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ABSTRACT
Dynamic nuclear polarization (DNP) enables dramatic sensitivity enhancements in solid-state nuclear magnetic resonance
studies of materials. Most DNP approaches rely on the cross effect mechanism that typically employs nitroxide biradicals
that are chemically incompatible with many samples and whose efficiency decreases with increasing magnetic field strength.
The Overhauser effect DNP mechanism is a potential alternative that allows the use of a broader range of radical polarizing
agents but requires further development. Mixed-valence and methyl-functionalized conjugated radicals have both been shown
to enable Overhauser DNP, yet general design rules remain elusive. Here, we studied a series of 14 methyl-functionalized
Blatter-type radicals to elucidate key structure–activity relationships. We found that radicals with sterically unhindered methyl
groups are active, a feature readily identifiable from a Kekulé structure. Substitutions that alter molecular conformation,
and thus the spin density distribution, predictably reduce performance. Addition of trifluoromethyl groups, commonly
employed to enhance stability, also decreases activity by withdrawing spin density from Overhauser-active sites. These
findings provide design principles that accelerate the discovery of efficient methyl-driven Overhauser effect DNP polarizing
agents.
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Introduction

ynamic nuclear polarization (DNP) is a technique that can
ramatically enhance nuclear magnetic resonance (NMR) signal

ntensities by transferring magnetization from highly-polarized
npaired electron spins to nuclear spins [1–3]. Its commercial-

zation [4, 5] has led to numerous applications in materials
cience and biology, where the increased sensitivity enables mea-
urements of dilute species, such as complex multicomponent
iological systems [6–10], and detection of surface or edge sites

n materials [11–19].
his is an open access article under the terms of the Creative Commons Attribution-NonC
edium, provided the original work is properly cited and is not used for commercial purp
2026 The Author(s). Chemistry - A European Journal published by Wiley-VCH GmbH.
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To date, DNP applications for structural studies have primarily
relied on nitroxide-based polarizing agents [20–22]. Bisnitrox-
ides are highly active in the cross effect (CE) mechanism
and can reliably produce enhancement factors (ɛ) exceed-
ing 100 in most real-world samples. These agents, however,
present challenges for materials applications: nitroxides are
strong oxidizing agents [23] and can react with or degrade
the sites of interest in heterogeneous catalysts [24, 25]. As
such, DNP is sometimes avoided in favor of conventional
solid-state NMR spectroscopy. Consequently, strategies have
been developed to mitigate nitroxide-induced damage, either
ommercial License, which permits use, distribution and reproduction in any
oses.
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ia phase segregation [26–29] or by generating radicals in
itu [30–33].

n alternative approach is to employ non-nitroxide radicals
s polarizing agents [34–40]. Carbon-centered and conjugated
adicals, however, generally lack sufficient g-tensor anisotropy to

ediate CE DNP for 1H spins [41, 42] and are therefore primarily
ctive in the solid effect (SE) mechanism. SE involves formally
orbidden electron-nuclear zero- or double-quantum transitions
nd is less efficient than CE [43]. Another mechanism, the
verhauser effect (OE) [1, 2], can be active in some monoradicals

nd requires only saturation of the fundamental, allowed electron
aramagnetic resonance (EPR) transition [44]. OE arises from
ross-relaxation driven by modulation of electron-nuclear cou-
lings in the presence of electron or molecular motions and has
een observed in conductive molecules [45], metals [2, 46], liquids
47, 48], mixed-valence radicals [34, 49–53], and conjugated
adicals bearing rapidly rotating methyl groups [37, 54–56]. Unlike
E, OE has the potential to achieve high efficiency at typical NMR
agnetic fields [49, 57], but the molecular motions driving the

ffect must be optimized, similar to the work on bisnitroxide CE
olarizing agents from the previous two decades [21, 22, 58–64].

his work focuses on methyl-driven OE DNP in conjugated radi-
als possessing methyl substituents [37, 55, 56]. We synthesized an
rray of 14 Blatter-type [65] radicals bearing one to three methyl
roups. These radicals probe the relevant chemical space in the
latter system with the goal of identifying trends that correlate

he OE activity and structural features. Mechanistic insights are
ombined with quantum chemical investigations, which were
ecently demonstrated to correlate well with experimental DNP

easurements [56].

Experimental Section

.1 Synthesis

he Blatter radicals described here were prepared using
post-cyclization organolithium addition strategy related

o our previously reported method for access to 1,4-
ihydrobenzo[e][1,2,4]triazin-4-yl radicals [66]. In this
pproach, the appropriate aryllithium reagent is added
o the benzo[e][1,2,4]triazine precursor [66–70] to give an
ntermediate anion, which upon exposure to air is oxidized to
he corresponding radical. This strategy enables post-cyclization
ntroduction of the N(1) aryl substituent onto preformed
enzotriazine precursors to afford Blatter radicals, bypassing
midrazone-based routes that can involve oxidatively sensitive
ntermediates. Additional details are given in the supporting
nformation. Radicals 3 and 7 were prepared according to
iterature procedures [71, 72]. The EPR spectra of the radicals are
iven in Figures S1–S12.

.2 Single-Crystal X-Ray Diffraction

ingle-crystal x-ray diffraction data were collected on a Rigaku
taLAB Synergy Dualflex diffractometer equipped with a HyPix-
rc 150 detector using Cu Kα radiation (λ = 1.54184 Å). The

rystals were maintained at ca. 100 K during data collection.
of 15
Unit-cell refinement, data reduction, scaling, and absorption
corrections were performed using CrysAlisPro 1.171.44.118a [73].
Absorption corrections were applied using numerical Gaussian
integration over a multifaceted crystal model and empirical
correction using spherical harmonics, as implemented in the
SCALE3 ABSPACK scaling algorithm [73]. The structures were
solved and refined using Olex2 1.5-alpha as the graphical inter-
face [74], with SHELXT 2018/2 used for structure solution by
dual methods [75] and SHELXL 2019/3 used for full-matrix
least-squares refinement on F2 [76]. All non-hydrogen atoms
were refined anisotropically, and hydrogen atoms were placed
in calculated positions and refined using the riding model.
Deposition numbers 2546239 (for 1p), 2546240 (for 6), 2546241
(for 1o), 2546242 (for 1o,6CF3), 2546243 (for 1op,6CF3), and
2546244 (for 5) contain the supplementary crystallographic data
for this paper. These data are provided free of charge by the joint
Cambridge Crystallographic Data Centre and Fachinformation-
szentrum Karlsruhe Access Structures service. Crystallographic
data are also summarized in Tables S1–S38.

2.3 Dynamic Nuclear Polarization

Most DNP experiments were performed using a Bruker AVANCE
III 400 magic-angle spinning (MAS)-DNP spectrometer equipped
with a 3.2 mm low-temperature MAS probe at 100 K. Radicals
were dissolved in 1,1,2,2-tetrachloroethane (TCE) at a concentra-
tion of 40 mM and used immediately. Solutions were injected into
3.2 mm sapphire rotors that were then inserted into the pre-cooled
probe. Samples were then degassed by ejecting the rotor, leaving it
to thaw under nitrogen flow for 10 seconds in the sample catcher,
and reinserting it into the cold probe twice before spinning the
rotor to a final frequency of 10 kHz. DNP build-up times (TDNP)
were measured with the use of a saturation recovery experiment
using a 2.5 μs excitation pulse. DNP field sweep profiles were
acquired in real time during the magnetic field sweep using a
short (1 μs) low tip angle excitation pulse. Identical sweeps were
performed with and without the application of microwaves to
determine the frequency-dependent DNP enhancement factors
(ε). To minimize offset issues, sweeps were performed in halves
(frequencies above or below the OE maximum).

The OE DNP enhancements were also measured at a higher
magnetic field strength of 14.1 T using a Bruker AVANCE NEO
600 MHz MAS-DNP NMR spectrometer. The sample preparation
followed the procedure described above. DNP enhancements
were measured with the use of 1H Hahn echo measurements
and confirmed with the use of one-dimensional 1H-13C cross-
polarization spectra.

2.4 Solid State Electron Paramagnetic Resonance

EPR experiments were conducted at W-band (94 GHz, 3.4 T) to
obtain the transverse (T2e) and longitudinal (T1e) relaxation times
of the Blatter radicals at 100 K to help identify the parameters
that control the DNP efficiency. The EPR measurements were
performed using the HiPER spectrometer at the National High
Magnetic Field Laboratory (NHMFL) in Tallahassee, Florida,
USA. HiPER is a high-power pulsed EPR spectrometer, based on
the original development at the University of Saint Andrews [77].
Chemistry – A European Journal, 2026
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amples were prepared similarly to the ones used for MAS-DNP
s explained above. The only difference is in the degassing, which
as done by using TCE stored for weeks in a fluorinated ethylene
ropylene (FEP) vial within a glovebox. This storage technique
llows the oxygen gas to diffuse out of the solvent over a few
ays. Additionally, three rapid freeze/thaw cycles were performed
ith each sample prior to insertion into the spectrometer to

omplete the degassing and obtain a good glass, enabling random
ispersion and orientation of the radicals within the matrix. T2
alues were measured with the use of a Hahn echo experiment by
arying the delay between the excitation and refocusing pulses. T1
alues were again measured using a Hahn echo pulse sequence,
lbeit with the addition of a pre-saturation pulse. The delay
etween the pre-saturation pulse and the Hahn echo sequence
as varied to measure T1. Typical pulse lengths of 20 ns and peak
ower of 400 W were used unless otherwise noted.

.5 Density Functional Theory

ensity functional theory (DFT) calculations were carried out to
alculate the dependence of the hyperfine coupling tensors and
elative energy on the methyl rotor phase. All calculations were
erformed at the PBE/TZP level of theory [78, 79] using the Ams-
erdam density functional (ADF) program [80]. Potential energy
urface scans were performed as a function of the methyl phase in
0◦ increments, and hyperfine coupling tensor calculations were
erformed at each increment using ADF’s CPL module [81].

Theory

verhauser DNP enhancement is caused by electron-nuclear
ross-relaxation. For cross-relaxation to hyperpolarize nuclear
pins, it is required that the hyperfine coupling between these
pins be modulated by either molecular motion or electron con-
uction, and that the electron spin be taken out of equilibrium,
ypically via the saturation of its EPR line with high-power

icrowaves.

Es have been observed in metals and other systems with
tinerant electrons, where fluctuations of the electron spin density
ive rise to time-dependent hyperfine interactions, as well as in
iquids, where molecular rotational and translational motions

odulate electron-nuclear couplings in an analogous manner
45–48]. It has also been observed in a handful of so-called

ixed-valence radicals where intramolecular electron transfer is
oupled to molecular vibrational modes [49–53]. Lastly, the effect
as been observed with conjugated radicals functionalized with
ither methyl or trifluoromethyl groups, where the rotation of
he substituent modulates the hyperfine coupling by rotating 1H
r 19F nuclei in and out of the π network of the singly-occupied
olecular orbital (SOMO) [37, 54–56].

lternative theories have been proposed to explain the effect
sing a thermal mixing mechanism [82]; however, these do not
eadily account for all of the observations in the methyl-driven
ase studied here [44]. Specifically, the deuteration of the methyl
roup quenches the 1H OE maximum, does not influence the
E enhancements, and leads to the emergence of a 2H OE
37]. This supports a specific role for the methyl protons in the
hemistry – A European Journal, 2026

i

polarization process. The SE mechanism can instead leverage the
other protons on the molecule, which all have similar hyperfine
interaction strengths [37]. TM would be able to proceed through
the other, more numerous protons on the radical and should
thus behave similarly upon deuteration as the SE mechanism.
Additionally, thermal mixing conditions are expected to lead to a
cross-talk between 1H and 2H spin reservoirs [83, 84]. This is not
observed under our conditions, given that the differential activity
toward 1H and 2H OE DNP of the two variants implies uncoupled
reservoirs. In other words, the 1H and 2H spin temperatures are
very different. This interpretation is further supported by the fact
that simplistic OE models have been shown to reproduce trends in
methyl-driven OE DNP [56] as well as other works which suggest
a breakdown of TM at temperatures above 5 K [85]. Finally, the
characteristic feature persists at a radical concentration of 3 mM
(Figure S13), further suggesting a monoradical mechanism.

The zero- and double-quantum relaxation rates, W0 and W2, are
given by Equations (1) and (2), respectively [86, 87]:

𝑊0 = 1

10

⟨
𝐴2

aniso

⟩
𝐽 (𝜔𝑒 − 𝜔𝑛) + 1

2

⟨
𝐴2

iso

⟩
𝐽 (𝜔𝑒 − 𝜔𝑛)

≈
1

10

⟨
𝐴2

aniso

⟩
𝐽 (𝜔𝑒) + 1

2

⟨
𝐴2

iso

⟩
𝐽 (𝜔𝑒) (1)

𝑊2 =
3

5

⟨
𝐴2

aniso

⟩
𝐽 (𝜔𝑒 + 𝜔𝑛) ≈

3

5

⟨
𝐴2

aniso

⟩
𝐽 (𝜔𝑒) (2)

The cross-relaxation rate, Re,n, defined as W2 − W0, may then be
expressed as Equation (3), where ⟨𝐴2

aniso
⟩ and ⟨𝐴2

iso
⟩ represent the

squared modulation amplitudes of the anisotropic and isotropic
contributions to the hyperfine coupling, and J(ωe) refers to the
spectral density at the radical EPR frequency (ωe).

𝑅e,n = 𝑊2 − 𝑊0 ≈
1

2

(⟨
𝐴2

aniso

⟩
−
⟨

𝐴2
iso

⟩)
𝐽 (𝜔𝑒) (3)

The anisotropic coupling constant, Aaniso, is often dipolar in
nature, in which case it may be approximated by Equation (4).

𝐴aniso ≈
( 𝜇0

4𝜋

) 𝑔𝜇B𝛾

𝑟3
(4)

where μ0 is the permeability of free space, μB is the Bohr
magneton, g is the electron g value, γ is the nuclear gyromagnetic
ratio, and r is the electron-nuclear distance.

Note that dipolar-based and isotropic cross-relaxation mech-
anisms have opposite signs. As a result, dipolar-based cross-
relaxation leads to negative OE DNP enhancements (εOE), which
are commonly seen in metals and liquids, whereas through-
bond coupling leads to positive DNP enhancements. Such
positive enhancements are typical of cross-relaxation caused
by intramolecular motions, such as in mixed-valence radicals
and the methyl-driven OE [44]. In these cases, good agreement
between theory and experiment has been obtained when consid-
ering exclusively the isotropic contribution [50, 56]. As a result,
we expect the following correlation shown in Equation (5) to hold.

𝜀OE ∝ −𝑅e,n ≈
1

2

⟨
𝐴2

iso

⟩
𝐽 (𝜔𝑒) (5)
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FIGURE 1 Structures of the CH3-functionalized radicals studied
herein. The radicals are labeled using the site numbering scheme on the
top left, where 1o and 1p refer to ortho and para methyl substitutions on
the phenyl moiety located at nitrogen position 1.
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he spectral density function, J(ω), is typically expressed as a
orentzian. If all motions arise due to a single correlation time

c, then it is represented by the expression in Equation (6).

𝐽 (𝜔) =
𝜏c

1 + 𝜔2𝜏c
2

(6)

ocusing on methyl-driven OEs, we can assume that the potential
nergy surface features three potential energy minima as a
unction of the methyl rotor phase (X-Y-C-H dihedral angle). We
an thus simplify the rotation of the methyl group using jump
ynamics, where the hyperfine coupling strength is modulated
etween the Aiso values in each of the three potential energy
inima (Aiso, k). In Equation (7), Aiso, max is the largest value of Aiso

elt by a methyl 1H spin during rotation [55].

⟨
𝐴2

iso

⟩
=
(

𝐴iso,max −
∑

k
𝐴iso,k

3

)2

(7)

he correlation time of the rotation can also be estimated at
rbitrary temperatures, assuming that the entropy of activation
or rotation is negligible, using the Eyring equation (Equation 8),
hus enabling the ab initio estimation of Re,n using quantum
hemical methods.

𝜏c =
ℎ

𝑘B𝑇
exp

(
Δ𝐸

𝑅𝑇

)
(8)

t a temperature (T) of 100 K and a magnetic field strength of 9.4
, the methyl group is expected to rotate on average at 264 GHz,
he EPR frequency, when the rotation barrier (ΔE) is equal to 1.7
J⋅mol−1, thus maximizing J(ωe). Large J(ωe) values are predicted
t lower ΔE values as well, but barriers greater than 5 kJ⋅mol−1

ead to considerably longer correlation times and are expected to
e far less efficient for methyl-driven Overhauser DNP, at least
hen considering only rotation. Methyl librations may also be

ffective at driving cross-relaxation at low temperatures [55].

t thus follows that for methyl-driven Overhauser DNP to be
ffective, a methyl rotation barrier of less than 3 kJ⋅mol−1 is
equired from a methyl situated on a conjugated radical at the
ite with significant spin density, where we expect Aiso to be large.
he SOMO must also be in a π system so that there is a high
odulation of Aiso from 0 to several MHz as the proton spins are

otated in and out of the lobes of the SOMO. A large unmodulated
iso, as is seen in nitroxide radicals, for instance, would not lead

o cross-relaxation.

yperpolarization is generated on the 1H spins of the methyl
or 19F spins of a CF3) and must then be distributed to the
ulk for detection. This is achieved by nuclear spin diffusion.
pin diffusion is nevertheless impeded by large frequency shifts
way from the nuclear Larmor frequency, such as those induce
y the mean isotropic hyperfine coupling, 𝐴iso. As a result of
his, in 19F Overhauser DNP, radicals with larger 19F 𝐴iso values
enerally had slower DNP build-up rates (TDNP) and lower SE
nhancements [56]. Thus, at least for 1H spins, spin diffusion
s initially accelerated by intramolecular transfer to 1H nuclei
ith 𝐴iso values close to zero before being sent into the bulk

hrough intermolecular spin diffusion [88]. These effects are
of 15
difficult to predict ab initio and contribute to a loss in accuracy
in computations of the OE DNP efficiencies of some radicals.

4 Results

The Blatter radical core is depicted on the top left of Figure 1
together with the typical numbering of the 1,2,4-benzotriazine
core sites. There is significant spin density throughout this core in
addition to the phenyl substituent often placed at the ‘1’ position
[89, 90]. We would thus expect a reasonable chance of obtaining
OE DNP-active radicals if methyl groups were added to any of
the available functionalization sites (positions 3, 5, 6, 7, 8, on
the annulated benzene ring and positions ortho and para on
the N1-phenyl moiety). We synthesized each of these possible
substituted Blatter radicals to probe chemical trends in DNP
activity. In addition to these, multi-functionalized radicals were
also prepared with either multiple CH3 groups or a combination
of CH3 and CF3 groups. The full list of the radicals is displayed in
Figure 1. The radicals are numbered according to the methylated
positions; see Figure 1 for reference.

4.1 Single Crystal Diffraction

Good quality single crystals were obtained for six of the radicals
described in this work, which allowed for the investigation of
the conformational changes induced by the functionalization. For
instance, one may expect the dihedral angle between the 1-aryl
group and the benzotriazine core of the radical (φCNCC) to be of
Chemistry – A European Journal, 2026
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TABLE 1 1-Aryl dihedral angles from single-crystal diffraction.

Radical φCNCC / ◦

Blatter’s radical
(non-functionalized)

57.90

1o 73.56, 69.50, 73.57, 81.74
1p 35.48
5 45.60, 54.97, 61.26, 46.22
6 42.77
1o,6CF3 78.75
1op,6CF3 60.38

FIGURE 2 Molecular structures of six methyl-containing Blatter-
type radicals viewed down the aryl-N1 bond. They are organized into those
that have a methyl at the “1o” position (a) and those that do not (b) to
highlight differences in the conformations.
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elevance for OE DNP as this dihedral is directly linked to the
onjugation of the singly occupied molecular orbital.

e were interested to see whether methyl functionalization at the
1” position led to substantial changes in φCNCC. Together with
he previously published structure of Blatter’s radical [91], a total
f four structures lacking a methyl group at the “1o” position
re available, and three structures with such a functionalization.
heir φCNCC values are summarized in Table 1. Averaged per
ompound, there is indeed a stark difference between the con-
ormations of the two groups of radicals, with those lacking the
unctionalization having φCNCC values of 49 ± 8◦, whereas those
ossessing a methyl group at the “1o” position have a far larger
ihedral angle of 73 ± 7◦. Molecular structures extracted from the
rystal structures are further shown in Figure 2 to highlight this
ifference. Given that the extent of π conjugation between the
wo aromatic systems is expected to be roughly proportional to
he squared cosine of this angle, we may expect a reduction of
he spin density on the 1-aryl moiety by a factor of cos2 (49◦)/cos2
hemistry – A European Journal, 2026
(73◦) = 5.0 following the addition of a methyl group at the “1o”
position.

4.2 Singly-Methylated Blatter Radicals

The seven singly-methylated radicals (1o, 1p, 3, 5, 6, 7, and 8)
allow for the performance of individual methyl locations to be
assessed. Cross-relaxation effects are additive [56], and as such, in
the absence of correlated effects, polymethylated Blatter radicals
should function as the sum of these contributions.

The DNP field sweep profiles of these radicals depicted in Figure 3
enable the differentiation of the active mechanisms for a given
radical and the measurement of enhancement factors. The SE
mechanism will lead to positive and negative enhancement
profiles matching the EPR lineshape, shifted by the addition and
subtraction of the nuclear Larmor frequency, respectively. These
features are easily differentiated from the OE contribution, which
appears as a broad maximum centered on the EPR frequency.
To estimate the individual SE, OE, and CE (if discernible)
enhancements, we adopted a simulation strategy similar to the
one described by Shimon and coworkers [92]. Owing to the more
complete saturation of the fundamental EPR lineshape, leading
to deviation from a g anisotropy lineshape, the OE lineshape was
replaced by a Gaussian, and the reported enhancements are those
from the largest enhancement observed for the mechanism.

There is clearly a wide range of activities among these radicals.
Notably, only four of the seven radicals mediate the OE mech-
anism, specifically radicals 1p, 3, 6, and 7, whereas radicals 1o,
5, and 8 only display SE and CE features, with a slight positive
intensity near the center on radical 5 hinting at possible weak OE
DNP. Among the active radicals, a wide range of enhancement
factors (ε) from 7 to 21 was observed, suggesting that no single
system is yet ideal for OE DNP at 9.4 T and 100 K. The results are
summarized in Table 2.

4.3 Blatter Radicals With Multiple Methyl
Groups

In addition to the monomethylated Blatter radicals, we further
synthesized four di- or trimethylated variants with permutations
of methyl groups at the “1o,” “1p,” and “3” positions (Figure 1).
Their DNP field sweep profiles are shown in Figure 4.

The first observation, comparing the DNP field sweep profiles in
red in Figure 4 for radicals 1p, 3, and 3,1p, is that the OE enhance-
ments driven by the methyl groups at positions “1p” and “3” are
additive. Specifically, OE enhancement factors of 7 and 10 were
measured for radicals 1p and 3, whereas an OE enhancement
factor of 17 was measured for radical 3,1p, which combines both
groups. This observation supports the earlier claim we made that
the synthesis of conjugated radicals with multiple methyl groups
is a promising approach to promoting efficient OE DNP.

The second observation, depicted in each of the overlays in
Figure 4, is that the addition of a methyl group to the “1o” position
generally leads to a large reduction, or complete quenching, of the
Overhauser mechanism.
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TABLE 2 Experimental and computed characteristics of each radical.

Radical TDNP / s T1e / μs T2e / ns sa / μs2 εOE
b,c sited

ΔE /
kJ⋅mol−1

𝑨𝐢𝐬𝐨 /
MHz

⟨𝑨𝟐

𝐢𝐬𝐨
⟩ /

MHz2 –Re,n / s−1

1o 6.3 649 402 261 0.0 (0.7) 1o 3.57 0.26 0.27 0.16
1p 30 207 458 95 7.0 ± 0.5 (3.2) 1p 0.16 4.77 24.17 20.50
3 8.3 153 412 63 10.0 ± 0.5 (1.5) 3 1.84 −3.26 6.81 19.10
5 12 852 876 746 1.5 ± 0.5 (1.5) 5 3.32 3.69 12.70 10.32
6 5.5 685 343 235 16 ± 2 (3.1) 6 0.09 3.64 17.40 19.37
7 7.0 580e 800e 464 21 ± 1 (6.1) 7 0.43 7.03 57.44 66.76
8 7.6 532 938 499 1.0 (1.0) 8 6.30 −0.05 0.26 0.01
1op 6.5 1940 642 1245 1.0 ± 0.5 1o

1p
total

3.55
0.09

0.31
1.03

0.29
1.07

0.18
0.84
1.02

3,1o 31 197 257 51 2.0 ± 0.5 1o
3

total

3.77
1.90

0.37
−3.30

0.46
5.35

0.22
14.83
15.06

3,1p 3.4 299 156 47 17 ± 1 1p
3

total

0.14
1.83

3.96
−3.17

8.22
6.55

12.89
18.46
31.35

3,1op 38 250 346 87 4.5 ± 0.5 1o
1p
3

total

3.65
1.18
1.87

0.26
1.18
−3.25

0.15
1.43
5.11

0.08
1.14

14.25
15.27

1o,6CF3 50 860 269 231 0.0 ± 0.3 1o
19F

3.37
0.44

0.16
7.80

0.02
113.59

0.12
131.93

1p,6CF3 91 880 384 338 6.0 ± 0.6 1p
19F

0.12
0.59

3.28
6.04

11.14
124.78

9.06
172.02

1op,6CF3

50 844 2426 2047 1.0 1o
1p

total
19F

3.33
0.10
0.42

0.10
0.58
7.07

0.09
0.35

139.09

0.07
0.28
0.35

158.56
aThe saturation factor, defined as s = T1eT2e.
bValues in the parentheses were measured at 395 GHz as opposed to 264 GHz.
cWhen possible, uncertainties were estimated from the goodness of fit of the field sweep profile.
dFor radicals that contain multiple CH3 moieties, their rotational and hyperfine characteristics are given separately; the total cross-relaxation rate is the sum of
the rates from each group. Note that 19F and 1H cross-relaxation rates do not add.
eFrom reference 55.
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o verify that the differences observed are not caused by dif-
erences in electron relaxation times, we performed high-field
W-band; 94 GHz; 3.35 T) EPR measurements of the radical
olutions to measure their longitudinal (T1e) and transverse (T2e)
elaxation times, the product of which relates to the saturation
actor. No correlation between the Overhauser DNP enhance-

ents and the saturation factor was observed. Generally, the
ddition of a methyl group to the ‘1o’ position led to a larger
aturation factor despite the lower enhancements (Table 2).

.4 Radicals Containing a Trifluoromethyl
oiety

latter radicals are electron-rich and are thus stabilized with the
ddition of electron-withdrawing groups such as trifluoromethyl
of 15
groups [89]. The addition of such groups could help stabilize
polymethylated radicals for OE DNP. It is nevertheless important
to determine whether the addition of such groups affects DNP
performance. To this aim, we prepared three additional radicals
that include a CF3 group at position “6” (see Figure 1). The DNP
field sweep profiles measured for these radicals are depicted in
Figure 5, where the profiles from the analogues that exclude this
CF3 are shown in red, with those from the CF3-containing radicals
overlaid in blue.

First, a consistent decrease in SE DNP performance is observed.
A similar trend was previously noted when comparing the parent
Blatter and radical 7, where it was attributed to the loss of a key
1H spin with a large static hyperfine coupling, critical for SE DNP
[37]. A reduction in OE DNP performance is also observed for
radical 1p, with ɛOE decreasing from 6.5 in 1p to 6.0 in 1p,6CF3.
Chemistry – A European Journal, 2026

tive C
om

m
ons L

icense



FIGURE 3 1H DNP field sweep profiles measured for mono-CH3-
substituted Blatter radicals. Estimates of the DNP enhancements from the
different mechanisms are given on the top right of each plot.

FIGURE 4 1H DNP field sweep profiles measured for di- or tri-CH3-
substituted Blatter radicals. Each plot displays an overlay of the DNP field
sweep profiles from two radicals that are related by the addition of a
methyl group at the 1o position (blue with and red without this methyl).
In all cases, a large decrease in efficiency is seen with this addition.

Chemistry – A European Journal, 2026
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This decrease is modest, suggesting that CF3 substitution is not
strongly detrimental to methyl-driven OE efficiency.

We also probed the efficiency of these radicals in mediating
19F OE DNP, using fluorobenzene as the solvent. The 19F DNP
field sweep profiles are shown in Figure 6. In direct analogy to
the 1H OE DNP case described earlier, decreases in efficiency
are observed upon addition of a methyl group at position “1o”.
None of the radicals were effective for SE DNP, likely because
this mechanism is dominated by non-methyl 1H spins. The only
fluorine atoms present in the radicals used for Figure 6 are part of
CF3 groups and would therefore be expected to have minimal SE
activity.

4.5 Theoretical Investigation of Methyl-Driven
Overhauser DNP

We recently demonstrated the potential for using DFT calcula-
tions to gain mechanistic insights into methyl-driven Overhauser
DNP effects [56]. DFT-calculated methyl rotation barriers and
hyperfine coupling constants were found to be sufficient to
rationalize the differences in OE DNP activity from different CF3-
functionalized Blatter radicals, despite these possibly containing
significant errors. This precedent motivated this theoretical inves-
tigation to reveal why some of the 14 radicals studied here were
found to be inactive.
7 of 15
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FIGURE 5 1H DNP field sweep profiles measured for 6-CF3-
substituted Blatter radicals (blue). Each plot displays an overlay of the
DNP field sweep profiles from this radical and the one lacking the
additional CF3 moiety (red). In all cases, both the OE and SE DNP
enhancements are reduced by CF3 addition.
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FIGURE 6 19F DNP field sweep profiles measured for 6-CF3-
substituted Blatter radicals. Estimates of the DNP enhancements from the
different mechanisms are given on the top right of each plot.

8

 15213765, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/chem
.71772 by Florida State U

niversity, W
iley O

nline L
ibrary on [02/11/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reat
e performed potential energy surface scans as a function of
he rotational phase of each methyl group in all 14 radicals.
dditionally, we calculated the hyperfine coupling tensors at each
ihedral angle increment to observe the modulation amplitude of
he Aiso value. The results are shown in Figure 7, which groups
ach methyl group by its position on the benzotriazine core.
he left panel shows the dependence of Aiso on the rotor phase,
hereas the other two sets of panels plot the relative energy of the

ystems. Results are also tabulated in Table 2.

ocusing on the mono-functionalized radicals to start, which
re shown in light blue in Figure 7, we can see that there is
strong modulation of the isotropic hyperfine coupling in five

f the seven positions, with methyls at positions “1o” and “8”
aving limited hyperfine coupling. This agrees with the lack
f OE seen experimentally in radicals 1o and 8. Additionally,
e can note considerably larger rotation barriers for radicals

o, 5, and 8, above the optimal value of 1.7 kJ⋅mol−1, sug-
esting that these radicals may have methyl rotations that are
oo slow to efficiently transfer hyperpolarization to protons by
ross-relaxation.

xamining panel 1p in Figure 7, the amplitude of the hyper-
ine coupling modulations is strongly affected by subsequent
unctionalizations that reduce the Aiso modulation amplitude,
orresponding to the ⟨𝐴2

iso
⟩ term in Equation (5), and thus

ecreases OE activity. As seen in the experiment, the presence of
of 15
a methyl group at the ‘1o’ position induces the largest reduction.
A second, albeit lower, drop is observed upon the addition of a
CF3 group at position number 6. Comparison of the plots of ΔE
as a function of methyl phase reveals only minute changes as a
function of secondary functionalization. The barrier heights are
thus largely static quantities, and the differences in performance
of a given methyl group from one radical to another are largely
determined by the changes in hyperfine coupling strengths and
not rotational rates.

Taken together, we used the calculated ⟨𝐴2
iso
⟩ and ΔE values

in Table 2 to obtain DFT-calculated cross-relaxation rates for
each methyl group and molecule. Importantly, these calculations
successfully identified the radicals that were inactive for methyl-
driven Overhauser DNP. Similarly, DFT calculations successfully
identified the substitutions that lead to the greatest Overhauser
enhancements. The correlation between the DFT-calculated
cross-relaxation rates and the experimental DNP enhancements
is plotted in Figure 8. Overall, we note a positive correlation
between the two, which suggests that DFT is at least partly
capturing the most relevant aspects of the mechanism. Deviation
from linearity is nevertheless expected given the level of theory
involved (DFT, lack of spin diffusion barrier consideration) and
the importance of experimental variations resulting from partial
radical oxidation.

Measurements were also performed at a magnetic field strength
of 14.1 T for all the monomethylated radicals (see Table 2). For
these, we again see a good correlation between experimental DNP
Chemistry – A European Journal, 2026
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FIGURE 7 DFT-calculated CH3 rotor phase (φ) dependence of the 1H isotropic hyperfine coupling constant (left) and the relative system energy
(center and right). Each plot shows the corresponding dependence for a specific site on the Blatter core, as indicated on the plots on the left. Those
calculated for poly-functionalized radicals are shown on the same plot with a different color according to the legend on the bottom. For example, the
plot of Aiso versus φ for the methyl situated at the “1o” position in radical 1op is shown in the top left plot in purple. The color assignments for each site
are also clarified in the rightmost plots.
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FIGURE 8 Correlation between the experimental 1H Overhauser
effect DNP enhancements and the cross-relaxation rate calculated from
CH3 rotation using DFT calculations. Results from all radicals measured
at 9.4 T are shown in (a), while results from the monomethylated radicals
measured at 14.1 T are shown in (b). The fitted lines have intercepts at ɛOE
= 1 and slopes of 1.051 (R2 = 0.77; RMSE = 3.2) and 0.250 (R2 = 0.95; RMSE
= 0.38), respectively.
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nhancements and DFT-calculated cross-relaxation rates (R2 =
.95), although the slope of the correlation is different, with the
adicals yielding lower enhancements at the higher magnetic
ield strength. This may be due to the higher sample heating
aused by the higher-frequency microwaves, or by incomplete
aturation at the higher magnetic field, owing to the 50% larger
anisotropy at this field and lower microwave amplitude. The

iscrepancy may also be caused by the DFT calculations under-
stimating the rotation barriers, thus overestimating the methyl
otation frequency.
0 of 15
5 Discussion

Within the Blatter-radical series examined here, these results
allow us to identify structural features associated with high
activity in methyl-driven Overhauser DNP (Figure 9). Even
though the spin density function is distributed throughout the
molecule by conjugation, we observed dramatic variations in
Overhauser DNP performance. Of the seven singly-methylated
radicals, only four were found to be active (1p, 3, 6, and 7) whereas
the other three (1o, 5, 8) were largely inactive with radical 5
showing evidence of a weak OE.

DFT calculations revealed that isotropic hyperfine coupling to
the methyl protons in radicals 1o and 8 was very weak (well
below 1 MHz). Radical 5, however, has a large computed mean
isotropic hyperfine coupling constant (𝐴iso) of 3.69 MHz and a
high modulation amplitude (⟨𝐴2

iso
⟩) of 12.70 MHz2. The minimal

Overhauser performance seen in this radical is instead explained
by its high rotational barrier of 3.32 kJ⋅mol−1, well above the
optimal value of 1.70 kJ⋅mol−1. Likewise, radicals 1o and 8 also
feature high ΔE values of 3.57 and 6.30 kJ⋅mol−1, respectively. We
hypothesize that these uniquely high barriers are caused by steric
repulsion with the benzotriazine core, the nitrogen lone pair,
and the N1-aryl moiety in the case of 1o, 5, and 8, respectively.
Importantly, none of the four radicals that displayed methyl-
driven Overhauser activity had any sort of steric hindrance. It
is thus likely that steric hindrance must be avoided for a methyl
group to reach the 100s of GHz rotation frequencies required for
cross-relaxation at high magnetic fields (Figure 9a).

We further observe that certain secondary functionalizations pro-
duce parasitic effects that reduce the overall Overhauser DNP per-
formance. Specifically, addition of a methyl group at position “1o”
led to a large reduction, or complete quenching, in the OE activity
for all radicals, while the addition of a CF3 moiety to a molecule
led to a modest reduction in activity. These changes were not
correlated to electron relaxation times but were well reproduced
by DFT calculations. Given that we also found that rotational
barriers were unaffected by such functionalization, the losses in
performance must be attributed to changes in the spin density.

In the case of the 1o-methylated radicals, single-crystal x-ray
diffraction structures suggest a likely explanation. Functional-
ization at this position leads to a large increase in the φCNCC
dihedral angle values from 49± 8◦ to 73± 7◦ which is, for instance,
expected to reduce the spin density at the “1p” position by a factor
of four (Figure 9b). Indeed, while radical 1p yielded a sizeable
Overhauser DNP enhancement of 6.5, radical 1op was completely
inactive. Smaller inductive effects are seen in other radicals as
well, suggesting that inductive effects are more widespread. For
example, the Overhauser DNP enhancement is reduced from 10.0
in radical 3 to 2.0 in radical 3,1o, which is associated with a
reduction in the calculated proton hyperfine coupling constants
to the methyl protons at position ‘3’. A similar effect is seen
in a CF3 site active in 19F Overhauser DNP situated at position
‘6’. Specifically, 19F OE enhancements were reduced from 18 in
1p,6CF3 to 8 in 1op,6CF3.

Regarding the lower performance in 1H OE DNP observed in CF3-
functionalized radicals, we initially suspected that the reduction
Chemistry – A European Journal, 2026
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FIGURE 9 Design principles for persistent free radical polarizing agents that will be active in methyl-driven Overhauser effect DNP: (a) the CH3
group must be situated at a sp2-hybridized site free from steric hindrance; (b) the conformation of the molecule must be such that significant spin density
can exist at the methyl position; (c) the largest number of active CH3 groups possible should be included; and (d) electron-withdrawing groups may draw
spin density away from the methyl moiety, thus lowering Aiso and in turn the cross-relaxation rate.
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as caused by a competition between 1H and 19F spins for the
lectron polarization; however, the reduction was well repro-
uced by DFT. These calculations showed that trifluoromethyl
unctionalization of the benzotriazine core instead draws electron
ensity away from methyl moieties. For instance, a twofold
eduction in hyperfine coupling is calculated when comparing
adical 1p to 1p,6CF3 which in turn is correlated to a modest
eduction in enhancement factor from 6.5 to 6.0. The fact that
adical 1p,6CF3 yielded both the largest 1H and 19F Overhauser
NP enhancements of the CF3-functionalized radicals further

ements the argument that the changes in performance are not
he result of competition.

ot all functionalizations were parasitic. Of particular interest
s the synthesis of radicals containing multiple methyl groups
hat are Overhauser-active given that cross-relaxation is expected
o be additive for each proton involved. Of those studied here,
nly radical 3,1p fell in this category. Monomethylated radi-
als 1p and 3 yielded modest enhancements of 6.5 and 10.0,
espectively, whereas radical 3,1p yielded an Overhauser DNP
nhancement of 17.0, roughly equal to the sum of the other
wo, as hypothesized. Assuming that ortho-methylations would
terically quench methyl-driven Overhauser DNP, it is likely that
ptimal performance in a Blatter system would be achieved in
trimethylated radical containing methyl moieties at positions

1p,” “3,” and either “6” or “7.”

hese observations suggest a set of design considerations for
ethyl-driven Overhauser DNP polarizing agents within the
latter-radical scaffold, which can be assessed by inspection of
proposed chemical structure (Figure 9). Namely, it appears

o be highly important that methyl groups are introduced in
ocations on a conjugated radical core with low steric hindrance
o methyl rotation and that secondary functionalizations do not
erturb the conjugation of the singly occupied molecular orbital.
hemistry – A European Journal, 2026
Ideally, as many OE-active methyl groups as possible should be
included in the structure given that they are expected to behave
largely independently of one another. Lastly, it also seems that
electron-withdrawing groups may have a slight negative effect
on methyl-driven Overhauser DNP (Figure 9d), although the
added stability may enable the introduction of a greater number
of methyl groups to the radical, leading to a greater overall
performance [89].

6 Conclusions

We studied the OE DNP efficiency of fourteen methyl-
functionalized Blatter radicals to better understand the
mechanism and derive design principles for efficient Blatter-type
Overhauser DNP polarizing agents. Only radicals with methyl
moieties sterically unhindered by a neighboring aryl group or
lone pair were active in OE DNP. DFT calculations reveal that
proximities which hinder methyl rotation limit cross-relaxation
by slowing rotation well below the 100s of GHz required.
Methyl substitution at two structurally decoupled positions
produces a proportional increase in DNP efficiency, with
both methyls acting independently. Other functionalizations,
however, induce parasitic effects that reduce or completely
quench OE DNP activity. Specifically, a methyl substituent at
the ortho position of the N1-aryl moiety significantly alters the
structural conformation, decoupling it from the SOMO and
suppressing the OE of a methyl group at the para position.
Addition of electron-withdrawing groups also reduces efficiency
by withdrawing spin density from the Overhauser-active methyl
group.

These observations highlight key design principles within this
radical scaffold for improved polarizing agents: multiple methyl
groups should be positioned at isolated locations on a conjugated
11 of 15
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adical with high π spin density. Electron-withdrawing groups
hould be avoided for optimal performance, although their effect
an be partially offset by adding methyl substituents.
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