 

solubility.171 The Bennati group has reported liquid-state triplet DNP using photoexcitable 888 

fullerene-nitroxide derivatives.172  889 

Mass-limited samples: Some examples of applications for mass-limited and concentration-890 

limited liquid-state samples that particularly benefit from hyperpolarization include: identification 891 

of natural products, metabolites of pharmaceuticals and agrochemicals, and characterization of 892 

compounds from combinatorial chemistry;173,174 studies of structure and dynamics of membrane 893 

proteins and other biomacromolecules that are difficult to isolate and prone to aggregation at the 894 

high concentration typically needed for standard NMR measurements;175 and in-cell NMR.176,177 895 

Such applications require the ability to sense both small volumes and small concentrations. 896 

Double-resonant structures provide sample volumes of nanoliters but the fill factor for the RF part 897 

of the double-resonator is very small, resulting in poor sensitivity. (For comparison, CapNMR 898 

finds widespread use in solution NMR but requires microliter volumes.178) Planar microcoils are 899 

easier to fabricate down to nL volumes, and find applications in on-chip NMR devices.179 900 
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Recently, Solmaz et al. have demonstrated a silicon-chip-based device for DNP NMR of aqueous 901 

solutions of TEMPO radical at room temperature.180 A sample volume of about 1 nL is contained 902 

in a capillary that is placed over the double NMR/ESR microcoils. 903 

Low-field DNP NMR: Although recent developments in DNP NMR have focused on extending 904 

applicability to high-field NMR, low-field NMR is also an emerging area that stands to benefit 905 

from sensitivity enhancements provided by DNP. Developments in low-field DNP NMR seek to 906 

increase resolution while maximizing hyperpolarization. Maly et al. have shown recently that is 907 

possible to improve both sensitivity and resolution even at low fields by improving field 908 

homogeneity.181 The ability to conduct DNP NMR at low fields is also desirable for portable 909 

setups.97  910 

Conclusion: In this review, we have attempted to provide an overview of the conceptual basis, 911 

applications, and instrumentation for a wide range of schemes for liquid-state CW DNP NMR. 912 

Liquid-state DNP has broad potential applications, particularly in the areas of metabolite 913 

characterization, imaging, characterization of transient species in reaction mechanisms, and studies 914 

of structure, conformation, and solvation dynamics for precious biomolecular samples. 915 

Approaches to liquid-state DNP NMR must take into account the sample type, size, and 916 

application. Some applications involve samples that are inherently limited in quantity and/or 917 

concentration (metabolomics, transient species, some biomacromolecular samples). On the other 918 

hand, in applications like imaging, it is desirable to have high throughputs of hyperpolarized 919 

sample, and amount of sample is not a limiting factor. In in vivo imaging, the hyperpolarized 920 

sample is injected into a specimen and thus, there is a natural separation of locations for 921 

hyperpolarization and NMR. Such applications necessitate the use of ex situ DNP methodologies 922 

such as dissolution DNP. Direct DNP in liquids is of interest for biomacromolecular systems that 923 
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are difficult to express, purify, and reconstitute, and that may become denatured and/or aggregate 924 

through rapid changes in physical conditions. While brute-force methods may sometimes offer 925 

greater effective sensitivity at high fields, DNP promises sensitivity gains at low and intermediate 926 

frequencies. In general, all DNP methodologies would benefit from high-field operability to take 927 

advantage of the high resolution and sensitivity provided by modern high-field NMR 928 

spectrometers. On the other hand, there is interest in improving the resolution of low-field DNP 929 

since larger enhancements can be obtained at low fields and, additionally, because low fields are 930 

favorable for applications such as in vivo imaging and compact spectrometers. PA for which the 931 

scalar HFI is dominant are likely to facilitate greater DNP enhancements at high fields. Another 932 

way to obtain field-independent DNP enhancement is using photo-excited triplets to saturate the 933 

electronic spin system. Supercritical DNP may also be impactful for high-field NMR of small-934 

molecule analytes by faster relaxation frequencies, and by providing a proton-free solvent that is 935 

not prone to dielectric heating. Most detection schemes for DNP NMR employ high-power 936 

microwave sources such as gyrotrons to saturate the EPR transition. On the other hand, double-937 

resonant structures eliminate the need for using high-power microwave sources but require 938 

advances in miniaturization to confine radiowaves and microwaves in similar volumes. The varied 939 

methodologies of ex situ and in situ liquid DNP provide a large playing field with multi-faceted 940 

opportunities for advancement, with the ultimate promise of revealing hitherto unavailable 941 

information about dynamic processes occurring in liquids.  942 
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