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Summary

High-spin complexes of Gd3+ and Mn2+ were introduced as polarizing agents (PAs) for solid-

state dynamic nuclear polarization (DNP) in 2011. This dissertation was undertaken in 2013,

with the intention of exploring these PAs further. Major goals of this work were to under-

stand their DNP mechanism(s) and explore their application in biomolecular research.

This cumulative thesis details the methods, advantages, and practical implications of using

high-spin PAs for MAS DNP. Data from electron paramagnetic resonance (EPR) and NMR

spectroscopy are discussed for a complete understanding of DNP mechanisms.

Out of the two main mechanisms—solid effect (SE) and cross effect (CE)—active under

experimental conditions of solid-state DNP, commonly used nitroxide PAs evoke CE owing

to their broad EPR spectra. On the other hand, DNP mechanisms evoked by high-spin metal

ions seem non-trivial due to additional features (originating from spin-orbit coupling or

zero field splitting) in their EPR spectra. The features of the EPR signal generally influence

the shape of enhancement profiles. Therefore, the metal ion with a simpler EPR signal i.e.,

Gd3+ , is chosen as the starting point for the investigation of DNP mechanisms. Varying con-

centrations (2, 10, 20 mM) of a water-soluble and stable complex Gd-DOTA was dissolved

as the PA in a glycerol-water solution of 13C ,15N - urea. Field profiles of DNP enhancement

on each nuclear type (1H , 13C , and 15N ) establishes SE as the active DNP mechanism at

the smallest PA concentration (2 mM). This confirms the theoretical predictions that narrow

line width of the Gd3+ EPR signal arising from the central transition (CT, ms =−1/2 −→ 1/2)

allows for resolved SE DNP. However, that is no longer the case at higher PA concentrations of

10 and 20 mM. At higher Gd3+ concentrations, the CE mechanism contributes significantly

and varies with nuclear Larmor frequency (ωn) of the concerned nuclei. The enhancement

maxima shifts towards the EPR resonance as the contribution from CE increases. This shift

is evident in the field profiles of 15N and 13C , whereas that of 1H is least influenced. This

observation can be explained by combining theoretical estimates with the experimental

data; the CE is evoked by increased dipolar coupling (Dee )—a prerequisite for CE—between

neighboring Gd3+ spins as the statistical inter-spin distance shortens at elevated concen-

trations. This finding is important because the knowledge of active DNP mechanisms is

essential for accurate interpretation of results from DNP experiments.



From the experiments on Gd-DOTA it becomes clear that concentration, inter-spin dis-

tances, and hence induced Dee are intertwined. In order to explicitly address the influence

of inter-spin distances on DNP mechanisms we started a collaboration with the group of

Adelheid Godt (Bielefeld). In this collaborative project, bis-complexes of the type Gd(III)-

spacer-Gd(III) with variable spacer lengths were investigated. These PAs provided an excel-

lent model system where the influence of only inter-spin distances can be determined for a

fixed Gd3+ concentration. A small PA concentration of 4 mM is used to ensure absence of

significant inter-molecular dipolar interactions. A mono-Gd complex of similar geometry

and chemistry is taken as a reference for SE DNP.

The mono-Gd complex yields enhancements arising from SE as expected from negligible

inter-molecular Dee . The contribution of CE increases as the inter-spin distances between

Gd3+ ions become shorter going from 3.4 nm → 2.1 nm → 1.4 nm → 1.2 nm due to corre-

sponding increase in Dee . The extent of CE on ωn follows the same trend as for Gd-DOTA.

Highest CE contribution is observed on nuclei with the smallest ωn
15N because smaller

ωn approaches the width of the EPR signal, this is an additional requirement for CE DNP.

Representative observations on 13C nuclei are shown in the graphical abstract (B) where

an enhancement doublet for bis(Gd-chelate) with 2.1 nm inter-spin distance marks the

transition clearly with maxima corresponding to SE and CE each.

The field position for maximum DNP enhancement corresponding to Gd-DOTA, is used for

DNP experiments on Ubiquitin with an attached Gd-tag as PA. The success of DNP on this

sample illustrates the possibility of site-directed DNP with metal ions tags as PAs. As a per-

spective Gd-tags can be used to examine change in conformation of a protein that would

give higher enhancements due to CE if two Gd3+ labeled domains are closer in space. In

a separate project, Mn2+ (S = 5/2) bound to the divalent site of a hammerhead ribozyme

was used as a PA which resulted in the first demonstration of intra-complex DNP using an

intrinsically bound metal ion PA.



Graphical abstract

(A) Distribution of Gd3+ ions with respect to concentration is shown as a random distribu-

tion of blue dots; 15N DNP field profiles show an increased contribution from CE (dotted

curves) as the concentration increases. (B) 13C DNP field profiles for bis(Gd-chelate)s cor-

responding to variable inter-spin distance indicate a transition from SE (positioned at the

orange dotted line) to CE (positioned at the blue dotted line) mechanism.
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Chapter 1

Introduction

The central theme of structural biology is that structure defines the function. Understanding

structure is vital to understand the function of individual units in biomolecules. The same

applies to materials as well, where arrangements of atoms control the physical properties

of the material [Wilder et al., 1998]. In order to scrutinize structure, choosing the right

characterization techniques from the available toolbox is imperative. Surface and bulk char-

acterization techniques are often utilized in synergy to determine the structure of materials

and biomolecules. Solid-state nuclear magnetic resonance (NMR) with magic angle spin-

ning (MAS) is one of the widely used techniques. It has played a major role in biomolecular

structural determination, catalysis and materials optimization, and innovation in chemical

industry [Watts, 2005]. The signals arising from nuclear spins reveal information about their

electronic and chemical environment. Solid-state NMR is especially applicable to study

large and insoluble biomolecules which cannot be studied in solution form. MAS NMR

also surpasses X-ray crystallography for biomolecules that do not crystallize, intrinsically

disordered proteins, and other amorphous samples. Solid-state NMR has made possible to

tackle various challenges in structural biology such as the arrangement of amyloidogenic

peptides [Quinn and Polenova, 2017], proteins with (proto-)fibrils [Jaroniec et al., 2004],

and membrane proteins in their native lipidic environment [Kaur et al., 2016]. Efforts have

been made towards achieving in-cell application of MAS NMR for investigation of such

species within cells and viruses [Selenko and Wagner, 2007]. In materials science, MAS

NMR has been used to understand catalyst qualities, explore glasses, functional materials,

energy materials, biomass, soil sediments, polymers, hybrid biomaterials, sol-gel material,

micro or macroporous materials among others [Ashbrook and Dawson, 2016; Ashbrook and

Sneddon, 2014; M. and E., 2012].

Evidently, solid-state NMR is a powerful spectroscopic method and has applications in

various fields of research. However, one limitation of this technique is inherently low sen-

1



2 Chapter 1 Introduction

sitivity. Sensitivity is directly correlated to the gyromagnetic ratio (γ) of the spin system.

For example, nuclear spins have smaller γ than electron spins, therefore, NMR is less sensi-

tive than electron paramagnetic resonance (EPR). One way to improve the sensitivity/signal

intensity of NMR experiments is by transferring spin polarization from highly polarized elec-

tron spins under microwave irradiation. The method based on such polarization transfer

is called dynamic nuclear polarization (DNP). With DNP over two- to three-fold magnitude

of signal enhancements can be achieved leading to a significant shortening of experi-

mental time. This is especially relevant for multi-dimensional experiments that become

prohibitively long with added dimensions [Donovan et al., 2017]. By the virtue of signal gain

obtained by DNP, solid-state NMR has found applications in areas of research otherwise

inaccessible due to limited sensitivity. Employing DNP has made the investigation of impor-

tant and challenging biological systems feasible [Smith et al., 2015].

The extent of sensitivity gain promoted by DNP relies on various factors, the source of elec-

tron spin polarization being a major contributor. Paramagnetic species, called polarizing

agents (PAs) are doped uniformly in a matrix of analyte nuclear spins in prepared DNP

samples. Biomolecules can also be spin labeled with PAs at specific sites/positions [Maly

et al., 2012]. The integration of PAs, their stability, and mechanism(s) of polarization transfer

are other factors that contribute to the efficacy of DNP.

Uniformly distributed PAs improve the sensitivity of nuclear spins inside their sphere of

influence. Alternative schemes for selectively enhancing the signal from certain nuclear

species can yield invaluable structural information. Along with improved signal quality,

the prospect of obtaining site-specific information by DNP has inspired interest and effort

in the search for labels that can be attached or bound to intended molecular sites [Wylie

et al., 2015]. Utilization of such endogenous PAs offers multifaceted benefits including

enhancement of NMR signal of desired nuclear spins and maintained the integrity of the

biomolecule in its natural state. Endogenous semiquinone radical produced through reduc-

tion of native flavin mononucleotide in a flavodoxin protein has been shown to obtain

enhanced polarization of 1H spins [Maly et al., 2012]. In many cases, enhanced polarization

from PAs is lost in the matrix by spin diffusion, such polarization losses can be avoided by

site-directed spin labeling (SDSL). For example, nitroxide bi-radical tag bound covalently to
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a small protein dihydrofolate reductase has been shown to give better signal enhancement

on the protein, as compared to the classically co-dissolved bi-radical [Rogawski et al., 2017].

Loss of polarization to the matrix can be avoided by perdeuteration. However, this approach

is expensive and has limited physiological relevance, for instance, perdeuteration is toxic

in-vivo [Money and Myles, 1974]. Moreover, addition of solvent matrix and potential phase

separation is also circumvented in such sample preparation.

Plenty of paramagnetic species occur naturally in biomolecules, such as Mn2+ ions in

arginase– the final enzyme of the urea cycle. Native diamagnetic ions can also be replaced

by paramagnetic ones owing to their similar coordination properties. Site-specifically bound

metal ions make a unique situation for DNP where the sample is stoichiometrically unadul-

terated and the spatial confinement of the paramagnetic ion is defined.

1.1 Motivation and aim

Improved quality of multi-dimensional correlation spectroscopy of low-γ nuclei is highly

sought-after as it reveals vital information about the structure of biomolecular sites under

investigation. Immobilized paramagnetic species bound to the biomolecule of interest facil-

itate and even broaden the scope of information that can be obtained by DNP enhanced

NMR spectroscopy. Localization of polarization lays the foundation of extracting site and

state-specific information. DNP with nitroxide bi-radicals leads to non-selective enhance-

ment of 1H and 13C , i.e., both resonances are simultaneously polarized [Maly et al., 2010b].

Sometimes polarization is lost in the sample matrix by spin-diffusion through 1H network.

Deuteration schemes are employed in such cases. For example, an endogenous flavin in

its reduced semiquinone radical form has been shown to localize polarization within the

protein molecule in absence of highly-protonated spin-diffusion promoting matrix [Maly

et al., 2012]. In another study, the use of covalently attached bi-radical, and the absence

of proton containing matrix was proposed as a way to “contain” the polarization locally

[Rogawski et al., 2017].

Protons in the sample promote spreading of polarization via a strong 1H network and thus

signal decay due to relaxation. Such a situation can be avoided by directly polarizing low-γ

nuclei (13C and 15N ). This can be achieved either by perdeuteration or utilizing PAs that can
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selectively polarize low-γ nuclei. PAs with narrow EPR linewidths (e.g., high spin metal ions)

are suitable for such applications. Stable complexes of high-spin metal ions are additionally

advantageous over nitroxides due to their non-toxicity under physiological conditions. For

that reason, Gd3+ complexes with 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid

(DOTA) and its derivatives are often used as contrast agents in magnetic resonance imaging

(MRI). Besides forming stable tags for SDSL, Gd3+ can also replace naturally occurring dia-

magnetic ions of similar size. Use of Mn2+ tags and Mn2+ substituted in place of Mg2+ is

prevalent in dipolar spectroscopy due to the equivalence of coordination properties of Mn2+

and Mg2+ [Shannon, 1976]. The work presented in this thesis focuses on Gd3+ and Mn2+

complexes as PAs for MAS DNP.

DNP mechanisms for this relatively new class of PAs are non-trivial due to starkly different

electron paramagnetic resonance (EPR) properties, in contrast to well-studied nitroxide

radicals (S = 1/2). A challenge facing utilization of high-spin metal ions as PAs is the limited

availability of sweepable DNP hardware. Experimental results from EPR and DNP are to be

interpreted incongruence to deduce active DNP mechanisms. Therefore, EPR experiments

at corresponding frequency are required for complete understanding of DNP mechanisms.

Available infrastructure at BMRZ (Frankfurt) and TU Darmstadt was used for EPR and DNP

experiments.

A simple model for estimation of DNP profiles w.r.t. the magnetic field was developed and

tested against experimental data. A stable complex of Gd3+ (Gd-DOTA) was chosen as the

starting point for comprehensive analysis of DNP mechanisms in the context of high-spin

metal ions. Findings from investigation of Gd-DOTA inspired extension of model PA mole-

cule. The scope of mono-Gd complex was therefore extended to bis-(Gd-complex)es, in

order to probe the effect of inter-spin distance on cross effect DNP. Direct DNP on 13C and

15N nuclei with slow polarization build-up times were aimed in this project, since it facili-

tates selective enhancement of these insensitive nuclei and localization of polarization onto

the molecular region of interest.

Possibility of using Gd3+ and Mn2+ as PA for biomolecules was also explored. Therefore, var-

ious Gd3+ binding tags were tested on a small protein–Ubiquitin. Owing to the potential of
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Mn2+ to replace native Mg2+ ions, a molecule that naturally binds a Mg2+ ion was chosen as

the analyte system. A Hammerhead ribozyme macromolecule with a single available diva-

lent site for Mg2+ or Mn2+ binding was thus investigated. The optimum signal enhancement

condition caused by polarization from Mn2+ ion within the ribozyme was determined by

using theoretical estimates developed earlier from simpler experiments on Gd-DOTA.

1.2 List of publications and contributions

1) P. Wenk, M. Kaushik, D. Richter, M. Vogel, B. Suess, and B. Corzilius. “Dynamic Nuclear

Polarization of Ribonucleic Acid with Endogenously Bound Manganese.” J. Biomol. NMR

63, 97-109 (2015).

The author contribution was performance of DNP experiments with Mn2+ and AMUPol

samples, and critical reading of the manuscript.

2) M. Kaushik, T. Bahrenberg, T. V. Can, M. A. Caporini, R. Silvers, J. Heiliger, A. A. Smith, H.

Schwalbe, R. G. Griffin, and B. Corzilius. “Gd(III) and Mn(II) complexes for dynamic nuclear

polarization: small molecular chelate polarizing agents and applications with site-directed

spin labeling of proteins.” Phys. Chem. Chem. Phys. 18, 27205-27218 (2016).

The author contribution was performance of EPR and DNP experiments on Gd-DOTA

samples of various concentrations, data analysis, and writing and critical reading of the

manuscript.

3) M. Kaushik, M. Qi, A. Godt, B. Corzilius. “Bis-Gadolinium Complexes for Solid Effect and

Cross Effect Dynamic Nuclear Polarization.” Angew. Chem. 134, 4359-4363 (2017); Angew.

Chem. Int. Ed. 56, 4295-4299 (2017)

The author contribution was performance of EPR and DNP experiments, data analysis and

presentation, as well as writing and critical reading of the manuscript.

4) A.L. Lilly Thankamony, J. J. Wittmann, M. Kaushik, B. Corzilius. "Dynamic nuclear polar-

ization for sensitivity enhancement in modern solid-state NMR." Prog. Nucl. Magn. Reson.

Spectr. 102-103, 120-195 (2017)

The author contribution was literature research, consultation about content, writing sec-

tions of this review, and critical reading of the manuscript.
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1.3 List of conferences attended

Oral presentations

• (Invited) 39th Joint Conference of the French and German Magnetic Resonance Soci-

eties, September 2017, Bayreuth (Germany)

• 10th Alpine conference on solid-state NMR, September 2017, Chamonix-Mont Blanc

(France)

• (Invited) Ringberg Meeting 2016: Connecting EPR, ssNMR and DNP for the study of

complex biomolecules, December 2016, Kreuth (Germany)

• Sonderforschungsbereich SFB Conference 2016: RNA Structural Biology, November

2016, Bad Homburg vor der Höhe (Germany)

• 38th FGMR Discussion Meeting of the German Magnetic Resonance Society,

September 2016, Düsseldorf (Germany)

• (Selected) 58th Annual Rocky Mountain Conference on Magnetic Resonance, July

2016, Breckenridge (Colorado, USA)

• 5th International DNP symposium, August 2015, Egmond aan Zee (The Netherlands)

• RNA Sonderforschungsbereich SFB09 winter school, February 2015, Obergurgl (Aus-

tria)

Poster presentations

• 9th BMRZ symposium, June 2017, Bad Homburg vor der Höhe (Germany)

• 58th Annual Rocky Mountain Conference on Magnetic Resonance, July 2016, Brecken-

ridge (Colorado, USA)

• 37th FGMR Discussion Meeting of the German Magnetic Resonance Society,

September 2015, Darmstadt (Germany)

• 5th international DNP symposium, August 2015, Egmond aan Zee (The Netherlands)

• COST Summer School on Hyperpolarisation, June 2015, Hampshire (United Kingdom)
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• European congress on Magnetic Resonance (EUROMAR), July 2014, Zürich (Switzer-

land)

• COST Annual Meeting: Spin Hyperpolarisation in NMR and MRI, June 2014, Zürich

(Switzerland)

• EMBO practical course: solution and solid-state NMR of paramagnetic molecule, July

2014, Sesto Fiorentino (Italy)





Chapter 2

Dynamic nuclear polarization

2.1 DNP improves sensitivity

The low intrinsic sensitivity of NMR is caused by the small thermal population differences of

the spin states (α and β), determined by Boltzmann distribution (equation 2.1).

Nα−Nβ

Nα+Nβ
= tanh

(
γ~B0

2kT

)
(2.1)

where Nα and Nβ are the populations of respective spin states, ~ is Dirac constant, B0 is

the external magnetic field, k is the Boltzmann constant, and T is the temperature, and γ

is the gyromagnetic ratio of the spin system. The thermal signal-to-noise can be improved,

to a certain extent, by employing lower experimental temperatures and/or higher external

magnetic fields. However, the gain in thermal population, recovered by variation of B0 and

T is small. Significantly large non-thermal population gain can be achieved with hyper-

polarization techniques. The signal enhancement (ε) is quantified as the ratio of signal

intensities with and without hyperpolarization. Theoretical maximum enhancement factor

(εmax ), obtained by transferring polarization from spin S to I is given by:

εmax = γS

γI
(2.2)

The γe of electron spins is several orders of magnitude higher than γn of nuclear spins,

for example, γe ≈ 658 × γ(1H); γe ≈ 2620 × γ(13C ); and γe ≈ 6510 × γ(15N ). This makes

hyper-polarization techniques especially relevant for low-γ nuclei (e.g., 13C ,15N ). Hyper-

polarization techniques such as para-hydrogen induced polarization (PHIP) [Duckett and

Mewis, 2012], chemically-induced dynamic nuclear polarization (CIDNP) [Lawler, 1972],

spin-exchange optical pumping (SEOP) [Walker, 2011], and dynamic nuclear polarization

(DNP) [Ardenkjaer-Larsen, 2016] benefit from improved sensitivity using this method.

Longer relaxation times in solids, often limit the repetition rates and the number of scans

practicable within reasonable experimental times. However, with an enhanced signal,

9



10 Chapter 2 Dynamic nuclear polarization

spectra of better quality can be recorded with the same or even shorter acquisition time.

Thus DNP when combined with MAS NMR, alleviates the restriction that low sensitivity puts

on potential applications of MAS NMR.

2.2 Method and Instrumentation

Figure 2.1 Schematic representation of an experimental setup for DNP MAS NMR spectroscopy. MAS
unit is coupled with a control unit and a cryogenic setup for low-temperature experiments. High
power microwave (mw) source is coupled to the sample chamber by a corrugated waveguide. A typ-
ical MAS NMR magnet is augmented by additional sweep coil for a small variation in B0. (Adapted
from [Thankamony et al., 2017]

DNP Instrumentation requires three main components i.e., a high-field NMR magnet,

coupled high-power microwave source, and a cryogenic MAS probe. Therefore, extensive

and expensive modifications are made to the existing MAS NMR setup. Figure 2.1 shows

schematic of such a setup.

High power mw source is required for DNP, partly due to the absence of resonance cavity in

MAS NMR setup, and partly due to the forbidden nature of DNP transitions. Additionally,

high-frequency mw sources are required in accordance with high magnetic fields. This

was the restricting factor for high-field DNP in 1990’s. Solid state sources available for EPR

spectroscopy at the time offered inadequate output power (in mW) in contrast to tens of

watts required for DNP. High-frequency, high-power microwave sources were introduced

for DNP by combined efforts from groups of Temkin and Griffin [Becerra et al., 1993]. These
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electron cyclotron maser devices, called gyrotrons, produce microwaves by the acceleration

of annular shaped high-energy electron beam in a longitudinal magnetic field. Custom

built MAS DNP set-ups had largely been used for research. Subsequently, gyrotrons were

made commercially available by Bruker Biospin in 2009 [Rosay et al., 2010]. In a DNP setup,

continuous microwave irradiation from gyrotron source is coupled to NMR magnet through

a corrugated waveguide to minimize power losses. For specialized applications of DNP

where the external magnetic field is to be varied, an additional sweep coil is coupled to the

main magnetic field. Instruments working at higher fields of 14.1 and 18.8 T have also been

developed to extend the scope and application of MAS DNP [Matsuki et al., 2010].

Cryogenic probes have been developed for low temperatures DNP and nitrogen is the most

commonly used cryogenic gas for temperatures of about 110 K. Lower temperatures (25 K)

can be achieved by employing specialized instrumentation such as heat exchangers, helium

cooling, closed loop circuit of gas flow [Lee et al., 2016; Thurber et al., 2013].

Figure 2.2 Schematic of pulse sequences used for DNP experiments. Continuous microwave irradia-
tion (pale orange block) drives electron polarization. Conventional (A) direct excitation and (B) cross-
polarization pulse sequences are employed with a pre-saturation pulse sequence of 16 π/2 pulses.
Red arrows indicate pathway of polarization transfer.

Execution of MAS DNP experiments is practically the same as standard MAS NMR exper-

iments. Major differences between these two are — spinning at cryogenic temperatures,

the presence of microwaves, and paramagnetic doping of the sample. Paramagnetic relax-

ation effects caused by doping, are to be considered while setting up a DNP NMR experi-

ment. Therefore, delay times are optimized accordingly. Figure 2.2 shows pulse sequences

for direct and indirect (cross polarization via 1H ) DNP on 13C nuclei. Standard NMR pulse

sequences are preceded by a pre-saturation pulse train consisting of 16 flip pulses (of 90°
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each) and a subsequent polarization delay during which (enhanced) polarization can build

up. This allows for reproducible and quantitative measurement, especially in cases where

reaching a quasi-equilibrium using dummy scans is not possible due to long build-up times.

2.3 Quantization of enhancement

Figure 2.3 1H to 13C cross polarization spectra of a hammerhead ribozyme (HHRz), with (red) and
without (blue) DNP from AMUPol bi-radical. The spectra are recorded on a 400 MHz DNP spectrom-
eter from Bruker Biospin, with a gyrotron operating at 263 GHz. (Data taken from [Wenk et al., 2015])

Signal enhancement (ε) by DNP is reported as the ratio of signal intensity of the NMR spec-

trum with ’mw on’ (DNP) and ’mw off’ (without DNP). An example of DNP MAS NMR spectra

is shown in Figure 2.3, ε of about 250 is observed for a Hammerhead ribozyme sample with

AMUPol as the polarizing agent. An enhancement of ε corresponds to the time-savings

of ε2 -fold, which is exceptionally advantageous for time-consuming multi-dimensional

correlation spectroscopy [Takahashi et al., 2013]. For most practical purposes this is a valid

and practical measure of effectiveness of DNP. However, in order to evaluate and rationalize

the true sensitivity gain obtained by DNP, all other contributing factors must be considered

[Takahashi et al., 2012].

The absolute sensitivity ratio (ASR) is calculated by accounting for differences in NMR and

DNP experiments. Some factors lead to increase in sensitivity with DNP, for example, lower

temperatures reduce thermal noise and boost magnetization due to the Boltzmann distri-
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bution. Paramagnetic relaxation in a DNP sample due to doped electron spins, shortens

the nuclear longitudinal relaxation times (T1n), thus facilitating shorter recycle decay and

faster repetition of the experiment [Takahashi et al., 2012]. On the other hand, some factors

may worsen the ASR, for example, paramagnetic relaxation leads to very fast signal decay

of nuclear spins in direct contact with the electron spin, thus said nuclear spins become

unobservable by NMR. Signal bleaching and line broadening due to paramagnetic centers

also affect the ASR. Reduction in analyte volume to accommodate for glass forming matrix

and PAs might be of concern. In addition to that, magnetic field strengths, performance

of respective probes, and efficiency of pulse sequences etc. also influence the sensitivity

gain [Barnes et al., 2008]. Development of NMR instrumentation, pulsed microwave sources,

helium cooling set-up, new methods and applications, sample preparation techniques, and

investigation of DNP mechanisms are constantly being improved for better sensitivity gains

from DNP as a technique [Thankamony et al., 2017].

2.4 Sample constitution

The information extracted from DNP experiments is to be viewed in the light of sample-

constitution for accurate interpretation of the data. Clearly, sample preparation plays a cru-

cial role in the success of an experiment. In a DNP experiment, the electron polarization to

nuclear spins of analyte is provided by unpaired electrons from radicals, or metal ions with

open shell configuration. PA is often uniformly dispersed in the analyte-containing solvent

matrix. In the frozen state, the solvent matrix can crystallize and cause phase separation of

the PA from the analyte molecules, resulting in diminished enhancements [Ong et al., 2013].

For this reason, good glass-forming solvent mixtures, glycerol-water and Dimethylsulfoxide-

water are often used in aqueous samples [Baudot, 1998]. These mixtures additionally offer

cryoprotection of the analyte upon freezing. The presence of significant amounts of cry-

oprotectant causes a reduction in sample filling factor and and consequently reduction in

signal intensity. Alternative sample preparation approaches have been developed to counter

such situations, for example, matrix-free approach [Takahashi et al., 2013] - where the sol-

vent is dried out of the sample, leaving PA in the analyte; and wetness impregnation [Lesage

et al., 2010] - where minimum volume of solvent is used to wet the sample, is specifically

suitable for porous samples insoluble in the PA-bearing solvent.
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Other sample preparation techniques are co-sedimentation of large biomolecules [Ravera

et al., 2014] by centrifugation, co-condensation of nitroxide radicals in a post-synthesis step

with mesoporous silica [Thankamony et al., 2012], film casting of polymers by evaporation

of excess solvent [Le et al., 2014], or co-milling of solid samples with a cryoprotecting matrix-

forming agent [Elisei et al., 2015].

Polarizing agents are an integral part of sample preparation for DNP, therefore, development

of efficient PAs has been one of the focal points in DNP research. Novel PAs have been

synthesized by considering all contributing factors for optimum DNP performance, such as,

their stability in the sample, solubility in the glass forming matrix, and DNP efficiency by

the desired mechanism (see section 2.5). As a result, the library of PA has expended over the

years owing to the collective efforts of synthetic chemistry groups.

2.4.1 Overview of polarizing agents

Generally, PAs can be categorized based on several criteria such as, EPR line widths, DNP

mechanisms evoked, chemical properties, number of radical moieties etc. An overview of

PAs used for MAS DNP are presented in Figure 2.4, classified according to these criteria.

1,3-bisdiphenylene-2-phenylallayl (BDPA) was the first stable radical PA utilized for DNP

under MAS [Koelsch, 1957]. This narrow EPR linewidth radical- BDPA, is chemically stable

and dilute easily in polystyrene. BDPA-doped polystyrene was used as ideal sample in early

investigations of DNP mechanisms [Hwang et al., 1967]. Even though BDPA is an excellent

PA, its biological applications are limited due to its lack of solubility in aqueous mixtures.

The potential biological applications of BDPA were facilitated by synthesis of a highly water-

soluble and air-stable derivate, sulfonated-BDPA (SA-BDPA) [Haze et al., 2012].

Another group of water-soluble PAs with narrow EPR line width, that has contributed sig-

nificantly to the development of MAS DNP is- triphenylmethyl (trityl) based radicals. Trityl

derivative- OX063, has hydrophilic functional groups substituting aromatic hydrogens. This

chemical modification provides chemical stability by steric hindrance and water-solubility

to the trityl based radical [Ardenkjaer-Larsen et al., 1998]. In contrast to another promi-

nent trityl derivative, Finland trityl CT-03 [Dhimitruka et al., 2010], OX063 does not contain
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Figure 2.4 Schematic classification of PAs used for MAS DNP. The type of radical is represented by
the shape of the box, red and green box distinguishes between EPR line-shapes and the number of
unpaired electrons per PA molecule. Solubility of the individual families is color-coded by shades
of blue, darker shades indicate higher solubility. Factors accompanying dashed arrows indicate type
and number of mono-radicals which are chemically bonded to form bi- and tri- radicals. Chemical
structures with red filled circles indicate the connecting position with the TEMPO moieties on molec-
ular tethers. Figure adapted from [Thankamony et al., 2017]

relaxation-promoting methyl groups, which alleviates the need for deuteration in order to

reduce the homogeneous EPR linewidth.

BDPA and trityl based mono-radicals feature narrow and homogeneous EPR line widths, a

prerequisite for solid effect (SE) DNP (see section 2.5). OX063 is a versatile PA for MAS DNP

(ε(1H )= 91), and is especially suitable for low-γ nuclei, such as, 2H (ε ≥ 700) [Maly et al.,

2010a], 13C (ε ≥ 480) [Michaelis et al., 2013b] and 17O (ε ≥ 115) [Michaelis et al., 2013a].

For such low-γ nuclei, the EPR linewidth is of a similar magnitude as the nuclear Larmor

frequencies, allowing for a more efficient DNP mechanism- cross effect (CE) to be active

(see section 2.5).

Due to the better performance CE DNP, PAs with broad and inhomogeneous EPR linewidths
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gained popularity. Early DNP experiments with nitroxide mono-radicals were performed

with 2,2,6,6-tetramethyl-1-piperidiny-1-oxyl (TEMPO), that gave higher signal enhance-

ments at higher concentrations [Hall et al., 1997]. However, for general applications of

DNP, high PA concentration is undesired due to paramagnetic quenching and line broad-

ening in NMR spectra. This hurdle was surpassed with introduction of bis-nitroxides [Hu

et al., 2004]. In a series of bis-TEMPO-n-ethyleneglycol (BTnE) bi-radicals, two TEMPO

moieties were linked by poly-glycol units, and PAs with shorter linker performed better.

1H enhancement of ∼175 was obtained with 5 mM concentration of BTnE (n = 2) PA. One

drawback of the BTnE series was limited solubility in aqueous solutions. The bi-radical PA

design was improved by conception of water-soluble TOTAPOL [Song et al., 2006] in 2006.

Further improvement to DNP PAs has been brought about by groups of Ouari and Tordo

(Aix-Marseille), and Sigurdsson (Reykjavik) by developing AMUpol [Sauvée et al., 2013] and

BcTol [Jagtap et al., 2016] respectively. Tremendous efforts had been made in order to opti-

mize the linker length, rigidity, stability, and solubility in organic and inorganic solvents

[Kubicki et al., 2016]. It is to be noted that many commonly used modern bi-radicals are

refined and tailored form of bis-nitroxides. A detailed survey of PA development is provided

in the appendix [Thankamony et al., 2017].

Aforementioned mono- and bi-radicals are typically included in the sample as uniformly

distributed exogenous PAs. Lately, endogenous PAs have been successfully used for MAS

DNP. DNP with endogenous radicals in proteins and, nitroxides covalently-attached to

biomolecules has been shown to yield moderate 1H enhancement factors of ∼10. In the very

first demonstration, endogenous flavin in its reduced semiquinone form was used as a PA,

for 1H DNP on the flavodoxin protein [Maly et al., 2012]. DNP with immobilized nitroxide

based PAs has been performed on proteins and lipids [de Alba et al., 2015; Smith et al., 2015;

Wylie et al., 2015]. This work contributes to the extension of DNP with endogenous PAs,

using high-spin metal ions, Gd3+ and Mn2+ (see section 5.4).

2.5 DNP Mechanisms

Mechanism of polarization transfer from electron spins to nuclear spins relies on their indi-

vidual interaction with the external magnetic field, and their mutual interaction. Therefore,

the theory of DNP is an extension of combined knowledge from EPR and NMR. The sample
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Figure 2.5 An overview of possible DNP mechanisms with a conceptual schematic of prerequisites
and conditions.

constitution and experimental conditions certainly influence the feasibility of DNP mecha-

nisms whose respective prerequisites are illustrated in figure 2.5. The first DNP mechanism

was predicted and discovered in 1953 as a result of experiments on metals. A. W. Overhauser

predicted that the saturation of the conduction electrons in metals can simultaneously

increase the population difference between the nuclear Zeeman levels thus increasing NMR

signal several fold [Overhauser, 1953]. Soon after this prediction, Carver and Slichter pub-

lished experimental results on lithium that confirmed the Overhauser effect (OE) [Carver

and Slichter, 1953].

In solid dielectrics, as concerned for MAS DNP, the DNP mechanisms that mediate the polar-

ization transfer also include solid effect (SE), cross effect (CE), and thermal mixing (TM). The

SE and the CE can be modeled quantum mechanically with a system consisting of two and

three spins, respectively [Hu et al., 2011]. In cases where significant electron dipolar interac-

tion is present between two electron spins, either CE or TM can occur. TM is a macroscopic

phenomenon that requires a network of coupled spins and is only active at very low temper-

atures (typically 64 K). As MAS NMR experiments are conducted at ∼100 K, this mechanism

does not play a role and will not be discussed further. Clearly, the nature of DNP mechanism

depends on the sample system and experimental parameters. In the context of MAS DNP, SE

and CE are the most relevant DNP mechanisms and these will be discussed explicitly in the

following.
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2.5.1 Solid effect (SE)

Figure 2.6 Energy level diagram for (A) solid effect and (B) cross effect.

A prerequisite for SE DNP on a nuclear spin from a PA with electron spin is that the homoge-

neous (δ) and inhomogeneous (4) line widths of the EPR signal from the PA are smaller than

the nuclear Larmor frequency (ωn) of the said nuclear spin (i.e., ωn > δ, 4). PAs based on

BDPA and trityl mono-radicals are known to evoke SE DNP due to their narrow EPR signals.

Solid effect is the oldest known mechanism for MAS DNP and has been described as a simple

two-spin model consisting of an electron spin and a nuclear spin [Abragam and Goldman,

1978; Wind et al., 1985]. The energy level diagram for this spin system, electron spin S =
1/2 and nuclear spin I = 1/2, is shown in figure 2.6 (A). The optimum microwave frequency

ωmw for SE is determined by the respective electron and nuclear Larmor frequencies,ωe ,ωn

(equation 2.3).

ωmw =ωe ±ωn (2.3)

Irradiation at ωmw leads to simultaneous flipping of electron and nuclear spins in zero

quantum, ZQ (i.e., βeαn ↔ αeβn) or double quantum, DQ (βeβn ↔ αeαn) which results in

enhanced polarization on nuclear spin. The SE Hamiltonian (ĤSE ) for this two spin system

consists of independent electron and nuclear Zeeman terms as well as electron-nuclear
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hyperfine interaction terms.

ĤSE =ωe Ŝz −ωn Îz + AŜz Îz +BŜz Îx (2.4)

Ŝz and Îz denote z-axis vector components of the electron and nuclear spin operators ~S and

~I , respectively, and A and B represent the secular and non-secular terms of the electron-

nuclear hyperfine coupling [Hu et al., 2011]. The non-secular HFI term B leads to mixing

of spin states, partially-allowing the nominally forbidden transitions under SE matching

condition (equation 2.3). The ZQ and DQ transitions are about 10−4 −10−8 times less prob-

able than the single quantum (SQ) transitions (i.e., βeαn ↔ αeαn and βeβn ↔ αeβn). The

forbidden transitions can be exited by high mw powers, typically tens of watts provided by

gyrotrons.

Maximum enhancements of positive and negative signs are observed at the resonance con-

dition for ZQ and DQ transitions, respectively. Enhancements of opposite signs can cancel

each other out if DQ and ZQ are not well separated due to small γ or broad homogeneous

EPR linewidth. Thus resulting enhancement profiles resemble the first-order spectral deriva-

tive, termed as differential solid effect [Wenckebach, 2008].

2.5.2 Cross effect (CE)

The theoretical description of CE DNP is considerably complex in comparison to that of SE.

The simplest explanation of CE DNP requires a minimum of three spins— two electron spins

with dipolar coupling (Dee ) and a nuclear spin which is hyperfine coupled to at least one

of the electrons. Fulfillment of these prerequisites relies on the matching conditions given

by equation 2.5, where the difference in effective Larmor frequencies (ωe1,ωe2) of the two

electron spins equals the nuclear Larmor frequency while at the same time one of the two

electron spins is on resonance with the incident mw frequency.

ωn ≈ |ωe2 −ωe1| ∧ ωmw =ωe2 ∨ ωe1 (2.5)

where, ωe1,ωe2,ωn are Larmor frequencies of first and second electron spin e1,e2 and the

nuclear spin n, respectively. The energy level diagram for CE mechanism is shown in figure

2.6 (B). Simultaneous flip-flop-flip of e1 and e2 with the nuclear spin n occurs as a result of

degeneracy of energy levels |βe1αe2αn > and |αe1βe2βn > or |αe1βe2αn > and |βe1αe2βn >
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when ωn equals |ωe2−e1|.

The possibility of finding two electron spin packets with the difference in Larmor frequen-

cies matching the nuclear Larmor frequency is rare considering PAs with narrow EPR line

widths. Mixtures of narrow EPR linewidth radicals (BDPA- and trityl- type, TEMPO and

trityl- type) have been shown to evoke CE [Hu, 2011; Michaelis et al., 2013b]. PAs with broad

and anisotropic EPR spectra are commonly used where CE is evoked from two electron

spin packets lying within the inhomogeneously broadened EPR spectra. Nitroxides and

bis-nitroxides with broad inhomogeneous line width (δ<ωn <4) are widely utilized as PAs

for CE DNP.

It was considered for a long time that irradiation by mw is essential for DNP effect to take

place, which is only partially true because mw irradiation is required for SE DNP. Through

rigorous quantum mechanical treatment, it has been established that mw irradiation is

indeed not essential for CE DNP [Thurber and Tycko, 2014]. In this scenario, CE DNP is

driven by state-mixing due to modulation of spin states during the rotor period under MAS.

Soon after, it was demonstrated experimentally that the NMR signal gained by CE DNP

varied with the spinning frequency in a MAS NMR experiment without microwave irradia-

tion [Mentink-Vigier et al., 2015]. Nevertheless, the magnitude of this effect is much smaller

than DNP with mw irradiation. Practical and useful enhancements have been observed only

with mw irradiation [Mentink-Vigier et al., 2015].
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EPR spectra and DNP profiles

3.1 Shape of EPR spectra

The EPR spectra of organic radicals and metal ions with the same spin (S = 1/2) are starkly

different because the latter often has higher spin-orbit coupling. The electron spin-lattice

relaxation time (T1e ) of metal ions are much shorter than organic radicals. Often low-

temperature measurements are required to thermally lengthen T1e for the observable signal.

In this section, PAs are treated separately as S = 1/2 system such as nitroxides; and metal

ions with half-integer spin (S > 1/2) such as Gd3+ and Mn2+ . The effects of spin interactions

are discussed to explain the EPR properties of these paramagnetic species.

Figure 3.1 EPR spectra of nitroxide (in black) (S = 1/2, g = 2.0088, 2.0061, 2.0027) and Gd-DOTA (in
red) (S = 7/2, g = 1.9917) simulated by easyspin [Stoll and Schweiger, 2006] at microwave frequency
of 263.4 GHz. Chemical structure of the paramagnetic species are correspondingly color coded.

The EPR spectrum of unpaired electrons at high magnetic fields arises primarily from elec-

tron Zeeman (EZ) interaction (i.e., interaction of electron spins with the external magnetic

field B0) under simultaneous microwave irradiation. The electron Zeeman resonance con-

dition for an electron spin in B0 under microwave irradiation of ωmw frequency is given by

21
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the following equation:

~ωmw = geβe B0 (3.1)

where βe is the Bohr magneton, and ge is a dimensionless quantity that is characteristic

of the electron spin (g can be defined for a general, non-specified spin). The implication

of difference in g -factor can be seen in figure 3.1, for TOTAPOL, the g -value is anisotropic

with components gxx , g y y , gzz while for Gd-DOTA it has only one isotropic component gi so .

Additionally, the resonance field is determined by the magnitude of the g -factor. A complete

description of the EPR spin Hamiltonian Ĥ contains the field dependent terms such as the

interaction of electron and nuclear spin magnetic dipole moments with the external mag-

netic field B0, and field independent spin-spin interactions [Schweiger and Jeschke, 2001;

Weil and Bolton, 2007]. Various interactions contribute to the overall spin Hamiltonian given

by equation 3.2, each component will be explained separately in the following.

Ĥ = ĤE Z + ĤN Z + ĤHF + Ĥee + ĤZ F S (3.2)

Electron and nuclear spin magnetic dipole moments interact with the external magnetic

field B0, contributing the EZ term ĤE Z and the nuclear Zeeman term ĤN Z .

ĤE Z = geβe B0Ŝz (3.3)

ĤN Z =−gnβnB0 Îz (3.4)

where, ge and gn correspond to electron and nuclear spins and βn is the nuclear magneton.

The dimensionless gn can be positive (e.g., 1H ) or negative (e.g., 15N ), in the following text

gn is defined as negative. Ŝ and Î are spin operators of electron and nuclear spins, respec-

tively. The third term equation 3.2 is the hyperfine interaction between electron and nuclear

spins (I 6= 0) is field independent and is represented by ĤHF in the spin Hamiltonian. This

interaction gives rise to a (2I + 1)-fold splitting in the EPR signal. The separation between

hyperfine lines is a measure of the hyperfine coupling constant given by hyperfine tensor A.

In general case, ĤHF term contains two contributions: isotropic or Fermi contact interaction

(ĤF ) and the spatial interaction between electron and nuclear magnetic dipoles (Ĥen).

ĤHF = ŜAÎ , ĤHF = ĤF + Ĥen

wher e, ĤF = ai so Îz Ŝz , and Ĥen = (3cos2θ+1)aani

(3.5)

ai so and aani are isotropic and anisotropic components of A, and θ is the angle between

B0 and the vector joining electron and nuclear spin. The dipolar interaction Ĥee between
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paramagnetic centers e1 and e2 through space must be considered in the spin Hamiltonian

when these spins are located close together.

Ĥee = Ŝe1Dee Ŝe2 (3.6)

Organic radicals generally feature EPR spectra dominated by g anisotropy, hyperfine aniso-

tropy, and dipolar interactions. When more than one nuclear spins (say m) interact with

the electron spin(s), the terms in nuclear spin operators Îk become additive and the rele-

vant components of the S = Ik = 1/2 spin Hamiltonian from equation 3.2 are given as the

following:

ĤS=1/2 = geβe B0Ŝ −
m∑

k=1
gn,kβnB0 Îk +

m∑
k=1

ŜAk Îk +
m∑

k=1
Ŝe1Dee Ŝe2 (3.7)

Other possible interactions are neglected in the above equation for the sake of simplicity

and relevance. These interactions include exchange electron-electron interactions due to

delocalization, nuclear quadrupole interactions originating from the interaction of nuclear

spin I > 1 with the electric field gradient, and interactions between two nuclear spins.

Spin-Hamiltonian corresponding to zero field splitting (ZFS) is only discussed for spin sys-

tems with S > 1/2 such as metal ions Gd3+ (S = 7/2) and Mn2+ (S = 1/2). Spin properties of

metal ions are largely influenced by the nature and symmetry of coordinating ligands, and

thus induced ZFS. For S > 1/2, the ZFS interaction Hamiltonian ĤZ F S must be described in

equation 3.2.

ĤZ F S = D

(
Ŝ2

z −
1

3
(S(S +1))1̂

)
+E(Ŝ2

x − Ŝ
2
y )

D = 3

2
Dzz

E = 1

2
(Dxx −D y y )

(3.8)

D is the anisotropy component of the magnetic dipole-dipole interaction, and E is the asym-

metry component. ZFS parameters are non-existent in a cubic symmetry i.e., D = E = 0.

In the presence of a ligand field, the ZFS tensor assume values for axial (D 6= 0,E = 0) or

lower (D 6= E 6= 0 for rhombic, tetragonal) symmetries. Depending on the spin system and

symmetry of the ligand field, the parameter D can vary from a few hundred MHz to GHz

[Raitsimring et al., 2005], whereas, the maximum possible value of E 6D/3.
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3.1.1 EPR properties of Gd3+

Gadolinium lies in the middle of f-block rare earth metals and favors +3 oxidation state.

Electronic configuration of Gd3+ ([Xe]6s04 f 7) has half-filled f-orbitals that lead to S = 7/2.

The valence electrons occupy 4f-orbitals which are deeply buried in the ion and are largely

shielded by higher 5s-orbitals. As a result, negligible spin-orbit interaction yields a nearly

isotropic (g = 1.99). As a consequence of higher spin-multiplicity, the EPR signal consists

of the central transition (CT) originating from ms =−1/2 ↔+1/2 transition, and additional

satellite transitions (STs) originating from ms = −7/2 ↔−5/2, −5/2 ↔−3/2, −3/2 ↔−1/2 ,

+1/2 ↔+3/2, +3/2 ↔+5/2, +5/2 ↔+7/2. However, the CT is notably intense as compared

to the STs which are often not visible in EPR spectrum of frozen solution (see figure 3.1). This

is partly because of high transition probability of CT. For a spin system with isotropic g and

linearly polarized microwave field along the x-axis, transition probability Pms is given by:

Pms = [S (S +1)− (ms −1)ms] · (geβe Bx
)2 (3.9)

According to the equation above, Pm1/2 is 16/7 times larger than Pm7/2 . Higher intensity of

the CT line is also contributed by the sharpness of the line-shape. ZFS has a dominant con-

tribution to the width of the EPR spectra of the high-spin systems because it leads to broad-

ening of fine structure lines. The width of EPR lines arising from each transition is influenced

mainly by ZFS anisotropy to first and/or second order. The influence of EZ and ZFS on the

energy levels of Gd3+ is depicted in figure 3.1.1 (A). The directional character of ZFS leads to

pake pattern of each ST as a result of random molecular orientations shown in figure 3.1.1

(B). First order approximation can be applied if βe ge B0 À D (high-field approximation) and

ge is isotropic. The EPR resonance condition contains ZFS Hamiltonian terms of following

nature:

Ĥ (1)
Z F S ∝ (

D
(
3cos2θ−1

)+3E sin2θcos2φ
)(

ms − 1

2

)
(3.10)

θ, and φ are Euler angles between the molecular frame and B0. Clearly, this term has a finite

value for ms 6= 1/2 (ST) and vanishes for ms = 1/2 (CT). Thus broadening due to first order

ZFS applies only to STs. This approximation is not valid for very high D parameter typically

observed for Gd3+ and higher order correction terms are to be included. A second-order

correction term Ĥ (2)
Z F S (equation 3.11) contributes to all transitions, although the magnitude

of Ĥ (2)
Z F S is generally small.

Ĥ (2)
Z F S ∝ D2

βe ge B0
(3.11)
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Figure 3.2 (A) Spin energy splitting of an Gd3+ (S = 7/2) system with axially symmetric ZFS (D 6= E
= 0). Note that EZ and ZFS interactions are not to scale. The magnitude of EZ is almost twice the
magnitude of ZFS at high field. (B) Angular dependence of EPR transitions shifted by the first-order
ZFS and resulting shape of the EPR line as deduced from individual EPR transitions. (Adapted from
[Corzilius, 2016] with permission)

The CT is only broadened by small Ĥ (2)
Z F S whereas ST broadens by first as well as second order

effects. Consequently, CT is rather sharp and intense as compared to STs. In amorphous

samples, the statistical distribution of ZFS parameters (D-strain) of Gd3+ is often as large as

the ZFS parameter itself. Therefore, the STs are smeared out as a broad feature from infi-

nite molecular orientations. The statistical distribution of ZFS parameter D for Gd3+ varies

in the range of 0.6 to 2.2 GHz in complexes with water-soluble polydentate ligands [Ben-

melouka et al., 2009; Goldfarb, 2014; Raitsimring et al., 2005]. ZFS dominates the shape of

the EPR spectra if the magnitude of g -anisotropy (if any) and hyperfine coupling to nuclear

isotopes is small. For example, gadolinium isotopes 157Gd and 159Gd (I = 3/2, about 15%

natural abundance each) feature a hyperfine coupling of nearly 15 MHz [Goldfarb, 2014].

The dipolar coupling can also be observed from EPR spectrum of Gd3+ as the CT broadens

as a result of the spin-spin interaction.
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3.1.2 EPR properties of Mn2+

Figure 3.3 EPR spectra simulated with easyspin [Stoll and Schweiger, 2006] for spin systems with (A)
S = 1/2, (B) S = 5/2 and D = 1 GHz, (C) S = I = 5/2, D = 1 GHz, (D) S = I = 5/2, D = D-strain = 1 GHz. In (C)
and (D) a hyperfine coupling A = 250 is considered. In a symmetric environment such as DOTA, the
EPR signal from STs appear as broad baseline under intense signal from CT. Sextet pattern is typical
for Mn2+ due to hyperfine coupling from 55Mn nucleus (S = I = 5/2).

The EPR Hamiltonian of Mn2+ shares the high-spin characteristics of Gd3+ . A spin system

with S = 5/2 would give rise to 5 peaks, comprising of CT ms = −1/2 ↔+1/2 and STs from

mod ms = 3/2,5/2. Unlike Gd3+ , Mn2+ has I = 5/2 due to 100% abundant 55Mn nucleus.

Due to that, each transition splits into six lines (2I +1 rule) separated by isotropic hyperfine

coupling (about ∼250 MHz in Mn-DOTA). Mn2+ tends to form octahedral complexes that are

highly symmetric and have negligible second order ZFS contribution. Two specific points of

distinction between Gd3+ and Mn2+ are as follows: firstly, even though the effective breadth

of CT is 5×254 MHz due to the sextet pattern, each individual line is relatively narrow. Sec-

ondly, splitting into six lines decreases the net intensity of each constituent line of by 1/6.

Figure 3.3 shows the manifestation of high spin multiplicity and ZFS on the EPR spectra.

Symmetric Mn2+ complexes such as Mn-DOTA give well resolved EPR spectra at high fields,

with intense CT and obscured STs (see figure 3.3(D)).

3.2 Estimation of field profiles

In the context of DNP mechanisms, the main point of difference between classical organic

PAs and high-spin metal ions come from the EPR line-shapes caused by g -anisotropy and

ZFS parameters. Metal ions with broad flattened EPR signal are not suitable for DNP as the

matching conditions become non-specific and unachievable with the available hardware.
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Metal ions with nearly isotropic g -factor and negligible spin-orbit coupling are a suitable

choice for DNP PAs. Mn2+ and Gd3+ are two such PAs with nearly isotropic g values cen-

tered at 2.00 and 1.99, respectively, as shown in the experimental EPR spectra in appendix

[Kaushik et al., 2016].

Polarization transfer from electron spins to nuclear spins can only take place at appropriate

resonance conditions defined by the DNP mechanisms. This can be achieved in two ways:

either the magnetic field is shifted such that the electron and nuclear Zeeman interactions

fulfill the matching condition with a fixed microwave frequency, or the mw frequency can

directly be adjusted if a tunable microwave source is available. Thus obtained profiles of

field- or frequency-dependent enhancement factors are commonly referred to as DNP field

or frequency profiles. Both of these methods yield profiles that are equivalent for practical

purposes. The information contained in such profiles is used to investigate DNP mecha-

nisms and optimize DNP experiments. Initial development of DNP theory is based on fre-

quency profiles obtained from experiments on static-sample where an EPR spectrometer

equipped with an NMR coil is used to detect enhanced NMR signals [Feintuch et al., 2011].

For fixed-frequency gyrotron sources utilized for MAS DNP, field profiles are recorded with

sweepable NMR magnets [Becerra et al., 1995].

3.2.1 Solid effect

A simple yet effective method for semi-quantitative analysis of SE DNP profiles has been

presented by Shimon et al. [Shimon et al., 2012], where the spectral shape of DQ and ZQ

transitions is derived from the EPR spectral shape function GEPR (B0). The spectral shape

function of SE DNP profile, GSE (B0) can be approximated by extension of SE DNP condition

(equation 2.3) [Hovav et al., 2010]. DQ and ZQ peaks are modeled by shifting the EPR spectral

function to the corresponding direction by ωn
γe

. The difference of spectral density function

of DQ and ZQ transitions according to the equation 2.3 results in estimated SE DNP field

profile.

GSE (B0) =GEPR

(
B0 + ωn

γe

)
︸ ︷︷ ︸

GZQ (B0)

−GEPR

(
B0 − ωn

γe

)
︸ ︷︷ ︸

GDQ (B0)

(3.12)

This method can easily be applied if the experimental cw EPR spectrum is available at

the same microwave frequency used for DNP because in an echo-detected EPR spectrum
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Figure 3.4 Spectral estimation of SE DNP field profiles (black) based on difference of ZQ (red) and DQ
(blue) transitions. γ(1H )>0 and γ(15N )<0 so DQ and ZQ transitions are defined accordingly.

broader components with short phase memory are filtered out and under-represented

[Erilov et al., 2004]. These spectral components, however, do contribute to DNP mecha-

nisms and should not be overlooked. SE simulations by equation 3.12 have proven useful

in the identification of active DNP mechanisms and their relative contributions (if any) for

static as well as MAS DNP [Corzilius et al., 2014; Shimon et al., 2012]. Estimation of SE

DNP field profiles based on EPR spectrum of Gd-DOTA is shown in figure 3.4. The effect of

ωn on DNP field profile is manifested as separation of positive and negative lobes for each

nucleus. It also shows that DNP effect can be observed on the nuclei of choice by utilizing

a PA with very narrow EPR signal. For a narrow EPR spectrum, ZQ and DQ transitions are

sufficiently separated and the positive and negative DNP enhancement peaks are separated

by 2ωn . ZQ and DQ transitions tend to overlap if the overall EPR spectrum is broader than

ωn . Such overlap causes differential solid effect (DSE) where mutual cancellation of posi-

tive and negative enhancements occur in addition to ineffective excitation of electron spin

packets. Consequently, the separation between the maxima of positive and negative DNP

peaks becomes smaller than 2ωn[Corzilius, 2016; Wenckebach, 2008].

Inhomogeneous broadening of EPR spectra by Zeeman anisotropy, unresolved HFI, or ZFS
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anisotropy affects the DNP field profiles and possible maximum enhancement factors. Even

when ZQ and DQ transitions are well separated, the monochromatic microwave frequency

can only excite a limited number of spin packets out of an ensemble that can evoke SE. In

high-spin system (Gd3+ , Mn2+ ) directionally sensitive ZFS and/or anisotropic hyperfine

interaction modulates the position of CT. As the sample orientation changes these inter-

actions during a rotor period, more spin ensembles are exposed to SE matching [Mentink-

Vigier et al., 2012]. Therefore, SE MAS DNP enhancements are the sum of contributions

from all possible individual spin packets that fulfill SE matching condition (equation 2.3). In

a similar way, far-spread spin packets contribute to DNP enhancements during frequency

modulation where DNP resonance condition is achieved by changes in mw frequency

[Hovav et al., 2014]. Spectral estimation seems simple and straightforward when extended

Figure 3.5 (A) Simulated EPR spectrum of Mn-DOTA at 263 GHz. (B) 1H , 13C , 15N DNP field profiles
of Mn-DOTA estimated from EPR spectrum of Mn-DOTA according to equation 3.13. γ(1H )>0 and
γ(15N )<0 so DQ and ZQ transitions are defined accordingly. Blue arrow signifies 13C direct DNP
condition, DNP experiments are performed at the field position corresponding to the maximum DNP
enhancement for respective nuclei. Adapted from [Wenk et al., 2015] with permission.

from an EPR spectrum with one major spectral feature. It becomes complicated in the case

of Mn2+. Sextet pattern of Mn2+ EPR spectrum shows up in the SE field profile as intertwined

positive and negative lobes for each line. The separation between hyperfine-split Mn2+ lines

(about 250 MHz for Mn-DOTA) exceeds the ωn of 1H (212 MHz at 5 T and 400 MHz at 9.4 T).
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The SE feature rising from one individual line inter-crosses that of the other one resulting

in a cancellation of positive and negative enhancements. This complication is evident from

estimated field profiles at 9.4 T (depicted in figure 3.5(B)) and experimental field profiles of

1H and 13C at 5 T [Kaushik et al., 2016].

Recording full field profiles is often not practical or even possible with biological samples.

The limitation is time and resources due to often small signal and requirement of small field

increment steps with narrow DNP matching conditions. A compromise to this situation is to

use estimated field profile (similar to figure 3.5) as guidance. This approach was used for the

first demonstration of intra-complex DNP using Mn2+ Wenk et al. [2015].

3.2.2 Cross effect

PAs with broad and anisotropic EPR spectra evoke CE mechanism, given sufficient inter-

or intra-molecular e–e dipole coupling is present. The shape of the CE field profile caused

by such an inhomogeneous EPR line is difficult to understand or predict. In principle, CE

can be evoked in a fictitious three spin system featuring two narrow EPR lines separated by

ωn . In this case, the field profile would consist of two DNP peaks of different relative signs,

separated by ωn
γe

. Spectral shape function of CE DNP profile, GC E (B0) can be approximated

according to equation 3.13 and step-by-step illustration is shown in figure 3.6 for 1H and

15N CE DNP field profiles.

GC E (B0) =GEPR (B0)︸ ︷︷ ︸
GSQ (B0)

×GEPR

(
B0 + ωn

γe

)
︸ ︷︷ ︸

GZQ (B0)

−GEPR (B0)︸ ︷︷ ︸
GSQ (B0)

×GEPR

(
B0 − ωn

γe

)
︸ ︷︷ ︸

GDQ (B0)

(3.13)

CE DNP enhancement peaks coincide with the two EPR absorption lines. Saturation (exci-

tation) of either the low- or high-frequency EPR transition would result in a three-spin-flip

CE process. Such idealized systems are difficult to design due to the limitations on g -factor

variation of available radicals. For example, a mixture of trityl and BDPA-type radicals is

shown to mimic such a scenario for DNP of low-γ nuclei [Michaelis et al., 2013b]. However,

even in this case, the breadth of the trityl spectrum is of the same order as ωn of 13C , which

leads to anisotropy in CE matching.

The experimental field profiles of PAs known to evoke CE (bis-nitroxide, TOTAPOL) look very

different from figure 3.6 [Kaushik et al., 2016]. This is because the broad EPR signal fulfills the
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Figure 3.6 Estimation of CE DNP field profiles for 1H and 15N as per equation 3.13. Mathematical
product of ZQ and SQ subtracted from product of SQ and DQ gives CE DNP field profile for corre-
sponding spin packets.

CE matching condition by statistical probability of containing two spin packets separated by

ωn throughout its spread. In a static case, the requirement for matching of CE condition

of dipolar coupling and simultaneous coupling with nuclear spin restricts the number spin

pairs that can actively contribute to CE enhancements. Under MAS, the spin energy eigen-

states are modulated during the rotation period due to strong anisotropic interactions in

nitroxides. As a result, a majority of the randomly oriented PA molecules can contribute to

DNP at some point or other during the rotor period [Mentink-Vigier et al., 2012; Thurber

and Tycko, 2014]. The experimental field profile is a summation of all individual construc-

tive or destructive contributions that either add up or cancel out the enhancement from

neighboring spin packets [Hu et al., 2007].





Chapter 4

Metal ions in magnetic resonance

Figure 4.1 Stable metal complexes of Gd3+ and Mn2+ used for EPR spectroscopy. Gd3+ complexes
have also been used for MAS DNP.

Paramagnetic species find crucial roles in different domains of magnetic resonance, for

example, these are used as contrast agents in MRI studies, as labels in EPR spectroscopy,

and as a source of polarization in DNP techniques. Biological samples can be labeled at spe-

cific positions with paramagnetic tags for determination of distances between biomolecular

domains by dipolar spectroscopy [Hubbell et al., 2013]. Lanthanide-binding tags can be

attached to biomolecules via binding with cysteine residue by SDSL. The abundance of cys-

teines in biological systems such as peptides, proteins, DNA, and RNA makes this method

particularly suitable. Paramagnetic metal ions Mn2+, Gd3+ have been gaining popularity

in last decade for such applications [Klare, 2012]. Heterocyclic polydentate ligands or

chelators for stable complexes with the metal ions with higher binding affinity than a col-
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lection of similar non-chelating (monodentate) ligands [Yang et al., 2013]. For example,

1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetate (DOTA) is an octadentate ligand that

forms a very stable complex with Gd3+ through binding four amine and four carboxylate

groups. The large Gd3+ ion (radius 0.12 nm) can accommodate eight coordinating atoms

from DOTA and an exchangeable water ligand from the bulk solution. More examples of

metal -complex used in magnetic resonance are shown in figure 4.1. Gd3+ chelates with

1,4,7,10-tetraazacyclododecane-1,4,7-tris-acetic acid 10-maleimidoethylacetamide (DOTA-

M); pyridine-2,6-diyl)bismethylenenitrilo tetrakis acetate (pyMTA); and 4-Mercaptomethyl

dipicolinic acid (4MMDPA) labels have been used in EPR spectroscopy as labeled tags

[Dalaloyan et al., 2015; Song et al., 2011]. Complexes of Mn2+ such as with ethylenedi-

aminetetraacetic acid (EDTA) have also been utilized for multi-frequency EPR spectroscopy

[Stich et al., 2007]. In a limited number of novel and promising studies, similar tags are used

for MAS DNP, where paramagnetic species act as PAs.

4.1 Rise of metal ions for MAS DNP

Experimental observation of DNP followed quickly after its postulation by Overhauser in

1953 [Overhauser, 1953]. The very first DNP experiments were reported on metallic Li+ by

Carver and Slichter [Carver and Slichter, 1953]. Metal ions were used as PAs further with

the discovery of SE in 1967. Abraham et al. explored Ce3+ as PA within Ce2Mg3(NO3)12·
24H2O , and as impurity in diamagnetic La2Mg3(NO3)12· 24H2O (LMN) and CaF2 [Hwang

et al., 1967]. These studies led to the conception of CE DNP. Metal ions such as Cr3+ within

α−Al2O3 and ferric impurities within K3Co(CN)6 yielded small but significant enhancement

factors [Abragam et al., 1962; Abraham et al., 1959]. Later, Cr5+ produced by in situ reduction

of Cr6+ was used as PA in complexes with diols and glycerol for spin-polarized targets in scat-

tering experiments [Garif’yanov et al., 1968]. Notably, these experiments were performed at

low magnetic field (< 2.5 T) and liquid-Helium temperatures, unlike conventional MAS DNP.

After these early DNP experiments and discoveries, the involvement of metal ions for DNP

stayed latent for decades mainly due to instrumental limitations. The DNP resonance condi-

tion for metal ions is not matched in DNP set-up typically including a gyrotron with a fixed-

frequency output. Advancement of technology and gyrotron devices at Massachusetts Insti-
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tute of Technology enabled the use of metal ions as PAs. Gadopentetic acid (Gd-DTPA) and

DOTA complexes of Gd3+ and Mn2+ were introduced as PAs for MAS DNP in 2011 [Corzilius

et al., 2011] using a custom-built 211 MHz/140 GHz DNP set-up. Later, crystalline com-

pound Co[(en)3Cl3]2·NaCl·6H2O (en = ethylenediamine, C2H8N2) was investigated with Cr3+

paramagnetic doping, using the same setup [Corzilius et al., 2014]. It is an ideal system that

features a trigonal symmetry of the metal site for Cr3+ and Co3+ that are structurally inter-

changeable due to the similar ionic radii [Shannon, 1976]. It was observed that enhance-

ment of direct 13C and 59Co NMR signals depend strongly on doping ratios [Corzilius et al.,

2014]. Findings from this study established the possibility of direct 13C , and Co3+ DNP in

crystalline materials; and an indication of CE DNP at higher dopant concentrations.

4.2 Advantages of metal ions

Conventional DNP experiments require exogenous PAs uniformly dispersed in a cryopro-

tecting matrix and the maximum possible NMR resonances are enhanced non-selectively.

The use of metal ions as PAs offer special benefits in the context of biomolecular research as

summarized in the following text.

4.2.1 Endogenous PA

Figure 4.2 Mn2+ ion embedded in place of intrinsic Mg2+ion in a full-length hammerhead ribozyme
(PDB entry: 3ZP8) and Gd3+ tag attached to Ubiquitin (PDB entry: 1ubq) for direct DNP.

Many enzymes bind magnesium as a cofactor in their natural state. Mn2+ occurs naturally

in a number of metalloproteins and biomolecules, and therefore, can be used as intrinsic PA
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without the requirement of further sample modification [Lawrence et al., 1998]. Mg2+ and

Mn2+ have similar covalent radii (141 pm and 139 pm) and ionic radii (72 pm and 83 pm), so,

diamagnetic Mg2+ can readily be replaced by paramagnetic Mn2+ and used as endogenous

PA [Shannon, 1976]. Figure 4.2 shows examples of high spin metal ions as local PAs. The

prospect of metal ions as endogenous PAs is especially alluring for DNP in the cellular milieu

where limited stability of nitroxides is an issue. Furthermore, endogenous PAs eliminate the

need of a dispersing matrix thus facilitating more sample volume for the analyte.

4.2.2 Site-targeted DNP

Figure 4.3 Cartoon representation of biomolecules (black curves) with uniformly dispersed PA (filled
green circles) in glass forming solvent matrix, and site-directed spin labeling (filled red circles).

Generally, the enhancements obtained from nitroxide PAs are global. Localization of the PA

to a specific site (see figure 4.2.2) of interest can be utilized to obtain structural information

by solid-state NMR DNP. Recently, Gd3+ spin label (with a lanthanide binding tag) has been

produced in-vivo and used for in-cell distance measurements by EPR spectroscopy [Mascali

et al., 2016]. Successful execution of DNP experiments with paramagnetic Cr3+ ions (0.3%

to 1%) replacing Co3+ in a lattice has been reported [Corzilius et al., 2014] for direct DNP of

low-γ nuclei. Similarly, Gd3+ binding tags localized in a specific biomolecular site can be

used to explore the site of interest by DNP.

4.2.3 Selective and direct DNP

The broad linewidth of commonly used nitroxide radicals prohibits selective enhancement

of 1H and 13C resonances. DNP enhancement profiles of 1H and 13C given by PAs with broad

linewidths overlap and thus both the nuclear species are enhanced simultaneously. Some

organic radicals such as BDPA, and trityl, as well as high-spin PAs, investigated in this work
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Figure 4.4 1H (open circles) and 13C (filled circles) DNP field profiles of TOTAPOL (in orange) and
Gd-DOTA (in blue) along-with to their respective EPR spectra at 5 T. Data taken from [Kaushik et al.,
2016]

have narrow linewidth δ and therefore, non-overlapping DNP enhancement profiles. With

such PAs, either one of the the nuclear types can be enhanced by tuning B0 in MAS DNP

experiments as shown in figure 4.4 by comparison of DNP field profiles of TOTAPOL with

Gd-DOTA. Furthermore, it is possible to selectively evoke DNP mechanism of choice (either

SE or CE) by tuning B0 for specific PA design.

4.2.4 Suitability for high field applications

Figure 4.5 Comparision of EPR lineshapes between various PAs namely- sulfonated-BDPA, trityl, Gd-
DOTA, and Mn-DOTA at 140 GHz (blue) and 275 GHz (red). Data taken from [Kaushik et al., 2016]

High-field (over 5 T) MAS DNP is generally used with fast MAS for structural studies because

resolution (R) and sensitivity (S) of homogeneous NMR signals typically improve with the
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magnetic field strength (i.e., R ∝ B0 and S ∝ B0
3/2) [Moser et al., 2017]. However, the

effect of B0 on lineshapes of EPR signal cannot be generalized. Figure 4.5 demonstrates the

change in the EPR line shapes of several PAs compared at two magnetic field strengths, 5 T

(140 GHz) and 9.8 T (275 GHz) [Kaushik et al., 2016]. The effect of magnetic field strength

on SA-BDPA is hardly observable, whereas, the EPR signal of trityl is symmetrically broad-

ened due to axially symmetric g-anisotropy. In contrast to the organic radicals (SA-BDPA

and trityl), the EPR signal (visible CT) of Gd3+ and Mn2+ -DOTA complexes narrow down

at higher field because the second-order effects due to ZFS—which is responsible for the

apparent narrowing of the CT—scales inversely proportional with respect to B0 (section 3.1).

Unfortunately the efficacy of SE and CE mechanisms decrease at higher magnetic fields [Hu

et al., 2011]. Therefore, suitable PAs with narrow EPR linewidths are to be considered in

order to achieve reasonable signal enhancements with SE DNP. Decrease in SE efficiency

can partially be compensated by increased EPR signal of CT of high-spin PAs. Narrower EPR

signal of high-spin PAs avoids loss of DNP signal caused by differential SE especially for low-

γ nuclei.

4.3 Practical aspects

Even though metal ions provide access to unique information by MAS DNP, their use in

regular DNP experiments is limited mainly due to the lack of specialized instrumentation.

Extensive technology development is undergoing in various research groups to overcome

these limitations. Frequency -sweep mw sources and High-power gyrotrons are under devel-

opment [Barnes, 2017; Idehara, 2017] for advancement of terahertz technology and pulsed

DNP [Golota et al., 2017; Idehara and Sabchevski, 2017]. Practical constraints that exist due

to historical reasons and still-developing mw technology are described in the following.

4.3.1 Requirement of field/frequency sweep

The DNP resonance condition is given by equation 2.3 for SE and equation 2.5 for CE mech-

anism, establishing that the required microwave frequency scales with the nuclear Larmor

frequency. As a result of this relationship, a commercially available MAS DNP spectrom-

eter employs a gyrotron operating at the resonance mw frequency with respect to an NMR

magnet of a certain magnetic field strength B0. For instance, for optimum CE DNP using bis-
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nitroxides, 400 MHz and 800 MHz MAS-DNP spectrometers have gyrotrons operating at mw

frequency of 263 GHz and 527 GHz, respectively. The design of commercially available MAS

DNP spectrometers is such that the gryrotron frequency, and the magnetic field strength

of corresponding NMR magnet are fixed (optimized for CE DNP resonance of nitroxides).

A comparison of EPR spectrum of Gd3+ with that of a nitroxide shows distinct resonance

field positions (see figure 4.4) for each PA. Metal ions feature a variation in g -factor and

g -anisotropy thus the resonance condition is no longer fulfilled by the available instrumen-

tation. DNP with such metal ions can only be possible by changing either the mw frequency

or the magnetic field strength.

Specialized versions of the commercially available MAS DNP spectrometers are equipped

with a "sweepable" NMR magnets [Rosay et al., 2010]. In the design by Bruker Biospin, B0

is varied with the help of an additional sweep coil that adds to or deducts a fraction from

the external magnetic field strength (figure 2.1). A 400 MHz MAS DNP magnet (9.4 T) from

Bruker can be swept to ±75 mT, corresponding to a coil current of ± 20 A. Even though

technological advancement promotes the use of metal ions for DNP, the constraint is not

completely circumvented. PAs with pronounced spin-orbit coupling and resulting g -factors

significantly different from the free electron cannot be utilized. For example, the magnetic

field of currently available NMR magnets can not varied to the extent of resonance condi-

tion for Cu2+ or Fe3+ complexes. The PAs investigated in this work (complexes of Gd3+ and

Mn2+ ) exhibit nearly isotropic g -values similar to free electron that can be attained by minor

changes in B0.

4.3.2 Inadequacy of available microwave power

Generally, enhancements obtained from DNP increases with mw power until a saturation

limit is reached depending on the PA and DNP mechanism. The output mw power of com-

mercially available gyrotrons can be optimized for organic radicals simply by varying the

gun current. We experimentally tested two state-of-art commercial DNP spectrometers for

optimum microwave power for metal ions and found that the available mw is grossly insuf-

ficient for metal ions. In figure 4.6, the DNP enhancements increase up to three-fold almost

linearly within the variable range of the gun current that determines the magnitude of output

mw power from the gyrotron. The increase in 13C enhancement from Gd-DOTA (figure 4.6
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Figure 4.6 Microwave power dependence of DNP enhancements obtained on (A) 9.4 T MAS DNP
spectrometer for Gd-DOTA, (B) 18.8 T MAS DNP spectrometer for a bis(Mn-complex) with inter-Mn
distance of 2.1 nm. Clearly, the maximum possible DNP Enhancements are not achieved for the metal
ions with the available mw power (Unpublished data).

(A)) is seemingly gradual. The rise in temperature with the incident mw power is measured

through a thermocouple located near the spinning rotor. Sample heating caused by absorp-

tion of microwaves is inevitable in the commercial experimental setup. Even though the

rise in temperature undermines the Boltzmann distribution and hence obtainable signal

gain, the enhancements from Gd-DOTA shows an increasing trend till the last recorded

data point. Evidently higher enhancement factors can be obtained with higher microwave

power and better temperature control. Figure 4.6 (B) shows a similar correlation of 1H NMR

signal arising from DNP with bis(Mn-complex) as PA. This correlation is recorded on a state-

of-art 800 MHz Bruker spectrometer using upto maximum mw power specification. The

slope of signal increment is visibly steep which underlines that higher enhancements can be

achieved with metal ion PAs. The limited range of mw power stems from historical use of

organic PAs and the lack of a resonance cavity in the MAS DNP setup. A new generation of

gyrotrons are expected to yield hundreds of watts of mw power that is required for advanced

DNP techniques [Golota et al., 2017].
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DNP with metal ions

High-spin complexes of Gd3+ and Mn2+ were introduced as PAs for MAS DNP in 2011

[Corzilius et al., 2011]. This dissertation was undertaken in 2013, with the intention of

exploring these PAs further. Major goals for this work were to understand their DNP mech-

anisms and explore their application as PAs in biomolecular research using MAS DNP

enhanced NMR spectroscopy.

5.1 Endogenous Mn2+as PA in hammerhead ribozyme

The investigated system is an inactivated version of a full-length uniformly labeled hammer-

head ribozyme. The hammerhead ribozyme (HHRz) is a construct found in virusoids and

viroids and act as a self-cleaving structural element [Boots et al., 2008]. The self-cleavage

reaction takes place in presence of a divalent metal ion as co-factor. It was found that all

hammerhead ribozyme varieties have a catalytic core region which contains several binding

sites for divalent ions [Scott et al., 1995], one such example is shown in figure 5.1(A). The

conformational change brought by binding of a divalent ion (Mn2+ or Mg2+) to one of these

sites results in the self-cleavage reaction changing the hammerhead conformation (figure

5.1 (B)) to Y-shaped conformation (figure 5.1 (C)). However, the exact position of the spe-

cific binding site for Mn2+ or Mg2+is still unclear [Martick and Scott, 2006]. Additional less

specific metal binding sites present in the HHRz show an affinity towards monovalent ions

and are completely saturated under excess (>1 M) Na+ concentrations. The HHRz is inac-

tivated, i.e., prevented from self-cleavage, by mutating adenosine to guanosine at position

53 in the sequence [Yen et al., 2004]. Ribonuclease (RNase) present in the environment can

cause degradation of the RNA, therefore the absence of RNase is ensured at all times during

sample handling. The dissociation constant (KD ≈ 4 mM ) of Mn2+ binding to HHRz was

determined by spin-counting experiments on an X-band (9.3 GHz) EPR spectrometer.

In preliminary experiments, AMUPol was used as the PA to obtain high-sensitivity in two
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Figure 5.1 (A) Complex geometry of the binding site, where Mn2+ forms coordination bonds with the
investigated HHRz [Morrissey et al., 2000; Wang et al., 1999]. (B) Predicted secondary structure of the
investigated full-length HHRz (inactivated). Base mutation A-to-G (marked in green) at position 53
prevents self-cleavage between two cytidines (marked in blue). Canonical base pairing interactions
are shown with black lines within stems. The proposed selective binding site for divalent ions (Mg2+
or Mn2+ ) is marked in red. Dashed lines indicate tertiary loop-loop interactions. (C) A depiction
of the same structure (as (B)) showing possible tertiary interactions between stem-loops II and III
as observed in the active construct [Martick and Scott, 2006]. Black elongated lines show sequence
continuity. (D) Comparison of directly-detected 13C MAS NMR spectra obtained with and without
DNP where either Mn2+ or AMUPol, or both PAs are present in the sample. SE DNP is evoked with
0.4 mM Mn-HHRz complex utilizing Mn2+ as PA (top), CE DNP from nitroxide is evoked by 5 mM
AMUPol present in 0.4 mM Mn-HHRz complex (middle), as well as in 0.4 mM Mg-HHRz complex
(bottom).
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dimensional MAS NMR experiments. DNP enhancements of 1H obtained (via 13C -CP) with

5 mM AMPUpol in Mg-HHRz sample was ε = 250± 10 (figure 2.3) which significantly sur-

passes previously observed ε on protein solutions even with larger bi-radical concentrations

under similar conditions. Generally, ε is two to three times smaller for proteins as compared

to model systems (for example, ε(1H ) = 235 for proline [Sauvée et al., 2013] and drops further

with increasing complexity of the environment in biological systems [Renault et al., 2012].

We attribute the observed large enhancement to the absence of relaxation-inducing methyl

groups in the HHRz molecule. Further DNP experiments with and without Mn2+ gave an

insight into DNP in regard to the presence of additional paramagnet in the sample. The effect

of Mn2+ on 1H DNP are negligible except for slightly faster rates of NMR signal build-up.

The need for better sensitivity for multi-dimensional experiments was highlighted by a MAS

NMR study of a smaller (26 nucleotides) RNA within a protein complex [Marchanka et al.,

2015]. With the sensitivity boost by DNP, we are able to record 13C -13C and 15N -13C cor-

relation spectra for Mn-HHRz and Mg-HHRz, and assign a consistent set of resonances to

the atoms in each constituting nucleotide. All expected intra-nucleotide correlations, as

well as several inter-nucleotide resonances due to base-pairing or stacking, are identified.

High sensitivity by MAS DNP offers optimistic idea of recording higher dimension spectra

for peak assignment using advanced strategies [Marchanka et al., 2015].

Direct 13C enhancements of ∼ 420 and ∼ 160 were obtained from Mg–HHRz and Mn–HHRz

samples, respectively, with AMUPol as active PA. The reduced enhancement can easily be

explained by faster spin-lattice relaxation induced by the paramagnetic Mn2+ ion. B0 needs

to be optimized for direct 13C SE DNP by Mn2+ ion. Here, DNP simulations play an important

role in finding the optimum B0. The intensity of NMR signal from MnHHRZ without DNP

is very small for a field profile to be feasible in a reasonable measurement time. Higher

concentration (2 M) of a labeled sample is required for such experimental field profiles. At

the calculated optimum B0, the direct 13C enhancement, ε = 8 is recorded by Mn2+ ions

as PA. For quantitative comparison, it must be noted that concentration of AMUPol in the

sample is > 12 times the concentration of Mn2+ . In addition to the higher enhancements

yielded by a higher concentration of PA, the presence of highly efficient CE DNP evoked by

AMUPol, is to be considered.
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5.2 Active DNP mechanism(s) via Gd3+

Since high-spin metal ions are relatively new and unexplored PA for MAS DNP, the interest

towards investigating their mechanisms is self-explanatory. Owing to their high-spin prop-

erties, understanding DNP via Gd3+ and Mn2+ adds on to the established knowledge of DNP

mechanisms as well. One of these ions was to be chosen as the starting point for such an

investigation. The sextet of Mn2+ and resulting overlap of ZQ, DQ, and SQ transitions in

DNP field profiles makes ambiguous assignment of DNP mechanism thus evoked some-

what challenging (section 3.2). On the contrary, Gd3+ has negligible hyperfine coupling

and exhibits simpler EPR spectra. EPR spectrum of Gd3+ in near- symmetric ligand-field

features one narrow peak of CT at high fields. Well separated DQ and ZQ transitions as a

consequence of narrow CT EPR spectra lead to well resolved positive and negative DNP

conditions that allow for selective enhancement on 1H , 13C , or 15N resonances. Therefore,

Gd3+ is the preferred choice for studying DNP mechanisms of this new PA class. We chose

a stable and water-soluble complex, Gd-DOTA, for such studies. From the perspective of

applications, Gd3+ -tags can be used to label biomolecules for potential site-specific studies

via SDSL.

conc. (mM) rB (nm) Dee (MHz) ε (1H ) ε (13C ) ε (15N )

20 2.4 3.8 -8 -42 -124
10 3.0 1.9 -10 -40 -136
2 5.2 0.4 -4 -25 -76

Table 5.1 Summary of experimental enhancements, ε(1H , 13C , 15N )) and calculated ( rB , Dee )
parameters for 2 mM, 10 mM, 20 mM concentration of Gd-DOTA.

Three concentrations of Gd-DOTA, 2 mM, 10 mM, and 20 mM, were used as PA, in 60/40

vol% glycerol/H2O solution of 2 M labeled 13C ,15N -Urea. Field profiles of all three con-

centrations are shown for 1H , 13C , and 15N in figure 5.2. The EPR spectra and DNP field

profiles, were recorded at about 9.4 T and microwave frequency of 263 GHz. The DNP field

profiles shown in figure 5.2 are limited to the negative DNP region. The extent of reachable

field is restrained by limit on maximum sustainable current in the sweep coil of the NMR

magnet. Maximum enhancements are reported at the negative DNP maxima. Negative sign

of enhancement only indicates that the DNP enhanced NMR spectra are inverted (phase
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Figure 5.2 First column: EPR spectra of 2 mM, 10 mM, and 20 mM Gd-DOTA are obtained by simu-
lating experimental 263 GHz cw (field-modulated) EPR spectra using easyspin in order to avoid arti-
facts by integration. Respective columns: Normalized DNP enhancement of 1H , 13C , and 15N at for
2 mM, 10 mM, and 20 mM (open circles) measured at sweepable 9.4 T MAS NMR magnet. Solid lines
represent SE estimations according to equation 3.12; dashed lines represent CE simulations according
to equation3.13. Enhancement factors given in the figure correspond to the field of maximum enhance-
ment. Data taken from [Kaushik et al., 2016]

difference of π) , w.r.t. NMR spectra without mw irradiation.

As the concentration of paramagnetic ions increase in the sample, naturally, their inter-spin

separation (rB ) becomes smaller. Average nearest-neighbour distance can be estimated by a

statistical model [Chandrasekhar, 1943] (equation 5.1) and dipolar couplings, Dee are calcu-

lated by easyspin toolbox [Stoll and Schweiger, 2006].

rB = 0.554

c1/3
, (5.1)

Dee = µ0γ
2}

4πrB
3 (5.2)

where, c is the concentration of Gd3+ spins, and other symbols have their usual meaning

(defined earlier). At small Gd3+ concentration, dipolar coupling between Gd3+ ions is negli-

gible (0.4 MHz) (see table 5.1) so SE is the only active mechanism. Overlap of experimental

data with estimated SE field profiles for all three nuclei support this expectation. Broadening

of EPR spectra at higher concentrations is indicative of increased dipolar couplings. Theo-
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retically it facilitates CE mechanism, however, the linewidths of CT are relatively narrow as

compared to classical CE-inducing PAs. The experimentally observed ε, in the light of field

profiles shown in figure 5.2 do indicate the contribution of CE at higher concentrations.

Observation of CE contribution is evident for 15N field profile where, deviation from SE esti-

mation is noticeable already at 10 mM and intensifies at 20 mM. In fact, the experimental

15N profile overlaps with estimated CE field profile (see figure 5.2). The contribution of CE

DNP varies among all three nuclei studied and scales according to their Larmor frequencies.

The reason for this is the probability of finding spin packets matching the CE condition

(4ωe ' ωn) lying within the intense CT of the EPR spectrum. The contribution of CE in

13C field profile can be seen as an asymmetric feature on right side, which increase with

concentration from moderate to high.

In contrast, the 1H field profiles seem to be unaffected by the change in PA concentration.

The distinctive trait of 1H is the similarity of estimated SE and CE field profiles. The esti-

mated SE and CE field profiles for 1H differ only at the center and remain similar in the

experimentally observed region (compare figure 3.4 and figure 3.6). In conclusion,low Gd3+

concentration (2 mM) evoke SE whereas higher concentrations evoke CE for low-γ nuclei.

The fact that biological samples endogenously contain very small concentration (<< 2 mM)

of PAs, knowing that SE is the active DNP mechanism ensures unambiguous data interpre-

tation.

In order to use Gd3+ as PA in biological samples, several Gd-binding chelator tags were

tested. Ubiquitin serves as an excellent model system to bind the Gd3+ -tag with owing to

its over-expression efficiency, and biochemical robustness under different environmental

conditions. Ubiquitin can compatibly bind to other larger proteins and larger complexes via

ubiquitylation and is suitable for site-selective DNP applications. We use Gd-DOTA-M and

Gd-4MMDPA tags bound to ubiquitin for preliminary experiments. These tags yield rather

small direct 13C SE enhancement on the order of 1 to 3 respectively, for 1 mM ubiquitin in

60/36/4(vol%) of D8
12C3−glycerol/D2O/H2O. Interestingly, enhancement increased up to 9

by omitting glycerol in the sample. The reason for this observed increase in enhancement

is unclear. A possible explanation could be phase separation or precipitation of protein in
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the non-ideal glass. Nevertheless, this observation emphasizes the scope of optimization of

sample preparation and labeling schemes.

The enhancements shown in figure 5.2 on 13C and 15N are detected by direct excitation pulse

sequence. Thus, these preliminary experiments establish the possibility of selective direct

DNP of low-γ nuclei (13C , 15N ) using Gd3+ as PA. The direct enhancements on 13C reso-

nances of Ubiquitin with attached PA tags are numerically small but its conceptual impli-

cation is significant. This is a promising example that proteins labeled with Gd3+-binding

chelator tags could themselves be used as polarizing agents.

Figure 5.3 (A) Random distribution of points (extracted from matlab function) representing distribu-
tion of 2 mM, 10 mM, and 20 mM Gd-DOTA in frozen solution. (B) Bis-(Gd-Complex)es used for MAS
DNP, here the inter-spin distance is well defined between 1.2 to 3.4 nm for bis-complexes and 4.2 nm
is estimated rB for 4 mM mono-complex.
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5.3 PA concentration vs inter-spin distance for CE DNP

The effect of concentration and inter-spin distances are intertwined in aforementioned

experiments with Gd-DOTA. These two factors are co-dependent in a solution of uniformly

distributed electron spins. As described in the section 3.2, both of these factors influence

the active DNP mechanisms. In order to better understand CE via high spin metal ions,

the relevance of inter-spin distances needs to be addressed explicitly. Therefore, varying

the distance of Gd3+ ions while keeping the spin concentration constant should separate

these factors. This can be achieved by utilizing bis-metal complexes with varying range of

separation between metal ions. Gd-spacer-Gd type complexes are used as ’molecular-rulers’

in EPR spectroscopy to determine the distance between two labeled sites of a molecule or

molecular aggregates [Qi et al., 2016]. The rigidity of such rulers provides a basis for accurate

distance measurement [Dalaloyan et al., 2015]. We have specifically tailored Bis-metal com-

plexes, with reasonable inter-spin distances (rB < 4 nm) for DNP applications. Due to the

stiffness of the spacer backbone and the tetherless attachment of the Gd-containing moiety

Gd-PyMTA, their inter- Gd3+ distances are well defined (see figure 5.3) and are reliable for

DNP [Qi et al., 2016]. The bis(Gd-chelate)s contain branched polyethylene glycol chains to

mask the hydrophobic spacer backbone and achieve solubility in aqueous solvents. Bis-

complexes, where intra-molecular Gd3+ ions are expected to evoke CE DNP, are compared

to a mono-complex of similar geometry and chemical nature as a reference. Equal Gd3+

concentration was used in DNP samples, i.e., 2 mM for bis-complexes and 4 mM for mono-

complex. This small PA concentration ensures negligible inter-molecular interaction.

EPR spectra of Gd-complexes are dominated by the CT of the high-spin (S=7/2) system and

broad components arising from STs are barely noticeable. Dee increases significantly from

1.3 MHz to 32.4 MHz as inter-spin distance varies from 3.4 nm to 1.2 nm. As a consequence

of Dee , broadening is observed in the cw EPR spectra. In the DNP field profiles of 13C and

15N , it is reflected as a transition from the SE to the CE mechanism with decreasing inter-

spin distance. For the reference compound, mono-complex, and the bis(Gd-complex) with

rB of 3.4 nm, the DNP field profile resembles inverted EPR spectra at the respective matching

condition for SE. At inter-spin distances of 1.2 nm and 2.1 nm, CE mechanism dominates

13C and 15N profiles respectively. The onset of CE contribution is marked by a significant

increase in DNP enhancement despite the increasing dipolar broadening of the EPR spec-
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Figure 5.4 (A) 263 GHz EPR spectra of frozen solutions of 4 mM mono(Gd-chelate) and 2 mM bis(Gd-
chelate)s dissolved in 60/30/10 (vol%) D8 − g l ycer ol /D2O/H2O solution of 13C ,15N 2-urea (2 M),
recorded at 100 K. cw EPR absorption spectra shown here are obtained by integration of as-recorded
cw spectra and subsequent baseline correction. The spectra are inverted for visual comparison with
1H DNP field profile. The vertical dotted line indicates the central resonance field and is marked as
EPR in (B). (B) 1H , 13C , and 15N DNP field profiles of the same samples as in (a), acquired by sweeping
the NMR field and recording the 1H -13C cross-polarization intensity as well as direct 13C or 15N signal
intensity during microwave irradiation. Horizontal dashed lines indicate the baseline (ε= 1) for each
normalized DNP profile. Respective field position of maximum negative SE DNP enhancement for
each nucleus is shown by a red dotted line. Bold pink arrows indicate doublet arising from SE and
CE. Data taken from [Kaushik et al., 2017].

trum. If SE mechanism was to be active, enhancements would decrease due to less effi-

cient excitation by monochromatic microwaves as the EPR signal intensity decreases due to

dipolar broadening. Furthermore, the shift from SE to CE with decreasing inter-spin dis-

tance is indicated by a shift of the negative maxima in the DNP field profile towards the

EPR resonance field. For the expected symmetric field profile, the peak separation of posi-

tive and negative DNP becomes <2ωN . The transition is prominent for the bis(Gd-complex)

with rB = 2.1 nm for which 13C SE and CE field profile peaks are separated within a dou-

blet (shown by pink arrows in figure 5.4) and the mechanism of choice can be evoked rather

selectively by tuning B0. A transition from SE to CE can be seen for 1H DNP as well. A com-

parison of the 1H DNP field profiles of bis(Gd-complex)es with rB = 1.2 nm and 3.4 nm shows

the difference in DNP mechanisms evoked. In 1H field profiles of PAs with 1.2 nm and 1.4

nm inter-spin distances, additional features occur closer to the EPR resonance frequency.

CE matching conditions including STs might lead to such features. However, due to the fact
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that these features are centered around the SE field positions of 13C and 15N these could

arise from multiple nuclei undergoing consorted DNP. Another interesting finding is that the

widths of the 13C and 15N DNP field profiles remain constant despite significant broadening

of the EPR spectra for shorter inter-Gd3+ distances. EPR spectral width is a result of effec-

tive variation in spin precession frequency caused by the distribution of ZFS and electron-

electron dipolar coupling for a slightly varied geometry of PA molecules. DNP field profiles,

on the other hand, are a result of CE matching conditions. Since not all molecular geome-

tries and/or initial spin states are expected to contribute equally to DNP enhancement, the

effective widths of EPR spectra and field profiles deviate. The shape of the field profiles is

attributed to molecular degrees of freedom of the spacer, that enables a set of CE matching

events during sample rotation. It is illustrated that Gd-spacer-Gd type bis(Gd-complex)es

can be used as effective CE PAs for direct DNP on low-γ 13C and 15N . The enabling of CE at

rather low concentrations is highly useful for biological applications.

5.4 Conclusion

Figure 5.5 (A) 1H DNP enhancement as a function of Dee for a series of BTnE bis-nitroxides (Data
taken from Hu et al. [Hu et al., 2004]). (B) DNP enhancements for 1H , 13C , and 15N as a function
of inter-spin distance, Dee , and Gd3+ concentration. (C) DNP enhancements obtained from bis-Gd
complexes with varying Dee while keeping Gd3+ concentration constant.

Understanding DNP mechanisms have been one of the major contributing development in

the optimization of PAs [Hwang et al., 1967]. Introduction of biradicals for MAS DNP [Hu

et al., 2004] and superior performance of TOTAPOL revolutionized the design of PAs devel-

oped thereafter [Sauvée et al., 2016, 2013]. Rigidity and relative orientation of the nitroxide

moieties were later optimized for a series of PAs [Kubicki et al., 2016]. High-performance

bis-nitroxides such as bcTol are formulated accordingly for efficient CE DNP [Jagtap et al.,
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2016]. Every new bit of information about the theory of DNP mechanisms and performance

of PAs advances the state of DNP technique. For example, recently, the observation of depo-

larization effects during MAS DNP has inspired research on hetero-dimeric PAs that evoke

minimum depolarization and perform better at higher spinning frequencies. Unequivocally,

the development of PAs for MAS DNP is a collective effort from various groups. With this

work, we have extended the understanding and scope of high-spin metal ions as PAs.

This is the very-first exploration of DNP mechanisms with high-spin metal ions. Figure 5.5

illustrates the DNP performance of BTnE series (n = 1−4), in comparison of Gd-DOTA and

bis(Gd-complex)es. The most noticeable difference between these PAs is on 1H enhance-

ments. CE mediated enhancements via biradical (figure 5.5 (A)) increase significantly with

Dee (up to ≈ 11 MHz), whereas for bis(Gd-complex)es (figure 5.5 (C)), the change is barely

noticeable within Dee varying from about ≈ 1 MHz to ≈ 32 MHz. In stark contrast to that,

13C and 15N enhancements from Gd3+ PAs vary notably with variation in Dee . An abrupt

increase in enhancements for 13C and 15N at 1.4 nm and 2.1 nm, respectively, mark the onset

of CE DNP via each nuclear species. 13C CE DNP field profile of bis-nitroxides are known

to overlap with that of1H profiles, therefore, such a distinction is generally not seen with

bis-nitroxide PAs.

Even though Gd3+ PAs seem to be ineffective for 1H CE DNP, their quality to selectively evoke

CE on low-γ nuclei is valuable and oftentimes preferred for applications. Similar behavior

of CE DNP on low-γ nuclei is observed by varying concentration of uniformly dispersed

Gd-DOTA (figure 5.5 (B)). Increase in 1H enhancement at 10 mM Gd3+ concentration is

most likely due to more efficient SE DNP. As an indirect result of these observations and dis-

cussions that followed, a detailed theoretical description of SE and CE via high-spin metal

ions has also been published from our group [Corzilius, 2016].

Our demonstration of intra-complex DNP, where the intrinsically bound Mn2+ polarized the

Mn2+ containing hammerhead ribozyme, serves as an example for future application of such

an approach. We also showed the possibility of utilizing Gd3+ tags as site-directed spin labels

for biomolecules.
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5.5 Outlook

The demonstrated applicability of Gd3+ and Mn2+ based PAs can be extended to a variety

of biological systems. For example, bone material contains trace amounts of Mn2+ that

has been observed by EPR spectroscopy [Mayer et al., 1993]. Direct DNP from endogenous

Mn2+ could reveal key differences between healthy and diseased bones, by MAS NMR spec-

troscopy.

Paramagnetic substitution of catalytic sites in materials can be done for DNP SENS (Surface

Enhanced NMR Spectroscopy)[Rossini et al., 2013], for example, Gd3+ can replace other

lanthanide ions or Ca2+. Recently, preliminary results on battery research using Mn2+ as PA,

were presented [Leskes, 2017]. At the same time, MAS DNP with other metal ions (S = 1/2)

for materials research, was also discussed [Gordon and group, 2017]. This shows that metal

ions do hold potential as viable PAs for MAS DNP and are interesting to a broader scientific

community.

Beyond what we have demonstrated, these metal ions can undoubtedly be included as PAs

in other biological systems. Complicated processes such as ATP hydrolysis in membrane

proteins could be probed using MAS DNP by substituting naturally present Mg2+ with

Mn2+ . Short-range information thus obtained could be combined with information about

domain-domain interaction, obtained from dipolar EPR spectroscopy, in order to envision a

clearer picture of the process [Collauto et al., 2017]. The possibility of evoking CE DNP with

Gd3+ ions bound to protein subunits in close spatial proximity, could be used to investigate

different conformations of the biomolecule. Only closed conformation could be singled out

due to increased DNP enhancements.

Relative arrangement or folding of Gd3+ -containing small proteins could be estimated by

probing inter-molecular transfer of polarization. Using Gd3+ as PA offers the possibility of

selectively enhancing 13C resonances, and "containing" the enhanced polarization within

the molecule, which is lost due to spin-diffusion in the case of non-selective DNP. This could

result in simplified correlation spectra even without perdeuteration of the sample.
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Zusammenfassung

Die dynamische Kernpolarisation (engl.: Dynamic Nuclear Polarization, DNP) hat sich

in Verbindung mit Festkörper-NMR zu einer leistungsfähigen Technik in der Struktur-

biologie entwickelt. Die Verstärkung der NMR-Signale und der daraus resultierende

Zeitgewinn ermöglichen die Durchführung neuer Experimente und damit die Unter-

suchung anspruchsvoller Systeme. Hierdurch hat diese Methode mittlerweile Anwendung

in Forschungbereichen gefunden, die andernfalls aufgrund begrenzter Empfindlichkeit

der Festkörper-NMR unzugänglich wären. Das Maß des Empfindlichkeitsgewinns durch

DNP hängt von einer Vielzahl Faktoren ab, wie zum Beispiel dem Ursprung der Elektro-

nenspinpolarisation. Paramagnetische Spezies, die Polarisationsmittel genannt werden,

können entweder gleichmäßig in der Probe verteilt sein oder in Form von Spinmarkern

an einer spezifischen Position des Analyten angebracht werden. Die chemische Struktur

von Polarisationsmitteln, deren Stabilität und die Mechanismen des Polarisationstrans-

fers sind einige Faktoren, die Einfluss auf die DNP-Effizienz haben. Unkonventionelle

Herangehensweisen zur selektiven Verstärkung des Signals ausgewählter Kernspins mit-

tels DNP können wertvolle, strukturelle Informationen liefern. Zusammen mit einer

erhöhten Signalqualität hat die Aussicht auf die Gewinnung ortsspezifischer Informationen

durch DNP das Interesse und die Bemühungen in der Suche nach Markern, die ortspez-

ifisch angebracht werden können, verstärkt. Eine Vielzahl an paramagnetischen Spezies

kommt von Natur aus in biologischen Systemen vor. Beispiele hierfür sind: reduzierbare

Flavin-Semichinone im DNA-Reparaturenzym Photolyase oder Mn2+-Ionen in der Arigi-

nase, dem finalen Enzym des Harnstoffzyklus, welcher ubiquitär in allen Lebensbereichen

vorkommt. Zudem können natürlich vorkommende diamagnetische Ionen durch para-

magnetische Ionen mit ähnlichen Koordinationseigenschaften ersetzt werden. Stabile

Komplexe von High-Spin-Metallionen sind vorteilhaft gegenüber radikalischen Nitroxid-

Polarisationsmitteln, da sie unter physiologischen Bedingungen nicht-toxisch sind und eine

lange Lebensdauer aufweisen. Die Verwendung von Mn2+-basierten Polarisationsmitteln

ist aufgrund der vergleichbaren Koordinationseigenschaften von Mn2+ und Mg2+-Ionen

53
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innerhalb der dipolaren EPR-Spektroskopie weit verbreitet. Der Fokus dieser Arbeit liegt

in der Etablierung von Gd3+ und Mn2+ Komplexen als Polarisationsmittel für DNP in der

Festkörper-NMR in Verbindung mit der „Magic-Angle Spinning“ (MAS) Methode. Im Fol-

genden werden die untersuchten Probensysteme beschrieben.

Natürlich komplexiertes Mn als Polarisationsmittel im Hammerkopf-Ribozym

Das untersuchte System ist ein inaktiviertes, uniform 13C ,15N -isotopenmarkiertes Voll-

längenkonstrukt des Hammerkopf-Ribozyms (HHRz). Die Selbstspaltungs-Reaktion findet

unter Anwesenheit von divalenten Metallionen, die als Co-Faktoren dienen, statt. Weitere

weniger spezifische Metallbindungsstellen im HHRz zeigen eine Affinität für monovalente

Ionen und sind bei einem Überschuss von Na+ (>1 M) vollständig gesättigt. In grundle-

genden Experimenten wurde AMUPol als Polarisationsmittel verwendet, um eine hohe

Empfindlichkeit in zweidimensionalen MAS NMR Experimenten zu erhalten. Die Zugabe

von 5 mM AMUPol bei einem 1H -DNP-Experiment (13C -CPMAS) an der Mg2+-HHRz Probe

führte zu einem Verstärkungsfaktor von 250. Die große Signalverstärkung schreiben wir

der Abwesenheit von relaxationsinduzierenden Methylgruppen im HHRz zu. Durch den

Empfindlichkeitsgewinn mittels DNP war es möglich, 13C -13C und 15N -13C Korrelation-

sspektren von Mn2+-HRRz und Mg2+-HHRz aufzunehmen und konsistente Zuordnungen

zwischen Resonanzen und Atomen in den Nucleotidtypen zu generieren. Direkte 13C -

DNP-Experimente mittels AMUPol als Polarisationsmittel wurden für Mg2+-HHRz und

Mn2+-HHRz aufgenommen und Verstärkungsfaktoren von jeweils 420 bzw. 160 wurden

erzielt. Die verringerte Verstärkung im Falle von Mn2+-HHRz lässt sich leicht mit einer

schnelleren Spin-Gitter-Relaxation durch das paramagnetische Mn2+-Ion erklären. Für ein

direktes 13C -DNP-Experiment mittels Mn2+ durch den solid effect (SE) – der aktive DNP-

Mechanismus bei isolierten paramagnetischen Zentren – musste das externe Magnetfeld

variiert werden. Hierfür spielten DNP-Simulationen eine wichtige Rolle; für die Aufnahme

eines vollständigen Feldprofils, durch welches das optimale Magnetfeld experimentell bes-

timmt werden kann, war die Intensität des NMR-Signals von Mn2+-HHRz zu gering. Höhere

Konzentrationen (2 M) von isotopenmarkiertem Analyten sind normalerweise für solche

Experimente nötig. Am berechneten Optimum des Magnetfeldes wurde experimentell ein

Verstärkungsfaktor von ε= 8 für Mn2+ als Polarisationsmittel erreicht. Dieser Verstärkungs-

faktor ist signifikant, auch wenn er viel kleiner ist als der durch AMUPol erzielte. Diese
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Studie bringt uns der angestrebten ortsspezifischen DNP einen bedeutenden Schritt näher.

Für eine quantitative Gegenüberstellung muss berücksichtigt werden, dass die AMUPol-

Konzentration zwölfmal höher war im Vergleich zur Mn2+-Konzentration. Zusätzlich zu

der durch die höhere Konzentration verursachten Signalverstärkung muss der von AMUPol

hervorgerufene hocheffiziente cross effect (CE), der DNP-Mechanismus bei zwei dipolar

gekoppelten paramagnetischen Zentren, in Betracht gezogen werden.

Aktive DNP Mechanismen durch Gd3+

Drei unterschiedliche Konzentrationen (2, 10 und 20 mM) der Gadotersäure (Gd-DOTA)

wurden als Polarisationsmittel mit 13C ,15N -isotopenmarkiertem Harnstoff in einer glas-

bildenden Mischung aus Glycerin/Wasser (60/40 vol%) verwendet. Mit steigender Konzen-

tration der paramagnetischen Ionen sinkt statistisch der mittlere Abstand zwischen den

Elektronenspins. Im Falle kleiner Gd3+ Konzentration ist die dipolare Kopplung zwis-

chen den Ionen mit 0.4 MHz vernachlässigbar, so dass der SE-Mechanismus der einzige

aktive DNP-Mechanismus ist. Die Verbreiterung der EPR-Spektren bei höheren Konzen-

trationen deutet auf eine Zunahme der dipolaren Kopplung hin. Theoretisch würde diese

den CE-Mechanismus begünstigen, jedoch sind die EPR-Linienbreiten des zentralen Spin-

Übergangs (engl.: central transition, CT) relativ schmal im Vergleich zu klassischen CE-

induzierenden Polarisationsmitteln. Die experimentell beobachteten Verstärkungsfak-

toren deuten auf eine Beteiligung des CE-Mechanismus bei höheren Konzentrationen hin.

Der CE-Beitrag variiert für die drei untersuchten Kerne und skaliert mit deren Larmorfre-

quenzen. Der Grund hierfür ist die Wahrscheinlichkeit, dass ein Spin-Paket, welches inner-

halb des intensiven zentralen Übergangs des EPR-Spektrums liegt, die CE-Bedingungen

erfüllt. Abschließend lässt sich sagen, dass kleine Gd3+-Konzentrationen (2 mM) den SE-

Mechanismus hervorrufen, wohingegen höhere Konzentrationen bei Kernen mit geringem

gyromagnetischem Verhältnis bevorzugt den CE-Mechanismus auslösen. Die Tatsache,

dass biologische Systeme für gewöhnlich niedrige Konzentrationen (<2 mM) an Polar-

isationsmitteln enthalten, und das Wissen, dass in diesem Fall der SE der aktive DNP-

Mechanismus ist, erlaubt eine eindeutige Interpretation der experimentellen Daten an

biologischen Systemen. Um Gd3+ als Polarisationsmittel in biologischen Proben nutzen

zu können, wurden verschiedene Gd3+-bindende Chelat-Marker getestet. Für vorläufige

DNP-Experimente wurden Gd-Komplexe mit 1,4,7,10-Tetraazacyclododecan-1,4,7-tris-
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essigsäure-10-maleimidoethylacetamid (DOTA-M) und 4-Mercaptomethyldipicolinsäure

(4MMDPA) an Ubiquitin gebunden. Diese Marker erzeugten relativ kleine direkte 13C -SE-

Verstärkungen in der Größenordnung von 1 bis 3 für 1 mM Ubiquitin in einer Mischung von

Glycerin/Wasser (60/36/4 vol%).

Bis-Gd-Komplexe für CE-DNP

Der Einfluss der Konzentration und des Interspin-Abstandes der aktiven Polarisations-

mittelzentren sind in den vorher gezeigten Experimenten an Gd-DOTA miteinander ver-

flochten. Diese beiden Faktoren beeinflussen die hervorgerufenen DNP-Mechanismen.

Um ein besseres Verständnis der aktiven Mechanismen bei High-Spin-Metallionen zu

erlangen, muss der relevante Interspin-Abstand explizit eingestellt werden. Dies konnte

durch Bis-Metall-Komplexe mit unterschiedlichem Abstand zwischen den Metallzentren

erreicht werden. Ähnliche Bis-Metall-Komplexe mit größerem Interspin-Abstand sind

bereits in der EPR-Spektroskopie etabliert und werden als sogenannte „molekulare Lineale“

verwendet, um Abstände zwischen zwei Marker-Positionen in einem Molekül oder einem

molekularen Komplex zu ermitteln. Die Starrheit dieser Bis-Metall-Komplexe stellt die Basis

für eine akkurate Distanzbestimmung dar. Für DNP-Experimente wurden die Bis-Metall-

Komplexe so entworfen, dass der Interspin-Abstand für DNP-Anwendungen verkürzt wurde,

die Verbindung zwischen den Metallen besonders rigide ist und die Metallionen besonders

fest gebunden sind. Ferner wurden verzweigte Polyethylenglycol-Ketten eingeführt, um

zum einen Löslichkeit zu erhöhen und zum anderen eine stabile Streckung des Moleküls

zu gewährleisten, so dass der Interspin-Abstand sehr gut definiert und verlässlich für Dis-

tanzbestimmungen ist. Die Bis-Metall-Komplexe, mit Abständen kleiner 4 nm, wurden mit

dem Mono-Metall-Komplex mit vergleichbarer chemischer Geometrie verglichen, wobei

die gleiche Gd3+-Konzentrationen verwendet wurde. Vernachlässigbare intermolekulare

Wechselwirkungen wurden durch eine kleine gewählte Konzentration an Polarisations-

mittel gewährleistet.

EPR-Spektren von Gd3+-Komplexen werden durch den Zentralübergang des High-Spin-

Systems (S = 7/2) dominiert und breite Komponenten, die durch die Sattelitenübergänge

(engl.: satellite transition, ST) hervorgerufen werden, sind kaum wahrnehmbar. Die

interelektronische dipolare Kopplungskonstante (Dee ) steigt bei Verringerung des Inter-

Spin-Abstands von 3,4 nm auf 1,2 nm erwartungsgemäß von 1,3 MHz auf 32,4 MHz an; dies
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wird als Verbreiterung im EPR Spektrum beobachtet. In den DNP-Feldprofilen von 13C und

15N ist dieser Effekt durch den Übergang vom SE- zum CE-Mechanismus mit sinkendem

Interspin-Abstand sichtbar. Für den Mono-Gd-Komplex und den Bis-Gd-Komplex mit

einem Inter-Spin-Abstand von 3,4 nm zeigen DNP-Feldprofile einen Verlauf, der charakteris-

tisch für den SE-Mechanismus zu erwarten ist. Bei Interspin-Abständen von 1,2 und 2,1 nm

ist erkennbar, dass der CE-Mechanismus die 13C - und 15N -Feldprofile dominiert. Einset-

zende CE-Beteiligung wird durch einen signifikanten Anstieg des DNP-Verstärkungsfaktors

trotz der steigenden dipolaren Verbreiterung des EPR-Spektrums markiert. Bei dem SE-

Mechanismus würde die Verstärkung auf Grund der weniger effizienten Anregung des

verbreiteten Spektrums durch monochromatische Mikrowellen abnehmen. Des Weiteren

wird die Verlagerung vom SE- zum CE-Mechanismus für abnehmende Interspin-Abstände

durch eine Verschiebung des Minimums des DNP-Feldprofils hin zum EPR-Resonanzfeld

erkennbar. Für das erwartete symmetrische Feldprofil beträgt die Separation des positiven

und negativen DNP-Effekts weniger als das Zweifache der Kern-Larmor-Frequenz. Der

Übergang von SE auf CE ist für den Bis-Gd-Komplex mit einem Abstand von 2,1 nm beson-

ders auffällig, da hier die 13C -SE und -CE-Feldprofilbeiträge in einem Duplett separiert

sind und ein ausgewählter Mechanismus selektiv durch die Abstimmung des Magnetfeldes

hervorgerufen werden kann. Ein Übergang vom SE- zu CE-Mechanismus wurde auch für

1H beobachtet. Ein Vergleich des DNP-Feldprofils der Bis-Gd-Komplexe mit Abständen

von 1,2 und 3,4 nm zeigt den Unterschied im aktiven DNP-Mechanismus. Im Falle der

1H -Feldprofile der Polarisationsmittel mit 1,2 und 1,4 nm Interspin-Abständen wurden

zusätzliche Merkmale nahe des EPR-Resonanzfelds beobachtet. Diese Merkmale liegen auf

der SE Feldposition von 13C und 15N und könnten von konzertierter DNP mehrerer Kerne

hervorgerufen werden.

Schlussfolgerung

Dies ist die erste ausgeprägte Untersuchung der DNP-Mechanismen von High-Spin-

Metallionen. Die DNP-Leistungsfähigkeit von Gd-DOTA und Bis-Gd-Komplexen wurde

mit den Biradikalen einer bis-TEMPO-n-ethylenglycol-(BTnE)-Serie (n = 1–4) verglichen.

Der bemerkenswerteste Unterschied zwischen den Polarisationsmitteln wurde bei 1H Ver-

stärkungen beobachtet. Die Verstärkung durch den CE Mechanismus, welcher durch

Biradikale verursacht wird, steigt signifikant mit steigender dipolarer Kopplung bis 11
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MHz, wohingegen dieser bei den Bis-Gd-Komplexen in einem Bereich von 1 MHz bis 32

MHz kaum wahrnehmbar ist. In besonders starkem Gegensatz hierzu stehen die 13C -

und 15N -Verstärkungen der Bis-Gd-Komplexe als Polarisationsmittel bei Abständen von

1,4 nm und 2,1 nm. 13C -CE-DNP-Feldprofile von bis-Nitroxiden sind für ihre Überlap-

pung mit den 1H -Feldprofilen bekannt, daher wird hier eine generelle Unterscheidung im

Falle von bis-Nitroxid Polarisationsmitteln nicht beobachtet. Für Gd3+-Polarisationsmittel

hingegen, für die der 1H -CE-DNP-Mechanismus ineffektiv zu sein scheint, ist es jedoch

möglich selektiv den CE-Mechanismus an Kernen mit einem geringen gyromagnetischen

Verhältnis γwie (13C und 15N ) separat hervorzurufen. Weiter wurde beobachtet, dass durch

Erhöhung der Konzentration von gleichmäßig verteiltem Gd-DOTA eine Vergrößerung der

1H -Verstärkung für Gd3+-Konzentration größer 2 mM auftritt. Dies ist höchstwahrschein-

lich auf einen effizienteren SE-DNP-Mechanismus zurückzuführen.
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Glossary

AMUPol Aix-Marseille Université polarizing agent

ASR absolute sensitivity ratio

bCTbK bis-cyclohexyl-TEMPO-bisketal

BDPA 1,3-bisdiphenylene-2-phenyl allyl

BT2E bis-TEMPO-2-ethyleneglycol

bTbK bis-TEMPO-bisketal

bTbtK bis-TEMPO-bis-thioketal

bTbtK-py bis-TEMPO-bis-thioketal-tetra-tetrahydropyran

BTnE bis-TEMPO-n-ethyleneglycol

BTOXA bis-TEMPO-oxalyl amide

bTtereph bis-TEMPO terephthalate

bTurea bis-TEMPO-urea

CE cross effect

CIDNP chemically induced dynamic nuclear polarization

CP cross polarization

CT central transition

cw continuous wave

DNP dynamic nuclear polarization

DOTA 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid

DOTOPA-TEMPO 4-[N,N-di-(2-hydroxy-3-(TEMPO-4’-oxy)-propyl)]-amino-TEMPO

DQ double quantum

EPR electron paramagnetic resonance

HFI hyperfine interaction

LMN lanthanum magnesium double nitrate

MAS magic-angle spinning

4-MMDPA 4-Mercaptomethyl Dipicolinic Acid
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MRI magnetic resonance imaging

NMR nuclear magnetic resonance

OE Overhauser effect

OTP ortho-terphenyl

PA polarizing agent

PEG polyethyleneglycole

PHIP para-hydrogen induced polarization

rf radio frequency

SA-BDPA sulfonated BDPA

SDSL site-directed spin labeling

SE solid effect

SEOP spin-exchange optical pumping

SN-BDPA sulfonamide BDPA

SQ single quantum

ST satellite transition

TAM triarylmethyl

TEKPol tetrakis(phenylcyclohexyl) TEMPO-bisketal

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

TEMPOL 4-Hydroxy-TEMPO

TEMTriPol TEMPO/trityl polarizing agent

TM thermal mixing

TOTAPOL 1-(TEMPO-4-oxy)-3-(TEMPO-4-amino)propan-2-ol

VT variable temperature

ZFS zero-field splitting

ZQ zero quantum

mw microwave
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Abstract We report the direct dynamic nuclear polar-

ization (DNP) of 13C nuclei of a uniformly [13C,15N]-la-

beled, paramagnetic full-length hammerhead ribozyme

(HHRz) complex with Mn2? where the enhanced polar-

ization is fully provided by the endogenously bound metal

ion and no exogenous polarizing agent is added. A 13C

enhancement factor of e = 8 was observed by intra-com-

plex DNP at 9.4 T. In contrast, ‘‘conventional’’ indirect and

direct DNP experiments were performed using AMUPol as

polarizing agent where we obtained a 1H enhancement

factor of e & 250. Comparison with the diamagnetic

(Mg2?) HHRz complex shows that the presence of Mn2?

only marginally influences the (DNP-enhanced) NMR

properties of the RNA. Furthermore two-dimensional cor-

relation spectra (15N–13C and 13C–13C) reveal structural

inhomogeneity in the frozen, amorphous state indicating

the coexistence of several conformational states. These

demonstrations of intra-complex DNP using an endoge-

nous metal ion as well as DNP-enhanced MAS NMR of

RNA in general yield important information for the

development of new methods in structural biology.

Keywords Dynamic nuclear polarization (DNP) � Solid-

state NMR � EPR � RNA � Transition metal � Polarizing

agent

Introduction

Solid-state magic-angle spinning (MAS) NMR applications

to nucleic acid including ribonucleic acid (RNA) are scarce

(Abramov and Goldbourt 2014; Cherepanov et al. 2010;

Huang et al. 2012; Marchanka et al. 2015), especially when

compared to the abundance of solution-state NMR tech-

niques in RNA structural biology (Bothe et al. 2011; Fürtig

et al. 2003; Rinnenthal et al. 2011; Sripakdeevong et al.

2014). On the other hand, MAS NMR is invaluable for

structural investigations of biomolecules which has been

demonstrated in wide-spread applications to protein struc-

tural biology (Bayro et al. 2010; Castellani et al. 2002;

Wasmer et al. 2008). MAS NMR has advantages over

solution NMR when large molecules or molecular com-

plexes are studied since their rotational tumbling is too

slow for standard solution NMR. Additionally, the quan-

titative determination of dipole (through-space) couplings

can yield precise internuclear distances. However, short

decoherence times as well as incomplete dynamic aver-

aging of local fields often result in intrinsically larger line

widths and lower sensitivity.

Because RNA contains only four chemically similar

nucleotides—each comprised of a ribose moiety and

either a purine (adenine, guanine) or pyrimidine (cytosine,

uracil) nucleobase—there is a large potential for spectral

overlap of resonances arising from equal or similar
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nucleobases. Furthermore, resonance assignment based on

scalar couplings is complicated because the connecting,

generic ribofuranose phosphodiester groups put unique

nucleobases at distances of [10 chemical bonds. Here,

solid-state NMR has the advantage of generally being

able to utilize dipolar (through-space) instead of scalar

(through-bond) couplings which allows for direct deter-

mination of contacts between nuclei of neighboring

nucleobases in the same RNA strand (Marchanka et al.

2015).

Dynamic nuclear polarization (DNP) has been intro-

duced to overcome the MAS NMR sensitivity issue by

increasing the intensity of signals by several orders of

magnitude (Becerra et al. 1993; Hall et al. 1997; Over-

hauser 1953). During irradiation with microwaves (mw) of

appropriate frequency the large electron spin polarization

of a paramagnetic polarizing agent is transferred to sur-

rounding nuclear spins in a frozen solution at cryogenic

temperatures of *100 K. The polarization increase is

quantified by the enhancement factor, e, which is the ratio

of the NMR intensity under mw irradiation (mw on), Ion,

with that under thermal equilibrium conditions (mw off),

Ioff:

e ¼ Ion

Ioff

ð1Þ

The theoretical maximum is given by the ratio of the

electron and nuclear gyromagnetic ratios, cS and cI,
respectively, and reaches 660 for 1H and 2620 for 13C.

DNP can be performed indirectly by hyperpolarizing 1H

and successively transferring the enhanced nuclear polar-

ization to the nuclear species of interest, or by directly

hyperpolarizing the nuclei to be detected (Maly et al.

2010). The former method leads to a uniform enhancement

of all proton spins within a few seconds of polarization

build-up due to efficient 1H–1H spin diffusion; the latter is

often limited by slow diffusion between heteronuclei,

especially when nuclei with small abundance are to be

polarized (Maly et al. 2010). Nevertheless, slow spin-dif-

fusion can potentially be utilized in order to control the

spatial distribution of enhanced polarization.

Most typically, small paramagnetic molecules being

dissolved in the cryoprotecting matrix are used as polar-

izing agents (Hu 2011). Bis-nitroxide biradicals provide for

highly efficient cross effect (CE) DNP by evoking a three-

spin mechanism within the anisotropic electron paramag-

netic resonance (EPR) spectrum under MAS (Hu et al.

2004; Kessenikh et al. 1963). This makes CE the mecha-

nism-of-choice for uniform, indirect DNP (Ni et al. 2013).

For intramolecular or intra-complex DNP with endogenous

polarizing agents CE is often unfeasible due to the reliance

on strong inter-electronic couplings (Hovav et al. 2012; Hu

et al. 2011). Therefore, a simpler mechanism—which is

easier to analyze quantitatively—is provided by the solid

effect (Abragam and Proctor 1958; Corzilius et al. 2012;

Hovav et al. 2010; Jeffries 1957, 1960; Smith et al. 2012;

Wenckebach 2008). In short, the solid effect (SE) can be

selectively evoked for any nucleus by selective irradiation

of the electron–nuclear zero or double quantum transition

with a microwave frequency of

xmw ¼ x0S � x0I ; ð2Þ

where x0S and x0I are the electron and nuclear Larmor

frequencies, respectively. This leads to the requirement of

paramagnetic species with extremely narrow lines, espe-

cially for direct SE of nuclei with small gyromagnetic ratio

such as 13C or 15N.

We have shown earlier that—for the SE—a quantitative

analysis of DNP efficiency can be performed by careful

measurement of the DNP enhancement factor, the build-up

time constant of enhanced nuclear polarization, as well as

the nuclear longitudinal relaxation time constant without

DNP (Corzilius et al. 2012). By knowledge of DNP

enhancement and spin relaxation properties direct infor-

mation about distance may be obtained after calibration

with a model system of known electron–nuclear separation.

Therefore our study shall serve as an early proof-of-con-

cept for the feasibility of transferring electron spin polar-

ization from an endogenous metal ion to nuclei within the

same biomolecule, since such a transfer has never been

demonstrated before.

DNP with endogenous radicals in proteins (Maly et al.

2012) as well as nitroxides covalently attached to lipids

(Fernández-de-Alba et al. 2015; Smith et al. 2015) or pro-

teins (Wylie et al. 2015) has already been demonstrated to

yield moderate 1H enhancement factors of *10. Never-

theless, fast 1H–1H spin diffusion limits the potential to

directly extract structural information by these indirect

DNP approaches. We have shown earlier that paramagnetic

metal ions like Gd3? or Mn2? can be utilized as polarizing

agents which makes them ideal candidates for intra-com-

plex DNP of biomolecules (Corzilius et al. 2011). Mn2? is

highly abundant in biological systems or can often readily

substitute diamagnetic Mg2?. The central EPR transition

ðmS ¼ �1
2
$ þ1

2
Þ of the high-spin ðS ¼ 5

2
Þ system often

features narrow lines at high field. This allows for efficient

polarization of nuclei with small gyromagnetic ratio such as
13C or 15N using SE. Although in the case of Mn2? the

electron spin is strongly hyperfine coupled to the 100 %

abundant I ¼ 5
2

55Mn nucleus significant 13C enhancement

can be achieved as will be shown below.

The biomolecule we utilized as a model system belongs

to the well-studied group of hammerhead ribozymes, of

which the first construct has been discovered in the late

1980s as a self-cleaving structural element of virusoids and

viroids (Forster and Symons 1987; Hutchins et al. 1986;

98 J Biomol NMR (2015) 63:97–109
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Prody et al. 1986). It was found early that the self-cleavage

reaction strongly depends on the presence of a divalent

metal ion as co-factor (Dahm and Uhlenbeck 1991). The

structure of a ‘minimal’ HHRz construct has been solved

early under several conditions (Pley et al. 1994; Scott et al.

1995); however, it has been shown later that tertiary con-

tacts between stem loops—missing in the minimal struc-

ture—play an important role in ribozyme function (De la

Peña et al. 2003; Khvorova et al. 2003). The ‘extended’ or

‘full-length’ construct includes those conserved loop

regions and the structure was solved by XRD (Martick and

Scott 2006). All hammerhead ribozyme (HHRz) varieties

share a highly conserved catalytic core region which con-

tains several binding sites for divalent ions such as Mg2? or

Mn2? (Scott et al. 1995). Binding of a divalent ion to one

of these sites triggers a conformational change and allows

for the self-cleavage reaction to occur (Bassi et al. 1996;

Murray et al. 1998; Scott et al. 1996). Additional less-

specific metal binding sites show a similar affinity towards

monovalent ions and are completely saturated under large

Na? concentrations (C1 M) (Horton et al. 1998; Schie-

mann et al. 2003). The core region is flanked by three stems

which give HHRz a robust fold; nevertheless the core

region features large internal dynamics. The combination

of its moderate molecular size and internal dynamics make

the full-length HHRz difficult to access using solution

NMR methods—as can be seen when comparing the

abundance of NMR studies on the minimal structure

(Fürtig et al. 2008; Hammann et al. 2001; Osborne et al.

2009) with the absence of such studies on the full-length

variant. Thus it serves as an ideal system for demonstration

of DNP-enhanced MAS NMR.

In this study we investigated DNP-enhanced NMR spec-

troscopy on an inactive 18.0 kDa, 59-mer cis-acting full-

length HHRz; the sequence and secondary structure pre-

diction are shown in Fig. 1a and the proposed tertiary fold

with loop–loop interactions in subplot b. To inactivate the

HHRz the adenosine at position 53 was mutated to a gua-

nosine (Yen et al. 2004). In-vivo functionality of the

unmutated construct and effective inactivation due to this

point-mutation has been shown in previous studies (Beilstein

et al. 2015; Wittmann and Suess 2011). The position of the

specific binding site for Mg2? or Mn2? is still heavily

debated. In the minimal structure, selective binding of the

divalent ion was found in XRD structures predominantly

between the phosphate of an adenosine and neighboring

guanosine (A36 and G37 in Fig. 1a) within the catalytic core

on the opposite site of the cleavage position (between C7 and

C8 in Fig. 1a) and the importance of this binding site was

confirmed by a functional analysis upon base depletion;

catalysis then requires the adaption of a transient confor-

mational state with the divalent ion bridging to the scissile

phosphate (Scott et al. 1995; Wang et al. 1999). The nature of

the binding site has also been investigated with EPR spec-

troscopy (Morrissey et al. 1999, 2000). In the case of the

extended or full-length HHRz the catalytically active struc-

ture is expected to allow for stable closing of the AG active

binding site and the scissile phosphate in the cleavage site via

a bridging divalent ion (Ward and DeRose 2012). However,

in the XRD structure selective binding to only the AG active

site has been observed, especially in the case of Mn2?

(Martick et al. 2008).

Materials and methods

Nucleic acid preparation

The inactivated full-length hammerhead ribozyme (HHRz)

shown in Fig. 1 was transcribed in vitro using the SmaI

linearized plasmid pHHI as template (the full plasmid

sequence is available upon request). The plasmid codes for

the T7 promotor followed by the HHRz. The in vitro tran-

scription was carried out in a volume of 10 mL over night at

37 �C with a final concentration of 20 mM magnesium

acetate, 0.2 M Tris–HCl (pH 8.0), 20 mM dithiothreitol
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Fig. 1 a Predicted secondary structure of the investigated full-length

HHRz (inactivated). Canonical base paring interactions are shown with

black lines within stems. The A-to-G base mutation at position 53

(marked in green) is preventing self-cleavage between two cytidines

marked in blue. The proposed selective binding site for divalent ions is

marked in red. Tertiary loop–loop interactions are indicated by dashed

lines. b Depiction of the same structure demonstrating possible tertiary

interactions between stem-loops II and III as observed in the active

construct (Martick and Scott 2006). Black lines show sequence

continuity. c Proposed complex geometry of selective Mn2? binding

site (Morrissey et al. 2000; Wang et al. 1999)
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(DTT), 2 mM spermidine, 0.2 mg/mL plasmid, 7.5 lg/mL

T7 RNA polymerase (purified in the lab) and 4 mM of each

nucleoside triphosphate (NTP); for uniformly [13C,15N]

isotope labeled HHRz 3 mM of each uniformly 13C,15N-

labeled NTP (Silantes) was used. The isotope labeled NTPs

were purified by ethanol precipitation and resuspended in

purified water prior to transcription. After the transcription

the precipitated pyrophosphate was pelleted by centrifuga-

tion and EDTA was added to the supernatant to a final

concentration of 10 % (v/v). After ethanol precipitation we

performed a denaturing polyacrylamide gel electrophoresis

(PAGE, 8 % PAA, 8 M urea). The RNA was detected by

ultraviolet shadowing, cut out of the gel and eluted from the

gel in 0.3 M sodium acetate (pH 6.5) at 4 �C overnight.

Afterwards we filtered the supernatant to remove remaining

gel slices using a 0.45 lm filter (Sarstedt, Nürnberg, Ger-

many). The RNA was again ethanol precipitated, dissolved

in purified water and the concentration was determined via

UV/Vis spectroscopy by a ND-1000 spectrophotometer

(Thermo Fischer Scientific, Wilmington, DE). A native

PAGE assay was used to confirm purity of the RNA

(Fig. S1). The HHRz was then lyophilized for storage and

further handling.

EPR spectroscopy

For the determination of the Mn–HHRz dissociation con-

stant (KD) solutions of 62.5 lM HHRz with varying MnCl2
content between 1 lM and 0.2 mM were prepared in tri-

ethanolamine (TEA) buffer (40 mM, pH 7.5) with 0.2 M

NaCl. In comparison, an additional set of samples was

prepared without addition of HHRz in order to demonstrate

applicability and linearity of the method. Continuous-wave

(cw) EPR was performed using an X-band Bruker EleXsys

E500 spectrometer with attached ER 4102ST resonator

employing a TE102 rectangular cavity. The sample

(*10 lL) was contained inside a clear fused quartz (CFQ)

capillary with 1.1 mm inner diameter (i.d.) in order to

minimize penetration of the sample volume into the elec-

tric field region and reduce dielectric losses. Care was

taken that each sample tube was positioned equally inside

the resonator. Spectra were taken under 10 dB of micro-

wave attenuation (*20 mW power). 100 kHz magnetic

field modulation with 1.5 mT amplitude was applied. The

field was swept with 82 ms conversion time over 1024

points and signal was integrated with a 41 ms time con-

stant. Each spectrum was accumulated over 20 scans.

The confirmation of Mn2? binding to HHRz in DNP

samples was performed directly on the samples used for

DNP enhanced NMR spectroscopy as described below. The

same instrumentation was used as for KD determination.

Spectra were taken under 20 dB of microwave attenuation

(*2 mW power). 100 kHz magnetic field modulation with

0.4 mT amplitude was applied. The field was swept with

164 ms of conversion time over 1024 points and signal was

integrated with a 164 ms time constant. Each spectrum was

accumulated over 8 scans.

180 GHz EPR spectroscopy was performed using a

custom-built spectrometer described elsewhere utilizing a

cylindrical TE011 cavity resonator (Rohrer et al. 2001). The

samples were prepared by dissolving an equal amount of

HHRz and MnCl2 in TEA buffer (40 mM triethanolamine,

0.2 M NaCl) and subsequent addition of glycerol, so that a

glycerol/water (60/40 vol.%) cryoprotecting mixture with

62.5 lM final Mn–HHRz concentration was achieved. The

sample was contained within a 0.4 mm i.d. quartz capil-

lary. Experiments were performed at a temperature of

80 K. Pulse lengths (30 ns for 90� and 45 ns for 180�) and

separation (200 ns) of the Hahn echo sequence were opti-

mized for maximum signal intensity and the field-swept

spectrum was detected by integrating over the full echo

width and averaging over 400 shots with 0.7 ms repetition

time in a single scan.

DNP sample preparation

0.9 mg HHRz in lyophilized form was dissolved in 0.2 mL

buffer solution containing 40 mM TEA and 0.2 M NaCl.

The solution was split in three equal volume samples and

lyophilized again. To each sample 40 lL of cryoprotecting

solution consisting of 60 % 12C3,d8-glycerol (99.95 % 12C,

98 % D; Euriso-Top), 30 % D2O (99.9 % D; Sigma-

Aldrich), and 10 % H2O was added, together with an

equimolar amount of MnCl2 or MgCl2 with respect to RNA.

Final concentrations were 0.4 mM of RNA and MnCl2 or

MgCl2, 0.33 M NaCl. For CE DNP 5 mM AMUPol (SATT

Sud-Est, Marseille, France) was added. For comparison of

build-up dynamics (see Table 1) and as cw EPR reference

for unbound Mn2? (see Figs. 6 and S3) 0.4 mM MnCl2 and

225 mM 13C,15N2-urea (99 % 13C, 98 % 15N; CortecNet,

Voisins-Le-Bretonneux, France) were dissolved in the
12C3,d8-glycerol/D2O/H2O mixture as described above.

DNP-enhanced MAS NMR spectroscopy

For experiments using bis-nitroxide as polarizing agent we

utilized a commercially available Bruker AVANCE II

DNP spectrometer operating at 400.2 MHz 1H frequency

with a Bruker Ultrashield 9.4 T widebore (89 mm) magnet.

263.4 GHz microwaves were produced by a Bruker gyro-

tron with 60 mA of beam current at which we found an

optimum 1H enhancement for AMUPol. Experiments were

performed at 112 K (mw on) or 104 K (mw off), read out

via a thermocouple inside the MAS stator.

For direct DNP using Mn2? as polarizing agent we utilized

a commercially available Bruker AVANCE III DNP
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spectrometer operating at 401.7 MHz 1H frequency. The

Bruker Ascent DNP magnet was centered at 9.40 T and

contained a superconducting sweep coil with a range of

±70 mT. The sweep coil was energized so that a field of

9.434 mT was reached. After the optimum DNP enhancement

was achieved the sweep unit was put into persistent mode. The

NMR frequencies were roughly re-calibrated using a 1H Bloch

decay and further referenced on the RNA spectrum.

263.4 GHz microwaves were produced by a Bruker gyrotron

operating at the maximum beam current of 115 mA. Experi-

ments were performed at 114 K (mw on) or 105 K (mw off),

read out via a thermocouple inside the MAS stator.

For all experiments radio frequency (rf) pulse powers

were set to 100, 50, and 40 kHz for 1H, 13C, and 15N,

respectively; 1H power was matched to 13C or 15N during

Hartmann-Hahn CP. SPINAL64 at 100 kHz was used for

broadband decoupling of 1H. All one-dimensional spectra

were measured after applying a pre-saturation pulse train

and subsequent polarization delay; for the acquisition of

build-up curves this delay was varied. The sample was

contained within a 3.2 mm sapphire rotor (Bruker) and

sealed with silicone soft plug and ZrO2 drive cap. Magic-

angle spinning with a spinning frequency of 10 kHz was

used for all experiments except proton-driven spin diffu-

sion (PDSD) correlation spectra where 10.8 kHz was

utilized.

Results and discussion

EPR spectroscopy of the Mn–HHRz complex

The 180 GHz EPR spectrum of a frozen solution of the

Mn2? complex of HHRz (Mn–HHRz) is depicted in Fig. 2

and shows only minor differences to the hexaaquo complex

(not shown). This is in agreement with previous compar-

isons at X- and Q-band frequencies (Morrissey et al. 2000).

The occurrence of a significantly larger electric field gra-

dient in the HHRz complex and thus resulting zero-field

splitting (electron quadrupole interaction) in combination

with slow tumbling of the biopolymer leads to a very broad

EPR spectrum in liquid solution. This allows for

unambiguous and quantitative determination of ‘‘free’’ (i.e.

not bound to HHRz) Mn2? by titration. Using continuous-

wave (cw) EPR spectroscopy at X-band frequency

(9.4 GHz) we have confirmed binding of a single Mn2? with

a dissociation constant in agreement with the previously

reported value of KD & 4 lM (Horton et al. 1998; Schie-

mann et al. 2003) even at the relatively low NaCl concen-

tration of 200 mM (Fig. S2). Because samples used for

DNP-enhanced NMR spectroscopy are prepared with a large

concentration of cryoprotecting glycerol we also verified

quantitative binding of Mn2? to HHRz in the same samples

after recording of NMR spectra. We were unable to detect

any unbound Mn2? (see Fig. S3) and therefore estimate the

ratio of ‘‘free’’ Mn2? to overall added Mn2? to be below

10 % which is in line with a dissociation constant in the low

lM range.

By using these methods the error in estimated KD is

relatively large, and practically no conclusion can be drawn

on the position and nature of the binding site. Nevertheless,

these experiments confirm that the majority of HHRz is

binding a single Mn2?. This is the most important factor

for the further analysis of direct, intra-complex DNP of 13C

as well as the investigation of paramagnetic interactions by

Mn2? on indirect 1H DNP.

Direct DNP of Mn–HHRz using endogenous Mn21

Since typically commercial DNP spectrometers are opti-

mized for 1H cross effect DNP using bis-nitroxide

Table 1 13C enhancement

factors and polarization build-

up time constants

Sample T (K)a e T
ð13

CÞ
B;f (s)b T

ð13
CÞ

B;s (s)c ud

Mg–HHRz ? AMUPole *112 420 ± 160 118 2840 0.38

Mn–HHRz ? AMUPole *112 160 ± 40 96 1954 0.53

Mn–HHRzf *114 8 ± 1 130 3043 1.13
13C,15N2-urea ? MnCl2

f *114 [4 215 5074 0.085

a Measured inside MAS stator. bFast (short) component. cSlow (long) component. dProportionality factor

according to Eq. (3). eMeasured at magnetic field optimized for cross effect DNP with nitroxides (9.40 T).
fMeasured at magnetic field optimized for 13C solid effect DNP with Mn2? (9.434 T)

Magnetic Field (T)
6.40 6.446.42 6.466.41 6.456.43

Fig. 2 180 GHz field-swept, electron spin echo detected EPR

spectrum of Mn–HHRz in 60/40 (v/v) glycerol/water at 80 K

J Biomol NMR (2015) 63:97–109 101

123



polarizing agents, it was required to shift the magnetic field

to the 13C solid effect matching condition of Mn2? for the

first demonstration employing the endogenous, paramag-

netic metal center as polarizing agent for a biomolecule.

The matching condition was estimated based on a simu-

lated EPR spectrum using Easyspin (Stoll and Schweiger

2006) and spectral superposition of the electron–nuclear

double and zero quantum transitions (Shimon et al. 2012).

The procedure is described in more detail in the SI where

we also show the simulation (Fig. S3). For exact matching

of the external magnetic field we utilized a special DNP-

dedicated NMR magnet (Bruker Ascent DNP) featuring a

superconducting sweep coil. After sweeping the magnet to

the estimated position the field was optimized in order to

maximize the intensity of the detected 13C spectrum

evoked by Bloch-decay under mw irradiation. In Fig. 3 the

obtained 13C spectrum is shown with and without mw

irradiation. An enhancement factor of e = 8 is induced by

intra-complex 13C SE DNP by Mn2?.

DNP of HHRz using AMUPol

In comparison, we also show spectra which have been

obtained with a ‘‘conventional’’ DNP approach, that is by

adding AMUPol as bis-nitroxide biradical polarizing agent

and employing 1H (indirect) DNP prior to cross polariza-

tion to 13C or 15N (CPMAS). A rather small biradical

concentration of 5 mM was chosen in order to minimize

potential signal quenching and/or broadening due to the

nitroxide spins and to be able to observe effects induced by

paramagnetic Mn2?. The 1H DNP enhancement is unex-

pectedly large with e = 240 ± 10 (Fig. 4) which signifi-

cantly surpasses what has been observed on protein

solutions—even with larger biradical concentrations—un-

der otherwise similar conditions. Even though enhance-

ment factors as large as 235 have been observed with

AMUPol in the case of a simple proline solution (Sauvée

et al. 2013), e is usually reduced within a protein by a

factor of 2–3; this loss of polarization can be recovered by

complete deuteration of non-exchangeable hydrogens

(Akbey et al. 2010). Also, in highly biologically relevant

mixtures such as cell envelopes or even whole cells the

enhancement factor drops significantly with increasing

complexity of environment (Renault et al. 2012). There-

fore, we attribute the large enhancement in RNA to the

absence of side-chain dynamics and most profoundly

methyl groups which provide for a dominant mechanism of
1H longitudinal relaxation by reorientation under similar

conditions in proteins or lipids (Glowinkowski et al. 1997;

Gutsche et al. 2004; Nozirov et al. 2006).

The large 1H enhancement obtained with AMUPol

seems to overshadow the relatively small enhancement

factor of 8 induced by Mn2? at first sight. Nonetheless, the

demonstration of intra-complex DNP with an endoge-

nously bound metal ion is an important step towards

alternative approaches using internal polarizing agents.

This becomes even clearer when this factor is compared to

similar approaches where nitroxide labels covalently bound

to lipids or proteins have been employed (Smith et al.

2015; Wylie et al. 2015). In these cases the observed

enhancement factors were of the same magnitude.

We also prepared a diamagnetic RNA complex using

Mg2? as diamagnetic reference in order to assess the

effects of paramagnetic Mn2? on the NMR spectrum. The
1H-DNP-enhanced 13C and 15N CPMAS spectra of this

Mg–HHRz is shown in Fig. 4 in direct comparison with

that of Mn–HHRz. Moderate reduction in signal amplitude

is observed in the presence of Mn2? for both 13C and 15N

CPMAS. Nuclear resonance quenching depended mainly

on the chemical environment: for 13C directly bonded to 1H

we observed a *12–14 % reduction in peak height, while

carbons not carrying hydrogen experienced a *20–30 %

signal decrease; in the 15N case the values converge to

*16 and 19–22 % presumably due to longer required CP

contact times. We tentatively attribute this signal reduction

without apparent broadening to a T1q-dominated param-

agnetic relaxation mechanism during Hartmann-Hahn

contact. Accelerated coherence decay and signal reduction

by paramagnets in DNP samples has been observed in

earlier studies (Corzilius et al. 2014; Lange et al. 2012;

13C Chemical Shift (ppm)
60160 140 120 80100

13C DPMAS
(Mn2+–13C SE DNP)

ε = 8±1Mn-HHRz

mw on

mw off

Fig. 3 13C DPMAS of Mn–HHRz, read-out via Bloch decay obtained

by employing Mn2? as only polarizing agent for SE at the matching

field at 9.43 T; 0.75 ppm exponential line broadening was applied

before Fourier transformation. On-spectra were obtained by co-adding

16 scans obtained with short (160 s) and 4 scans obtained with long

(3276 s) polarization time, respectively. For the off-spectra we co-

added 64 and 16 scans, respectively. Spectra are normalized with

respect to number of scans. A complete compilation of individual

direct-DNP enhanced spectra and their respective acquisition param-

eters is given in the SI (Fig. S5)
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Rossini et al. 2012), but no difference has been observed

between different nuclear environments in a biomolecule

and a clear identification of the major mechanism to T1q

relaxation has not been attempted. In order to investigate

this effect further, CP build-up and/or T1q relaxation

experiments on these HHRz samples are clearly of great

interest and are planned in our lab.

The TEA signal at 57 ppm—which arises from homo-

geneously dispersed buffer molecules and therefore is

expected to show the smallest effect due to Mn2?—expe-

rienced only *7 % signal reduction. Thus, the direct

binding of Mn2? to HHRz is reflected by a selective and

significantly stronger quenching of RNA resonances.

Analysis of polarization build-up dynamics

The 1H polarization build-up constant was determined by

saturation recovery. The data could be fitted perfectly with

a single exponential function and yielded T
1H
B ¼ 7:1 s. In

the diamagnetic Mg–HHRz the time constant was slightly

increased to 8.0 s (build-up curves are shown in the SI,

Fig. S6). This is accompanied by a slightly increased e of

*250 due to less efficient thermal contact of the 1H spin

bath to the lattice. The effects of Mn2? on 1H DNP are

negligible which can be expected when extrapolating

studies on paramagnetic effects to small paramagnet con-

centrations of\0.5 mM (Corzilius et al. 2014).

Direct polarization (DPMAS) read-out of 13C using

Bloch decay can potentially be a quantitative measure of

polarization since it is not influenced by differences in 1H

environment. However, at cryogenic temperatures the

longitudinal relaxation times of 13C become prohibitively

long for full recovery of longitudinal magnetization

between scans. In fact, we observed large enhancements

and a bi-exponential build-up behavior for both Mn- and

Mg–HHRz (see Table 1 for details; a full overview of

spectra and build-up curves is given in the SI, Figures S5

and S7). Using the fitting function

IðtÞ / u 1 � exp � t

TB;f

� �� �
þ 1 � exp � t

TB;s

� �� �
; ð3Þ

a fast (f) and a slow (s) build-up time constant have been

determined which lie in the range of *100 s and

*2000–3000 s, respectively, for all samples. We tenta-

tively ascribe the fast and slow build-up components to a

direct contact between 13C and the electron spin(s) as well

as relayed contact involving 13C–13C spin-diffusion

through the 13C depleted matrix (see details below). Fur-

thermore, 13C DPMAS spectra show visible broadening

depending on the chosen pre-polarization delay (Fig. S5).

This is caused by non-statistical weighting of resonances

from nuclei in close proximity to the polarizing agent by

fast longitudinal build-up and/or large DNP enhancements.

The presence of Mn2? again has a negligible impact on the

observable spectrum. This might seem surprising, but can

be explained by the relatively large concentration of

AMUPol; at 5 mM each HHRz of about *6 nm globular

13C Chemical Shift (ppm)
60160 140 120 80100

mw on

mw off
×25

scaling factor Mn: 1.204
UC4

CC4
(23%)

GC6
(33%)

CC2
(25%)

AC6

GC2
(21%)

UC2
(14%)

AC2

AC4

GC4 UC6

AC8

CC6

(12%)}

GC8

AC5
GC5

(22%)} UC5
(8%)

CC5

C1’
(14%) C5’

(13%)

C3’
(14%)

C2’
(14%)

C4’
(13%)

*

TEA
(7%)

13C CPMAS
(nitroxide–1H CE DNP)

ε = 240±10
ε = 250±10

Mn-HHRz + AMUPol
Mg-HHRz + AMUPol

(A)

100200 60
15N Chemical Shift (ppm)

mw on

mw off
×25

140160180220240 80120

15N Chemical Shift (ppm)
160168 156164

GN7
(22%) AN1

(22%)

AN3
(17%)

AN7

CN3
(22%) AN9

GN9

UN3

GN3

CN1

GN1

UN1

(19%)}(20%)}

CNH3
(16%) ANH3

GNH3
(16%)

15N CPMAS
(nitroxide–1H CE DNP) ε = 240±10

ε = 250±10

Mn-HHRz + AMUPol
Mg-HHRz + AMUPol

(B)

Fig. 4 DNP-enhanced 13C (a) and 15N (b) CPMAS spectra of Mn–

HHRz (solid magenta line) and Mg–HHRz (blue dashed line)

recorded with 16 scans and 64 scans, respectively; non-enhanced

spectra (lower trace, ‘mw off’) are 512 scans in both cases. On- and

off-spectra are normalized with respect to number of scans. Recycle

delays were 9 and 10 s for the Mn- and the Mg–HHRz, respectively.

The off-signal was also multiplied with a factor 25 (middle trace) for

better visibility. Resonances have been assigned to nucleotide atoms

based on two-dimensional spectra (see below); a MAS sideband from

C5’ is marked with an asterisk and a 13C signal from TEA buffer in

natural abundance is occurring around 57 ppm. Values in parentheses

represent relative signal loss due to presence of Mn2?; absolute

intensities of spectra have been normalized by sample weight to

correct for slightly different rotor filling. The lighter spectra are

vertical magnifications with a factor 2.5 for better visibility of weaker

signals. The inset shows the area marked by the dotted box
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diameter is surrounded statistically by *4 AMUPol

molecules (accordingly 8 nitroxide spins) within 1 nm

distance. This could also explain the highly efficient direct
13C DNP in the isotope-depleted matrix; however,

unspecific interactions between RNA and AMUPol cannot

be excluded at the present time. The single Mn2? at the

defined binding position on the other hand leaves many

nuclei at a distance of 3 nm and larger. Nevertheless, we

observed a significant reduction in 13C enhancement from

*420 in Mg–HHRz to *160 in Mn–HHRz, leaving us

with the conclusion that e is significantly reduced by more

efficient nuclear spin–lattice relaxation induced by the

paramagnetic metal ion.

Build-up time constants for direct Mn2?–13C SE DNP

are similar to time constants measured for the Mg–HHRz

samples including AMUPol and are significantly longer

than those for Mn–HHRz including AMUPol (the latter

two were measured under 13C CE DNP). This seems nat-

ural because paramagnetic relaxation rates induced by

Mn2? and AMUPol are additive in first order. Interestingly,

the relative contribution of the fast and slow build-up

components are inverted compared to both AMUPol con-

taining samples. We explain this by the occurrence of

parallel, competing relaxation modes, namely a direct as

well as a relayed polarization transfer pathway via 13C–13C

spin diffusion. By depletion of the 13C abundance in

glycerol to 0.05 % not only a significant background signal

is diminished but—more importantly—the 13C–13C spin-

diffusion between RNA molecules is suppressed. There-

fore, directly bound Mn2? can transfer polarization more

efficiently through the direct pathway while AMUPol—

though a more efficient polarizing agent due to cross

effect—relies on spin-diffusion through the matrix. In

order to confirm this hypothesis we prepared a reference

sample comprised of 225 mM 13C,15N2-urea and 0.4 mM

MnCl2 dissolved in the same glycerol/water mixture. This

sample provides concentrations of 13C and Mn2? which are

equal to those in the Mn–HHRz solution; although both 13C

and Mn2? are now homogeneously dispersed within the

glassy matrix. In contrast to Mn–HHRz the bi-exponential

polarization build-up features only a minor contribution of

a fast component while the majority of spin polarization

built up with a time constant of *5000 s, as can be seen in

Table 1 and Fig. 5. This confirms our initial assignment of

polarization build-up modes due to the absence of any

efficient direct DNP transfer pathway from Mn2? to 13C in

combination with slow spin-diffusion through the diluted
13C network. For DNP with AMUPol an intermediate sit-

uation is encountered: the large molar excess of biradicals

leads to a high probability of sufficiently close RNA–ni-

troxide contacts and opens the direct polarization pathway,

nevertheless, in significantly lower extend as compared to

the endogenous polarizing agent.

Given the rather long polarization delays used for direct

Mn2?–13C SE DNP (160 and 3276 s), enhanced magneti-

zation can efficiently exchange throughout the uniformly

labeled biomolecule by 13C–13C spin diffusion. Therefore,

a site-selective enhancement cannot be expected. Never-

theless, we notice slight differences in relative peak

intensities, most visible in the spectral area between 150

and 160 ppm. This might indicate selective resonance

quenching/broadening and/or non-uniform enhancements

of nuclei in the direct vicinity of Mn2?. For further

investigation of these sought-after effects, experiments

using specifically isotope-labeled RNA are required in

order to not only suppress equilibration of polarization by

spin-diffusion but also to allow for unambiguous assign-

ment of resonances to atomic sites in the large nucleic acid

molecule.

Two-dimensional correlation spectroscopy

The large 1H enhancements allowed us to obtain two-di-

mensional 13C–13C and 15N–13C correlation spectra with

excellent signal-to-noise ratio in short time, as shown in

Fig. 6. Since both techniques utilize 1H magnetization with

an initial 1H–13C or 1H–15N CP step, the enhancement

factors measured by simple CP read-out also apply for the

correlation spectra. Proton-driven spin diffusion (PDSD)

was allowed for 100 ms mixing time for magnetization

transfer over distances significantly longer than a C–C

bond (Bloembergen 1949; Szeverenyi et al. 1982). In

another experiment, transferred-echo double resonance

(TEDOR) with a mixing time of 1.6 ms was utilized for

recoupling of 15N–13C pairs in relatively close distance

comparable to typically one to two bonds (Hing et al. 1992;
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Fig. 5 Direct 13C DNP build-up curves for 0.4 mM Mn–HHRz

complex (magenta) and 0.4 mM MnCl2 with 225 mM 13C,15N2-urea

(orange) both using Mn2?–13C SE DNP. Curves were obtained by

pre-saturation of 13C and following polarization delay of varying time

s and normalized to the extrapolated polarization at infinite time
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Jaroniec et al. 2002). Despite an overall intensity loss

comparable to that observed in simple CP experiments, the

effect of Mn2? is minimal: only a very minor broadening

can be observed in Mn–HHRz; additionally, several cross

peaks show slightly larger relative intensity presumably

due to more efficient recoupling by faster transverse

relaxation during longitudinal mixing.

The combination of short range 15N–13C and long range
13C–13C correlations allowed us to assign a consistent set

of resonances to the atoms in each nucleotide type (see SI,

Tables S1 and S2, and Fig. S8). Every expected intra–nu-

cleotide correlation has been clearly observed and

assigned; additionally several inter–nucleotide resonances

are visible and indicate close contacts due to base pairing

or nucleotide stacking. Especially the resonances of cyti-

dine-C5 and uridine-C5 show the largest number of

unambiguous inter–nucleotide couplings due to their very

large relative CP signal intensity caused by the directly

bonded 1H in combination with little spectral overlap. For

the C6 atoms of the same nucleotides a similar situation is
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Fig. 6 DNP-enhanced 15N–13C TEDOR (a) and 13C–13C PDSD

(b) correlation spectra of Mn–HHRz, and the respective TEDOR

(c) and PDSD (d) spectra of Mg–HHRz. TEDOR spectra were

recorded with 1.6 ms mixing time, 56 t1 slices with 100 ls increment

and 64 scans each (representing two 32-step phase cycles). Recycle

delays of 8 and 9 s were used for Mn–HHRz and Mg–HHRz,

respectively, resulting in 8 and 9 h acquisition time. A sine bell

window function was applied in both dimensions and the spectra were

Fourier-transformed after zero filling to 4096 9 1024 points. PDSD

spectra were recorded with 100 ms mixing time, 128 t1 slices with

44 ls increment and one 16-step phase cycle. A recycle delay of 9 s

was used for both Mn–HHRz and Mg–HHRz, resulting in 5 h

acquisition time. A sine bell window function was applied in both

dimensions and the spectra were Fourier-transformed after zero filling

to 4096 9 1024 points. All resonances above 170 ppm or below

62 ppm 13C chemical shift are attributable to spinning sidebands
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expected, but mutual spectral overlap between cytidine-C6

and uridine-C6 and additional overlap with adenosine-C8

impedes unambiguous assignments. Also it is noteworthy

that several nucleobase resonances feature a large chemical

shift dispersion which is often correlated with a shift of a

coupled resonance potentially allowing for the identifica-

tion of structural elements given single-site resolution can

be achieved by higher-dimensional correlation spec-

troscopy or selective isotope labeling.

In Fig. 7 we present slices taken out of the two-di-

mensional correlation spectra in order to demonstrate the

impressive signal-to-noise ratio obtained by DNP. Clearly

the enhanced signal intensity is sufficient to extend the

space into three or even more dimensions for increased

chemical shift dispersion selectivity and/or for peak

assignment using more sophisticated strategies (Marchanka

et al. 2013). Some broadening induced by Mn2? seems to

occur in the down-field shifted region above 140 ppm as is

visible in the PDSD slice. This might arise from direct

magnetic interactions between the electron spin of Mn2?

and the aromatic carbons of nucleobases close to the

binding site. The large spectral overlap in the unselective

one-dimensional CP experiment masks this broadening in

Fig. 4.

Even though the intrinsically strong overlap of reso-

nances in large nucleic acid molecules in the solid state often

does not allow for assignment of individual nucleotides

(Abramov and Goldbourt 2014), we can nevertheless iden-

tify several interesting, distinct spectral features not

observed in solution NMR spectra of RNA. For example, we

observe the occurrence of several 15N correlation peaks to

cytidine-C4 centered at a 13C chemical shift of 167.3 ppm

(see Fig. 8). A rather narrow but intense peak is found at a
15N chemical shift of 198.2 ppm which we attribute to

cytidine-N3 due to the sole coupling to cytidine-C2 at

158.2 ppm (besides C4). However, this resonance typically

is reported to occur around 210 ppm with a narrow distri-

bution. We found a broader resonance of smaller peak

intensity at 227.3 ppm which is also coupled to cytidine-C2,

-C4, and additionally to guanosine-C2 (although coupling to

guanosine-C6 has not been observed). We tentatively attri-

bute this to an alternative conformation of cytidine, which

might be stabilized by Watson–Crick base pairing to

guanosine. Fast exchange between these conformations in

liquid state leads to coalescence of the resonances and

occurrence of a single peak at the mean chemical shift of

*210 ppm. Please note that the simple analysis of peak

intensities of the correlation spectra does not allow for the

determination of conformational populations. A (tentatively

assigned) third correlation resonance between cytidine-N3

and –C4 can be found at a 15N chemical shift of 152.2 ppm.

This significant upfield shift by *50 ppm—together with

observed coupling to 13C resonances at 158.2 ppm (cy-

tidine-C2) and *134 ppm (guanosine-C8)—could be

Mn-HHRz
Mg-HHRz

13C Chemical Shift (ppm)
60160 140 120 80100

13C Chemical Shift (ppm)
60160 140 120 80100

13C–13C PDSD
slice at 74.8 ppm 13C indirect dimension

(A)

15N–13C TEDOR
slice at 153.6 ppm 15N indirect dimension

(B)

×10

Fig. 7 One-dimensional slices of correlation spectra of Mn–HHRz

and Mg–HHRz. a Slice taken out of PDSD (Fig. 6) at a 13C chemical

shift of 74.8 ppm corresponding to C2’ resonance of all nucleotides.

The light lines are a vertical magnification by a factor 10 for better

visibility of the low-intensity aromatic regions. b Slice taken out of

TEDOR (Fig. 6) at a 15N chemical shift of 153.6 ppm corresponding

to cytidine-N1 resonance. No apodization (window function) was

applied in the direct dimension of both spectra to allow for

demonstration of signal/noise ratio
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Fig. 8 Section of 15N–13C correlation spectrum showing heteroge-

neous splitting of cytidine-N3 into three resonances (marked with

dashed lines). Resonances are labeled with nucleotide type (i.e. A, G,

C, and U) and atom label according to Fig. S8. For inter-nucleotide

contacts (red) both nucleotides are given in the label; for intra-

nucleotide contacts (black) the nucleotide is given only as first

character of the label
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explained by protonation of cytidine-N3 and base pairing to

guanosine in a Hoogsteen-type conformation. The occur-

rence of Hoogsteen-type base pairs in the tertiary structure

of HHRz has been observed (Chi et al. 2008; Martick and

Scott 2006). In order to vet this tentative conformational

analysis further experiments are clearly required. Never-

theless, these preliminary findings clearly guide the way for

future investigations.

Conclusion

In conclusion, uniformly isotope-labeled RNA can be

efficiently polarized in a cryoprotecting frozen solution.

The endogenously bound Mn2? in HHRz can be used as

polarizing agent for 13C DNP of ribonucleic acid as we

have shown in this first demonstration of direct, intra-

complex DNP transfer in a biomolecule. Even though the

enhancement factor is moderate and equilibration of

enhanced polarization most probably occurs over the

course of several tens or hundreds of seconds during build-

up in uniformly 13C-labeled biomolecules, the analysis of

build-up dynamics in combination with potentially non-

uniform enhancements in sparsely or selectively labeled

samples might allow for the observation of site-selective

DNP and may bear invaluable information for structural

biology problems. Furthermore, with typical bis-nitroxide

polarizing agents, 1H enhancement factors of up to 250

have been observed which surpass those commonly

observed in proteins due to the absence of fast-reorienting

methyl groups. Furthermore, the presence of an endoge-

nously bound paramagnetic Mn2? ion only marginally

influences the enhancement and linewidth as far as the

analysis of overlapping resonances in the 59-mer allows.

Analysis of two-dimensional 15N–13C and 13C–13C corre-

lation spectra indicate the occurrence of multiple distinct

conformations which would be interconverting in the liquid

state but are trapped in the frozen solution. Therefore,

MAS DNP in the cryogenic solid state allows for direct

access of these otherwise ‘‘hidden’’ states as opposed to

indirect detection methods in solution (Nikolova et al.

2011). During the preparation of this manuscript, March-

anka et al. have demonstrated nearly complete atomic site

assignments of a small (26 nucleotides) RNA within a

protein complex by MAS NMR (Marchanka et al. 2015).

Extension of MAS NMR spectra to three or more spectral

dimensions—not possible without the outstanding signal-

to-noise ratio evoked by DNP (Marchanka et al. 2015)—

would aid the development of efficient assignment proto-

cols similar to those already available for proteins (Franks

et al. 2007; Li et al. 2007; Pauli et al. 2001) and adapted for

RNA structural biology by Marchanka et al. (Marchanka

et al. 2013). This could establish DNP-enhanced MAS

NMR as a valuable addition to the already existing toolbox

for the structural biology of nucleic acids.

Additional information

Supporting Information. Native PAGE assay, dissocia-

tion constant determination, EPR confirmation of Mn2?

binding in DNP samples, Mn2?–13C SE simulation, full set

of direct 13C DNP spectra, build-up curves, and resonance

assignment.
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Native PAGE assay 

 

 

Figure S1. Native polyacrylamide gel electrophoresis (PAGE) assay performed in order to confirm purity of the RNA after 
purification. An 8% polyacrylamide (PAA) gel was used with 650 µg of RNA. Two purified transcription products from separate 

preparations are shown; the product on the right was used for all MAS DNP experiments in this work. No marker was used. 
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Confirmation of Mn2+ binding to HHRz and determination of 

dissociation constant 

Determination of dissociation constant in aqueous buffer solution 

For determination of KD we determined the relative intensity of the isotropic Mn2+ EPR spectrum in aqueous solution. 

Due to binding of Mn2+ to HHRz the rotational correlation time increases dramatically, thus the severely broadened 

spectrum of Mn2+ in a complex with HHRz cannot be detected with conventional solution EPR. This allows us to 

determine the relative concentration of “free” (unbound) Mn2+ ([Mn2+]) as a function of overall added [Mn2+]0 from MnCl2 

(Fig. S2). 

 

 

Figure S2. Determination of dissociation constant KD for Mn-HHRz complex. 

The data was fitted with a simple dissociation kinetics according to 

 2+Mn-HHRz  Mn HHRz .  (1.1) 

The dissociation constant is defined as 

 
 

 

2+

D

Mn HHRz

Mn-HHRz
K

  
   (1.2) 

where [HHRz] is the concentration of the “free” HHRz without bound Mn2+, and [Mn-HHRz] is the concentration of the 

complex. Under the condition that both Mn2+ as well as HHRz exist only in their free or complex bound form, this can 

be rearranged as 

 
   

2
2+ 2+

D D0 02+ 2+0 0
D 0

Mn HHRz Mn HHRz
Mn Mn

2 2

K K
K

                     
 

. (1.3) 

The fit yielded a dissociation constant of KD ≈ 4 µM which is in good agreement with earlier studies[2] and confirms 

selective binding of a single Mn2+ to HHRz at NaCl concentration at or above 100 mM and Mn2+ concentration of up to 

250 µM. 
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Confirmation of Mn2+ binding to HHRz in glycerol/water DNP samples 

In order to confirm the binding of Mn2+ to HHRz in the samples used for DNP the solution was transferred to 1.1 mm 

i.d. CFQ EPR tubes after DNP experiments. The small diameter tubes were placed inside a 4 mm o.d. EPR tube for 

reduction of dielectric losses inside the aqueous solution. The cw EPR spectra were recorded at X-band and room 

temperature under equal conditions within the same day to ensure quantitative comparability. Sample tubes were filled 

with comparable sample volumes resulting in ~10 mm sample height, however, an uncertainty of ±20% in signal 

amplitude is assumed due to unavoidable variations in cavity tuning and matching, dielectric loss, as well as sample 

tube placement. Spectra are shown in Fig. S3. 

 

 

Figure S3. EPR spectra used for confirmation of Mn2+ binding to HHRz in DNP samples. For all samples the same solvent mixture 
of 60/40 (vol.-%) glycerol/water was used as described in the experimental section. Nitroxide signals (between 330 and 342 mT) are 
clipped for better visibility of Mn2+ signals). A negligible contamination with a nitroxide impurity of low µM concentration is visible for 

samples without intentional addition of AMUPol, probably due to contamination of reused sealing silicone soft plugs. This small 
concentration should have virtually no effect on DNP. 

Without HHRz a typical Mn2+ sextet spectrum is observed; the linewidth is larger than typically observed in water due 

to larger viscosity of the glycerol/water mixture. The rather large concentration of urea has no visible influence on the 

spectrum as we have confirmed by measurement of a sample excluding urea (not shown). 

The presence of HHRz leads to a clear reduction of cw EPR signal amplitude of Mn2+ due to longer rotational correlation 

times; the linewidth is dramatically increased and the typical sextet structure is barely visible. No difference is observed 

due to presence of nitroxide. We therefore conclude that ~90% or more of Mn2+ is bound to HHRz which is in perfect 

agreement with a KD in the low µM range. 
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Estimation of the Mn2+–13C solid effect matching condition 

For the estimation of the required field position for Mn2+–13C solid effect matching we simulated an EPR spectrum with 

parameters obtained from 180 GHz EPR spectra of Mn-HHRz using Easyspin.[3] Note that only the position of the lines 

is significant; the detailed lineshape and width of each hyperfine line was not optimized. The SE field profiles were 

simulated by spectral overlap of positive and negative enhancements at the zero and double quantum transitions 

according to 

      0 0

SE 0 EPR 0 EPR 0
I I

S S

ω ω

γ γ
ε B g B g B    . (1.4) 

similar to what has been described by Shimon et al.[4] In Figure S4 the resulting DNP spectra are shown. After setting 

the field to the estimated position a 13C enhancement was immediately observed and allowed for optimization of the 

enhancement by varying the field in small increments. 

 

 

Figure S4. Estimation of 1H (red), 13C (blue), and 15N (green) matching conditions for SE DNP using Mn2+ as polarizing agent. The 
simulated EPR spectrum is shown on top of the graph in black. The field positions used for DNP is marked with a blue arrow. 
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MAS NMR spectra 

Direct 13C DNP enhanced spectra (Bloch decay) 

 

 

Figure S5. Direct Polarization 13C MAS NMR spectra of 0.4 mM Mn-HHRz complex utilizing Mn2+ SE condition (top), of 0.4 mM Mn-
HHRz complex containing 5 mM AMUPol utilizing nitroxide CE condition (middle), and 0.4 mM Mg-HHRz complex containing 5 mM 
AMUPol utilizing nitroxide CE condition (bottom). For each sample a spectrum representative of the fast build-up component (left) 

and the slow build-up component (right) is shown. Polarization times and numbers of scans are given in the figure. The top spectra 
are Fourier-transformed using a 0.75 ppm (75 Hz) exponential line broadening, while for the middle and bottom spectra no line 
broadening window function was applied. DNP-enhanced spectra (mw on) are shown in direct comparison with non-enhanced 

spectra (mw off) and 10-fold vertically magnified spectra (×10) for samples containing AMUPol. Enhancement factors are given in 
Table 1 in the main text. All spectra are normalized to maximum intensity of the DNP-enhanced spectrum. 
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Build-up curves of enhanced 1H polarization 

 

 

Figure S6. Indirect 1H DNP build-up curves for 0.4 mM Mg-HHRz complex (blue) and 0.4 mM Mn-HHRz complex (violet) with 5 mM 
AMUPol measured via cross polarization to 13C. Curves were obtained by pre-saturation of 1H with a following polarization delay of 

varying time τ and were normalized to the extrapolated polarization at infinite time. 

Build-up curves of enhanced 13C polarization 

 

 

Figure S7. Left: Direct 13C DNP build-up curves for 0.4 mM Mg-HHRz complex (blue) and 0.4 mM Mn-HHRz complex (violet) with 
5 mM AMUPol. Right: Direct 13C DNP build-up curves for 0.4 mM Mn-HHRz complex (magenta) and 0.4 mM MnCl2 with 225 mM 

13C,15N2-urea (orange) both using Mn2+ solid effect. Curves were obtained by pre-saturation of 13C with a following polarization delay 
of varying time τ and were normalized to the extrapolated polarization at infinite time. 
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Assignment of NMR resonances 

Resonances have been assigned starting from clearly identifiable resonances, which are the amines as well as the C4 

of pyrimidines which feature the largest downfield shift. This allowed for a complete assignment of all resonances 

without ambiguities. We generated a single consistent set of resonances which is compiled in Table S1 and used for 

labeling of two-dimensional correlation peaks in Fig. S8. We observed multiple peaks we attributed to cytidine-N3 as is 

described in detail in the main manuscript. A matrix with observed 13C–13C correlation peaks is shown in Table S2. All 

intra–nucleotide correlation have been observed with the exception of a few resonances originating from guanosine-

C4, -C5, and -C6, as well as adenosine-C5. Note that these atoms do not carry a single proton along the directly 

connected carbon chain and therefore feature extremely small CP efficiency. Nevertheless, all expected resonances 

have been observed in the direct dimension. Chemical shift dispersion and peak doubling has been observed 

experimentally for several resonances, however, unambiguous assignment was not possible due to spectral overlap. 

Table S1. List of assigned resonances and chemical shift used for generation of a single consistent set for peak assignment. 

nucleobase 
atom 

15N chemical 
shift (ppm) 

 
nucleobase 

atom 

13C chemical 
shift (ppm) 

 
ribose 
atom 

13C chemical 
shift (ppm) 

A N1 223.6  A C2 153.5  A C1' 92.7 

A N3 213.4  A C4 147.6  A C2' 75.1 

A N7 229.2  A C5 120.3  A C3' 71.5 

A N9 173.7  A C6 157.5  A C4' 81.5 

A NH2   88.1  A C8 138.5  A C5' 63.6 

G N1 149.1  G C2 155.6  G C1' 92.2 

G N3 160.1  G C4 150.5  G C2' 74.5 

G N7 234.1  G C5 118.4  G C3' 71.3 

G N9 171.4  G C6 161.0  G C4' 81.7 

G NH2   79.4  G C8 134.8  G C5' 63.5 

C N1 153.1  C C2 158.2  C C1' 92.9 

C N3 198.2  C C4 167.3  C C2' 74.7 

(C N3) (227.3)  C C5   97.2  C C3' 71.1 

(C N3) (152.2)  C C6 140.5  C C4' 81.1 

C NH2 100.1     C C5' 63.6 

U N1 149.3  U C2 152.3  U C1' 93.4 

U N3 165.1  U C4 168.9  U C2' 74.5 

   U C5 103.0  U C3' 71.1 

   U C6 141.2  U C4' 81.4 

      U C5' 63.6 

 

 

 

 

Figure S8. Chemical structures of nucleosides adenosine (A), guanosine (G), cytidine (C), and uridine (U) with atomic numbering 
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Figure S9 (previous page). Nucleotide-type specific resonance assignments of 15N–13C TEDOR (top) and 13C–13C PDSD (bottom) 
correlation spectra. For simplicity only nucleotide type (i.e. A, G, C, U) and atom number (1-9 for nucleobase and 1’-5’ for ribose) are 

used for labeling. Amines are labeled as such (NH2); nucleus type (C or N) has been omitted. For atom numbering see Fig. S8. 
Tentative inter–nucleotide contacts are labeled in red; correlations of alternative conformations are labeled with gray or light red. 

 

 

Table S2. Matrix representation of observed and assigned 13C–13C correlation peaks. Columns and rows represent direct and 
indirect dimensions (i.e. horizontal and vertical frequency axes) of the PDSD experiment. 

  C2 C4 C5 C6 U2 U4 U5 U6 G2 G4 G5 G6 G8 A2 A4 A5 A6 A8 1' 2' 3' 4' 5' 

C2 X X X X                             X X X X X 

C4 X X X X         X   X               X X X X X 

C5 X X X X X   X   X X X X   X X X     X X X X X 

C6 X X X X                            X X X X X 

U2         X X X X                     X X X X X 

U4         X X X X           X X   X   X X X X X 

U5         X X X X     X       X X X   X X X X X 

U6         X X X X             X       X X X X X 

G2                 X X X X X           X X X X X 

G4     X X         X X X X X            X X   

G5                 X X X X X                

G6                 X X X X X                

G8       X         X X X X X           X X X X X 

A2     X                     X X X X X X X X X X 

A4           X               X X X X X X X X X X 

A5               X           X X X X X      

A6             X             X X X X X X X X X X 

A8                           X X X X X X X X X X 

1' X X X X X X X X X X X X X X X X X X X X X X X 

2' X X X X X X X X X X X X X X X X X X X X X X X 

3' X X X X X X X X X X X X X X X X X X X X X X X 

4' X X X X X X X X X X X X X X X X X X X X X X X 

5' X X X X X X X X X X X X X X X X X X X X X X X 
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Gd(III) and Mn(II) complexes for dynamic nuclear
polarization: small molecular chelate polarizing
agents and applications with site-directed spin
labeling of proteins†

Monu Kaushik,ab Thorsten Bahrenberg,‡ab Thach V. Can,c Marc A. Caporini,§d

Robert Silvers,bce Jörg Heiliger,ab Albert A. Smith,¶c Harald Schwalbe,be

Robert G. Griffinc and Björn Corzilius*abc

We investigate complexes of two paramagnetic metal ions Gd3+ and Mn2+ to serve as polarizing agents

for solid-state dynamic nuclear polarization (DNP) of 1H, 13C, and 15N at magnetic fields of 5, 9.4, and

14.1 T. Both ions are half-integer high-spin systems with a zero-field splitting and therefore exhibit a

broadening of the mS = �1/2 2 +1/2 central transition which scales inversely with the external field

strength. We investigate experimentally the influence of the chelator molecule, strong hyperfine

coupling to the metal nucleus, and deuteration of the bulk matrix on DNP properties. At small Gd-DOTA

concentrations the narrow central transition allows us to polarize nuclei with small gyromagnetic ratio

such as 13C and even 15N via the solid effect. We demonstrate that enhancements observed are limited

by the available microwave power and that large enhancement factors of 4100 (for 1H) and on the

order of 1000 (for 13C) can be achieved in the saturation limit even at 80 K. At larger Gd(III)

concentrations (Z10 mM) where dipolar couplings between two neighboring Gd3+ complexes become

substantial a transition towards cross effect as dominating DNP mechanism is observed. Furthermore,

the slow spin-diffusion between 13C and 15N, respectively, allows for temporally resolved observation of

enhanced polarization spreading from nuclei close to the paramagnetic ion towards nuclei further

removed. Subsequently, we present preliminary DNP experiments on ubiquitin by site-directed spin-

labeling with Gd3+ chelator tags. The results hold promise towards applications of such paramagnetically

labeled proteins for DNP applications in biophysical chemistry and/or structural biology.

Introduction
Dynamic nuclear polarization

Over the last two decades high field dynamic nuclear polarization
(DNP) has emerged as a prominent field of research and has
impacted approaches to solution NMR, solid-state or magic-angle
spinning (MAS) NMR, electron paramagnetic resonance (EPR),
and magnetic resonance imaging (MRI). Furthermore, DNP has
spawned fundamental investigations and new applications in
each of these areas. For example, the development of the
instrumentation for MAS DNP at high magnetic fields1–4 has
catalyzed fundamental studies of quantum mechanical properties
of spin-systems,5–14 applications in materials science15–20 and
structural biology.21–30

DNP polarizing agents and field profiles

Paramagnetic species act as polarizing agents by transferring
the large electron spin polarization to nuclear spins upon
irradiation with microwaves (mw) of an appropriate frequency.
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Received 2nd July 2016,
Accepted 12th August 2016

DOI: 10.1039/c6cp04623a

www.rsc.org/pccp

PCCP

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
A

ug
us

t 2
01

6.
 D

ow
nl

oa
de

d 
on

 0
4/

04
/2

01
7 

17
:5

1:
50

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue



27206 | Phys. Chem. Chem. Phys., 2016, 18, 27205--27218 This journal is© the Owner Societies 2016

Microwave radiation is generated by either a solid-state source
or—in the case of MAS DNP—by a gyrotron maser source due to
the high power requirement in the absence of a mw resonance
structure.31 Since gyrotrons typically emit a fixed, narrow-band
frequency the NMR magnetic field has to be adjusted if
polarizing agents with varying EPR resonance fields are to be
used or investigated.

In Fig. 1 we give an overview of several polarizing agents
representing different classes of paramagnetic substances.
TOTAPOL32 is one of the most prominent examples of bis-
nitroxide biradicals38,39 which allow for efficient cross effect (CE)
DNP of 1H and 13C.33 Trityl OX06340 and SA-BDPA34 are water-
soluble, persistent organic (carbon-based) radicals with rather
narrow EPR resonances. At 5 T the linewidth of trityl (B50 MHz)

only allows for the solid effect (SE) of 1H with 212 MHz Larmor
frequency,35,41 while the smaller frequency of 13C (53 MHz) leads
to efficient CE.7,36 For SA-BDPA with 28 MHz linewidth both
nuclei can only be polarized via the SE.34,36 Paramagnetic metal
complexes of Gd3+ and Mn2+ have been demonstrated as
polarizing agents for 1H DNP earlier;37 recently we have shown
that Mn2+ naturally bound to RNA can be used to hyperpolarize
13C within a nucleic acid complex.42 Even though the enhancement
factors cannot compete quantitatively with the highly efficient
bis-nitroxides, the natural occurrence in metalloproteins—in
the case of Mn2+—or the possibility to replace diamagnetic
metal ions such as Mg2+ or Ca2+ make these high-spin metal
ions interesting targets for further research.

DNP with intrinsic polarizing agents

One aspect that has become of particular interest is the
incorporation of polarizing agent with respect to the analyte.
In ‘‘conventional’’ studies the polarizing agent—consisting of a
paramagnetic molecule and providing the large electron polari-
zation to be transferred to the nuclear spins—is dissolved in a
cryoprotecting matrix. The matrix is highly deuterated with
reduced proton abundance of B10% in order to optimize
signal enhancement factors and transfer of enhanced polariza-
tion to the analyte via spin-diffusion.43 This method has been
successfully applied to several biological sample systems,
including membrane proteins in native phospholipid environ-
ments as well as liposomes,22,26,44,45 and dispersed micro-/
nano-crystalline proteins and peptides or amyloid fibrils.25,46–48

A similar approach is used for microcrystalline materials49 or by
impregnation wetting of insoluble materials with polarizing agent
solutions for surface-enhanced NMR spectroscopy.17

Immobilized paramagnetic species being covalently or non-
covalently bound to or near the biomolecule to be investigated
have recently attracted interest. In a first and elegant demon-
stration an endogenous flavin in its reduced semiquinone
radical form has been used to polarize 1H within the protein.50

Besides circumventing the addition of a solvent matrix and
potential phase separation,51–54 this approach is also aimed
towards more efficient utilization of enhanced nuclear polari-
zation near the site of interest at high magnetic field and fast
MAS where spin-diffusion efficiency is limited,55 and towards
further structural insights by analysis of site- or state-specific DNP
enhancement.56,57 Furthermore, we have shown that endo-
genously bound, diamagnetic metal ions can be substituted
with paramagnetic analogs in order to allow for DNP of
ribonucleic acids.42

Paramagnetic metal chelates in magnetic resonance

Gd(III) and Mn(II) chelate complexes are currently in the focus
of several magnetic resonance techniques, including their use
as efficient contrast agents in magnetic resonance imaging
(MRI).58–61 Spin labels based on Gd(III) have been demonstrated
for distance measurements by dipolar EPR spectroscopy.62–69

Additionally, both Mn2+ and Gd3+ have been used to study metal
binding to biomolecules by paramagnetic relaxation enhance-
ment of nuclear spins in solution NMR.70,71 Similarly both ions

Fig. 1 EPR spectra (top) as well as field-dependent 1H (middle) and 13C
(bottom) DNP profiles of various polarizing agents at 140 GHz mw
frequency. TOTAPOL DNP data taken from ref. 32 (1H) and 33 (13C). SA-BDPA
and trityl OX063 data from ref. 34 and 35, respectively, except 13C DNP profiles
which were taken from ref. 36. Gd(III) and Mn(II) EPR spectra taken from ref. 37;
DNP data from this work.
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have been artificially attached to proteins by site-directed spin
labeling with chelators for determination of structural con-
straints;72,73 such applications have been demonstrated for
magic-angle spinning (MAS) NMR as well.74,75 Additionally,
covalent labeling with Mn(II) or Gd(III) chelates allows for
distance measurements by dipolar EPR spectroscopy.62,63,65,68,69

Due to their chemical stability under redox-active conditions these
complexes have proven extremely interesting for the investigation
of in-cell EPR spectroscopy,67 where nitroxide radicals suffer from
chemical inactivation76,77 and in-cell applications demand addi-
tional precautions.78,79 Given these prospects in combination with
the ubiquitous use of lanthanide chelate tags in NMR and the
large availability of respective labeling techniques80 we have earlier
investigated the use of Mn(II) and Gd(III) chelate model compounds
as polarizing agents for sensitivity-enhanced MAS NMR using
dynamic nuclear polarization (DNP) of 1H at a field of 5 T.37 Here,
we want to extend this investigation to fields of 9.4 T and up to
14.1 T. Furthermore, we focus on direct DNP of low-g nuclei 13C
and 15N for which slower spin-diffusion might enable a site-
selective DNP enhancement of resonances in biomolecules which
contain a specifically-bound metal polarizing agent. Preliminary
experiments obtained with chelator-labeled and uniformly isotope
labeled ubiquitin yield promising results.

Theory
DNP mechanisms

Under the conditions relevant here DNP can occur via two
different mechanisms: solid effect (SE) and cross effect (CE). SE
enhancements are driven directly by mw excitation of nominally
forbidden zero quantum (ZQ) and double quantum (DQ) electron–
nuclear coherences.81 Anisotropic hyperfine interaction (HFI) leads
to partial state mixing of the nuclear substates; the respective ZQ
and DQ SE matching conditions occur at the sum or difference
combinations of the electron and nuclear Larmor frequencies.
Due to the ZQ and DQ transitions leading to opposite nuclear
enhancement and cancellation of the SE when excited equally,
the polarizing agent has to feature a narrow EPR spectrum with
an effective overall breadth smaller than the nuclear Larmor
frequency.

The CE occurs when two electron spins are dipolar coupled.
Upon mw saturation of one of the spins their polarization
difference can be transferred to a coupled nuclear spin if the
Larmor frequencies of the electron spins differ by the nuclear
Larmor frequency: Do0S = o0I.

82 In this case an energy-conserving
three-spin flip–flop–flip process can occur. This process has
been shown to be highly efficient for bis-nitroxide polarizing
agents under MAS, where the variation in electron Larmor
frequencies is achieved by significant g anisotropy, and the
spin eigenstates undergo several level crossings during one
sample rotational period.12,13

In the preceding article we have described the theoretical
background in detail and have developed a model for CE with
high-spin electrons with isotropic electron Zeeman interaction
and significant ZFS such as Gd(III) and Mn(II).83 We strongly

encourage the reader to refer to this work for theoretical back-
ground as basis of discussion of the experiments described here.

Magnetic properties of Gd(III) and Mn(II)

The high-spin states of Gd(III) and Mn(II) lead to several peculiar
properties which can be either advantageous or detrimental for
applications in magnetic resonance. We have described these
properties in detail in the preceding article;83 nevertheless we
want to briefly summarize these here. Even though the electron
Zeeman interaction is isotropic with a g value close to that of
the free electron the S = 7/2 and S = 5/2 states of Gd(III) and
Mn(II), respectively, are subject to zero-field splitting (ZFS) most
commonly caused by non-cubic ligand environment. In typical
complexes this leads to an anisotropic broadening of the
satellite transitions (ST)—where mS changes its absolute value—by
up to several GHz in total breadth. Due to the half-integer spin
state a narrow central transition (CT)—where |mS| is conserved—is
observed which is not affected by ZFS in first-order; however,
a second-order broadening occurs if the ZFS parameters are of
significant magnitude with respect to the Zeeman splitting.
Furthermore, Mn(II) underlies strong isotropic hyperfine inter-
action (HFI) to its core 55Mn nucleus (I = 5/2) with typical coupling
constants B250 MHz, leading to a characteristic sextet pattern in
EPR spectra. For Gd(III) small HFI to the minority magnetic nuclei
157Gd and 159Gd (both I = 3/2 and 15% abundance each) can be
neglected in most cases.

Experimental
EPR

Pulsed EPR spectra at 140 GHz and 275 GHz have been recorded
using custom-built EPR spectrometers at a temperature of 80 K.
Spectra were acquired by recording the field-swept intensity of a
Hahn-echo of frozen solutions of each polarizing agent in 1 mM
concentration in D8-glycerol/D2O (60/40 vol%) mixture. Detailed
descriptions of the instruments can be found elsewhere.84–86

Continuous-wave EPR spectra of Gd(III)-labeled protein (see
below) have been recorded using a Bruker EleXsys E780 spectro-
meter operating at 263 GHz and utilizing a sweepable Bruker
Ascent DNP magnet (89 mm) centered at 9.40 T and contained a
superconducting sweep coil with a nominal range of �75 mT.
The Bruker magnet power supply is remotely controlled by
the Bruker Xepr software used for data acquisition. The spin-
labeled proteins were dissolved at concentrations between
2 and 4 mM in a D8-glycerol/D2O/H2O (60/30/10 vol%) mixture,
packed into 0.2 mm (i.d.) clear fused quartz capillaries and
frozen inside a custom-built TE011 resonator. Experiments were
performed at a temperature of 100 K inside an Oxford instruments
flow cryostat using liquid Helium as cryogen. For detailed set of
parameters see ESI.†

DNP at 5 T (140 GHz)

DNP experiments at 5 T were performed on samples containing
10 mM Gd-DOTA (Macrocyclics, Dallas, TX), Gd-DTPA (gracious gift
of E. Ravera and C. Luchinat, Florence), or GdCl3 (Sigma-Aldrich,
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St. Louis, MO) in a 13C3-glycerol/H2O (60/40 vol%) or a [D8, 13C3]-
glycerol/D2O/H2O (60/30/10 vol%) mixture. 13C-labeled glycerol
was purchased from Cambridge Isotope Laboratories (Tewksbury,
MA). All compounds were used as received without further
purification. The custom-built spectrometer operating at
213 MHz 1H frequency is courtesy of D. Ruben. A custom-built
MAS NMR probe was utilized which features a triple resonance rf
circuit (1H, 13C, 15N) and efficient microwave coupling to the
sample using overmoded corrugated waveguides (similar to
a design published by Barnes et al.87). The probe was also
equipped with a cryogenic sample exchange system. Microwaves
were generated using a custom-built gyrotron oscillator operating
at 139.65 GHz with a maximum output power of B13 W.2,31,88

Sample temperature was measured via a fiber optical sensor
(Neoptix, Québec City, Canada) outside the MAS stator and was
maintained at about 84 K. Experiments were performed using
a MAS frequency of or/2p = 5 kHz. A detailed description of
experiments is given in the ESI.†

DNP at 9.4 T (263 GHz) and above

The comparison of 1H DNP at 9.4 T and 14.1 T was performed at
Bruker BioSpin (Billerica, MA) on two different DNP/NMR
spectrometers operating at 400 MHz/263 GHz and 600 MHz/
395 GHz, respectively. The sample contained 10 mM Gd-DOTA
and 100 mM [13C, 15N]-proline dissolved in D8-glycerol/D2O/
H2O (60/30/10 vol%). The spectrometers are equipped with
3.2 mm H–X probes of which the X channels are tuned to
13C. The 13C NMR signals of proline were measured by CP pulse
sequence with a pre-saturation period. The temperature of the
sample was B90 K without microwave and B100 K with
B15 W of microwave. The sample was spun at or/2p = 12.5 kHz.

All other DNP experiments at 9.4 T were performed using a
commercially available Bruker AVANCE III DNP spectrometer
operating at 401.7 MHz 1H frequency. 2 M [13C, 15N2]-urea
(CortecNet) was dissolved in a glass forming solvent of
[D8, 12C3]-glycerol/H2O (60/40 vol%). The glycerol depleted in
13C (99.95% 12C) was purchased from Euriso-Top. Gd-DOTA-NH3

(gracious gift of J. Plackmeyer, Frankfurt) was used as polarizing
agent in concentrations of 2 mM, 10 mM and 20 mM. All
compounds were used as purchased without further purification.
A Bruker gyrotron yielding 263.4 GHz microwaves, operating at
the maximum beam current of 115 mA was used. 1H enhance-
ment was recorded using cross-polarization to 13C. Direct 13C and
15N enhancements were measured using Bloch decay. Microwave
on and off experiments were performed at 114 K and 105 K
respectively; this temperature was measured outside the stator.
Sample heating due to mw irradiation was not quantified or
controlled for. MAS of 8 kHz was employed. For further
information see ESI.†

Protein expression and labeling

A detailed description of protein expression, purification, and
labeling is given in the ESI.† 4-Mercaptomethyl dipicolinic acid
(4MMDPA) has been synthesized following the procedure
published by Potapov et al.;63 1,4,7,10-tetraazacyclododecane-
1,4,7-tris-acetic acid-10-maleimidoethylacetamide (DOTA-M) was

purchased from Macrocyclics, Inc. (Plano, TX). After recombinant
expression, purification, labeling, and concentration, the uniformly
[13C, 15N]-labeled protein was transferred to an NH4OAc buffer
(pH = 7.0) for DNP with a final concentration of B1 mM
ubiquitin in 60% (v/v) [D8, 12C3]-glycerol, 36% D2O, and 4%
H2O. The labeling efficiency was quantified using cw spin-
counting at X-band frequency at 80 K and was determined as
B90% in the case of 4MMDPA and B100% for DOTA-M.

Results and discussion
EPR linewidth of the CT at different fields

With the introduction of several custom-built or commercially
available DNP spectrometers operating at fields between 9.4
and 18.8 T considerable focus should be laid on the efficiency
of polarizing agents with increasing fields. One important
aspect in this context is the broadening of the EPR line and
resulting excitation efficiency with a monochromatic micro-
wave source.

In Fig. 2 we demonstrate the effect of increasing external
magnetic field strength on the line shape of several polarizing
agents with narrow EPR lines which have been utilized for SE at
high field. While SA-BDPA shows no significant variation in
linewidth between 140 GHz (5 T) and 275 GHz (9.8 T) due to
negligible g-anisotropy and inhomogeneous broadening domi-
nated by unresolved hyperfine couplings to 1H, the axially
symmetric g-anisotropy of trityl leads to an increase of spectral

Fig. 2 140 GHz (solid lines) and 275 GHz (dashed lines) field-swept,
echo-detected EPR spectra of SA-BDPA, trityl, Gd-DOTA, and Mn-DOTA
demonstrating the narrowing of the high-spin CT at higher field. All spectra
(except Mn-DOTA) were normalized to equal amplitude at 140 GHz.
All 275 GHz spectra were scaled so that the respective integrals at the
two frequencies are equal. Field offset in abscissa is given w.r.t. to the
resonance field observed for the isotropic g value.
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breadth proportional to the external field. The high-spin com-
plexes of Gd3+ and Mn2+, on the other hand, show an effective
reduction in linewidth of the EPR CT with higher field which
seems counterintuitive at first, but is explained by the occur-
rence of a second-order effect due to ZFS which scales inversely
proportional with respect to the Zeeman strength. In the
preceding article we have described in detail the unique proper-
ties of these high-spin metal ions regarding DNP;83 here we will
demonstrate these properties in DNP experiments performed
on 1H and 13C at a field of 5 T. Further experiments conducted
at high fields of 9.4 T and 14.1 T demonstrate the unique line-
narrowing properties of Gd-DOTA and underline the potential
of this class of polarizing agents under these high-field conditions,
especially when compared to the efficiency of the SE with radical
polarizing agents at these high field strengths.8

Effect of different complex ligands on DNP

In Fig. 3 we compared several different chelate complexes of
Gd3+ as polarizing agents for 1H and 13C DNP at 140 GHz,
recorded at a mw power level of 6 W (at probe input). There is a
clear correlation between EPR line width of each complex and
induced DNP enhancement (given as relative difference in
relation to thermal polarization, i.e., e � 1) for 1H and 13C,
see Table 1. While for Gd-DOTA and GdCl3 (the latter exists as
an aquo complex in aqueous solution)89 the positive and
negative 1H SE legs are separated by a plateau area, they overlap
for 13C even for the complex with the smallest linewidth due to
mutual overlap of the ZQ and DQ electron–nuclear transitions.
Interestingly, for GdCl3 two components with starkly different

ZFS parameters have been reported from EPR experiments.90

We do not observe such a biphasic behavior; however, our
observations only seem to show a contribution from the compo-
nent with smaller D value. This might indicate that the complex
species with large ZFS might not be effective as polarizing agent
for DNP, or that its contribution to DNP is unproportionally small
compared to the EPR contribution, as can also be seen by the
B3-fold reduction in enhancement w.r.t. Gd-DOTA while the
apparent linewidth only increases by B50%.

13C enhancements are significant, with B6–7 times larger
values than for 1H. For Gd-DTPA this ratio is somewhat smaller,
however, in this case the magnitude of the negative enhancement
is larger than that of the positive leg, most probably due to
complicated overlap of SE transitions and other mechanisms
leading to opposing DNP effects. We did not detect any sign of
solid-state Overhauser effect (OE) as has been reported on
BDPA radicals.8,34 Factors contributing to the OE in BDPA are
the presence of significantly hyperfine-coupled 1H and slow
spin–lattice relaxation of the electron spin, both of which are
less favorable in Gd3+ complexes.

Experiments using Mn-DOTA reveal a very similar situation;
the main difference being the splitting of the rather narrow CT
into an almost equally spaced sextet caused by hyperfine
coupling to 55Mn with a coupling constant of 254 MHz.37 This
leads to a complicated system of six individual SE features
evoked by each EPR line as is shown in Fig. 4. For 1H these SE
pairs are intricately intertwined due the 1H nuclear Zeeman
frequency being larger than half the 55Mn HFI constant. For 13C
we encounter the opposite situation and each EPR line’s SE pair
is individually resolved. Furthermore, the small EPR linewidth
now allows for almost complete separation of positive and
negative enhancement legs with little-to-none mutual cancella-
tion. NMR intensity comparisons between mw-irradiation and
non-irradiation allowed us to measure the enhancement factor
for each EPR line (see red symbols in Fig. 4). Towards lower
field slight deviations between the DNP-enhanced signal intensity
and enhancement (obtained by on/off-comparison) occur which
are due to lower efficiency of the spectrometer components
(i.e., preamplifiers, filters, etc.). Nevertheless, for 13C a symmetric
variation of enhancement factors is observed which closely
resembles the peak amplitude pattern of the EPR spectrum; for

Fig. 3 Field dependent 1H and 13C DNP enhancement profiles of various
Gd(III) complexes at 140 GHz.

Table 1 EPR and DNP properties of 10 mM Gd(III) complexes in
13C3-glycerol/H2O (60/40 vol%) at 5 T

Complex

ZFS parametersb

EPR linewidth
(MHz) eH � 1a eC � 1aD (MHz)

DD
(MHz)

Gd-DOTA 672 336 30c 7.3 (�7.3) 44.0 (�38.5)
GdCl3

d 784/2184
(1 : 2.8)

448/952 50c 2.5 (�2.5) 16.5 (�14.5)

Gd-DTPA 1568 728 170c 1.5 (�1.2) 6.0 (�8.5)

a Measured at B6 W mw power; values given at the field of max. positive
enhancement, values in parentheses at field of max. magnitude of
negative enhancement. b From ref. 90. c At 5 T, simulated from given
ZFS parameters. d Two components contributing to the spectrum with
relative weight given in parentheses.
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1H slight overlap of SE conditions lead to an asymmetric variation
with larger enhancements obtainable for the second-to-
outermost lines. Destructive interference occurs when 2o0I =
nA(55Mn), where o0I is the Larmor frequency of the nucleus to
be enhanced, A(55Mn) is the isotropic hyperfine coupling con-
stant to the metal nucleus and n is any integer between 1 and 5.
In such a case a positive enhancement peak is canceled by a
negative peak of another HFI peak; however, the n outermost
(positive or negative) SE peaks are never canceled in such a way.
Since peaks of equal sign cannot overlap, constructive inter-
ference of SE peaks is not possible. Nevertheless, when o0I =
nA(55Mn), a ZQ/DQ peak can be on resonance with a SQ
transition of a another dipolar coupled Mn2+. This situation
might lead to efficient CE matching, for example at a magnetic
field of 11.7 T (500 MHz), where o0I(

1H) E 2A(55Mn), and will
be subject to further research.

Influence of bulk protonation level

For Gd-DOTA we investigated the effect of solvent deuteration
level on 13C DNP. Earlier studies have shown that slightly larger
enhancement factors and faster polarization build-up can be
achieved without matrix deuteration, in stark contrast to radical
polarizing agents.35 Here, we record a B13% larger enhancement
of 13C for full protonation—with a maximum positive enhancement
of 70—compared to 62 for typically utilized 12% protonation within
‘‘DNP juice’’ (i.e., 60/30/10 vol% mixture of D8-glycerol/D2O/H2O)

even though a slight broadening of the peaks within the field profile
is visible (Fig. 5). This might be caused due to improved proton-
driven spin diffusion and/or longer build-up and longitudinal
relaxation time constants. A complete overview of 1H and 13C
enhancements at various protonation levels can be found in the
ESI† in Table S2.

An interesting effect occurs at the fields of most efficient
(positive or negative) 1H enhancement. Here, we see a small,
but significant 13C DNP enhancement of inverse sign with
respect to 1H. The effect is observed with a fully protonated
sample and does not occur with low 1H levels (see below and
Fig. 5). Possible multi-spin flips, where 1H and 13C are excited
at the same time are theoretically and experimentally expected,
but would occur at offsets of nuclear combination frequencies
with respect to the SQ (EPR) frequency.91,92 We do not observe
any splitting or shift of these features with respect to the 1H SE
peaks. Therefore, we attribute this effect to heteronuclear cross
relaxation. 1H populations—driven away from thermal equili-
brium by SE DNP—may enhance 13C in a similar way to the
classical nuclear Overhauser effect (NOE). Due to relaxation
from a hyperpolarized state instead of simple saturation this
would result in opposite sign of 13C enhancement with respect
to that of 1H. Similar effects have been reported in samples
after dissolution where molecular tumbling provides the
required dynamics for relaxation.93 In our case it is unclear
which dynamical process enables this relaxation process in the
solid. The reader should note that the effect is rather weak
(B2% of maximum cross-relaxation enhancement); therefore
even absolutely small variation of spectral density at the
required sum and difference of nuclear Larmor frequencies
might suffice for the observed effect to occur.

Power dependence of DNP enhancement

The power dependence of DNP enhancements is perfectly linear
in most cases, as seen in Table 2 and shown in Fig. S1 (ESI†).

Fig. 4 1H (top graph) and 13C (bottom graph) DNP of 13C3-glycerol/H2O
(60/40 vol%). Red crosses represent enhancement factors determined by
explicit mw on vs. mw off measurements. Dashed lines serve as aides for
correlation between EPR lines and DNP peaks.

Fig. 5 Proton level dependence of 1H (red) and 13C (blue) DNP at 140 GHz
using Gd-DOTA as polarizing agent. Darker profiles are recorded on
13C3-glycerol/H2O (60/40 vol%) as solvent, lighter profiles on [D8,13C3]-
glycerol/D2O/H2O (60/30/10 vol%). The insets show 20-fold vertical
magnifications of 13C enhancements in the respective field region where
1H SE condition is matched.
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Interestingly, the DNP efficiency which is given by polarization
increase of the nucleus relative to the theoretical maximum is
almost identical for 1H and 13C; consequently enhancement
factors scale inversely with the nuclear gyromagnetic factor.
13C DNP power dependence with Gd-DOTA shows a slight
reduction of slope with larger power compared to the Mn2+

complex. The ‘relayed’ DNP enhancement of 13C caused by mw
excitation at the field of 1H SE seems to indicate a more
significant ‘saturation’ effect at larger powers, the reason for
this is still unclear.

Also, a slight reduction of polarization time constant with
increasing mw power is noticed (see Table 2). This trend is
expected for SE,41 and has been already observed for trityl on
the same instrument where we have also experimentally excluded
sample heating as the major cause.35

Furthermore, in order to assess the achievable DNP enhance-
ment in the excess of mw field strength we have investigated a
static sample inside a mw cavity resonator driven by low-power
solid-state source. With this instrument a typical Q factors on
the order of B1000 leads to an effective nutation frequency of
B16 MHz for the CT of the S = 7/2 spin; this allows for significant
1H DNP enhancement of 4100 as we have reported earlier.84

Direct DNP of 13C under irradiation of the 13C SE transition leads
to large absolute intensity of the enhanced NMR signal of
13C3-glycerol, see Fig. S2 (ESI†). Due to the large mw field strength
available we reach a near-saturation condition already at B60%
mw power; nevertheless a further reduction in polarization
build-up time constant provides further sensitivity gains. A similar
situation occurs for 1H DNP at lower temperature.84 Unfortunately,
we have been unable to measure the 13C enhancement factor
because no signal could be observed without mw irradiation;
analysis of the noise level allows us to provide a lower bound of
e of 400. For comparison we performed 13C CP experiment with
1H DNP enhancement (by irradiation at the 1H SE condition). We
observe a 2.8-fold larger intensity of the direct polarization (DP)
spectrum, indicating that the large, direct 13C SE enhancement
easily overcompensates the up to 4-fold signal increase which can
be achieved by 1H DNP and subsequent CP transfer to 13C.
Reduced CP efficiency due to the inhomogeneously broadened
resonances and the presence of the paramagnetic polarizing agent
cannot completely be neglected. Nevertheless, considering the
larger signal intensity of the non-DNP-enhanced CP spectrum with
respect to the DP spectrum, it is clear that CP efficiency 41. We
therefore conclude that for 13C, e Z 400, with estimated factors of

800–1000 being much more likely. Enhancement factors of 4700
have been observed for 30 mM trityl solution by Banerjee et al. at
3.4 T but otherwise similar conditions.7 Our observations indicate
that very large enhancement factors can be observed with suffi-
cient mw field strength which makes Gd-DOTA a promising target
for further investigations under these conditions.

Reduction of temperature has been shown to be more
favorable, leading to larger enhancement factors already with
smaller mw power.84 However, below a certain temperature
(14 K at 5 T and increasing with larger fields) the depopulation
of excited magnetic spin states of the S = 7/2 system leads to
reduced absolute population difference of the CT, rendering
high-spin systems inactive as polarizing agents at low tempera-
tures where kBT o gB0. This situation could be alleviated by the
employment of sophisticated adiabatic sweep or pulse schemes
which are able to transfer population from the highly polarized
ground state transition into the DNP-enabling CT.10,94

Field dependence of 1H DNP

5 T is an ideal testbed for DNP experiments due to its instru-
mental robustness in terms of magnet sweep capability and mw
power availability in combination with rather straightforward
scalability of results to higher fields. Nevertheless, experiments
at the commercially accessible fields of 9.4 and 14.1 T are
important to confirm predictions based on lower field experiments
and might also yield unexpected observations. Therefore we
conducted 1H DNP experiments using Gd-DOTA at these fields
(Fig. 6). As expected, the matching field offset for positive
and negative SE enhancement scale with the nuclear Larmor
frequency and become more separated at higher field. Addi-
tionally, slight reduction in linewidth of the DNP peaks is
observed with larger external field. This narrowing manifests
when comparing the field dependence with that reported for
BDPA,8 where at 9.4 T a slightly larger e was observed than for
Gd-DOTA, however, at 14.1 T this ratio is inverse. Therefore we
expect, that Gd-DOTA would significantly outperform BDPA at
18.8 T (reaching only vanishing e E 2).

The narrowing is less pronounced than would be expected
from the B0

�1 dependence of the second-order ZFS. In fact a
considerable amount of dipolar broadening of the Gd(III) EPR
spectrum occurs within the 10 mM Gd-DOTA solution; when
comparing DNP peak widths we found a reduction from
34.0 (30.8) MHz to 22.6 (22.0) MHz at 9.4 (14.1) T by lowering
the Gd-DOTA concentration from 10 to 1 mM; we discuss this

Table 2 DNP properties of 10 mM Gd-DOTA in 13C3-glycerol/water (60/40 vol%) at various 1H concentrations at 5 T (140 GHz)

Solvent D8-glyc./H8-glyc. +
D2O/H2O (vol%)

1H conc.
(mol L�1)

1H ratio
(%) e(H) 5/9/14 W

T (H)
1 (s)

no mw T (H)
B (s) 5/9/14 W e(C)a 5/9/14 W T (C)

1 (s) no mw T (H)
B (s) 5/9/14 W

0/60 + 0/40 111.9a 100 8/13/19 3.2 3.1/3.0/2.8 45/71/103 86 85/83/80
0/60 + 40/0 66.3a 59 —/—/—b —b —/—/—b 40/61/89 82 82/81/78
60/0 + 0/40 47.2a 42 —/—/—b —b —/—/—b 39/59/90 56 57/55/55
60/0 + 30/10 13.0a 12 8/13/18 5.2 5.1/5.1/5.0 41/61/91 55 52/50/48
60/0 + 40/0 B1.6a B1.4 5/8/12 12 12/14/13 41/64/93 51 50/49/48

Multiple values separated by slashes given for different mw power levels of 5, 9, and 14 W (measured at probe entrance). a Estimated from solvent
composition. b Not measured.
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broadening in detail below. Nevertheless, we want to emphasize
that a linewidth of 22 MHz at 395 GHz Larmor frequency
corresponds to only 56 ppm, which is exceptionally small for
a metal complex. For comparison, typical low-spin complex
ions such as Cu2+ feature g anisotropy of B20%.

Power dependence and build-up dynamics at 9.4 and 14.1 T
are both similar to what we observed at 5 T. With larger mw
power the 1H enhancement shows a nearly linear increase at all
fields; build-up times become slightly longer at higher field
(B3 s at 5 T, B4 s at 9.4 T, B5 s at 14.1 T).

Effect of inter-complex couplings on direct DNP of 13C and 15N

Stimulated by the observed broadening of the DNP field profiles
above, we have performed a detailed analysis of DNP enhance-
ments of 1H, 13C, and 15N in comparison with EPR spectra for
Gd-DOTA concentrations between 2 and 20 mM at a mw frequency
of 263 GHz and a field of 9.4 T (Fig. 7). Due to technical reasons
the DNP magnet used could only be swept slightly past the EPR
resonance field of the CT, therefore we were only able to record
the negative enhancement of all nuclei except 15N. Note the
reduced EPR linewidth compared to 5 T (15 MHz vs. 25 MHz)
due to the less pronounced second-order ZFS acting on the CT.
This narrowing in combination with larger separation of the
electron–nuclear ZQ and DQ transitions leads to positive and
negative 13C SE legs being now fully separated. A similar central
plateau region occurs as seen for 1H at 5 T because of similar
ratios between nuclear Zeeman frequency and inhomogeneous
linewidth. Even for 15N we observe the occurrence of a distinctive
reduction of slope around the inflection point between the
positive and negative legs, indicative of nearly complete separation
of opposing enhancement regions. This is—to our knowledge—the
first example of a well-resolved SE profile for such a low-g nucleus
reported in literature.

The SE field profile can relatively simply be approximated by
an approach based on the EPR spectral shape. Superposition of
modeled ZQ and DQ peaks (i.e., by shifting the EPR spectral
function by the field corresponding to the nuclear Zeeman

frequency) of opposite sign allows for generation of a simulated
SE DNP profile:11

GSE B0ð Þ ¼ GEPR B0 � o0In=gSð Þ � GEPR B0 þ o0In=gSð Þ; (1)

where G(B0) is the spectral shape function of SE DNP profile or
the EPR spectrum. These simulations are shown as solid lines
in Fig. 7B. At a low concentration of 2 mM such an approxi-
mation generated from cw EPR spectra recorded at the same
frequency of 263 GHz show excellent congruence with experi-
mental DNP enhancement factors. We have observed that
simulated field profile based on cw EPR spectra match the
experimental DNP profiles much more closely than those based
on pulsed (field-swept, echo-detected) EPR spectra; in the latter
case broader spectral components with short phase-memory
time constant are filtered out, but obviously still contribute
to DNP. When increasing the Gd-DOTA concentration to 10 or
even 20 mM we observe an incipient mismatch between EPR
spectra and DNP profiles. For 1H and 10 mM the DNP peak and
the EPR spectrum still show good agreement, while at 20 mM a
significant broadening of the DNP peak is visible. The reason for
this is unclear and requires further experiments for elucidation.

For 13C we observe an additional shoulder emerging in the
DNP profile on the inner side of the negative SE peak, decreasing
in magnitude with a constant slope towards the central inflection
point. In the case of 15N the effect is even more pronounced;
leading to a shift of the field of max. DNP enhancement towards
the CT. Interestingly, we have succeeded in fitting the latter
feature (see dashed lines in Fig. 7B) using a different approach
based on a CE-type matching probability analysis:11

GCE B0ð Þ ¼ GEPR B0 � o0In=gSð Þ � GEPR B0ð Þ
� GEPR B0 þ o0In=gSð Þ � GEPR B0ð Þ (2)

Here, we determine the statistical probability of finding a pair of
EPR resonances fulfilling the CE matching condition DoL = o0In

.
For 15N DNP using 20 mM Gd-DOTA there is an excellent
agreement between such a simple simulation and experimental
data indicating a relatively large contribution of CE besides SE.

Fig. 6 Comparison between field-dependent 1H DNP profiles of 10 mM Gd-DOTA in D8-glycerol/D2O/H2O (60 : 30 : 10 vol%) at 140, 263, and 395 GHz mw
frequency. The EPR resonance fields are marked with dashed lines.
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This is due to the inhomogeneous broadening allowing energy-
conserving CE transitions within the CT which is not possible for
nuclei with larger gyromagnetic ratio. The large Gd(III) concen-
tration provides for sufficient electron–electron couplings. Based
on a statistical model96 the average nearest-neighbor distance
amongst Gd3+ is B2.4 nm at 20 mM concentration, yielding a
dipole coupling constant of B3.8 MHz at this distance. At 10 mM
the average distance increases to 3.0 nm (1.9 MHz); significant
CE contribution is visible, albeit less pronounced. At 2 mM no
contribution of CE can be found due to vanishing dipolar
coupling at the average distance of 5.2 nm (0.4 MHz). Even though

we have not succeeded in reproducing the asymmetric feature
of the 13C profile with this simple model we tentatively ascribe
the occurrence to a similar cause. We assume that—due to
operation of the 13C CE outside of the CT—more complicated
dependences on mutual orientations between neighboring
Gd-DOTA and potential selection of highly CE-supportive pairs
inhibit the application of such a simple model as eqn (2),
whereas for 15N efficient mixing of the relevant states within
the CT leads to CE irrespective of the orientation of the
molecular frame.83

Observation of enhanced polarization spreading
by spin-diffusion

When directly polarizing 13C or 15N of isotope-labeled urea
using 20 mM Gd-DOTA through the glycerol/water matrix
depleted in 13C we observe an interesting behavior: while for
very short polarization times the NMR signal shows significant
homogeneous broadening, this broadening is reduced when
more time is available for enhanced polarization to build up as
can be seen in Fig. S3 (ESI†). We explain this with a non-
uniform spatial distribution of nuclear polarization where large
enhancement is quickly generated for nuclei in close proximity
to the paramagnetic ion. For polarization to spread further
out towards less paramagnetically influenced nuclei spins,
spin-diffusion has to occur through the bulk. Due to the small
concentration of 13C and 15N with an average nearest-neighbor
distance of B0.5 nm, spin diffusion constants are small and we
observe overall build-up time constants on the order of B400 s
and B1000 s for bridging the distance of B2.4 nm between
polarizing agent centers. A complete set of build-up time
constants for 13C and 15N at various Gd-DOTA concentrations
is given in Table 3. Our experiments here also confirm an
earlier observations, where we had measured through-bulk
build-up time constants in excess of 5000 s even for 13C when
both the urea and polarizing agent concentration were consi-
derably smaller.42

DNP with Gd(III) chelate tags attached to protein

In a series of preliminary experiments we attached Gd3+-
binding chelator tags to ubiquitin using site-directed spin
labeling. Ubiquitin is an excellent model system due to typically
large overexpression efficiency, and biochemical robustness
under different environmental conditions. Furthermore, spin-
labeled ubiquitin could potentially be utilized as a protein tag
targeting other proteins in larger complexes via ubiquitylation
for site-selective DNP applications, a route we plan to investigate
in the near future.

We carried out experiments using three different single-site
mutations of ubiquitin where in each case one cysteine residue
was introduced by mutagenesis. We selected phenylalanine F4,
alanine A28, as well as glycine G75 as favorable targets for
mutation because these sites possess large surface accessibility
and are situated in differing secondary structure elements
(i.e., beta sheet, alpha helix, and terminal loop, respectively).
Furthermore, the varying flexibility of the sites (e.g., G75 being
situated in the flexible C-terminal tail region) might lead to

Fig. 7 (A) EPR spectra of 2 mM (orange), 10 mM (red), and 20 mM (purple)
Gd-DOTA at 263 GHz. Curves were obtained by simulating experimental
cw (field-modulated) EPR spectra using Easyspin95 in order to avoid
artifacts by integration. (B) Normalized DNP enhancement of 1H, 13C, and
15N at 263 GHz at 2 mM (filled circles), 10 mM (open circles), and 20 mM
(dotted open circles). Solid lines represent SE simulations according to
eqn (1); dashed lines CE simulations according to eqn (2). Enhancement
factors given are taken at field of maximum magnitude enhancement.
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different conformational inhomogeneity during freezing. 4MMDPA
and DOTA-M were chosen as promising chelator tags as described
by Goldfarb and co-workers.63,67

In Fig. 8 we show the direct DNP-enhancement of 13C
within uniformly [13C, 15N]-labeled A28C ubiquitin mutant
with each attached Gd(III) tag, a comparison with the direct
polarization 13C MAS NMR spectrum of unlabeled A28C, the
chemical structures of the tags and a model of the protein
showing the single point mutation sites investigated. Within
these preliminary experiments we have observed a rather
small 13C DNP enhancement by Gd3+ SE on the order between
approximately �1 to �3 when [D8, 12C3]-glycerol/D2O mixture
was used as solvent. We have not been able to observe
significant differences between the different mutation sites
so far. We assume that intra-molecular spin diffusion is
sufficiently fast within the uniformly 13C-labeled protein, so
that any variation in DNP efficiency is averaged after a few
seconds of longitudinal magnetization build-up. Depletion of
13C in the matrix below natural abundance strongly attenuates
intermolecular spin-diffusion so that enhanced polarization is
mostly maintained within the protein also carrying the Gd(III)
polarization source as we have demonstrated with endogenously
bound Mn2+.42

DNP enhancements are larger and build-up times are faster
for Gd-4MMDPA labeled protein. EPR spectra of the Gd-labeled
proteins at the same frequency (263 GHz) show a B2 times
larger linewidth of the CT in 4MMDPA as in DOTA-M caused by
the lower symmetry and larger ZFS in the former complex
(Fig. S4, ESI†). Therefore we would also expect lower efficiency
of DNP according to Fig. 3 in this case. The opposite finding is
likely explained by the shorter tether between chelator moiety
and protein. We observe significant broadening of 13C resonances
especially with Gd-4MMDPA due to similar reasons. Also, upon mw
irradiation and hence DNP enhancement (mw on), additional
broadening occurs as compared to the spectra acquired using
thermal polarization (mw off). All these observations indicate more
favorable DNP enhancement of 13C nuclei in close distance to the
paramagnetic ion.

We have determined labeling efficiencies between 90% (for
4MMDPA) and 100% (for DOTA-M) by cw EPR spin counting;
both values can be interpreted as quantitative within the
experimental error. Therefore we assume that a significant
contribution of unlabeled protein—which could lead to similar
observations—is rather unlikely. Due to the rather short

spin–lattice relaxation of 13C in the fully protonated (diamagnetic)
protein with T1n

of about 10 s we expect the enhancement to
drastically improve upon deuteration (fully or selectively of
methyl-carrying amino acids); such experiments are currently
pursued.

Table 3 DNP properties of Gd-DOTA at various concentrations in
12C3-glycerol/H2O at 9.4 T (263 GHz)

cGd-DOTA

(mol L�1) e(H)
TB

(H)

(s) e(C)
T (C)

B,f
a

(s)
T (C)

B,s
b

(s) j(C)c e(N)
T (N)

B,f
a

(s)
T (N)

B,s
b

(s) j(N)c

2 �4 17 �25 1213 3471 0.314 �76 296 2990 0.198
10 �10 4.6 �40 —d —d —d �136 —d —d —d

20 �8 2.2 �42 113 396 0.351 �124 114 1003 0.721

a Fast component of bi-exponential build-up. b Slow component of
bi-exponential build-up. c Ratio between contribution of fast and slow
component to overall signal as described by Wenk et al.42 d Not
measured.

Fig. 8 (A) Direct 13C DNP enhancement of uniformly [13C, 15N]-labeled
ubiquitin mutant A28C using site-directed spin labeling with Gd-DOTA-M
and Gd-4MMDPA tags at 9.4 T. The field was optimized for Gd3+ 13C SE
resulting in negative signal enhancement. Read-out was performed via
Bloch decay with 6 and 2.3 s polarization delay, respectively. (B) 13C MAS
spectrum of A28C ubiquitin (without attached spin label), read-out via
Bloch decay and 16 s polarization delay. Asterisks mark signals from
silicone plugs. (C) Chemical structures of Gd-4MMDPA and Gd-DOTA-M
spin labels connected to cysteine residues. (D) Ribbon structure of ubiquitin
(PDB ID 1UBQ) with F4C, A28C, and G75C single-site mutations marked in
yellow, red, and blue, respectively.
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An unexpected phenomenon was observed when the cryo-
protectant was absent from the aqueous buffer solution. Since
the paramagnetic label is covalently attached to the biomolecule,
separation of the polarizing agent and protein in different
phases—which reportedly inhibits DNP51—cannot occur. DNP
enhancement factors improved three-fold to about �9 while at
the same time strong line broadening occurs. This is shown in
Fig. 9 on the F4C mutant labeled with Gd-DOTA-M; we have
observed very similar effects with other point mutation/chelate
tag combinations as well. We explain this by agglomeration of
paramagnetically labeled ubiquitins and hence a local increase
in Gd(III) concentration. This is supported by shorter build-up
time constants in the cryoprotectant-free samples.

Of course, the increase in linewidth in the small globular
protein due to the presence of Gd3+ complicates the extraction
of structural information in the typical way. However, such
approaches might be fruitful with respect to specifically labeled
proteins or ligands where spectral resolution is less important,
or for problems in larger biomolecular systems where, for
example, contacts between subunits are of interest. In fact,
the occurrence of additional polarization pathways—including
CE enabled by direct dipolar contact between Gd3+ of different
proteins—bears an interesting prospect for future studies
including multiply-labeled proteins and singly-labeled subunits
within protein complexes, enabling efficient CE only upon
direct contact of their constituents. Similar concepts have been
demonstrated with nitroxides.56 This could allow for filtering
towards a minority of bound species in co-existence next to the
majority of unbound components; a situation which poses a signi-
ficant problem in biophysical chemistry or structural biology.

Conclusion

While the indirect enhancement of 13C NMR spectra via 1H
DNP using complexes of Gd3+ and Mn2+ has already been
demonstrated in principle,37 we have now extended the inves-
tigation especially for direct 13C DNP. 1H DNP enhancements of
up to 20 have been measured which are yet unable to compete

with those factors obtained by more efficient bis-nitroxide
polarizing agents on model systems. However, paramagnetic
metal ions still offer various other interesting properties espe-
cially in the context of biomolecular DNP. We have shown that
deuteration of the matrix—which is rather difficult in cellular
milieu—is not required because it does not lead to larger
enhancement factors in model systems. Furthermore, many
biomolecules are routinely investigated with paramagnetic
NMR using lanthanide probes where paramagnetic relaxation
enhancements (PREs) and pseudocontact shifts (PCSs) are
analyzed for structural constraints in solution.80,97 MAS DNP
could be able to contribute additional information without
further modification of the sample. This is especially interesting
in regards to highly efficient direct DNP of 13C or 15N with
enhancement factors of B100 and larger. While at low polarizing
agent concentrations SE is the dominating DNP mechanism for
these nuclei, at large concentrations we observed a significant
contribution of the CE which is achieved by electron spin frequency
offsets caused by ZFS.

Direct DNP of low-g nuclei allows for a better control of
spreading of enhanced polarization due to small spin-diffusion
rates in environments with small isotope concentration.
Furthermore, we have demonstrated in preliminary experiments
that proteins labeled with Gd3+-binding chelator tags could
themselves be used as polarizing agents. This approach could in
the future be extended in order to investigate protein–protein
interactions, allowing enhanced polarization to spread from one
domain to another only when a close contact is maintained.
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78 I. Krstić, R. Hänsel, O. Romainczyk, J. W. Engels, V. Dötsch
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Detailed Experimental Section 

EPR at 263 GHz 

24 µW µw power were used and the field was modulated with a frequency of 5 kHz at 0.1 mT 

amplitude. For 4MMDPA tag the field was swept by 40 mT over 2024 points at a conversion time 

of 196 ms; for DOTAM-M respective parameters were 10 mT, 801 points, and 250 ms. The 

integration time constant was fixed to the conversion time. 

DNP at 5 T (140 GHz) 

A superconducting sweep coil with a range of ±75 mT allowed for adjusting the field and recording 

field-dependent DNP profiles using Bloch decay (single-pulse) FID detection. After optimization 

of the maximum enhancement field position for the respective nucleus the magnet was set to 

persistent mode and enhancement factors were determined by comparison of NMR intensity with 

and without µw irradiation using cross-polarization (A. Pines, M. G. Gibby and J. S. Waugh, J. 

Chem. Phys., 1972, 56, 1776-1777) to 13C (in case of 1H) or direct read-out of 13C polarization via 

Bloch decay (F. Bloch, W. W. Hansen and M. Packard, Phys. Rev., 1946, 69, 680-680). For all 

experiments radio frequency (rf) pulse amplitudes were set to a nutation frequency of 100 kHz for 

both 1H and 13C. TPPM was used for broadband decoupling of 1H (A. E. Bennett, C. M. Rienstra, 

M. Auger, K. V. Lakshmi and R. G. Griffin, J. Chem. Phys., 1995, 103, 6951-6958). Samples were 

contained in a 4 mm o.d. sapphire MAS rotor from Insaco (Quakertown, PA). Pulse sequences 

were preceded by a pre-saturation pulse train consisting of 16 flip (90°) pulses separated by 5 ms 

and a subsequent polarization delay during which (enhanced) polarization can build up. For the 

acquisition of build-up curves the polarization delay was varied; all other experiments were 
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performed using a fixed polarization delay close to 1.26 × TB (with TB being the DNP build-up 

time constant), thus allowing for optimal sensitivity in a given experimental time. 

DNP at 9.4 T (263 GHz) and above 

Comparison of 1H DNP at 9.4 T and 14.1 T performed at Bruker BioSpin (Billerica, MA): 

The DNP field profiles were obtained by measuring the enhancements at each magnetic field 

position. The RF field strength on 1H was 50 kHz during CP and 100 kHz otherwise including 

TPPM decoupling during acquisition. The DNP enhancements were determined by comparing the 

NMR signals with and without microwave irradiation. The magnetic field of the NMR magnets 

were varied by superconducting sweep coils as well as room temperature shim stacks. The sweep 

ranges of the superconducting coils are 75 mT and 128 mT at 9.4 T and 14.1 T, corresponding to 

~8,000 ppm and ~9,000 ppm, respectively. The shim stacks provide fine adjustments to the 

magnetic field within the range of 240 ppm and 150 ppm at 9.4 T and 14.1 T, respectively. 

All other DNP experiments at 9.4 T: The sweepable Bruker Ascent DNP magnet 

(89 mm) was centered at 9.40 T and contained a superconducting sweep coil with a nominal range 

of ±75 mT. The sweep coil was energized step-wise to sweep the magnetic field and record DNP 

field profiles for 1H, 13C, and 15N nuclei. After careful optimization of the respective optimum field 

position the sweep coil was put into persistent operation and enhancement factors were determined 

by comparison of NMR intensity with and without µw irradiation. Temperature was read out via 

a thermocouple inside the MAS stator during experiments. For all experiments radio frequency 

(rf) pulse amplitudes were set to 100 kHz, 50 kHz, and 40 kHz for 1H, 13C, and 15N, respectively; 

1H amplitude was set for to 13C or 15N Hartmann-Hahn matching during CP (S. R. Hartmann and 

E. L. Hahn, Phys. Rev., 1962, 128, 2042-2053). SPINAL64 at 100 kHz was used for broadband 
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decoupling of 1H (B. M. Fung, A. K. Khitrin and K. Ermolaev, J. Magn. Reson., 2000, 142, 97-

101). Bruker 3.2 mm sapphire rotors sealed with silicone soft plug and ZrO2 drive cap were used. 

All pulse sequences were preceded by a presaturation pulse train consisting of 16 flip (90°) 

pulses separated by 5 ms and a subsequent polarization delay during which (enhanced) polarization 

can build up. This allowed for reproducible measurement of polarization in a quantitative manner, 

especially when reaching a quasi-equilibrium using dummy scans was not possible due to 

extremely long build-up times. For the acquisition of build-up curves the polarization delay was 

varied; all other experiments were performed with fixed polarization delays between 10 and 60 s 

unless given otherwise. 

Protein expression and labeling 

pet-21a plasmids carrying the F4C, A28C, and G75C mutation of human ubiquitin were created 

using site-directed mutagenesis and were verified by sequencing. The proteins were expressed 

recombinantly from E. coli strain BL21(DE3) in M9 minimal medium containing 13C-glucose and 

15NH4Cl as exclusive carbon and nitrogen sources. Purification was performed uniformly for all 

mutants using the following protocol: cells were resuspended in 25 ml of 50 mM NH4OAc buffer 

(pH = 7.0) containing 10 mM 2-mercaptoethanol, lysed, and the lysate acidified to pH = 5 with 

acetic acid. The lysate was centrifuged and subsequently heated to 85 °C for 15 minutes while 

inverting several times. After cooling to r.t., the cloudy solution was centrifuged at 10,000 g for 

30 minutes. A HiTrap SP HP column was equilibrated with 5 column volumes of 50 mM NH4OAc 

buffer (pH = 5.0). The supernatant was loaded, washed with 5 column volumes of the same buffer, 

and eluted by applying a concentration gradient to 500 mM NH4OAc buffer (pH = 5.0). For further 

purification, the sample was loaded to a HiLoad 26/600 gel filtration column and eluted with 

50 mM NH4OAc buffer (pH = 5.0). At the end of the procedure, the buffer was exchanged to 
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50 mM NH4OAc buffer (pH = 7.0) for increased stability. Typical yields were about 30 mg per 

liter of medium used. 

For site-directed labeling, 5 equivalents (relative to protein) of 4-mercaptomethyl 

dipicolinic acid (4MMDPA) or 15 equivalents of 1,4,7,10-tetraazacyclododecane-1,4,7-tris-acetic 

acid-10-maleimidoethylacetamide (DOTA-M) were added to 0.5 ml of 1 mM protein solution and 

rocked for 24 h at room temperature. The solution was placed in a PD-10 desalting column and 

eluted with 50 mM NH4OAc (pH = 7.0) to remove excess spin label. 
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Supplementary Figures 

 

 

 

Figure S1. (A) Power dependence of 1H (full circles, red) and 13C (open circles, blue) DNP with Gd-DOTA. Left 
abscissa represents DNP efficiency relative to the theoretical maximum for each nucleus; right abscissas are 1H (red) 
and 13C (blue) enhancement factors. (B) Power dependence of “indirect” 13C enhancement at optimum (positive or 
negative) 1H enhancement. 
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Figure S2. 1H–13C cross polarization (CP, left) and 13C direct polarization (DP, right) spectra of 60% 13C3-glycerol in 
a mixture with 40% H2O with DNP enhancement by irradiation of 10 mM Gd-DOTA at the appropriate SE field with 
120 mW of 140 GHz microwave irradiation at 80 K and under static conditions. To increase µw field strength a TE011 
resonator was used. 4.2 s and 120 s polarization time was used for CP and DP, respectively. For better visibility the 
‘µw off’ spectra have been multiplied by a factor 10 (gray line). Spectra were averaged over 128 (CP, µw on), 31,104 
(CP, µw off), 64 (DP, µw on), and 3,808 (DP, µw off) scans, respectively, and normalized for direct comparability of 
signal intensity. The inset shows 13C build-up time constant (open diamonds) and relative 13C DNP enhancement 
(filled circles) as function of µw power level relative to 120 mW. 
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Figure S3. DNP-enhanced 13C (left) and 15N (right) spectra of 13C,15N-urea showing larger degree of broadening at 
shorter polarization times for a frozen solution containing 20 mM Gd-DOTA. The middle panel shows the relative 
contribution of homogeneous (Lorentzian) broadening and inhomogeneous (Gaussian) broadening, obtained by fitting 
with a linear combination of a Lorentzian and a Gaussian line. The lower graphs show the build-up of enhanced 
polarization obtained by integration over the whole NMR peak in comparison with that of a 2 mM Gd-DOTA solution. 
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Figure S4. Cw EPR spectra of frozen DNP-solutions of Gd-4MMDPA-labeled and Gd-DOTA-M-labeled A28C 
mutant of ubiquitin measured at a µw frequency of 263 GHz and a temperature of 100 K. Δpp is the peak-to-peak 
linewidth of the cw spectra (i.e., first derivative of the absorption spectra). 
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Bis-Gadolinium Complexes for Solid Effect and Cross Effect Dynamic
Nuclear Polarization
Monu Kaushik, Mian Qi, Adelheid Godt,* and Bjçrn Corzilius*

Abstract: High-spin complexes act as polarizing agents (PAs)
for dynamic nuclear polarization (DNP) in solid-state NMR
spectroscopy and feature promising aspects towards biomo-
lecular DNP. We present a study on bis(Gd-chelate)s which
enable cross effect (CE) DNP owing to spatial confinement of
two dipolar-coupled electron spins. Their well-defined Gd···Gd
distances in the range of 1.2–3.4 nm allowed us to elucidate the
Gd···Gd distance dependence of the DNP mechanism and
NMR signal enhancement. We found that Gd···Gd distances
above 2.1 nm result in solid effect DNP while distances
between 1.2 and 2.1 nm enable CE for 1H, 13C, and 15N nuclear
spins. We compare 263 GHz electron paramagnetic resonance
(EPR) spectra with the obtained DNP field profiles and
discuss possible CE matching conditions within the high-spin
system and the influence of dipolar broadening of the EPR
signal. Our findings foster the understanding of the CE
mechanism and the design of high-spin PAs for specific
applications of DNP.

Dynamic nuclear polarization (DNP) has experienced
widespread application in structural biology and materials
research for sensitivity enhancement of magic-angle spinning
(MAS) NMR spectroscopy.[1] By transferring the large
electron spin polarization to the surrounding nuclear spins
through microwave (mw) irradiation of a frozen solution, the
NMR signal intensity can be increased by up to three orders
of magnitude.[2] Polarizing agents (PAs), typically based on
nitroxides, provide the electron spin polarization.[3] Lately,
complexes of the high-spin metal ions GdIII or MnII have been
introduced as alternative PAs.[4] A recent, intriguing develop-
ment is the utilization of PAs site-directedly bound to
biomolecules. Owing to the limited distance between PA
and biomolecule, hyperpolarization can be selectively trans-
ferred to the site(s) of interest.[5] Loss of polarization to the
bulk can be prevented either by matrix perdeuteration in the

case of (indirect) 1H DNP,[6] or by utilizing direct DNP of
nuclei with small natural abundance in the matrix (e.g., 13C,
15N) so that spin-diffusion pathways are limited.[7] For the
latter case the development of PAs with properties tailored
for efficient, direct DNP of 13C and 15N is crucial. Bis-nitroxide
tags can provide sufficient 1H polarization but fail to provoke
direct 13C DNP,[6] while direct 13C DNP was demonstrated
with tags based on the paramagnetic metal ions MnII or
GdIII.[7, 8] Furthermore, in contrast to nitroxides, GdIII and MnII

complexes are stable within cellular environments, which
makes them suitable PAs for in-cell studies.[9]

In the context of MAS NMR, two DNP mechanisms have
been exploited so far: the solid effect (SE)[10] and the cross
effect (CE).[11] The SE can be evoked by irradiating a nom-
inally forbidden electron-nuclear double- or zero-quantum
transition. For the CE, two dipolar-coupled electron spins
need to be present and their frequency difference, Dw0S, is
required to match the nuclear Larmor frequency, w0I

[Eq. (1)]:

Dw0S ¼ :w0I ð1Þ

DNP occurs with positive or negative sign of nuclear
hyperpolarization. A separation between the field of (++)- and
(@)-DNP maxima corresponding to (at least) 2w0I is observed
for SE, whereas for CE, all DNP matching conditions have to
be encompassed within the inhomogeneously broadened
envelope of the EPR spectrum.[12] This difference allows for
clear identification of DNP mechanisms based on analysis of
DNP field profiles.[8,13]

Besides the frequency matching, CE relies strongly on the
effective coupling strength between the two electron spins.
Off-diagonal coupling elements introduce state mixing of the
magnetic spin levels which in turn allows the transfer of
polarization to the nuclear spin. Equation (1) is strictly valid
only if the dipolar coupling is small compared to w0I. In this
case, CE efficiency increases with dipolar coupling strength
due to the responsible transition moment being proportional
to D0/w0I, where D0 is the effective off-diagonal coupling
element.[14] However, once the magnitude of this coupling
becomes comparable to the nuclear Larmor frequency, the
efficiency of CE can decrease as was shown in theory and
experiment.[15]

Dipolar coupling between electron spins, as needed for
CE, can be provided by means of inter-molecular nearest-
neighbor interactions in a frozen solution of PAs with one
paramagnetic site.[16] This requires a high concentration of the
PA. For nitroxides, a major improvement was the intercon-
nection of two TEMPO moieties giving a biradical that
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allowed for sufficient dipolar coupling even at low
PA concentration.[17]

Earlier, we have demonstrated that complexes
of GdIII and MnII act as PAs for 13C and 15N direct
DNP.[8] However, high concentrations of up to
20 mm are needed to achieve CE. Therefore, we
became interested to investigate bis(Gd-com-
plex)es[18] as PAs. Additionally, GdIII is an ideal
test system for the biologically highly relevant
MnII ion because it features very similar EPR/
DNP properties, but does not suffer from strong
hyperfine interaction to the metal nucleus.[8] The
bis(Gd-complex)es used in this study, bis(Gd-
chelate)s 2–5, are presented in Figure 1. Due to
the stiffness of the spacer backbone[19] and the
tetherless attachment of the Gd-containing moiety
Gd-PyMTA, their Gd···Gd distances are well
defined. They range from 1.2–3.4 nm as was
calculated taking into account the experimentally
determined stiffness and the glass transition tem-
perature of the solvent mixture used for the
experiments.[20] The bis(Gd-chelate)s 4 and 5 are
furnished with branched polyethylene glycol
chains to mask the hydrophobic spacer backbone
and therefore achieve solubility in protic solvents
including water. The bis(Gd-chelate)s 2 and 3 miss
such chains. Nevertheless, they dissolve in glyc-
erol/water, probably because of the two polar and
charged Gd-PyMTAunits. As a reference for inter-

molecular dipolar coupling, the mono(Gd-chelate) 1 was
used. The syntheses of bis(Gd-chelate)s 2 and 3 are shown in
Scheme 1 and details are given in the supporting information.
The syntheses of bis(Gd-chelate)s 4 and 5 have been reported
elsewhere.[18]

For the EPR and DNP experiments a GdIII ion concen-
tration of 4 mm was used in order to favor intra-molecular

dipolar coupling within the bis(Gd-chelate)s over
inter-molecular interactions. All samples were
equal in Gd ion concentration, that is, we used
a 4 mm solution of mono(Gd-chelate) 1 and 2 mm
solutions of bis(Gd-chelate)s 2–5. Besides the PA
in 60/30/10 (vol%) of [D8]-glycerol/D2O/H2O,
13C,15N2-urea was present at a concentration of
2m for direct read-out of 13C and 15N polarization
and for indirect read-out of 1H polarization via
cross polarization to 13C.

Figure 2A shows the EPR spectra of com-
pounds 1–5, limited to the mS =@1/2$+ 1/2
central transition (CT) region of the high-spin
(S = 7/2) system. We have inverted the spectra for
better visual comparison with the 1H, 13C, and 15N
DNP field profiles shown in Figure 2B. Both, EPR
spectra and DNP field profiles, were recorded at
the mw frequency of 263 GHz. The DNP field
profiles are limited to the (@)-DNP region due to
limited sweep range of the instrumental set-up
used. Nevertheless, using (@)-DNP with inversion
of the recorded emissive NMR spectrum is practi-

cally equivalent to the more common utilization of
(++)-DNP.[21] In the following, we will refer to absolute
values when discussing relative changes (increase/decrease)
of enhancement between bis(Gd-chelate)s.

The increasing dipolar coupling, with constants ranging
from 0.7 to 32 MHz (Table 1), upon decreasing Gd···Gd
distance is manifested clearly by broadening of the CT line in

Figure 1. Structural formulae and calculated Gd···Gd distances of the compounds in
this study.

Scheme 1. Syntheses of 2 and 3. For details see Supporting Information.
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the EPR spectrum. Because of the 1/r3 dependency of the line
width of the CT, with r being the Gd···Gd distance,[22]

exchange interaction can be neglected. This is explained by
the full localization of spin density on the GdIII ion.[23] The
shape of DNP field profiles reveals the type of DNP
mechanism being active for each nucleus and PA.[8, 13]

Although in the high-spin system several transitions can
fulfil the CE matching condition under MAS,[12] we can
explain most of our findings by only considering the CT. This
seems logical because all other (satellite) transitions are
subject to strong angular dependence due to zero-field
splitting anisotropy and should therefore contribute to
a much smaller degree. We observe a transition in the 13C

and 15N DNP field profiles from the SE to the CE mechanism
with decreasing Gd···Gd distance. A clear signature of SE is
observed for the reference compound, mono(Gd-chelate) 1,
and the bis(Gd-chelate) 5 with the largest Gd···Gd separation.
At Gd···Gd distances of 1.4 nm [bis(Gd-chelate) 3] and 2.1 nm
[bis(Gd-chelate) 4] we propose dominance of the CE
mechanism for 13C and 15N polarization, respectively. The
onset of CE contribution is marked by a significant increase in
DNP enhancement (Table 1) despite the increasing dipolar
broadening of the EPR spectrum which—on its own—would
lead one to expect a decreasing enhancement by SE due to
less efficient excitation by monochromatic mw.[4] The tran-
sition from SE to CE with decreasing Gd···Gd distance is
accompanied by a shift of the maximum of the (@)-
enhancement peak in the DNP field profile towards the
EPR resonance field, resulting in (++)-DNP and (@)-DNP
peak separation of < 2 w0I. The transition is impressively
obvious for bis(Gd-chelate) 4, for which 13C SE and CE field
profile peaks are distinguishable within a “doublet” and the
mechanism of choice can be evoked rather selectively by
tuning the external magnetic field.

A SE to CE shift occurs for 1H DNP as well, as is clearly
visible from a comparison of the 1H DNP field profiles of
bis(Gd-chelate)s 5 and 2. However, no increase in the
enhancement factor is observed. Nevertheless, the reduction
from e =@4 to e =@2 is less than expected based on the
amplitude reduction of the EPR signal due to line broad-
ening.[4] Interestingly, some of the 1H DNP field profiles show
additional features close to the center of the EPR resonance.
They are barely visible at 2.1 nm [bis(Gd-chelate) 4], but
highly prominent at shorter Gd···Gd distances. These might
arise from several matching conditions including satellite

Figure 2. A) 263 GHz EPR spectra of frozen solutions of mono(Gd-chelate) 1 (4 mm) and bis(Gd-chelate)s 2–5 (2 mm) in 60/30/10 (vol%) [D8]-
glycerol/D2O/H2O recorded at 100 K. The samples also contained 13C,15N2-urea (2m) for detection of 1H, 13C, and 15N polarization in DNP
experiments. As-recorded continuous-wave (cw) EPR spectra (i.e., absorption derivative) are shown as thin lines with dotted zero line. Thick lines
are absorption spectra obtained by integration of cw spectra and subsequent baseline correction. The vertical dotted line indicates the central
resonance field for direct comparison with field profiles (marked as EPR) in (B). B) 263 GHz 1H, 13C, and 15N DNP field profiles of the same
samples as in (A), acquired by sweeping the NMR field and recording the 1H–13C cross-polarization intensity as well as direct 13C or 15N signal
intensity during mw irradiation. The profiles were normalized to the respective maximum (@)-DNP enhancement. Horizontal dashed lines indicate
the baseline (e =1) for each profile. Vertical dotted lines mark the central EPR resonance field [equal to the dotted line in (A)], as well as the field
position of maximum (@)SE DNP enhancement for each nucleus.

Table 1: DNP enhancement factors e of 1H, 13C, and 15N signals obtained
with mono(Gd-chelate) 1 and the bis(Gd-chelate)s 2–5.

Compound Gd···Gd
distance
[nm]

Dipolar cou-
pling [MHz][c]

e(1H)[d] e(13C)[d] e(15n)[d]

1 4.2[a] 0.7 @3.9(1) @26.1(9) @68(7)
2 1.2[b] 32.4 @2.0(1) @13.4(3) @6.8(6)
3 1.4[b] 18.1 @2.3(1) @29.5(8) @34(3)
4 2.1[b] 5.7 @3.1(1) @23.2(6) @108(7)
5 3.4[b] 1.3 @2.8(1) @23(1) @70(7)

[a] Average nearest neighbor Gd···Gd distance calculated[24] for a homo-
geneous solution of mono(Gd-chelate) 1. [b] Calculated[20] Gd···Gd
distances at the glass-transition temperature of 165 K of the solvent
mixture. [c] Coupling constants calculated by point-dipole approxima-
tion. [d] Determined at the respective field of maximum negative
enhancement. Values in parentheses are the uncertainty in the last
significant digit determined by signal/noise analyses of the NMR
spectra.
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transitions within the high-spin system.[12] However, these
features seem to be centered at the 13C and 15N Larmor
frequency offsets which suggest cross-talk between the polar-
izations of different nuclear species,[8, 25] or might be a sign of
multiple nuclei undergoing concerted DNP transitions. Ear-
lier studies have shown such features to occur at field offsets
corresponding to nuclear combination frequencies,[26] a situa-
tion not given in this case. Another explanation might be an
“indirect excitation” of one GdIII ion by 13C or 15N SE which
leads to partial saturation of the electron spin and subse-
quently drives 1H CE.[27]

Another interesting finding is that, despite the significant
broadening of the EPR CT line with shorter Gd···Gd
distances, the width of the 13C and 15N DNP field profiles
remains rather constant. This is striking when comparing the
13C and 15N field profiles of bis(Gd-chelate)s 2–4 (neglecting
the additional 13C SE feature of the latter) in light of the
drastic differences in their EPR spectra. The reason for this is
unclear but might be found by closer inspection of the CE
matching condition [Eq. (1)], keeping in mind the molecular
geometry and that it is a high-spin system. For the bis(Gd-
chelate)s, effective variation in spin precession frequency is
caused by ZFS and electron-electron dipolar coupling.[12]

Therefore, the naturally occurring distribution of ZFS param-
eters,[28] deviations of the tensors from collinearity caused by
molecular bending,[19] and the orthorhombicity of the ZFS of
Gd-PyMTA in combination with rotation around the C@C
single bonds of the spacer axis lead to CE matching conditions
for different molecular orientations during MAS experi-
ments.[12] At the same time, the EPR spectral envelope is the
result of a multitude of possible spin states within the coupled
high-spin system. Since not all molecular geometries and/or
initial spin states are expected to contribute equally to DNP
enhancement, the effective widths of EPR spectra and field
profiles deviate. An in-depth theoretical analysis, possibly in
combination with an experimental study on a variety of
bis(Gd-complex)es differing in their ligand, would be very
useful in elaborating the cause of the observed effects.

We found the largest 13C and 15N signal enhancements
with the bis(Gd-chelate)s with Gd···Gd distances of 1.4 and
2.1 nm, respectively, while for shorter distances efficiencies
are lower for both nuclei. Especially for 15N, enhancement is
dramatically reduced at 1.2 nm. Besides the trivial excitation
penalty due to broadening of the EPR signal, this might be
caused by the rather large ratio between dipolar coupling
constant (32 MHz) and nuclear Larmor frequency (42 MHz).
While dipolar coupling is a requirement for CE transfer, large
ratios inhibit CE.[15]

Summarizing, bis(Gd-chelate)s with stiff spacers between
the GdIII ions can be used as effective CE PAs for 13C and 15N
direct DNP. The enabling of CE at rather low concentrations
is caused by mutual spatial confinement of two ions as an
electron spin pair. The comparison of bis(Gd-chelate)s with
Gd···Gd distances between 3.4 and 1.2 nm indicate that the
Gd···Gd coupling required for transition from SE to CE DNP
correlates with the gyromagnetic ratio of the nucleus polar-
ized. Furthermore, the two Gd···Gd distances corresponding
to the largest 13C and 15N enhancements show a similar
correlation. No boost in 1H enhancement as compared to the

mono(Gd-chelate) has been observed. The widths of the 13C
and 15N DNP field profiles remain constant although the line
width of the EPR CT is increasing with decreasing Gd···Gd
distance. To explain this finding, molecular geometry and/or
initial spin state of the coupled high-spin system are suggested
to influence the CE. Based on this, we propose theoretical
studies in combination with an investigation of bis(Gd-
complex)es of different molecular symmetries. This would
allow for an in-depth understanding of the effects and might
give a guideline for improving CE efficiency and for the use of
the biologically highly relevant MnII ion as PA. Our study
opens the field to special applications, for example under
conditions where nitroxides are chemically unstable. Biomol-
ecules could be labeled with bis(metal-chelate)-based tags, or
intermolecular contacts between subunits labeled with one
metal ion each could be probed.

Experimental Section
A sweepable Bruker Avance III DNP spectrometer operating at

400 MHz 1H frequency was used to record all DNP field profiles.
263 GHz Bruker EleXsys E780 spectrometer was used to record cw
EPR spectra. Detailed instrumental and experimental description as
well as sample preparation are given in the Supporting Information.
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S2 

Supplementary results and discussion 

Comments on the syntheses of bis(Gd-chelate)s 2 and 3 

As presented in scheme 1 (main text), Pd- and Pd/Cu-catalysed carbon-carbon cross 

couplings were used to connect the two Gd(III) ligating moieties of the bis(Gd-chelate)s 2 

and 3. In the following we address details of these reactions. 

The two PyMTA moieties of bis(Gd-chelate) 2 were joined by a Suzuki coupling with in-situ 

formed boronic acid ester,[S1] employing bis(pinacolato)diboron in a slight excess of 3 mol%. 

The removal of residual bis(pinacolato)diboron from the coupling product, ester 7, through 

column chromatography was incomplete. However, this compound did not interfere with the 

next step, the ester hydrolysis of ester 7 which gave bisligand 8•n H+•m Na+. Furthermore, 

the 1H NMR spectrum of bisligand 8•n H+•m Na+ did not reveal the presence of pinacol or a 

derivative thereof. We assume that under the conditions of ester hydrolysis, the 

bis(pinacolato)diboron was hydrolysed and, because of working in air, it was additionally 

oxidised giving pinacol and boric acid. Pinacol was, as concluded from the 1H NMR 

spectrum, removed during the washing of the aqueous phase with organic solvents. 

However, boric acid is expected to have stayed in the aqueous phase and thus is assumed 

as an additional component in the solution of bis(Gd-chelate) 2. 

On the way to bis(Gd-chelate) 3 a Sonogashira-Hagihara coupling was used to obtain ester 

11. A typical byproduct of this coupling is a butydiyne formed through oxidative dimerisation 

(Glaser coupling) of the alkyne. The oxidative dimer of 4-ethynyl-PyMTA ethyl ester 10 and 

the targeted coupling product, ester 11, were expected to be chromatographically hardly 

separable, if at all. Therefore, several measures were taken to minimize the oxidative alkyne 

dimerisation: (1) Using Pd(PPh3)4 instead of the usually used Pd(PPh2)2Cl2. (2) Using an 

excess of 4-iodo-PyMTA ethyl ester 9, so as to avoid residual alkyne which dimerises upon 

exposure of the reaction mixture to air during work-up. (3) Avoiding to open the flask for 

adding the catalysts after degassing of the solution of 4-iodo-PyMTA ethyl ester 9 and 4-

ethynyl-PyMTA ethyl ester 10. For this purpose, an apparatus consisting of a Schlenk flask 

and a bent tube as shown in figure S1 were used. The catalysts were placed in the bent tube 

and the solution of the coupling partners was prepared in the Schlenk flask. After degassing 

of the solution through several freeze-pump-thaw cycles, turning of the tube made the 

catalysts slide into the solution. 

 

 

Figure S1. Apparatus used for the preparation of ester 11. Through turning the bent 

tube the catalysts are brought to the degassed solution of 4-iodo-PyMTA ethyl ester 9 

and 4-ethynyl-PyMTA ethyl ester 10 without opening the apparatus. 
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DNP build-up dynamics 

Build-up curves of bis(Gd-chelate)s 2-5 and mono(Gd-chelate) 1 have been measured for 
1H, 13C, and 15N DNP at the respective magnetic field of maximum (negative) enhancement. 

For all compounds, a similar build-up behavior was observed. We explain this by dominance 

of spin-diffusion, especially in the case of 13C and 15N DNP where rather small isotope 

concentration is present. Build-up curves are shown in Figure S2, time constants obtained 

by exponential fitting are given in Table S1. 

 

 

Figure S2. Build-up curves of 1H, 13C, and 15N DNP obtained with mono(Gd-chelate) 1 and the 

bis(Gd-chelate)s 2-5. 

 

 

Table S1. DNP build-up time constants of 1H, 13C, and 15N NMR signals obtained with mono(Gd-chelate) 1 and the bis(Gd-chelate)s 2-5. 

Compound Gd–Gd distance 

[nm] 

Dipolar coupling 

[MHz] 

TB(1H) (s) TB(13C) (s) TB(15N)[a] (s) ξ(15N)[b] 

1 4.2 0.7 13.0 894 1874/98 5.51 

2 1.2 32.4 7.4 882 1695/31 6.21 

3 1.4 18.1 10.0 841 1728/85 5.65 

4 2.1 5.7 9.2 1041 1751/85 5.26 

5 3.4 1.3 8.2 962 1643/80 5.02 

[a] Bi-exponential build-up was observed and two constants are given. For bis(Gd-chelate) 2 (1.2 nm) no complete saturation was 

observed; for this compound data points were shifted accordingly so that only the time-dependent component was fitted. [b] Ratio 

between slow and fast component of 15N build-up. 
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Experimental part 

Instrumentation and details of EPR and DNP experiments 

Sample preparation. 2 M 13C,15N2-urea (99% 13C, 98% 15N, CortecNet) was dissolved in a 

60/30/10 (vol.-%) mixture of D8-glycerol/D2O/H2O containing 4 mM mono(Gd-chelate) 1 or 

2 mM of bis(Gd-chelate)s 2-5. D8-glycerol (98 % D) was purchased from CortecNet; D2O 

(99.9 % D) was purchased from Sigma-Aldrich, and double distilled H2O was used. All 

chemicals were used as received. The same samples were used for DNP and EPR 

experiments. 

All complexes presented here are readily soluble in 60/30/10 (vol.-%) mixture of D8-

glycerol/D2O/H2O. Samples for DNP (and EPR) were prepared from stock solutions of 

40 mM mono(Gd-chelate) 1 or of 20 mM of bis(Gd-chelate)s 2-5. 

DNP experiments. A sweepable Bruker Avance III DNP spectrometer operating at 400 MHz 
1H frequency was used to record all DNP field profiles. Bruker gyrotron operating at the 

maximum beam current of 115 mA produced corresponding microwave frequency of 263.4 

GHz. The Bruker Ascent 400 DNP magnet was centred at 9.40 T and contained a 

superconducting sweep coil with a range of ±75 mT. The sweep coil was controlled 

externally by a power supply with ±20 A range. The sweep coil was energized step-wise to 

sweep the magnetic field and record DNP field profiles for 1H, 13C, and 15N nuclei. After 

careful optimization of the respective optimum field position the sweep coil was put into 

persistent operation and enhancement factors were determined by comparison of NMR 

intensity with and without μw irradiation. Bruker 3.2 mm sapphire rotors sealed with silicone 

soft plug and ZrO2 drive cap were used. All DNP experiments were performed with MAS 

frequency of 8 kHz at cryogenic temperatures of ~119 K and ~108 K with and without 

microwaves respectively. Temperature was read out via a thermocouple inside the MAS 

stator during experiments, heating due to microwaves was not quantified. For all 

experiments radio frequency (rf) pulse amplitudes were set to 100 kHz, 50 kHz, and 40 kHz 

for 1H, 13C, and 15N, respectively; 1H amplitude was set for 13C or 15N Hartmann-Hahn 

matching during CP.[S2] SPINAL64 at 100 kHz was used for broadband decoupling of 1H.[S3] 

All spectra were preceded by a pre-saturation pulse train consisting of 16 flip (90°) pulses 

separated by 5 ms and subsequent polarisation delay during which (enhanced) polarization 

can build up. This allowed for reproducible measurement of polarization in a quantitative 

manner, especially when reaching a quasi-equilibrium using dummy scans was not possible 

due to long build-up times 

EPR experiments. 263 GHz Bruker EleXsys E780 spectrometer was used to record 

continuous wave EPR spectra. Sample and probe temperature was maintained at 100 K with 

a LHe flow cryostat (Oxford Instruments). Bruker Ascent DNP magnet (89 mm) centered at 

9.40 T with a superconducting sweep coil with a nominal range of ±75 mT was employed. 

The sweep coil power supply is remotely controlled between -20 A and +20 A by the Bruker 

Xepr software used for data acquisition. EPR spectrum of compound 2 was recorded with a 

home-built resonator (with 5 kHz modulation frequency and 0.15 mT modulation amplitude) 

while all others were recorded with a Bruker resonator (with 100 kHz modulation frequency 

and 0.1 mT modulation amplitude), both operating in TE011 mode. Attenuation of 28 dB 

corresponding to nominally 23.7 µW microwave power was used for all measurements. For 

all experiments, field was swept at the rate of 0.1 mT/s. 
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Glass transition temperature determination 

The glass transition temperature (Tg) of the 60/30/10 (vol.-%) mixture of D8-glycerol/D2O/H2O 

was determined through differential scanning calorimetry (DSC) using a differential scanning 

heat-flow calorimeter (Q100, TA Instruments). About 10 mg of the mixture was placed into 

an aluminum pan and the pan was sealed hermetically. The sample was shock-frozen 

through dipping the filled pan into liquid nitrogen. Finally, the pan was transferred into the 

calorimeter. Measurements were performed with an empty pan as a reference. The Tg of the 

sample was determined in the heating mode at 10 K min-1 using the onset of the glass 

transition signal, i.e. the intersection between the extrapolated baseline and a line of 

maximum slope in the heat flow signal, following the convention of Angell.[S4] The Tg of the 

mixture of D8-glycerol/D2O/H2O 60/30/10 (vol.-%) was determined to be 165 K ± 2 K. 

 

Syntheses procedures 

General. Unless otherwise stated, reactions were performed under ambient conditions and 

with commercial solvents and reagents, except THF (HPLC grade) which was distilled from 

sodium/benzophenone prior to use. For the preparation of the aqueous solutions, deionized 

water was used. The argon was passed through anhydrous CaCl2 prior to use. The solvents 

used for extraction and chromatography were of technical grade and were distilled prior to 

their use. The proton-exchange resin (Dowex 50WX4 hydrogen form, 91 g) was 

subsequently washed with THF (3 × 200 mL), EtOH (2 × 100 mL), H2O (2 × 150 mL), and 

EtOH (200 mL) and then dried over P4O10 at 0.05 mbar for 5 days to obtain a pure and dry 

proton exchange resin (30 g). 

The temperatures given for the reactions refer to the bath temperatures. Solvents were 

removed at a bath temperature of ∼40 oC and reduced pressure. The products were dried at 

room temperature at ∼0.05 mbar. The pH/pD values of the solutions were determined using 

pH indicator strips (resolution: 0.3 pH). 

Column chromatography was carried out on silica gel 60 (0.035−0.070 mm) applying slight 

pressure. In the procedures reported below, the size of the column is given as diameter × 

length. The material was loaded onto the column dissolved in a small quantity of the eluent. 

Thin layer chromatography was performed on silica gel 60 containing fluorescent indicator 

F254. The solid support for the silica gel layer was aluminum foil. Unless otherwise stated, 

the spots were detected with UV light of λ = 254 and 366 nm. The compositions of solvent 

mixtures are given in volume ratios. 

For centrifugation, a centrifuge with a relative centrifugal force of 6500rpm/4000g was used. 

NMR spectra were calibrated using the solvent signal as an internal standard [CDCl3: δ(1H) 

= 7.25, δ(13C) = 77.0; D2O: δ(1H) = 4.79]. For 13C{1H} NMR experiments in D2O a drop of 

MeOH was added as the internal standard [δ(13C)MeOH = 49.5]. Signal assignments are 

supported by DEPT-135, HMBC, and HMQC experiments. 

Accurate MS experiments were performed using an FT-ICR mass spectrometer interfaced to 

an external ESI ion source. 

The ratio of the components in a mixture was determined by 1H NMR spectroscopy and is 

given as molar ratio. 
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Mono(Gd-chelate) 1. [4-MOMethynyl-PyMTA]4-•n H+•m Na+[S5] (8.19 mg, containing 16.8 

μmol of the structural motif [4-MOMethynyl-PyMTA]4-) was dissolved in D2O (30 μL) and H2O 

(42 μL). A solution of GdCl3 in D2O (500 mM, 33 μL, 16.5 µmol), a solution of NaOD in D2O 

(1.0 M, 50 μL, 50 µmol), and D8-glycerol (345.8 mg) were added successively. The solution 

was mixed well. The pD of the solution was 8.2. The solution was diluted with D2O (13 μL) to 

obtain a 40 mM solution of mono(Gd-chelate) 1 in a mixture of D8-glycerol/D2O/H2O with a 

volume ratio of 6:3:1. Due to the way of preparation this solution contained NaCl (49.5 

µmol). MS (ESI) m/z = 590.9 [M - Na]-. Accurate MS (ESI) calculated for [M - Na]+ 

C19H19GdN3O9
-: 591.03724; found 591.03593. Please note: The ESI-MS experiments of the 

sample in D8-glycerol /D2O/H2O (6:3:1) failed because of the high boiling point of D8-glycerol. 

The MS reported here was recorded with a sample, which had been prepared as described 

above, however without adding D8-glycerol. 

Ester 7. This reaction was performed in dried glassware under argon using the Schlenk 

technique. A suspension of 4-iodo-PyMTA tert-butyl ester 6[S6] (435 mg, 605 µmol), 

bis(pinacolato)diboron (79.3 mg, 311 µmol) and anhydrous K2CO3 (247 mg, 1.79 mmol) in 

DMSO (8 mL) was degassed through three consecutive cycles consisting of reducing the 

pressure to 10 mbar and filling the flask with argon. To the pale brown suspension 

PdCl2(dppf)•CH2Cl2 (20.0 mg, 23.6 µmol) was added. The color of the suspension changed 

to dark red. The suspension was heated to 80 oC, whereupon the reaction mixture became a 

brown-black suspension. The suspension was stirred at 80 oC for 16 h and then cooled to 

room temperature. Et2O (15 mL) was added and then H2O (15 mL) was added slowly 

(caution: exothermic reaction; Cooling with an ice bath is strongly recommended.). The 

organic and the aqueous phases were separated, and the aqueous phase was extracted 

with Et2O (3 × 10 mL). To the combined organic phases metal scavenger QuadraPure TU 

(241 mg) was added. The suspension was stirred at room temperature for 2.5 h, whereupon 

the color of the metal scavenger changed from yellow to brown. This suspension was dried 

with Na2SO4 and filtered. The filter cake was washed with Et2O (100 mL), and the solvent of 

the combined filtrates was removed. Column chromatography (3.5 cm × 32 cm, 

CH2Cl2/EtOH 20:1) of the residual brown-black oil gave a yellow viscous oil (338 mg) 

consisting of ester 7 (94% yield; Rf = 0.25) and a trace of bis(pinacolato)diboron (about 3 

mol %). 1H NMR (500 MHz, CDCl3): Signals assigned to ester 7: δ = 7.68 (s, 4H, ArH), 4.09 

(s, 8H, ArCH2), 3.50 (s, 16H, CH2C=O), 1.42 (s, 72H, tBu); signal assigned to 

bis(pinacolato)diboron: δ = 1.23 (s, 24H, CH3). 13C NMR (125 MHz, CDCl3): Signals 

assigned to ester 7: δ = 170.3 (C=O), 159.4 (CAr ortho to N), 147.7 (CAr para to N), 119.3 

(CArH), 80.8 (CMe3), 59.6 (ArCH2), 55.6 (CH2C=O), 28.1 (CMe3); signals assigned to 

bis(pinacolato)diboron: δ = 74.8 (OCMe2), 24.7 (OCMe2). MS (ESI) m/z = 1207.7 [M + Na]+, 

1185.7 [M + H]+. Accurate MS (ESI) calcd. for [M + Na]+ C62H100N6O16Na+: 1207.70880; 

found 1207.70907. 

Bisligand 8•n H+•m Na+. Ester 7 (229 mg, 193 μmol) was dissolved in EtOH (10 mL) at 50 
oC. An aqueous solution of NaOH (125 mg in 5 mL H2O) was added and the pale yellow 

solution was stirred at 50 oC for 2h. H2O (5 mL) was added and the solution was stirred at 50 
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oC for another 22 h, whereupon the color of the solution changed from pale yellow to pale 

brown. Removal of the solvents gave a pale brown solid (270 mg). The pale brown solid was 

dissolved in H2O (15 mL) and then proton exchange resin (Dowex 50 WX4 hydrogen form) 

was added to reduce the pH of the solution to ca. 3.3. The solution was separated from the 

proton exchange resin by filtration through a syringe filter (PDVF, 13 mm, w/0.45 μm), and 

the resin was washed with H2O (3 × 5 mL). The combined filtrates were washed with CH2Cl2 

(3 × 5 mL) and Et2O (10 mL). The solvent of the aqueous phase was removed. Bisligand 8•n 

H+•m Na+ (218 mg, 89% yield) was obtained as a pale brown solid. The content of bisligand 

8 was determined by quantitative 1H NMR spectroscopy[S6] with maleic acid as the internal 

standard to be 57.3 wt%. Please note: Though both, bisligand 8•n H+•m Na+ and maleic acid, 

are soluble in water, their mixture possesses a very poor solubility in water. Moreover, 

bisligand 8•n H+•m Na+ is insoluble in methanol. Therefore, a solution of NaOD in D2O (0.5 

M) was used as solvent for the quantitative 1H NMR spectroscopy. 1H NMR (500 MHz, D2O): 

δ = 8.46 (s, 4H, ArH), 4.81 (s, 8H, ArCH2), 3.99 (s, 16H, CH2C=O). 13C NMR (125 MHz, 

D2O): 170.8 (C=O), 151.8 (CAr ortho to N), 148.0 (CAr para to N), 123.7 (CArH), 58.9 (ArCH2), 

57.8 (CH2C=O). MS (ESI) m/z = 389.0 [8 + 4H+ + 2Na+]2-, 378.1 [8 + 5H+ + Na+]2-, 367.1 [8 + 

6H+]2-, 251.6 [8 + 4H+ + Na+]3-, 244.3 [8 + 5H+]3-, 183.0 [8 + 4H+]4-. 

Bis(Gd-chelate) 2. Bisligand 8•n H+•m Na+ (20.35 mg, containing 16.0 µmol of bisligand 8) 

was dissolved in D2O (50 μL) and H2O (80 μL). A solution of GdCl3 in D2O (500 mM, 64 μL, 

32.0 µmol), a solution of NaOD in D2O (1.0 M, 50 μL, 50 µmol), and D8-glycerol (659.0 mg) 

were added successively. The solution was well mixed. A solution of NaOD in D2O (1.0 M, 

20 μL, 20 µmol) was added to raise the pD of the solution to 8.2. D2O (56 μL) was added to 

obtain a 20 mM solution of bis(Gd-chelate) 2 in a mixture of D8-glycerol/D2O/H2O with a 

volume ratio of 6:3:1. Due to the way of preparation this solution contained NaCl. MS (ESI) 

m/z = 522.0 [M – 2Na]2-. Accurate MS (ESI) calcd. for [M - 2Na]2- C30H28N6O16Gd2
2-: 

522.00351; found 522.00293. Please note: The ESI-MS experiments with the sample in D8-

glycerol/D2O/H2O (6:3:1) failed because of the high boiling point of D8-glycerol. The MS 

reported here was obtained with a sample, which had been prepared as described above, 

however without adding D8-glycerol. 

Ester 11. This reaction was performed in dried glassware under argon using the Schlenk 

technique. 4-Iodo-PyMTA ethyl ester 9[S6] (126 mg, 207 µmol) and 4-ethynyl-PyMTA ethyl 

ester 10[S7] (104 mg, 206 µmol) were dissolved in iPr2NH (1.4 mL, 9.99 mmol) and THF (3 

mL). This solution was degassed through three freeze-pump-thaw cycles. Then Pd(PPh3)4 

(4.33 mg, 3.74 µmol) and CuI (1.36 mg, 7.14 µmol) were added. Shortly after the addition of 

the catalysts a precipitate formed. The suspension was stirred at room temperature for 21 h. 

Then all volatiles were removed. The residual mixture of a yellow oil and a solid was 

suspended in CH2Cl2/EtOH (15:1). The suspension was filtered through silica gel (2 cm × 8 

cm) and the silica gel was rinsed with CH2Cl2/EtOH (15:1). The filtrates were combined and 

the solvents were removed. Chromatography (3.0 cm × 35 cm, CH2Cl2/EtOH 15:1) of the 

residual yellow viscous oil gave ester 11 (189 mg, 93%; Rf = 0.42) as a yellow viscous oil. 1H 

NMR (500 MHz, CDCl3): δ = 7.60 (s, 4H, ArH), 4.16 (q, 3J = 7.2 Hz, 16H, CH2CH3), 4.04 (s, 

8H, ArCH2), 3.61 (s, 16H, CH2C=O), 1.26 (t, 3J = 7.2 Hz, 24H, CH2CH3). 13C NMR (125 MHz, 

CDCl3): 171.0 (C=O), 158.8 (CAr ortho to N), 131.5 (CArC≡C), 123.1 (CArH), 90.8 (C≡C), 60.5 

(CH2CH3), 59.5 (ArCH2), 54.9 (CH2C=O), 14.1 (CH2CH3). MS (ESI) m/z = 1007.6 [M + Na]+, 

985.6 [M + H]+, 515.3 [M + 2Na]2+, 504.3 [M + Na + H]2+. Accurate MS (ESI) calcd. for [M + 

2Na]2+ C48H68N6O16Na2
2+: 515.22381; found 515.22232. Elemental analysis calcd (%) for 

C48H68N6O16 (984.469): C, 58.52; H, 6.96; N, 8.53. Found C, 57.96; H, 7.22; N, 8.47. 

Bisligand 12•n H+•m Na+. Ester 11 (84 mg, 85.3 μmol) was dissolved in EtOH (1.5 mL). An 

aqueous solution of NaOH (2.0 M, 427 μL, 854 μmol) and then H2O (1.5 mL) were added, 



S8 

whereupon a mixture of two liquid phases formed. During 5 min of stirring at room 

temperature, the mixture became a pale yellow one phase solution. The pale yellow solution 

was stirred at room temperature for another 24 h. Proton exchange resin was added to 

reduce the pH of the solution to ca. 3, whereupon a colorless precipitate formed. The 

solution was separated from the proton exchange resin and the precipitate through 

centrifugation. The proton exchange resin and the colorless precipitate were washed with 

H2O (6 × 5 mL), whereupon the colorless precipitate dissolved completely in H2O. The 

aqueous solutions were combined. After removal of the solvents bisligand 12•n H+•m Na+ 

(62 mg, 71% yield) was obtained as a colorless solid. Its content of bisligand 12 was 73 wt%, 

as determined by quantitative 1H NMR spectroscopy[3] in D2O. 1H NMR (500 MHz, D2O): δ = 

7.75 (s, 4H, ArH), 4.76 (s, 8H, ArCH2), 4.04 (s, 16H, CH2C=O). 13C NMR (125 MHz, D2O): 

170.5 (C=O), 151.2 (CAr ortho to N), 133.6 (CAr-C≡C), 127.5 (CArH), 91.6 (C≡C), 58.8 

(ArCH2), 57.4 (CH2C=O). MS (ESI) m/z = 759.1 [12 + 7H+]-, 390.9 [12 + 5H+ + Na+]2-, 378.9 

[12 + 6H+]2-, 252.2 [12 + 5H+]3-, 188.8 [12 + 4H+]4-. 

Bis(Gd-chelate) 3. Bisligand 12•n H+•m Na+ (8.50 mg, containing 8.07 µmol of  bisligand 12) 

was dissolved in a solution of NaOD in D2O (1.0 M, 50 μL, 50 µmol). D2O (38 μL), H2O (40 

μL), D8-glycerol (331.3 mg), and a solution of GdCl3 in D2O (500 mM, 31.7 μL, 15.84 µmol) 

were added successively. The solution was well mixed to obtain a 20 mM solution of bis(Gd-

chelate) 3 in a mixture of D8-glycerol/D2O/H2O with a volume ratio of 6:3:1. Due to the way of 

preparation this solution contained NaCl. The pD value of this solution was ca. 8.0. Accurate 

MS (ESI) calcd. for [M - 2Na]2- C32H28N6O16Gd2
2-: 534.00274; found 534.00281. Please note: 

The ESI-MS experiments with the sample in D8-glycerol/D2O/H2O (6:3:1) failed because of 

the high boiling point of D8-glycerol. The MS reported here was obtained with a sample, 

which had been prepared as described above, however without adding D8-glycerol. 

 

 

References 

[S1] C. F. Nising, U. K. Schmid, M. Nieger, S. Bräse, J. Org. Chem. 2004, 69, 6830-6833. 
[S2] S. R. Hartmann, E. L. Hahn, Phys. Rev. 1962, 128, 2042-2053. 
[S3] B. M. Fung, A. K. Khitrin, K. Ermolaev, J. Magn. Reson. 2000, 142, 97-101. 
[S4] C. A. Angell, Chem. Rev. 2002, 102, 2627-2650. 
[S5] K. Keller, M. Zalibera, M. Qi, V. Koch, J. Wegner, H. Hintz, A. Godt, G. Jeschke, A. 

Savitsky, M. Yulikov, Phys. Chem. Chem. Phys. 2016, 18, 25120-25135. 
[S6] M. Qi, M. Hülsmann, A. Godt, Synthesis 2016, 48, 3773-3784. 
[S7] M. Qi, M. Hülsmann, A. Godt, J. Org. Chem. 2016, 81, 2549-2571. 

Appendix: Supplementary NMR spectra 

The solution NMR spectra of ester 7, bisligand 8•n H+•m Na+, ester 11, and bisligand 12•n 

H+•m Na+ are listed on the following pages. 



S9 

 

Figure S3a. 1H NMR spectrum of ester 7. *Signal of bis(pinacolato)diboron.  
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Figure S3b. 13C NMR spectrum of ester 7. *Signals of bis(pinacolato)diboron.  
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Figure S3c. 13C DEPT 135 NMR spectrum of ester 7.  
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Figure S4a. 1H NMR spectrum of bisligand 8•n H+•m Na+.  
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Figure S4b. 1H NMR spectrum of bisligand 8•n H+•m Na+. A drop of MeOH was added as reference for the chemical shift.  
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Figure S4c. 13C NMR spectrum of bisligand 8•n H+•m Na+. A drop of MeOH was added as reference for the chemical shift.  

a 

f 

e 

h 

b 

c 

MeOH 



S15 

 

Figure S4d. 13C DEPT 135 NMR spectrum of bisligand 8•n H+•m Na+. A drop of MeOH was added as reference for the chemical shift.  
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Figure S4e. HMQC NMR spectrum of bisligand 8•n H+•m Na+. A drop of MeOH was added as reference for the chemical shift.  

MeOH 
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Figure S4f. HMBC NMR spectrum of bisligand 8•n H+•m Na+. A drop of MeOH was added as reference for the chemical shift.  
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Figure S5a. 1H NMR spectrum of ester 11.  
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Figure S5b. 13C NMR spectrum of ester 11.  
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Figure S5c. 13C DEPT 135 NMR spectrum of ester 11.  
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Figure S5d. HMQC NMR spectrum of ester 11.  
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Figure S5e. HMBC NMR spectrum of ester 11.  
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Figure S6a. 1H NMR spectrum of bisligand 12•n H+•m Na+.  
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Figure S6b. 13C NMR spectrum of bisligand 12•n H+•m Na+.  
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Figure S6c. 13C DEPT 135 NMR spectrum of bisligand 12•n H+•m Na+.  
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Figure S6d. HMQC NMR spectrum of bisligand 12•n H+•m Na+.  
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Figure S6e. HMBC NMR spectrum of bisligand 12•n H+•m Na+. 
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1. Introduction

1.1. Structure determination by solid-state NMR

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

Several (multidimensional) NMR experiments under magic-
angle spinning (MAS) conditions [1,2] have been designed over
the past decades that allow a tailored extraction of the desired
structural information while providing high spectral resolution
[3–9]. Since MAS NMR is not relying on rotational averaging of ani-
sotropic interactions by fast molecular tumbling of the analyte
molecule, the method is not limited by the molecular size as is
the case with high-resolution NMR in solution. This makes MAS
NMR especially amenable for atomistic structural investigations
of large or insoluble biomolecules and biomolecular complexes. It
can also provide structural insights into functional materials. In

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

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

1.2. Sensitivity issue

However, the low intrinsic sensitivity of NMR caused by the
small thermal population differences of the spin states restricts
many possible applications due to unreasonably long measure-
ment times. To a certain degree, lower experimental temperatures
and/or higher external magnetic fields can improve the signal-to-
noise ratio. If nuclei with low gyromagnetic ratio are to be
detected, polarization transfer schemes from nuclei with large
gyromagnetic ratios (high-c nuclei), such as 1H or 19F, are fre-
quently exploited for increasing the sensitivity per unit time
[50]. Recently, MAS with spinning frequencies beyond 100 kHz in
combination with direct 1H detection has shown promising devel-
opments in terms of resolution and sensitivity [51,52].

Fig. 1. Calculated absolute electron (black) and nuclear (gray) spin polarization
following Eq. (1) (top) and maximum theoretical DNP enhancement factor after Eq.
(2) (bottom) for a 1H nuclear spin coupled to an S ¼ 1=2 electron spin with g ¼ 2.
Magnetic fields are 9.4 T (solid line), 14.1 T (dashed line) and 18.8 T (dash-dotted
line). The typical operational temperature of 100 K for MAS-DNP is marked by a
vertical red dotted line.

Fig. 2. Schematic representation of possible DNP transfer pathways in a system
containing 1H and 13C. The latter nucleus was chosen for demonstration purposes;
the scheme is valid for arbitrary low-c nuclei. Green arrows distinguish between
indirect (e.g., via heteronuclear transfer from 1H to 13C) and direct DNP transfer.
(PD)SD and CP/CR stand for (proton-driven) spin diffusion and cross polarization/
cross relaxation.
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Nevertheless, the overall gains are small as the signal intensity
is governed by a thermal population difference, determined by the
Boltzmann factor:

P ¼ tanh
c�hB0

2kBT

� �
: ð1Þ

Here, P is the spin polarization, c is its gyromagnetic ratio, and �h and
kB are the reduced Planck constant and the Boltzmann constant,
respectively. Besides the variation of the external magnetic field B0,
and the temperature T, a much higher polarization gain is obtained
if hyperpolarization techniques are employed, since they can gener-
ate much larger, non-thermal population differences. Among these
are para-hydrogen induced polarization (PHIP) [53], chemically-
induced dynamic nuclear polarization (CIDNP) [54], spin-exchange
optical pumping (SEOP) [55], and dynamic nuclear polarization
(DNP) [56,57]. The latter stands out due to its broad applicability in
material science and biomolecular NMR spectroscopy. This is based
on its capability to provide substantial nuclear hyperpolarization at
high magnetic fields under MAS conditions (see Fig. 1).

1.3. Concept of DNP

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

emax ¼ PS

PI
� cS
cI

for cS�hB0 � kBT
� �

: ð2Þ

This factor is �660 for 1H and is accordingly larger for nuclei
with smaller gyromagnetic ratios. In the decades following the ini-
tial discovery, several experimental and theoretical studies have

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

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

1.4. Scope of this review

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

In the following two sections, a detailed description of the
theory of DNP mechanisms prominent under MAS conditions is
given. Here, we will cover not only the quantum-mechanical
description of the initial polarization transfer mechanisms but also
the processes responsible for spreading and potential drainage of
enhanced polarization within a large network of nuclear spins.

Fig. 3. (A) Energy scheme of a two-spin system with S ¼ 1=2, I ¼ 1=2 in the Zeeman basis. SQ coherences excited by the mw field are depicted in blue, coherences introduced
by the pseudo-secular HFI in orange. (B) Depiction of the eigenframe branching of the nuclear states in the different (a, b) electron spin polarization subspaces. (C) Energy
scheme in the eigenbasis of the static spin Hamiltonian (including HFI, but neglecting the mw field). SQ, DQ, and ZQ coherences are shown in blue, green, and red, respectively,
as are eigenstates connected by the DQ or ZQ coherences. (D) Matrix representation of the Hamiltonian in the Zeeman basis [same color code as in (A)]. Neglecting mw-
induced coherences the Hamiltonian is block-diagonal; the b electron spin subspace is shown in lighter colors. (E) Hamiltonian after diagonalization [same color code as in
(C)].
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Furthermore, important methods of read-out and utilization of
enhanced nuclear spin polarization by MAS NMR are described.
In the same vein, we draw the connection between EPR properties
of the PAs and the resulting DNP field- or frequency profiles. The
specialized instrumentation required for MAS DNP, including mod-
ifications to existing MAS NMR instrumentation, is illustrated in
Section 4. The focus lies on recent developments, for example,
the development of high-power high-frequency mw sources and
cryogenic MAS instrumentation, that played a crucial role for
bringing DNP up to speed with contemporary NMR at high mag-
netic fields. In the subsequent Section 5, the development of the
large variety of available PAs together with their DNP-relevant
properties are covered. Concepts for optimizing various experi-
mental parameters as well as sample preparation techniques pro-
ven for efficient DNP are reviewed in Section 6. Finally, the large
potential of DNP for accelerating conventional NMR experiments
and enabling novel experimental techniques is illustrated using
several examples and applications in biology and materials
research.

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

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

2. Mechanisms and transfer pathways

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

(1) The initial DNP transfer
(2) The propagation of the polarization to the nuclei of interest
(3) The direct detection or heteronuclear transfer of polarization

for indirect detection.

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

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

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

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

Finally, the enhanced polarization is utilized on the nucleus of
interest. This can happen in an indirect manner where advantage
is taken of efficient spin diffusion through the 1H network. The
polarization that has built up on 1H is then transferred to low-c
nuclei for detection or further evolution. Alternatively, polarization
that has built up directly on the low-c nuclear spins can be read
out or used in typical MAS NMR schemes. This direct DNP approach
is often favored for alternative transfer pathways and can result in
complementary information as compared to indirect DNP experi-
ments (see Section 2.3.2).

2.1. Initial DNP transfer: DNP mechanisms

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

In the simplest case, a two-spin system of one S ¼ 1=2 electron
spin and one I ¼ 1=2 nucleus can be described in a four-
dimensional Hilbert space comprised of the Zeeman basis
f aaj i; abj i; baj i; bbj ig (Fig. 3). Here a and b symbolize the magnetic
quantum number of each spin (i.e., a! mi ¼ þ1=2 and
b ! mi ¼ �1=2). A dipolar coupling between the two spins intro-
duces off-diagonal elements, perturbing this eigenbasis and intro-
ducing mixing between the Zeeman basis states. This can be
deduced by the general spin Hamiltonian described by

ĤSE ¼ lB

�h
B
!
g S

!
�lngn

�h
B
!

I
!
þ S

!
A I

!
: ð3Þ

Here, the first two terms are the electron and nuclear Zeeman inter-
actions while the last term is the hyperfine interaction (HFI). Using
the typical convention for the definition of the laboratory frame
defined by the external (static) magnetic field component with
magnitude B0 oriented along z as well as the (linearly polarized)
mw field component oriented along x and oscillating with frequency
xlw, the magnetic field vector is defined as

B
!
¼

2B1 cosðxlwtÞ
0
B0

0
B@

1
CA; ð4Þ
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the Hamiltonian can then be written as

ĤSE ¼ lBgzz

�h
B0Sz þ lBgxx

�h
B1 cosðxlwtÞðSþ þ S�Þ � lngn

�h
B0Iz

� lngn

�h
B1 cosðxlwtÞðIþ þ I�Þ þ S

!
A I

!
: ð5Þ

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

Ĥ0
SE ¼ X0SSz �x0IIz þ AzxSzIx þ AzySzIy þ AzzSzIz þx1S

2
ðS0þ þ S0�Þ:

ð6Þ
Prime symbols represent operators in the mw rotating frame; X0S is
the frequency offset between mw and electron Zeeman frequency,
X0S ¼ xlw �x0S. Note that here and in the following, the nuclear
Zeeman frequency, x0I , is always considered to be positive; cases
for nuclei with negative gn value can be treated in a completely
analogous manner. For simplification, the nuclear spin operators
are transformed into a hybrid frame defined by the z-axis parallel
to the static field and the dipolar HFI tensor frame, so that the e–
n connection vector is pointing in the I0x direction (Fig. 3):

Ĥ0
SE ¼ X0SSz �x0IIz þ ASzIz þ B

2
SzðI0þ þ I0�Þ þ

x1S

2
ðS0þ þ S0�Þ: ð7Þ

Here, per definition, A ¼ Azz and B ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2
zx þ A2

zy

q
. Ignoring the mw-

driven coherence [i.e., the last term in Eq. (7)] the Hamiltonian is
block diagonal in each (i.e., a and b) electron spin subspace. There-
fore, each subspace can be independently diagonalized, resulting in
an effective mS-dependent state mixing.

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

ga=b ¼ arctan B
A� 2x0I

� �
: ð8Þ

The mixed eigenstates deviate from the Zeeman basis. The new
eigenbasis f 1j i; 2j i; 3j i; 4j ig is given by

1j i ¼ pa aaj i � qa abj i
2j i ¼ pa abj i þ qa aaj i
3j i ¼ pb baj i � qb bbj i
4j i ¼ pb bbj i þ qb baj i:

ð9Þ

With the mixing coefficients pi ¼ cos gi
2

� �
and qi ¼ sin gi

2

� �
. This state

mixing of nuclear Zeeman states is a requirement for SE to occur.
At high field typically encountered in DNP-enhanced MAS NMR,

the hyperfine coupling is about two or more orders of magnitude
smaller than the nuclear Zeeman interaction. Therefore, the
branching angles can be approximately simplified to

ga=b � � B
2x0I

for Aj j; Bj j � x0I: ð10Þ

In this case the mixing coefficients become:

pa=b � 1

qa=b � � B
4x0I

:
ð11Þ

Subsequently, the Zeeman basis f aaj i; abj i; baj i; bbj ig as well as
the quantum numbers mS and mI adequately describe the system
due to the relatively weak mixing, while perturbing e–n coher-
ences can still be excited by the mw field.

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

xlw ¼ x0S �x0I: ð12Þ

Here, the difference in Larmor frequencies corresponds to the DQ
transitions, whereas the sum is relevant to the ZQ transitions.

Fig. 4. Comparison between DNP-enhanced 13C signal intensity of diamond under static (black) and MAS (red) conditions. Data acquired at 1.9 T. The graph is an overlay of
two figures from the original publication; reprinted with permission from [78].
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The effective SE transition moments can be obtained by trans-
forming the mw Hamiltonian

H0
lw ¼ x1S

2
ðS0þ þ S0�Þ ð13Þ

into the eigenframe of the static Hamiltonian according to the dif-
ference in branching angles2:

g� ¼ ga � gb

2
: ð14Þ

Then the effective mw Hamiltonian is

H00
lw ¼x1S

2
ðS0þ þS0�Þcosg� þ1

2
½ðS0

þI
0
þ þS0�I

0
�Þ�ðS0

þI
0
� þS0�I

0
þÞ�sing�

� �
:

ð15Þ
In the pseudo-high-field approximation ( Aj j; Bj j � x0I), g� can

be simplified to

g� � � B
2x0I

; ð16Þ

and subsequently the final, effective mw Hamiltonian is obtained:

H00
lw ¼ x1S

2
fðS0þ þ S0�Þ � B

4x0I
½ðS0þI0þ þ S0�I

0
�Þ � ðS0

þI
0
� þ S0�I

0
þÞ�g:

ð17Þ
The EPR single-quantum (SQ) transition moment (first term) is

practically unchanged while the e–n DQ and ZQ transition
moments (second and third terms of Eq. (17), respectively) are
introduced with an effective scaling factor, B=2x0I , compared to
the SQ transition. Due to the small magnitude of this factor, the
transition probability is relatively low (�10�4–10�8 relative to that
of the SQ). Thus, large absolute mw field strengths are required in
order to sufficiently drive these transitions and build up significant
coherence.

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

2.1.1.4. SE under MAS. If the two-spin system exhibits a relatively
large anisotropy, for example if a mono-nitroxide PA is considered,
the spin eigenstates show significant periodic modulations due to
MAS. In this case, electron SQ as well as e–n DQ and ZQ transitions
can be induced transiently during level anti-crossings (LACs) [75].
These mw-driven LACs occur when the energy levels of connected
spin states cross each other in the frame rotating with the mw fre-
quency (see also below for a more detailed description in context
of CE in Section 2.1.2 and Fig. 6). If the variations in eigenstate
energy due to anisotropy is larger than x0I , SQ as well as ZQ
and/or DQ LACs will occur alternatingly. This situation is similar
to the typically described differential SE (for further details see
Sections 2.2.1.5 and 3.2.1), where enhancement by ZQ and DQ
transitions partially cancel in a static sample with an inhomoge-
neously broadened EPR signal [76]. However, SQ LACs inflict a large
saturation of the electron spin [75], which will reduce the polariza-
tion available for transfer to the nuclear spin [77].

In cases where the anisotropy is small compared to x0I (e.g., for
trityl- and BDPA-type radicals), SE-enabling ZQ or DQ transitions
can be selectively excited. Nevertheless, modulations in spin ener-

gies might still reduce the net excitation efficiency of the e–n ZQ or
DQ transition of an individual spin-packet, however, virtually all
spin-packets will experience a SE-inducing LAC during a rotor per-
iod. This might in fact increase the overall DNP enhancement
under MAS as compared to the static case [75]. In a singular
demonstration, Zhou and co-workers have compared DNP of natu-
ral and synthetic diamonds under static and MAS conditions
within the same experimental setup at a rather low field of 1.9 T
[78,79]. Interestingly, a splitting pattern—caused by anisotropic
HFI to 14N in nitrogen centered radicals—was observed in the
DNP frequency profile for the static sample; that pattern was
smeared out under MAS as is shown in Fig. 4. Unfortunately, the
absolute 13C enhancement factors could not be evaluated. Further
experimental quantitative comparisons of these two cases (i.e., sta-
tic vs. MAS) with systems operating exclusively under SE have not
been reported to our knowledge.

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

ðDx0S ¼ jx0S;1 �x0S;2j ¼ x0IÞ ^ ðxlw ¼ x0S;1 _x0S;2Þ ð18Þ
In an ideal, hypothetical case, one could imagine a system of

two electron spins with isotropic Zeeman interactions where the
overall breadth of each EPR resonance is sufficiently small com-
pared to x0I . Such a gedankenexperiment has been elaborated in
detail by Wollan [61]. In reality, finding two paramagnetic species
which fulfil this condition is rather unpractical. A few serendipi-
tous cases could be thought of, for example, a system of trityl-
and BDPA-type radicals would roughly match the above condition
for 13C and allow CE within a radical mixture as Michaelis et al.
have demonstrated at a field of 5 T [82]. However, even in this case
the breadth of the trityl spectrum is of the same order asx0I , which
leads to anisotropy in CE matching.

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

As the simplest spin system capable of describing the CE, two
electron spins (S1 ¼ 1=2 and S2 ¼ 1=2) and one nuclear spin have
to be considered including electron–electron (e–e) coupling; the
nucleus has to be hyperfine coupled to at least one of the electron
spins:

ĤCE ¼ lB

�h
B
!
ðg1S

!
1 þ g2S

!
2Þ � lngn

�h
B
!

I
!
þS

!
1DS

!
2 þ ðS

!
1A1 þ S

!
2A2Þ I

!
:

ð19Þ2 Due to the opposite signs of the two branching angles this difference corresponds
to the full angle between the two nuclear spin quantization axes.
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Upon rotating-frame truncation, according to the oscillating mw
field in Eq. (4), the Hamiltonian is reduced to components com-
muting with Siz, and mw-driven SQ elements appear:

Ĥ0
CE ¼X0S1S1zþX0S2S2z�x0IIz

þdð3S1zS2z� S
!0
1S
!0
2Þ�2JS

!0
1S
!0
2

þðA1zzS1zþA2zzS2zÞIzþðA1zxS1zþA2zxS2zÞIxþðA1zyS1zþA2zyS2zÞIy
þx1S1

2
S01xþ

x1S2

2
S02x:

ð20Þ
The effective e–e dipole coupling, d ¼ 1

2Dzz � J, and the
exchange-coupling constant, J ¼ 1

3 ðDxx þ Dyy þ DzzÞ, can be
extracted from the full e–e coupling tensor. We can conveniently
separate diagonal and off-diagonal elements:

Ĥ0
CE ¼ X0S1S1z þX0S2 S2z �x0IIz þ DdS1zS2z þ ðA1S1z þ A2S2zÞIz|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Ĥ0
CE;on

þ D0ðS0
1xS

0
2x þ S0

1yS
0
2yÞ þ ðA1xS1z þ A2xS2zÞIx þ ðA1yS1z þ A2yS2zÞIy þx1S1S

0
1x þx1S2 S

0
2x|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Ĥ0
CE;off

;

ð21Þ

with Dd ¼ 2ðd� JÞ, D0 ¼ �ðdþ 2JÞ, and Ai ¼ Ai;zz; we have also
dropped one index ‘z’ from the pseudo-secular HFI coupling
constants.

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

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

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

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

In the latter two cases, the mw frequency will be off-resonance
with respect to both electron spins by an arbitrary value.

Fig. 5. (A) Energy scheme of the three-spin system containing two electron spins and one nuclear spin with S1 ¼ 1=2, S2 ¼ 1=2, and I ¼ 1=2, respectively. (B) Matrix
representation of the Hamiltonian in the Zeeman basis. Electronic ZQ states are marked in black, electronic DQ states that do not participate in CE are shown in gray.
Electronic ZQ coherences induced by e–e dipolar coupling are depicted in brown, coherences introduced by the pseudo-secular HFI in orange. (C) Energy scheme and (D)
matrix representation in the eigenbasis of the combined Zeeman and e–e interaction (including HFI but neglecting the mw terms). Electronic DQ and ZQ states are shown in
green and red, respectively; (part of) the pseudo-secular HFI (orange) is transformed into e–e–n flip-flop-flip coherences marked in purple within the ZQ subspace.
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2.1.2.2. Microwave (spin-flip) events. In case (1), we assume that the
mw-resonance condition is fulfilled for one electron spin, j. Further-
more, the other electron spin, i, shall be far off-resonance, so that
jX0Sk–j

j � jD0j, and we neglect mixing of nuclear spin states by
hyperfine couplings. Furthermore, we assume negligible differ-
ences in Rabi frequencies between the electrons, so that we can
define a common Rabi frequency x1S. In that case, we can drop
all state mixing terms of the static Hamiltonian, so that solely
the mw excitation acts on Zeeman states:

Ĥ0
CE;SQ ¼ X0S1S1z þX0S2S2z �x0IIz þ DdS1zS2z þ ðA1S1z

þ A2S2zÞIz þx1S

2
ðS01þ þ S01� þ S02þ þ S02�Þ: ð22Þ

During evolution of anisotropic Zeeman and dipolar interactions,
the mw-resonance condition is met if jX0Sj j ¼ 1

2 jDd 	 Ajj. The signs
depend on the magnetic spin states of the off-resonance electron
and the nucleus. This leads to equilibration of the connected Zee-
man states and saturation of the respective EPR transition.

After such a resonance condition has been passed through dur-
ing an LAC, the resulting change in polarization will decay slowly
with T1S and therefore is memorized by the system for a certain
period. The non-equilibrium populations can subsequently be
transferred to the other electron and the nucleus in a concerted
fashion during a CE event, or only to the other electron during a
dipolar flip-flop event. We will first describe a CE event, and then
discuss the importance of e–e events.

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

Ĥ0
0 ¼ XRSRz þxDSDz �x0IðSR þ SDÞIz þ Dd

4
ðSR � SDÞ þ D0SDx

þ ðARSRz þ ADSDzÞIz þ SRzðARxIx þ ARyIyÞ þ SDzðADxIx þ ADyIyÞ;
ð23Þ

with SRz ¼ 1
2 ðS1z þ S2zÞ, SDz ¼ 1

2 ðS1z � S2zÞ, SR ¼ Sa1S
a
2 þ Sb

1S
b
2,

SD ¼ Sa1S
b
2 þ Sb

1S
a
2, SDx ¼ 1

2 ðS01þS0
2� þ S0

1�S
0
2þÞ, XR ¼ X0S1 þX0S2 ,

xD ¼ x0S1 �x0S2 , AR ¼ A1 þ A2, AD ¼ A1 � A2, ARa ¼ A1a þ A2a, and
ADa ¼ A1a � A2a for a 2 fx; yg. The R index denotes operators within
the DQ space while D marks operators confined to the ZQ space.

The tilting transformation below [Eq. (26)] acts exclusively on
the ZQ subspace; thus we first separate that from the DQ subspace:

Ĥ0
R ¼ XRSRz �x0ISRIz þ Dd

4
SR þ SRzðARIz þ ARxIx þ ARyIyÞ

Ĥ0
D ¼ xDSDz �x0ISDIz þ Dd

4
SD þ D0SDx þ SDzðADIz þ ADxIx þ ADyIyÞ:

ð24Þ
Each of these can now be transformed into the eigenframe of the
HFI acting in the respective subspace:

Ĥ0
R ¼ XRSRz �x0ISRIz þ Dd

4
SR þ ARSRzIz þ BRSRzI

00
x

Ĥ0
D ¼ xDSDz �x0ISDIz þ Dd

4
SD þ D0SDx þ ADSDzIz þ BDSDzI

0
x;

ð25Þ

with BR ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2
Rx þ A2

Ry

q
and BD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2
Dx þ A2

Dy

q
. The sole off-diagonal

term which mixes the two electronic spin manifolds, D0SDx, is
located in the ZQ space. Thus, it can be eliminated by a transforma-
tion acting selectively on that space, using the unitary operator:

UD ¼ exp½iSDyðfaIa þ fbIbÞ�; ð26Þ
with SDy ¼ 1

2i ðS0
1þS

0
2� � S01�S

0
2þÞ. The angles fi are derived from the e–

e ZQ mixing coefficients as

fa;b ¼ arctan
2D0

2xD 	 AD

� �
: ð27Þ

The resulting Hamiltonian has the form:

Ĥ00
D ¼ ~xDS

0
Dz �x0ISDIz þ Dd

4
SD þ ~ADS

0
DzIz þ ð~BDS

0
Dz þ ~KS0DxÞI0x: ð28Þ

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

Ĥ00
D ¼ ~xDS

0
Dz �x0ISDIz þ Dd

4
SD þ ~ADS

0
DzIz

þ
~BD

2
S0Dz þ

~K
4
ðS01þS02� þ S01�S

0
2þÞ

" #
ðI0þ þ I0�Þ: ð29Þ

For simplicity, we assume that j AD2 j � jxDj at all times. This is a
reasonable assumption except for the situation when xD � 0. Nev-
ertheless, even in this case it is safe to assume that j AD2 j � jD0j.
Therefore, we can approximate that

fa � fb � f ¼ arctan
D0

xD

� �
: ð30Þ

Under this assumption, we obtain the following simplified, effective
frequencies:

~xD � xD cos fþ D0 sin f

~AD � AD cos f
~BD � BD cos f
~K � �BD sin f:

ð31Þ

We can interpret this situation as follows within a basis where
the abmIj i and bamIj i Zeeman states in the ZQ subspace are mixed
with the coefficients qf � sin f

2 and pf � cos f
2 due to e–e coupling:

1j i ¼ aaaj i; 2j i ¼ aabj i
3j i ¼ pf abaj i � qf baaj i; 4j i ¼ pf abbj i � qf babj i
5j i ¼ pf baaj i þ qf abaj i; 6j i ¼ pf babj i þ qf abbj i
7j i ¼ bbaj i; 8j i ¼ bbbj i;

ð32Þ

Note that the states in the DQ subspace (i.e., 1j i; 2j i; 7j i; 8j i) remain

unaffected. ~xD,x0I , Dd, and ~AD determine the spin energies in the e–
e ZQ subspace (i.e., 3j i; 4j i; 5j i; 6j i). Terms scaling with ~BD describe
simultaneous e–n transitions connecting 3j i and 4j i as well as 5j i
and 6j i, effectively representing the SE in this system. Finally, terms
scaling with ~K describe e–e–n triple-spin transitions between 3j i
and 6j i as well as 4j i and 5j i. Upon transformation of the off-
diagonal terms into the interaction frame of the diagonal elements
of the Hamiltonian in Eq. (29), we immediately find that all compo-
nents that scale with ~BD (i.e., e–n transitions) oscillate with x0I , but
components proportional to ~K (i.e., e–e–n transitions) can become
time independent when the CE matching condition is fulfilled:

~xD ¼ 	x0I: ð33Þ
For further simplification, in the typical case where

j ~xDj ¼ x0I � jD0j, we can conclude that fi is small:

f ¼ arctan
D0

xD

� �
� D0

xD
: ð34Þ
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Therefore, we can approximate the effective frequencies by:

~xD � xD 1þ D0

xD

� �2
" #

¼ 	x0I � xD

~AD � AD; ~BD � BD

~K � �BDD0

xD
;

ð35Þ

and we obtain the simplified Hamiltonian:

ĤCE
D � x0IðSDz � SDIzÞ þ Dd

4
SD þ ADSDzIz

þ BD

2
SDz � D0

2x0I
S01þS

0
2� þ S0

1�S
0
2þ

� �� �
ðI0þ þ I0�Þ: ð36Þ

In summary, the CE matching does not require any mw irradi-
ation but is driven by a combination of the off-diagonal e–e cou-
pling and pseudo-secular HFI. After a non-equilibrium
polarization has been established on one electron spin during a
mw event, the resulting polarization difference can now be trans-
ferred to the nucleus by a concerted e–e–n triple-spin flip. The
transition moment of this event is approximately equal to
D0BD=x0I . By comparison of this CE transition moment with that
of the SE, x1SBD=2x0I , we find that for CE the dipole coupling
effectively takes the role of the mw field in SE. Therefore, consid-
ering typical dipole coupling constants and available mw field
strengths, polarization transfer of the CE has a �50
 larger tran-
sition moment and consequently a �2500
 higher transition
probability.

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

However, it is quite intuitive that the irradiated electron will at
certain times switch places with the other electron in frequency
space and that the second electron spin will at some time also
undergo a mw event. Without adiabatic e–e events this would have
two consequences: both electrons would become equally saturated
and opposite CE transfers would occur with equal likelihood, effec-
tively cancelling the net CE enhancement. Fortunately, e–e flip-flop
events occur between these events, leading to polarization
exchange of the two electron spins and ensuring that mw and CE
events may result in the accumulation of a net nuclear polarization
enhancement.

Fig. 6. Simulations of the evolution of spin eigenstates of an e–e–n system under MAS. (A) Definition of the spin states used by Thurber and Tycko [83]. Note, that numbers
have been added in order to match the nomenclature in Eq. (32). (B) Evolution of SQ (EPR) excitation frequencies (a), eigenenergies of the four central (ZQ subspace) states (b),
and spin polarizations (c) during one rotor period. Circles mark mw events (1), CE events (2), and e–e events (3) as described by Thurber and Tycko. (C) Similar depiction by
Mentink-Vigier et al. [75] showing electron spin polarization, eigenenergies, and nuclear polarization (top to bottom). Further details are given in the original publications. (A)
and (B) are reprinted with permission from [83], and (C) reprinted from [75].

Fig. 7. Schematic representation of time and rotor-angle dependence of the
eigenenergies of two arbitrary spin states (red and blue lines) over one rotor
period. Green circles mark two occurring LACs. The black square delimits the area
enlarged on the right. Close to the LAC, the rate of change in the energy difference
DE as well as in the mixing element V can often be neglected so that the Landau-
Zener equation, Eq. (45), is applicable.
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2.1.2.4. Electron–electron (flip-flop) events. An e–e flip-flop event
occurs when the mixing between the connected states in the ZQ
space is maximum so that e–e coherences can evolve. This is

achieved when pf ¼
ffiffi
1
2

q
and occurs for

jD0j � jxDj: ð37Þ
Therefore, we can intuitively expect that an e–e event occurs when
two electron Zeeman states are nearly degenerate:

xD � 0 ð38Þ
In this strong coupling regime, the spin states are more appropri-
ately expressed in their singlet/triplet eigenbasis:

Tþaj i ¼ aaaj i; Tþbj i ¼ aabj i
S0aj i ¼ 1ffiffi

2
p ð abaj i � baaj iÞ; T0bj i ¼ 1ffiffi

2
p ð abbj i � babj iÞ

T0aj i ¼ 1ffiffi
2

p ð abaj i þ baaj iÞ; S0bj i ¼ 1ffiffi
2

p ð abbj i þ babj iÞ
T�aj i ¼ bbaj i; T�bj i ¼ bbbj i:

ð39Þ

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

Ĥe�e
D ¼ xDSDz �x0ISDIz þ Dd

4
SD þ ADSDzIz þ D0

2
ðS01þS0

2� þ S01�S
0
2þÞ:
ð40Þ

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

xD ¼ 	AD

2
ð41Þ

In practical terms, the HFI can be neglected and we arrive again at
Eq. (38).

If this condition is fulfilled, polarization is exchanged efficiently
between the two electron spins with a transition moment D0. This
exchange ensures that polarization is effectively swapped between
all ‘‘opposing” CE events and between mw events that involve dif-
ferent electron spins. Therefore, given that e–e polarization
exchange is quantitative, all opposing (mw or CE) events separated
by e–e events act in a cumulative manner instead of mutually
cancelling.

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

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

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

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

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

PLAC ¼ 1� expð�2pCÞ; ð42Þ
with the adiabaticity parameter

C ¼ V2

@DE=@t
: ð43Þ

The Landau-Zener equation describes the adiabaticity of an LAC,
PLAC, under the condition that the crossing rate, @DE=@t, as well as
the mixing interaction, V, are time-independent during the cross-
ing. The adiabaticity or probability to observe an ideal LAC reaches
1 for C ! 1 or jV j � j@DE=@tj, or reaches 0 for C ! 0 or
jV j � j@DE=@tj; the latter case describes a level crossing.

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

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

@q ¼ xr@t; ð44Þ
which yields the MAS-dependent Landau-Zener equation

PLAC ¼ 1� exp � 2pV2

xr@DE=@q

 !
: ð45Þ

The crossing rate for bis-nitroxides has been estimated to be in
the range ofxr@ðDE=hÞ=@q � 20 THz s�1 for typical mw events, and
of � 30 THz s�1 for CE and e–e events at an MAS frequency of
7 kHz [83]. In comparison, the mixing interaction is given for each
case of CE-relevant LAC:

2V ¼
x1S for lw event

D0B=x0I for CE event
D0 for e—e event

8><
>: ð46Þ

Assuming typical values of x1S=2p � 1 MHz [87],
D0=2p � 20 MHz, BD=2p � 1 MHz, and x0I=2p ¼ 400 MHz, PLAC

of mw events is �50%. This indicates significant saturation by mw
irradiation over a few rotor cycles, considering typical electron
spin–lattice relaxation time constants of T1S � 100—1000 ls. At
the same time, e–e flip-flops are highly efficient, resulting in
PLAC � 1, ensuring that a net polarization difference is maintained
between the two electrons. Nevertheless, a non-vanishing proba-
bility (�10�6) for level crossings remains, so that over a few rotor
periods a partial equilibration of polarization can accumulate. This
results in a reduction of DNP efficiency, and also in dynamic
nuclear depolarization in the absence of mw irradiation. The impact
on practical aspects of this situation will be discussed in
Section 6.1.2.
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CE events, on the other hand, show only a rather small adia-
baticity factor on the order of 0.1%. This seems almost vanishingly
small. However, nuclear spin–lattice relaxation occurs only on the
order of �103–104 rotor cycles, so that even small transfer steps
(smaller than the thermal nuclear polarization) can accumulate
in order to build up the large observed enhancement factors of
e > 102.

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

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

2.1.3. Overhauser effect in insulating solids
The OE has been neglected in solid-state DNP (be it with or

without MAS) until recently, because of its reliance on internal
dynamics causing fluctuations of the HFI which in turn result in
e–n cross-relaxation (see Fig. 8A). In conducting solids or liquid
solutions, these dynamics can be provided by itinerant conduction
electrons or molecular diffusion, respectively. In dielectrics, where
mobile charge or spin carriers are absent, it was thought that no
mechanism exists which can provide the required amplitude of
the spectral density function at the relevant Larmor frequency
combinations of e–n ZQ and DQ transitions. Nevertheless, the OE
has been unquestionably identified in MAS DNP experiments.
While the first report was an accidental observation in a 1H SE
study of (water-soluble) sulfonated-BDPA (SA-BDPA) [89], the OE

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

OE DNP can simply be described by considering one electron
spin and one nuclear spin. However, in contrast to the previously
described SE, the nuclear spin has to experience a fluctuating scalar
or dipolar HFI. Such fluctuations due to the presence of dynamics
with characteristic correlation times on the order of x0S 	x0I

can bring about several (incoherent) transitions, namely electron
and nuclear SQ as well as e–n DQ and ZQ transitions. These latter
DQ and ZQ transitions result in additional electron relaxation path-
ways (i.e., e–n cross-relaxation) upon saturation of the EPR transi-
tion by mw irradiation, besides the most probable SQ relaxation. If
there exists an imbalance between DQ and ZQ relaxation rates
(described by rate constants W0 and W2, respectively), nuclear
hyperpolarization can be accumulated. In the case of 1H (or any
nucleus with positive cI), dominant ZQ relaxation leads to positive
OE DNP enhancement; accordingly, larger rates of DQ relaxation to
negative enhancement factors. Nuclear SQ relaxation, either being
induced by the fluctuating HFI (rate constant W1) or caused by
dynamics not related to the presence of the electron spin (W�)
causes a reduction of the magnitude of enhancement. This situa-
tion is depicted in Fig. 8A.

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

@

@t
PSðtÞ
PIðtÞ

� �
¼ � qS rSI

rSI qI

� �
PSðtÞ � P0

S

PIðtÞ � P0
I

 !
; ð47Þ

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

eOE ¼ 1� cS
cI

snf : ð48Þ

Here, eOE ¼ P1I
P0I

and s ¼ 1� P1S
P0S

are the OE enhancement and satura-

tion factor, respectively. Superscript indices ‘1’ mark parameters
in the steady-state, while ‘0’ denotes parameters in thermal equilib-
rium. qS and qI are the electron and nuclear auto-relaxation rate
constants, while rSI is the e–n cross-relaxation rate constant.
n ¼ rSI

qI
¼ W2�W0

W0þ2W1þW2
and f ¼ qI

qIþW� ¼ W0þ2W1þW2
W0þ2W1þW2þW� are the coupling

and the leakage factors, respectively.

Fig. 8. (A) Definition of auto- and cross-relaxation rate constants responsible for OE in an e–n system with S ¼ 1=2, I ¼ 1=2. (B) Coupling factor n for dipolar interactions
(positive ordinate area) based on Solomon’s equations for rotational (solid lines) and translational (dashed lines) diffusion [93]. The negative ordinate area contains coupling
factors due to scalar interactions for different values of the parameters bwhich depends on the ratio of Heisenberg exchange and electronic relaxation rates. Reproduced with
permission from [94].
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W0, W2, as well as W1, have to be derived from relaxation mod-
els based on dipolar or scalar HFI. In the seminal review of Hausser
and Stehlik, several models have been described in detail, including
intra- as well as intermolecular dynamics. For example, purely
translational or rotational diffusion models lead to a dependence
of the coupling factor on the electron Larmor frequency and the
molecular correlations times as shown in Fig. 8B [94].

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

s ¼ 1� 1þX2
0ST

2
2S

1þX2
0ST

2
2S þx2

1ST1ST2S

; ð49Þ

Here, it should be noted that, given sufficient mw power for signifi-
cant saturation (i.e., x2

1ST1ST2S > 1), off-resonance excitation of the
PA can also cause OE. This results in an expected broadening of
the OE field profile with respect to the EPR line (see Section 3.2.3).
Similar observations have been made in solution OE DNP given suf-
ficient homogeneous broadening of the EPR line by Heisenberg
exchange for off-resonance excitation [96].

Of course, rotational and translational diffusion models are
generally not applicable in the solid-state. Nevertheless, by OE
DNP using BDPA as PA, significant 1H signal enhancement factors
on the order of 80 have been observed in an amorphous matrix
of ortho-terphenyl (OTP) at a high field of 18.8 T [97]. Similarly,
surprising experimental observations were made by Prisner and
co-workers with high-field (9.2 T) OE DNP in solution. Here—even
for small molecules such as water—rotational and translational
correlation times are typically long compared to the inverse elec-
tron Larmor frequency (x0S=2p ¼ 259 GHz). Therefore, based on
the detailed description by Hausser and Stehlik, vanishing OE
enhancement would be predicted at this high field as is seen in
Fig. 8B [94]. However, a rather large eOE � 100 has been observed
on 1H in water. As an explanation, the model by Hausser and
Stehlik has been extended to include transient contacts between

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

In the solid-state, the reason for OE-supporting fluctuations in
the systems investigated so far is still vividly debated. A direct
comparison between protonated and deuterated BDPA has identi-
fied the scalar-coupled protons on the BDPA molecule as responsi-
ble for the large, positive OE DNP enhancement. Furthermore, the
unique field dependence—with increasing enhancement at higher
external magnetic field (see Section 6.2.1)—might not only prove
extremely valuable for DNP applications at fields of 18.8 T and
above, but it was also expected to play an important role in solving
this puzzle [90]. Very recently, Pylaeva et al. have presented a
study of OE DNP based on classical and ab initio molecular dynam-
ics (MD) simulations combined with spin dynamics simulations.
According to their findings, two sets of protons (A and B, marked
red and blue in Fig. 9A) show not only the largest scalar HFI, but
also a very strong sensitivity of the scalar HFI to internal dynamics.
Note that such fluctuations of the scalar HFI can contribute to the
ZQ but not to the DQ and SQ rates mentioned above. The unique
situation proposed is caused by the delocalization of the electron
spin over the two fluorene rings via the bridging allyl. Asymmetry
of the distance between the fluorene moieties and the central car-
bon atom then leads to an inequivalence of spin density on the two
fluorenes and thus of the scalar HFI of the two sets of 1H. MD sim-
ulations have furthermore revealed that internal vibrational
(ground state) dynamics cause a time-dependence of the distances
r1 and r2, which in turn leads to correlated fluctuations of the scalar
HFI (Fig. 9B). Fourier-transformation of this time-dependence
revealed a clear peak near 650 GHz for BDPA (Fig. 9C). While this
study may explain the observed DNP enhancement from BDPA
by OE in an intuitively comprehendable manner, no experimental
evidence for such a vibrational mode has been provided thus far.
Therefore it remains to be seen whether this hypothesis will be
accepted as the valid theory for OE in dielectric solids.

Fig. 9. (A) Two structures of BDPA showing two distinct sets of hydrogens (red and blue). Due to asymmetry in the distances between the fluorene groups and the central
carbon (r1–r2), these structures are inequivalent and the two sets of 1H show different scalar HFI. (B) MD time trace of scalar HFI of the two sets of 1H (red and blue) in BDPA
in vacuum, showing large amplitude of correlated fluctuations which occur out-of-phase with each other. (C) Fourier-transform of the time trace shown in (B), revealing a
distinct frequency component near 650 GHz (black line); when embedded in amorphous OTP, this peak shifts slightly to lower frequency and broadens, leading to a wide
background distribution. Figure reproduced with permission from [99].
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2.2. Integral DNP process: from electron spin to nuclear bulk

2.2.1. General concepts and early descriptions
2.2.1.1. Generation, accumulation and loss of enhanced nuclear
polarization. In the above sections we have reviewed several
quantum-mechanical DNP transfer mechanisms. In all discussed
cases of cw DNP, the effective rate of transfer (or the net polariza-
tion transferred per LAC event) is small [75,83,100]. For simple
considerations, we are reminded that the magnitude of
steady-state DQ or ZQ coherence would be small due to the almost
vanishing transition moments of the SE. In this case—without any
longitudinal relaxation—continuous excitation and concurrent
decay of the built-up ZQ or DQ coherence would lead to slow but
steady saturation of the connected polarization states. Within the
isolated e–n spin pair, a maximum DNP enhancement factor of
only 0:5
 cS=cI (�330 for 1H) would be achieved even for com-
plete saturation, contradicting Eq. (2). This is even exacerbated as
one electron typically serves �100–10,000 nuclear spins; the max-
imum enhancement factor would then scale with the e–n number
ratio, NS=NI , resulting in negligible enhancement. The situation
would be similar for CE due to the equilibration of the electron spin
polarization difference by CE events [75,83,100].

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

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

2.2.1.2. The coupling between electron spins and the nuclear spin
bath. In simple and intuitive models, enhanced polarization is
transferred only to nuclei in the direct vicinity of the electron
spin(s), a model described early as the strict shell-of-influence or
influence-sphere model [103,104]. Once directly transferred to a
hyperfine-coupled nucleus, nuclear polarization is then expected
to spread spatially by homonuclear spin diffusion [101,105,106].
This situation is in principle very similar to the relaxation of
nuclear spins by paramagnetic dopants or impurities which has
been exhaustively studied in the early days of magnetic resonance
[101,107–111]. In fact, a paramagnetic species can act both as

Fig. 10. Direct experimental observation of the spin-diffusion barrier in YES:Yb at 69 MHz 1H frequency and 1.4 K. Labeled signals correspond to protons within 6.2 Å of Yb3+

impurity; the bulk NMR signal at 16.33 kOe is 1000 
 off-scale. (A) 1H spectrum in thermal equilibrium. (B) After irradiation of the bulk for 2–6 min, many 1H signals from
outside the diffusion barrier are saturated by strong homonuclear coupling. (C) Only very few 1H signals inside the diffusion barrier remain at lattice temperature even after
100 min of bulk saturation. Figure reprinted with permission from [115].
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polarization source or as relaxation sink in DNP-active or DNP-
inactive centers, respectively. This has been described previously
in order to quantitatively predict steady-state nuclear enhance-
ments [112,113].

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

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

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

2.2.1.5. Role of electron–electron interactions and spectral diffu-
sion. Very early after the discovery of the SE [117–120] the effects
of inhomogeneously broadened EPR lines, where the overall line
width exceeds 2x0I , were studied by several groups [76,121,122].
In this general case, the differential solid effect (DSE) was formu-
lated. It was theoretically predicted and experimentally confirmed
that the DNP field profile is proportional to the first derivative of
the EPR absorption line (see Fig. 11) [76]. Due to the cancellation
of positive, (+), and negative, (�), enhancements simultaneously
caused by ZQ and DQ transitions from different spin packets, the
overall net enhancement can be reduced by one or more orders
of magnitude with respect to the maximum enhancement that
could be reached by selective saturation of the ZQ or DQ transition.

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

Fig. 11. Differential solid effect with an inhomogeneously broadened EPR line. Net
signal enhancement results from imbalances in effective e–n ZQ and DQ transition
intensity (A) and resembles the derivative of the EPR (SQ) absorption line (B).
Figure reproduced from [76] with permission.

Fig. 12. Models utilized by Smith et al. for the description of transfer pathways between an electrons spin (red) and core nuclei (yellow) as well as bulk nuclei (green) as
described in the text. A ‘‘soft” spin-diffusion barrier (slowly penetrable) is marked by a blue circle, a ‘‘hard” spin-diffusion barrier (impenetrable) by a red circle. The size of the
spin-diffusion barrier and number of nuclei within it do not represent actual values. Reprinted from [77] with permission.
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predicted from the slope of the inhomogeneously broadened EPR
line [112]. This was explained by the expectation that electron
spins switch their ‘‘state” between DNP-active (i.e., irradiated by
a mw field matching the SE frequency) and inactive (i.e., irradiated
with a mw field off-resonance with respect to the SE matching con-
dition). This switch is induced by changes in the local field due to
interactions with close-by nuclei or other electrons (i.e., spectral
diffusion). Thus, a larger fraction of electron spin packets can act
as active PAs and contribute to an increase of net enhancement.

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

dP j
I

dt
¼ k j

DNPðPS � P j
I Þ þ

XNI

n¼1

knjSDðPn
I � P j

I Þ þ
1

T j
1I

ðPeq
I � P j

I Þ

dPS

dt
¼ �k0PS þ

XNI

n¼1

knDNPðPn
I � PSÞ þ 1

T1S
ðPeq

S � PSÞ:
ð50Þ

Here, PS and P j
I are the spin polarizations of the electron and the jth

nucleus; T1S and T j
1I are the electron and nuclear longitudinal relax-

ation time constants, respectively, kj
DNP is the effective rate constant

of DNP transfer to the jth nucleus, and knjSD describes the spin-

diffusion rate constant between the nth and jth nuclei. Finally, k0 is
the rate constant of electron spin saturation due to off-resonance
excitation of the SQ transition by the mw field.

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

A semi-analytical definition of the barrier has been described by
Hovav et al. based on the effective truncation of dipolar flip-flop
terms by HFI: the transition between core and bulk nuclei can be
found where the magnitude of the homonuclear flip-flop terms
dij with all other nuclei become larger than the respective differ-
ence in hyperfine coupling to the electron DAij ¼ Ai � Aj [123]:

f
dij

2










 > jDAijj: ð51Þ

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

Further experimental indication of different bottlenecks gov-
erning the net transfer of polarization from the PA to the bulk
has been provided by comparing 1H SE caused by trityl (OX063)
and Gd-DOTA within otherwise identical samples (Fig. 13). By
adjusting the protonation level of the solvent matrix a starkly dif-
ferent behavior has been observed: for trityl, enhancement factors
are largest for maximum deuteration and decrease nearly hyper-
bolically with increasing 1H concentration while build-up rates
show little variation; for Gd-DOTA the enhancement factor and
build-up rates increase and level off at a protonation level of
�40%. This difference is explained by rate-limiting DNP transfer
but (relatively) fast spin diffusion through the bulk in the case of
trityl, whereas for Gd-DOTA initial DNP is fast with subsequent
rate-limiting spin diffusion.

The purely classical, diffusive treatment neglects any coherent
interactions which might play a role in the spreading of polariza-
tion. This has been investigated by Brüschweiler and Ernst, where
a linear chain of spins was simulated quantum numerically and
deviations from uniform spreading of polarization (which would
be expected under steady-state diffusion without relaxation) were
identified [124]. Nevertheless, such a quantum-mechanical treat-
ment is extremely difficult to extend to a general network of N
nuclear or electron spins. This stems from the fact, that—in order
to include relaxation which is necessary for DNP—a transformation
from Hilbert space (with a dimensionality scaling with 2N) to Liou-
ville space is required. The resulting space with 4N 
 4N elements
makes solution of the Liouville-von Neumann equation very
demanding.

Fig. 13. Comparison of DNP enhancement factor (A) and build-up time constant (B)
between 40 mM trityl OX063 (green) and 10 mM Gd-DOTA (blue) for various 1H
concentrations in the matrix. Open circles represent samples prepared with d8-
glycerol, whereas open squares and diamonds correspond to samples prepared with
d5- and h8-glycerol, respectively. The glycerol/water ratio was 60/40 (v/v) in all
cases. All data points were recorded under 8 W microwave power at a temperature
of �86 K. Reprinted from [74] with permission.
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Therefore, a hybrid treatment has been adapted towards DNP
by Hovav et al. where they describe a linear chain of one electron
spin and a few nuclear spins, while accounting for relaxation as
well [123]. In this hybrid treatment, changes in spin population
(not polarization) are modeled with effective rate equations which
are based on a complete diagonalization of the spin Hamiltonian.
By defining a direct hyperfine coupling only between the electron
spin and the closest nuclear spin but allowing for dipolar evolution
between all nuclei within the chain, it was found that direct trans-
fer pathways exist between the electron spin and nuclei further
removed along the chain. This result shows—from a theoretical
viewpoint—that a classical treatment is insufficient for a complete
description of the spreading of hyperpolarization. From a more
practical viewpoint, it becomes clear that by a combination of

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

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

Strides towards a general description of a system containing a
rather large number of nuclear spins per electron spin have been
taken by Köckenberger and co-workers (Fig. 14). For example,
Karabanov et al. have shown that the large (Liouville) state-space
can be effectively reduced because the norm of subspaces of higher
spin-order does not significantly build up on the time scale of
typical experiments (Fig. 14A). Therefore, only subspaces up to a

Fig. 14. Simulation of DNP on large spin systems. (A) Schematic illustration of the flow of the density matrix norm in the spin correlation order subspaces. Fast relaxation
leaves high product order subspaces unpopulated. (B) Separation of the Liouville state space into subspaces of operators of equal spin correlation order (vertical axis) or
coherence order (horizontal axis). (C) Time dependence of the norm of the ZQ coherence subspace and higher coherence subspaces. Only the norm for the ZQ coherence
subspace is non-vanishing if the Krylov-Bogolyubov averaged Hamiltonian is used (gray line) while oscillations occur for all subspaces with the non-averaged Hamiltonian
(black lines). (D) Simulation of the polarization dynamics of 1330 nuclear spins (13C) arranged on a regular grid in a cube around one central electron (black). The diameter
and the color of the spheres indicate the nuclear spin polarization expectation value. The rightmost simulation shows the result with inhibited spin diffusion. Subfigure (A)
reprinted from [128], (B) and (C) from [129], (D) from [130], with permission.

Fig. 15. (A) Polarization generated by direct DNP (thick red arrow) can be directly
read out on the desired nuclei (e.g., 13C). Recently, it has been shown that incoherent
polarization transfer pathways (cross relaxation from hyperpolarized proton spins;
thin purple arrows) may contribute to the obtained spectra. (B) Pathway of
polarization transfer for indirect DNP. 1H hyperpolarization generated by DNP is
transferred to 13C by CP (thick red arrows). Depending on the width of the DNP
resonance condition, a simultaneous direct polarization of the low-c nuclei can
occur (dashed thin red arrow), which is filtered out by appropriate phase cycling.
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certain spin-order have to be considered, leading to polynomial
scaling instead of exponential scaling of the state-space with the
number of spins. This facilitates simulations of large spin systems,
even though the scaling power is still significant [128]. The same
authors have also extended this state-space restriction approach
by applying Krylov-Bogolyubov averaging of the fast oscillations
during spin-evolution. Due to the presence of the electron spin
and acceleration of higher spin-order decoherence, the state-
space can be very effectively truncated for DNP-relevant systems
(Fig. 14B and C). This allowed for simulations of SE [129] as well
as CE [131] with a large number of nuclear spins up to 103; in such
a large system, the SE DNP process is governed by kinetically con-
strained diffusion (Fig. 14D) [130]. Further extension of the theo-
retical model by incorporation of a kinetic Monte Carlo algorithm
for the description of spin diffusion allowed the authors to predict
that more efficient bulk hyperpolarization could be achieved by
increasing the minimum distance between the electron spin and
the closest nuclei [132]. This result is similar to the findings of
Griffin and co-workers where it was concluded that a significant
amount of nuclear spin polarization is lost to fast-relaxing core
nuclei [74,77]. Although Köckenberger and co-workers have devel-
oped these models for conditions suitable for dissolution DNP
(large 13C concentration, very low temperature), results could be
qualitatively applicable to MAS DNP as well. However, in order
to obtain quantitative predictions in the latter case, sample
rotation under MAS would have to be explicitly included.

2.2.2.3. Spectral diffusion in the context of DNP: direct vs. indirect
CE. Developments in high-field EPR spectroscopy have allowed to
investigate the role of spectral diffusion which occurs under
DNP-relevant conditions. A detailed study has been led at the
Weizmann Institute (Rehovot, Israel) in a collaboration between
the Goldfarb and Vega laboratories using an integral EPR/NMR/
DNP spectrometer operating at W-band (94 GHz e�, 140 MHz 1H,
3.4 T) [88,133]; this study has very recently been extended to a

field of 7 T (198 GHz e�, 300 MHz 1H) [134]. An additional (pump)
mw-frequency source was used for ELDOR spectroscopy, allowing
the measurement of electron (de-)polarization after off-
resonance saturation [135]. A similar approach had been utilized
by Granwehr and Köckenberger, however, their resonator-free
setup in combination with longitudinal detection (LOD) of electron
spin polarization is only suitable for experiments under TM condi-
tions (i.e., at very low temperatures) [136].

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

2.3. Utilization of enhanced polarization

2.3.1. DNP build-up under microwave irradiation
Since DNP causes a build-up of longitudinal magnetization, this

process is indistinguishable from the return to thermal polariza-
tion due to spin-lattice relaxation. Even though early experiments
using DNP enhancement in combination with MAS utilized a gated

Fig. 16. (A) Pulse sequence for read-out of enhanced 13C polarization generated by direct DNP (magenta arrow) or generated indirectly by cross relaxation from DNP-
enhanced 1H (cyan arrows). Read-out is performed by single-pulse excitation (left) or by Hahn echo (right). (B) MAS NMR spectra of three different samples (U-15N,13C-IL1b-
R2 protein loaded with Gd3+ as well as U-13C-alanine in the presence or absence of Gd3+) doped with AMUPol, recorded using the pulse sequences in (A). Positive signals arise
from direct 13C (+)-DNP whereas 1H–13C cross-relaxation leads to negative signals. Reprinted with permission from [141].

A.S. Lilly Thankamony et al. / Progress in Nuclear Magnetic Resonance Spectroscopy 102–103 (2017) 120–195 137



Fig. 17. Various MAS NMR pulse sequences employing DNP enhancement. (A) Homonuclear correlation spectroscopy by proton-driven spin diffusion and (B) by SPC5 double-
quantum mixing; reprinted from [137] with permission. (C) Heteronuclear correlation spectroscopy by double CP in combination with homonuclear mixing; reprinted from
[146] with permission. (D) Double-quantum (DQ) 2H–13C correlation spectroscopy; reproduced from [147] with permission. (E) Frequency-selective transferred-echo double
resonance (FS-TEDOR); reprinted from [148] with permission. (F) ‘‘Backward” (4D CX(Ca)NC0CX i? i � 1) and (G) ‘‘forward” (3D CX(C0)N(Ca)CX i? i + 1) S3 correlation
experiments; reproduced from [149] with permission.

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



mw irradiation where the acceleration voltage of the gyrotron mw
source was cut right before NMR acquisition [91], it was shown
that this instrumentation-taxing technique is unnecessary [137].
Consequently, experiments can be performed virtually unchanged
from their ‘‘conventional” variants by allowing the polarization
transfer chain explained earlier to occur during the regular recycle
delay while the sample is continuously irradiated by mw. Thus,
modification of typical MAS NMR pulse sequences is generally
not required.

2.3.2. Indirect vs. direct DNP
As shown in Fig. 15, DNP can be performed either directly on

the nuclear species to be detected (i.e., low-c nucleus) or indirectly
by first hyperpolarizing 1H and then transferring the enhanced
polarization to the low-c nuclei for detection or further evolution/-
transfer [91]. These scenarios are usually known as direct and indi-
rect DNP.3 Here, it should be noted that these definitions should
generally be based on the pathway of enhanced polarization from
the PA to the nuclear spin that is detected. In the following, we will
see that there are several ways how this pathway can be controlled.
In particular, experimental parameters such as field/frequency
matching can be adjusted in favor of a specific DNP mechanism, or
a suitable pulse sequence/phase cycle can be employed which allows
a selective read-out of the sought-after polarization.

2.3.3. Active DNP pathways
In the case of bis-nitroxide PAs, the field profiles of 1H and low-

c nuclei such as 13C are almost congruent (see Section 3.2.2). Con-
sequently, both DNP transfer pathways are equally active, although
they may occur with different rates. Polarization that has built up
by unwanted transfer pathways has to be discarded by the pulse
sequence used for read-out, however, in most cases, appropriate
phase cycles are already implemented in the conventional pulse
programs (e.g., Hartmann-Hahn cross-polarization) in order to sup-
press spurious contributions.

In the case of PAs with narrow EPR lines, the SE mechanism
allows for selection of the DNP transfer pathway. By choosing the
respective SE matching condition, Eq. (12), either 1H or the low-c
nuclear species can be selectively hyperpolarized while the other
species remains close to thermal polarization (see Section 3.2.1).
Therefore, in these cases, the DNP matching has to be adjusted
when changing between indirect and direct DNP detection
schemes by adjusting the magnetic field or the mw frequency.

2.3.4. Pulse sequences for indirect or direct DNP read-out
Most commonly performed is indirect DNP, where the polariza-

tion is generated on a suitable nuclear species, normally 1H, and is
then transferred to the nuclear species of interest such as 2H, 13C,
15N, 17O, 27Al, 29Si, etc. (Fig. 15). This transfer is typically performed
by cross-polarization (CP), after which either the free induction
decay (FID) is recorded or further magnetization transfer steps
can be employed. Any potential polarization that has built up by
direct DNP is filtered by an appropriate CP phase cycle, in the same
way as the thermal polarization of the nuclear spins to be detected
is discarded in a conventional CPMAS experiment. Indirect DNP has
the advantage that by hyperpolarizing a strongly-coupled nuclear
spin network, the DNP transfer process is very efficient and short
build-up time periods as well as a uniform spreading of enhanced
polarization can be achieved.

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

low-c nuclei are detected, the initial direct DNP transfer and the
subsequent spreading through the bulk can be considerably slower
and less efficient, especially when the local spin concentration is
small. Therefore, spatial polarization gradients must be expected
and have indeed been observed experimentally [138,139]. Also,
increased line widths of the DNP-enhanced MAS NMR spectrum
in comparison with the non-enhanced spectrum have been
reported due to selective hyperpolarization of nuclei that are close
to the paramagnetic PA [139–141]. Nevertheless, direct DNP can be
performed in the absence of 1H (i.e., where CP cannot be employed)
[142], or where the direct transfer pathway is preferred, for exam-
ple, in order to distinguish between surface and bulk sites
[143,144] or to constrain enhanced polarization within a certain
distance/volume around the PA [139,140].

2.3.5. Simultaneous indirect and direct DNP
Differentiation between direct and indirect DNP processes is

only clear when no heteronuclear contact exists except the con-
trolled (coherent) transfer pathway during the CP contact period.
Recently, it has been shown that non-coherent transfer of polariza-
tion can also occur during DNP build-up between hyperpolarized
1H and 13C due to cross-relaxation (see Fig. 16) [139,141,145]. In
this case, a negative signal enhancement is generated on 13C sug-
gesting dipolar 1H–13C cross-relaxation dynamics to be responsi-

Fig. 18. 1H enhancements as function of static applied magnetic field at 4.2 K and
70 GHz: (A) 1% Nd3+ in LMN; (B), (C), and (D) 0.25, 1.5, and 5% Ley’s radical by
weight in polystyrene, respectively. The magnetic field axis is shifted for compar-
ison as g � 2.7 for Nd-LMN, and g � 2.0 for Ley’s radical. Reprinted with permission
from [59].

3 Direct and indirect DNP as transfer pathways are not to be confused with direct
and indirect CE as DNP mechanisms (dCE/iCE) which are described in Section 2.2.2.3.
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ble. For biomolecules, methyl groups have been identified as effec-
tive cross-relaxation promotors under DNP, even at temperatures
of 100 K [141].

In the case of a bis-nitroxide PA, both nuclear species (i.e., 1H and
13C) are hyperpolarized at the same time. Subsequently, a combina-
tion of (+)-DNP enhancement by direct 13C DNP and of (�)-DNP by
indirectDNPdue to cross-relaxation is observed, partially cancelling
each other. Nevertheless, due to the spatial selectivity of the two
processes—direct DNP requires close vicinity of a PA while indirect
DNP is emanating from methyl groups substantially removed from
the PA—filtering schemes can be applied in the form of decoherence
filters or 1H saturation schemes [141,145]. The former technique
removes contributions from fast-decaying coherences of 13C nuclear
spins in close vicinity of the PA while the latter suppresses the
build-up of (�)-DNP by cross-relaxation from 1H. When the 1H SE
condition can be induced selectively, enhancement due to indirect
DNPby cross-relaxation can also be selectively observedwithout fil-
tering techniques [139].

The additional selectivity provided by these methods is highly
promising towards the generation of non-uniform and spatially
constrained polarization which can potentially be utilized for spec-
tral isolation of a sought-after molecular species within a complex
mixture. First steps in this direction have been taken with the
direct labeling of biomolecules with PA-tags (see also Sec-
tion 6.3.4); the possibility of straightforward background removal
by subtraction of non-enhanced (1H-saturated) spectra under-
scores the importance of such methods.

2.3.6. Examples of NMR pulse sequences used for MAS DNP
Generally, most MAS NMR pulse sequences can be applied in

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

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

[137], heteronuclear correlation spectroscopy by double CP (DCP)
in combination with homonuclear mixing [146], double-quantum
(DQ) 2H–13C correlation spectroscopy [147], and frequency selective
TEDOR (FS-TEDOR) in combination with DNP [148] (see Fig. 17), as
well as indirect detection of 14N by HMQC [150].

The large sensitivity gain by DNP has also stimulated the devel-
opment and application of techniques that are otherwise not pos-
sible. For example, Märker et al. have applied a 15N–13C DCP-based
heteronuclear correlation experiment (DCP-HETCOR) on a deoxyri-
bonucleoside derivative in natural isotopic abundance which—in
combination with 13C–13C J-refocused INADEQUATE—allowed for
the complete assignment of 13C and 15N resonances despite the
very low probability of direct one-bond contacts (i.e., 10�2% for
13C–13C and 4
 10�4% for 13C–15N) [151]. Very recently, McDer-
mott and co-workers have developed a novel 3D/4D sequential
sidechain-sidechain (S3) correlation spectroscopy experiment (see
Fig. 17F and G). This technique is only possible due to the large sen-
sitivity gains by DNP and allows full assignment of protein reso-
nances in a fraction of the experimental time required for
conventional MAS NMR despite the frequently encountered inho-
mogeneous broadening and subsequent overlap of resonances at
cryogenic temperatures [149]. A much more exhaustive descrip-
tion of experiments enabled by DNP is given in the context of rel-
evant applications with DNP in Section 7.

3. Enhancement profiles

Polarization transfer from electron spins to nuclear spins can
only take place at appropriate resonance conditions defined by
the DNP mechanisms [i.e., the DNP matching conditions as given
by Eqs. (12) as well as (33)] and as explained in detail in Section 2.1.
This can be achieved in two ways: either the magnetic field is
shifted such that the electron and nuclear Zeeman interactions ful-
fil the matching condition with a fixed mw frequency, or—given a
frequency-tunable mw source is available—the mw frequency can
directly be adjusted. Thus obtained profiles of field- or
frequency-dependent enhancement factors are commonly referred
to as DNP field or frequency profiles, respectively; these two meth-
ods yield—except for the typical inversion of the abscissae—practi-

Fig. 19. Theoretically predicted DNP field profiles (green) of SE, CE, and OE, based on simple EPR line shapes (blue and red). Small satellite peaks at an offset corresponding to
x0I are the forbidden e–n DQ and ZQ transitions and are largely exaggerated in intensity. For CE, the EPR lines of two electron spins with ideal CE matching condition
Dx0S ¼ x0I are shown in different colors.
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cally equivalent profiles. The oftentimes rich information con-
tained in such profiles can be used to optimize DNP experiments
or to investigate DNP mechanisms in more detail. Due to the wide-
spread use of fixed-frequency gyrotron sources for MAS DNP (see
Section 4.2.1), field profiles are most commonly recorded with
sweepable NMR magnets which are now commercially available
[152]. Alternatively, when a frequency-tunable mw source is uti-
lized, the acquisition of frequency profiles is the most convenient
method in a static DNP setup; however, the limited bandwidth of
the mw resonating structure has be taken into account [153].

3.1. Development of fundamental DNP theory

Discussions of DNP field profiles have played a major role in the
development of DNP theory. In fact, the very first hypothesis of CE
was based on the observation of unexpected changes in the DNP
field profiles at 2.5 T (70 GHz e�; 106 MHz 1H) [58,59]. In these
important experiments, Hwang and Hill observed a drastic change
in the DNP enhancement profiles with varying concentration of
Ley’s radical [154] in polystyrene (see Fig. 18). SE was the only
DNP mechanism known for solids at that time, and Jeffries and
Schmugge had already established that (+)- and (�)-DNP enhance-
ment peaks were then separated by 2x0I , based on the experi-
ments on a lanthanum magnesium double nitrate crystal doped
with 1% Nd3+ (Nd-LMN) [155]. With higher concentrations of Ley’s
radical in polystyrene, Hwang et al. observed a decrease in the sep-
aration of the (+)- and (�)-DNP extrema. This was attributed to the
variation in e–e spin interactions and was dubbed spin–spin effect.
Further experimental and theoretical research in this direction led
to the establishment of CE as a viable DNP mechanism [61,62]. To
date, CE is the most commonly employed mechanism when DNP is
applied as structural investigation technique (see Section 7).

Analysis of DNP profiles of sample systems where SE is
dominating—especially when differential SE was observed with
inhomogeneously broadened EPR spectra—stipulated a deeper

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

3.2. Differences due to DNP mechanisms and polarizing agents

3.2.1. Solid effect
SE is mainly observed with monomeric radicals featuring a

relatively small EPR spectral breadth so that CE matching is ineffi-
cient; alternatively, also radicals with broad EPR linewidth can
induce SE when their concentration is small and thus, intermolec-
ular e–e interactions required for CE are negligible. In the simplest
case, the shape of the DNP field profile can be directly deduced
from the EPR spectrum of a PA [74,139,158]. According to Eq.
(12), excitation of the e–n DQ or ZQ transitions leads to positive,
(+), or to negative, (�), nuclear polarization enhancement, respec-
tively. These conditions are separated by 2x0I . In the case of a nar-
row EPR spectrum—where ZQ and DQ transitions are sufficiently
separated—the net (+)- and (�)-DNP enhancement peaks are well
resolved and occur at frequencies x0S �x0I and x0S þx0I , respec-
tively (see SE case in Fig. 19 and green spectrum in Fig. 20).

Inhomogeneous broadening of EPR spectra by typical mecha-
nisms such as Zeeman anisotropy or unresolved HFI directly affects
DNP field profiles as well. Even when the ZQ and DQ SE transitions
are sufficiently separated (yellow spectrum in Fig. 20), the

Fig. 20. Theoretical analysis of field profiles predicted by inhomogeneously broadened EPR spectra, demonstrating the transition from well-resolved SE (green) via partial
overlap of ZQ and DQ transitions (orange) to differential SE (red). The left column shows spectra and profiles normalized to the full area under the EPR absorption spectrum
while the right column data is normalized to the maximum peak absorption.
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resulting reduction of the excitation efficiency achievable with a
fixed-frequency mw source leads to a proportional reduction of
the maximum bulk signal enhancement due to a smaller number
of spin-packets actively participating in SE induction [159]. This
reduction can (in part) be compensated for by electron spectral dif-
fusion [134,160], or—in the case of MAS DNP—rotor-angle depen-
dent evolution of anisotropic interactions [75,83,156]. Also,
frequency modulation has been shown to result in higher enhance-
ment factors in static DNP [161–164]. In all of these cases, a larger
number of electron spins were excited by mw irradiation as would
be expected from the homogeneous linewidth of the spin packets
as long as sufficient mw power was available for operation in the
(partial) saturation limit of the SE. Unfortunately, this power
requirement is usually not met for MAS DNP—even when a high-
power gyrotron is used—due to the small transitions moments of
the SE [74,89,139].

If the overall breadth due to inhomogeneous broadening of the
EPR line exceeds 2x0I (red spectrum in Fig. 20), overlap of the ZQ
and DQ transitions causes mutual cancellation of (+) and (�)
enhancements and hence reduction of the net nuclear bulk polar-
ization in addition to the less effective spin packet excitation
described in preceding paragraph. As we have already explained
in Section 2.2.1.5, for very large EPR line widths (D � 2x0I), the
DNP profile resembles the first derivative of the EPR spectrum
[76]. Consequently, the separation between the maxima of
(+)- and (�)-DNP peaks becomes greater than 2x0I .

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

3.2.2. Cross effect
PAs with broad and anisotropic EPR spectra often favor the CE

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

Fig. 21. Experimental DNP field profiles of TOTAPOL (blue) and trityl OX063 (green) in comparison with their respective EPR spectra at 140 GHz mw frequency. For trityl, DNP
by SE is excited at the DQ and ZQ transitions of the EPR resonance (outer red dotted lines). For TOTAPOL, excitation of the SQ EPR transition of one spin packet (middle red
line) leads to possible CE matching with spin packets resulting in opposite DNP sign, albeit with different probabilities (red dots).
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can mimic such a scenario for DNP of low-c nuclei [82]. This situ-
ation is discussed in more detail in Section 5.2.3.

For strongly anisotropic, inhomogeneously broadened EPR lines
(i.e., D > x0I > d), contributions from all spin packets within the
spectral envelope have to be considered in a disordered sample.

Excitation of the absorption line at an arbitrary field/frequency
combination will in most cases lead to both (+)- and (�)-DNP with
concomitant partial cancellation. Subsequently, the DNP profile
spreads across the whole EPR absorption spectrum and most
importantly, no plateau occurs (Fig. 21). Under static conditions
with randomly oriented monomeric radicals, a rather straightfor-
ward matching probability between spin packets can be evoked.
Thus, for each point in field or frequency, the probabilities of find-
ing matching partners separated by Dx0S � 	x0I [see Eq. (33)] that
result in (+) or (�) enhancement are weighted against each other,
yielding a relative enhancement factor [158].

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

3.2.3. Overhauser effect
As already discussed in Section 2.1.3, initially unexpected 1H

signal enhancements by OE DNP have been reported in dielectric
solids under MAS [89,90,97]. Since the OE operates by incoherent
e–n cross relaxation, it can theoretically be driven by direct or indi-
rect saturation of the EPR resonance line. Up to now, only direct
saturation has been reported experimentally [89,90,97]; however,
the slight asymmetry of maximum (+)- and (�)-DNP enhancement

Fig. 22. 1H and 13C DNP field profiles of Gd-DOTA and Mn-DOTA PAs. EPR spectra shown on top of DNP profiles. All data recorded at 140 GHz mw frequency with 10 mM PA
concentration in a 60/40 (vol%) glycerol/water solution at �86 K. Figure adapted with permission from [139],.

Fig. 23. 1H DNP enhancement field profiles of SA-BDPA (red) and trityl OX063
(green) measured at 140 GHz mw frequency (5 T) at 40 mM PA concentration in
each case. Field profiles are centered around the EPR resonance maximum for each
radical. Besides the prominent SE at the marked position, SA-BDPA shows
significant OE with a saturation-broadened peak at the EPR transition; in contrast,
trityl shows small contribution from CE with inflection of enhancement at the EPR
transition. Data taken from [89].

A.S. Lilly Thankamony et al. / Progress in Nuclear Magnetic Resonance Spectroscopy 102–103 (2017) 120–195 143



Fig. 24. (A) Experimental DNP frequency profile (squares) overlaid with the best-fit simulated 13C DNP profile (solid line) for 30 mM trityl at 30 K. The simulated DNP profile
consists of the sum of simulated SE (dashed line) and CE (dash-dotted line) profiles. (B) relative contribution of SE (circles) and CE (squares) as a function of temperature for
the same sample. (C) and (D) show corresponding data for 15 mM PA concentration. Reprinted from [169] with permission.

Fig. 25. Illustration of heteronuclear CE. Left: Eight central spin states of an e1–e2–1H–13C four-spin system as function of the electron Larmor frequency difference. Middle:
Simulated electron and nuclear spin polarization profiles for the 13C CE matching condition; right: same polarization profiles at the 13C–1H CE matching condition. Matching
between the different possible spin transitions are shown in the lower depictions; for further details, the reader is referred to the original publication. Reproduced from [175]
with permission.

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



factors observed at the SE conditions for trityl and SA-BDPA [74,89]
might be attributable to an indirect saturation of the EPR line and
subsequent OE by e–n cross relaxation.

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

3.2.4. High-spin metal ions
The DNP mechanisms responsible for enhancement by high-

spin metal ion PAs (Gd3+ and Mn2+) have been analyzed based on
their field profiles [139,159,167]. Representative examples of field
profiles are shown in Fig. 22. The theoretical description follows
the same principles as laid out for PAs with S ¼ 1=2 in Section 2.1.
However, the situation is not trivial due to the occurrence of mul-
tiple spin transitions with different properties. The EPR spectra of
half-integer high spin systems often feature a narrow and isotropic
(to first order) central transition (CT) and highly anisotropic satel-
lite transitions (STs) spreading over a large field/frequency range
due to zero-field splittings (ZFS.) As a result, the narrow CT evi-
dently allows for SE [139], whereas the role of STs is still unclear.
The large angular dependence of ZFS might support CE under
MAS [167]. However, clear indications for such CE matching
between STs or between a ST and the CT has not been presented
yet. Therefore, for all examples of DNP with high-spin PAs pre-
sented thus far, a treatment of the CT alone is believed to be suffi-
cient to explain occurrences of both SE and CE [139,168].

3.3. Information content

3.3.1. Identification of DNP mechanism
Even though knowledge of the sample composition and envi-

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

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

Certain selection criteria have to be fulfilled for effective contri-
bution of a specific DNP mechanism. CE requires a PA which allows
for frequency matching according to Eq. (33) (i.e., jDx0Sj ¼ x0I)
while at the same time sufficient e–e dipole couplings have to be
present. If one of those criteria is not met, CE is absent or inefficient.
For example, SA-BDPA shows no sign of CE due to the small EPR line-
width even though sufficient e–e dipole couplings are expected at
the high concentration. In many cases two mechanisms can be
observed to exist next to each other. For example, SA-BDPA shows
OE being active besides SE; for trityl OX063, minor contributions
from CE 1H DNP are evident along with major enhancements due
to SE [74,89]. This situation is illustrated in Fig. 23.

Such a combination of different DNP mechanisms is much less
obvious when PAs with EPR line widths exceeding the nuclear Lar-
mor frequency are considered (i.e., D > x0I > d). Intuitively, effi-
cient CE is expected if a dipolar coupling between electron spins
is provided. However, SE can still contribute significantly to the
observed DNP enhancement. This situation has been investigated
in detail by the Vega group in the context of static DNP. Shimon
et al. corroborated the relative contribution of CE and SE from
TEMPOL in static samples and found a transition between the dif-
ferent mechanisms depending on experimental parameters such as
sample temperature and incident mw power [158]. Interestingly,
the absolute contribution of the 1H CE decreased at low tempera-
tures (<30 K); this observation has also been reproduced by similar
experiments with the biradical TOTAPOL [165] as well as with the
monoradical trityl for 13C DNP [169]. The latter example is shown
in Fig. 24. Significant extension of electron spin lattice relaxation at
lower temperatures has been proposed as the possible explanation
of this phenomenon. The decrease of CE efficiency when lowering
the temperature is rather unexpected and not observed under MAS
conditions. In contrast, under MAS overall DNP enhancements
increase with decreasing temperatures; this has been experimen-
tally shown down to 24 K [170]; furthermore, enhancement factors
are higher than those obtained under static conditions [171]. How-

Fig. 26. Schematic representation of a typical experimental setup for DNP-enhanced MAS NMR spectroscopy. Besides the requirements for conventional solid-state NMR
spectroscopy, microwaves generated by a gyrotron are transmitted into the probe. A cryo-MAS unit provides stable sample spinning at cryogenic temperatures.
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ever, to the best of our knowledge, no similar attempt to disentan-
gle relative contributions of SE and CE has been undertaken so far
for MAS DNP.

3.3.2. Multinuclear DNP
Another interesting effect has been reported already more than

40 years ago by Borghini, De Boer and Morimoto in relation to their
analysis of 1H and 2H DNP enhancement profiles. They observed
(weak) DNP features occurring at xlw ¼ x0S 	 2x0Ið1HÞ as well
as xlw ¼ x0S 	x0Ið1HÞ 	x0Ið2HÞ at temperatures of 700 mK
[172,173]. These features were identified as forbidden multi-spin
SE transitions, where an electron spin flips together with two pro-

tons or one proton/deuteron pair in a concerted manner. Such
multi-nuclear SE transitions with up to four protons flipping at
the same time have also been observed indirectly by depletion of
the electron spin polarization at 80 K by Smith et al.; however,
no DNP enhancement by multi-nuclear flips could be observed at
this temperature. Nominally, such multi-spin transitions are
strongly forbidden, nevertheless, the large number of nuclear com-
binations paired with indirect homonuclear couplings introduced
by strong HFI is expected to increase the effective transition prob-
abilities [174].

The aforementioned heteronuclear multi-spin SE has also been
observed for 1H and 13C in samples doped with 15 mM trityl at

Fig. 28. (A) Schematic drawing of a gyrotron showing the essential components for mw generation; the left plot shows the qualitative profiles of magnetic field (green),
electron beam kinetic energy (blue) and mw field potential energy (red). See text for further description. Figure is reproduced from [203] with permission. (B) Computer-
generated model (left) and photograph (right) of a 395 GHz gyrotron commercially available from Bruker Biospin. Reprinted from [152] with permission.

Fig. 27. Frequency dependence of the output power of different electronic devices capable of producing high-frequency electromagnetic irradiation. For abbreviations and
further explanations, the reader is referred to the original publication. Reprinted with permission, from [185].
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temperatures of up to 30 K (see Fig. 24C) [169]. Shimon et al. have
performed a detailed experimental analysis of this effect and have
proposed several multi-spin transfer pathways to occur in parallel
as direct (i.e., coherently mw-driven) or indirect (i.e., due to electron
spin polarization depletion) DNP mechanisms (see also Fig. 25)
[175]. Later, this model was extended to account for experimental
observation of simultaneous heteronuclear CE between 1H and 2H
[176]. For detailed explanation of these effects we refer the reader
to the original publications.

4. Instrumentation

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

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

4.1. High-frequency microwave sources

4.1.1. Gyrotrons
Until themid of the 1990s, the available mwsources had been the

limiting factor for the externalmagnetic field atwhich theDNPNMR
experiments were conducted. Pioneered by Griffin and co-workers,
[91,181,182] the introduction of gyrotrons as sources of high-
power/high-frequency mw radiation dramatically extended this
limit (see Fig. 27). Moderate- to high-field DNP setups are accessible
today as a result of intensive research [152,177,183,184].

Gyrotrons were originally developed for plasma heating in Toka-
mak fusion experiments by producing pulsed outputs in the
> 1 MW power range; an excellent historical review on the general
development of these devices has been written by Nusinovich et al.
[186]. For DNP experiments, gyrotrons have been introduced as a
truly continuous mw source by a combined effort of Richard Temkin
at the Plasma Science and Fusion Center (PSFC) and Robert Griffin at
the Francis BitterMagnet Laboratory (FBML) atMIT [182].While the
original setup operated at 140 GHz, the scope has been extended by
development of gyrotrons by academic research groups with pur-
pose for DNP applications at 250, 330, and 460 GHz (MIT)
[146,187–190], 400and460 GHz (Osaka) [191–193], 187 GHz (War-
wick) [194], 200 GHz (WUSTL) [195], and 260–530 GHz (EPFL)
[196–198]. Furthermore, gyrotrons for DNP applications have been
developed or designed by Bruker Biospin/Communication & Power
Industries (CPI) (263, 395, and 527 GHz) [152,177,199], Gycom
(259 GHz) [200] and Bridge12 (395 GHz) [201].

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

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

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

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

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

Fig. 29. Typical heat exchanger used for producing cold gas for sample spinning. A
conventional MAS unit produces a regulated flow of gas, which is cooled to a target
temperature inside a pressurized copper can. The output temperature of the
cryogenic gas is controlled by the pressure of the inner can. Reprinted from [215]
with permission.
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burden—by a miniaturized gyrotron to be used inside a two-center
magnet [205–208].

4.1.2. Other sources
In addition to the above, mw irradiation generated by an

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

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

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

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

4.2. Control of DNP matching conditions

4.2.1. Magnetic field variation
A drawback of commercially available gyrotrons for DNP appli-

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

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

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

4.2.2. Microwave frequency tunability
Accounting for these above-mentioned limitations, recently

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

4.2.3. Fast microwave frequency modulation
An interesting application of frequency tunability has first been

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

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

4.3. Cryogenic MAS

A rigid dipolar-coupled spin network and sufficiently long elec-
tron and nuclear spin relaxation times are prerequisites for high
DNPenhancements. Thus, typicalMASDNPof biomolecular samples
or surface-wetted materials generally require cryogenic tempera-
tures between 20 K [163] and 180 K [214]. The region between
�100 and 180 K can rather easily be achieved with commercial
instrumentation and liquid nitrogen (LN2) as cryogen. Custom
instrumentation with optimized thermal insulation can reach tem-
peratures as low as 80 K [215,216]. For even lower temperatures,
coolingwith liquidHelium (LHe) is necessary [170,178,217]. In both
cases the liquid cryogens are also often used for in-situ generation of
very pure MAS gas by evaporation.
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4.3.1. Nitrogen cooling
Several engineering challenges have been mastered to provide

stable MAS with cryogenic gas, specifically nitrogen at favorable
temperatures close to the liquefaction point [152,215]. A steady
flow for each of the cold spinner gases (i.e., bearing and drive with
a gas flow in the order of 50–100 l/h [152]) has to be produced by
external heat exchangers, which can be regulated according to the
required spinning frequencies and sample temperature. A ‘‘coil-in-
can design” has proven very effective for providing long-term sta-
bility and preventing liquefaction of the spinner gas to avoid major
spinning instabilities [184,215]. This design relies on the spinner
gas flowing through a coiled copper tube that is situated within a
pressurized copper-can submerged in LN2 (see Fig. 29). By exter-
nally adjusting the pressure of N2 gas inside the can, the liquid
level and thus the contact surface and heat transfer rate between
coil and LN2 can be controlled. In early designs, both spinner gas
lines were cooled within one can; more recent designs feature sep-
arate cans for bearing, drive and variable temperature (VT) gas
lines, allowing for greater adjustability. Vacuum jacketed transfer
lines then transport the cold gases to the DNP probe, entering
the sample chamber either through the probe body, or from the
top of the vertical magnet bore.

Use of LN2 for MAS feed gases (boil-off) and for cooling thereof
results in significant costs of operation. In total, the consumption of
LN2 adds up to several hundreds of liters per day for a typical setup
described above. Recently, it has been shown that consumption of
LN2 can be dramatically reduced by utilization of nitrogen genera-
tors and refrigerators [183,184].

4.3.2. Helium cooling
Further reduction of the sample temperature can be desirable

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

Alternatively, LHe boil-off can be directly used to selectively
cool the sample with the VT line, while MAS operation is provided
with RT or precooled gas [170,220]. In this design, a rotor material
with low thermal conductivity such as ZrO2 allows for anchoring
the (axially) outer regions of the rotor at room temperature by
the bearing and drive gas while the central region—separated from
the bearing spaces by baffles—is cooled down to 20 K. However,
this low temperature can only be reached if extra-long rotors are
used so that the temperature gradient between bearing and sample
region is reduced. Furthermore, recycling of the cost-expensive
helium is not possible in this case.

4.3.3. Fast MAS and cryogenic temperatures
Due to the increasing viscosity of N2 as temperatures approach

the liquefaction point, maximum MAS rates are significantly
reduced as compared to conventional MAS NMR experiments with
room temperature gas. Originally, the instrumentation for cryo-
genic MAS has been developed for rotor diameters between 2.5
and 7 mm [91,184,215,218,221]. In these cases, spinning rates
were limited to �15 kHz.

Fig. 30. Schematic drawing of a closed-loop system for helium- or N2-cooled MAS with cooling by (A) cryogenic fluid (LHe or LN2) or (B) a cryo-cooler. Reprinted from [217]
with permission.
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With the advent of fast MAS applications and 1H detection, fast-
spinning MAS DNP probes have recently become available. This
extended the available spinning frequencies up to 40 kHz at
100 K by using smaller diameter rotors (1.3 mm), allowing not only
for mechanistic investigations of DNP under these conditions (see
also Section 6.2.2) but also for higher sensitivity and resolution
[86].

4.4. DNP NMR probe and microwave transmission

4.4.1. Cryogenic probe design
In addition to conventional solid-state NMR functionality, DNP

probes have to be designed to account for mw transmission and

cryogenic MAS. The latter requires an air dielectric transmission
line rf circuit design [222]. This allows for removing the tuning
and matching elements from the cold rf coil and positioning of
those within the probe box that is ideally stabilized at room tem-
perature [215].

The large temperature gradient within the probe is typically
sustained by incorporation of thermally insulated transfer lines
for cold MAS gas as well as a VT line for additional sample cooling
capacity. In order to prevent significant temperature reduction and
subsequent condensation of humidity within the probe body, the
exhaust line has to be thermally insulated as well; the cold exhaust
can be used to pre-cool MAS/VT feed gases in order to reduce cryo-
gen consumption [217]. Insulation can be provided by vacuum

Fig. 32. (A) Photograph of the mw transmission line of a typical DNP setup. (B) Model of tapers and miter bends that are used to focus the microwave beam into the vertical
waveguide leading to the stator. (C) Thermal image of the microwave beam in the middle of the wave guide. (D) Schematic drawing of the corrugations. Depth and spacing
fulfil the k/4 condition. (E) Cross-section of the stator with the end of the waveguide directing the mw irradiation on the rotor. (F) Image of the beam leaving the wave guide
towards the sample. Reprinted from [184] with permission.

Fig. 31. (A) Model for the vacuum-jacketed, thermally insulated transfer lines inside the probe. Brass tubing is used for durable vacuum retention. (B) A vacuum-jacketed
Dewar is incorporated with a sample exchange port and an exhaust port. Fiberglass and brass bellows act as thermal breaks. Reprinted from [184] with permission.
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Fig. 33. Simulated mwmagnetic field magnitude distribution inside the coil of a 3.2 mMMAS probe at 263, 395 and 527 GHz. The microwave beam enters from the right side.
Rows show views along the rotor axis (top) and in a plane perpendicular to this axis (bottom). Reprinted from [152] with permission.

Fig. 34. (A) Schematic drawing of a MAS DNP probe with possibility for in-situ optical irradiation. Further modifications to standard MAS NMR functionality are the angled
eject tube for convenient cryogenic sample (un-)loading. (B) Enlarged view of the corrugated waveguide that transmits mw irradiation to the sample. (C) Quasi-optical system
of mirrors delivers the microwaves from the gyrotron towards the stator. Reprinted from [215] with permission.
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jacketing of coaxial tubes and employing materials with small
thermal conductivity. Stainless steel fulfils these criteria, however,
even ‘‘non-magnetic” austenitic steel alloys (e.g., 316, 321 series)
tend to magnetize due to mechanical stress and repeated temper-
ature cycling [215]. Therefore, stainless steel should not be used
near to the homogeneous region of the magnetic field (i.e., the
sweet spot). Fiberglass can be an alternative, but brass has proven
superior vacuum retention properties as well as durability and can
be easily soldered to the stainless-steel section of the transfer
lines; in the same vein bronze has successfully been used for con-
struction of the cryostat that shields the magnet bore from the
cryogenic temperatures [184]. Such a design is shown in Fig. 31.

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

4.4.2. Microwave transmission from source to sample
Usually, the mw beam is converted from its initial higher mode

generated inside the gyrotron interaction cavity to a Gaussian
mode of propagation by the use of a quasi-optical mode converter
typically consisting of a Vlasov antenna [189,194]. The Gaussian
beam then exits the gyrotron tube via a sapphire window opti-
mized in thickness for minimal reflection losses and is guided into
an overmoded circular waveguide for transmission in an HE11
mode (Fig. 32A). Due to the excellent coupling between a Gaussian
beam propagating in free space and this hybrid mode propagating
inside an overmoded waveguide, negligible insertion losses occur
even in the absence of special coupling elements such as horns,
given that the beam width is significantly smaller than the inner
diameter of the waveguide. Corrugation of the inner waveguide
surface further minimizes transmission losses so that <0.1 dB m�1

attenuation [223] can be achieved (Fig. 32D); however, care has to
be taken for good alignment of the waveguide. Miter bends are
used for changes in propagation direction, for example for adjust-
ment between differences in the gyrotron output window and the
probe input port orientation, or if vertical level changes have to be
accounted for.

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

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

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

The dielectric properties of typically used sapphire rotors
improve the mw-field filling factor; at the same time MAS leads
to a partial averaging of angular field inhomogeneity. Nevertheless,
a field inhomogeneity with an amplitude variation of a factor �3

Fig. 35. Comparison of the EPR lineshapes and the corresponding 1H and 13C DNP
field profiles of different PAs. Figure taken with permission from [139].
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has to be accounted for [87]. Furthermore, thermal conductivity of
sapphire is similar to that of copper at temperatures of around
100 K, which ensures efficient dissipation of heat deposited by
dielectric losses within the sample during mw irradiation. Rotors
made of ZrO2—which are generally more robust and less expen-
sive—have less favorable transmission/reflection properties at mw
frequencies as well as lower thermal conductivity, so that reduced
enhancement factors and increased sample heating is observed
[177].

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

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

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

4.4.3.3. Light-activation. For the investigation of photo-activated
processes, the DNP probe can be modified with a light irradiation
channel (Fig. 34). This is typically achieved by introduction of an
optical fiber that connects to a laser system outside the probe

Fig. 36. Overview of the development of PAs for MAS DNP. The shape of the boxes encodes radical type, the number of unpaired electrons per PA molecule and distinguishes
between narrow and wide EPR lineshapes; solubility of the individual families is color coded; for details see figure legend. Factors accompanying dashed arrows indicate the
number and type of monoradicals that are chemically bonded to form bi- and triradicals. Chemical structures show molecular tethers connecting the TEMPO moieties at the
positions indicated in red.
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and is terminated inside the MAS stator. Such modifications have
been employed, for example, to study temperature-trapped states
within the photo-cycle of membrane proteins of the rhodopsin-
family, such as bacteriorhodopsin [226,227] or channelrhodopsin
[228]. For more details of these applications see Section 7.2.2.

5. Polarizing agents

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

Generally, PAs are evaluated based on several parameters, as
their efficiency is influenced by the solubility, concentration and
electron spin properties at experimental temperatures. As illus-
trated in Fig. 35, the DNP mechanism evoked by PAs depends on
several factors such as the homogeneous linewidth (d) as well as
the inhomogeneous breadth (D) of the EPR spectrum, its g-
anisotropy, and the nuclear Larmor frequency (x0I). The develop-
ment and design of new PAs for proficient DNP mechanisms under
MAS and high magnetic field are growing areas of research.

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

5.1. Radicals with narrow EPR line for solid effect DNP

In order to satisfy the requirements for SE, PAs with a small
homogeneous EPR linewidth (d) and inhomogeneous breadth (D)
in relation to the nuclear Larmor frequency (i.e., d;D < 2x0I) are
considered. As already laid out in Section 2.2.1.5, excessive inho-
mogeneous or homogeneous broadening leads to differential SE
with starkly reduced net enhancement.

At high magnetic fields, this limits the choice of suitable PAs
due to the dominant Zeeman interaction, thus excluding the use
of any radicals featuring significant g-anisotropy. To date, applica-
tions of MAS DNP using SE at high magnetic field (B0 P 5 T) have
mostly been performed with two exogenous PA types, namely
BDPA and trityl. Therefore, we will limit the description to these
systems. Furthermore, a reduced flavin mononucleotide (FMN)
semiquinone has been used in a single study as endogenous PA;
this system will be discussed in Section 6.3.4.

5.1.1. BDPA-type radicals
1,3-bisdiphenylene-2-phenyl allyl (BDPA, for chemical struc-

ture see Fig. 37) [230] was the first stable radical PA utilized for

Fig. 37. Chemical structures of BDPA [230], its sulfonated (SA-BDPA) and sulfonamide (SN-BDPA) derivatives [89] and trityl-type radicals OX063 and CT-03 (the latter is also
known as Finland trityl) [233,234].
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DNP under MAS [63,91,231]. Its narrow EPR line width of 20 MHz
[173,232] is caused by inhomogeneously broadening due to the
HFI with the 21 protons on the aromatic rings. This width is main-
tained over a large external magnetic field range; only at a field of
9.4 T and higher, the g-anisotropy broadening becomes of similar
magnitude [90]. The high chemical stability and ease of dilution
in polystyrene makes BDPA an ideal sample for calibration pur-
poses [63,91]. Even though BDPA is an excellent PA, its biological
applications are limited due to its lack of solubility in aqueous
mixtures.

Haze et al. expanded the potential biological applications of
BDPA by synthesizing a highly water-soluble and air-stable deri-
vate, sulfonated-BDPA (SA-BDPA) [89]. It has a narrow EPR line-
width similar to BDPA, which makes SA-BDPA a very efficient PA
for SE DNP. In the same study, a sulfonamide derivative (SN-
BDPA) was introduced as well, which allows for highly modular
chemical variability. In a 40 mM frozen solution of SA-BDPA in
d8-glycerol/D2O/H2O, a 1H enhancement factor of 110 was
obtained for MAS experiments. The SE performance is slightly bet-
ter as compared to trityl OX063 (see below), however, the slow
electron spin-lattice relaxation (T1S ¼ 56 ms at 80 K and 5 T) may
cause saturation at moderate mw power [89]. This tendency of sat-
uration in combination with the large number of HFI-coupled 1H
spins in BDPA (and its derivatives) give rise to OE DNP in insulating
solids as we have laid out in Sections 2.1.3 and 3.2.3.

5.1.2. Trityl-type radicals
A highly prominent group of water-soluble PAs with narrow

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

One resulting trityl derivative, OX063, fulfils these require-
ments to a very large degree and shows efficient SE [233]. In
OX063, all aromatic hydrogens are replaced by hydrophilic
functional groups, providing not only chemical stability by steric
hindrance and water-solubility but also removing the relatively
large isotropic HFI. In contrast to another prominent trityl
derivative, Finland trityl CT-03 [234], OX063 does not contain
relaxation-promoting methyl groups, which alleviates the need
for deuteration in order to reduce the homogeneous EPR linewidth
[235]. The inhomogeneous linewidth of OX063 in frozen solution is
�50 MHz (FWHH) at 5 T, and it scales linearly with the external
field strength since the g-anisotropy is the major cause of broaden-
ing at high magnetic fields [139].

OX063 is a versatile PA for MAS, yielding a 1H enhancement fac-
tor of up to 91 (with a linear dependence on the mw power) [74].
The spin-lattice relaxation time is sufficiently fast (T1S ¼ 1:3 ms
at 80 K and 5 T), thus significant EPR saturation is avoided during
SE DNP [74,77,89]; it has also been demonstrated as a powerful
PA for DNP of nuclei with small gyromagnetic ratios such as 2H
(e P 700) [147], 13C (e ¼ 480) [82] and 17O (e � 115) [236]. In all
these latter cases, OX063 is the most efficient PA studied so far.
This is explained by the fact that the EPR linewidth is of a similar
magnitude as the nuclear Larmor frequencies, in fact allowing for
CE to be efficient (see below).

Besides these applications as PA for MAS DNP, trityl OX063 is
popular for its pivotal role in dissolution DNP [237]. Here, trityl
greatly outperforms nitroxides when 13C is directly hyperpolarized
within neat, amorphous pyruvic acid (doped with OX063) [238].
OX063 has been patented and is the sole approved PA for the com-
mercial HyperSense dissolution DNP system [239]. In that context,
two carbon centered perchloro-triphenylmethyl (chlorinated

trityl) radicals aimed for dissolution DNP have been investigated
[240]. The authors observed unexpected behavior including an
inversion of enhanced NMR signals that was tentatively ascribed
to hetero-nuclear effects due to the presence of magnetically active
35Cl and 37Cl nuclei (both I ¼ 3=2 with significant nuclear quadru-
pole interactions) within the PA. Further reports on such hetero-
nuclear assisted DNP effects—where a 35/37Cl–13C transfer pathway
has been postulated—are not conclusive [241].

5.2. Nitroxides and biradicals for cross effect DNP

So far, CE has been proven the most efficient polarization-
transfer mechanism in DNP and is widely applied to materials
and biological systems at high magnetic fields (>5 T). It dominates
over other potential mechanisms when the inhomogeneously
broadened EPR linewidth (e.g., due to g-tensor anisotropy) is larger
than the nuclear Larmor frequency (i.e., D > x0I > d). As described
in Section 2.1.2, the CE is a three-spin process that requires signif-
icant dipolar coupling between the two electrons, which therefore
have to be in close spatial relationship (generally at a distance
<25 Å) [242,243]. This requirement can be fulfilled in two ways.
On the one hand, a sufficiently high concentration of monomeric
radicals eventually leads to intermolecular spatial proximity. On
the other hand, two (or more) radical moieties interconnected by
a molecular linker of particular length enable CE.

Besides the necessity of sufficient e–e coupling, the separation
of the EPR resonance frequencies of the two electron spins has to
match the nuclear Larmor frequency (i.e., jxS;1 �xS;2j ¼ x0I).
Therefore, the CE performance of individual (bis-)nitroxide radicals
is strongly orientation-dependent because the Larmor frequency of
the electron spin is dominated by the anisotropic g-tensor at high
magnetic fields [244,245]. This anisotropy is the reason that the
EPR frequency separation scales linearly with the external mag-
netic field and thus also with the nuclear Larmor frequency. This,
on the other hand, ensures that the CE matching condition can
be fulfilled at practically any NMR frequency or field.

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

Another important parameter for efficient CE DNP is electron-
spin relaxation. Both, the spin-lattice relaxation time (T1S) and
electron spin-spin relaxation time (T2S), play an important role in

Fig. 38. 1H DNP enhancement factors in the bTnE series as a function of e–e dipole
coupling. The inset shows the chemical structure of bTnE. Figure reprinted with
permission from [254].
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saturation of the EPR transition and excitation of CE under mw
irradiation [81,250]. The electronic relaxation-time constants
strongly depend on the molecular mass and polarity of the solvent,
which has to be considered during PA design [251]. Systematic
attempts to improve these parameters are further elaborated in
the following sections.

5.2.1. Monomeric radicals
As we have laid out in Section 3.2.2, the first DNP experiments

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

solution and enhanced the 1H signals of glycine 185-fold at 5 T
and 14 K [181]. It was also shown that large enhancements were
obtained with 40 mM TEMPO concentration, demonstrated on
the amino acid arginine and the 18.7 kD protein T4-lysozyme in
MAS experiments [218]. Even though reasonable enhancement fac-
tors were obtained with these monomeric radicals, the high radical
concentrations required can lead to paramagnetic quenching and
line broadening in NMR spectra [225,252,253].

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

Fig. 39. Chemical structures of several bis-nitroxide PAs. See text for details and original publications where these PAs were introduced.
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directly affects the CE mechanism [see Fig. 38, also see Eq. (36) and
Section 2.1.2.3]. However, those radicals were insoluble in a glyc-
erol/water solution required for biomolecular studies [254].

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

5.2.2.2. Tri-radicals and higher: the DOTOPA series. In 2010, Thurber
et al. introduced a new triradical DOTOPA-TEMPO. By increasing
the number of nitroxide functionalities per molecule, the larger
number of close e–e contacts suggest a higher probability of CE
matching. The DNP performance of DOTOPA-TEMPO was com-
pared with 4-amino TEMPO and TOTAPOL; even though large
enhancements for 1H NMR signals of proteins in frozen glycerol/
water solutions were observed in static samples with low mw-
power, DOTOPA-TEMPO is less soluble in water [163]. Later on,
the same group synthesized DOTOPA-TEMPO-based oligo triradi-
cals, as well as nitroxide-based biradical and tetraradical com-
pounds; these radicals varied in e–e distances, T1S, relative
orientations of nitroxide groups and solubility. Among them,
DOTOPA-TEMPO-based triradicals showed better water solubility
and indirect DNP enhancement factors (e = 92–128) for 15N, 13C-
labeled melittin tetramer in partially protonated glycerol/water
at 30 mM total nitroxide concentration. The experiments were per-
formed under MAS in a temperature range of 25–30 K at 9.4 T and
with an output mw power of approximately 0.8 W. The triradicals
satisfied the requirements for CE, while tetraradicals showed lower
enhancements because of the poor solubility and longer e–e dis-
tances than the triradical, as well as rapid electronic spectral diffu-
sion [264].

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

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

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

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

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

5.2.2.4. The larger the better: bCTbK, PyPol/AMUPol, and the TEKPol
series. At the same time, the groups of Tordo and Ouari (Aix-
Marseille University) were leading an extraordinary undertaking
to probe the chemical space for possible improvements of PAs

Fig. 40. (A) Structures of bTurea, BTOXA, TOTAPOL, and BT2E, refined using geometrical constraints obtained from EPR lineshapes, with given root-mean-square deviations
(RMSD) for the atoms of the TEMPO rings. Reprinted from [244] with permission. (B) 1H DNP enhancement factors of several PAs (10 mM in electron spin concentration each)
in standard solutions (2 M 13C-urea, 60/30/10 (w/w/w) d6-DMSO/D2O/H2O) at 90 K and 5 T. Figure reprinted from [229] with permission.
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[268,269]. This led to the development of a new rigid biradical for
non-aqueous solvents. The bulky derivative of bTbK, bis-
cyclohexyl-TEMPO-bisketal (bCTbK), was introduced by Zagdoun
et al. by replacing the geminal dimethyl groups of bTbK by spirocy-
clohexyl moieties [270]. This increased the size and rigidity of the
radical and resulted in slower electron spin relaxation. They have
shown that T1S of bCTbK in TCE impregnating a hybrid mesostruc-
tured silica material was twice as long and that larger enhance-
ment factors were obtained compared to bTbK under similar
conditions.

This approach was then extended towards two novel water-
soluble radicals PyPol and AMUPol in 2013 by Sauvee et al.
[271]. Structurally these are based on bTurea, and water solubility
has been maximized by nitroxide-protecting THP rings and linker-
decorating polyethyleneglycol (PEG) chains. The enhancement fac-
tors obtained for AMUPol in glycerol/water system were 3.5–4
times larger than for TOTAPOL at 9.4 and 14.1 T at a typical tem-
perature of 97 K. The structural flexibility of the urea linker might
seem to contradict this high efficiency. However, Michaelis et al.
have also reported that larger conformational flexibility can
improve DNP performance in a systematical study of several
thiourea-type bis-nitroxides [272]. Very recently, it has also been
shown that AMUPol exhibits a rather strong e–e exchange interac-
tion of J/2p = 43 MHz that is expected to support CE-enhancement
and explain the significant advantage over TOTAPOL, particularly
at high magnetic fields [273].

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

5.2.2.5. Other approaches. Alternative routes to achieve water-
solubility of bTbK were demonstrated in the form of host-guest

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

Furthermore, systems such as OTP and the anti-inflammatory
drug indomethacin have metastable amorphous phases but are
not miscible with biradicals like TOTAPOL. Hence, Ong et al.
introduced the novel organic biradical bis-TEMPO terephthalate
(bTtereph), which has similar EPR and DNP properties as TOTAPOL.
They succeeded in uniformly distributing bTtereph in OTP and
indomethacin by a procedure that is common in pharmaceutical
sample preparation (i.e., in the absence of solvent) and obtained
a 1H signal enhancement factor of 58 for the amorphous phase of
OTP [281].

5.2.3. Heterodimeric biradicals and mixtures
The advantages of two specific radical types can be combined

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

A proof of concept has been demonstrated experimentally by
Hu et al.; in a mixture of TEMPO and trityl (20 mM each), the
DNP enhancement factor could be increased 4-fold as compared

Fig. 41. 1H DNP enhancement factors from several bis-nitroxide PAs at a concentration of 16 mM in frozen solutions of TCE (9.4 T, 110–115 K). For chemical structure of
selected PAs see Fig. 39; for structures of all given PAs see original publication. Figure taken with permission from [276].
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Fig. 42. DNP with radical mixtures or heterodimeric PAs. (A) 1H DNP with trityl/TEMPO mixture at 5 T (140 GHz e�; 211 MHz 1H) [282]. (B) 13C DNP with trityl/SA-BDPA
mixture at 5 T (140 GHz e�; 53 MHz 13C) [82]. (C) Chemical structure of TEMTriPol-1 and (D) 1H DNP enhancements with that biradical at 18.8 T (527 GHz e�; 800 MHz 1H),
14.1 T (395 GHz e�; 600 MHz 1H), and 5 T (140 GHz e�; 211 MHz 1H) in comparison with echo detected EPR spectrum at 140 GHz [283]. See original publications for further
experimental details. Subfigures reprinted or adapted from the original publications with permissions.
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to a TEMPO solution with equal PA concentration (40 mM) [282].
One of the most striking observations was that this advantage
can only be achieved if the (narrow and slowly relaxing) trityl
is directly excited by mw, while irradiation of the (broad and fast
relaxing) TEMPO function gave no significant advantage (see
Fig. 42A).

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

However, efforts to create stable and water-soluble heterodi-
meric biradicals that encompass these advantages and alleviate
the detrimental effects of the large paramagnetic concentration
of a molecular mixture have been hampered by chemical difficul-
ties. Problems intrinsic to radical chemistry are potentiated in
the presence of two radicals with different redox potentials. Activ-
ity of both radicals has to be maintained throughout the synthetic

pathway, or one radical must be activated in the presence of the
other. One combined effort of the Swager and Griffin labs resulted
in the successful synthesis of a BDPA-TEMPO biradical that
combined the advantages of a narrow and broad EPR line radical
situated within one molecule, however, water-solubility was lim-
ited. Additionally, the chemical modification of the BDPA moiety
resulted in a significant g-anisotropy that might partially invali-
date the advantages of the otherwise very slowly relaxing spin
with a narrow resonance line [284].

Nevertheless, a newly developed heterodimeric biradical that
satisfies the CE matching condition with an electron pair featuring
different electron relaxation rates has been successfully synthe-
sized and tested for DNP efficiency at various field strengths by
Mathies et al. [283]. TEMTriPol-1—in which a TEMPO nitroxide
and a trityl radical are chemically interconnected (structure shown
in Fig. 42C)—yielded a rather large 1H signal enhancement of 65 in
a 10 mM glycerol/water solution at 18.8 T (527 GHz e�, 800 MHz
1H). Interestingly, TEMTriPol-1 showed an anomalous dependence
on the external magnetic field, yielding its best performance (in
relation to other PAs) at high field (e ¼ 65 at 18.8 T; e ¼ 87 at
14.1 T), whereas its efficiency dropped at lower field (e = 50 at
5 T), see Fig. 42D. This behavior has been explained by the strong
exchange interaction (J=2p ¼ 73 MHz) between the nitroxide and
trityl moieties that disturbs the CE mechanism when J is of a sim-
ilar order of magnitude as the nuclear Larmor frequency (i.e.,
211 MHz at 5 T; 600 MHz at 14.1 T; 800 MHz at 18.8 T) [283].

Fig. 43. (A) Chemical structures of the high-spin metal complexes Mn/Gd-DOTA and Gd-DTPA. (B) Field-swept EPR spectra of the metal complexes recorded at 1 mM in
frozen solutions of d8-glycerol/D2O at 139.5 GHz and 80 K using a Hahn echo sequence. Subfigure (B) adapted with permission from [159].
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5.3. Paramagnetic metal ions

5.3.1. Ce(III) and Cr(V): early experiments
DNP using paramagnetic metal ions has first been reported

immediately after the discovery of SE DNP. Abraham et al. studied
Ce(III) as main constituent in Ce2Mg3(NO3)12�24 H2O or as impurity
in diamagnetic La2Mg3(NO3)12�24 H2O (also known as LMN) and in
CaF2. Furthermore, they reported rather small enhancement factors
by employing Cr(III) as impurity within synthetic sapphire
(a-Al2O3) or utilizing ferric impurities in K3Co(CN)6 [76,113]. Later,
Cr(V)—reduced in situ from Cr(VI) [285]—in complexes with diols

and glycerol has been extensively used as PA for spin-polarized tar-
gets in scattering experiments [286–290]. All these experiments
have been performed at low field and very low temperatures. In
the transition metal complex of Cr(V), a single unpaired electron
is located in the 3d-shell, yielding a S ¼ 1=2 system with an isotro-
pic g-factor (giso ¼ 1:981) in liquid ethylene glycol; upon freezing
of the solution, only a very small anisotropy is observed [286].
The rare earth Ce(III) has a 4f1 configuration with a free ion 2F
ground state (S ¼ 1=2, L ¼ 3, ground state J ¼ 5=2) [291]. In trigo-
nal LMN, this situation results in a large spin-orbit coupling
(SOC) and effective Zeeman anisotropy with a parallel principal

Fig. 44. (A) 263 GHz cw EPR spectra (recorded as field derivatives in thin lines, integral/absorption spectra in thick lines) of frozen solutions of mono(Gd-chelate) 1 and bis
(Gd-chelate)s 2–5. Spectra are inverted for better comparison with DNP field profiles. (B) Chemical structures of the investigated complexes. (C) 263 GHz 1H, 13C, and 15N DNP
field profiles of the same samples as in (A). Data taken from [168]. For further information, see original publication.
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axis component (PAC) gk � 1:83 and an almost vanishing perpen-
dicular PAC jg?j 6 0:1 [292,293]. In contrast to these S ¼ 1=2 sys-
tems, Cr(III) and Fe(III) feature high spin quantum numbers,
leading to much more complex DNP enhancement profiles featur-
ing more than one DNP condition as compared to what has been
observed for doublet PAs [76].

5.3.2. Gd(III) and Mn(II) in chelate complexes
The increasing complexity of DNP parameters imposed by high-

spin properties makes the prediction of DNP performance and the
design of an efficient high-spin PA rather difficult [167]. Neverthe-
less, the search for efficient PAs for high-field MAS DNP constrains
the space of possible PAs to a large degree. One of the most strin-
gent requirements of a PA is the compatibility with current instru-
mentation, consisting of an NMR magnet without or with a limited
sweep capability as well as a gyrotron, typically with a fixed-
frequency output (see Section 4.2). This prohibits the use of metal
ions or PAs that feature pronounced SOC, resulting in g-factors
strongly deviating from the ‘spin-only’ ge ¼ 2:0023 of the free elec-
tron. Unfortunately, many transition metal ions in low-spin com-
plexes such as Cu2+, Co2+, Fe3+ experience significant SOC due to
an admixture of (energetically low-lying) excited states and conse-
quently show significant g-anisotropy [291]. This impedes DNP
applications using such S ¼ 1=2 metal ions as PAs at high field
despite exciting perspectives, given their relevance in biology
and materials science.

A rather small group of high-spin transition-metal or rare-earth
ions—including Gd3+ and Mn2+—feature peculiar electron-spin
properties. These are caused by the combination of a non-
degenerate electronic ground state with no orbital momentum
and (unpopulated) excited states lying high above the ground-
state energy [291]. Half-filled electronic subshells quench the orbi-
tal momentum: Mn2+ has a 3d5 configuration with a 6S ground
state, whereas Gd3+ has 7 unpaired electrons in the highly screened
f-shell (4d7 configuration with 8S state).4 Despite their high-spin
properties, the quenched SOC leads to a practically isotropic Zeeman
interaction with g-values very close to g ¼ 2:00, manifested in a
rather narrow EPR central transition (CT) between the mS ¼ 	1=2
states in the half-integer (Kramer’s type) systems. Satellite transi-
tions (i.e., transitions where mS changes its absolute value) are influ-
enced by ZFS in first order, which results in a very broad spectral
feature, especially when amorphous solutions of such high-spin
complexes are considered [294].

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

Gd3+ and Mn2+ bound in complexes of the chelators DOTA and
DTPA (see Fig. 43) were first introduced as high-spin metal ion
PAs for MAS DNP by Corzilius et al. in 2011. A very narrow EPR
CT linewidth of 29 MHz at 5 T was observed for Gd-DOTA complex,
which allowed induction of SE with an initially reported 1H
enhancement factor of �12 in a urea model sample [159]. Due to
the narrowing of the CT at higher magnetic fields, the detrimental
field dependence of the SE transition probability proportional to
B�2
0 [see Eq. (17)] is partially compensated for, leading to still sig-

nificant performance with e ¼ 8 at 14.1 T. Direct DNP of low-c
nuclei (13C and 15N) was reported with enhancement factors in
excess of 100, potentially allowing for site-directed DNP on biomo-
lecules using site-directed spin-labeling (SDSL) with metal chelate
tags; furthermore, the contribution of CE mechanism was demon-
strated [139].

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

Due to the strong isotropic HFI to the 55Mn nucleus (I ¼ 5=2,
100% natural abundance), Mn(II) suffers from a splitting of the
EPR CT into a sextet with �250 MHz separation; this reduces the
achievable enhancement factors equally �6-fold with respect to
Gd(III) [139,159]. Nevertheless, the high biological relevance of
Mn2+ and structural similarity with the diamagnetic Mg2+ ion
justifies further investigation as potential endogenous PA. Such a
premise was demonstrated on an inactivated hammerhead ribo-
zyme where one Mn2+ ion was specifically bound to RNA. In this
case, intra-molecular DNP was used to directly hyperpolarize 13C
within the same molecule [140].

5.3.3. Cr(III) in crystalline solids
Cr3+ can have similar properties as the above-mentioned metal

ions, despite its 3d3 electronic configuration with atomic 4F
ground-state term. In an octahedral ligand field, this state
transforms into a (non-degenerate) 4A2g ground state with L ¼ 0,
resulting in an isotropic Zeeman interaction and g � 2:0. However,
significant deviation from ideal octahedral symmetry can reintro-
duce an excited-state admixture (mainly 4T2g) and lead to larger
deviations from the free-electron ge [298]. Small distortions of
the ligand-field symmetry may still conserve the pure ground-
state properties but manifest themselves in a moderate ZFS of up
to several GHz, as can be found in ruby [299–301].

An ideal system featuring a high trigonal symmetry of the metal
site is found in a crystalline sample of [Co(en)3Cl3]2�NaCl�6 H2O
(en = ethylenediamine, C2H8N2, Fig. 45) paramagnetically doped
with Cr3 [303]; in this case, Cr3+ (S ¼ 3=2) and Co3+ (low-spin
3d6, S ¼ 0) are structurally interchangeable due to the similarity

Fig. 45. (A) Crystallographic unit cell of [Co(en)3Cl3]2�NaCl�6H2O (en = ethylenedi-
amine, C2H8N2). Projection of the crystal structure with the c axis perpendicular to
the plane of the drawing. (B) Molecular unit with hydrogen atoms. (C) Field-swept
140 GHz EPR spectrum of 0.1% Cr(III)-doped [Co(en)3Cl3]2�NaCl�6H2O using a Hahn
echo sequence at a temperature of 80 K. Figure adapted from [302] with permission.

4 Eu2+ and Tb4+ also exist in the same electronic configuration and show similar
EPR spectroscopic properties, however, they are chemically less stable than Gd3+

and—as most lanthanides—tend to obtain a+3 oxidation state.
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of ionic radii [304]. Therefore, paramagnetic doping with molar
ratios between 0.1 and 3% can be achieved without effecting any
change in the crystal structure [302]. The EPR spectrum
(Fig. 45C) shows a narrow CT with practically isotropic g ¼ 1:987
and an axial ZFS with a constant of D ¼ 740 MHz at 80 K. By irra-
diation of the SE condition, a rather small 1H enhancement was
observed in the fully-protonated sample. More interestingly, sig-
nificant direct-DNP enhancement factors on the order of 20–30
have been observed for 13C and 59Co at high doping ratios of 3%,
with a strong dependence on the latter parameter. This was sur-
prising in several ways. First, the rather narrow CT linewidth of
�40 MHz was relatively small compared to the 13C and 59Co Lar-
mor frequencies (53 and 51 MHz, respectively); more importantly,
any anisotropies resulting from ZFS or HFI would act equally on
neighboring Cr3+ in the long-range ordered crystalline lattice, pro-
hibiting the majority of matching conditions found in stochasti-
cally oriented (amorphous) samples [167]. This indicated that CE
matching between the CT of one Cr3+ and a satellite transition of
a neighboring ion might support DNP: while the former transition
appears static, the latter are modulated by ZFS under MAS. As the
second surprise, the nearest distance between a Cr3+ PA and 59Co
nucleus is 7.7 Å, proving that direct DNP can act over rather large
distances [302].

6. Practical aspects

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

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

6.1.1. Accelerated build-up of polarization during SE
In the case of SE the observed DNP-build-up rate (under mw

irradiation) is expected to be larger than the spin-lattice relaxation
rate (without mw) [61,106,121]. Based on a simplified description,

the effective bulk DNP rate, keffDNP, and the observed relaxation rate,

T�1
1I , are additive towards the measured build-up rate, T�1

B [77]:

1
TB

¼ keffDNP þ
1
T1I

: ð52Þ

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

the enhancement at infinite polarization time, e1, has to be mea-
sured. Practically this requires recording the DNP-enhanced signal
intensity, IDNP, while using a polarization build-up period, s, which
is significantly longer than TB. This is then compared to the
thermal-polarization signal intensity, Ioff , that must also be
recorded at recycle delays much longer than T1I:

e1 ¼ IDNPðs � TBÞ
Ioffðs� T1IÞ : ð53Þ

In a reasonable approximation, this can be achieved by choosing
a polarization period or recycle delay approximately 5-fold longer
than TB or T1I , respectively. More reliable is the acquisition of a full
build-up curve after complete destruction of the polarization due
to a pre-saturation train [225]. Exponential fitting allows for the
extraction of a pre-exponential factor representing the polarization
at infinite time. In many practical cases, an ‘‘instantaneous” DNP
enhancement factor is provided by measuring DNP-enhanced sig-
nal intensity vs. thermal equilibrium at a finite build-up time well
below the optimum � 5
 TB. For example, this can be due to pro-
hibitively long build-up time constants typically encountered for
(dilute) low-c nuclei, weak thermal signals that do not allow for
the acquisition of a full time profile, or ineffective off-signal sensi-
tivity at � 5
 T1I . In these cases, care has to be taken because the
instantaneous eðsÞ is a function of polarization time if TB –T1I:

eðsÞ ¼ e1
1� expð�s=TBÞ
1� expð�s=T1IÞ : ð54Þ

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

On the other hand, the acceleration of the polarization build-up
accounts for an additional sensitivity advantage not included in e1
[305]:

j ¼
ffiffiffiffiffiffi
T1I

TB

s
: ð55Þ

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

1
T1I

¼ 1
T�
1I
þ CPRE

1I : ð56Þ

T�
1I is the relaxation time constant of the diamagnetic (undoped) ref-

erence and is stringently larger than or equal to T1I of the sample
doped with PA, since the latter is accelerated by the PRE rate,
CPRE

1I . Therefore, a reference sample of equal composition but lacking
PA has to be measured for the accurate determination of off-signal
intensity and spin-lattice relaxation time constant. An effective j� is
then obtained:

j� ¼
ffiffiffiffiffiffiffi
T�
1I

TB:

s
ð57Þ

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

e1 � keffDNPT1I: ð58Þ
As soon as T1I � T�

1I , or from another viewpoint CPRE
1I � ðT�

1IÞ�1, Eq.
(58) shows that the bulk DNP enhancement factor scales inversely
with the PRE rate:
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e1 � keffDNP

CPRE
1I

: ð59Þ

Under the further assumption that keffDNP � T1I (i.e., operation of the
SE far from saturation), K� then is simplified as

K� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T�
1IC

PRE
1I

q
: ð60Þ

Here it becomes clear that the sensitivity loss due to reduction of
DNP enhancement outweighs the benefit of faster acquisition due
to PRE, so that a compromise has to be found. In most cases, typical
SE PAs are quite poor PRE agents, so that sufficient DNP enhance-
ment can be achieved with minimal reduction in T1I [225].

6.1.2. Depolarization by MAS
In comparison to SE, the situation is completely different when

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

Equivalently, the nuclear spin polarization will also follow DPS

when the latter is perturbed. This effect is naturally sought-after
during CE DNP by saturating the EPR spectrum at certain points
within the spectral shape, so that the polarization differential DPS

is maximized. On the other hand, reduction of this differential in
electron spin polarization (up to complete equilibration) over all
possible CE pairs will reduce the observable non-DNP-enhanced
NMRsignal amplitude (down to vanishing). Such a (complete or par-
tial) equilibration can be induced by large homogeneous EPR line-
widths or electron spectral diffusion, so that mw-saturation at one
frequency also causes saturation of electron spins off-resonance by
the nuclear Larmor frequency, or by MAS without mw irradiation.
In both cases sufficiently long electron spin longitudinal relaxation
time constants, T1S, are a prerequisite. In the latter case this condi-
tion can in many cases be quite easily fulfilled at intermediate-to-
fast MAS frequencies, where T1S is of similar size than the rotational
period, 2p=xr, or larger. In that case, any non-adiabaticity of the e–e
flip-flop events (see Section 2.1.2.5) leads to non-ideal exchange of
polarization accumulating over several rotor periods and therefore
partial equilibration of electron spin polarization. This process
causes effective dynamic nuclear depolarization driven by CE under
MAS in the absence of mw irradiation [85].

This depolarization is unique to CE-enabling PAs and is difficult
to distinguish from paramagnetic bleaching or quenching that can
occur at the same time (see below). Nevertheless, both effects have
starkly different consequences. In fact, nuclear depolarization
rather strongly depends on the MAS frequency and can be reverted
to a large extent by mw-driven selective saturation of the EPR spec-
trum so that a large polarization differential is induced. In contrast,
assuming uniform enhancement of all observed nuclear spins,
bleaching is affecting both the DNP-enhanced as well as the non-
enhanced NMR spectrum (i.e., the on- and the off-spectrum,
respectively). In the latter case (i.e., bleaching) the NMR signal

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

6.1.3. The absolute sensitivity ratio
The presence of the paramagnetic species causes a reduction of

the number of detectable nuclear spins by bleaching effects in the
vicinity of the electron spins. One possible reason for this is a
broadening of NMR resonances due to increased transverse relax-
ation of nuclear spins (coherence quenching), possibly in combina-
tion with strong paramagnetic shifts. Furthermore, even when
detected low-c nuclei are virtually unaffected by the PA, global
1H relaxation in the rotating frame can reduce efficiency of typi-
cally employed techniques such as heteronuclear CP.

These effects have been systematically studied in homogeneous
frozen solutions using TOTAPOL as PA [252]. Furthermore, a direct
comparison between different PAs and effective DNP mechanisms
was presented [225]. Besides these experiments in environments
relevant for biological studies, a quantitative study of 29Si CP and
CP/CPMG experiments on hybrid mesoporous silica impregnated
with aqueous biradical solutions was reported by Rossini et al.
[253]. In all cases, a reduction of the non-enhanced (mw-off) signal
intensity in thepresenceof radicalswasobserved. The ratio between
the thermal polarization signal intensity of a DNP sample doped
withPA, Ioff , and thatof diamagnetic reference sample, I�, is therefore
often given as a so-called bleaching or quenching factor n:

n ¼ 1� Ioff
I�

: ð61Þ

Together with the acceleration factor j� from Eq. (57), this can be
combined into an effective DNP signal-to-noise enhancement E:

E ¼ e1ð1� nÞj� ¼ e1
Ioff
I�

ffiffiffiffiffiffi
T�
1I

TB

s
: ð62Þ

Fig. 46. Magnetic field dependence of 1H DNP enhancement factors for different
PAs. Data taken from [283] (AMUPol, TEMTriPol-1) and [90] (BDPA). Enhancement
factors obtained by SE and CE drop significantly with increasing values of B0. Note,
that the increase between 5 and 14.4 T observed for TEMPTriPol-1 is due to a
change in mechanism [283]. Only the OE in BDPA shows a favorable field
dependence over the whole accessible range.
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However, from a practical viewpoint several aspects have not
been considered here. For example, the groups of Lafon and Pruski
have systematically analyzed the effective sensitivity enhance-
ment (per unit time) in DNP-enhanced 13C and 29Si CPMAS on func-
tionalized mesoporous silica nanoparticles and separated the
contributions due to DNP, paramagnetic quenching/bleaching,
the presence of frozen solvent, sample temperature (i.e., the
increased Boltzmann factor at lower temperatures) as well as the
changes in relaxation and cross-polarization behavior [307]. In
addition, Takahashi et al. have provided an even more comprehen-
sive discussion of various factors, including experimental temper-
ature, line broadening due to altered experimental conditions
(different sample composition and/or temperature), reduced effec-
tive analyte concentration, signal loss by bleaching or reduction in
transfer efficiencies in sophisticated NMR pulse sequences, as well
as differences in equipment, which also come into play when com-
paring the full scope available for conventional MAS NMR with
specialized instruments required for DNP [308]. Thus, for optimal
performance, multiple and partially interconnected experimental
parameters have to be considered.

6.2. Experimental parameters

6.2.1. External (static) magnetic field
From a basic NMR-spectroscopic point of view, higher external

magnetic fields are beneficial in terms of sensitivity and resolution.
Thus, most of the DNP-supported MAS experiments aiming at
structural investigations are performed at fields P 9 T. In contrast,

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

As shown in Fig. 46, particular radicals allowing for CE DNP can
yield significant signal enhancements at the highest currently
available fields. Compared to SE, much larger absolute values of
the CE transition probability explain this performance (see Sec-
tion 2.1.2.3). Still, the loss in enhancement factors as compared
to lower fields is tremendous. Differences in instrumental design,
for example, the mw-power output of the gyrotron, different con-
version factors due to shorter wavelength, and changes in effective
sample temperature are likely contributing to this behavior as
well. It should be noted that especially at high magnetic fields,
the reduction in enhancement could be compensated for, provided
larger mw power was available. This is predicted by theory due to
the direct scaling of the SE transition moment with B1 field
amplitude [74]; additionally, it was shown in experiment that
the observed enhancement due to CE is far from saturation at the
largest available power [184].

In view of routine DNP applications at high external fields, the
development of novel radicals with narrow EPR lines and long

Fig. 47. Overlay of 13C–13C PDSD 2D NMR spectra of MxiH protein needles using DNP at 800 MHz (red, 8 kHz MAS, 95 K, 30 ms mixing time) and at 600 MHz (blue,
11 kHz MAS, 104 K, 20 ms mixing time). The full widths at half height (FWHH) in the direct dimension are annotated for some resolved peaks illustrating the increase in
resolution at 800 MHz. Figure taken from [311] with permission.
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electronic relaxation times becomes highly desirable. Special inter-
est lies in the further investigation and development of heterodi-
meric PAs for CE that have shown promising early results (see
Section 5.2.3). Furthermore, PAs capable of performing OE DNP in
solids might be a promising alternative, as the enhancement
becomes more effective at high external magnetic fields [90].
Recent experiments have shown that under certain conditions,
the enhancement obtained by OE (using BDPA as PA) can even
exceed those generated by CE using highly efficient bis-nitroxide
PAs [97]. As another alternative, pulsed transfer schemes are
expected to be independent of the external field and could lead
to improved enhancements provided that the necessary hardware
requirements can be fulfilled [166,310].

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

6.2.2. MAS frequency
Resolution and sensitivity of NMR experiments also benefit

from high MAS frequencies. From a mechanistic point of view,
the MAS frequency can influence the DNP process during several
stages. On the one hand, the adiabaticity of LAC during the CE
polarization transfer, discussed in Section 2.1.2.5, depends on the
MAS frequency, see Eq. (45). However, for a CE event the adiabatic-

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

Experimentally, Chaudhari et al. [86] reported only small varia-
tions of the 1H CE DNP enhancement factor between 5 and 40 kHz
MAS at 18.8 T (Fig. 48), suggesting that 1H spin diffusion still seems
to be fast enough to provide for a homogenous distribution of
polarization over the whole sample. Rosay et al. performed an
investigation for slow to intermediate MAS frequencies at an exter-
nal field of 9.4 T. In contrast, they observed a significant influence
of the MAS frequency on the 1H DNP enhancement, leading to a
maximum of e = 80 at 3 kHz MAS. The decreasing enhancements
at MAS frequencies up to 14 kHz were, however, attributed to sam-
ple heating effects due to insufficient temperature control (see Sec-
tion 6.2.4 for further information) [177].

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

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

6.2.3. Microwave power
An additional observation in the study of Chaudhari et al. is that

the enhancement factors obtained for samples in smaller rotors
(i.e., 1.3 mm instead of 3.2 mm outer diameter) are significantly

Fig. 49. Microwave power dependence of the normalized DNP enhancement for SE,
CE and OE DNP. Data collected from [90,266].

Fig. 48. MAS frequency dependence of the 1H DNP enhancement of 0.25 M proline
in a typical glycerol/water mixture (DNP-juice) with 10 mM AMUPol at 115 K and
18.8 T. Reproduced with permission from [86].
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larger [86]. Similar findings have also been reported by Song et al.
who compared the DNP efficiency in 4 mm and 2.5 mm rotors
[221]. This was claimed to be caused by an improved mw penetra-
tion of the sample due to the reduced wall and sample thickness
compared to the larger diameter rotors, finally leading to an
increase in average mw field strength and thus larger enhancement
factors [87]. In addition to wall thickness, the rotor material can
have an influence on the obtained results, as we have explained
in more detail in Section 4.4.3.1. Other experimental findings,
where the mw field is enhanced inside the sample by the addition
of diamagnetic particles [320], support such an explanation.

Fig. 49 shows the general trend of the dependence of the
enhancement factor on the incident mw power for several DNP
mechanisms. Significant differences can serve as indications to dis-
tinguish between the three DNP mechanisms [165]. For SE-type
polarization transfer, DNP enhancement factors (as well as the
build-up rate constants, see Section 6.1.1) increase almost linearly
with increasing mw power. In contrast, maximum CE enhance-
ments can be reached even with lower mw power. This is due to
the fact that allowed electronic SQ instead of ‘‘forbidden” e–n DQ
or ZQ transitions must be excited by mw in this case (see Sections
2.1.1 and 2.1.2). For (solid-state) OE DNP a very steep increase
and an early saturation of the transferred polarization as a function
of the mw field is observed, explained by efficient electronic SQ sat-
uration due to long T1S of the utilized BDPA in combination with
efficient excitation of its narrow EPR line. This effect is especially
interesting for cases where the mw power is limited by low-
power sources.

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

6.2.4. Sample temperature: enhancement factors and spectral
resolution

A graphical summary of the DNP enhancement as a function of
sample temperature is shown in Fig. 50 for various PAs, obtained
from several reports [97,214,217,219,250,271,322]. The maximum
enhancement factor measured under MAS up to date has been
obtained on a sample doped with AMUPol, which yielded e = 680
for 1H at 55 K [217].5 A significant contribution towards this
increase in DNP enhancement can be traced to the increase in
nuclear longitudinal relaxation time constants with decreasing tem-
perature which is important for more efficient accumulation of
polarization (see Section 6.1 for further discussion). However, the
details of the interplay between electron spin relaxation, nuclear
spin-lattice relaxation and motional averaging of dipolar interactions
that are responsible for the DNP transfer as well as for the propaga-
tion of enhanced nuclear polarization are still unclear, in particular
with respect to vanishing enhancement near the glass transition
temperature of the solvent [97].

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

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

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

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

In the same vein, reduction of the temperature to cryogenic
conditions may result in additional information that is otherwise
not accessible. In some cases, the local environment can preserve
the line widths of specific resonances so that sufficient resolution
is obtained at low temperatures and high magnetic fields. Thus,
the occurrence of well-resolved signals is also an indicator for
structural or dynamical properties [311,313,328]. Furthermore,
highly flexible parts of a macromolecule can be invisible in NMR

Fig. 50. Temperature dependence of 1H DNP enhancement for various PAs and
under different experimental conditions. Data was collected from several studies at
a 1H resonance frequency of 400 MHz [97,170,177,214,216,217,271,274]. The data
marked with an asterisk (*) were recorded at 380 MHz [216]; the data marked with
double asterisk (**) were recorded with a low-power mw. Source [170].

5 The reader should note that this enhancement factor is larger than the
theoretically predicted maximum from Eq. (2). This is explained by CE-induced
depolarization of the off-signal (w/o mw) and explained in more detail in Section 6.1.3.
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spectra recorded at room temperature and only observed under
DNP conditions [261].

Similarly, side-chain dynamics can show distinct differences
between room temperature and cryogenic conditions. Many aro-
matic functional groups show twofold symmetric flips that often
interfere with NMR detection. At room temperature, this typically
leads to rather broad or even undetectable resonances of aromatic
side chain signals. Upon slowing down of the responsible intercon-
version at typical DNP-relevant temperatures of �100 K the
resonances can be recovered [329], allowing for the extraction of
a larger number of structural constraints, in particular if coupled
with the sensitivity gains from DNP [330,331]. In contrast, three-
fold symmetric methyl groups reorient rapidly at room tempera-
ture, which results in intrinsically narrow 13C resonances [332].
Under typical sample temperatures employed in DNP, these
hopping dynamics approach an intermediate-exchange regime

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

6.3. DNP sample preparation techniques

6.3.1. DNP in a glass-forming matrix
For most DNP experiments, the PA is dissolved in a solvent at

ambient temperatures to ensure a uniform distribution. The
analyte can be co-dissolved in a homogeneous mixture or it can
be heterogeneously dispersed within the solution. In the first case,
solubility of all components in the solvent is obviously essential. In
the latter case, the enhanced polarization has to diffuse into the
phase containing the analyte, such as a lipid bilayer bearing
the membrane protein of interest, or microcrystals. For small

Fig. 51. Comparison of the resolution in 2D 13C–13C spectra of protonated and deuterated SH3 samples at different temperatures. The figure is reproduced from [214] with
permission.
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nanoscopic systems, polarization can be uniformly spread through-
out the analyte by 1H homonuclear spin diffusion, while for larger
microscopic systems a polarization gradient is observed as a func-
tion of the distance from the surface [138,258].

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

due to solvent crystallite formation. This may lead to heterogeneity
of the sample and result in reduced spectral resolution or even to
an irreversible adaption of non-functional structures that must
be circumvented or minimized by the appropriate solvent. Often,
the so-called ‘‘DNP-juice” (d8-glycerol/D2O/H2O, 60:30:10%) or
d6-DMSO/water mixtures are used as glass-forming matrix for
aqueous solutions [334,335]. While DMSO often provides better
solubility for PAs, glycerol is favored for biomolecular systems
due to their larger stability in this solvent. In the case of hydropho-
bic compounds, TCE or OTP can serve as good glass-forming agents
[97,274,280,281,336].

6.3.2. Alternative sample preparation techniques
The addition of a large amount of cryoprotectant causes a

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

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

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

6.3.3. Matrix-free approaches
Recent approaches explore the possibility to study systems

without the use of the typical glass-forming solvents. Aggregation
and phase separation of the individual components of the sample
upon removing the solvent can be avoided if the PA exhibits a cer-
tain binding affinity to the analyte (Fig. 52A). Otherwise, ‘‘gluing
agents” establish contacts between PA and analyte (Fig. 52B)
[342]. Such an approach is especially appealing in systems that
are prepared in a structure-preserving matrix. For example,
membrane proteins are usually reconstituted in a lipid matrix that
mimics their native environment. For matrix-free DNP experiments,

Fig. 52. Sketch of the basic principle behind matrix-free sample preparation. In order to avoid phase separation and aggregation upon freezing, the PA is either (A) covalently
bonded to the analyte molecules or (B) a ‘‘gluing agent” is used to establish close spatial proximity. Figure reproduced from [342] with permission.

Fig. 53. Spatial proximity between PAs and analyte molecules can be guaranteed by
covalently decorating the structure preserving matrix (e.g., lipids) with PA units.
Figure adapted from [262] with permission.
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such liposomes have been stabilized in combination with small
amounts of alternative cryoprotectants like trehalose [343]. Fur-
thermore, the PA can be bonded covalently to molecules in the
environment (Fig. 53B) rather than distributed randomly over the
whole sample [262,340,342,343]. A maximized filling factor of
the NMR rotor and the close spatial proximity between PA and
analyte lead to promising sensitivity gains compared to samples
where the PAs are distributed statistically over the sample. Fur-
thermore, under certain conditions, signal broadening was
reported to be less severe than in the classic approach using bulk
glass-forming agents [342].

In the context of applications to materials science, solvent-free
DNP-enhanced NMR of an organic–inorganic hybrid material has
been demonstrated on mesoporous silica functionalized with
TEMPO moieties. Lilly Thankamony et al. incorporated TEMPO into
porous inorganic silica materials by co-condensation, enhancing
29Si NMR signals by direct DNP. Due to the close vicinity between
PA and nuclear spins, the 29Si signals rapidly build up in direct DNP
experiments—which further improves the NMR sensitivity [142].
Later, Gajan et al. also demonstrated matrix-free DNP applications
to insoluble hybrid organic–inorganic silica materials containing
homogeneously distributed mono- or dinitroxide radicals [344].
Meanwhile, the fast acquisition of 2D 13C–13C NMR correlation
spectra of natural abundance microcrystalline cellulose—in which
the PA is again uniformly distributed without any solvent—was
also reported by the group of Gaël de Paëpe [345]. Later, they also
introduced a novel matrix-free sample preparation approach for
the study of nanoassemblies such as diphenylalanine (FF) dipep-
tide [260].

6.3.4. Localized and targeted DNP
More recently, several studies on localized or targeted DNP

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

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

6.4. Sample constitution

6.4.1. Isotopic enrichment and depletion
As mentioned above, the initial polarization transfer step from

the electron spins to nearby ‘‘core” nuclear spins is followed by
spin-diffusion processes that are responsible for a spatial distribu-
tion of the magnetization to bulk nuclei and thus play an important
role for efficient DNP. The proton concentration of the matrix was
found to have a strong impact on the DNP enhancement, hence the
typically used ratios of deuterated and protonated components

(see also Section 6.3.1) [335]. While a sufficiently high level of pro-
tonation has to be provided in order to guarantee efficient path-
ways for nuclear spin diffusion, the deuteration increases the
electronic as well as nuclear relaxation times and in turn the
DNP enhancements [74,351]. This depends strongly on the PA
and DNP mechanism involved [74]. Also, recent reports have
shown indications that no loss in DNP enhancement is observed
even for fully protonated matrices when highly-efficient PAs such
as AMUPol are used [141]. However, systematic studies are
required to identify the optimal 1H bulk concentration over a large
range of experimental parameters.

Additionally, deuteration of the PAs [250,352] and target mole-
cules [325] has been shown to improve the DNP enhancement due
to optimized relaxation properties. As proton detection may
become feasible with the latest generation of commercially
available fast-spinning DNP probes, a dilution of the strongly
dipolar-coupled proton network has the obvious advantage of

Fig. 54. (A) Influence of the concentration of TOTAPOL on 1H and 13C relaxation
times on 2 M 13C-urea in d6-DMSO/D2O/H2O (60/30/10 vol%). (B) Resulting absolute
sensitivity ratio (ASR) in a refocused INADEQUATE experiment, combining DNP and
relaxation effects. Data show DNP enhancement factor only (squares), as well as
cumulatively adding the following parameters: acceleration of experiment due to
reduction of build-up time constants (crosses), loss of signal due to bleaching
(triangles), reduced CP efficiencies due to increased relaxation in the rotating frame
(full circles) and loss of signal during mixing due to increased transverse relaxation
(open circles). The right ordinate axis is used for data represented by crosses.
Reprinted from [308] with permission.
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improved resolution of 1H spectra [353]. Because in most DNP
experiments to date the 1H magnetization is read out after CP to
the respective nucleus, a certain degree of protonation is required
for improved sensitivity [354]. Thus, optimal ratios under DNP-
enhancement are expected to be dependent on the PA and the
sample under study.

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

6.4.2. Polarizing agent concentration
As should be clear from the discussion in the previous sections,

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

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

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

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

6.4.3. Interactions between polarizing agents and analytes
In addition to an influence on electronic relaxation properties,

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

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

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

7. Structure determination enabled by DNP enhancement

MAS DNP has come a long way since the earliest pioneering
applications on polymers and materials in the laboratories of Wind
and Schaefer and the groundbreaking later works dominated by
Griffin. Applications in the first �2½ decades (i.e., 1983–2009)
were largely guided by the development of custom-built hardware.
Furthermore, DNP applications towards biomolecular systems
required a significant amount of proof-of-concept development
in order to become interesting for the young, quickly developing
field of biological MAS NMR.

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

7.1. Pioneering works on MAS DNP

7.1.1. Early applications on polymers and diamonds
Wind and coworkers introduced the instrumentation suitable

for MAS DNP and presented the first DNP-enhanced MAS NMR of
coal as well as BDPA-doped polystyrene as early as 1983 [359].
During the following years they applied the method to study the
structural properties of various materials such as undoped trans-
polyacetylene [360], doped polymers [361], coal [362], amorphous
silicon [363], organic conducting polymers [364], ceramic fibers
[365], and diamond films [366]. All of these experiments were per-
formed at room temperature using an external magnetic field of
1.4 T (40 GHz e�, 60 MHz 1H).

The structural defects of undoped trans-polyacetylene were
studied in detail by indirect 13C DNP NMR, using intrinsic defects
(i.e., unpaired electrons in the material) as PA. Spectra recorded
before and after air oxidation showed the formation of oxygen
bridges, as well as epoxide, hydroxyl and carbonyl groups in 13C
spectra [360]. It was also shown that direct and indirect DNP can
probe the surface structure of 13C-enriched chemical-vapor-
deposited diamond films [366]. Using indirect DNP (1H–13C
CPMAS), all carbon atoms in the sample were enhanced uniformly
because of fast spin diffusion among 1H. This signal enhancement
enabled the acquisition of spectra, which would require impossibly
long measurement times under conventional MAS NMR conditions.
Besides that, by employing 13C (direct) DNP in samples with natu-
ral isotopic abundance, only the rare 13C spins near to the radicals
were enhanced [367]. An excellent overview of these pioneering
works is given in a review by Wind et al. [63].

Later, the group of Schaefer studied heterogeneous blends of
undoped polycarbonate (PC) and of polystyrene that was homoge-
neously doped with BDPA, by using indirect [231,368] and direct
DNP of 13C [369]. Filtering to retain only enhanced NMR signals
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of PC by comparing mw on- and off-signals allowed for selective
detection of the polymer interface. As a result, it was possible to
show that molecular dynamics of interface chains were retarded
as compared to those within the PC bulk [370].

Another early effort towards MAS DNP was undertaken by the
Zhou lab, using a custom-built 53 GHz (1.8 T) instrument. They
were able to investigate the structures of different natural [78]
and synthetic [79] diamonds using direct 13C DNP NMR. Such stud-
ies are usually prohibited by extremely long spin-lattice relaxation
time constants; however, a DNP enhancement factor of �1000
allowed for acquisition of sufficient signal intensity after reason-
able polarization times. Further studies involved hyperpolarization
of pitch using the intrinsic unpaired electrons as PA [371].

7.1.2. Pioneering developments enabling biomolecular DNP
In the early days, the development required for DNP-enhanced

MAS NMR spectroscopy on biological samples was almost exclu-
sively driven by the pioneering work of Griffin and co-workers.
In principle, NMR-sensitivity for most biomolecular systems is
smaller than that of (bulk) materials or powdered systems because
biomolecules form crystals with a high water content, or are
embedded in conformation-stabilizing matrices such as lipids.
Therefore, the first seminal demonstration of possible sensitivity
enhancement by DNP transfer from a co-dissolved PA to a small
biomolecule (1-13C-glycine) in frozen solution showed a way to
overcome this problem. Shortly thereafter, Hall et al. hyperpolar-
ized the amino acid L-arginine as well as 15N-Ala-labeled T4 lyso-
zyme using TEMPO as PA and achieved DNP enhancements up to
50-fold, proving that protein structural biology by MAS NMR can
benefit from a large sensitivity gain [218].

Subsequently, Rosay et al. extended the investigation to soluble
and membrane proteins as well as to an intact bacteriophage, con-
sisting of virus capsid and the contained genome. By analyzing the
DNP enhancement factors of the coat protein and the single-
stranded DNA core of fd bacteriophages, it was shown that 1H
polarization can efficiently diffuse through the 20 Å thick coat
layer, allowing for hyperpolarization of the encapsulated genome
that is not in direct contact with the solvent [372]. Furthermore,
it was demonstrated, that structurally relevant amino acid signals
of (membrane) proteins can be resolved in the DNP-enhanced
spectra even for uniformly isotope-labeled samples [373].

Another proof-of-principle has been provided by van der Wel
et al. by hyperpolarization of GNNQQNY nanocrystals. This
oligopeptide forms the core of the yeast prion protein Sup35p
and can undergo fibrillization; consequently, it served as a test-
bed for the investigations of amyloid fibrils that play a key role
in many neurodegenerative diseases. DNP caused a polarization
gradient within the relatively large nanocrystals that not only
allowed for direct analysis of the spin-diffusion kinetics governing
the spreading of enhanced 1H polarization, but also served as proof
that heterogeneous, nanoscopic structures such as amyloid fibrils
can be effectively investigated by DNP-enhanced NMR [258].

7.2. Modern applications on biological systems

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

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

7.2.1. Amyloid fibrils
The principle of DNP on amyloid fibrils was demonstrated by

Debelouchina et al. on GNNQQNY fibrils [330]; this system has
already been described in above Section 7.1.2. Due to their struc-
tural rigidity amyloid fibrils are an ideal sample system for inves-
tigation by DNP-enhanced NMR. There is experimental evidence
that for amyloid-b (Ab40), this can result in comparable line widths
at room temperature and at cryogenic temperatures relevant for
DNP [315].

The large sensitivity gains from DNP can greatly facilitate the
measurement of medium- to long-range distances that typically
require the acquisition of a large number of different mixing times.
This advantage has been utilized by Bayro et al. for the generation
of intermolecular constraints in order to elucidate the arrangement
of b-strands within fibrils formed by the 86-residue SH3 domain of
PI3 kinase (PI3-SH3). Under MAS DNP conditions, a significantly
larger number of intermolecular constraints could be obtained that
was attributed not only to the larger signal intensity due to DNP,
but also due to the occurrence of resonances at cryogenic temper-
atures that are dynamically quenched at or near room tempera-
ture. Based on a total of 111 intermolecular 13C–13C and 15N–13C
constraints, it was established that the PI3-SH3 protein strands
are aligned in a parallel arrangement within the amyloid fibril
[331].

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

The formation of Ab40 fibrils has been studied by Tycko and co-
workers by DNP-enhanced MAS NMR at very low temperatures
near 30 K. Potapov et al. were able to monitor intermediate steps
of the self-assembly process of Ab40 frommonomers via oligomers
and protofibrils to form fibrils by freeze-quenching the fibrilliza-
tion process at different points of time [378]. They found that the
supramolecular b-sheet structure only forms during the fibril
stage, but that the molecular conformation is qualitatively similar
at all stages [378].

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

An intriguing observation was made by Nagaraj et al. when
investigating functional amyloids formed by CsgA protein. They
found that TOTAPOL has the propensity to bind to the fibril surface,
similar to the fluorescent dye thioflavin-T (ThT). DNP from only
0.25 mM TOTAPOL allowed for the extraction of long-range
distance constraints, which were difficult to obtain without
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sensitivity enhancement. The small PA concentration reduced the
line broadening occurring under conventional PA concentrations.
Such affinity towards fibril surfaces is proposed to be a general fea-
ture of amyloids [355].

7.2.2. Membrane proteins
The function of membrane proteins is crucial in understanding

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

Interestingly, the requirement for cryogenic temperatures in
order to conduct DNP experiments and the resulting freezing of
biomolecular dynamics—which often imposes a substantial chal-
lenge due to signal broadening—also offers the possibility to access
states that may otherwise be hidden in conventional NMR at or
near room temperature. Such trapping of states has been impres-
sively demonstrated with the first major biological application of
MAS DNP. Griffin and co-workers have trapped several intermedi-
ate states of the photocycle of bacteriorhodopsin (bR) by photo-
activation due to in-situ optical irradiation (see Section 4.4.3.3)
and controlled thermal relaxation. The conformational ensemble
is then conserved and spectroscopically accessible during the
acquisition of DNP-enhanced MAS NMR spectra at cryogenic tem-
perature. Such a technique has enabled the first observation of the
early K state of bR by NMR. Mak-Jurkauskas et al. identified signif-
icant changes in retinal Schiff-base/counterion interactions
between the light-adapted resting state (bR568), the K state, and
the L state that is reached by thermal relaxation [226]. Further-
more, in a subsequent study by Bajaj et al., the interaction with
the counterion was found to play a crucial role in the adoption of

several possible L-state conformations: out of a discrete set of four
observed L substates, only one functional state with a very strong
counterion interaction allows the further photocycle evolution
towards the M state, while three shunt substates of L directly
revert the system back to bR568 [227].

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

DNP is also a powerful tool for the investigation of ligand bind-
ing to (membrane) proteins where orthogonal labeling strategies
(e.g., 13C-ligand/15N-protein or vice versa) allow for selective spec-
troscopy of ligand–protein contacts even in the presence of sub-
stantial line broadening. Such an approach was pursued by
Andreas et al. for studying the binding of the small drug molecule
rimantadine to the M218�60 proton transporter from influenza A
virus. By employing a rather small TOTAPOL concentration of only

Fig. 55. (A) Structure of the amyloidogenic protein transthyretin TTR(105–115) protofilament (PDB ID: 2m5n). View along the fibril axis with an emphasis on the parallel, in-
register b-strands within each b-sheet (left), and summary of the observed quantitative contacts that constrain the odd–even-odd–even antiparallel b-sheet interface (right).
(B) Two possible arrangements of the protofilaments are head-to-tail and head-to-head arrangements. (C) DNP-enhanced 15N–13C experiment with REDOR mixing was used
to measure the distance between the two labels. The fitted distance is 3.51 ± 0.09 Å, consistent with a head-to-tail protofilament organization. Figure adapted with permission
from [377].
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�5 mM, the measurement of intermediate/long-range distances of
4 Å and larger allowed for the localization of the binding site
within the pore with an accuracy of 0.2 Å, and furthermore allowed
for the observation of weak (dynamical) external binding sites
[259]. In the same vein, Ong et al. investigated the binding of
two different substrates to the secondary multidrug efflux pump
EmrE by DNP-enhancement of homonuclear, intermolecular con-
tacts between 13C-labeled substrate and 2-13C-glycerol-labeled
protein. It was possible to identify a common binding pocket occu-
pied by both substrates while at the same time the bound ligand
population showed some degree of heterogeneity [381].

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

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

Amongst very recent efforts, DNP has been explored by Glaubitz
and co-workers as a method for the investigation of E. coli MsbA as
a model ATP-binding cassette (ABC) transporter and signal
enhancement factors of �20 have been obtained [384]. Shortly
thereafter, the same group has applied DNP-enhanced MAS NMR
for studying the human transporter associated with antigen

Fig. 56. (A) Visualization of dimeric ChR2 reconstituted into a lipid bilayer. Blue light illumination activates ChR2. (B) Single turnover (black arrows) and continuous
illumination photocycle (blue arrows). (C) Chemical structure of 14,15-13C all-trans retinal. (D) DNP-enhanced MAS NMR of U-15N-ChR2 containing 14,15-13C retinal. A 62-
fold signal enhancement is achieved for 13C CP; the natural abundance background can be efficiently suppressed by a double-quantum filter (DQF). (E) 13C14-13C15 double-
quantum (DQ) build-up curve. (F) HCCH dephasing curves for the C14–C15 spin system in ChR2 reporting on the HCCH dihedral angle. Figure adapted from [228] with
permission.
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processing (TAP), a 150 kDa heterodimeric ABC transport complex.
The successful identification of the binding cavity of an antigenic
peptide as well as its backbone conformation and interactions with
the protein is the first step to determine the structural basis for the
function of TAP in human health [385].

7.2.3. Structure of biomolecules in large complexes
DNP has been intensively employed in the investigation of large

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

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

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

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

Furthermore, the 36 MDa filamentous circular single-stranded
DNA bacteriophage Pf1 has been studied by McDermott and co-
workers. The virion consists of the genome (7.3 kb) distributed
over two non-complementary DNA strands embedded within a
capsid of �2 mm in length. Due to the �5-fold smaller signal inten-
sity of NMR signals from DNA as compared to coat protein, the
investigation of interactions between the genome strands as well
as between DNA and the protein imposes a significant challenge.
Nevertheless, Sergeyev et al. have succeeded in shedding light on
the unusual structure of the DNA in uniformly 13C, 15N-labeled
Pf1 by analysis of chemical shifts made accessible by a �22-fold
DNP enhancement [390].

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

7.2.4. Biomolecules embedded in complex environments
The study of biomolecules that are embedded in their native

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

Fig. 57. (A) Comparison of DNP-enhanced POST-C7 DQ–SQ spectra of the ribosome embedded nascent chain S16A/S18A-DsbA-SecM overlaid with predicted chemical shifts
for three different tertiary structures. (B + C) Structure models of nascent chains assuming a stretched (B) and a partial helical conformation (C). Reproduced from [387] with
permission.
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[148,226,227]. Further explorative developments have been driven
by Reif and co-workers by characterization of membrane proteins
in isolated native cellular membranes: Jacso et al. have demon-
strated that membranes can be directly isolated from E. coli cul-
tures in which the membrane protein is over-expressed, without
need for purification and reconstitution [392]. In a similar vein,
Renault et al. have investigated the prospect of DNP-enhanced
MAS NMR spectroscopy of whole cells as well as cellular envelope
preparations [393]. This technique has been subsequently applied
in order to investigate the structure of the type IV secretion system
core complex (T4SScc) that is a 1-MDa part of a larger machine
(T4SS) being embedded in both the inner and outer membranes
of Gram-negative bacteria. DNP allowed for the study of T4SScc
embedded in the cellular envelope of E. coli by 2D and 3D correla-
tion spectroscopy (NCACX/NCOCX) at fields of 9.4 and 18.8 T.
Kaplan et al. were able to confirm earlier structural models based
on in vitro and in silico data, but also observed the folds of parts
of the complex at the periplasmic surface that have evaded detec-
tion in purified complexes [394].

Hong and co-workers have studied the binding of expansin to
plant cell walls. This protein plays a crucial role in loosening the
cell wall, yet its course of action has been mostly unknown due
to its presence in typically minute quantities during cell growth.
By DNP-enhanced spin-diffusion and 2D 13C correlation spec-
troscopy, the authors have observed highly specific binding of
expansin to cellulose domains enriched in xyloglucan. These bound
domains in turn appear to have altered conformations, leading to
the cell wall loosening [395].

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

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

7.2.5. Towards in-cell DNP
In-cell NMR holds the ultimate promise of observing biomole-

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

Strategies for the selective introduction of isotope-labeled
proteins have been introduced to overcome the latter issue to some
degree [401]. By application of multidimensional correlation
spectroscopy or multiple-quantum filters, the selectivity can be
improved by the appropriate power of the ratio of the isotopic
enrichment (e.g., �10,000-fold by double-quantum filtering in
the case of pairs of 13C nuclei). A similar approach was pursued
by Frederick et al. who have been able to demonstrate that macro-

Fig. 58. (A, C, and D) 2D planes of 3D NCOCX spectra on EGFR before (C, orange) and after (A and D, cyan) addition of EGF shown at 124 ppm (A), and 120.5 ppm (C and D) 15N
chemical shifts. (B) 2D N-edited 13C–13C experiment of cell membrane obtained with (cyan) and without (orange) EGF. (E) Model of EGFR activation via conformational
selection in the ECD. (F) Various 13C-labeled residues act as NMR probes, revealing changes in the local dynamics of different domains of EGFR. Figure reproduced from [389]
with permission.
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molecular folding of proteins in fibrillar structures significantly dif-
fers when fibrillization occurs in cellular milieus (i.e., from proteins
in native concentration within eukaryotic cell lysates) as compared
to induction in purified media (Fig. 59). In this case, selective
detection of NMR signals from the analyte protein (NM domain
of eukaryotic translation release factor Sup35) was achieved by
introduction of isotope-enriched protein to the cell lysate upon
which the amyloid formation was induced in the complex cellular
milieu. By choosing appropriate NMR techniques using DNP-
enhancement after adding TOTAPOL to the lysate, it was possible
to provide evidence for significant structuring of the middle (M)

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

As mentioned in Sections 6.3.3 and 6.3.4, an alternative
approach providing high selectivity is the introduction of the PA
in a ‘‘targeted” or ‘‘site-specific” manner. This promising technique
has recently emerged in several independent and parallel demon-
strations and has already been successfully applied within a cell
lysate [349]. In general, a covalent bonding of the PA to the sample
[139,346,347] or the surrounding structure-preserving matrix
[262,343] ensures a close spatial proximity of the sources of polar-
ization to the target molecules. Also a non-covalent binding affinity

Fig. 59. (A) Preparation of samples for DNP MAS NMR of proteins at endogenous levels in biological environments. (B) 1D 13C CPMAS spectra both with (black) and without
DNP. (C) Side chains of NM fibers in cellular lysates have a different chemical environment than in vitro templated NM. Aliphatic region of (a) purified NM fibers at 283 K in
protonated assembly buffer (b) purified NM fibers at 83 K in 60% d8-glycerol and (c) NM fibers at 83 K in 60% d8-glycerol, templated into the amyloid form in the presence of
cellular lysates. Figure adapted from [402] with permission.
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of the PA to the analyte can be exploited [140,349,350,355] In addi-
tion to the above, such an affinity has been introduced by a ‘‘gluing
agent” such as trehalose [342].

A simplification of the spectra and an optimized e is found
experimentally as the enhancement of (parts of) the target mole-
cules is favored over the enhancement of the matrix. Due to
such a selective enhancement using protein-specific ligands, this
approach would also facilitate in-cell NMR experiments [394] or
experiments in systems, which are difficult to purify [392]. In a
similar vein, Viennet et al. [349] and Rogawski et al. [350] inde-
pendently obtained a localized position of the PA by docking a
radical-carrying ligand to the target protein (Fig. 60). In both
studies, enhancement factors on the order of �20 were observed
at a field of 14.1 T (600 MHz/395 GHz) using the protein-bound
PA in stoichiometric concentration with respect to the protein.
Interestingly, virtually no global quenching or bleaching of pro-
tein resonances was observed, despite the close vicinity of the
paramagnet. A related approach was applied in the case of
metal-binding biomolecules, such as RNA, where a native bind-
ing ion can be exchanged by a paramagnetic transition metal
(e.g., Mg2+ by Mn2+), introducing localized PA centers for DNP
[140]. Also, molecules that contain endogenous radicals have
been studied using DNP [92].

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

7.3. Applications to materials research

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

7.3.1. Enabling surface probing: DNP-SENS
First applications of high-field DNP to materials were initiated

by the groups of Emsley, Bodenhausen and Lafon. In 2010, Lesage
et al. described the first surface-enhancement of hybrid organic
silica materials with a 50-fold increase in the NMR sensitivity. They
used TOTAPOL to enhance the 13C CPMAS spectra of organic groups
(phenol or imidazolium units) in natural isotopic abundance,6

covalently attached to the surface of porous silica (Fig. 61) [255].
This general approach for enhancing the surface signals by DNP
was dubbed ‘‘DNP surface-enhanced NMR spectroscopy”

Fig. 60. Targeted DNP for structural investigation of Bak-peptide binding to the protein Bcl-xL. (A) TOTAPOL is linked to the peptide and (B) due to selective binding well
defined spatial proximity is established. (C) 15N–1H HSQC spectra of pure protein and protein-ligand complex confirm high binding affinity. (D) The binding position can be
identified by PRE effects on close-by residues. (E) Schematic of used samples. (F) 1D spectra in the presence (yellow label) and absence (white label) of mw for the conventional
(black) and targeted (red) setup. Expected signal contributions are indicated. (G) Same spectra as in (F), but scaled to the glycerol background. (H) Polarization by targeted
DNP can be selectively confined to the protein in perdeuterated matrix. Reproduced from [349] with permission.

6 In the following, natural isotopic abundance is to be assumed if not stated
otherwise.

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



(DNP-SENS) and is applicable to porous materials impregnated by
radical solutions. The PA occupies the pores of the material and
hyperpolarizes the protons in the solvent. Efficient 1H spin diffusion
aides in spreading the polarization towards the pore surface. The
enhanced polarization is then transferred to the nuclei of interest
within the material by CP. This method that allowed for selective
enhancement of surfaces and surface-bound species in contrast to
the larger amount of nuclear spins in bulk, was quickly recognized
as a seminal step towards a broad field of applications [404].

For example, surface-enhanced 29Si DNP spectra served as evi-
dence for the incorporation of functional groups on silica surfaces
by identifying the surface Q- and T-sites in a functionalized silica
material (Fig. 62); in addition, the large enhancement factors
allowed the acquisition of 2D 1H–29Si correlation spectra in a short
time [256]. Shortly thereafter, Lafon et al. presented the comple-
mentarities of direct and indirect DNP. Indirect DNP was found
to be selective for surface sites, whereas direct DNP allows for
the observation of both surface and subsurface sites. In particular,
the 29Si NMR spectra of subsurface sites were enhanced by direct
DNP with a 30-fold enhancement using TOTAPOL (Fig. 63) [143].
They also showed that dispersed nanoparticles of laponites can
also be enhanced by indirect or direct 29Si DNP [144].

A further important demonstration of the applicability of DNP
to mesoporous systems has been provided by Lafon et al. A one-
dimensional 1H spin-diffusion model was employed to analyze
the enhancement factors of an organic/inorganic hybrid material
with surfactant (S-MSN) and without surfactant (Ex-MSN). It has
been proven that DNP can be used to indirectly enhance the
NMR signals of 13C and 29Si in S-MSN where the nuclei (within
the pores) and the PA (trapped in the surrounding disordered

water matrix) are spatially separated by several hundreds of
nanometers (see Fig. 64). This is due to the diffusion of 1H spin
hyperpolarization into the mesopores before it is being transferred
to the rare spins by CP [356].

In 2014, Guo et al. exploited the signal enhancement of DNP by
TOTAPOL to identify different amine sites and to quantify the bind-
ing of Pt2+ to a zirconium-containing metal-organic framework
(MOF), UiO-66-NH2 [405]. By 1H–15N CPMAS NMR in combination
with X-ray absorption spectroscopy and density functional theory
(DFT) calculations, they determined the stereoisomerism of Pt2+

binding and rationalized the lack of affinity of Cu2+ for the host
material. It is worth mentioning that TOTAPOL is too large to enter
the pores of the framework, so that the observed enhancement
must be based on an efficient distribution of polarization by spin
diffusion.

DNP has also been used to elucidate the binding sites in a
catalyst constructed from dirhodium acetate dimer (Rh2(OAc)4)
units covalently linked to amine- and carboxyl-bifunctionalized

Fig. 61. (A) Transmission electronic microscopy image and (B) schematic repre-
sentation of nanoporous silica functionalized with phenol moieties. (C) 13C CPMAS
spectra with (top) and without (bottom) mw irradiation of the material impregnated
with TOTAPOL solution, showing selective DNP enhancement of the surface phenol
functional groups. Figure adapted from [255] with permission.

Fig. 62. (A) Structures of the T3 and T2 species that are present on phenol-
functionalized silica surfaces. (B) 29Si CPMAS spectra of I with (top) and without
(below) DNP enhancement. (C) DNP-enhanced 29Si CPMAS spectra of two different
phenol functionalized mesoporous materials showing different ratios of surface
species. Figure taken from [256] with permission.
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mesoporous silica (SBA-15-NH2-COOH) by Gutmann et al. The
binding sites of carbonyl and amine groups were detected using
DNP enhanced 13C and 15N CPMAS spectra within a short experi-
mental time [406]. Furthermore, 15N CPMAS enhanced by DNP
allowed the discrimination between covalently bound and
adsorbed peptides on collagen-like peptides immobilized on car-
boxylate functionalized mesoporous silica (COOH/SiOx) [407].

DNP SENS using 1D and/or 2D NMR has also been applied for
structural determination of various other materials, including silica
(SiO2) nanoparticles [408,409], silica-supported zirconium catalyst
[410], hybrid mesoporous silica [411], silicates [412],
phenylpyridine-based periodic mesoporous organosilicate [413],
nanostructured soft matter [414], alumina-supported metal
nanoparticles [415,416], heterogeneous alkenemetathesis catalysts
[417], cellulose nanocrystals [418], alumino silicates [419,420], lig-
nocellulosic biomass [421], functional paper materials [422],
organometallic complex supported on an amorphous silica [423],
nitrogen-containing active pharmaceutical ingredients (APIs)

[424], polymorphs of theophylline [425], colloidal quantum dots
[426], functionalizednanodiamonds [427], etc. In addition, thermol-
ysis of ammonia boranewas also explored by using 15NDNPNMR in
combination with other spectroscopic techniques [428].

7.3.2. Materials embedded in organic glass-forming agents
In a search for DNP-supporting glass-forming agents other than

the commonly employed glycerol/water mixtures, Zagdoun et al.
tested the DNP enhancements on hybrid mesoporous materials
for a series of non-aqueous solvents capable of dissolving the
hydrophobic PA bTbK. They concluded that TCE is a promising
organic solvent that can provide signal enhancements similar to
aqueous solvents and can be used with hydrophobic materials
for solid-state DNP [336]. Subsequently, the first application of
DNP-enhanced 15N and 13C CPMAS NMR to an N-functionalized
MOF was tested with bTbK in TCE solution (Fig. 65). A reduction
of the experimental time by two orders of magnitude due to DNP

Fig. 63. (A) Direct DNP-enhanced 29Si NMR spectra of porous silica. The deconvolution of the direct DNP spectrum is also displayed. (B) Comparison between the 29Si NMR
spectra obtained with direct DNP (dashed line) and indirect DNP via 1H (continuous line). Figure adapted from [143] with permission.

Fig. 64. (A and B) Sketches of (A) Ex-MSN (where the aqueous solution of TOTAPOL can penetrate into the mesopores) and of (B) S-MSN functionalized by covalently bound 3-
(N-phenylureido)propyl (PUP) and impregnated with the surfactant cetyl trimethyl ammonium bromide (CTAB). (C and D) Numbering of carbon atoms in (C) PUP and (D)
CTAB. (E and F) CPMAS spectra of (E) 13C and (F) 29Si in Ex-MSN (left) and S-MSN (right) impregnated with a 12.5 mM TOTAPOL in H2O. Figure adapted from [356] with
permission.
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was found irregardless of the ability of bTbK to penetrate the small
(1.6 nm) pores of the material [429].

A chemical application of DNP MAS NMR at 14.1 T was reported
by Blanc et al. for the molecular structure determination of micro-
porous organic polymers (MOP) using bCTbK as PA dissolved in
TCE. A good signal-to-noise ratio of the 13C and 15N CP MAS NMR
spectra due to eP 10 allowed for the detailed determination of
molecular structure of the complex polymer networks of the
MOP [430].

Rossini et al. demonstrated the atomic-level characterization of
active pharmaceutical ingredients (API) in commercial pharmaceu-
tical formulations (with API contents between 4.8 and 8.7 wt%).
They determined the domain sizes of the API using DNP-
enhanced 13C and 15N CPMAS spectra. The use of TCE as the solvent
for the biradical PA TEKPol minimized potential perturbations of
the API [431].

Apart from the DNP studies of nonporous or mesoporous
nanoparticles, Lilly Thankamony et al. studied the trend of catalytic
activity in a series of fibrous nanosilica oxynitrides with various
nitrogen contents (KCC-1) using DNP-enhanced 15N NMR while
the samples were impregnated with bTbK in TCE. The reduction
of catalytic activity of KCC-1 upon preparation at higher nitridation
temperatures was shown to correlate with the disappearance of
primary amine sites and the formation of secondary amines [432].

7.3.3. Impregnated microcrystals
Van der Wel et al. demonstrated that microscopic dispersions of

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

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

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

7.4. Extending the NMR toolkit by DNP methods

Quadrupolar nuclei (see Table 1) often pose as a problem for
solid-state NMR when the quadrupole interactions are large. In
many cases, even the central transition of nuclei with half-
integer spin quantum number experiences a second-order effect
that can lead to inhomogeneous broadening with effective line
widths that can be much larger than the MAS frequency. In the
same vein, nuclei with I = 1/2, but featuring a rather large chemical
shift anisotropy, can share similar problems with quadrupolar
nuclei such as low sensitivity due to a large resonance dispersion
and insufficient excitation/detection bandwidth. Combined with
small gyromagnetic ratios and/or a low natural abundance of the
nuclear species, the strongly reduced NMR sensitivity significantly
limits the application of conventional NMR techniques. For this
reason, DNP is a powerful method for the investigation of
quadrupolar nuclei.

Fig. 65. (A) Crystal structure of the MOF used by Rossini et al. (B) Chemical structure and dimensions of the PA bTbK, indicating possible penetration of the pores. (C) 1D 13C
CPMAS spectra of MOF samples impregnated with a 16 mM bTbK solution in TCE, recorded with (black) or without mw irradiation (red). Figure adapted from [429] with
permission.
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7.4.1. DNP of half-integer spin quadrupolar nuclei
7.4.1.1. 17O (I = 5/2) NMR. 17O is a rather challenging nucleus due to
its relatively large quadrupolar moment, small gyromagnetic ratio,
and particularly low natural abundance (see Table 1). Nevertheless,

the large chemical shift range and quadrupole coupling tensor can
yield important information about the local environment of oxy-
gen. Indirect and direct DNP of 17O has first been demonstrated
by Michaelis et al. on H2

17O in the glycerol/water matrix or on
small molecules, while in all cases 17O was partially enriched
[236,435]. Shortly afterwards, Blanc et al. extended the method
for detection of 17O in natural isotopic abundance within the sur-
face and subsurface sites of inorganic oxides and hydroxides [436].

Later, Perras et al. demonstrated the applicability of the PRESTO
technique which can improve the sensitivity of 17O DNP-SENS even
further (Fig. 66). This technique is an alternative approach for the
direct transfer of polarization from a spin-1/2 to a quadrupolar
nucleus for DNP applications. PRESTO was used to distinguish
between hydrogen-bonded and lone 17O sites on the surface of
the silica gels. Its use enabled undistorted line shape measure-
ments, 2D 1H–17O HETCOR NMR spectra, and accurate internuclear
distance measurements [437]. They also demonstrated that
PRESTO provides several advantages over conventional CP for a
number of different quadrupolar nuclei, including 11B, 23Na, and
27Al [438].

7.4.1.2. 27Al (I = 5/2) NMR. The observation of homo- and heteronu-
clear proximities involving 27Al is particularly challenging if
diluted species such as surface sites or defects are studied. How-
ever, DNP enhancement compensates for the low sensitivity as
well as for the small efficiency of cross polarization and dipolar
recoupling due to the presence of the quadrupole interaction. This
is a prerequisite for more sophisticated 27Al–27Al correlation
experiments that allow for probing spatial proximities and local
environment. Thus, the local coordination sphere of 27Al sites at
the surface of the c-alumina nanoparticles or mesoporous
c-alumina has been successfully probed using standard techniques
for high-resolution NMR of bulk quadrupolar nuclei like MQ-MAS
[439–441]. As shown in Fig. 67, 2D homonuclear dipolar correla-
tion experiments were utilized to identify penta-coordinated Al
sites that act as bridging units between interfacial tetra- and
hexa-coordinated Al at the surface of mesoporous c-alumina
[440]. In these studies, spatial information is obtained by exploit-
ing the fact that 1H are located exclusively in hydroxyl groups at
the surface. In addition to that, Lee et al. confirmed that penta
coordinated Al3+ ions are only present in this first surface layer
by utilization of indirect DNP via 1H–27Al CP [441].

Furthermore, Pourpoint et al. reported the first observation of
27Al–13C proximities in Al-based MOFs impregnated with TOTAPOL
using advanced NMR methods, such as dipolar-mediated HMQC
(D-HMQC) and symmetry-based RESPDOR (S-RESPDOR), combined

Table 1
List of selected NMR-active nuclei.

Isotope Spin Gyromagnetic ratio Quadrupole moment Abundance
S c/2p [MHz T�1] Q [fm2] [%]

1H 1/2 42.576 – �100
2H 1 6.536 0.286 0.01
13C 1/2 10.708 – 1.07
14N 1 3.078 2.044 99.6
15N 1/2 4.317 – 0.37
17O 5/2 5.774 �2.56 0.038
27Al 5/2 11.103 14.66 100
29Si 1/2 8.466 – 4.68
35Cl 3/2 4.177 �8.17 75.8
43Ca 7/2 2.869 �4.08 0.14
51V 7/2 11.213 �4.3 99.8
59Co 7/2 10.077 +42 100
119Sn 1/2 15.966 – 8.59
195Pt 1/2 9.292 – 33.8
207Pb 1/2 9.034 – 22.1

Fig. 66. (A) DNP-enhanced 17O MAS NMR spectra of Ca(OH)2 in natural abundance,
acquired using CP-QCPMG (bottom) and PRESTO-QCPMG schemes (middle), as well
as simulations of the PRESTO MAS spectra (top). (B) DNP-enhanced 1H–17O MAS
PRESTO QCPMG-HETCOR NMR spectra acquired in 4.5 h. Projections along the 1H
dimension show that polarization is transferred mainly from the hydroxyl proton
and not the solvent. Figure adapted from [437] with permission.

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



with a frequency splitter so that the very similar Larmor frequen-
cies of 27Al and 13C can be tuned simultaneously. EPR and DNP-
enhanced NMR spectroscopy could prove that TOTAPOL enters
the cavities of MOFs within a short timescale of �minutes even
though these cavities are smaller than 0.88 nm [442]. They also
investigated the complexity of a geological material using 27Al
and 13C DNP NMR. The proximity between the aluminum ions
and dissolved organic matter (DOM) from the Kochechum River
(Central Siberia) was studied. The DNP sample was prepared by
impregnating lyophilized DOM powder with a solution of 10 mM
AMUPol in d6-DMSO/D2O/H2O. The DNP-enhanced NMR spectra
enabled the detection of proximities between the 27Al and 13C
nuclei present in the DOM. They showed that �8% of the carboxy-
late groups observed by NMR are connected to the Al3+ ions in the
DOM sample and that aluminum ions exhibit a tetrahedral envi-
ronment [443].

The practicality of targeted DNP characterization by varying the
functional side groups of mono-radicals was demonstrated by
Lund et al. in a systematic study of 27Al direct-DNP-enhanced
solid-state NMR on surface-exposed acid sites of mesoporous alu-
mina–silica (Al-SBA-15). By employing 4-amino TEMPO that is
attracted to the negatively charged surface sites of Al-SBA-15 in
its protonated form, a 27Al signal enhancement factor of 13 was
obtained. This was compared to e ¼ 3� 4 from other—neutral or
negatively charged—mono-radicals that do not adsorb as strongly
to Al-SBA-15. The differences in enhancement factors have been
attributed to the local concentrations of the spin probes and their
proximity to 27Al on the surface [357].

7.4.1.3. 35Cl (I = 3/2) NMR. Hirsh et al. demonstrated DNP-enhanced
1H–35Cl broadband adiabatic inversion cross polarization (BRAIN-
CP) experiments for the detection of APIs. In order to benefit from
the significantly larger DNP enhancements under MAS while
avoiding the acquisition of spinning side bands within the wideline
35Cl NMR powder pattern, they have applied a technique called
spinning-on spinning-off (SOSO) acquisition. During the polariza-
tion delay, MAS was applied for efficient DNP and rotation is
stopped shortly before acquisition. This provided for an extra 2-
fold intensity gain compared with purely static experimental
DNP conditions. By impregnation of APIs with 15 mM TEKPol in
TCE or 1,3-dibromobutane an overall DNP enhancement of 110
was obtained. This allowed for the molecular-level characteriza-
tion of APIs in their bulk forms as well as in dosage forms with
low Cl contents (0.45 wt%) [444].

7.4.1.4. 43Ca (I = 7/2) NMR. Even though calcium is a very interest-
ing and highly relevant element, its only NMR-active stable iso-
tope, 43Ca, is extremely insensitive due to a combination of
effects (see Table 1). Very recently, Lee et al. reported the first
DNP application to 43Ca NMR. They demonstrated the differentia-
tion of calcium environments in surface and core species of carbon-
ated hydroxyapatite nanoparticles using 43Ca MAS DNP NMR in a
short experimental time. They succeeded to record 1H–43Ca and
1H–13C 2D correlation experiments at the very small natural iso-
topic abundance of only 0.14%. The analysis revealed that surface
species (Ca2+ and carbonates) could be distinguished from the core
entities [445].

Fig. 67. (A) DNP-enhanced, interface-selective DQ–SQ 27Al homonuclear dipolar correlation spectra of mesoporous alumina. (B) Transmission electron micrograph and (C)
schematic representation of ordered hexagonal mesoporous alumina. (D) 27Al NMR spectra of this sample. Figure adapted from [440] with permission.
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7.4.1.5. 51V (I = 7/2) NMR. Applications of DNP by directly and indi-
rectly enhancing 51V signals on vanadyl sulfate samples under MAS
conditions were reported by Perez Linde et al. DNP-enhanced 51V
NMR spectra of vanadium species dissolved together with TOTA-
POL in a glycerol/water mixture were recorded as a function of
pH. The pH-dependent presence of vanadyl radicals was investi-
gated and it was observed that at pH higher than 11, 1H can be
most efficiently hyperpolarized by TOTAPOL and the enhanced
polarization can be transferred to 51V nuclei through CP. Most
interestingly, the presence of vanadyl sulfate resulted in a larger
1H enhancement factor as compared to solutions containing only
TOTAPOL. This effect was attributed to the interactions between
paramagnetic vanadyl species and the PA [446].

7.4.1.6. 59Co (I = 7/2) NMR. 59Co has been directly hyperpolarized by
employing Cr3+ as PA by Corzilius et al. The paramagnetic Cr3+ has
been used to isostructurally substitute the diamagnetic Co3+ in
crystalline [Co(en)3Cl3]2�NaCl�6 H2O (see Section 5.3.3 and Fig. 45
for details on the sample system). A 59Co DNP enhancement factor
of up to 16 was reported. This approach demonstrated the general
feasibility of MAS DNP using PAs which have been doped into the
host crystalline lattice without inducing structural changes [302].

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

Recently, DNP-enhanced 1H–2H CPMAS of organic solids in nat-
ural abundance, such as histidine hydrochloride monohydrate, gly-
cylglycine and theophylline, have been performed by Rossini et al.
at 9.4 T and 100 K [353 1803]. Samples were impregnated with
TEKPol in TCE; indirect DNP allowed for the acquisition of 2H
CPMAS spectra within 1 h. The resolution of the acquired 2H spec-
tra was comparable to that of 1H spectra obtained with state-of-
the-art homonuclear decoupling techniques and provided direct
access to hydrogen chemical shifts and 2H EFG (electric field gradi-
ent) tensor parameters.

7.4.2.2. 14N (I = 1) NMR. 14N poses as an intriguing but challenging
target for NMR studies due to its large natural abundance and rel-
evance especially in biological context while at the same time suf-
fering from an integer nuclear spin quantum number that does not
give rise to a narrow CT. Although it shares the latter property with
2H, the quadrupole moment of 14N is about one order of magnitude
larger which makes direct detection extremely difficult.

Indirect detection of 14N via single-quantum correlation (SQC)
or double-quantum correlation (DQC) with an I ¼ 1=2 nucleus
(e.g., 13C) in an HMQC-type experiment can yield correlation spec-
tra under MAS with rather narrow lines [447,448]. Alternatively,
excitation of the ‘‘forbidden” DmI ¼ 	2 transition at twice the
nuclear Larmor frequency results in a narrow overtone (OT) NMR
spectrum not influenced by the nuclear quadrupole interaction to
first order [449,450]. This method has also been demonstrated in
combination with MAS [451,452]. However, both techniques typi-
cally suffer from low efficiency and therefore DNP is an excellent
method to counter that problem.

Indirect 14N detection by HMQC with DNP-enhancement has
been demonstrated by Vitzthum et al. [150], based on experiments
introduced by the same group earlier without DNP [453]. Indirect
13C DNP enhancement with factors of �40 were achieved on
U-13C-proline dissolved in glycerol/water together with 20 mM
TOTAPOL. This allowed for the acquisition of 13C–14N correlation
spectra within a few hours while experimental time on the order
of at least one week were required without DNP. The detection

of DNP-enhanced 14NOT MAS NMR spectra has been presented by
Rossini et al. Indirect 14N DNP enhancements of around two orders
of magnitude were achieved on model amino acids which were
impregnated with 15 mM TEKPol in TCE. CP transfer from hyperpo-
larized 1H nuclei directly to the 14N overtone transition was
demonstrated using a standard pulse sequence. It was also shown
that DNP enhancement enables 1H–14NOT HETCOR and 13C–14NOT

HMQC spectra to be obtained from samples in natural 13C abun-
dance in a short time, proving that such correlation experiments
can be used for observing HAN and CAN correlations in completely
unlabeled samples [454].

7.4.3. Wideline NMR (I = ½)
7.4.3.1. 119Sn NMR. Gunther et al. demonstrated the first DNP appli-
cation to 119Sn NMR for characterizing microporous zeolites con-
taining �2 wt% of natural abundance Sn in the catalytically-
active Sn-b. They used TOTAPOL, bTbK, bCTbK, and SPIROPOL
(i.e., bTbtK-py) biradicals as PAs and obtained enhancement factors
as large as 75 with bCTbK for indirect DNP of 119Sn which allowed
the characterization of Sn-b by more than �2 orders of magnitude
reduced acquisition times [455]. 119Sn DNP-SENS has also been
applied to allyltributylstannane [Bu3Sn(allyl)] to detect the minor
surface species [(RSiO)2SnBu2], present in low density
(<0.1 nm�2). Signal enhancements of 56 for 119Sn in combination
with CPMG enabled the acquisition of a 1H–119Sn HETCOR spec-
trum in less than 6 h and showed the correlations between the
two tin resonances and the protons of the butyl group [456].

Protesescu et al. showed that DNP-SENS selectively enhanced
the weak 119Sn NMR signal of the natural oxide coating as well
as of capping ligands on colloidal Sn/SnOx nanoparticles (NPs). By
combining DNP-SENS with Mössbauer and X-ray absorption spec-
troscopies, they have determined a Sn/SnO/SnO2 core/shell/shell-
structure of the Sn-NPs. They have also shown that DNP-SENS
experiments can be carried out for hydrophilic (ion-capped) sur-
faces and hydrophobic functionalities of surfaces capped by ligands
with long hydrocarbon chains in various solvents [457]. At the
same time, Wolf et al. presented framework Sn(IV)-active sites in
an octahedral environment which are bound to three or four siloxy
groups of a Sn-b zeolite framework using DNP-SENS. It was con-
cluded that there are two active sites of Sn(IV) present which have
distinct NMR signatures: one site where two water molecules are
coordinated to Sn (closed site), and another site where one of the
water molecules has opened one of the SnAOASi bridges (open
site) [458]. Later, they also studied the morphology and atomic-
level structure of Sn-b zeolites using DNP-enhanced NMR [459].

7.4.3.2. 195Pt NMR. Recently, Kobayashi et al. have demonstrated
that DNP enhancement can be used in combination with BRAIN-
CP from 1H and WURST-CPMG detection of wideline 195Pt solid-
state NMR. The breadth of the 195Pt spectra reaches
�10,000 ppm, therefore a combination of several sensitivity-
enhancing methods was necessary to characterize the atomic-
scale geometry of the Pt2+ ions coordinated by the linkers in MOFs.
It was possible to separate the signals from cis- and trans-
coordinated atomic Pt2+ species supported on the UiO-66-NH2

MOF in the DNP-enhanced wideline NMR spectra (Fig. 68). Further-
more, the kinetic effects in the formation of Pt2+ complexes and the
thermodynamic effects in their reduction to nanoparticles were
also studied [460].

7.4.3.3. 207Pb NMR. DNP has been used by Kobayashi et al. to
enhance the wideline 207Pb solid-state NMR spectra of lead white
[lead carbonate, 2 PbCO3�Pb(OH)2], a model lead soap, and an aged
lead-based paint film. The samples were impregnated with 16 mM
TEKPol in a TCE/d4-methanol (96:4) mixture. They performed DNP-
enhanced static wideline 1H–207Pb BRAIN-CP and 1H–207Pb CPMAS
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experiments at a temperature of �110 K, and 207Pb WURST-CPMG
experiments at temperatures ranging from 110 K to 308 K. By
applying the above-mentioned set of methods and utilizing selec-
tive DNP enhancements of certain chemical components it was
possible to disentangle the spectral contributions within the com-
plex mixture. Thus, the formation of a lead soap upon aging could
be detected within the paint film and the degradation mechanism
of lead pigments in such films could be elucidated [461].

8. Conclusions

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

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

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

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

Even though the full potential of DNP in biomolecular NMR
spectroscopy has not yet been reached and mostly specialized
questions are addressed at the moment, recent advances on tack-
ling the resolution issue show promising results. Among these
are improvements in sample preparation which allow for higher
sample filling factors and reduce line-broadening effects due to
the protein glass transition. Recent progress in localized/targeted
DNP studies offers perspectives for further investigations of struc-
tural properties of selected species. Not only additional PRE
restraints can be determined in such an approach; potentially,
site-specific DNP enhancement might also provide quantitative
structural information in the near future. Furthermore, the resolu-
tion issue can be tackled by multidimensional NMR experiments
that become possible with large enhancement factors as well as
DNP-accessible magnetic fields greater than 18 T.
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AHT: average Hamiltonian theory
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BRAIN-CP: broadband adiabatic inversion cross polarization
BT2E: bis-TEMPO-2-ethyleneglycol
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bTbtK-py: bis-TEMPO-bis-thioketal-tetra-tetrahydropyran
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bTtereph: bis-TEMPO terephthalate
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BWO: backward wave oscillator
CE: cross effect
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EFG: electric field gradient
EGF: epidermal growth factor
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ELDOR: electron–electron double resonance
EPR: electron paramagnetic resonance
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FID: free induction decay
FMN: flavin mononucleotide
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MSN: mesoporous silica nanoparticles
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NQI: nuclear quadrupole interaction
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PCB: phycocyanobilin
PCS: pseudo-contact shift
PDSD: proton-driven spin diffusion
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PRESTO: phase-shifted recoupling effects a smooth transfer of order
QCPMG: quadrupolar Carr Purcell Meiboom Gill
REDOR: rotational echo double resonance
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SE: solid effect
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SQ: single quantum
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TEMPOL: 4-hydroxy-TEMPO
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THP: tetrahydropyran
ThT: thioflavin-T
TM: thermal mixing
TOTAPOL: 1-(TEMPO-4-oxy)-3-(TEMPO-4-amino)propan-2-ol
VT: variable temperature
WURST: wideband uniform rate and smooth truncation
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ZFS: zero-field splitting
ZQ: zero quantum
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