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Dynamic nuclear polarization 共DNP兲 is a method that permits NMR signal intensities of solids and
liquids to be enhanced signiﬁcantly, and is therefore potentially an important tool in structural and
mechanistic studies of biologically relevant molecules. During a DNP experiment, the large
polarization of an exogeneous or endogeneous unpaired electron is transferred to the nuclei of
interest 共I兲 by microwave 共w兲 irradiation of the sample. The maximum theoretical enhancement
achievable is given by the gyromagnetic ratios 共␥e / ␥l兲, being ⬃660 for protons. In the early 1950s,
the DNP phenomenon was demonstrated experimentally, and intensively investigated in the
following four decades, primarily at low magnetic ﬁelds. This review focuses on recent
developments in the ﬁeld of DNP with a special emphasis on work done at high magnetic ﬁelds
共艌5 T兲, the regime where contemporary NMR experiments are performed. After a brief historical
survey, we present a review of the classical continuous wave 共cw兲 DNP mechanisms—the
Overhauser effect, the solid effect, the cross effect, and thermal mixing. A special section is devoted
to the theory of coherent polarization transfer mechanisms, since they are potentially more efﬁcient
at high ﬁelds than classical polarization schemes. The implementation of DNP at high magnetic
ﬁelds has required the development and improvement of new and existing instrumentation.
Therefore, we also review some recent developments in w and probe technology, followed by an
overview of DNP applications in biological solids and liquids. Finally, we outline some possible
areas for future developments. © 2008 American Institute of Physics. 关DOI: 10.1063/1.2833582兴
I. INTRODUCTION/BACKGROUND

In 1953 Overhauser proposed that the large Boltzmann
polarization of unpaired electrons could be transferred to
neighboring nuclei by saturating the corresponding electron
paramagnetic resonance 共EPR兲 transition. The result of this
process would be an enhancement of the signal intensities of
the associated nuclear magnetic resonance 共NMR兲 signals by
a factor of 共␥e / ␥l兲 ⬃ 660 in the case of protons.1 The validity
of this suggestion was vigorously debated until Carver and
Slichter reported an experiment in which they polarized 7Li
共Ref. 2兲 and later 23Na and 1H nuclei,3 achieving signal enhancements of ⬃100. This experiment, now known as the
Overhauser effect 共OE兲 and widely used in solution NMR
experiments for measuring 1H – 1H distances, was the ﬁrst
demonstration of dynamic nuclear polarization 共DNP兲.
In the following decade, additional pioneering DNP experiments were performed in both solids and liquids. In 1958
the solid effect 共SE兲 was discovered, which required the use
of polarizing agents with a homogeneous EPR linewidth 共␦兲
and an inhomogeneous spectral breadth 共⌬兲 smaller than the
nuclear Larmor frequency 共␦ , ⌬ ⬍ 0I兲.4,5 Subsequently, Kesa兲
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senikh et al.,6,7 Hwang and Hill,8,9 and Wollan10 reported
9 GHz DNP experiments on systems with inhomogeneously
broadened EPR spectra. The polarization mechanism in this
case is the cross effect 共CE兲, which is the dominant continuous wave 共cw兲 mechanism at high magnetic ﬁelds. Speciﬁcally, the CE is operative when the polarizing agent has an
inhomogeneous broadened EPR spectrum whose breadth ⌬
is larger than the nuclear Larmor frequency 0I, and, concurrently, the homogeneous linewidth ␦ remains small
共⌬ ⬎ 0I ⬎ ␦兲. The third regime, where the homogeneous
EPR linewidth is larger than the nuclear Larmor frequency
共␦ ⬎ 0I兲, is referred to as thermal mixing11 共TM兲 and requires the existence of a high concentration of paramagnets.
There is currently a renaissance occurring in the development and application of DNP driven by the desire of the
spectroscopist to enhance signal intensities in NMR spectra
of both solids and liquids. This renaissance began in the
1980s with the appearance of magic angle spinning 共MAS兲
experiments devoted to solids where the necessity of observing low-␥ nuclei 共13C, 15N, etc.兲 limits the sensitivity of the
experiment. Thus, MAS-DNP methodology was developed
to enhance sensitivity in 13C spectra of polymers, carbonaceous, and other materials. These experiments were constrained to low ﬁelds 共艋60 MHz for 1H兲 because of the limited frequency range of klystron sources 共艋40 GHz兲 used to
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produce microwaves. At the same time, solid-state NMR was
reaping tremendous beneﬁts from the availability of superconducting magnets operating at ﬁelds of 艌5 T 共⬃200 MHz
for 1H兲, which yields signiﬁcant improvements in sensitivity
and spectral resolution. Thus, today it is not uncommon to
record MAS spectra at 16– 21 T 共700– 900 MHz for 1H兲.
The success of these high-ﬁeld MAS experiments stimulated
interest in developing DNP at high frequencies, and this in
turn motivated innovations in a number of areas required to
buoy the experiments to fruition: technological developments in high-frequency microwave 共w兲 sources, transmission lines, and low temperature, multiple resonance MAS
NMR probes. In addition, there have been important advances in the design of paramagnetic polarizing agents required for DNP. This in turn has enabled MAS experiments
on membrane and amyloid proteins that are either difﬁcult or
impossible because of limited signal-to-noise. Therefore,
high-frequency DNP is yet another example where the development of new instrumentation and methodology enables
new areas of scientiﬁc inquiry.
In this overview, we focus primarily on the principles
and applications of DNP MAS experiments at high magnetic
ﬁelds and w frequencies, which we arbitrarily deﬁne as
艌5 T corresponding to w irradiation at frequencies
艌140 GHz 共for g ⬃ 2兲. For technical reasons discussed below, w power levels in the range of ⬃10 W are desirable.
One w source that is capable of operating in this frequency
regime and producing this level of output power is the gyrotron, a cyclotron resonance maser, and accordingly, we introduced this source into DNP experiments in the early 1990s
initially at 140 GHz 共Ref. 12兲 and more recently at 250 GHz
共Ref. 13兲 and 460 GHz.14
In addition, gyrotron technology can also be used to perform pulsed EPR experiments at high w frequencies,15
which is of particular interest since pulsed DNP schemes
potentially do not suffer from the unfavorable ﬁeld dependence of the classical DNP mechanisms 共SE and CE/TM兲.
Several different approaches to time domain experiments—
nuclear spin orientation via electron spin locking 共NOVEL兲,6
the integrated solid effect 共ISE兲,17,18 dressed state solid
effect19 共DSSE兲 and rotating frame DNP 共RF-DNP兲 共Refs.
68–70兲—have set the stage for future developments in this
area of DNP methodology. Because of the availability of
gyrotron technology, as well as other innovations, the future
of high-ﬁeld DNP appears very promising.
Although the focus of our efforts is high-ﬁeld solid-state
DNP, we also discuss recent experiments on liquids.
Solution-state DNP experiments were ﬁrst reported by Bennett and Torrey20 and liquids were extensively studied in the
early work of Hausser et al.,21 who used the OE to transfer
electron polarization to 13C, 19F, and 31P nuclei. Further
work was done by Mueller–Warmuth et al.,22 who focused
on the inﬂuence of molecular motion on the electron OE.
More recent efforts to polarize liquids have utilized ﬂow
techniques23,24 or approaches where the sample is polarized
as a solid at low temperatures and dissolved or melted and
the liquid-state spectrum observed.25,26 Finally, we note that
high nuclear spin polarizations can also be created by several
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other methods such as polarization transfer from optically
excited states or polarized noble gases. For example, the high
spin polarization in para-hydrogen can be used to enhance
nuclear polarization in a chemically induced DNP 共CIDNP兲
experiment.27 Another possibility is the use of hyperpolarized xenon in a spin polarization induced nuclear Overhausser effect 共SPINOE兲 experiment described by Bifone et
al.28 More recently, it was shown that caged hyperpolarized
xenon can be used as a biosensor in magnetic resonance
imaging 共MRI兲 experiments.29 The discovery of photochemically induced dynamic electron polarization in chloroplasts30
resulted in a new class of experiments that utilize photochemically induced dynamic nuclear polarization
共photo-CIDNP兲.31 For example, the observation of photoCIDNP by solution NMR led to the formulation of the radical pair mechanism32 and later to photo-CIDNP in solid-state
NMR 共ssNMR兲 MAS spectra.33
An effect similar to the SE can be used to transfer polarization between an excited electronic triplet state and a
nucleus via forbidden transitions. This mechanism is referred
to as microwave induced optical nuclear polarization and
was introduced by Deimling et al.34 Other polarization
schemes rely on the use of 3He 共Ref. 35兲 and quantum
dots.36–38 These techniques, however, are of a much more
speciﬁc interest and are beyond the scope of this review.
The remainder of this overview is organized as follows.
In Sec. II we discuss cw and time domain polarization
mechanisms, and in Sec. III we describe polarizing agents
designed to be used in high-ﬁeld experiments. Section IV is
devoted to the most recent developments in w technology,
low temperature probe technology, and other instrumentation
that enables DNP. We view these instrumental developments
as very important since it is presently progress in this area
more than anything else that limits applications of DNP.
Some recent successful applications of DNP are described in
Sec. V and we close in Section VI with a summary of prospective developments.
There are a number of excellent reviews on solid-state
DNP by Jeffries,39 Abragam and Goldman,40,41 Atsarkin,42
and Wind et al.,11 and liquid-state experiments are discussed
by Hausser et al.21 and Mueller–Warmuth et al.22 Although
these reviews focus on the early literature of the ﬁeld, they
are well written and contain much information that is currently useful.
II. POLARIZING MECHANISMS IN DNP EXPERIMENTS

To understand the polarization transfer mechanisms operative in a DNP experiment, we consider the general static
Hamiltonian for an electron-nuclear system of the form
iso
dip
H = HS + HI + HSI = 0SSZ − 0IIZ + HSI
+ HSI

= 0SSZ − 0IIZ + A共SZIZ + SY IY + SXIX兲 + BSXIZ ,

共1兲

where 0S and 0I are the electron and nuclear Larmor frequencies, respectively, Si and Ii are the electron and nuclear
iso
spin operators, HSI
is the isotropic 共Fermi contact兲 hyperﬁne
dip
interaction between the electron and the nucleus, and HSI
is
the anisotropic dipolar coupling. The hyperﬁne coupling HSI
is given in a basis where the coefﬁcients A and B denote the
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FIG. 1. Energy level diagrams for the OE and SE. 共a兲 Transition rates
important for the OE. 共b兲 Thermal equilibrium population for a two-level
spin system. The spin population is depicted schematically in gray. 关共c兲 and
共d兲兴 Saturation of the forbidden zero-quantum and double-quantum transitions leads to negative or positive enhancement through the SE.

secular and pseudosecular hyperﬁne interactions. Note that
this convention is the reverse of that commonly employed in
ssNMR literature where I is usually 1H and S is 13C, 15N.
The energy levels that result from this Hamiltonian are
shown in Fig. 1共a兲.
Several excellent monographs covering the quantum mechanical treatment of electron-nuclear interactions under the
inﬂuence of w irradiation are available43–48 and the interested reader is referred to literature.

presence of mobile electrons such as the electrons in the
conduction band of a metal2 one-dimensional 共1D兲 organic
conductors such as ﬂuoranthene.51 The success of the OE
depends on the condition 0S ⬍ 1 with  the rotational correlation time of the paramagnetic species. This condition is
difﬁcult to satisfy when 0S becomes large. Thus, the efﬁciency of the OE decreases at high magnetic ﬁelds, even
though it likely does not go to zero.52 However, the OE is
presently the only practical mechanism for the direct polarization of liquids. The following section outlines the main
features of the OE, while a more detailed description can be
found in the reviews of Hausser et al.21 and Mueller–
Warmuth et al.22 and in the recent publication by Hoefer et
al.52
The energy level diagram describing the transitions responsible for the OE is shown in Fig. 1共a兲. The rates of the
zero- and double-quantum transitions are W0 and W2, respectively, while the rates for the EPR transitions are denoted as
WS and the corresponding rate for the NMR transitions is WI.
W0 is the nuclear relaxation rate in the absence of electrons.
In the OE, the allowed EPR transitions are saturated, while
the zero- and double-quantum transitions induce changes in
the nuclear spin population resulting in the DNP effect, with
the observed enhancement deﬁned as  = 具IZ典 / 具Ieq典. A rigorous treatment, which involves solving the rate equations for
this system, leads to the following equation for the
enhancement:21
 = 1 −  fS

1. Overhauser effect

The OE is a DNP mechanism which requires the presence of relaxation processes that simultaneously ﬂip an electron and a nuclear spin. In liquids, these relaxation processes
are based on time-dependent dipolar and scalar interactions
between the electrons and the nuclei, which are governed by
molecular rotational and translational motion in the dipolar
case or chemical exchange and/or fast relaxation of one of
the spins in the scalar case.50 In solids, the OE requires the

共2兲

with

=

W2 − W0
,
W0 + 2WI + W2

共3兲

f=

W0 + 2WI + W2
,
W0 + 2WI + W2 + W0

共4兲

s=

具S0典 − 具SZ典
.
具S0典

共5兲

A. Continuous wave DNP polarizing schemes

There are presently four cw DNP mechanisms that have
been successfully applied to solids and liquids—the OE,1 the
SE,4,5,49 the CE,6,8,9 and TM.41 In particular, the OE has also
been used extensively in studies of liquids. Most of the applications of these DNP mechanisms have been performed at
low magnetic ﬁelds, and the theoretical treatments published
in the literature reﬂect this fact. In this section we present a
brief overview for each mechanism with an emphasis on
high-ﬁeld theory when available.

␥S
,
␥I

The coupling parameter  depends on the relative contributions of the scalar and dipolar couplings and can range from
−1.0 共pure scalar coupling兲 to 0.5 共pure dipolar coupling兲.
Therefore, the maximum enhancement in a liquid sample,
where the dipolar coupling governs the relaxation, is ⬃330,
whereas in 1D conductors an enhancement of 530 was
observed,51 which is very close to the theoretical value of
660.
The couplings on the other hand depend on the electron
Larmor frequency 0S and the degree of molecular motion
manifested in the correlation time . This dependence is plotted in Fig. 2, which illustrates that the process is inefﬁcient at
high magnetic ﬁelds. The experimental aspects of determining  are discussed in the articles of Hausser et al.,21 Armstrong and Han,53 Grucker et al.,54 and more recently by
Hoefer et al.52 The leakage factor f describes the nuclear
spin relaxation by the electron spins and can assume a value
between 0 共no relaxation due to the electron-nuclear cou-
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tions 关Fig. 1共d兲兴, the probability of which is proportional to
4q2.41 Since q is proportional to 0I, the transition probabil−2
ity and the enhancement scale with 0I
. This ﬁeld dependence has thus far restricted the utility of the SE in high-ﬁeld
DNP experiments.
Another issues of a practical nature which affects the
applicability of the SE is the fact that it requires a polarizing
agent with a relatively narrow EPR spectrum. In particular,
the homogeneous width ␦ and the inhomogeneous breadth ⌬
of the EPR spectrum have to be much smaller than 0I to
ensure that only one of the forbidden transitions is excited at
a time. Simultaneous irradiation of both transitions leads to
partial or complete cancellation of the polarization effect
caused by each transition, a situation known as the differential solid effect 共DSE兲.17
3. Cross effect/thermal mixing
FIG. 2. Dependence of the coupling parameter  on the electron Larmor
frequency 0S, the correlation time , and the factor ␤. The arrows point out
the difference in efﬁciency at 9 and 140 GHz for  = 25 ps. Figure adapted
from Loening et al. 共Ref. 50兲.

pling兲 and 1 共no other relaxation mechanisms兲. When the
electron transitions are saturated completely 共具SZ典 = 0兲, the
saturation factor s has a value of 1, although the saturation
achieved depends on the number of hyperﬁne lines in the
spectrum. This is important if polarizing agents based on
nitroxide radicals are used. Due to the large electron-nitrogen
hyperﬁne coupling 共⬃50 MHz兲, the EPR spectrum shows a
well-resolved doublet 共for 15N, I = 21 兲 or triplet 共for 14N, I
= 1兲, as opposed to the trityl radical featuring only a single
EPR line.
The contribution of the scalar coupling can attenuate the
enhancement if there is a concurrent time-dependent spin
exchange. This can be described by an additional factor ␤,
which can vary between 0 共no contribution of the scalar coupling兲 and 1 共large contribution of the scalar coupling兲. This
dependence is shown in Fig. 2 for a number of different
values of ␤.
2. Solid effect

The solid effect is a two-spin process, which relies on
the mixing of states caused by the nonsecular component B
of the hyperﬁne coupling.41 The Boltzmann population distribution at thermal equilibrium is shown in Fig. 1共b兲.
The pseudosecular term B in the Hamiltonian contains
terms of the form SZI+ and SZI− that lead to a mixing of the
states of the system. The new mixed states are 兩1⬘典 = 兩1典
+ q兩2典, 兩2⬘典 = 兩2典 − q兩1典, 兩3⬘典 = 兩3典 − q兩4典 and 兩4⬘典 = 兩4典 + q兩3典. The
coefﬁcient q can be calculated by ﬁrst order perturbation
theory and is given by11
q=−

3 ␥ S␥ I 1
sin  cos e−i ,
4 0I r3

共6兲

where r, , and  are the polar coordinates describing the
electron-nuclear vector. Irradiation at 0S + 0I or 0S − 0I
leads to zero-quantum 关Fig. 1共c兲兴 or double-quantum transi-

The CE was ﬁrst described in the 1960s by Kessenikh et
al.,6,7 a few years later by Hwang and Hill8,9 and then by
Wollan.10 Unlike the SE, this new mechanism was based on
allowed transitions and involved the interaction of electron
spin packets in an inhomogeneously broadened EPR line.
Treatments of a similar effect, called thermal mixing, in a
homogeneously broadened EPR line appeared a few years
later.11,55–57 The intermediate case of an EPR line broadened
by both homogeneous and inhomohogeneous interactions
was treated by Wollan.10 This early theoretical work considers the CE/TM mechanisms at low magnetic ﬁeld only, and it
is only recently that the CE and TM have been used for DNP
at high magnetic ﬁelds.15,58–61 Although they are the most
efﬁcient cw irradiation mechanisms known today, the theoretical framework describing them is not yet complete.
At high magnetic ﬁelds, the CE is deﬁned as a three-spin
process, which involves the interaction between two dipolar
coupled electrons with EPR frequencies 0S1 共electron spin
1兲 and 0S2 共electron spin 2兲 that satisfy the relation60

0S2 − S01 = 0I .

共7兲

This is the dominant mechanism when the EPR line is inhomogeneously broadened by the g anisotropy and the electrons are weakly coupled via electronic cross relaxation.
The CE requires that the inhomogeneous breadth ⌬ of
the EPR spectrum is larger than the nuclear Larmor frequency 0I to satisfy the condition that there are two molecular orientations, resulting in two effective EPR resonance
frequencies, separated by the correct frequency. At the same
time, the homogeneous width must satisfy the condition ␦
⬍ 0I. This condition is achieved when biradicals are used as
polarizing agents, where the presence of a dipolar coupling
between the two electrons can dramatically improve the efﬁciency of the DNP effect. In contrast, the TM mechanism
involves a homogeneously broadened EPR line arising from
multiple dipolar coupled electrons. Here, the condition ␦
⬎ 0I is satisﬁed. This condition implies that at high magnetic ﬁelds the concentration of the polarizing agent must be
high, which could unfortunately compromise the resolution
in a MAS NMR experiment.
The thermal equilibrium spin population for a three-spin
system is shown in Fig. 3共a兲. Note that there is no degen-
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larization 共HHCP兲 are more efﬁcient and do not show a ﬁeld
dependence of the polarization transfer with increasing magnetic ﬁeld strengths.64
Currently, HHCP is an essential pillar in the standard
repertoire of techniques in ssNMR spectroscopy, where the
large polarization of one nucleus 共e.g., 1H兲 is transferred to
another nucleus 共e.g., 13C, 15N兲.65,66 This requires irradiating
both nuclei with rf ﬁelds, and the rotating frame Hartmann–
Hahn matching condition, given by

1I = 1S ,

FIG. 3. Population distribution at thermal equilibrium for a general threespin system 共a兲. Saturation of the allowed EPR transitions for one of the
dipolar coupled electrons 共0S1兲 leads to negative enhancement 共b兲. Saturation of the transition corresponding to the second electron 共0S2兲 leads to
positive enhancement 共c兲.

eracy present in the general case. However, when the appropriate polarizing agent is used, i.e., when there are two dipolar coupled electrons separated in frequency by 0I, levels 兩4典
and 兩5典 or 兩6典 and 兩3典 become degenerated 关Figs. 3共b兲 and
3共c兲兴. Irradiation of 0S1 saturates the EPR transitions for
one of the two dipolar coupled electrons, and the CE transitions 共CE兲 ensure that there is a negative enhancement of
the nuclear polarization 关Fig. 3共b兲兴. Similarly, irradiation of
the other EPR transition 共0S2兲 leads to positive enhancement 关Figure 3共c兲兴.
Since the linewidth of the EPR spectrum scales with the
magnetic ﬁeld, the degeneracy condition becomes more difﬁcult to satisfy at higher magnetic ﬁelds. As a result, enhancements scale as B−1
0 . Despite this unfavorable ﬁeld dependence, the CE/TM mechanisms have been used
successfully to polarize biological solids at high magnetic
ﬁelds.62,63
The TM effect is usually treated from a thermodynamic
point of view, based on the concept of spin temperature.55
The electron-nuclear spin system can be described as a set of
three interacting baths, each characterized by a spin temperature: the electron Zeeman system 共EZS兲, the electron dipolar
system 共EDS兲, and the nuclear Zeeman system 共NZS兲.15 Off
resonance irradiation of the allowed EPR transition results in
a large polarization gradient across the EPR line, which is
equivalent to cooling the EDS. This bath is in thermal contact with the NZS, which is also cooled in an energyconserving three-spin electron-electron-nuclear exchange
process, leading to DNP enhancement. The TM process can
be direct, i.e., the enhancement is caused by the direct coupling between the NZS and the EDS, or indirect, when both
allowed and forbidden transitions are induced.11 However,
compared to the CE, the TM effect is less efﬁcient and results in smaller enhancements.
B. Pulsed DNP

In principle, pulsed DNP experiments based on coherent
polarization transfer such as the Hartmann–Hahn cross po-

共8兲

has to be satisﬁed. In Eq. 共8兲, 1I/S is the ﬁeld strength of the
applied rf ﬁeld and I and S denote two different spins. In
ssNMR experiments involving spin- 21 nuclei, the rf ﬁelds are
sufﬁciently strong that they dominate all other interactions.
This permits the excitation of the entire NMR spectrum and
efﬁcient spinlocking of both spin species. Therefore, the
Hartman–Hahn condition 关Eq. 共8兲兴 can be easily fulﬁlled.
In contrast, the g anisotropy and hyperﬁne interactions
can lead to large inhomogeneous broadening of high-ﬁeld
EPR spectra, and their spectral breadth ⌬ can easily exceed
several hundred megahertz. Furthermore, usually, the w
ﬁeld strengths are one to two orders of magnitude smaller. As
a result, the matching condition in a electron-nuclear crosspolarization 共eNCP兲 experiment cannot be achieved by simply adjusting the w 共1e兲 and rf ﬁeld strengths 共1I兲. Thus,
off resonance effects of the electron spin must be considered
in analyzing the problem.
Another substantial difference with the HHCP scheme
used in NMR is related to the relative concentrations of both
spin types. NMR-CP experiments are typically performed by
transferring polarization from a network of abundant high-␥
spins I to dilute low-␥ spins S. Thermodynamic arguments
suggest67 that efﬁcient CP transfer in a single thermal contact
between the I and S spins is possible only if NI Ⰷ NS, with NI
and NS the spin concentrations of the I and S spins, respectively. In this case, the signal enhancement in HHCP of the S
spins is given by67
=

冉 冊

NIⰇNS
1
␥I
␥I
⬇
,
␥S
␥S 1 + NS/NI

共9兲

and the full ratio ␥I / ␥S can be transferred. However, in eNCP
the concentration of unpaired electrons from the polarizing
agent 共the high-␥ spins兲 is typically four orders of magnitude
lower than the 1H concentration. This leads to an enhancement of  ⬍ 1 and only a small fraction of the 1H polarization
can be transferred in a single CP step. Fortunately, the much
shorter electron relaxation time T1e 共⬃ms兲 allows for multiple CP contacts within the nuclear relaxation time T1n 共⬃s,
pumping of polarization兲. This argument is also valid for cw
DNP mechanisms such as the SE or TM/CE where a low
concentration of electrons is used to polarize a much larger
population of nuclear spins.
Pulsed DNP schemes can be divided into two groups: 共1兲
those which involve both coherent w pulses and cw irradiation and 共2兲 schemes which are based purely on coherent
w pulses.
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1. DNP based on pulsed and cw μw irradiation

Rotating frame DNP (RF-DNP). The idea upon which
rotating frame DNP is based originated with experiments
performed by Bloembergen and Sorokin on a single crystal
of CsBr. In this case, the transverse Cs magnetization was
developed by cooling the rare 133Cs spins in the rotating
frame with a 133Cs spin lock pulse, while simultaneously
irradiating the abundant 79Br spin with a rf ﬁeld of frequency
 = Br ⫾ ␥CsB1,Cs.68
Wind et al. applied this approach to an electron-nuclear
system
at
low
magnetic
ﬁelds
共B0 = 1.4 T,
0S / 2 = 40 GHz兲.69,70 Subsequently, rotating frame DNP
was shown to function at high magnetic ﬁelds 共B0 = 5 T,
0S / 2 = 140 GHz兲.71
In rotating frame DNP experiments, CE or SE experiments are performed in the nuclear rotating frame, where the
transition probabilities of forbidden transitions are greatly
enhanced. This results in more efﬁcient polarization transfers
from the electron spin system to the nuclear spin system with
short electronic/nuclear irradiation times. Furthermore, no
Hartmann-Hahn matching condition is required, which is often difﬁcult to achieve for electron-nuclear spin systems due
to the large mismatch in gyromagnetic ratios.
Integrated solid effect (ISE). As mentioned above, the
SE becomes inefﬁcient in the case ␦ Ⰷ 0I, since simultaneous saturation of the forbidden transitions at 0S ⫾ 0I will
cancel the polarization effect. However, if a forbidden EPR
transition can be selectively inverted, prior to saturation of
an allowed transition, the polarization effect can be recovered. This approach is known as the ISE, introduced by Henstra et al..17,18
ISE experiments can be performed by inversion of the
forbidden transition using a selective  pulse, at a frequency
0S ⫾ 0I, followed by irradiation on resonance. A second
possibility is to perform a magnetic ﬁeld sweep through the
entire EPR line, while simultaneously applying cw microwave irradiation at a constant frequency 0S. At sufﬁcient
w power, each electron spin packet experiences an adiabatic fast passage, leading to an inversion of the electron spin
polarization. Just before this inversion, the condition for the
forbidden transition 0S ⫾ 0I is fulﬁlled. This will be referred to as the adiabatic-ISE. To date, ISE experiments were
performed at low magnetic ﬁelds 共9 GHz兲 using either electrons to polarize 29Si nuclei or transferring the high polarization of a photoexcited triplet to surrounding protons.18,73,74 In
Fig. 4 we show an ISE build up curve for the adiabatic-ISE.
In this experiment the 29Si signal in p-type Si at 1.2 K is
detected and a factor ⬃20 larger enhancement is obtained in
an adiabatic-ISE as opposed to the DSE.
However, both the ISE and the adiabatic-ISE have certain limitations. In particular, the ISE requires high-power
w pulses to excite a large number of spin packets, and the
appropriate w sources are currently not available at high
w frequencies. In contrast, the adiabatic-ISE requires a fast
magnetic ﬁeld sweep. Adiabatic ﬁeld sweeps are easy to perform at low magnetic ﬁelds but technically more demanding
at high magnetic ﬁelds, since superconducting sweep coil
couples strongly to the main and shim coils and distort the
homogeneity of the magnetic ﬁeld required for high-

FIG. 4. Top: Growth of the nuclear polarization 共open circles—DSE, closed
circles—ISE兲. Figure adapted from Henstra et al. 共Ref. 17兲. Bottom: Enhancement of the nuclear spin polarization as a function of the spin locking
time L in a NOVEL experiment. Figure adapted from Henstra et al.
共Ref. 72兲.

resolution spectroscopy. However, despite these current limitations, the ISE is an appealing approach because of the large
enhancements that can be achieved.
2. DNP based on coherent pulses

Nuclear spin orientation via electron spin locking. In a
NOVEL experiment, the electron magnetization is locked in
the electron rotating frame via an electron spin locking sequence. If the ﬁeld strength of the locking pulse is adjusted
such that 1S = 0I, the rotating frame/lab-frame Hartmann–
Hahn condition is fulﬁlled and polarization can be transferred to the nuclei in the presence of a dipolar coupling.
NOVEL was independently introduced by Henstra et al. and
Brunner et al..16,75 Figure 4 共bottom兲 shows the nuclear polarization buildup curve for a NOVEL experiment in which
the electron polarization from pentacene guest molecules in a
photoexcited triplet state is transferred to 1H of the naphthalene host crystal. An enhancement of 220 is achieved after a
spin locking time L ⬍ 0.5 s.
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As in NMR-CP, the polarization transfer is driven by the
zero-quantum 共S+I− + S−I+兲 or the double-quantum operator
共S+I+ + S−I−兲. In the case of on resonance w irradiation
共⍀S = 0兲 but arbitrary hyperﬁne coupling, the matching condition is given by
2
2
2
+ 共A/2兲2 − 1I
⬇ ⫾ 冑1S
+ 共A/2兲2 .
⍀I ⬇ ⫾ 冑1S

FIG. 5. Illustration of the electron 共S兲 and nuclear 共I兲 spin effective ﬁelds.
The effective ﬁelds belonging to the EPR and NMR transitions are no longer
equal. Therefore, four effective ﬁelds are needed to accurately describe the
two-spin system.

So far, NOVEL experiments have only been performed
at 9 GHz w frequencies, where high-power w sources
and ampliﬁers are available.72,74,76–78 At higher magnetic
ﬁelds, and therefore higher nuclear Larmor frequencies,
much higher w ﬁeld strengths are required. For example, at
5 T the 1H Larmor frequency is 211 MHz, which must be
matched by 1S. However, the current technology used in
high-ﬁeld EPR experiments, which is based on Gunn and
impact ionization avalanche transit-time 共IMPATT兲 diodes,
produces w ﬁeld strengths of only a few megahertz. With
the availability of high w power at high frequencies 共e.g.,
provided by extended interaction klystrons79 and gyrotron
ampliﬁers兲, this method may become more generally useful
since it provides a simple polarization scheme without the
requirement of additional rf pulses.
Dressed-state solid effect. The Dressed State SolidEffect experiment, introduced by Weis et al.,19,80 is based on
simultaneous, near resonant w and rf irradiations. The selective excitation of dressed state transitions generates
nuclear polarization in the nuclear laboratory frame on a time
scale of tens of microseconds and polarization transfer to
surrounding nuclei is possible even in the absence of nonsecular hyperﬁne coupling terms.
The DSSE is best understood in a doubly tilted rotating
frame. Given the limited w power at high frequencies, the
allowed EPR transitions are in general no longer excited with
the same w ﬁeld strength resulting in unequal effective
␣,eff
␤,eff
ﬁelds 1S
and 1S
共see Fig. 5兲. As a result, the transformation into the electron 共nuclear兲-tilted frame is no longer
possible with a single angle S/I per spin type.
As Figure 5 shows, the conditions matched for CP include four effective ﬁelds. The general matching condition
for the DSSE experiment is given by

共11兲

In this case, the width of the Hartmann–Hahn condition is
determined by the distribution of hyperﬁne couplings and
should allow for hyperﬁne selective polarization transfer. For
兩⍀I兩 ⬇ 1S, only nuclei with weak couplings A ⬍ 1S 共bulk
nuclei兲 are expected to be polarized.
Figure 6 shows an example of the high-ﬁeld DSSE. The
eNCP condition was monitored indirectly through the electron spin echo intensity. Two peaks dispersed symmetrically
around the 1H Larmor frequency 0I are observed at all w
power levels. The positions of the satellites are w power
dependent and shift towards 0I when 1S is reduced. The
position of the symmetric peaks is in full agreement with the
matching condition for weakly coupled nuclei 关Eq. 共11兲 for
A → 0兴 and on resonance w irradiation. Furthermore, a
change in rf power does not result in a detectable shift or
broadening of the CP matching condition. However, a decrease in signal intensity is observed upon reduction of the rf
power indicating that the polarization transfer is faster for
larger rf ﬁelds 共Fig. 6, upper trace兲.
III. POLARIZING AGENTS

The mechanism governing the DNP experiment depends
strongly on the choice of the polarizing agent, and is inﬂuenced by factors such as the width of the EPR spectrum, the
radical solubility, the temperature dependence of relaxation
times, etc. In addition, the polarizing agent can be either
exogeneous 共a mono- or biradical or metal ion added to the

2
2
冑共⍀S + A/2兲2 + 1S
+ 冑共⍀S − A/2兲2 + 1S

冑

冑

2
2
˜ 1I
˜ 1I
= ⫾ 关 共⍀I + Ã/2兲2 + 
+ 共⍀I + Ã/2兲2 + 
兴, 共10兲

with the resonant offsets given by ⍀S and ⍀I, the w and rf
˜ 1I, and the hyperﬁne couﬁeld strengths given by 1S and 
pling constant given by A and Ã, respectively. While the
electrons experience the full hyperﬁne coupling strength A,
the nuclei are partially decoupled due to the w irradiation
resulting in a reduced hyperﬁne coupling Ã.81

FIG. 6. 140 GHz eNCP experiment on perdeuterated BDPA for various
settings of 1S 共1S / 2 = 1.75, 0.9, 0.5 MHz兲 and 1I 共1I / 2 = 100 kHz at
350 W兲. CP contact time was set to 3 S. Figure adapted from Ref. 19.
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SE DNP experiments. TEMPO is a nitroxide based radical,
which leads to the TM mechanism at sufﬁciently high concentrations, whereas its biradical derivatives, bis-TEMPOn-ethylene oxide 共BTnE兲 and 1-共TEMPO-4-oxy兲-3共TEMPO-4-amino兲-propan-2-ol 共TOTAPOL兲 induce the CE
DNP mechanism. These and similar nitroxide based free
radicals/biradicals have been used for both liquid- and solidstate bio-DNP since they are stable, unreactive, and soluble
in a wide variety of solvents. For example, TOTAPOL is
soluble in glycerol/water solutions and is currently the polarizing agent of choice for experiments involving proteins. In
addition to these g ⬃ 2 species, very successful DNP experiments have been performed with paramagnetic chromium
共V兲 based compounds, which were used in the preparation of
polarized targets for nuclear scattering experiments.87
A. Polarizing agents for the SE

FIG. 7. Chemical structures of three mono- and two biradical polarizing
agents used in high-ﬁeld DNP experiments.

system兲 or, in principle, endogeneous 共for example, a stable
radical present in a protein兲. There are many examples of the
use of exogeneous radicals as polarizing agents, and, to date,
the optimal enhancements in MAS experiments have been
achieved with biradicals dispersed in a glassy matrix.59,61 In
contrast only photo-CIDNP experiments have utilized endogeneous polarizing agents in solids.82,83 In solution DNP, the
polarizing agent can be dissolved in the solvent,50 attached to
a support while the solution ﬂows past it,24,84,85 or connected
to a bulky particle such Si and suspended in solution.86
Five of the molecules that have been frequently used for
polarizing agents in high-ﬁeld DNP experiments are illustrated in Fig. 7. Two of these, trityl and bis␣ , ␥-diphenylene-␤-phenyl-allyl 共BDPA兲, have either threefold or approximate threefold symmetry and yield EPR spectra that are relatively narrow. This makes them suitable for

The resolved SE requires that the homogeneous linewidth, ␦ of the radical is less than the nuclear Larmor frequency, 0I. This requirement ensures that the zero- and
double-quantum forbidden transitions are not excited simultaneously and there is no cancellation of the positive and
negative enhancement. Currently, only two radicals satisfy
this property at high magnetic ﬁelds, BDPA 共Ref. 88兲 and
trityl.89,90 BDPA has an inhomogeneous linewidth of ⌬
⬃ 20 MHz at 211 MHz 1H Larmor frequency and it was ﬁrst
used to study the SE in a polystyrene matrix.11,12,56,91 However, its utility for biological work is greatly limited by its
insolubility in aqueous solutions. In contrast, the trityl radical, developed by Nycomed/Amersham was originally designed for low ﬁeld OE imaging experiments.90,92 It is very
soluble in aqueous media, and because of its symmetry and
the absence of large 1H hyperﬁne couplings, it has a narrow
EPR spectrum that supports the SE. Furthermore, trityl has
been successfully used together with the HyperSense 共Oxford Instruments, UK兲 to polarize aqueous solutions.25
Figure 8共a兲 shows the 140 GHz EPR spectrum and the
ﬁeld dependent enhancement proﬁle of trityl 共⌬ = 42 MHz兲.
The experimental data were obtained in a MAS experiment

FIG. 8. 140 GHz EPR spectra and DNP ﬁeld proﬁles for 共a兲 trityl, 共c兲 TEMPO, and 共c兲 a mixture of trityl and TEMPO. The EPR spectra were recorded in
2
H6-DMSO/ 2H2O 60:40 w/w 共1 mM兲 at 20 K. The DNP samples were prepared in 2H6-DMSO/ 2H2O / H2O 60:34:6 w/w/w with a total radical concentration
of 40 mM 共90 K兲. The solid line represents a simulation of the experimental data. Figure taken from Hu et al. 共Ref. 60兲.
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on 13C-urea dispersed in 2H6-DMSO/ 2H2O / H2O = 60: 34: 6
共w/w/w兲 at 90 K. The positive and negative enhancements
correspond to the double- and zero-quantum SE transitions,
which are clearly resolved. The maximum enhancement is
⬃15, which is relatively small but consistent with data obtained from BDPA and expected from a SE mechanism at
high magnetic ﬁelds.
B. Polarizing agents for TM and CE

The TM and CE mechanisms are the dominant mechanisms when the breadth of the EPR spectrum is large compared to the nuclear Larmor frequency 共⌬ ⬎ 0I兲. If the EPR
spectrum is homogeneously broadened, the TM governs the
DNP process. The CE, on the other hand, is the dominant
mechanism when the EPR spectrum is inhomogeneously
broadened. Nitroxide based radicals/biradicals are very suitable for these mechanisms since their inhomogeneous EPR
spectral width ⌬ is ⬃600 MHz at a 1H Larmor frequency of
211 MHz.
Monomeric TEMPO at high concentrations exhibits partial homogeneous broadening in its EPR spectra,15 and DNP
is thought to proceed partially through the TM mechanism.
As illustrated in Fig. 8共b兲, the maximum and minimum enhancements observed are ⬃ ⫾ 50 at a magnetic ﬁeld strength
of 5 T 共140 GHz兲 using a TEMPO concentration of
艌40 mM.60 At a magnetic ﬁeld strength of 9 T 共250 GHz兲,
the enhancement factor decreases to  ⬃ 2013. However,
above this concentration, the electron-nuclear broadening becomes signiﬁcant and limits the resolution in the spectra.
In contrast, the CE is the dominant mechanism when the
intermolecular electron coupling is small and the intramolecular electron-electron dipole coupling is large 共⬃22 MHz
in the case of TOTAPOL兲. The biradical polarizing agents
shown in Fig. 7 are typically used in CE DNP experiments at
low concentrations 共⬃10 mM兲. Thus, the CE operates in the
limit ⌬ ⬎ 0I ⬎ ␦, where strongly coupled electron spin packets are present that effectively communicate with one another
and produce larger enhancements than those observed with
monoradicals.
The ﬁrst biradicals used for DNP belonged to the BTnE
series and consisted of two TEMPO moieties connected
through ehtylene glycol linkages.59 Depending on the length
of the tether 共n = 2, 3, or 4兲, the electron-electron dipolar
coupling increases from ⬃11 to ⬃ 22 MHz, which is a signiﬁcant improvement over the ⬃0.3 MHz intermolecular dipolar coupling observed in a 10 mM solution of monomeric
TEMPO. As a result, larger enhancements of  = 175⫾ 25
through the CE have been observed for the shortest member
of the series 共n = 2兲. The use of biradicals with stronger dipolar coupling and exhibiting greater enhancements also
means that a lower concentration of the polarizing agent can
be used, therefore reducing the residual paramagnetic broadening. Thus, while the enhancement obtained with BT2E increases by a factor of ⬃4, the overall electron concentration
can be reduced by a similar factor from 40 to 10 mM.
The ﬁeld dependent enhancement proﬁle for BT2E is
shown in Fig. 9共a兲 and it is slightly asymmetric with a positive maximum 共175兲 that is larger than the minimum

FIG. 9. 共a兲 Field proﬁle of TOTAPOL and BT2E recorded at 5 T 共90 K,
4 mm rotor兲. 共b兲 Enhancement proﬁle of 13C-urea 共2M兲 as a function of the
MW irradiation time in the presence of 3 mM TOTAPOL 共2.5 mm rotor兲.
Figures taken from Song et al. 共Ref. 61兲.

共−150兲, which likely reﬂects the asymmetry in the EPR spectrum. Despite its success, the BTnE series is not sufﬁciently
soluble in glycerol/water mixtures, which are the preferred
medium for biological samples and they have been succeeded by TOTAPOL 共see Fig. 7兲.61 This biradical consists
of two TEMPO moieties tethered with a three-carbon chain,
which leads to an average electron-electron dipolar coupling
of ⬃22 MHz. Although this biradical has a similar enhancement proﬁle to BT2E 关Fig. 9共a兲兴, it offers the very important
advantage of being soluble in aqueous media. This is
achieved by the hydroxyl and secondary amine moieties on
the tether and allows for its use in DNP experiments on
biological systems.
The TOTAPOL tether, like the BT2E biradical tether, is
conformationally ﬂexible, even though the tether in TOTAPOL is shorter and more rigid 共see Hu et al., this issue兲.
However, the average orientation of the g tensors of the two
electrons appears to be improved yielding an enhancement
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FIG. 10. Present state of vacuum electronic devices in terms of the ability of multiple devices types to generate average power at a certain frequency. Figure
taken from Granatstein et al. 共Ref. 93兲.

extrapolated to inﬁnite power of ⬁ = 335⫾ 65 while the corresponding number for BT2E is ⬁ = 260⫾ 55.
Figure 9共b兲 shows another interesting experimental result, which is the polarization buildup curve as a function of
the w irradiation time for a sample in a 2.5 mm 共as opposed to a 4 mm兲 rotor. The time constant characterizing the
buildup curve is ⬃9 s, approximately the nuclear T1 of the
sample. Note, however, that the maximum enhancement
achieved is 290, which is much larger than the enhancement
observed in a 4 mm rotor 共⬃170兲. This is most likely due to
improved w penetration into the sample.
Finally, we would like to point out a few strategies to
further improve polarizing agents available for DNP. The
ideal polarizing agent for the CE should have an EPR spectrum consisting of two narrow sharp lines separated by 0I in
order to satisfy the CE matching condition.10,60 Although
such a polarizing agent has not yet been reported, Hu et al.
proposed to approximate this situation by utilizing a narrow
line radical 共e.g., trityl or BDPA兲 tethered to a broad line
radical 共e.g., TEMPO兲. This idea can be validated with a
physical mixture of trityl and TEMPO,60 where the separation between the trityl line and the gyy component of TEMPO
is 225 MHz at 5 T, which closely matches the 1H Larmor
frequency of 211 MHz 关Fig. 8共b兲兴. The observed enhancement is ⬃160, an improvement of a factor of 4 over the
enhancement achieved with TEMPO alone 关Fig. 8共c兲兴. Thus,
biradicals utilizing this approach could offer even larger enhancements than are presently observed.
IV. INSTRUMENTATION

The implementation of DNP experiments requires the
addition of three pieces of instrumentation to existing NMR
spectrometers—namely, a suitable w source, a waveguide
to transmit the microwaves from the source to the NMR
probe, and a multiple frequency NMR probe 共typically 1H,
13
C, and 15N兲 with a waveguide to irradiate the sample. Furthermore, since DNP processes are most efﬁcient at low tem-

peratures, it is necessary to perform MAS at ⬍90 K, and for
dissolution or melting experiments, a means must be present
to dissolve or melt the sample. Finally, it is necessary to
irradiate the EPR spectrum at the position that produces the
maximum enhancement. This is conveniently done with either a sweep coil on the magnet or, in principle, by tuning the
microwave source. We now discuss each of these topics in
more detail.

A. Microwave sources

The w power requirement for DNP depends strongly
on the nature of the experiment to be performed. In DNP
experiments on static samples a high Q resonant w cavity
can be used since the sample size can be small compared to
the wavelength of the radiation. However, the sizes of conventional MAS rotors 共2.5– 4.00 mm兲 used in experiments
on biological systems are comparable to the wavelength of
the w 共0.65– 2.14 mm兲. Thus, placing a rotor and a rf coil
in a cavity signiﬁcantly lowers its Q. Furthermore, the w
ﬁeld strength 1S is directly related to the available w
power P and the quality factor Qw by

1S ⬀ c冑Qw · P.

共12兲

Therefore, high-power w sources are required for DNP experiments without a resonance structure.
Several excellent reviews are available describing w
sources, outlining the historical developments and giving future directions in w technology.93–95 In general, two different types of w sources can be distinguished: solid-state and
vacuum electronic devices. Figure 10 provides an overview
of high-frequency w sources available currently. However,
not all sources fulﬁll the requirements necessary for DNP or
EPR applications. As we will see below, gyrotrons 共cyclotron
resonance masers兲 are high-frequency vacuum electronic devices that have many desirable features for EPR and DNP
experiments.
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1. Solid-state and other low power devices

Currently, the majority of high-frequency w sources
used in cw, low-power pulsed EPR spectrometers, and in
some DNP experiments utilizing w cavities, are solid-state
devices. Typical examples include phase-locked Gunn diodes, IMPATT diodes or CO2 pumped far infrared 共FIR兲 lasers. Phase-locked Gunn diodes provide stable w irradiation of several tens of milliwatts. However, at higher w
frequencies 共⬎200 GHz兲, the available output power drops
dramatically 共e.g., ⬃5 mW at 400 GHz, Ref. 96兲 and IMPATT devices assume a more important role as w oscillators and ampliﬁers. They can operate in either cw or pulsed
modes and deliver powers of up to 500 mW at 140 GHz.
Despite their substantial complexity of operation, CO2
pumped FIR lasers have been used as low-power sources at
series of discrete frequencies in the range of
160 GHz– 3 THz.96,97 However, DNP/MAS experiments that
do not employ a resonant w structure require several watts
of w power that is available from vacuum electronic devices. Therefore, solid-state sources are not applicable.

2. Vacuum electronic devices

General. Vacuum electronic devices are w sources that
are able to generate high w power at high frequencies.
Extended interaction oscillators 共EIOs兲, extended interaction
klystrons 共EIKs兲, backward wave oscillators 共BWOs兲,
orotrons, and gyrotrons are several examples; some of them
have been used successfully in EPR spectroscopy. EIOs and
EIKs have been developed as remarkably powerful sources
operating at 95 and 140 GHz in cw and pulsed experiments.
They are capable of delivering up to 1.2 kW peak power
with pulse widths from a few nanoseconds to several
microseconds.79,98
BWOs 共or carcinotrons兲 are w devices operating in
both cw and pulsed modes. At 100 GHz, they can generate
more than 10 W in cw mode, and several kilowatts of pulsed
power. However, the output power shows a strong frequency
dependence and requires highly stabilized high-voltage
power supplies. Furthermore, at higher frequencies, the
available power drops dramatically93 共see Fig. 10兲.
Orotrons are nonrelativistic free-electron lasers, where
the w radiation is created when the electron beam passes
close to the surface of a metallic grating and moves perpendicular to its periodic rulings. The incoherent and weak w
beam is transformed into coherent and intense radiation in a
Fabry–Pérot resonator, and power levels up to 60 mW were
achieved at a w frequency of 360 GHz.99
The vacuum electronic devices described above are also
called “slow-wave” devices. In particular, the w irradiation
is created by modulating an electron beam that passes close
to a fragile interaction structure, whose size is on the order of
the w wavelength. As the power and frequency increase, so
does the power density, and the lifetime of the slow-wave
structure decreases since the interaction structure is easily
destroyed. This signiﬁcantly limits the lifetime of the slowwave structure especially at high-power levels. Although

there continue to be advances in technology, the current
power levels and lifetimes of these devices limits their use to
lower w frequencies.
Gyrotons. Gyrotron oscillators and ampliﬁers are “fastwave” devices that rely on a resonance phenomenon between
the modes of an interaction structure and the electron beam
in a magnetic ﬁeld. The resonator can be overmoded and, as
such, can have physical dimensions, which are much larger
than the operating wavelength. This permits high peak and
average power operation even at elevated frequencies without the risk of damage to the interaction structure.100
In the frequency range of interest for DNP/NMR 共presently 200– 900 MHz for 1H, corresponding to 140– 590 GHz
for electrons兲, the gyrotron is the only device demonstrated
capable of producing adequate power levels. There are now a
number of excellent introductory books on gyrotron
technology101–105 as well as several excellent review
articles.100,106
A gyrotron is a vacuum electronic device that operates in
a static magnetic ﬁeld. It functions as an electron cyclotron
resonance maser that emits coherent radiation near the relativistic electron cyclotron frequency, or its harmonics given
by

c = s

eB0
,
␥⬘mc

共13兲

with B0 the magnetic ﬁeld strength, e the electron charge, s
the harmonics of the operational mode 共integer兲, m the electron mass, c the speed of light, and ␥⬘ a relativistic mass
factor 共vide infra兲 given by

␥⬘ =

1

冑1 − v2/c2 ,

共14兲

with  the velocity of the electron. When other experimental
constraints are satisﬁed, the w frequency c is primarily
determined by the strength of the magnetic ﬁeld.
The physical layout of a gyrotron oscillator is shown in
Fig. 11 共left兲. The compact design of the tube makes it compatible with operation in close proximity to a NMR spectrometer. Electrons, which are emitted from a cathode located in the electron gun 关Fig. 11共1兲兴, are accelerated by a
high voltage 共10– 30 kV兲 applied between the anode and the
cathode and in the presence of an external magnetic ﬁeld
they start to gyrate 共rotate兲 about the magnetic ﬁeld lines.
While they move from the lower magnetic ﬁeld region at the
gun to the high-ﬁeld region in the center of the magnet along
the magnetic ﬁeld lines, they increase their rotational energy.
In the cavity region 关Fig. 11共5兲兴, a phenomenon referred to as
bunching leads to the generation of microwaves 共see Ref. 62
and references therein兲. The radiation excites a mode of the
cavity, causing stimulated emission, which leads to high efﬁciency emission and output power. The microwaves are
then extracted by a step-cut mode converter 关Fig. 11共6兲兴
through a cross bore in the magnet dewar and directed to the
NMR sample through a waveguide. Finally, the remaining
electron beam is collected in a water-cooled collector 关Fig.
11共9兲兴.
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FIG. 11. Left: Schematic of a gyrotron tube indicating its key components. Figure taken from Hornstein et al. 共Ref. 14兲. Middle and right: Photographs of the
460 GHz gyrotron.

Currently, two gyrotrons are operating in DNP experiments at 140 GHz 共Refs. 12 and 107兲 and 250 GHz 共Refs. 13
and 62兲 and the application that they have enabled will be
discussed below. A third device operating at 460 GHz 共corresponding to 700 MHz for 1H兲 is already operational14,108
and its incorporation into a DNP experiment is under way.
Figure 11 shows a photograph of the 460 GHz gyrotron.

B. Microwave waveguides

Low-loss w transmission lines are crucial for an efﬁcient delivery of the w irradiation. Unfortunately, fundamental waveguides become very inefﬁcient with increasing
w frequencies 共WR-08, ⬎8 dB/ m at 140 GHz兲. To minimize the loss, the w irradiation can be delivered in an oversized waveguide 共e.g., K band, WR-42, 0.7 dB/ m at
140 GHz兲. Near the NMR coil 共or cavity兲, the oversized
waveguide is then tapered down to the fundamental
waveguide.109 However, the overall loss will still be in the
range of several decibels.
With a corrugated waveguide, operating in the circular
HE11 mode, which has almost negligible Ohmic losses, the
efﬁciency can be dramatically increased.110 No additional
mode converters are necessary, since the gyrotron can be
designed to deliver this mode. Corrugated waveguide transmission lines are well-established and currently used in highfrequency EPR as well as in DNP applications.62,111,112 For
example, in the 250 GHz DNP spectrometer, the overall loss
of the transmission line is as low as 0.7 dB.62 Furthermore,
directional couplers are available to monitor the transmitted
and reﬂected w power.112

C. Probes used for DNP experiments

As mentioned above, DNP experiments on static samples
and in some liquid-state experiments can utilize small w
cavities in combination with low-power sources. In contrast,

DNP probes used for ssNMR MAS experiments cannot incorporate a w cavity, since the rotor containing the sample,
and the NMR coil spoil the Q of any cavity.

1. Probes with a resonant structure

In liquid-state DNP experiments, the sample size is kept
very small to avoid excessive w absorption by the solvent,
especially if the dielectric constant of the solvent is high
共e.g., water兲. At low w frequencies 共e.g., 9 GHz兲 polarization in a DNP experiment can be performed in a standard
TE102 rectangular EPR cavity.24,84 At high frequencies, the
cylindrical TE011 cavity ﬁrst proposed by Grinberg et al.113 is
commonly used in EPR experiments. However, the reduced
size of the cylindrical resonator 共e.g., 2.8 mm inner diameter
at 140 GHz兲 does not allow a NMR rf coil to be mounted
inside the resonator. An external rf coil in combination with
a slotted cavity, commonly used in high-frequency electron
nuclear double resonance 共ENDOR兲,109,114 suffers from a
dramatic loss of rf magnetic ﬁeld strength at the sample position. A more suitable double-resonance design for DNP and
ENDOR experiments is shown in Fig. 12 共left side兲.115 It was
originally proposed by Hyde116 and later used for ENDOR
experiments at X-band frequencies.117
The metal wall, which serves as a cylindrical cavity operating in the TE011 mode, doubles as the cavity and rf coil.
A ﬁxed and a movable plunger with metal plates complete
the cavity. Currently, this cavity operates at 140 GHz 共Ref.
115兲 and features a double-tuned rf circuit for irradiation at
1
H and 13C frequencies allowing rf ﬁeld strengths of 100 and
50 kHz, respectively. The w ﬁeld strength 1S is 2.5 MHz
at 15 mW w power. Using this cavity enhancement factors
of 400 were achieved in a DNP experiment at low temperatures 共20 K兲.115 The cavity can also be used in liquid DNP
experiments, since the electric ﬁeld at the sample position is
minimized.

052211-13

J. Chem. Phys. 128, 052211 共2008兲

Dynamic nuclear polarization at high ﬁelds

FIG. 12. 共Color online兲 Layout of DNP probes. Left: Probe used for DNP in liquids and solids. Figure adapted from Weis et al. 共Ref. 115兲. Right: Low
temperature MAS probe for ssNMR DNP experiments. 共1兲 Stator, 共2兲 Sample, 共3兲 Miter bend, 共4兲 Inner conductor, and 共5兲 Outer conductor. Figure adapted
from Barnes et al. 共Ref. 118兲.

2. Probes without a resonant structure

Historically, two different designs were used in DNP/
MAS experiments. In the design featured by Schaefer and
McKay, operating at 40 GHz, the w irradiation is applied
along the rotor axis.91 The same design was later used at
140 GHz.109 However, the w irradiation is highly attenuated parallel to the sample length, since the length of the
rotor is a few centimeters. In current designs, the microwave
irradiation occurs perpendicular to the rotor axis.119 A
slightly modiﬁed design operating at 60 GHz was recently
introduced by Cho et al.,120 while in the design of Wind et al.
operating at 40 GHz, a horn-antenna/reﬂector combination
was used.119 At higher frequencies 共⬎140 GHz兲, the microwaves are usually launched between the turns of the NMR
coil due to space restrictions. Figure 12 共right兲 gives a schematic overview of a DNP probe for MAS-NMR experiments.
A saphire rotor containing the sample 共shown in purple兲 resides inside the MAS stator. The inner conductor of the
transmission line doubles as a corrugated waveguide, and
connects to a mitered, metal-mirrored assembly that terminates perpendicular to the rotor axis 1 cm from the sample.
Since the w are delivered as a Gaussian beam in a corrugated waveguide, the beam can be focused by carefully adjusting the miter bend on top of the probe to achieve optimum enhancements.
One major challenge of the rf circuit of a low temperature probe is to maintain the ability to tune the resonant
circuit even at low temperatures. This can be done by locating all variable tuning elements outside the probe at room
temperatures and delivering the rf power using a transmission line.121

Low temperature spinning is accomplished by using cold
drive and bearing gas, and the excellent thermal conductivity
of sapphire at low temperatures insures a uniform sample
temperature. The gas is cooled in a heat exchanger and the
cold gas is delivered by cryogenic transfer lines.122 Using
nitrogen for spinning, temperatures as low as ⬃85 K are
achieved. To reach temperatures as low as ⬃15 K, helium
gas is used.58,123,124
D. Superconducting magnets

For DNP experiments, the w frequency or magnetic
ﬁeld strength is adjusted to maximize the enhancement.
Since gyrotrons and other high-frequency w devices operate at a ﬁxed frequency, it is necessary to sweep the magnetic
ﬁeld. Furthermore, if the ﬁeld proﬁle of a polarizing agent
needs to be recorded, the system should be equipped with a
ﬁeld-lock system.125 In such a system, the NMR signal of a
small liquid sample 共e.g., water兲 is monitored, allowing the
ﬁeld determination to very high accuracy.
V. APPLICATIONS

After the initial experiments demonstrating the ability to
enhance nuclear spin polarization, DNP in solids largely became the province of high-energy physics.40 Thus, for many
years, the main application of the technique was in experiments performed at low temperatures aimed at producing
polarized targets used to investigate the spin dependence of
nuclear forces in scattering experiments. These experiments
continue today.
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A different application of DNP was stimulated by the
introduction of Hartmann–Hahn cross polarization to highresolution ssNMR.64,65 In this case DNP was used to enhance
the polarization of 19F in CaF2, and this polarization was
subsequently transferred to the rare 43Ca spins for
observation.126 This experiment was the predecessor to much
of the research currently in progress.
In the 1980s DNP and MAS were integrated into experiments designed to enhance the 13C signal in the studies of
several samples including polymers, carbonaceous materials,
diamond, etc.11,91,127 However, for reasons outlined above,
essentially all of these applications were limited to low frequencies and mostly to experiments that demonstrated the
ability to enhance signal-to-noise ratio. Here, we focus on
some more recent applications to biological solids, liquids,
and pulsed DNP.
A. DNP applications to biological solids

Hall et al.58 reported the ﬁrst successful application of
DNP to enhance ssNMR MAS spectra of biological macromolecules. In this experiment, a sample of 15N-Ala-labeled
T4 lysozyme was polarized and the DNP enhanced 15N
solid-state CP/MAS spectra was recorded. An enhancement
of ⬃50 was achieved for the alanine amide 15N signals. The
experiments were performed in a frozen, glassy, aqueous solution of glycerol/water 共60/ 40, w/w兲 using 4-aminoTEMPO as the polarizing agent. Aqueous glycerol solutions
form a glass upon cooling and have been successfully used
as cryoprotectants for biological samples at low
temperatures.128 Thereafter, the method was applied to
record 1D spectra of other systems of biological interest—
ﬁlamentous bacteriophages, purple membranes,129 and membrane and soluble proteins.130
Since the gyrotron provides a stable high-power source
for w irradiation, it is possible to integrate high-ﬁeld DNP
into state-of-the-art multidimensional ssNMR MAS experiments to obtain enhanced sensitivity. This was ﬁrst demonstrated with two-dimensional 共2D兲 high-ﬁeld DNP enhanced
correlation spectra of 关U – 13C , 15N兴 proline at 140 GHz
共211 MHz for 1H兲 共Ref. 131兲 and subsequently at 250 GHz
共380 MHz for 1H兲.13
More recent applications have focused on the areas of
amyloid and membrane protein spectroscopy where ssNMR
MAS experiments are the method of choice for structural
studies. As illustrated in Fig. 13, high-ﬁeld DNP can also be
used to enhance NMR spectra of amyloid-forming
peptides.63 The samples consist of nanocrystals of the
amyloid-forming peptide GNNQQNY7–13, derived from the
yeast prion protein Sup35p, dispersed in a glycerol/water
matrix containing the biradical polarizing agent TOTAPOL.
The crystals have an average width of 100– 200 nm, and
their known crystal structure132,133 suggests that the size of
the biradical precludes its penetration into the crystal lattice.
This was conﬁrmed by the observation that 1D 15N spectra
of the nanocrystals did not broaden even in the presence of
high concentrations of polarizing agent 共up to 50 mM TOTAPOL, corresponding to 100 mM electrons兲. Thus, polarization from the glycerol/water solvent diffuses over the di-

FIG. 13. DNP-enhanced 13C – 13C DARR/RAD correlation spectrum of
关20% U – 13C, 15N-GNNQ兴QNY nanocrystals. Figure adapted from van der
Wel et al. 共Ref. 63兲.

mensions of the crystal and results in an enhancement of the
13
C signals by a factor of ⬃120. The large signal enhancement facilitated the acquisition of a 2D 13C – 13C homonuclear correlation spectrum, an experiment that would have
been impossible in the absence of DNP. The spectrum,
shown in Fig. 13, was acquired with 6 ms spin diffusion time
and the total acquisition time was 20 min. The linewidths of
the peaks are likely governed by 13C – 13C J couplings and
n = 0 rotational resonance effects.134
More recently, 250 GHz DNP was used to study bacteriorhodopsin 共bR兲, a 248-residue integral membrane protein
that functions as a light-driven ion pump.62 The protein encapsulates an all-trans chromophore, which is attached to the
protein via a Schiff base linkage lys216. To study a particular
photocycle intermediate, the sample is irradiated with the
optimal wavelength of light at a suitable low temperature. In
the next step, the sample is cooled further to ⬃90 K where
the attenuated electronic and nuclear spin-lattice relaxation
renders the polarization transfer more efﬁcient.
Since the instrumentation is very stable, 2D spectra can
be recorded over a period of several days. A typical 2D
15
N / 13C correlation spectrum illustrating this point is shown
in Fig. 14. Because of the excellent signal-to-noise ratios, it
was possible to observe cross peaks between the 15N Schiff
base and C-15, C-14, C-13, and C-20 on the retinal and with
C and C␦ of lys216. The spectrum in Fig. 14 was recorded
in approximately 12 h and allowed the assignment of most
retinal resonances in a single experiment. This would not
have been possible without the factor of ⬃90 signal enhancement. Further experiments on the other photocycle intermediates of bR will be reported elsewhere.
B. DNP in liquid phase
1. Direct polarization

To date, the OE is the only mechanism available to directly polarize liquids. Since the OE becomes less efﬁcient at
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FIG. 14. Schiff base region of a typical 2D Lys-N-Ret.-C15-CX correlation spectrum 共DAR/RAAD兲 of 关U – 13C, 15N兴-bR in the light adapted state 共bR568兲.
Multiple chemical shift assignments result from a single experiment. r / 2 = 7 kHz. Figure taken from Bajaj et al. 共Ref. 62兲.

higher magnetic ﬁeld, one strategy to perform DNP on liquid
samples is to polarize at low magnetic ﬁelds and perform the
NMR experiment at high magnetic ﬁelds. To transfer the
sample between high and low magnetic ﬁelds a ﬂow system
can be used.
In the late 1980s, the ﬁrst ﬂow experiments were carried
out by Dorn and co-workers. Initially, the polarization and
detection was performed in the same magnet, at a frequency
of 9.3 GHz 共0.35 T, 14 MHz for 1H兲 and enhancement factors for 1H of up to  = −90 were obtained.23,84 Later, the
detection was performed at a magnetic ﬁeld of 4.7 T
共200 MHz for 1H兲 in a separate magnet85 yielding enhancement factors of  = −30. In these experiments, the polarizing
agent was either diluted in the sample 共liquid-liquid intermolecular transfer, L2IT兲 or immobilized on silica gel 共solidliquid intermolecular transfer, SLIT兲. The same technique
was shown to yield large enhancements for 13C 共Refs. 135
and 136兲 and 15N 共Ref. 137兲 nuclei.
Recently, McCarney et al. used the SLIT experiment to
polarize water for possible use in MRI experiments.24 These
experiments showed that the hyperﬁne coupling of the nitroxide has to be taken into account for an accurate description of the Overhauser effect.53
2. Temperature jump experiments

A different strategy to obtain DNP enhanced spectra of
molecules in solution is to perform the polarization at low
temperatures in the frozen, solid state and then quickly melt
the sample and record the liquid-state NMR spectrum. In this
case, the enhancement, deﬁned as †, is determined by the
intensity of the DNP signal  at the irradiation temperature
共Tw兲 relative to the signal due to the Boltzmann polarization
recorded at 300 K 共Tobs兲. Speciﬁcally since the polarization
is generated at low temperature, an additional factor of
Tobs / Tw has to be included in the calculation. Thus, † is
given by
† = 共Tobs/Tw兲.

共15兲

Currently, there are two experimental protocols that employ
this approach—the “dissolution” experiment and the in situ
temperature jump 共TJ兲 experiment.
Dissolution experiment. The dissolution experiment was
introduced by Ardenkjaer–Larsen et al.25 In this experiment,
direct polarization of 13C or 15N is performed at 1.2 K at a

w frequency of 94 GHz using a 200 mW Gunn diode
source. Furthermore, the EPR signal as well as relaxation
data can be obtained by longitudinal detection138 in the apparatus used for dissolution experiments.
Because of the low temperature, the low w power, the
long T1e of the polarizing agent, and the fact that 13C is
polarized directly, the polarization time is very long
共艌80 min兲. Subsequently, the frozen polarized sample is dissolved in superheated water. The sample is then shuttled to a
NMR spectrometer, where the liquid-state NMR experiment
is recorded. Enhancements of  = 163 共† = 44 400兲 for 13C
and  = 86 共† = 23 500兲 for 15N are reported for small molecules in a 1D experiment. Recently, the dissolution experiment was combinded with single-scan 2D NMR methods139
to record 2D NMR spectra of liquid within ⬃0.1 s.140
Although the dissolution experiment yields large values
of †, this arises mostly from the Boltzmann temperature
factor. In addition, the experiment has other limitations.
First, the polarized sample is diluted by a factor of ⬃150
when melted. Second, since a direct polarization is performed rather than via the 1H’s, it requires long periods.
Third, because of the requirement of shuttling to a second
magnet, it is not possible to rapidly repolarize the sample for
further signal averaging and there is an inherent loss in the
sample transfer. Because of the inability to recycle the experiment, many multidimensional liquid experiments are
more difﬁcult to implement, especially when the spectra are
wide and the gradients required for single-scan experiments
are large. However, the method has considerable potential as
an analytical tool to study small molecules and may be useful in imaging experiments.
In situ TJ DNP experiment. The in situ TJ experiment
introduced by Joo et al.26 is considerably different from the
dissolution experiment. Here, the 1H nuclei of the sample are
polarized at low temperatures 共90 K兲 using low concentrations of biradical polarizing agents.61 The 1H polarization is
then transferred to the low-␥ spins in a typical CP step and
the sample is melted with an infrared laser pulse. The enhanced signal is observed in the presence of 1H decoupling.
This scheme and the respective pulse sequence is summarized in Fig. 15共a兲. Currently, this method yields enhancements on the order of  = 133 共† = 400兲 for small molecules
such as urea. The entire cycle can be repeated in situ and
signal averaging can be performed as is customary in con-
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temporary NMR experiments. This is demonstrated in Fig.
15共d兲, where a series of 16 spectra acquired over a period of
40 min from a sample of 13C-proline is shown. It illustrates
that the instrumentation is sufﬁciently stable to reproduce the
intensities in the spectra to 5%.

C. Pulsed DNP

Apart from the pioneering work by Henstra et al. and
Brunner et al., there have been few publications using the
ISE or NOVEL reported. However, recently, it was shown
that NOVEL can be used to enhance the 13C NMR signal in
diamonds.76 This was done at 9 GHz, corresponding to a 13C
Larmor frequency of 3.5 MHz. It was shown that the polarization rate of the 13C nuclei in natural diamond is severely
limited by the spin-diffusion bottleneck created by the slow
rate at which ﬂip-ﬂop transitions occur among the diluted
13
C spins surrounding a paramagnetic impurity. Furthermore,
the concentration of the paramagnetic impurities plays a
dominant role in the polarization rate. A comparison of the
13
C polarization rates for the SE and NOVEL shows that, for
the same microwave power, the polarization rates are comparable at higher impurity concentrations. However, at low
impurity concentrations, the SE results in faster polarization
of the 13C nuclei.

J. Chem. Phys. 128, 052211 共2008兲

VI. FUTURE PERSPECTIVES

Although high-ﬁeld DNP has made signiﬁcant progress
towards evolving into a standard technique to study biological macromolecules, it remains a scientiﬁc ﬁeld with a large
potential for new developments both in theory and instrumentation.
Currently the water-soluble biradical TOTAPOL remains
the only polarizing agent that can be used in high-ﬁeld DNP
to study biological systems. Although the enhancement factors are already very large, there is ample room for improvements, together with a deeper understanding of the DNP processes at high magnetic ﬁelds. For example, the synthesis of
biradicals with more rigid tethers or radicals with narrower
lines could produce even higher enhancements. Furthermore,
a large number of biological macromolecules 共e.g., electron
transport proteins兲 have intrinsic paramagnetic centers,
which have yet to be exploited as potential polarizing agents.
In addition, a deeper understanding of the DNP processes at
high magnetic ﬁelds for these species would be necessary.
The last two decades witnessed signiﬁcant progress in
microwave technology. Many new solid-state sources operating at high microwave frequencies are available with increasing output power and improvements in gyrotron technology will lead to more compact and practical designs.
Liquid DNP will beneﬁt with new cavity designs, which

FIG. 15. 共Color online兲 In situ TJ-DNP experiment. 共a兲 Pulse sequence. 共b兲 13C-TJ-DNP NMR spectra of 13C-urea in 50% 2H6-DMSO and 50% water
共 2H2O / H2O = 4 / 1兲. 共c兲 13C-TJ-DNP NMR spectra of 关U – 13C6 , 2H7兴-glucose in H2O. D: 16 spectra of the CO resonance in 关U – 13C兴-L-proline resulting from
a series of TJ-DNP experiments. 共Below兲 average of the 16 spectra giving an improved signal-to-noise ratio. Samples contained 3 – 5 mM TOTAPOL biradical
polarizing agent corresponding to 6 – 10 mM electrons. The TJ-DNP spectra 共the top traces in each ﬁgure兲 were recorded with a single scan, while the RT
spectra were recorded with 256 共a兲 and 512 scans 共b兲.
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minimize electric ﬁeld heating and maximize w penetration. These innovations will also have a large impact on
high-ﬁeld EPR and ENDOR spectroscopy.
Currently solid-state DNP experiments are performed at
90 K because of the experimental convenience of using liquid nitrogen as the cooling gas. However, lowering the temperature can further increase the efﬁciency of the polarization processes. MAS/NMR experiments at helium
temperatures have been reported. 123,124 and their incorporation into DNP experiments is in progress.
Finally, since classical cw DNP schemes suffer from an
inverse ﬁeld dependence, the implementation of DNP at
higher magnetic ﬁelds should stimulate the development of
new polarizing mechanisms potentially based on a coherent
polarization transfer. In addition to these theoretical developments, time domain experiments will require w ampliﬁers
such as gyroampliﬁers operating at frequencies of 140 GHz
and above to provide coherent high-power microwave
pulses. With high w power available, experiments such as
the ISE, NOVEL, and DSSE will become possible or more
efﬁcient at high magnetic ﬁelds.
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