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1. Introduction

Dynamic nuclear polarization (DNP) is a technique that permits the sensitivity of nuclear
magnetic resonance (NMR) experiments to be enhanced by a factor of (y/y,) where the y’s
are the gyromagnetic ratios of the electron and a nuclear spin, respectively. When the
nuclear spin is 1H, then optimally (ye/yn)~660. At present, e~100 is readily achieved but
even this “modest” enhancement means that the experimental acquistion time is reduced by
a factor of 10%. Thus, an experiment can be done in a single day that would otherwise
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require ~30 years of signal averaging. Accordingly, the incorporation of DNP into MAS and
solution experimental protocols has enabled many experiments that are otherwise simply not
possible. Furthermore, DNP experiments are in principle quite straightforward to perform
and involve introducing a paramagnetic polarizing agent such as a bisnitroxide biradical into
a glassy matrix containing the solute molecule of interest. Subsequently, the sample is
irradiated with high frequency microwaves that excite electron-nuclear spin transitions, and,
Ada a number of mechanisms discussed below, the large polarization in the electron spin
reservoir is transferred to the nuclei.

The renaissance that is occurring in the development of microwave driven DNP has brought
the technique to a point where it is widely applicable to problems in a variety of fields --
biophysics, chemistry, materials science, imaging, etc. This renaissance was nucleated by
magic angle spinning (MAS) experiments performed on polymers and other materials in the
1980s where the necessity of observing low-y nuclei 13C, 15N, etc. in natural abundance
limited the sensitivity of the experiment. In addition, the tantalizing possibility of
determining the structure of membrane and amyloid proteins and other large biological
systems was clearly possible via dipole recoupling [1-6], but also limited by sensitivity
considerations. In order to address these problems, MAS-DNP technology was developed
for experiments at 60 MHz 1H frequencies (40 GHz for g~2 electrons) to enhance sensitivity
in 13C spectra[7-11]. Because of the limited frequency range of available klystron
microwave (Uw) sources [12], these experiments were constrained to low magnetic fields.

Concurrent with the publication of these results, the field of NMR was transitioning to high
field superconducting magnets operating first at ~5T and today up to 23.5 T with higher
fields (30-35 T) on the horizon. Thus, if DNP were to be more than an intellectual curiosity,
then it would be essential to develop pw sources capable of generating watts of power in the
frequency range ~100-1000 GHz to mate with these high fields. Although there are several
sources that can produce radiation in this regime, the only source capable of routinely
delivering 10-100 watts of power is the gyrotron. In particular, the gyrotron is a form of
electron cyclotron maser that uses a simple tapered cylindrical cavity as the resonant
structure. The cavities are overmoded, typically several wavelengths in diameter, and these
dimensions and field strength of the magnet at cyclotron resonance determine the operating
frequency. Furthermore, the cavity design allows then to operate at high average power at
sub-terahertz and terahertz frequencies. Because of the possibility of this scalable
technology, we began to develop gyrotrons for DNP applications in the mid 90’s [13, 14],
and a photograph of our original 140 GHz system is shown in Figure 1. Fortunately, our
early prognosis as to the applicability of gyrotrons for high frequency DNP was correct, and
there are now about 50 gyrotron based DNP spectrometers worldwide. Most of these are
based on commercial instrumentation, now available from Bruker and operating at 400
MHz/263 GHz; but there are a substantial number of instruments at 600 MHz/395 GHz and
800 MHz/527 GHz and a single 900 MHz/593 GHz spectrometer. In addition, a number of
homebuilt spectrometers are in operation.

In 1812 Sir Humphrey Davey[15] stated that “Nothing promotes the advancement of science
so much as a new instrument”. This statement is particularly applicable to the future of DNP,
as the future of the field depends strongly on the availability new instrumentation -
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microwave sources, low temperature probes, high spinning frequency rotors, etc. — as well
as new polarizing agents. We now discuss some of these possibilities and how they might
affect the future directions of dynamic nuclear polarization.

Polarizing agents

All DNP experiments require a source of polarization and early efforts employed
monoradicals such as nitroxides[16], BDPA[17] (Figure 2(a—c)) and metals such as Cr(V)
[18], In 2004 we realized that the three spin cross effect (CE) could be mediated more
effectively by increasing the e™—e™ dipole coupling by tethering two TEMPO radicals[19].
This improved enhancements by a factor of 3-4 over TEMPO and stimulated the
development of a large series of bis-nitroxides for DNP in both aqueous and organic
solvents. The first successful polarizing agent for aqueous media was TOTAPOL (Figure
2(d)) with a 21 MHz e™—e™ coupling[20, 21] and thereafter AMUPol (Figure 2(e))[22] was
developed which is the current favorite for experiments in dg-glycerol/90% D,0 /10% H,0
solutions (a.k.a.“DNP juice”) at 400 and 600 MHz. A typical nitroxide EPR spectrum and
field profile are shown in Figure 3. AMUPol’s success is due to its short urea linker and
larger (35 MHz) e™—e™ coupling, a PEG group to improve solubility, and the replacement of
the -CH3 groups on the TEMPO moieties by tetrahydropyran rings to lengthen the T, and
improve the enhancements. On/off enhancements of up to 400 have been observed with
AMUPol [23]. The large TEKPol series was developed for DNP in non-aqueous media[24]
and has been very successful for DNP experiments involving materials science and surfaces
[25].

Despite their success, the bis-nitroxides used in CE experiments exhibit two problems. The
first is depolarization which arises because of the level crossing that occurs when the sample
is rotated in a MAS experiment[26,27] which leads to a factor of ~2 loss in signal intensity.
In addition, the enhancements scale down at higher frequencies such as 800 MHz. In 2007
we suggested the idea of tethering a narrow line radical (trityl or BDPA) to TEMPO to
increase the enhancements and reported initial results with physical mixtures of radicals of
trityl and TEMPO[28] and subsequently we prepared a BDPA-TEMPO although it was not
used for DNP experiments [29]. More recently, trityl-TEMPO biradicals became available
and were shown to function well even at 800 MHz/527 GHz in aqueous media[30] and a
BDPA-TEMPO was used successfully at high field and high spinning frequency, w,/2rt=40
kHz[31]. An EPR spectrum and field profile of TEMTriPol-1 are included in Figure 3. The
advantage of these radicals is that they do not depolarize and perform well at fields up to
18.8 T and at high spinning frequencies. Continuing synthetic efforts to produce stable,
soluble, efficient mixed radical polarizing agents are important for advancing the field.

Narrow line radicals like trityl and BDPA mediate the solid effect (SE) and Overhauser
effect (OE) with peaks in the Zeeman field profile at wgstwq; as shown in Figure 3.
Although the theory of the SE has recently been reformulated in detail [32, 33], it is not
widely used in applications since the enhancements scale as (w1g /wg;)?, and as we increase
©oi the enhancements are low. Furthermore, the cross effect yields larger enhancements.
However, as the sample size decreases and we become more efficient at generating larger
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Rabi fields increase, the SE could become a competitive approach, since S also scales
(w;s)2. To date little effort has been expended on increasing the Rabi fields.

Developing polarization agents with metal ions is still at an early stage and some results for
Gd3* and MnZ*, two honorary g~2 metal ions, are illustrated in Figure 3. Both show SE
profiles and the multiplicity of lines in the Mn2* spectrum is due to the 1=5/2 nuclear spin.

One final comment concerns the OE which requires a narrow line radical. The OE in
insulators was initially observed with SA-BDPA[34] in “DNP juice” and subsequently with
BDPA in organic matrices[35-37]. A field profile with an enhancement at the EPR
frequency is illustrated in Figure 3 for BDPA in ortho-terphenyl. Two advantages of the OE
are that it scales with <wq/2m and is not subject to depolarization effects. However, at the
moment the mechanism underlying the OE is not understood, and we have only one radical,
BDPA, which supports the OE mechanism. This is an area ripe for future developments.

3. Millimeter Wave Microwave Sources for DNP

3.1 Solid State and Klystron Microwave Sources

Stable pw sources are a requisite for successful DNP, and a gyrotron was chosen for the
initial high frequency experiments for reasons outlined above. However, at what are today
low uw frequencies - i.e., <263 GHz — there are now two alternative sources that will
suffice to produce reasonable enhancements; namely, solid state diodes and extended
interaction klystrons (EIK’s). Although Gunn and Impatt diodes were used in early DNP
experiments[38], their power output was limited to ~20 mW, and thus their use was quickly
superseded by the gyrotron. However, improvements in solid state technology have raised
the power levels to ~250 mW at 263 GHz using solid state sources and an amplifier/
multiplier chain, and recently these improved sources were successfully used to obtain
enhancements of-100 in model systems [39].

A 140 GHz EIK was also used in the earliest DNP experiments from our laboratory[40],
and, like solid state devices, the EIK’s have also continued to advance. At present there are
robust EIK’s available at W-band, 95 GHz, and they currently can produce a few watts of
power at 263 GHz[41]. As these devices improve, they will also become candidates for
incorporation into commercial and homebuilt DNP spectrometers.

At present DNP experiments with both solid-state sources and klystrons are limited to <263
GHz and lower frequencies, because the power outputs and lifetimes of the devices at higher
frequencies drop significantly. In the case of EIK’s, the size of the slow wave structure
decreases with decreasing wavelength, and the smaller size structures are more susceptible
to damage by a stray electron beam or can overheat. Likewise, because of the reduced
dimensions, power dissipation for solid state devices becomes an issue. Thus, for the
immediate future DNP experiments at 395 GHz/600 MHz and above will likely require
gyrotrons. In the longer term, there is great interest in both the solid state[42, 43] and
vacuum electronic device[44] communities in advancing to higher frequencies.
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3.2 Tunable Gyrotrons

The types of experiments and polarizing agents that are useful for a broad range of DNP
applications are now well defined. In turn the EPR spectrum of the polarizing agent
determines features of the pw sources that are required for DNP and stipulates how they may
change in the future. For example, the cross effect (CE) mechanism uses nitroxides, such as
TOTAPOL, AMUPol, TEKPol or mixed radicals, whereas the solid effect (SE) is supported
by the two monoradicals BDPA or trityl, and the Overhauser effect (OE) only by BDPA.
These molecular structures are illustrated in Figure 2, and their EPR spectra and Zeeman
field profiles are illustrated in Figure 3. Since the g-values of these radicals differ, it is
necessary to irradiate with pw’s of different frequencies, or to sweep the magnetic field if
the pw source is not tunable. Currently, it is customary to use NMR magnets with
superconducting sweep coils that is now a standard commercial product. However, since
sweeping the field generally perturbs the homogeneity, it is desirable to consider sources
with tunable pw frequencies.

Currently, most gyrotrons used for DNP are fixed frequency oscillators, but, it is possible to
construct a tunable gyrotron and this has been done at 250, 330 and 460 GHz. Briefly, this is
accomplished by lengthening the gyrotron cavity so that it supports additional longitudinal
modes. For example, our 250 GHz fundamental gyrotron operates in a TEs ; o mode and
with an extended cavity can access longitudinal modes with g=I to 5 which permits tuning
over 3 GHz[45]. A similar approach was used in second harmonic gyrotrons[46-48]
operating at 330 and 460 GHz. At 460 GHz the gyrotron was operating in TE1; » g mode
and with q=2, 3 or 4 enabled tuning over about 1 GHz as illustrated in Figure 4. In this case
the power output is flat at ~4 watts from 460.2 to 461.1 GHz as the gyrotron field was swept
from 8.43 to 8.47 T. Tuning by varying the gyrotron operating voltage is also possible.

As mentioned above, the advantage to sweeping the gyrotron frequency rather than the NMR
magnet field is that the homogeneity of the NMR field is not perturbed. If the NMR magnet
has a Z, shim, then the Z; sweep coil will couple strongly to Z, and extensive shimming is
required to regain the homogeneity. However, since a Z, shim is not required for MAS
experiments[49] the Bruker 18.8 T DNP magnets, which are used extensively for MAS
experiments, do not have a such a shim. Furthermore, a tunable gyrotron source will make it
possible to perform DNP experiments on essentially any of the existing fixed field NMR
magnets now in operation.

A second possibility for a tunable gyrotron was recently discussed by Barnes, et al. [50] In
particular, they demonstrated that the microwave frequency can be modulated by varying the
anode voltage. This strategy results in more rapid frequency response than can be achieved
by changing the potential of the electron emitter and does not require a custom triode
electron gun. The 200 GHz gyrotron frequency was swept with a rate of 20 MHz/s over a
670 MHz bandwidth in a static magnetic field.

Thus, in the future we will likely see gyrotron oscillators that are tunable, albeit over a
limited range, rather than using a fixed frequency oscillator and an NMR magnet with a
sweep coil. We would expect that these tunable oscillators will be developed at frequencies
up to at least 800 GHz corresponding to a 1.2 GHz 1H frequency.
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3.3 Gyroamplifiers

Another area where we will likely see new pw technology important for DNP is microwave
amplifiers. In particular, gyroamplifiers are one of the few amplifier options operating in the
millimeter wave regime[51]. The motivation for developing these devices is discussed below
in the section on pulsed DNP, but, like RF amplifiers in conventional NMR instruments, they
should permit modulation of the phase, frequency and amplitude of microwave pulses. In
turn, this should enable the development of new approaches to polarization transfer which
are not field dependent as is the case with the SE and CE.

In our group we have constructed gyroamplifiers operating at 140[52] and 250 GHz[53, 54]
specifically for applications to DNP. The 250 GHz amplifier utilizes a photonic band gap
resonator. As illustrated in Figure 5 the device has generated pulses of ~100-400 ps duration
and has an 8 GHz bandwidth and 38 dB gain. With drive input from a diode of 100-200
mW, the amplifier should yield 600-1200 W of output power and enable us to satisfy the
NOVEL condition, wgj=w1g, at 380 MHz/250 GHz. As soon as amplifiers are successfully
deployed for ~9 T fields there will undoubtedly be insatiable demand for higher frequencies.

4. Probes

Probes for DNP experiments are also undergoing significant evolution that will likely
continue in the future in at least three areas. First, the 3.2 mm rotor, which is currently the
default rotor diameter, will be replaced with 1.3 mm and smaller rotors. These will enable
higher spinning frequencies and recently published data indicates that this could
significantly improve the resolution in low temperature spectra[55]. Published reports
indicate that at low temperature the broadening in the spectra is homogeneous [56] and this
is removed by higher frequency spinning. In addition, the possibility of spinning at lower
temperatures (~20-60 K) will increase enhancements [57] and, for economic reasons, has
stimulated the construction of two closed cycle systems that use He as the driving fluid[58—
60]. In addition, it is well known that the speed of sound in He gas is a factor of 3 higher
than in N, and therefore higher spinning frequencies should be available with He
recirculation systems. A third area where probes can be improved is the development of
resonant structures for the microwave circuit. Initially the rotors used for DNP were 4.0 and
5.0 mm diameter and are too large to insert into a resonant structure without destroying the
Q. However, as we transition to 1.3 and 0.7 mm and perhaps yet smaller rotors, we can start
to design resonant structures with finite Q’s. One approach involving a small waveguide and
reflector on a 1.3 mm rotor has recently been published [61]. Another approach would be to
employ TEgq type resonators that are used in high frequency EPR experiments[38] which
could easily accommodate 0.7 mm rotors. Finally, spherical, rather than cylindrical, rotors
were recently described[62, 63]. Although they are at an early stage of development they
offer certain advantages such as ease of sample irradiation and sample changing. With He
gas a spinning frequency up to ~30 kHz was achieved.

5. Pulsed DNP at High Magnetic Fields

The history of magnetic resonance tells us that there are many advantages to performing
time domain or pulsed rather than CW experiments. An early but relevant example are the

J Magn Reson. Author manuscript; available in PMC 2020 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Griffin et al.

Page 7

13C solution experiments on proteins where CW heteronuclear (*H-13C) NOE experiments
Overhauser effects were used to enhance signals by ~ 3. However, at wgn/2m: >60 MHz the
NOE’s start to decrease rapidly, and #his lead to the interesting prediction that °C protein
NMR should not be performed at fields higher than 1.5 T[64]. The fact that CW
heteronuclear NOE’s were decreasing rapidly was correct, but this problem was solved with
the introduction of pulsed transfer schemes, in particular INEPT[65], which is field
independent. DNP is similar in that all of the CW mechanisms - the CE, SE and OE - are
dependent on having the correct relaxation times to function properly and the enhancements
scale weakly or inversely as won/21 Thus, if it were possible to perform pulsed DNP
experiments, then they would in principle be magnetic field independent. In addition, the
ability to manipulate the phase, amplitude and frequency of the pw fields will likely
stimulate the development of multiple new approaches to perform DNP as has been the case
with pulsed NMR.

Stimulated by these ideas, we have performed a number of pulsed DNP experiments based
on the original work by Wenekebach[66—70]; namely, NOVEL[71, 72], ramped
NOVEL[73], off-resonance NOVEL[74] and the frequency swept integrated solid effect (FS-
ISE)[75]. These experiments have revealed a number of new features and a new mechanism,
the stretched solid effect[76]. In addition, we recently published a new approach in the form
of Time Optimized Pulsed DNP (TOP DNP) where we were able to obtain enhancements
comparable to NOVEL[77]. The approach utilizes a train of short pulses with timings and
effective fields such that their frequency spectrum matches the nuclear Larmor frequency. To
date all of these experiments have been performed at low frequencies (9, 34 and 95 GHz)
where the technology is available to perform pulsed pw experiments. These results suggest
an exciting number of possibilities for new approaches for DNP, and it will be interesting to
see how they perform at higher frequencies with gyroamplifiers or other technology[78].
The DNP community is already aware of the advantages of time domain experiments, and as
soon as the instrumentation is available there will be active research in this area.
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Highlights

We review the current state of high frequency dynamic nuclear polarization and discuss
possible new directions for the coming years.
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Figure 1:
Original 140 GHz gyrotron oscillator use for DNP experiments at 211 MHz 1H frequencies.
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Figure 2:

Molecular structures of polarizing agents for SE, OE and CE DNP. (top) Narrow line
radicals (trityl, SA-BDPA and BDPA) that support the SE and OE. (bottom) bis-nitroxides
that mediate the CE. TEMTriPol-1 is a mixed radical that performs well at high field and is
not subject to depolarization.
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Figure 3:
(top) 140 GHz EPR spectra and (bottom) 211 MHz Zeeman field profiles for TOTAPOL,

BDPA, trityl and TEMTriPol-1 and some Gd3* and Mn?* DOTA and DTPA complexes. The
field profiles illustrate those expected for the CE (TOTAPOL and TEMriPol-1) the
Overhauser effect (BDPA) and the SE (0X063, Mn?* and Gd3* and BDPA). This figure is
an updated version of a figure prepared originally by B. Corzilius.
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Figure 4:
Frequency tuning of the 460 GHz gyrotron over 800 MHz by varying the gyrotron magnetic

field. Voltage tuning is also possible. The power output is constant at ~4 watts, Higher
powers are available at other voltage field settings.
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Figure 5:

Input and output pulses from the 250 GHz gyroamplifier. The pulse widths varied from 250-
385 ps input and the output from 155-385.
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