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Abstract: Dynamic nuclear polarization (DNP) can significantly enhance the sensitivity of nuclear magnetic resonance
(NMR) spectroscopy, via the transfer of polarization from unpaired electrons to nuclei. As a result, there is considerable
interest in improving DNP efficiency, particularly through the development of new polarizing agents (PAs). Here, a series
of 32 PAs, including 26 dinitroxide and 6 hetero biradicals, of which 11 are introduced for the first time, were evaluated
for their performance in DNP NMR experiments at magnetic field strengths of 9.4 T, 14.1 T, and 21.1 T. The PAs that are
soluble in aqueous media were compared for different proton concentrations. A detailed comparison of the enhancement
factors, polarization build-up times, contribution factors, and the resulting overall sensitivity factors is provided. We find
that the class of narrow-line-broad-line biradicals not only yield the best performance at high field (21.1 T and 14.1 T) but
remain among the best at intermediate fields (9.4 T). Specifically, SNAPol-1 and HyTEK?2 are consistently among the best
performing radicals at any field. Among the dinitroxides, notably at 9.4 T, the AsymPol-POK and M-TinyPol families stand
out in proton-dense aqueous matrices, and a newly developed dinitroxide, NaphPolCbo, is found to provide the best overall
sensitivity factor in organic solvent.

J

Introduction

Solid-state nuclear magnetic resonance (NMR) spectroscopy
can yield detailed atomic-level structural and dynamical
information, leading to a broad range of applications
in chemistry, biology, and medicine.l!!l' However, the
inherently low sensitivity of NMR experiments is often a
key bottleneck, and restricts its more widespread use. To
alleviate this problem, over the last 20 years, dynamic nuclear
polarization (DNP) has emerged as an efficient method to
dramatically enhance the sensitivity of NMR experiments,
via the transfer of the larger Boltzmann polarization of
unpaired electron spins to nearby nuclear spins.>! The
spectacular progress in this field has been enabled by

many developments including new hardware, such as new
microwave sources, fast spinning probes, and very low
temperatures, and the introduction of novel polarization
agents and sample formulation strategies.®] Today, DNP
in solid-state magic angle spinning (MAS) NMR typically
provides very significant sensitivity enhancement,”’l which
has successfully facilitated applications of solid-state NMR to
nanoparticles, >4 catalysts,[>??l battery materials,?32¢]
photovoltaics,?’!  building materials,?*>!l nucleic
arrays, 2l proteins,?*3°1 saccharides,[*#"] cells,[5>"]
complex drug formulations.[00-68]

Standard  high-resolution solid-state MAS DNP
experiments typically involve the introduction of polarizing
agents (PAs) containing unpaired electrons to the sample
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of interest. In MAS DNP, the polarization is transferred
from electron spins to nearby nuclear spins upon continuous-
wave microwave irradiation at cryogenic temperatures
(~100 K),I1®731 followed by spin diffusion into the bulk of
the sample.”*7°! (We note that lower temperatures are also
accessible.[®*831) The efficiency of this process depends on
multiple factors, notably the complex nature of the PAs
hosting the unpaired electrons. For example, cross effect
(CE) DNP using biradicals is the most efficient mechanism
at typical NMR fields, embodied for example in dinitroxide
biradicals.[*%*%] The last two decades have therefore seen
efforts geared towards understanding the factors that deter-
mine the DNP efficiency and improving biradical PAs. Since
the first example of using a dinitroxide PA for CE MAS DNP
in 2004,[84] a series of design principles have been identified to
contribute to the DNP efficiency, such as the optimal relative
orientation of the electron g-tensors (which has been referred
to as the distance between the g-tensors),[®* increased
electron spin relaxation times leading to better saturation
factors,[®!] optimizing the magnitude of electron-electron
spin couplings,[7®9>1%1 optimal conformational properties
around the nitroxide,['"1%?1 and favorable polarization
transport pathways.'*'%1 This has collectively resulted in
improved polarizing agents for aqueous-based and organic
solvents [specifically 1,1,2,2-tetrachloroethane (TCE)],['%] at
9.4 T and ~100 K. In parallel, design principles have been
improved through the awareness that the overall sensitivity
is influenced not only by the enhancement factors but also by
build-up times, paramagnetic quenching, and depolarization
effects,[457691,107-113]

On the other hand, the advent of higher field DNP instru-
mentation (e.g., > 18.8 T) triggered the quest for polarizing
agents tailored for high fields. The principal challenge at
higher fields is that for dinitroxide radicals that perform well
at 9.4 T, the CE efficiency usually suffers from a decrease
at higher field. To alleviate this last problem, one strategy is
to increase the magnitude of electron-electron (e-e) magnetic
interactions, that is, the dipolar interaction (D) and exchange
interaction (J), of a PA.[%!14 For example, dinitroxide PAs
such as the AsymPol [*192115] and TinyPol(*11°] families were
designed to adopt relatively shorter linkers, hence stronger e-
e interactions, while maintaining the other favorable design
features.[S$!7118] The AsymPol radicals utilize a short car-
boxamide tether that yielded larger dipolar (D ~ 56 MHz)
and exchange couplings (J &~ 100 and J ~ 120 MHz).[%3!15]
The increased e-e couplings also directly contribute to short
polarization build-up times and reduced depolarization loss
for the AsymPol radicals, where strong J couplings are also
predicted to attenuate the MAS-induced depolarization effect
by increasing the probability of adiabatic electron-electron
crossings.[*>1%111] Similarly, the distance between the two
electrons in TinyPol was estimated from molecular dynamics
simulations to be distributed around ca. 10.4 A, in comparison
to around 11.6 A in AMUPol, that led to a predicted
increase in the average dipolar coupling from 33 MHz for
AMUPol (corresponding well to the measured values of 35—
36 MHz)[!1%12%] to a prediction of 47 MHz for TinyPol, and a
change in their respective exchange interaction from J ~ 42
MHZz['?!] to a J distribution of ~ 5, 24, and 110 MHz with
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a23%, 47%, and 30% weight each.[®’l The TinyPol structure
yielded an improvement of enhancement from 50 (AMUPol)
to 90 (M-TinyPol) at 18.8 T, 40 kHz MAS.[?’]

An alternative strategy to address microwave power
limitation!*®*] while providing faster buildup times!”®! at high
fields is the development of so-called hetero-biradicals, a
class of polarizing agents that chemically tether a narrow-
line radical [e.g., BDPA (1,3-bisdiphenylene-2-phenylallyl)
or trityl] with a broad-line radical (e.g., nitroxide). The
narrower line enables both a more efficient microwave
saturation and better polarization transfer (slower microwave
and CE rotor events)!”*®] and often have longer relaxation
times.!'??] Following the development of the TEMTriPol series
in 2015 by Griffin and co-workers,[*?] other trityl-nitroxide
hetero PAs have been introduced, such as NATriPol,['Z!
SNAPol,[?*] STAPol,['»] PyrroTriPoll'*l; and the BDPA-
nitroxide hetero PA, HyTEK,[*! designed for high field DNP,
and capable of yielding enhancements >100 at magnetic
field of 18.8 T.*1?*126] During this endeavor, hetero PAs
were found to benefit from additional advantages, such
as a reduced depolarization effect observed for the het-
ero PAs when modest concentration are employed. This
depolarization effect of CE DNP accounts for the depleted
nuclear Boltzmann equilibrium polarization induced by the
presence of paramagnetic PAs under MAS, in the absence
of microwave irradiation.['!"'l TEMTriPol-1, for example,
showed a negligible depolarization effect.[8!12]

Overall, the aforementioned two classes of radicals—
dinitroxide biradicals and narrow-line broad-line biradicals—
constitute the currently most studied radicals in the devel-
opment of PAs for CE MAS DNP today, leading to a vast,
diverse collection of biradical polarizing agents.

While the focus of the PA development was historically
upon the DNP enhancement factor (¢), it is now well-accepted
that ¢ does not capture the overall DNP performance.
Additional parameters such as the build-up time of the
polarization (7B), which relates to how fast experiments
are repeated, and the signal quenching/depolarization, due
to the presence of the paramagnetic radical, also need to
be included.[*>769L107-113] A alternate way to measure sen-
sitivity could be to evaluate the SNR/sqrt(time)/mg,[493:126]
However, due to the numerous samples, measuring SNR
systematically across different experimental sessions and
instruments was challenging for such a large series (see SI).
Instead, we recently evaluated the overall sensitivity factors
(S) provided by a series of eighteen dinitroxide PAs at 9.4
T and 100 K,[”l where the three key parameters—the 'H
DNP enhancement factor (ey), the build-up time of the
polarization (7B), and the contribution factor (6 = €gepo X
6q), which includes both depolarization €4, and quenching
(04)—were systematically measured to yield the overall DNP
performance of a PA, following Equation (1).[7]

S=eyx0xT;" (1)

Notably, it is important to include both the enhancement
factor and the contribution factor, since the objective is to
compare the signal that is obtained with DNP to that which
would be obtained from an “ordinary” NMR sample that
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would not contain the polarizing agent. For that it is necessary
to compound the gain seen through the enhancement factor
measured on the DNP sample, with the overall loss of signal
due to the presence of the paramagnetic PA.I7:113]

The main motivation for that workl”! stemmed from the
fact that despite the extensive reports of polarizing agents
for DNP, it had been difficult to directly compare the relative
performance of the PAs available today from the literatures.
Furthermore, the performance is also affected by miscella-
neous factors such as the spinning rate,['?] the strength of
the microwave irradiation (e.g., rotor diameter,['%'?7] rotor
material,’'l or source of the radiation), the experimental
protocol (e.g., degassing!'?®! or temperature), presence of
solutes, etc. Different research groups often report radical
performance under slightly different conditions. Therefore,
here we attempted a global assessment conducted under
systematically controlled conditions allows to establish guide-
lines for the choice of optimal PAs today, and for further PA
optimization in the future. In particular, the past comparison
at 9.4 T in organic and deuterated aqueous media unexpect-
edly revealed that a large group of dinitroxides all yielded
very similar overall performance, due to the three factors
compensating for each other, and highlighting the existence
of a “glass ceiling” in current performance.l”]

In this light, here, we extend the approach to a systematic
evaluation of a collection of 32 state-of-the-art polarizing
agents, consisting of 26 dinitroxide biradicals and 6 hetero
biradicals, among which 11 PAs are newly-developed. Here,
our initial focus was to evaluate performance of PAs at
high magnetic fields, and the comparison is performed at
field strengths ranging from 21.1, 14.1, to 9.4 T. The reader
should keep in mind that the present comparison is done
in identical 3.2 mm rotors that may not be optimal for very
high field DNP['?] but the intention was to be systematic.
Notably, this is the first time that the two classes of biradicals
are simultaneously compared at these fields, and in solvent
systems with different proton concentrations (see below). We
find that at 21.1 T and 100 K, hetero biradicals far outperform
the dinitroxides, with SNAPol-1 and HyTEK2 being the
best candidates in aqueous and organic solvents, respectively.
However, we also find, that at both 14.1 and 9.4 T, SNAPol-
1 and HyTEK2 remain among the best PAs, mostly owing
to their high contribution factors. Among the dinitroxide
biradicals, at 9.4 T, NaphPolCbo yields the highest overall
sensitivity factor in the organic solvent, and we find that the
AsymPol-POKSs, and the M-TinyPol series provide excellent
performance, particularly in proton-dense aqueous solvents.

Results and Discussion

State-of-the-art Polarizing Agents

Figure 1 shows the chemical structures of the polarizing
agents studied in this work. The PAs are categorized
based on their solubility in organic (Figure la) and aque-
ous solvents (Figure 1b) respectively. Three glass-forming
matrices were utilized, including 1,1,2,2-tetrachloroethane
(TCE),'%] classic partially deuterated dg-glycerol:D,0:H,0
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(viviv 6:3:1),1122130] and fully protonated glycerol:H,O (v:v
6:4).["3!] The latter two formulations are hereafter referred to
as deuterated glycerol/water and protonated glycerol/water,
with 'H concentrations of 11 and 110 M, respectively. The
protonated glycerol/water solvent was included to investigate
the impact of proton density on the DNP performance
of PAs, since it has been shown to impact the polariza-
tion dynamics and is highly relevant for applications in
proton-rich environments such as organic and biomolecular
systems.[7>79-102103115,116.132] AJ] PAs in TCE were studied at
16 mM radical concentration. PAs in the two glycerol/water
solvents were studied at 816 mM depending on their
solubility. Quantitative EPR experiments were performed to
estimate the final radical concentrations in the solutions (see
Table S9).

Note that from an experimental point of view, it is chal-
lenging to have identical experimental conditions across all
samples. Errors can stem from differences in concentrations,
in measuring sample masses, in sample temperature, in glass
formation, radical purity, or other sources. It is not feasible
to make the tens of separate samples and measurements
for each radical that would be needed to rigorously assess
errors. Instead, here, we have attempted to reduce errors
using systematic best practices, with the same operators and
procedures on the same spectrometers, and we present these
results with an estimation for the overall error. The systematic
errors, can affect all three key parameters (polarization
buildup times, contribution factors, and enhancements), and
can in turn impact the details of the rankings found below, and
they are accounted for through the reported uncertainties, but
we believe the trends we report are reliable. Details of the
sample preparation and DNP NMR experiments are given in
the SL.

The PAs evaluated in this work were selected based on
the best-performing candidates reported in a large selection
of literature.[7’9°~92‘94~97’102~1°3’115*“6424“2"*133] In addition to thiS,
11 newly synthesized PAs are introduced here for the first time
(Figure 1, red-labels).

Regarding the design of the new radicals, the bCTolCbo,
NaphPolCbo, HyPolCbo, HydroPolCbo, PyPolPEG2Cbm,
HydroCbm dinitroxide PAs are designed based upon a
previous study where carbonate and carbamate linkers
yielded shorter 7y and larger J couplings as compared to
their counterparts with a urea linker or a bis-spiroketal
linker, thereby yielding advantageous overall performance.[’]
For example, in our previous studies conducted at 9.4 T,
TEKPolCbo (S = 40 s~?) showed a moderate improvement
in the overall performance as compared to TEKPol (S = 38
s712),71 while NaphPol (S = 50 s~?) improved the overall
sensitivity factor when replacing the phenyl groups of TEKPol
with naphthyl groups to improve the 'H-'H polarization
transfer.!] (Note that in the above sentence and the
following discussion, for clarity of the text, we only report
the measured value of S, without errors. All the errors
are shown in the figures and reported in the Tables in
SI). Taken together, the development of NaphPolCbo is
therefore straightforward, and as discussed below yielded
here the highest overall sensitivity gain (S = 55 s™2) at
9.4 T in TCE among the dinitroxide PAs. Then, the design
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Figure 1. Chemical structures of the state-of-the-art polarizing agents evaluated in this work for a) 1,1,2,2-tetrachloroethane (TCE), and b) deuterated
glycerol /water (dg-glycerol:D,0:H,0, v:v:v 6:3:1) and protonated glycerol/water (glycerol:H;O, v:v 6:4), respectively. The newly designed radicals are
indicated in red, while previously reported radicals are in black. Details for the synthesis of the new radicals are provided in the supporting
information.
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principles used for the recently published M-TinyPol(OH)4
and O-TinyPol(OH)4, are used to introduce HydroPol(OH)2,
PyPolPEG2(OH)2 here, with additional dihydroxyl antenna
chains to improve the hydrophilicity as well as to increase
the molecular weight, which have both been proved to be
beneficial for DNP enhancement.[%0116:121.124] A5 we see below,
in deuterated glycerol/water, the improved water solubility of
M-TinyPol(OH)4 (S = 72 s~) immediately results in a 26%
improvement in the overall sensitivity factor as compared to
TinyPol (S = 57 s7172).

DNP Performance at 21.1T

The measured values of the three key parameters—'H
DNP enhancement (ey), polarization build-up time (7g),
contribution factor (§)—of all the PAs in TCE, deuterated
and protonated glycerol/water at 21.1 T and 100 K are
shown in Figure 2. The resultant overall sensitivity factor (S)
provided by all PAs is then shown in Figure 3.

We immediately note the unparalleled performance pro-
vided by the class of hetero PAs at 21.1 T, with all the
hetero PAs leading the overall sensitivity factor in the three
different solvent systems. In TCE, HyTEK2 and PyrroTriPol-
OMe outperform all the dinitroxide biradicals. Notably,
HyTEK2 (S = 19 s~2) provides a factor 2.6 improvement in
overall sensitivity factor relative to PyrroTriPol-OMe (S = 7
s712), and a factor 5.6 as compared to the best-performing
dinitroxides cAsymPol-TEK and NaphPolCbo (§ = 3 s712).
HyTEK?2 consists of a narrow-line BDPA moiety and a broad-
line nitroxide tethered by a methylene carboxamide linker.
HyTEK?2 was designed by optimizing the e-e interactions via
the linker length, and by lengthening the electron relaxation
time of the nitroxide unit by functionalization with bulky
4-phenyl spirocyclohexyl groups.* Similarly, PyrroTriPol-
OMe was designed with a piperazine linker connecting a
trityl and a five-membered ring nitroxide (Figure 1). The
good performance observed for HyTEK2 may be the sign
that longer relaxation times offered by BDPA, appear to
favor higher enhancement and it also confirms that somewhat
flexible linkers are not necessarily a major obstacle to
obtaining good DNP efficiency in narrow-line broad-line
biradicals. Indeed, while the flexibility can affect unfavorably
the e-e couplings, hetero PAs are less sensitive to the relative
orientation of the g-tensors than dinitroxides thus still yielding
good DNP performance.[®] Finally, despite the relative
underperformance of dinitroxide PAs at 21.1 T, it is worth
noting that all the ranking appears to group dinitroxides in
two categories: those with relatively short linkers (amide,
carbonate, carbamate) exhibiting overall better performance
compared to those with rigid spiroketal linkers, again in
line with previous analysis and the design strategies used to
develop for high-fields, where stronger e-e interactions are
important.[76:92-100]

Similar trends are observed for the hetero PAs in aqueous
solvents shown in Figure 3. Specifically, in deuterated glyc-
erol/water, SNAPol-1 (S = 31 s72) is the best performing,
yielding a 60% improvement in S over the runner-up, STAPol-
3 (S =20s"'2), and a factor 2 improvement over TEMTriPol-1
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(S = 15 s72) and PyrroTriPol (S = 12 s~!2). The superior
performance of SNAPol-1 is primarily ascribed to two
factors,l'?!] i) its high hydrophilicity introduced notably by
fourteen hydroxyl groups, and ii), as compared to STAPol-3,
TEMTriPol-1 and PyrroTriPol, in SNAPol-1 the replacement
of the methyl groups on one or both moieties with bulkier
spirocyclohexanol groups was claimed to increase the electron
relaxation times,[®%! thereby increasing the saturation factor
and leading to an improved DNP enhancement factor of
ey = 98 compared to STAPol-3 (ey = 74), TEMTriPol-1
(¢en = 34), and PyrroTriPol (¢ = 32). We note that previous
reports have signaled that TEMTriPol and PyrroTriPol radi-
cals suffer from a tendency to aggregate in aqueous solvents
which is detrimental to DNP performance.[123125126134] The
results observed here confirms previous reports, and highlight
again, from the synthetic perspective, on the importance
of solubility to DNP performance. A radical concentration
of 10 mM was used for four of the hetero PAs in the
comparison (instead of 16 mM), due to the limited solubility
of TEMTriPol-1 and PyrroTriPol. However, SNAPol-1 does
not suffer from limited solubility, and increasing the radical
concentration from 10 to 15 mM was previously shown to
improve the overall DNP efficiency further by ~8%.112]

A key advantage of hetero PAs is clearly reflected by their
high contribution factors (Figure 2). Apart from STAPol-
3 which has a contribution factor of 0.6, all the other
trityl-nitroxide PAs yielded a high contribution factor of
ca. 0.8, owing to the design principle of tethering a broad
line and a narrow line radical, limiting depolarization effect
through reverse CE, compared to most dinitroxides.[1212°]
This reduced depolarization effect contributes significantly
to their good overall performance, and is maintained for
hetero PAs across the magnetic fields studied in this work.
Clearly, at 21.1 T, the dinitroxide radicals are outperformed
by the hetero PAs in 3.2 mm rotors. A large ensemble of
the dinitroxides yield very similar overall sensitivity factors,
with the M/O-TinyPol(OH)4 and cAsymPol-POK appearing
moderately better. This is not surprising since both were
designed to have shorter linkers, with larger electron-electron
interactions, to mitigate the reduction in enhancement at
higher fields and maintain fast buildup times.

The right-hand panel in Figure 3 compares the relative
performance of selected water-soluble PAs in protonated
glycerol/water. For such media, SNAPol-1 remains the most
efficient PA in this environment, outperforming the other
candidates. An overall sensitivity factor S of 21 s™2 was
obtained for SNAPol-1, 2.6 times higher than that of
PyrroTriPol (S = 8 s™!2). Notably, the high 'H concentration
(110 M) of protonated glycerol/water means that 10 times
more 'H nuclei need to be polarized per radical (for the
same radical concentration), as compared to the deuterated
glycerol/water matrix. This leads to a systematic decrease
in the overall sensitivity factor across nearly all the PAs
evaluated, see Figure 4a, but one should note that the total
signal intensity in the protonated samples is in general higher.
It is also interesting to note that among the dinitroxide
biradicals, the AsymPols clearly stand out despite the limited
microwave field amplitudes available in the 3.2 mm rotor at
211 T
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Figure 2. Comparison of the measured values of the three key parameters, "H DNP enhancement factor (en), build-up time (Tg), and contribution

factor (9) of polarizing agents in a) TCE, b) deuterated glycerol/water, and c) protonated glycerol/water respectively, measured at 21.1 T, 100 K, and

8 kHz MAS. The values and the error analysis are detailed in the SI.

to maintain good performance as compared to other PAs

A detailed comparison of the three key parameters
between the two matrices is shown in Figure S5. From

in proton-dense matrix, and decrease by only 20% for
cAsymPol-POK, and even slightly increased to +5% for

deuterated glycerol/water to protonated glycerol/water, the S
provided by SNAPol-1 and PyrroTriPol decreased by 30%,
while most dinitroxide-based PAs decrease by around 50%.
Despite the fact that at 21.1 T, all the dinitroxide PAs
yield overall sensitivity factors that are far below SNAPol-

AsymPol-POK (Figure 4a). The ability of the AsymPol-

POKs to polarize proton-dense matrix is reflected in the

comparison of their build-up times shown in Figure S5d.

In contrast to other PAs the Ty of both AsymPol-POKs is
shorter in the protonated matrix. This trend is maintained

1; interestingly, the two AsymPol-POKs are the only ones

© 2025 Wiley-VCH GmbH
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measured at 21.1 T, 100 K, 8 kHz MAS. The values and the error analysis are detailed in the SI.
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Figure 4. The comparison of overall sensitivity factor (S) provided by polarizing agents in deuterated glycerol/water and protonated glycerol/water, at
different magnetic field strengths of a) 21.1T, b) 14.1T, and c) 9.4 T, at 100 K and 8 kHz MAS. The values and the error analysis are detailed in the SI.

at other field strengths, as discussed below, in line with the
original report.[''] Recently it has been shown that AsymPols
can efficiently directly hyperpolarize the protons located in
the nearby solvent, which would be an advantage in fully
protonated media.l'"1%>115] Conversely, other biradicals have
been shown to distribute hyperpolarization efficiently through
protonated antenna groups on the radical scaffolds.[10>110]
Overall, the hetero PAs are remarkably more efficient at
21.1 T than the dinitroxide PAs, in all the solvent systems
studied here. BDPA-TEMPO hetero biradicals were intro-
duced as early as 2009 where the two moieties were directly
tethered by an amide bond.['*] No DNP measurements were
made, although now it appears clear that the short amide
linker would introduce a too large e-e interaction to be
efficient.[24] Later, synthetic routes for water-soluble BDPA
derivatives were proposed, through functionalizing via the
addition of carboxylic acid,['**! sulphonate groups,!'’! or
the tetraalkyl/aryl-ammonium groups,'*! all of which can

Angew. Chem. Int. Ed. 2025, 64, 202505944 (7 of 17)

potentially serve as the precursor of water-soluble BDPA-
nitroxide hetero biradicals. Interestingly, SA-BDPA showed
both a higher solid-effect enhancement and a narrower
linewidth as compared to trityl.'37] In 2020, a tetraalkyl/aryl-
ammonium BDPA derivative was tethered to TEMPO via an
amide linker.['*8] The DNP efficiency of this hetero PA was
again not measured and is most likely to perform poorly due
to the short linker, as was observed for TEMTriPol-0 and
ProxTriPol.[?l These efforts to explore new synthetic routes
to water-soluble BDPA based hetero radicals for high-field
DNP open up interesting new pathways that look all the
more relevant given the results presented here for HyTEK2
in organic solvent. On the other hand, in 2007, a mixture of
trityl and nitroxide radicals was reported to provide favorable
DNP enhancements.['*] Then, the first trityl-nitroxide class
of hetero biradicals was developed in 2013.1'*1 Although no
DNP experiments were conducted, this work highlighted the
tunability of magnetic properties by adjusting the chemical

© 2025 Wiley-VCH GmbH



Research Article

dte

Chemie

An

Internatic

o qo
N O
°© O

o

12
[l TCE
w200 8 s
ot » [
5 - 5
£ = 5 08
g 150 o 6 &
= £ c
g [ Sos
c a B
gwo z 4 2
=
% 5 *gOA
[
O
T =50 2 0.2
0 0 0
~ — =] =] — =]
3 z T adedF 3 Z FAd2aFl 3 z Fad2adgFs
a X 2 X ©v 3 g X 2 X ©w 3 a X 2 X ©|w 3
RY c 3 S ©® = o R [ 3 S © = o RY c 3 S ©®» = o
» S 8 33 3 3¢9 > T g 883 I T3 > 3 ¢33 3 o
4 [=3 3 2 T g o = 4 o 2 3 & 5 = 4 o d 2 3 2% 5 =
m Is) S Qo Q75 T m o 2 0o Q5 T m Is) 2 9 c Q5 T
= g 25 58 g ¢ = g 8§ 538 g ¢ = g Q5 538 g ¢
9 3 s m o ¢ ) 3 o m o ¢ ) 3 3 m o ¢
e = 2 e = S e = g
) [ [
b) 300 8 1.2
[l deuteratdd glycerol/water
7
/}250 1
= % 8 e
c -
g 200 (. s08
~ |3
° ©
§ £ w
© 150 }:4 80'6
€ [o% B
w ? 3 a
g 100 el 04
= =
[a) m 2 8
L 50 ] 0.2
0 0 0
TI2PZIVOZIQRIAN® TI2PZVOZIQSIAN® TI2PZUVO0OZIQORIANO®D
39E¢ L5588 ¢ P24 5550885805 ¢ TYEL L3088 E5235¢
c 22 c§ c g2 cg c g2 cg
co S3538553 3 31 % 90 §3553553 =) 2905359353 SN )
TI=IJ VI H53I33Fc S TSIV I 953383533 T=I3 VI3 953 333548
mBeo 330V IS 5T L« M3 333330388574~ MBS0 I35 QF%¢
m 0 Yo o =20 o @ m 0 Vo o =2 0Q c @ = m -0 Yo o =920 c @ =
Qo o c=xx95xrtg3¢ [ole) © c==xp5rug3¢ D o © S xXx31rg3¢
8% 9 OO0 ¥ U3 kN 8% 9 OO0 ¥ 33 EN Ss 9 OO0 f3®3 iN
5 = X IIsQ 5= X IIsQ gR = IIsQ
39 EE VX 3% ERx M X Sg L
N N ~
©) 150 8 1
@ protonated glycerol/water
“x
K
€ P~ o
gwo ® )
o —
8 = S
~ kst
S o ©
£ £ -
5 5 5
o) =
g 3 F
) =
2 5 £
I @ 3
0
> > I T = O 9 >» 3T O O > I T = 029 » 3 0O O > I T = 092 > 3T 0O O
EES8L35LZ%s 3¢ EE5EI3532%s5535 ¢ £S5 535Lz¢3 3¢
c cC 3 3 5 5 < 3 o > c 5 5 53 5 < 3 38 > c 5 5 53 5 < 3 38 >
I © 8 8 3 2 3 9 3 3 b s o 3 2 3 9 3 3 T 3 o 3 2 3 9 3 T
S 2 9393 FHT I3 e o 83T v I S ¢ [ O3 T IT I e
o ¥ 2 60 o T T L X o g 2 5 o o0 T T &b X Is) g 2 5 o o T T b X
3 3 - = = o 3 3~ == T b ¢ 3 3~ == T © 9
g - g °c"53g° g °c " 5338°
z I O X z I O X = I O X
N X X ] x X ] x =~

Figure 5. Comparison of the measured values of the three key parameters, "H DNP enhancement factor &y, build-up time Tg, and contribution factor
0 of polarizing agents in a) TCE (with h-BN), b) deuterated glycerol/water, and c) protonated glycerol /water respectively, measured at 14.1T, 100 K,

and 8 kHz MAS. The values and the error analysis are detailed in the SI.

linker and this was later experimentally verified by DNP.[%?]
Other trityl-nitroxide hetero PAs for organic solvents were
also introduced, and evaluated only at 9.4 T yielding modest
DNP enhancements of ca. 50['*!] and 30.'%2] We note that
very recently, a verdazyl-nitroxide biradical was developed,
termed VerTEKol that yields improved enhancement factors
in TCE at 600 MHz.['**] Now given the superior performance
highlighted here for the hetero PAs in both aqueous and
organic solvents, there is no doubt room to develop other
hetero PAs with improved DNP efficiency at high fields.

Angew. Chem. Int. Ed. 2025, 64, 202505944 (8 of 17)

DNP Performance at 14.1T

With the evaluation above at 21.1 T, the next step is to
extend the measurements to fields of 14.1 and 9.4 T. As
stated above, since the hetero PAs were initially designed
for high-field applications, previous focus has been primarily
upon their performance at fields >18.8 T. Additionally,
considerable efforts to achieve optimal PA efficiency at 9.4
T have largely been focused towards the development of
dinitroxide biradicals, which are chemically stable under many

© 2025 Wiley-VCH GmbH
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Figure 6. The overall sensitivity factor (S) provided by polarizing agents in TCE (with h-BN), deuterated glycerol/water, and protonated glycerol /water,
respectively, measured at 14.1T, 100 K, and 8 kHz MAS. The values and the error analysis are detailed in the SI.

conditions, with the idea that dinitroxides are particularly
suitable for intermediate field strengths. However, to the best
of our knowledge, there has been no systematic comparison
between hetero radicals and dinitroxides to substantiate
these hypotheses. In this regard, here we measure the DNP
performance of a selected group of the polarizing agents at
14.1 T. The measured values of the three key DNP parameters
are shown in Figure 5, and the resultant overall sensitivity
factor (S) is shown in Figure 6. Since all the measurements
at 600 MHz were performed in one experimental session,
the DNP performance provided by different PAs can also
be evaluated using the NMR spectral sensitivity, that is,
signal-to-noise ratio per unit time. A comparison of the
overall sensitivity factor S against the SNR/sqrt(time)/mass is
provided in Figure 7.

First, we see that the hetero biradicals preserve their
ranking over the dinitroxides (Figure 6), albeit with a less
striking difference as compared to that observed at 21.1 T.
HyTEK?2 and SNAPol-1 yield the highest measured values of
S for TCE and glycerol/water respectively, closely followed
by PyrroTriPol-OMe and STAPol-3. Meanwhile, changes in
trends can be observed for the key parameters. For example,
at 21.1 T, the hetero PAs show overwhelming advantages in
both high contribution factors and high enhancement factors.
At 21.1 T, in deuterated glycerol/water, SNAPol-1 yields an
enhancement factor ey almost a factor 3 higher than the best
dinitroxide biradical (Figure 2b). This is however reversed
at 14.1 T, where SNAPol-1 yields an enhancement factor ey
that is lower than the best dinitroxide biradicals (Figure 5b).
However, the hetero PAs maintain higher contribution factors
at 14.1 T, while that of the dinitroxide PAs are lower
in general at 14.1 T than 21.1 T. (All four hetero PAs
yielding & > 0.9 in deuterated glycerol/water, with some
measured values very close to or slightly exceeding 1.0. It
is important to remember that physically, the value of the
contribution factor cannot exceed 1.0, except under very
specific conditions not met here.['”l) For dinitroxide PAs,
from 21.1 T to 14.1 T, the increase in ey is greater than the

Angew. Chem. Int. Ed. 2025, 64, €202505944 (9 of 17)

reduction in 0, and taken together, this yields an increase
in S.

We also note here that in addition to this clear over-
all trend, there are some batch-to-batch variations and
fluctuations in the measurements (see the SI for batch-
to-batch data). As an example, there are variations in
DNP key parameters observed for M-TinyPol(OH)4 and O-
TinyPol(OH)4, between which the only difference is the
reversed location of the nitrogen atom on the amine linker
(Figure 1). Different enhancement factors and contribution
factors were obtained for M-TinyPol(OH)4 (¢y = 154, 6 =
0.37) and O-TinyPol(OH)4 (e;y = 218, 6 = 0.25) in deuterated
glycerol/water. This contrasts with the observation at the
other two field strengths measured here, and at 18.8 T and
40 kHz MAS rate measured previously,''®l where these
two dinitroxides yielded very similar DNP parameters (e,
Tg, 0). However, more importantly, the resultant overall
sensitivity factor S provided by the two PAs are identical, with
S = 34 s7! for M-TinyPol(OH)4 and O-TinyPol(OH)4, which
is consistent with the measurements at the other fields here,
and what has been seen in the literature.[!1°]

In TCE and protonated glycerol/water, the gaps in the
overall performance between hetero and dinitroxide PAs are
also narrowed at 14.1 T as compared to those observed at
21.1 T. Again, we see that all the hetero PAs outperform the
dinitroxide class in all three solvents, with the exception of
PyrroTriPol in deuterated glycerol/water falling behind with
a moderate S = 31 s7!. Interestingly, it returns to the top
group in protonated glycerol water, just behind SNAPol-1 and
STAPol-3 (Figure 6). As can be seen from their structures
(Figure 1), PyrroTriPol and STAPol-3 have the same back-
bone, while STAPol-3 replaces the twelve methyl groups in
PyrroTriPol with hydroxyl groups to improve its hydrophilic-
ity (similar to the strategy used for SNAPol-1 on the trityl
moiety). Therefore, the decreased relative performance of
PyrroTriPol in deuterated glycerol/water is again most likely
a result of limited aqueous solubility. The stronger solute-
solvent interactions in protonated glycerol/water alleviates

© 2025 Wiley-VCH GmbH
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Figure 7. Comparison of the overall sensitivity factor (S) against the
signal-to-noise ratio per unit time per mass provided by the polarizing
agents in a) TCE, b) deuterated glycerol/water, and c) protonated
glycerol/water at 14.1 T, and at 100 K, 8 kHz MAS.

slightly the solubility limitation,['*] which might explain the
improved relative performance of PyrroTriPol.

We note that the DNP performance of PAs in TCE at 14.1
T were measured with the addition of hexagonal boron nitride
(h-BN) particles to favor reproducibility. This may impact the
microwave field distribution,®!28] whereas at 9.4 and 21.1 T,
the radical solutions were measured without #-BN, but should
not impact the ranking of the biradicals. Full details of sample
preparation and experiments are provided in the SI.

In summary, at 14.1 T, almost the entire hetero class
outperforms the dinitroxides in overall DNP performance,
but by a smaller margin than at 21.1 T. Under fully protonated
conditions the dinitroxides, such as AsymPol-POKs and
TinyPols remain competitive with the more complex hetero
biradicals.

DNP Performance at 9.4 T

Finally, we evaluated the overall DNP performance of the PA
candidates at 9.4 T, which corresponds to the most accessible
and widely used field for DNP NMR today. Figure 8 shows
the three key DNP parameters, and Figure 9 presents the
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resultant overall sensitivity factors.

Even at 9.4 T, two hetero PAs remain amongst the PAs
in the lead, again represented by HyTEK2 and SNAPol-
1 for TCE and glycerol/water, respectively. Notably, hetero
PAs now yield moderate enhancement factors at 9.4 T
(Figure 8), approximately half of the highest enhancement
factor provided by the dinitroxides (e.g., ey = 123 for
HyTEK2 vs. ey = 249 for NaphPol in TCE, and ey = 165
for SNAPol-1 vs. ey = 323 for HydroPol(OH)?2 in deuterated
glycerol/water). However, the contribution factors of the
hetero PAs vary less with the magnetic field and compensate
for the lower ey and ultimately preserve their good overall
sensitivity factors. For example, in TCE, HyTEK?2 yields a
contribution factor 6 of 0.74 compared to dinitroxides that
typically yield 6 of 0.3-0.5 (Figure 8a).

We speculate that the excellent performance of HyTEK?2
across the whole range of magnetic field strengths can
be ascribed to a combination of the distribution of e-e
couplings and the slower electron relaxation times of the
BDPA moietyl®?l and the fact that the relative orientation
of the g-tensors is less critical in hetero-biradicals. Indeed,
unlike dinitroxides, the distance between the two g-tensors/®!
remains high for any relative orientation between the BDPA
and the nitroxide since, simply because the BDPA g-tensor
is nearly isotropic, they always have very different g-tensor
principal values.

The role of the relative orientation is visible for DCPA-
TEKPol (S = 17 S*%) as compared to AsymPol-TEK or
cAsymPol-TEK (S = 34 s’%). These biradicals possess a
similar bridge and similar e-e distance, but the C = C-
C = O conjugation in the latter two leads to a better relative
orientation.[”’] To obtain better biradicals for the TEKPol
series, favoring the relative orientation and improving the spin
diffusion appears to be key.[”] This is what is observed with
the newly-developed dinitroxide PA, NaphPolCbo. It stands
out as the best-performing PA in TCE at 9.4 T (S = 55 s~?).
NaphPolCbo is a direct development of previous studies!”'%]
where sequential improvements were obtained from TEKPol
(S = 38 s712) to NaphPol (S = 50 s~2) which improves the
'H hyperpolarization transfer pathway,['®*! and from TEKPol
to TEKPoICbo (S = 40 s7!2) that underscores the overall
benefit of shorter linkers. Such linkers, similar to that of the
bTurea series,['?'] are known to induce stronger e-e couplings,
both dipolar and exchange interactions, and in some cases
better relative orientations between the g-tensors.['?] Based
on this, NaphPolCbo combines these two benefits: couplings
and pathways and indeed led to the best-performing PA
so far at 9.4 T. This correlation between the predicted and
experimental DNP performance for NaphPolCbo confirms
the benefits of systematic evaluations conducted on a large
collection of state-of-the-art PAs.

In deuterated glycerol/water, SNAPol-1 (S = 77 s~'?)
also remains the best-performing radical, followed closely
by M/O-TinyPol(OH)4 and cAsymPol-POK (S ~ 70 s~'?).
Similarly to HyTEK2, the preservation of the good per-
formance of SNAPol-1 across different magnetic fields can
first be attributed to their long relaxation times, the lack of
dependence with respect to the g-tensor orientation and the
strong e-e couplings.

© 2025 Wiley-VCH GmbH
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Aside from the hetero PAs, from Figure 9, a large group

rotor events.'?] This result provides insights on the potential
of dinitroxides yield very similar overall sensitivity factors,

to target the “Goldilocks” e-e interactions for a specific field
strength, that is, "H Larmor frequency, to best fulfill the CE
matching condition. It also illustrates the role of the relative
orientation of the g—tensors in the case of dinitroxides, and the

absence of an impact in the case of hetero PAs.
despite the considerable variation in individual parameters

Once cannot exclude that the relatively flexible linker,

of polarizing agents in a) TCE, b) deuterated glycerol/water, and c) protonated glycerol/water respectively, measured at 9.4 T, 100 K, and 8 kHz MAS.
which leads to a distribution of conformations, can lead to a

Figure 8. Comparison of the measured values of three key parameters, "H DNP enhancement factor &y, build-up time Tg, and contribution factor 6
The values and the error analysis are detailed in the SI. The data for PAs labeled in blue are reproduced from previous work.”}

matrix. This was evidenced by experimental observations and
numerical simulations conducted for TEMTriPol-1[9%112126]

and NATriPol,'¥! which have the same linker backbone as
since overly large interactions can potentially prevent CE

high magnetic field, but this comes with a possible drawback

broad distribution of exchange couplings (/) in a frozen glassy
SNAPol-1 that could explain the sustained performance at
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Figure 9. The overall sensitivity factor (S) provided by polarizing agents in TCE, deuterated glycerol/water and protonated glycerol/water, measured at
9.4T, 100 K, 8 kHz MAS. The values and the error analysis are detailed in the SI. The data of PAs labeled in blue are reproduced from previous work.[”}

en, TB and 0. Again, for the benefit of the synthetic viewpoint
in future PA development, we reiterate the impact of radical
solubility and prevention of radical aggregation, which is
reflected by the improvement in S from TinyPol (10 mM,
S =57s712), to M/O-TinyPol(OH)4 (16 mM, S = 72 s~?).
Interestingly, a significant change of the relative perfor-
mance is observed in the protonated glycerol/water matrix
at 9.4 T. The AsymPol-POKs and M-TinyPol now lead the
DNP efficiency in proton-dense environments, slightly over-
taking the DNP performance of SNAPol-1. As mentioned
previously, the high efficiency of AsymPol-POKs (S = 45
s~12) in polarizing proton-rich environment is attributed to
their relatively short Ty of ca. 1 s, thereby allowing an
efficient turnover of polarization build-up and polarization
propagation. The strong e-e coupling in AsymPol-POK has
been shown to provide efficient transfer of polarization to
distant protons, without being limited by the polarization
transfer dynamics due to protons on the biradical.['*! This
effect may contribute to the increased DNP efficiency of
AsymPol-POKs in protonated glycerol/water. M-TinyPol has
a Tp of 2.8 s; however, the longer 7 is mitigated by its
higher signal enhancement of ¢(M-TinyPol) = 187 versus
e(AsymPol) = 108 for a similar 6 value, altogether yielding
an overall sensitivity factor S of 43.1 s~'2, The AsymPol-
POKSs and the M-TinyPol share a similar feature, which is
their relatively short linker, leading to large electron-electron
interactions; whereas a difference is the rigidity of the linker.
The AsymPol-POKs utilize a conjugated double bond in the
pyrroline nitroxide to increase rigidity, thereby constraining
the dipolar and exchange couplings to ca. 100 and 120 MHz,
respectively.”>!'"’] The TinyPol series on the contrary adopts
a non-conjugated flexible linker, resulting in an average
dipolar coupling of 47 MHz and a J-coupling distribution. For
example, M-TinyPol was reported to have a distribution of
J represented by J = 122, 28, and <5 MHz with 44%, 44%,
and 12% weightings, respectively.[’’! In this case, the good
performance observed from both these two series confirm
the benefits of the increased e-e couplings to hyperpolarize
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proton-dense environment. They also indicate that a flexible
linker (i.e., a distribution of J-couplings) may not necessarily
be an obstacle to obtaining good DNP performance. Indeed, a
flexible linker may potentially help access larger e-e couplings,
but on the other hand could also lead to less optimal matching
of the relative orientations of the g-tensors.[3%!17]

We further notice that the STAPol-3 in protonated
glycerol/water increases its ranking compared to that in
deuterated glycerol/water, closely approaching SNAPol-1
(Figure 9). This is likely due to the larger e-e interactions
reported for STAPol-3['>! than SNAPol-1,["**l making it
favorable in proton-dense systems. Another observation from
Figure S5d) to S5f shows that only the AsymPol-POKs yield
Ty that are consistently shorter in the protonated matrix than
in the deuterated matrix. It would therefore be interesting
to understand more details of the origin of this effect in
order to further improve DNP efficiency in proton-dense
environments, but it might be due to the fact that they polarize
outside the biradical structure efficiently.[1%]

Microwave Power Dependence

A key reason for the good DNP performance of hetero PAs,
in particular at higher fields, is the presence of a narrow-
line moiety which enables efficient microwave saturation of
the electron spin transitions, compared to that of broad-
line nitroxides as previously discussed.''>!%°] In dinitroxide
biradicals, the wide breadth of the EPR lineshape, requires
larger electron spin nutation frequencies, that is, higher power
microwave sources as the field is increased. However, higher
microwave powers yield higher sample temperatures which
are not favorable for DNP. This problem is exacerbated with
larger rotors, and it has been shown that smaller rotors can
compensate for this issue.[%7110:127.146]

In contrast, the relatively long relaxation time['*’! and
narrow linewidth['¥] of trity] and BDPA make them an
excellent component to achieve more efficient saturation,

© 2025 Wiley-VCH GmbH
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Figure 10. a) Microwave power dependence of the normalized signal
intensities for hetero biradicals STAPol-3, PyrroTriPol, SNAPol-1, and the
dinitroxide biradical O-TinyPol(OH)4, in deuterated glycerol/water at 9.4
T, 100 K, and 8 kHz MAS. Dashed lines indicate the optimal microwave
power required to yield the maximum intensity. b) Overall sensitivity
factors provided by a selected collection of PAs in deuterated
glycerol/water, and their respective optimal microwave powers, at 9.4 T,
100 K, and 8 kHz MAS.

even in large rotors. This advantage is reflected in the
microwave power dependence, shown in Figure 10. The esti-
mated microwave power was obtained from a measurement
using a calorimeter placed halfway along the waveguide, and
should be proportional to the incident power experienced
by the samples. From Figure 10a, we see that the hetero
PAs require only ~20% of the microwave output power to
yield the optimal enhancement as compared to dinitroxide
PAs, (here O-TinyPol(OH)4 was measured as a representative
example). The relative microwave power necessary for opti-
mal enhancements with hetero biradicals at 14.1 and 21.1 T
increases to around 60% and 100 %, respectively, as compared
to dinitroxides. The gradual reduction in signal intensity seen
in Figure 10a at higher microwave power is ascribed to the
sample temperature rising. (This effect has been recently
simulated.)['?*] Here, maximum cooling power was used
throughout and no temperature compensation was conducted
between the microwave on and off experiments. The mea-
sured sample temperature as a function of microwave output
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power is shown in Figure S1. We note the slight differences in
the optimal microwave power for the same class of PAs shown
in Figure 10b are likely due to the different linewidth and/or
saturation factors of the radicals. For example, PyrroTriPol
shows an optimal power slightly lower than TEMTriPol-1
and SNAPol-1, possibly because the trityl linewidth is less
broadened in PyrroTriPol compared to the other two, thereby
improving the efficiency slightly, as previously reported.[?]
The power dependence is in agreement with previous work
on TEMTriPol-I at 9.4 T2l or the PyrroTriPols at 14.1
T in TCE and glycerol/water.['?] This systematic analysis
further confirms that the significantly reduced microwave
power required for hetero PAs at 9.4 T will be an advantage
on DNP NMR systems with low power sources, for example,
using klystrons,[12614%-13] or solid-state sources.['!]

Conclusion

In summary, a collection of 32 biradicals for CE DNP was
compared, including 26 dinitroxides and 6 hetero biradicals,
selected based upon the best-performing candidates currently
at play, [79092-9497.102103.115.116.124-126.133] and newly developed
PAs that capitalize on the design principles established from
previous studies.[”?12!] This work marks the first example
where the two classes of hetero and dinitroxide biradicals
are directly compared across variable magnetic field strengths,
and in different proton concentrations. Detailed key DNP
parameters, namely the 'H DNP enhancement factor (ey), the
build-up time of the polarization (7B), and the contribution
factor (0) are reported, providing quantification of the overall
DNP performance.

First, we find that all the hetero PAs outperform the
dinitroxide class at 21.1 T (Figure 3), the highest MAS DNP
NMR field available today. Then, SNAPol-1 and HyTEK?2,
the best candidates among the hetero class for aqueous and
organic solvents respectively at 21.1 T, remain among the best
PAs at both 14.1 T (Figure 6) and at 9.4 T (Figure 9) in media
with modest protonation levels. Their moderate enhancement
factors at 9.4 T are mitigated by the high contribution factors
(i.e., limited depolarization effect), thereby retaining their
competence as compared to the dinitroxide PAs at this
field. This robust performance of SNAPol-1 and HyTEK-
2 across different field strengths is attributed to the long
relaxation times of the trityl or BDPA, to their strong e-e
interactions and the fact they are nearly insensitive to the
relative orientation of the g-tensors. It is also possible that
their flexible linker allows access to a distribution of e-e
couplings making their performance robust across magnetic
fields. This in turn indicates the potential to tailor the e-
e coupling strengths for a given target field to maximize
the DNP efficiency in the future. Furthermore, the study
confirms another advantageous feature of hetero PAs, which
is their substantially lower requirement for microwave power
(Figure 10).[112120] This feature could be of particular interest
to studies where only low power sources are available.!'?]

At 9.4 T, it is worth noting some dinitroxide candidates
that stand out. Specifically, NaphPolCbo, a new biradical
designed by combining results from previous studies,”'%]
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provides the highest DNP efficiency in organic solvents.
AsymPol-POKs and M-TinyPol are the best-performing dini-
troxide PAs in the proton-dense glycerol/water matrix at
9.4 T. The persistent lower polarization build-up time of
AsymPol-POKs in the protonated matrix as compared to the
deuterated matrix, in stark contrast to the other PAs, remains
an interesting topic to explore as it explains their relatively
very good performance in proton-dense media at all fields for
the dinitroxide class.

Given the increasing range applications of DNP NMR
that has gone hand in hand with the development of the
instrumentation, there is still undeniable value in optimiz-
ing polarizing agents that are ideally tailored for variable
magnetic fields. With many design principles identified today,
further optimization of PAs is a complex process that requires
fine tuning of multiple-factors. It is challenging to predict
a radical that exhibits, for example, high ¢y, low 7B, and
high 6 simultaneously. Our attempt at systematic evaluation
carried out here therefore provides key useful insights on
approaching such ideal PAs.

Opverall, with the extensive studies in the pursuit of optimal
PA thus far leading to a large number of polarizing agents,
our work clearly highlights the outstanding performance and
potential of hetero PAs, not only in the high field regimes
that hetero PAs were designed for but also at intermediate
field strengths. To date, the current collection of hetero PAs
is far outnumbered by dinitroxides, primarily due to their
efficiency at 9.4 T for which spectrometers are more common
than at higher field. With the results here, and the need to
expand DNP to microwave sources with lower power, we
anticipate considerable efforts will now be diverted towards
the development of new efficient, stable and soluble hetero
PAsat94T.

As NMR instrumentation today reaches beyond 1.2 GHz,
bridging the gap between CE DNP efficiency and ultra-high
magnetic fields will no doubt maximize the impact of DNP
NMR for the broader community, and further optimization of
high-field polarizing agents is essential to achieving this goal.
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