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Sensitivity is a critical issue in NMR spectroscopy, microscopy and imaging and the 

factor that often limits the success of various applications. The origin of low sensitivity in NMR 

is well known and is due to the small magnetic moment of nuclear spins, which yields small 

nuclear spin polarizations and weak absorption signals. Historically, each advance in technology 

and methodology that has increased the signal-to-noise in NMR has shifted the boundary of what 

is achievable, often opening new areas of application and directions of research. The archetypal 

example of this phenomenon was the introduction of Fourier transform spectroscopy which lead 

to increases of ~102 in signal-to-noise per unit time and revolutionized NMR and many other 

forms of spectroscopy. More recent technological developments of note include the continuing 

development of higher field superconducting magnets, and cryoprobes in which the 

excitation/detection coil is maintained at 20 K. In addition, innovations in NMR methodology 

have improved sensitivity, classic examples being Hartmann-Hahn cross polarization and INEPT 

transfer methods and the introduction of 1H detection of 13C/15N resonances.  Furthermore, 

techniques for non-inductive detection of resonance such as the AFM based technique of 

magnetic resonance force microscopy (MRFM) have recently allowed observation of a single 

electron spin and NMR signals from ~100 nuclear spins (per root Hz).  

Another approach to enhance the sensitivity in NMR experiments is to couple the nuclear 

spins to a reservoir having much higher polarization, such as electrons. For example, laser-

polarized noble gases, chemical induced dynamic nuclear polarization (CIDNP), para-hydrogen 

induced polarization (PHIP) as well as microwave driven dynamic nuclear polarization (DNP) all 

rely on this principle. In the cases of CIDNP and PHIP polarized states are generated by spin 

sensitive chemical reactions, and, while they are very successful, they are generally system 

specific. In contrast, in essentially all experimental situations electrons couple efficiently to the 



lattice and permit some degree of sensitivity enhancement.  For this reason microwave driven 

DNP experiments are evolving as a broadly applicable approach to increase signal strengths in 

solid state and solution NMR and imaging.  Currently, DNP improves the sensitivity in NMR 

spectra by ~102 and/or in principle reduces the acquisition time in multidimensional experiments 

by ~104 thereby permitting studies of larger molecules, dynamics of reactions, or high throughput 

screening.  In parallel, it can improve the information content by providing selectivity and 

contrast. For example, specific sections of a protein can be enhanced; metabolic cycles examined 

and contrast in MRI spectra increased.  In structural studies of proteins additional distance and 

torsion angle constraints are in principle available from electron-nuclear dipolar or scalar 

coupling and paramagnetic shifts of sites in close proximity to spin labels or metal centers. 

DNP is based on the transfer of the large electron spin polarization to nuclear spins 

(γe/γn>657). This concept, originally proposed by Overhauser in 1953 1, was first experimentally 

demonstrated in metals 2 and later also observed in liquids 3, 4, two classes of samples with mobile 

electrons. Thus, DNP is not a new area of scientific endeavor, but rather one undergoing a 

transition from low to high fields and frequencies, and thus the word “renaissance” is part of the 

title of this volume of PCCP.  In the lead article of the issue, Charles Slichter describes the 

excitement of these early experiments performed in his group at the University of Illinois. Every 

scientist involved in DNP should read this paper as many of the challenges that we confront 

today were also of concern to Charlie and his collaegues. 

During the 1960’s and 70’s, following the pioneering work of Overhauser, Carver and 

Slichter, DNP was used at low temperatures to produce highly polarized solid targets for nuclear 

scattering, and those experiments revealed that other polarization transfer mechanisms are 

present.  In particular when the paramagnetic centers are localized the so-called solid-state effect 
5-7, cross-effect 8-11 and thermal mixing 12 dominate the polarization transfer, and involve the 

dipolar coupling of the nuclear spin to one, two or more electron spins, respectively. The theory 

for all three of these mechanisms predicts reduced transfer efficiencies at higher magnetic field 

values 12, 13. However, this feature of the polarization transfer mechanisms, in combination with 

the paucity of high frequency microwave sources to excite electron spins at magnetic field values 

above 1T, effectively relegated DNP to a position of an interesting scientific curiosity.  

Concurrently, during the 1970’s and later, both solution and solid-state NMR moved briskly 

towards higher magnetic fields (~5-20T) yielding higher sensitivity and into multiple dimensions 



to achieve higher spectral resolution.  This latent phase for DNP persisted until the early 1990’s 

when high field, solid state MAS DNP experiments directed at structural biology and utilizing 

gyrotron microwave sources were described by Griffin and coworkers 14, 15.  Subsequently, in 

2003 the Nycomed/Amersham group reported the possibility of polarizing samples at very low 

temperatures followed by fast dissolution, heating, and observation of the liquid state spectrum 16.  

These two experimental approaches, and variations on these themes, received a good deal of 

attention in the magnetic resonance community and stimulated additional activities worldwide 

and initiatives in the fields of solid- and liquid state DNP and high-frequency microwave 

technology. Accordingly, a first international symposium on DNP was held in Nottingham in 

2007 with 150 participants, resulting in a specialized issue on DNP in Applied Magnetic 

Resonance 17. Two years later the 2th Symposium on DNP, held in Königstein and the EMAR 

Workshop on DNP in Eberbach highlighted the rapid pace of developments in this field. 

Therefore, this themed issue on high field DNP, presenting the newest results and innovations, is 

indeed timely.  

A key barrier to the dissemination of high field DNP experiments to many laboratories 

remains the development of the required instrumentation.  In particular, high frequency 

microwave technology is an area that generally remains outside the expertise of the primary 

consumers of enhanced signal intensities available from DNP, namely the practitioners of solid 

state or solution NMR and MRI.  This instrumentation includes high frequency microwave 

sources, efficient waveguides to transmit the microwaves from the source to the probe, and the 

probe itself, that must provide for irradiation of the polarizing electrons and NMR detection at 

multiple resonance frequencies – 1H, 13C, 15N, -- often at cryogenic temperatures.  Finally, there 

must be a suitable polarizing agent which requires expertise (or colleagues with expertise) in 

organic synthesis. 

Currently, semiconductor diodes and vacuum electron devices are the microwave sources 

of choice in all DNP spectrometers.  Semiconductor technology (Gunn and IMPATT diodes) 

reaches its limit at frequencies of ~100 GHz, corresponding to a magnetic field of 3.5 T (150 

MHz 1H NMR). Higher frequencies can be attained most conveniently by generating higher 

harmonics and combining outputs from multiple sources, but with significant losses in power. 

Despite this limitation, several labs are successfully using diodes for high field DNP experiments, 

and some of their results appear in this issue. Alternatives are vacuum electron devices, where an 



accelerated electron beam is modulated by suitable slow wave structure or magnetic field. Slow 

wave devices exist in number of different forms -- backward wave oscillators (BWO’s), orotrons, 

extended interaction oscillators and amplifiers (EIO and EIA’s), etc. – and operate in continuous 

wave or pulsed mode, with variable or fixed frequencies.  Because of the presence of a slow wave 

structure, which has a size comparable to the microwave wavelength, the electron beam power 

density close to this structure is limited, and leads to maximum deliverable CW microwave 

powers in the 0.1-1 W range.  Gyrotrons, which are fast wave devices, circumvent this problem 

by replacing the slow wave structure with a cavity immersed in a magnetic field.  In this 

configuration CW output powers in the watt range are achieved in devices designed specifically 

for DNP at MIT 18-20, more recently at Fukui University 21, 22, and which are now available 

commercially 23. Gyrotrons are stable, spectrally pure, robust devices and can be operated 

continuously for weeks at a time which is essential for multidimensional NMR experiments.  

There are examples of the use of all of these sources – diodes, slow wave devices, and gyrotons -- 

in the papers in this issue 23-31. 

Transmission of the microwaves to the sample in the probe with minimal loss, and 

monitoring the microwave power output is important experimentally. Fundamental mode 

waveguides have unacceptable insertion losses, and do not couple to a free-space propagation of 

a Gaussian beam, which is typically used for quasi-optical transmission outside of the probe.  

Corrugated overmoded or metallo-dielectric waveguides can be used inside the DNP probe for 

transmission 32, 33. These differ from classical fundamental waveguides in that the losses in such 

systems are <1-2 dB. Detection of the EPR signal requires quasioptical duplexing devices to 

prohibit the strong excitation power from reaching the microwave detector. Again different 

designs of such microwave transmission and detection systems are described in this issue in 

detail. 

 



Figure 1 schematically illustrates some typical spectrometer configurations for 

DNP/NMR experiments at high magnetic fields. The upper two instruments are configured to 

polarize liquid samples, whereas the DNP polarization step in the lower two is performed in the 

solid, often frozen state. Several applications of HF-liquid DNP with in-situ microwave 

excitation at the NMR detection field are reported in this issue with very promising 

enhancements at high magnetic fields (up to 10 T) 31, 34-37. Theoretical and experimental 

investigations of the success of the electron-nuclear polarization transfer will be important to 

understand the underlying physical principles of these results. Similarly, this understanding is 

also important to choose the optimum polarizing field for the Shuttle DNP apparatus 25. In this 

type of spectrometer the liquid sample is rapidly moved from the low field, where the 

polarization is performed, to a high 

field region for NMR detection. A 

new two-center magnets for such a 

DNP system is described in this issue 
26. High field MAS DNP was 

developed at MIT 19, 38-41 and 

enhancements of up to ~300 have 

been observed with biradical 

polarizing agents 42. In most 

experiments the enhanced 1H 

polarization is transferred to 13C with 

cross polarization and used for 1D- 

and 2D MAS NMR applications in 

proteins 19, 40, 43, 44. A much 

misunderstood part of this process is 

the fact that 1H spin-diffusion 

distributes this polarization uniformly 

throughout the sample, even if it is 

heterogeneous, such as is the case 

with a membrane protein in a bilayer 

or a protein in an amyloid fibril. This 

issue, and resolution in low temperature MAS experiments is addressed by Barnes, et al. 30. 
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Recently a commercial MAS DNP spectrometer became available that is described in this issue 
23.  In addition, in this volume direct transfers to low-γ nuclei (2H, 13C, etc) are discussed and the 

enhancements, field profiles, and preferred polarizing agents are shown to be system dependent	
  
45, 46.  In the Dissolution DNP experiment the sample is polarized in the solid state at very low 

temperatures (typically 1-4 K) at magnetic fields of 3-7 T. The polarization step is followed by 

rapid dissolution with a suitable solvent, and is finally transferred to either a high resolution 

NMR spectrometer or a MR imager 26, 47. Very high enhancements (relative to room temperature) 

for 13C can be retained within the dissolution and transfer process, and arise from a product of 

DNP enhancement (~250) and Boltzmann polarization (~250). In this issue several new 

approaches and improvements to the experiment are introduced. Applications of this method 

range from MRI imaging of metabolites to studies of chemical reaction mechanisms 47-50. 

An essential ingredient of every DNP experiment is a polarizing agent, and for the first 50 

years of DNP these consisted of readily available monomeric paramagnetic centers such as a 

metal, or organic radicals like BDPA or TEMPO.  More recently, several new polarizing agents 

have been introduced that are more efficient in that they are effective at lower concentrations and 

produce larger enhancements 51-54 .  Four articles describing these new agents – narrow line trityl 

radicals, biradicals and spin labeled polymers that separate at higher temperatures and therefore 

preserve resolution – are described in this issue. 55-58.  

Finally, there are two other important and exciting topics discussed in contributions to this 

volume.  Namely, the possibility of solid state imaging using the enhanced sensitivity of DNP 27 

which may lead to considerable increases in the resolution of images cells and other biological 

systems. In addition, theoretical methods for optimizing time domain DNP experiments are 

considered by Pomplum and Glaser59, an area that has thus far received little attention. 

All of these approaches are potentially applicable to a wide range of NMR experiments 

important in biology, chemistry, physics and medicine, and their successful development will 

have an enormous impact on the field. Accordingly, a number of academic and industrial 

research groups have recently initiated research efforts to overcome the current limitations of the 

techniques. Technical advances in the area of high-frequency microwave sources and 

components and of the various DNP spectrometers will be of vital importance for the further 

development of the DNP method, especially to bring the technique into use at the highest 



magnetic fields available for NMR (< 20T).  In addition, the implementation of time domain 

experiments should open many new areas of application, just as it did for high resolution solid 

state and solution NMR. Other areas such as the optimization of polarizing agents, the 

development of new types of polarization transfer methods, and the design of new experiments 

focusing on selectivity, contrast and additional structural restrains are research areas ripe for 

investigation. Thus, collaborative efforts among researchers from chemistry, physics, biology and 

the engineering disciplines will be required to optimize DNP for applications in high-field NMR 

and MRI.  We forsee a very bright and expansive future for this field, well into the 21st century. 
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