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ABSTRACT: This mini-review summarizes the evolving debate
regarding the origins of the absorptive features seen in the dynamic
nuclear polarization (DNP) spectra of certain monoradicals when
they are irradiated at their electron Larmor frequency. This feature
has drawn attention due to its reverse scaling with respect to the
magnetic field strength and potential for high-field DNP. Two
competing hypotheses have been introduced to explain the DNP
feature based on (1) the Overhauser effect and low-temperature
molecular dynamics and (2) radical clustering and a thermal mixing
mechanism. Since the original discovery, a large number of
experimental observations have been made in attempts to under-
stand and ultimately leverage the mechanism. We summarize these
observations and provide critical assessments of how the competing
hypotheses approach them.

1. INTRODUCTION
Over the past two decades, dynamic nuclear polarization (DNP)
has evolved into an important tool for studying the structure of
materials, catalysts, pharmaceuticals, and biomolecules.1−4

Specifically, DNP is used to enhance the sensitivity of nuclear
magnetic resonance (NMR) spectroscopy by mediating a
transfer of magnetization from electron spins to nuclear
spins.5 Because the electron’s magnetic dipole moment is
several hundred/thousand times stronger than that from a
typical nuclide, the enhancements that are achieved can be quite
transformative and enable previously unthinkable experiments.
Modern DNP spectrometers operating at high magnetic fields
commonly employ high-power continuous-wave (CW) micro-
waves (μw) (typically generated by vacuum devices)6,7 to
irradiate a particular allowed or forbidden electron paramagnetic
resonance (EPR) to trigger a DNP mechanism. Different DNP
mechanisms require different resonant conditions. This enables
scientists to design paramagnetic systems, typically organic
radicals, that will satisfy a particular condition or alternatively
use field- or frequency-swept DNP measurements to determine
the mechanism that is operational in a particular system.
There are four main mechanisms observed under continuous

μw irradiation, namely, the Overhauser effect (OE),8,9 the solid
effect (SE),10,11 the cross-effect (CE),12 and thermal mixing
(TM).13 For given paramagnetic species, one mechanism or
multiple mechanisms can act simultaneously, but each one
requires specific conditions. For instance, the solid effect (SE)
generates positive or negative DNP enhancements when
saturating the forbidden electron−nuclear double- or zero-

quantum transitions while the cross-effect (CE) instead requires
two interacting electron spins whose frequency is separated by
the nuclear Larmor frequency and the saturation of either of
these electrons’ EPR transition. Thermal mixing (TM) is
conceptually similar to the cross-effect but instead relies on
multielectron spin flips in an electron spin system that is
homogeneously broadened by electron−electron couplings.14

All three of the aforementioned solid state DNP mechanisms
lead to positive enhancements when ωμw < ωe and negative
enhancements when ωμw > ωe

15−19 (Figure 1) and, under magic
angle spinning, they rely on a coherent polarization transfer.20,21

The Overhauser effect (OE) is an incoherent mechanism that
relies on electron−nuclear cross-relaxation. It was the first DNP
mechanism to be postulated and observed but is less common in
modern DNP as it requires fast modulation of electron−nuclear
hyperfine couplings on the EPR time scale. The OE is typically
associated with DNP in liquids22,23 and conductors8,9,24,25

where the electrons are mobile. Unlike the other three
mechanisms, the OE effect only leads to a single extremum of
either positive or negative sign, depending on the mechanism
(Figure 1c; see also Theory).
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Up to 2014, it was generally thought that narrow-line (ωn >
Δωe) monoradicals dispersed in a dilute frozen solution
primarily generate a solid effect DNP mechanism. However, a
groundbreaking discovery in frozen solutions containing the
BDPA monoradical challenged this understanding. For such
samples, Can and co-workers not only observed the positive and
negative SEDNP enhancements but also a constant positive sign
enhancement when irradiating the EPR transition directly (see
Figure 2).26

Because the DNP field sweep profile agreed with only the
generally accepted DNP matching condition of the OE, the
feature was assigned to this mechanism. The authors attempted
to explain the source of the effect by explaining that BDPA
possesses large proton isotropic hyperfine couplings and
assumed the existence of a modulation close to the electron
spin Larmor frequency, which modulates the hyperfine
couplings. The presence of such modulations was supported
by the observed impacts of deuteration on the DNP enhance-
ments and confirmed with simulations. This analysis was
supported by the fact that the electron spins do relax (i.e.,
there exists a spectral density at the Larmor frequency of the
electron spin), and they were able to use this argument to
qualitatively simulate the experimental results. However, they
failed to explain the molecular origin of the modulation. Later, a
similar frequency profile was observed in a static sample at 1.2
K.27

This situation led to various groups proposing competing
explanations for the observed phenomenon. Specifically, it was
proposed that intramolecular vibrations, predicted by ab initio
calculations, may be enough to modulate intramolecular
hyperfine couplings and lead to cross-relaxation in BDPA (i.e.,
OE).28,29 It was later demonstrated that strong electron−
electron couplings in precisely arranged radical clusters can lead
to unbalanced TM DNP, and a purely absorptive DNP field
sweep profile, suggesting that the observed feature may instead
originate from electron−electron interactions.30

Since the original 2014 publication,26 new radicals have been
observed to produce OE-like DNP field sweep spectra and
numerous DNP and EPR experiments have been performed to
attempt to distinguish the proposed mechanisms. The goal of
this mini-review is to summarize the evidence that has been
obtained in support of the competing models and provide an
assessment of the current state of the debate. Considering the
complexity of the discussion and the level of expertise required
to understand the details behind each explanation, we will begin
by summarizing the underlying theory behind the OE, CE, and
TM mechanisms. We will then address each observation in turn
and how they may be explained by the competing theories.

2. THEORY
In the following section, we briefly describe the competing
mechanisms that have been postulated in contributing to the
central absorptive DNP feature that is the focus of this mini-
review. Specifically, these are the cross-effect, thermal mixing,
and the Overhauser effect. The solid effect will not be described
in detail as its signature, corresponding to enhancement
observed at the conditionsωe ± ωn ≈ ωμw, is easily distinguished
from the other mechanisms. The descriptions of the cross-effect
and thermal mixing mechanisms are based on a recent
description by Wenckebach.14,31

2.1. Cross-Effect. The cross-effect mechanism requires two
ingredients: electron spins interacting with one another and a
combined EPR line that encompasses the nuclear Larmor
frequency. The irradiation of the allowed transition ωμw = ωe
generates a difference in the electron spin polarization. This
polarization difference is transferred to the nuclei for the
electron spins that obey the matching condition:12,17,14,32

+ + = | |J D(2 )i j i j i j n,
2

, ,
2

(1)

The sign of hyperpolarization depends on whether the
highest- or lowest-frequency electron spin is saturated. The
description of this process is accurate for a three-spin system. In

Figure 1. Simulated18 DNP field sweep profiles expected for 1H hyperpolarization in the case of (a) the SE, (b) the CE/TM, and (c) the Overhauser
effect where the ZQ relaxation dominates (black) or the DQ relaxation dominates (red).

Figure 2. 1H DNP enhancement profiles measured for solutions
containing the BDPA and SA-BDPA radicals, displaying extrema from
the solid effect mechanism in addition to a positive enhancement when
the EPR transition is irradiated directly. Reproduced with permission
from ref 26. Copyright 2014 American Institute of Physics.
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a real sample, where the concentration is on the order of tens of
mM, the irradiation of the EPR line leads, by spectral diffusion,
to the creation of a gradient of polarization across the EPR line.
The polarization difference of each spin packet matching
condition (1) can then be transferred to the nuclei. This
mechanism is sometimes referred to as indirect cross-effect.33−35

Importantly, for the cross-effect, the EPR spectrum must be
inhomogeneously broadened; i.e., the EPR line can be separated
into spin packets which exchange polarization with one another
through spectral diffusion. When this spectral diffusion is slow
compared to the electron relaxation times, a gradient of
polarization occurs between the spin packets and it is possible
to “burn a hole” in the EPR line shape (see Figure 3). The

polarization difference of all spin packets matching condition
(1) is then transferred to the nuclei through triple spin flips
induced by the state mixing; however, not all spin packets will
have the same polarization difference and it is not possible to
define a single “non-Zeeman temperature” across the EPR line.
Due to the relative size of the electron−electron couplings, the
matching condition can often be accurately rewritten as.

| | = | |i j n, (2)

2.2. Thermal Mixing. Thermal mixing13 is a close sibling of
the cross-effect in the sense that it requires electron−electron
couplings to convert a polarization gradient toward nuclear
hyperpolarization, and the two mechanisms have recently been
presented in a unified framework.14,31 The major difference
between the cross-effect and thermal mixing is the rate of
spectral diffusion, which is dictated by the strength of the
interactions between electron spins. Thermal mixing occurs
unequivocally when the EPR line is homogeneously broadened,
which upon irradiation generates an electron non-Zeeman
temperature that equilibrates with the nuclear spin reservoir: the
thermal mixing consists in a flow of energy from the non-
Zeeman energy reservoir. The thermal mixing condition can be
approximated as

| + | | |J D2 i j i j n, , (3)

In this regime, also dubbed “scrambled states”,17,36,37 rapid
spectral diffusion leads to a mixing of electron polarization at a
rate that surpasses longitudinal relaxation. As a result, the
saturation of a packet of electron spins does not lead to a hole
being burnt into the EPR line shape but rather an inversion
about the frequency at which the saturation is applied (Figure
3).38,39 Given that spectral diffusion is largely temperature
independent while longitudinal relaxation is slowed at lower
temperatures, TM is typically observed to be a more prominent
mechanism at very low temperatures.19 Similarly to the cross-
effect, the polarization difference between electron packets
separated by the nuclear Larmor frequency is transferred to the
nuclear spins. When irradiation is applied in the center of the
homogeneously broadened line shape, no net polarization
difference is formed and no DNP enhancement is obtained;
however, when irradiation is applied to either side of the EPR
spectrum, the resulting polarization gradient is asymmetric and
either a positive or negative enhancement is obtained,
depending again on whether the high- or low-frequency side
of the spectrum is irradiated.
Due to the extensive statemixing, the process can be viewed as

a multielectron mechanism, while the cross-effect is most
accurately described as a two electrons process. This distinction
was made in recent work by Karabanov et al., who introduced a
numerical model using only 3 electrons and a nucleus that
exhibits thermal mixing.40 In their article, the accent is placed on
the fact that the dipolar coupling dominates the EPR spectrum
and that for each electron spin, there must be an asymmetry in
the dipolar couplings with the neighboring electron spins. The
model developed by Karabanov et al. appears simple, yet
powerful, as it could predict the behavior of trityl radicals
displaying thermal mixing. While there is often debate on
whether the TMor theCE is the dominantmechanism in a given
sample,19,41 it is generally agreed that TM occurs with trityls
which present both a positive and negative lobe (Figure 4) closeFigure 3. Example of the EPR spectra (black) and electron spin

polarization under μw irradiation (red) in the cases of inhomogeneous
broadening (top) and homogeneous broadening (bottom).

Figure 4. Increasing efficiency of thermal mixing of DNP as the radical
concentration is increased for trityl radical solutions. Reproduced with
permission from ref 42. Copyright 2020 American Chemical Society.
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to the EPR transition.40,42 A new mechanism called resonant
mixing has, however, recently been proposed as an alternative
explanation.43,44 For brevity, we will not cover resonant mixing
or classical thermal mixing results in this mini-review.
2.3. Overhauser Effect. The OE was the first predicted and

demonstrated DNP mechanism,8,9 with observations being
done with lithiummetal. The mechanism requires the saturation
of an allowed EPR transition, ωμw = ωe and the existence of
electron−nuclear cross-relaxation. More specifically, it relies on
the existence of an imbalance between the characteristic
relaxation time of the ZQ, T1,ZQ, and DQ, T1,DQ, transitions
and nuclear polarization enhancement can be obtained if these
rates differ (i.e., T1,ZQ ≠ T1,DQ). The OE can be simulated by
using a simple 1-electron-spin, 1-nuclear-spin system, whose
Hamiltonian in the laboratory frame is given by

= + + +

+
+ +H S I A S I A S I A S I

A S I

2e z n z z z z z z z

z

0
iso aniso aniso

aniso
(4)

At high magnetic fields, this imbalance is due to the relative
strengths of the isotropic, Aiso, and anisotropic, Aaniso, hyperfine
interactions. If we assume that the DNP process relies on a
second order effect (i.e., Redfield theory), the cross-relaxation
rates are given by45−47

+

+

T
A A J

A A J

1
( /5) ( )

( /5) ( )

aniso D e n

D e

1,ZQ
iso

2 2

iso
2

aniso
2

(5)

+
T

A J A J1 3
5

( )
3
5

( )D e n D e
1,DQ

aniso
2

aniso
2

(6)

where JD(ωe) is the spectral density of the fluctuation at the
electron spin Larmor frequency. Importantly, modulations of
the anisotropic hyperfine coupling accelerate DQ cross-
relaxation, while isotropic hyperfine coupling modulations
drive ZQ cross-relaxation, leading to opposite DNP enhance-
ment signs depending on whether the cross-relaxation involves
through-space or through-bond couplings.
All radicals that have been proposed to undergo OE DNP

seem to utilize isotropic hyperfine coupling modulations due to
electron or 1H shuttling (see Sections 2.3.1 and 2.3.2). Given
that these motions occur on a GHz time scale, nuclear Larmor
frequencies are effectively shifted by several MHz. This could
lead to a significant slowdown of the spin diffusion from these
protons to the solvent ones. However, the protons on the
radicals often possess various amounts of isotropic and
anisotropic components, yielding a gradient of resonance shifts.
This fact enables spectral overlap for protons on the radical and
in the surrounding solvent. Under MAS the spin diffusion inside
the radical and to the bulk is enabled by the nuclear dipolar rotor
events.48 Although this magnetization transfer has not been
evaluated in detail, it has been postulated as a viable
magnetization transfer path in the OE case.49

2.3.1. Mixed Valence Radicals. Mixed-valence (MV)
molecules are compounds with degenerate ground electronic
states. The molecules are well-known for their electron transfer
properties.29,50−53 They are commonly investigated experimen-
tally by UV−vis spectroscopy and variable temperature EPR
measurements, which provide estimates to the electron transfer
rates. By changing the temperature, it is possible to transition
from a high-temperature state, where two degenerate spin
positions are equally populated, to a low-temperature state,

where only one position is populated. Meaning that the
exchange is slow in the EPR time scales. However, electron
transfer processes can occur on a scale too fast to be resolved by
currently available EPR setups,54 but can provide an estimate for
a lower limit of the electron transfer rate.
During the electron transfer process, spin density is shuttled

between the two degenerate positions. This shuttling modulates
isotropic hyperfine coupling constants because they are directly
proportional to the electron spin density at the position of the
nuclei.28,29,55 These fluctuations occur at the frequency of
electron transfer in MV compounds, potentially leading to ZQ
electron−nuclear cross-relaxation and positive OE DNP
enhancements. The electron transfer frequency is determined
by the mechanism involved in the charge transfer. These can
either be a charge transfer band, which is commonly found in the
UV−vis range, or a quantum tunneling mechanism through the
energy barrier separating the degenerate state energy along the
electron transfer coordinate.

2.3.2. Methyl Dynamics. OE DNP mechanisms have also
been proposed to occur in conjugated radicals containing
methyl moieties.49 In such systems, the spin densities on the
methyl 1H nuclei and thus their isotropic hyperfine couplings are
dependent on the phase of the methyl group. Protons positioned
along the node of a conjugated radical’s spin density function
will have zero hyperfine coupling, while those oriented
perpendicular to the molecule’s plane will typically have large
isotropic hyperfine couplings. Motions of the methyl group thus
lead to a modulation of the hyperfine coupling constant and in
turn cross-relaxation.
The potential relevance of methyl rotations and librations as

they pertain to Overhauser DNP were recently reviewed.56 The
rates of the motions have been evaluated using models based on
the rolibrational wave function of a methyl group. These
mechanisms can lead to dynamics in the hundreds of GHz time
scale required for high-fieldOEDNP; however, these depend on
the barrier for the rotation of the methyl group. For a 7-methyl
functionalized Blatter radical system, both rotations and
librations were found to lead to high cross-relaxation rates;
however, the classical rotations could be frozen at ultralow
temperatures. In a low-temperature regime, zero-point librations
dominate the mechanism, which is conceptually similar to the
mechanism proposed for mixed valence radicals.

3. EXPERIMENTAL OBSERVATIONS
In the following sections, we will summarize 10 observations
that have been made regarding the observation of OE-like
features in the DNP field sweep spectra of several monoradicals.
When relevant, we summarize the approach used to reconcile
the observations using the TM and OE hypotheses. A summary
is presented at the end of the article.
3.1. Shape of the Field Sweep Profile. Most DNP

mechanisms (SE, CE, and TM) feature multiple matching
conditions of the microwave frequency relative to the EPR
resonance frequency. This leads to either a positive or negative
enhancement, depending on which condition is met. An
illustration of the typical frequency profiles is shown in Figure
1. This is for instance observed in nitroxides,5 but also in trityl for
either 13C or 1H polarization.40,42,44 The OE is perhaps unique
in that it features only a single matching condition given that the
population imbalance originates from relaxation processes
rather than being driven directly by the application of μw
irradiation. Observing these types of features in a DNP field
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sweep spectrum is thus considered to be a telltale sign of
Overhauser effects.
Similar in-phase and on-resonance features are observed in

the DNP frequency/field sweep profile of mixtures of carbon-
centered and nitroxide radicals,57 including in asymmetric
biradicals of the same kind.58,59 There, a positive DNP
enhancement is observed when irradiating the narrower EPR
resonance of the carbon centered radical due to the CEwhile the
negative enhancement maximum is spread out over larger
frequency ranges, often leading to negligible enhancement when
low-power microwave sources are used. This observation of a
lone positive enhancement maximum in radical mixtures or
heterobiradicals was dubbed a Doppelgan̈ger effect or truncated
cross-effect (tCE).60

Li and co-workers showed in subsequent work that similar in-
phase field sweep spectra can be obtained in a spin system
featuring three monoradicals.30 The model consisted of one
radical molecule that is weakly coupled to a pair of strongly
coupled radicals. The pair of strongly coupled BDPA molecules
in the model provides the homogeneous broadening required to
trigger the tCE and lead to a DNP spectral feature that mirrors
the OE’s signature (Figure 5).

A similar dipolar-based tCE was observed in the 13C DNP of
the P1 centers in diamonds. Shimon and co-workers observed
extrema in their DNP frequency sweep profiles that lacked the
dispersive features of the typical CE.61 Opposite enhancement
signs were observed depending on whether the EPR resonance
associated with a 14N spin in the m = 1 or −1 states was
irradiated, disproving that this effect could be caused by an OE,
which would maintain its sign. No such enhancement was
observed when the central m(14N) = 0 transition was irradiated,
suggesting that the CE involved a central homogeneously
broadened site. This site was later observed using EPR
spectroscopy.62 This experiment further highlights the sensi-
tivity of the Doppelgan̈ger effect, with respect to the resonance
frequency of the broadened electron pair. Shimon’s experiment
further proves that dipolar-based tCE mechanisms are possible
with narrow-line radical clusters.
Upon further study, Tobar and co-workers discovered that the

production of the OE Doppelgan̈ger at high fields would require
inter-radical distances on the order of 5−6 Å that may not be
geometrically feasible with organic monoradicals.63 In molecular
models focusing on electron−electron dipolar coupling alone,
simulations predicted only the SE extrema. They then outlined
the following two criteria required to produce an absorptive

central DNP feature via electron−electron interactions: (1)
electrons need to experience intermolecular coupling (dipolar
and exchange interaction, J) with a strength equal to the nuclear
Larmor frequency, and (2) the electron relaxation of the strongly
interacting radicals needs to be rapid or otherwise a dispersive
TM field-sweep spectrum is obtained.
For condition 1, the authors hypothesized that this strong

intermolecular exchange coupling could be produced via a
molecular docking mechanism initially proposed by Radaelli et
al.64 BDPA aggregation was justified from earlier work that
showed the formation of covalent BDPA dimers as a major
decomposition pathway.65 The stability of such docked dimers,
or their intermolecular exchange couplings, has yet to be
investigated using quantum chemistry, and as such, it remains an
open question whether this model can explain experimental
observations. Docked dimers have not been observed either by
crystallographic means or with use of electron microscopy.66−68

The second condition requires that the formation of pairs
induces a significantly faster (∼3 orders of magnitude)
longitudinal relaxation of the electron spin. Currently, the
evidence of this is limited. Strongly coupled biradicals often do
not possess significantly shorter longitudinal relaxation times, as
compared to their monoradical counterparts, except at very low
temperatures.69 As such, although it has been demonstrated that
CE and/or TM can explain the observed DNP field sweep
profiles in BDPA, further theoretical investigation is required to
determine whether the outlined conditions can be satisfied in
molecular models.
3.2. Asymmetric EPR Spectra. Li and co-workers observed

that the EPR line shape produced when using high
concentrations of BDPA together with low-power pulse EPR
methods produces an asymmetric EPR line shape with an
unusual appearance that may be expected from a hole-burning
experiment (Figure 6a).30 This asymmetry was claimed as a
hallmark of TM DNP based on an earlier theoretical study
published by Karabanov and co-workers.40 This assertion
appears to have been made in error. As mentioned in Theory,
Karabanov et al. had identified that the coupling network needed
to be asymmetric for TM to be allowed, not the EPR line shape.
Specifically, for each electron spin, the sum of all of the dipolar
couplings should not cancel out and the spin systems needed to
contain both strong and weak electron−electron dipolar
couplings to avoid the quenching of TM DNP (Figure 6b,c).
Importantly, as with all purely dipolar-broadened line shapes,
both scenarios that lead to successful and quenched TM DNP
lead to perfectly symmetric EPR spectra. In a more recent
publication, the group has identified the effect to instead be
caused by instantaneous diffusion and not as evidence of TM
DNP.70,71

3.3. Electron Hyperpolarization. TM DNP requires
strong electron−electron dipolar couplings that ideally exceed
the nuclear Larmor frequency in strength. Han and co-workers
applied electron double-resonance (ELDOR) methods to look
for strong electron−electron couplings in BDPA solutions.30,72

They observed off-resonance electron hyperpolarization under
continuous-wave irradiation which shows that (1) strong
electron−electron dipolar couplings are present, (2) irradiation
leads to the rise of an electron population imbalance between
coupled spins, and (3) spectral diffusion is faster than the
longitudinal relaxation, all of which are requirements for TM
DNP (Figure 7b).
While these results do show that some major conditions

required for TMDNP are met, they do not provide insights into

Figure 5. Simulations predicting an OE Doppelgan̈ger effect in a DNP
field sweep profile for a spin system containing a specific arrangement of
three electrons and one nucleus (A). (B) Stronger electron−electron
coupling leading to a dispersive line shape as observed in Figure 4.
Reproduced with permission from ref 30. Copyright 2020 American
Chemical Society.
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howmagnetization is transferred to nuclear spins. This point was
made by Hovav and co-workers in 2015 when the effect was first
observed.33 They emphasized how the behavior of samples that
are active toward TM DNP differs from that on conventional
samples in hole burning EPR experiments. Samples that are
active in TM DNP should display a 2-temperature behavior
wherein the signal is inverted on one side of the irradiation
frequency, rather than simply having a hole being burnt into the
line shape (Figure 3),13,38 as was observed experimentally by
Atsarkin.39 As such, they concluded that these effects could not
be used as proof of TM DNP but instead are likely to be
produced through coherent mechanisms. The transition
between these two regimes was recently investigated by
Caracciolo and co-workers73 and Wenckebach.74 Notably, in
the intermediate regime, both hole burning and hyperpolariza-
tion are predicted, although the latter is only on one side of the
irradiation frequency (Figure 7a). To expand on this, while the
experiment disproves the existence of classical TMmechanisms,
the presence of fast diffusion is not a requirement of the tCE,
which is a coherent mechanism, and the experiment does
confirm the existence of the strong electron−electron coupling
that is required for the tCE mechanism.
3.4. Field Dependence. It is well established that the

efficiency of the SE and CE mechanisms decreases with
increasing magnetic fields due to the SE’s second order
nature5,75 and the decreasing efficiency of MAS rotor events
involved in CEMASDNP.21,76,77 By its nature, TM relies on the
same interactions as CE and is thus expected to feature
decreasing performance with increasing magnetic field
strengths. TM’s efficiency also depends on the magnetic field
independent electron−electron dipolar couplings being of
comparable magnitude to the nuclear Larmor frequency, and
as such, it is anticipated that at high fields the TM mechanism
would be quenched and superseded by the CE.
In 2014, Can and co-workers reported the observation of an

increase in OE DNP performance as a function of increasing
magnetic field strength.15 The OE mechanism successfully
explains this observation. BDPA is a MV radical with predicted
vibronic transitions occurring at a frequency of approximately
600 GHz.28 Calculated spectral density functions for this radical
display a broad peak centered at this frequency with substantial
intensity present over a wider range (Figure 8). As a result,

Figure 6. (a) Observation of asymmetric EPR line shapes under low-
power microwave saturation. (b, c) Predicted DNP field sweep profiles
(blue) and electron polarizations as a function of microwave irradiation
frequency for asymmetric (b) and symmetric (c) coupling networks.
While the asymmetric coupling network leads to TM DNP, the EPR
line shape is symmetric. Panel a reproduced with permission from ref
30. Copyright 2020 American Chemical Society. Panels b and c
reproduced with permission from ref 40. Copyright 2016 Royal Society
of Chemistry.

Figure 7. (a) Numerically calculated electron polarization, normalized to the thermal polarization, for an ensemble of TEMPO radicals as a function of
the spectral diffusion frequency, showing the transition from a hole-burning regime to the two-temperature regime associated with thermal mixing. (b)
Analogous experiments performed on a 40 mM OTP solution of the BDPA radical at 15 K showing off-resonance electron hyperpolarization but no
two-temperature behavior. Panel a reproduced with permission from ref 74. Copyright 2017 Elsevier. Panel b reproduced with permission from ref 72.
Copyright 2024 American Chemical Society.
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Figure 8. DNP field sweep profiles measured for a BDPA solution as a function of the applied magnetic field strength: (a) 9.4 T, (b) 14.1 T, and (c)
18.8 T. Predicted time dependence ofAiso in BDPA (d) and the corresponding spectral density function (e) calculated using an ab initio vacuummodel
(black) and a classical MD trajectory for a frozenOTPmatrix (purple). Panels a− c reproduced with permission from ref 26. Copyright 2014 American
Institute of Physics. Panels d and e reproduced with permission from ref 28. Copyright 2018 American Chemical Society.

Figure 9. DNP field sweep spectra measured for varied selectively deuterated BDPA variants (a−d) and methyl-functionalized Blatter variants (e, f).
Panels a−d reproduced with permission from ref 81. Copyright 2021 American Chemical Society. Panels e and f reproduced with permission from ref
49. Copyright 2022 American Chemical Society.
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JD(ωe) (see eqs 3 and 4) increases with increasing magnetic field
strength and cross-relaxation rates thus increase. It is important
to note, however, that this vibrational mode has not thus far been
detected by THz spectroscopy and has not been experimentally
verified.
Mathies and co-workers have studied the field dependence of

the DNP performance of a series of heterobiradicals known as
TEMTriPols.58 For two of the four variants studied, they
observed a higher performance at 14.1 T, as compared with 5 T,
while lower performance was always observed at 18.8 T. As
described in Section 3.1, these radicals utilize the CE (or tCE)
mechanism, providing some evidence that tCE performance
may increase at higher magnetic field strengths. As such, the
observed increase in efficiency with increasing magnetic field
seen with BDPA may be consistent with a tCE mechanism. It is
nevertheless important to state that the proposed broadening
mechanism for the BDPA site with a larger EPR line width differs
from that in TEMTriPol (electron dipolar couplings vs g
anisotropy)78 and that a dipolar-based tCE mechanism may
display decreased efficiency at fields where the electron dipolar
couplings are weaker than the nuclear Larmor frequency. To the
best of our knowledge, explicit spin dynamics simulations have
not been performed to confirm whether the tCE model yields
the observed field dependence.
3.5. Polarization Time. In all three classes of systems where

an absorptive DNP central feature was observed (BDPA, mixed-
valence diamines, and 7-CH3 Blatter),

15,49,79 the DNP buildup
times were found to be essentially limited by the nuclear T1
relaxation times and comparable to the SE DNP buildup times.
Both SE and OE DNP mechanisms are expected to be slow
processes, being limited by the time required to saturate a
forbidden transition.16,80 On the other hand, the CE and TM are
typically highly efficient and yield fast nuclear polarization
buildup times.17,14,31,80 Although these observations may appear
to refute the CE/TM hypothesis, a slow buildup may be
consistent with a sample composed of passive clusters of radicals
and low concentrations of DNP-active isolated, weakly coupled
radicals (Section 3.1). These may, for instance, be detected as a
nonlinear dependence of the EPR signal intensity on the radical
concentration; however, this experiment has, to the best of our
knowledge, not yet been performed. Whether a TM theory
involving asymmetric radical distributions can indeed replicate
the observed slow buildup times remains to be seen.
3.6. Deuteration Experiments. The OE is most sensitive

to electron−nuclear coupling interactions (and their modu-
lation), while TM is instead mainly controlled by electron−
electron coupling interactions (refer to Theory). As described in
eqs 3 and 4, isotropic hyperfine coupling-dominated cross-
relaxation would lead to faster ZQ relaxation and a positive DNP
enhancement, while dipolar-dominated cross-relaxation leads to
faster DQ cross-relaxation rates and a negative DNP enhance-
ment. Deuteration experiments are thus highly informative in
allowing the differentiation of the two mechanisms given that
while deuteration will not impact radical clustering, it can
remove cross-relaxation partners that may be responsible for OE
DNP.
In their seminal study,15 Can et al. tested fully protonated and

perdeuterated BDPA variants. The removal of the protons on
BPDA-d21 eliminated all intramolecular isotropic hyperfine
interactions, leaving only dipolar coupled solvent protons. In so
doing, they observed a change in DNP enhancement sign
commensurate with a transition from ZQ- to DQ-dominated
cross-relaxation, yielding experimental results matching the

simulations. This could further be replicated if only the strongly
hyperfine coupled sites were deuterated (Figure 9).81

Most recently, Palani and co-workers pushed the deuteration
scheme further to identify which protons are most affecting the
enhancement at the center of the DNP profile.82 They showed
that by deuterating the dipolar-coupled phenyl 1H’s, they could
reduce theDQ cross-relaxation contribution, thus enhancing the
magnitude of the OE enhancement factors (Figure 9). DFT
calculations further revealed strong isotropic intramolecular
hyperfine couplings between specific 1H nuclei and the electron
spins that were also shown to be dynamically modulated via
vibronic coupling. The site-specific deuteration of these 1H’s
alone was shown to be sufficient to eliminate the positive OE
DNP maximum.
Similar deuteration experiments were performed in the 7-

CH3−Blatter radical system.49 The site specific deuteration of
the methyl 1H’s alone eliminated the OE feature, while the
efficiency of the SE DNP was unaffected (Figure 9). Despite not
yielding a 1H OE DNP feature, however, the 7-CD3−Blatter
radical was highly efficient in 2H OE DNP.
Both CE and TM rely primarily on electron−electron dipolar

or exchange coupling interactions that are independent of
isotopic labeling. They should thus respond similarly to the SE
mechanism when a radical is deuterated. The predicted sign of
the Doppelgan̈ger effect, is further solely determined by the
geometry of the electron spin clusters and thus should not be
inverted through deuteration.30,70 As of now, no explanations
have been put forth that could explain the site specificity of the
effect using a TM model or why it changes in sign as a result of
specific site deuteration. Current models would suggest that any
labeling strategy that would quench the TM should also similarly
quench the SE, which was not observed.
3.7. Microwave Power Dependence. In the case of

BDPA, the Blatter systems, and diamine radicals,15,49,79 the
central feature was shown to saturate at lower microwave powers
than the SE extrema. All three mechanisms considered, TM, CE,
and OE involve the saturation of allowed EPR transitions which
are more easily saturated than the forbidden transitions involved
in the SE. As such, the observed power dependence is consistent
with both models.
3.8. Temperature Dependence. The central absorptive

feature in the DNP field sweep spectra of both 7-CH3−Blatter
and BDPA have been studied down to temperatures of 18 and
1.2 K, respectively.27,56 In both cases, a higher performance was
observed at lower temperatures, which would seem at a glance to
disprove the OE hypothesis given that it requires molecular
motions. Pylaeva and co-workers have, however, shown that the
OE is caused predominantly by vibronic transitions (zero-point
vibrations).28,29 These motions do not freeze and continue to
provide a mechanism for OE DNP down to 0 K. In the 7-CH3−
Blatter example, Perras and co-workers studied the expected
behavior from methyl rotation, libration, and tunneling;56 while
at 100 K methyl rotations can lead to considerable OE, at
temperatures below 50 K zero-point methyl librations dominate.
Gains in enhancement predominantly arise due to the
lengthening of the nuclear and electron relaxation times. As
such, both the TM and OE hypotheses can explain the
temperature dependence of the effect, with the main
contribution stemming from relaxation times.
Tobar and co-workers studied the temperature dependence of

the 1H DNP field sweep profiles from very high concentrations
of SA-BDPA (Figure 10).63 The stability of the radical appears
to be modest, and the authors used a very high 300 mM
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concentration of solute to have an effective concentration close
to ∼60 mM electron spins. At temperatures below 45 K, they
clearly observed both positive and negative enhancement
regions when irradiating the EPR single-quantum transition,
with the positive lobe remaining the most intense. This
observation is best explained by a superposition of the OE and
TM mechanisms in a highly concentrated solution. As
mentioned earlier, the TM mechanism gains in prominence at
lower temperatures.19

3.9. Flavodoxin. Although first identified by Perras in
2022,49 methyl-driven OE may have been first reported by Maly
and co-workers in 2012 while studying DNP in flavodoxin.83

The protein contains a conjugated radical with methyl
functionalization, not unlike the 7-CH3−Blatter system. As
can be seen in Figure 11, a positive feature was observed in the
DNP field sweep spectrum upon irradiation of the EPR
transition directly. Due to the size of the protein (∼20 nm),
the maximum intermolecular electron−electron dipolar cou-
plings of ∼6 kHz are far too low in comparison with the 1H
Larmor frequency (212 MHz) to lead to TM.
Considerable literature, however, exists on the topic of the

spin density functions in flavoproteins, the hyperfine couplings
to the methyl protons, and the rapid rotational dynamics of the
methyl groups.84−86 These studies revealed that the isotropic
hyperfine couplings to the 8-CH3 protons are particularly
sizable, on the order of 20 MHz,87,88 and that the methyl groups
behave as quantum rotors.88 From their measured 280 MHz
tunneling frequency, we calculated a 1700 GHz librational

frequency,89 which would be consistent with the observed
weaker OE maximum, as compared to the Blatter system.
3.10. Polarizing Agent Design. The proposed mecha-

nisms aimed at explaining the absorptive central DNP feature
require extremely different criteria to be efficient. Both of these
have been targeted for the synthesis of new or improved DNP
polarizing agents that would function either through TM or OE.
One such successful example was mentioned in Section 3.6.
wherein Palani and co-workers selectively deuterate dipolar, but
not isotropically hyperfine, coupled hydrogen atoms on BDPA
to reduce the DQ cross-relaxation rate and improve the positive
OE enhancement.82

Inspired by the idea that MV radicals could be used to unlock
the OE mechanism, Gurinov and co-workers investigated the
application of MV diamine radicals.79 The electron transfer rate
in this system was previously estimated to be on the order of 100
GHz,54 which is in the range required for high-field OE DNP.
The diamine radicals indeed produced a positive DNP
enhancement when irradiating directly at the electron Larmor
frequency and even surpassed BDPA in terms of performance
(Figure 12). Furthermore, given that the radicals hold positive
charges, it is particularly unlikely that they would cluster.
A similar attempt at designing a purpose-built TM polarizing

agent was recently presented by Chaklashiya and co-workers
who tethered together four trityl radicals in order to force
clustering.70 While the radical did produce significant TM at low
concentrations (5 mM), the majority of the effect was found to
be driven through intermolecular couplings. The radical also
produced the typical positive and negative TM extrema
observed with Trityl, and no Doppelgan̈ger effect.40,42

Figure 10. DNP frequency sweep profiles measured for a highly
concentrated BDPA solution as a function of temperature, as indicated
in the image, for both static (A) and spinning (B) samples. Reproduced
with permission from ref 63. Copyright 2023 American Chemical
Society.

Figure 11. (a) Ribbon structure of the flavodoxin protein showing the
location of the methyl-functionalized radical moiety. (b) High-field
EPR spectrum of the protein and its corresponding DNP field sweep
profile displaying a positive DNP maximum when the EPR transition is
irradiated. Reproduced with permission from ref 83. Copyright 2010
American Chemical Society.
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3.11. Complexity. The previous ten sections intend to
summarize the main observations that have been made to
understand the positive central DNP maxima observed with
BDPA, and other radicals, and the corresponding explanations
that were presented as they relate to TM and OE models. There
is, however, one less substantive point that we believe warrants
further scrutiny.
As was briefly touched on in Section 3.1, the level of

complexity required to produce an absorptive central DNP
feature via TM, and the sensitivity of the simulations to the input
parameters, is large. Specifically, the model requires a pair of
strongly exchange coupled electron spins that are weakly
coupled to a third spin, with the exchange coupling constant
equal to the nuclear Larmor frequency. Slight deviations in the
model lead to dispersive TM DNP field sweep spectra.30,70 To
date, no estimates have been made regarding the stability or
probability of the proposed arrangement existing at low
temperatures nor whether such strong intermolecular exchange
coupling interactions are indeed feasible. The OE model is at a
basic level far simpler, and sensible models based on quantum
chemistry have shown that absorptive features can be produced
in 1-electron systems. Occam’s razor therefore greatly favors the
OE hypothesis in this regard.
Demonstrating that the TM model is indeed chemically

sensible would require a substantial experimental and theoretical
study. To this aim, it is essential to recognize that radicals often
have complex electronic structures. BDPA for instance, is not
well described using DFT.29 Complexities arise from the
multireference character of the molecule, where its ground
state is represented not as a single well potential but as a double-
well potential along the electron transfer coordinate. Although
specific DFT functionals such as BLYP35 and BMK were
developed to address MV compounds, even these functionals
tend to overestimate vibronic coupling in BDPA, resulting in a
fully symmetric C2v structure. The explicit inclusion of a number
of excited states is necessary. For BDPA, CASSCF(3,3)
calculations yield qualitatively correct results, providing an
accurate ground state geometry for the radical.

4. SUMMARY
To recapitulate, the purpose of this mini-review has been to
summarize the observations that have been made to elucidate
the DNP mechanism that leads to the absorptive DNP field
sweep profile feature observed when irradiating the fundamental
EPR transition in a growing number of radicals (Figure 13).

Given that the mechanism has demonstrated potential for
high-field DNP, identifying its origins is the first step toward the
development of next-generation polarizing agents. In the
preceding section we have outlined the 10 observations that
have been made and how these are addressed by models based
on the Overhauser effect and thermal mixing and/or cross effect.
These have been summarized in Figure 14 below, together with
our assessments.
In short, the strongest arguments made in favor of the TM

model involve the observation of strong electron−electron
dipolar couplings in solutions containing BDPA radicals. These
are seen to lead to electron hyperpolarization when irradiating
the EPR transition with off-resonance microwaves, which imply
that the dipolar interactions are strong and crucially stronger
than the electron longitudinal relaxation time, a key requirement
of the TM model. An asterisk has been placed in Figure 14 for
this point given that while this implies the existence of strong
electron−electron dipolar interactions, the experiment dis-
proves the formation of a 2-temperature electron spin system
typically associated with TM. Given that the model does not
generally implicate classical TM theory, this should not be seen
as a falsification of the theory.
While the TM model has yet to be successfully applied in

radical design, ideas based on the OE model have led to the
development of better performing polarizing agents. It is
nevertheless conceivable that a TM-based model could, with
further study, achieve a similar feat.
Regarding the DNP field sweep profile, this is seen to be fully

consistent with OE theory and indeed predicted by quantum
chemical calculations of electron hyperfine couplings and
molecular dynamics. While the TM model can replicate this
observation, it requires complex models that are not chemically
feasible. Further study would be required to determine whether

Figure 12. Structures of the 1,4- and 1,3-amine MV radicals designed
for OE DNP (top) and their corresponding DNP field sweep profiles,
displaying larger positive maxima when the fundamental EPR transition
is saturated (bottom). Reproduced with permission from ref 79.
Copyright 2021 John Wiley & Sons.

Figure 13. Radicals that have been shown to display OE-DNP-like
behavior. These are distinguished by the type of motions present,
namely, vibration-like electron shuttling in mixed-valence radicals (top)
and methyl rolibrational dynamics (bottom). References to their first
observations are noted on the image.15,49,77,81
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the proposed intermolecular exchange coupling interactions and
differences in relaxation times can be produced in stable
molecular models.
Two of the 1 observations, however, have a low likelihood of

ever being reconciled with the TM model. Specifically, in both
BDPA and methyl-functionalized Blatter radicals, the site-
specific deuteration of the protons predicted by quantum
chemistry to have modulated hyperfine interactions was seen to
quench theOEmaximum. Furthermore, in the latter system, this
deuteration was seen to activate the 2H OE mechanism while
leaving the 1H SE mechanism unphased. The deuteration of all
protons in BDPA was further seen to lead to an apparent shift
from through-bond to through-space OE mechanisms. Given
that the TMmodel depends primarily on the arrangement of the
electron spins, a variable that is held constant in isotope labeling
experiments, we do not see a path whereby TM theory would
predict such quenching (or reversal of sign) of the mechanism,
particularly while the SE performance is unaffected. The second
observation is the apparent detection of methyl-driven OEDNP
with a monoradicals encapsulated inside of a large protein.
There, the intermolecular dipolar interactions are estimated to
be at most 6 kHz in magnitude: 5 orders of magnitude too low to
satisfy to the TM matching condition.
As such, we conclude by stating that while conclusive TM

DNP has been observed in concentrated BDPA solutions,63,90

observations made to study the absorptive central DNP feature
in mixed-valence radicals and methyl-containing conjugated
radicals are only explained by an OE mechanism. While
additional computational work could be done to show that a
molecular cluster can lead to such an effect, the OE mechanism
is the only mechanism that explains the performance at high
fields, in deuterated systems, and encapsulated radicals where
clustering is not possible.
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