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ABSTRACT

Dynamic nuclear polarization (DNP) enhances the sensitivity of solid-state nuclear magnetic resonance (sSNMR) by transferring

polarization from unpaired electron spins to nuclear spins. In this work, two series of bTurea-based biradicals, named bcTmols

and bcTCOOKs, were synthesized through short and practical routes. Variation in the N-alkyl substitution on the urea bridge

affected the electron-electron interactions and the overall DNP efficiency. Conformer analysis was carried out using density

functional theory (DFT) to identify the dominant conformers along with the g-tensor orientations, dipolar couplings, and exchange

interactions, which correlate with their electron paramagnetic resonance (EPR) and DNP properties. The results show that

methyl substitution on the urea bridge restricts conformational flexibility, leading to more stable geometries and improved DNP
performance. Among all the radicals, bcTCOOK-M2 provided the highest overall synthetic yield (8.3%) and signal enhancement
(ca. 220) with a buildup time of 3.9 s at 14.1 T and 100 K, making it competitive with AsymPol-POK, including measurements in

proton-rich media. The combination of straightforward synthesis, good solubility in aqueous solvents, and conformational stability

makes bcTCOOK-M2 a promising polarizing agent for modern magic angle spinning (MAS) DNP applications.

1 | Introduction

Solid-state nuclear magnetic resonance (ssNMR) spectroscopy
with magic angle spinning (MAS) is an indispensable tool
for investigating the structure and dynamics of molecules and
materials (polymers, inorganic solids, etc.) in the solid state at
the atomic level [1]. However, the inherent insensitivity of NMR,
arising from the small energy involved in NMR (hundreds of
MHz) versus the thermal energy (~5-10 THz for 'H at room tem-
perature), leads to low nuclear spin magnetization and precludes
its use for many applications where the nuclear isotope is at
low concentration [2]. Thus, enhancing the sensitivity of NMR
spectroscopy opens up new analytical possibilities in various

interdisciplinary fields, such as structural biology and materials
science. Dynamic nuclear polarization (DNP) has emerged as
a powerful technique to increase the sensitivity of NMR by
transferring the higher magnetization of unpaired electrons
(radicals) to nuclei of interest under microwave (uw) irradiation
[3-6].

The signal enhancement of MAS DNP-NMR depends on the
efficiency of the polarization transfer mechanisms, such as the
solid effect (SE) [7-10], the cross effect (CE) [8, 9, 11-14], the
Overhauser effect (OE) [15-18], and thermal mixing (TM) [6, 19-
22]. Among these, the CE is recognized as the most effective
mechanism in the solid state for polarization transfer at high
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FIGURE 1 | Examples of nitroxide biradicals [24, 26, 27, 39, 41].

field (> 9.4 T), providing both large polarization gains and short
polarization buildup times (Ty) [6, 8, 23, 24]. The basic model
for the CE mechanism under MAS involves three spins, namely
two electrons and one nucleus [8, 9, 25]; for CE to be active, the
width of the EPR spectrum of the two coupled electron spins must
encompass the nuclear Larmor frequency [8, 9, 25]. In practice,
the CE mechanism is favored when using biradicals [9, 11, 25],
which have become an important class of so-called polarizing
agents. The design of efficient biradicals for DNP must take
several factors into account, such as electron relaxation times,
interelectronic distances, electron-electron and electronnuclei
couplings, the relative orientation of the g-tensors of the electrons,
as well as the conformational ensemble of biradicals [9, 23, 25-36].

Nitroxide-based biradicals have demonstrated remarkable DNP
performance as polarizing agents, particularly at 9.4 and 14.1
T and 100 K [24, 26-29, 32, 37-42]. bTurea [37] (Figure 1) is
an early biradical, in which two (2,2,6,6-tetramethylpiperidin-
1-yDoxyl (TEMPO) radicals were linked through a urea. This
core structure was significantly improved by the inclusion of
spirocycles [40, 43], leading to high DNP performance, and the
addition of polar functional groups increased their solubility in
aqueous solutions to meet the demands of structural biology
[26, 27, 39, 41]. Examples include AMUPol [39], bcTol [41],
and bcTol-M [26] (Figure 1). Other water-soluble biradicals with
improved DNP performance have since been prepared, such
as AsymPol-POK [24] and M-TinyPol (Figure 1) [27, 42]. In
parallel, hetero-biradicals such as the trityl-nitroxides SNAPol
[44], PyrroTriPol [45], and STAPol [46], as well as the BDPA-
nitroxide HyTEK?2 [47] have proven to be more efficient polarizing
agents than bis-nitroxides at very high fields (> 16 T). Despite the
high DNP performance offered by the aforementioned biradicals,
their syntheses are non-trivial, which hinders their accessibility

bcTmol X=H Y=H
bcTmol-M1 X=H Y=CH,
bcTmol-M2 X=CH; Y=CHj,4

OH

bcTCOOK X=H Y=H
bcTCOOK-M1 X=H Y=CHj,
bcTCOOK-M2 X=CH; Y=CHj,

OK

FIGURE 2 | Structures of the bcTmol and bcTCOOK derivatives.

due to the cost and time associated with biradical preparation. It is
important to balance the ease of preparation and performance of
biradicals for providing polarizing agents to the DNP community
at large [48].

In this study, we describe the synthesis and DNP properties of two
families of polarizing agents containing the bTurea core structure,
the nonionic bcTmols and the ionic bcTCOOKs (Figure 2). The
former has hydroxymethyl substituents on the spirocycles, while
the latter has carboxylates. Within each subfamily, the number of
methyl substituents on the nitrogen atoms in the urea linkage was
varied, because such N-alkylations have been shown to change
the conformational ensemble of bTurea-based biradicals [26, 28,
49, 50]. To provide a complete picture, the DNP performance of
these biradicals was compared to the well-established biradicals
bcTol, bcTol-M, and AsymPol-POK under identical experimental
conditions.

2 | Results and Discussion

The aim of this study was to design and prepare high-performing
bTurea-derived bis-nitroxides that were synthetically more easily
accessible than other members of this family of polarizing agents.
We used the key intermediate 1 [28] (Scheme 1A), which offers a
simpler synthesis and purification process in comparison with the
corresponding TBDMS-protected spirocyclohexanolyl ketone [26,
41], previously used for the synthesis of bcTol [41], bcTol-M [26],
and AsymPol-POK [24]. Moreover, the diester 1 offers a divergent
synthetic approach for the preparation of carboxylate derivatives
(bcTCOOKs) and hydroxyl derivatives (bcTmols).

2.1 | Synthesis of bcTmols and bcTCOOKs
2.1.1 | The bcTmol Family

The synthesis of the bcTmols began with the reductive amina-
tion of 1 [28], with either CH;NH,-HCI] or NH,OAc, to obtain
the amino derivatives 2 or 4 [28], respectively, in very good
yields (Scheme 1A). The homocoupling of 2 with triphosgene,
followed by reduction, yielded the N,N-dimethyl tetrahydroxyl
derivative bcTmol-M2. Similarly, the self-coupling of 4 afforded
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SCHEME 1 | (A) Synthesis of bcTmol, bcTmol-M2, and (B) bcTmol-M1.

urea derivative 5 [28], which on subsequent reduction yielded
bcTmol. The synthesis of the asymmetric bcTmol-M1 utilized a
different strategy (Scheme 1B). Diester amine 4 was reacted with
diphosgene to yield the corresponding isocyanate 6, followed
by reaction with 2 to obtain N-methyl urea 7. Reduction of 7
gave bcTmol-M1. The overall yield of bcTmol-M2 (6.4%) was
significantly higher than the related bcTol-M (3.9%), bcTol (3.2%),
and AsymPol-POK (2%). For bcTmol and bcTmol-M1, the overall
yields were slightly lower than bcTmol-M2, namely 5.3% and 5.4%,
respectively (Table S1).

2.1.2 | The bcTCOOK Family

The bcTCOOK derivatives were synthesized by hydrolysis of the
corresponding tetraester ureas 5, 7, 3 under basic conditions,
yielding bcTCOOK, bcTCOOK-M1, and bcTCOOK-M2, respec-
tively (Scheme 2). Reverse-phase (RP) high-performance liquid
chromatography (HPLC) analysis revealed three peaks for both
bcTCOOK and bcTCOOK-M]1, and four peaks for bcTCOOK-M2

LiAIH,
THF
52%

(see Supporting Information). These peaks correspond to differ-
ent isomers arising from the substitution of the spirocyclohexyl
rings flanking the nitroxide moiety. Such isomers are also present
in the bcTmols, but they were not as well resolved by RP-HPLC
(see Supporting Information).

The products were desalted by RP-HPLC, affording good yields
for bcTCOOK-M2 and moderate yields for bcTCOOK and
bcTCOOK-MI1. bcTCOOK-M2 was produced with an overall
yield of 8.3%, substantially higher than previously reported
bTurea derivatives (Table S1). In addition to improved yields,
the synthetic procedures for the new derivatives are easier
to implement than those previously reported for bcTol [41],
bcTol-M [26], AsymPol-POK [24], and TinyPol [27]. In earlier
synthesis, both the condensation and oxidation reactions using
TBDMS-protected intermediates for the synthesis of the spirocy-
clohexanolyl nitroxide derivatives generated highly nonpolar side
products with retention factor (R;) values similar to those of the
desired product [24]. This resulted in time-consuming chromato-
graphic purifications, resulting in only 9% yield for the two steps.

Chemistry — A European Journal, 2026

3of 11

a5UBD1 7 SUOLILIOD dAIEaID 3(qedt|dde auyy Aq pausenob e sapiiie YO ‘8sn JO 3| 10} AreiqiauluQ A3|IAA UO (SUO I PLIOI-pUR-SWLLIBYWOD S| 1M AReiq 1|Bu1|Uo//:SdNy) SUORIPUOD pue SW | 8Y1 39S *[9202/60/TT] Uo Ariqiauliuo AB|IAN * (-ou]eAnde ) agnopeay - uosspinBiS LUouS Ag ZE9T /. WeYd/Z00T 0T/I0p/od A8 M Aeld 1 pujuo adoina-Alis ILeyd//:sdny wouy pepeoumod ‘0 'S9LETZST



A
5 10% KOH
MeOH
57%
B KO.__.O
0,
7 10% KOH oe
MeOH N ]
48% N)J\N
KO | H
o] bcTCOOK-M1
C KO O (o) OK
10% KOH .
3 N;)—’ O 0 O
eOH J\
69% N~ N
KO - oK
o bcTCOOK-M2 (o}

SCHEME 2 | (A)Synthesis of bcTCOOK, (B) bcTCOOK-M1, and (C)
bcTCOOK-M2.

In contrast, the synthesis using ester-containing intermediate 1
circumvented the challenging purification steps associated with
silyl-protected hydroxyls and side-reactions. Overall, the ester-
based synthetic route adopted for the synthesis of bcTCOOK
and bcTmol derivatives provided substantial improvements in
terms of synthetic accessibility, ease of purification, and overall
efficiency.

Since the intent was to use the bcTCOOKs and bcTmols for
structural biology, their solubility in water was investigated.
The bcTCOOKSs were readily soluble (>3 M), while the bcTmols
were only sparingly soluble (<2 mM), as determined by EPR
spectroscopy (see Supporting Information). The low solubility
of the bcTmols in water was surprising because the structurally
similar bcTol and bcTol-M have solubilities of 100 mM [41]
and 170 mM [26], respectively. Therefore, our main focus
became the analysis and evaluation of the bcTCOOKs for MAS
DNP-NMR.

2.2 | X-Band CW-EPR Spectra

Figure 3 shows the EPR spectra of the biradicals, recorded in
water (left column) and MeOH (right column), along with the
corresponding fits using EasySpin [51]. All the spectra possess
the same attributes as previously reported spectra for bTureas,
namely multiple lines (no less than 5), and shoulders at the
extrema [28, 50]. Such features are characteristic of EPR spectra
of biradicals in the intermediate coupling regime, where the
nitrogen hyperfine coupling is greater or equal to the exchange
interaction between the NO moieties [52]. Interestingly, there
is a clear difference between the spectra recorded in water and
MeOH: the transition at the far left of the EPR spectra (asterisks

in Figure 3A) appears at lower magnetic field in water compared
to MeOH (note that the same applies for the far-right transition),
which indicates that the exchange interaction in water is stronger
than in MeOH.

To go beyond visual inspection, we performed quantitative EPR
simulations to determine the absolute values of the exchange
interactions (Table 1). We initially tried fitting the spectra using
a single exchange interaction, but the results were unsatisfac-
tory (see Supporting Information). Better fits were obtained by
considering two exchange interactions for MeOH and three for
water. In all cases, the biradicals showed a mixture of coupling
strengths: one fraction with weak exchange (17 <5MHz in MeOH,
or <8 MHz in water), and another with stronger exchange (~20-
25 MHz). For water, a third fraction was needed, showing even
higher exchange values (~30-40 MHz).

The weighted average exchange interaction increased from
11.2 to 15.6 MHz in MeOH, as the substitution on the urea
bridge increased. A similar trend was observed for the spec-
tra in water, starting from 17.3 for bcTCOOK and reach-
ing 30.7 MHz for bcTCOOK-M2. The experimental trend, in
either solvent, matches the previous characterization of bcTol,
AMUPol, and bcTol-M in the solid state [50]. The substituents
resulted in stronger exchange interaction for bcTol-M (J =
—21 MHz) than for AMUPol (J = —15 MHz) and bcTol (J
= —9 MHz). The DFT simulations appear to appropriately
quantify the order of magnitude of the exchange interaction
(vide infra).

Overall, the EPR measurements indicate that increasing the
substitution on the urea bridge leads to better relative orientation
and stronger exchange interactions. It should be noted that fits
of the solid-state EPR spectra of these biradicals should optimally
be obtained as previously done for other nitroxide biradicals [30,
32, 50, 53]. However, due to the numerous isomers/conformers
that are possible, the task of fitting is bound to yield values
that have little meaning as the number of fitting parameters
exceeds the information contained in multiple fields. At best, it
appears reasonable to assume that the experimental Euler angles
and exchange interactions will be similar to those previously
determined [50].

2.3 | Insilico Structures of the bcTCOOKSs

Before determining the DNP performance of the bcTCOOK
biradicals, their structures were predicted using a multistep DFT
process (see Supporting Information) to better understand their
magnetic properties. In brief, we first screened the conformers
using the extended tight binding method [54, 55]. From there, the
lowest energy conformers were subjected to an additional DFT
optimization, and the magnetic properties were computed for the
best conformers (see Supporting Information for details).

As mentioned above, the bcTCOOKs contained isomers,
originating from the configuration of the carbon on the
spirocycles bearing the COOK substituent. This substituent
prefers an equatorial position on the chair conformation of the
cyclohexane ring. Depending on the configuration of the carbon
bearing the substituent, the cyclohexyl ring favors either a
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FIGURE 3 | X-band EPR spectra of bcTCOOK derivatives at 22°C. Top, (A) bcTCOOK in water and (B) in MeOH. Middle, (C) bcTCOOK-M1 in
water, and (D) MeOH. Bottom, (E) bcTCOOK-M2 in water and (F) MeOH. The experimental spectra are black and the simulated spectra are red. The

far left and right EPR transitions in A are marked with asterisks.

TABLE 1 | Exchange interaction and relative contribution obtained from fitting of the EPR spectra. The exchange interaction is according to the

Hamiltonian convention Hy = 2lJ1S;S,.

Biradical Exchange interaction in water Exchange interaction in MeOH

bcTCOOK IJI =30 MHz (30%), 20 MHz (38%), and <2 MHz  |JI = 20 MHz (50%) and 2.5 MHz (50%); average: 11.2 MHz
(38%); average: 17.3 MHz

bcTCOOK-M1 IJI =30 MHz (30%), 22.5 MHz (38%), and <2 MHz |JI =20 MHz (63%) and 2.5 MHz (37%); average: 13.5 MHz
(38%); average: 19.6 MHz

bcTCOOK-M2 IJI = 41 MHz (40%), 27 MHz (50%), and <8 MHz IJI =20 MHz (71%) and 5 MHz (29%); average: 15.6 MHz

(10%); average: 30.7 MHz

conformation that brings the ring close to the nitroxide (referred
to as the “closed” conformation) or away from the nitroxide
(the “open” conformation) [29, 42, 50, 56]. Figure S1 shows the
major conformations of the three diastereomers of intermediate
4, namely the open-open (00), the open-closed (oc), the closed-

open (co), and the closed—closed (cc) conformers. Since the
isomer that favors the cc conformer is formed in small amounts
[29] and because we only see two major peaks in the HPLC trace
(see Supporting Information), we have not included it in our
analysis. Consequently, the biradicals can adopt combinations,
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TABLE 2 | Magnetic properties of bcTCOOK, bcTCOOK-M1, and bcTCOOK-M2 biradicals as predicted by DFT. The experimental values for bcTol
[50], AMUPol [50], and bcTol-M [50] are listed for comparison. Weighted average was used for isomer combinations. The g-tensor distance is obtained

as the Frobenius norm of the difference of the g-tensors; the exchange interaction according to the Hamiltonian convention Hy = -2JS;S,. Values have

been averaged with respect to all conformers and isomers. On average, the principal values of the g-tensor are [gy, 8yy, 8] = [2.0095, 2.0061, 2.0021].

DFT simulations for the exchange interaction are very sensitive to the relative orientation [57], which can explain the underestimation with respect to

the experiment.

Dipolar Exchange
Predicted g-tensor relative g-tensor distance coupling interaction

Biradical orientation [«, §, 7] (degrees) (L, x1073%) (D, MHz) (J, MHz)
bcTCOOK [65.92, 55.96, 112.13] 5.60 (1.2) 35.3(0.2) -8.20(8.3)
bcTCOOK-M1 [58.74, 49.16, 125.93] 6 (1.6) 36.5(0.9) —12.9(9.0)
bcTCOOK-M2 [57.60, 91.37, 115.42] 7.57(0.5) 37.45(0.7) —-9.90 (3.3)
beTol [67, 56,120] + [10,10,5] 5.8 34+1 —14+15
AMUPol [58, 57, 126] + [5,10,5] 6.4 3542 -16+2
beTol-M [58, 81,134] + [5,10,10] 7.2-7.8 36 +2 2142

such as 00-00, oc-00, and co-oo, where the dash denotes the
urea bridge. In total, nine possible combinations exist, some of
which are equivalent by symmetry. For each combination, the
magnetic properties of the predominant conformers—typically
two—were calculated, resulting in many simulations.

To compare the relative orientations between the different
isomers/conformers, we used the term “distance between the g-
tensors of electron spin 1 and 27, ||g;, — &,||, [31]. This distance
is a measure of how different the orientation of the main axis of
one g-tensor is relative to the other (relates to the relative Euler
angles), which depends on the relative spatial arrangements of
the two nitroxides. It has been demonstrated that this distance
correlates with the performance of the biradicals as a polarizing
agent [50] and the higher the value, the better the expected
DNP performance, the faster the buildup time, all other variables
remaining identical. The predictions for all isomers/conformers
are reported in Table S2. For simplicity, we only report the
conformer-weighted average values in Table 2 and use them to
discuss the properties.

For bcTCOOK, the four isomers exhibit only modest variations
in magnetic properties. The different conformers span ranges of
1.2 x 1073 for g-tensor distance, 0.2 MHz for dipolar coupling,
and 8.3 MHz for exchange interaction (Table S2). These num-
bers quantify how much the oc conformer can influence DNP
performance, outside of solubility variations. Averaged across all
isomers, the predicted magnetic parameters generally align with
experimental values reported for bcTol [50]. A similar trend is
observed for bcTCOOK-M1; its average g-tensor distance, dipolar
coupling, and exchange interaction agree well with AMUPol
experimental data [50]. However, the M1 conformers exhibit
a wider spread (e.g., 1.6 X 107> g-tensor distance and 9 MHz
exchange interaction) than for bcTCOOK, suggesting greater
flexibility and potential variability in performance. bcTCOOK-
M2 possesses properties similar to bcTol-M [50], with a higher
predicted g-tensor distance. However, the predicted exchange
interaction is weaker than for bcTol-M, which is a likely con-
sequence of DFT inaccuracy. Importantly, the M2 structure is
rigid, making its magnetic properties insensitive to the presence
of oc isomers. The variation across its isomers is significantly

lower (exchange interaction spanning 3 MHz; g-tensor distance:
0.5 x 107%) than for the other compounds. Overall, this stability
highlights that the “locking” mechanism induced by the methyl
substituents on the urea bridge is an important and beneficial
structural feature for maintaining predictable magnetic behavior.
In summary, the in silico evaluation allows pre-ranking of the
DNP performance of the biradicals: bcTCOOK is expected to
perform worse than bcTCOOK-M1 and bcTCOOK-M2.

2.4 | DNP Performance
2.4.1 | The bcTCOOK Family

The water-soluble biradicals (b¢cTCOOK, bcTCOOK-M1, and
bcTCOOK-M2), as well as a commercial batch of reference
biradical AsymPol-POK [24], were evaluated in the standard
glycerol-dy/D,0/H,0 mixture (6:3:1 v/v). Each sample was
degassed by freeze-thaw cycles until the polarization buildup time
was stabilized. The resulting DNP enhancements (€,,/o5), the
characteristic buildup time, the sensitivity and signal intensity
are shown in Figure 4. The enhancement was 180, 160, and 220
for bcTCOOK, bcTCOOK-M1, and bcTCOOK-M2, respectively.
Notably, bcTCOOK outperformed its predecessor bcTol in terms
of enhancement (180 vs. 150) [50].

The characteristic hyperpolarization buildup time is a critical
measure of DNP performance of samples that are challenging
to hyperpolarize; the lower the value, the higher the DNP
performance [23, 32, 58, 59]. Across the bcTCOOK series, buildup
time decreased with increasing substitution on the urea bridge,
from 6.6 s for bcTCOOK to 3.9 s for bcTCOOK-M2, highlighting
the beneficial impact of structural modifications on polarization
kinetics. These values are consistent with previous reports on
bTurea derivatives featuring similar bridge substitutions [50].

Enhancement and buildup time are not the only measures of
nuclear spin hyperpolarization efficiency, as it is also influenced
by depolarization mechanisms that can vary across different
experimental conditions and sample environments [60, 61].
Therefore, several research groups have begun using the
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FIGURE 4 | DNP performance of the bcTCOOK family and
AsymPol-POK (10 mM, glycerol-dg/D,0/H,0 (6:3:1 v/v)) at 14.1 T and
100 K. (A) The enhancement (e,,/0f) and the buildup time (Tg). (B)
Sensitivity and normalized integrals. Normalized integral/mass refers to
the integrated NMR signal, divided by the mass of the sample packed in
the rotor, allowing comparison of the absolute signal obtained per unit
mass across samples. The sensitivity is normalized to the highest value.
The measurement uncertainties were estimated in the order of +10%,
similarly to what has been reported by Wei et al. [33]; this leads to an
uncertainty for the sensitivity of 15%.

signal-to-noise per square root of unit time (during uw
irradiation) to objectively compare the DNP performance of
different radicals [33, 41, 62-66]. This gives a true measure of the
increase in sensitivity, defined as S =1, / \/TB, where I, is the
NMR signal intensity with uw irradiation and T} is the buildup
time (all other parameters being constant), reported for the
bcTCOOKs in Figure 4B. The sensitivity follows a similar trend as
the enhancement, with bcTCOOK-M2 outperforming the others.

The high performance of bcTCOOK-M2 was anticipated based
on the DFT calculations and the previous results obtained for
bcTol-M (220 vs. 205) [50]. The performance can be explained
by the better relative orientation that enables the cross-effect
mechanism to be more efficient [25, 31, 34, 50]. Such optimal
orientation favors larger polarization difference and thus, reaches

values of enhancement closer to theoretical maximum [31, 50].
Additionally, stronger electron-electron coupling contributes to a
faster polarization buildup time [8, 23, 58]. Thus, the outstanding
performance of bcTCOOK-M2 is due to a combination of good
relative orientation and a sizable dipolar/exchange interaction. In
contrast, AsymPol-POK exhibits a less favorable average relative
orientation with a g-tensor distance of only 5.3 x 1073 [32]. This
reduced g-tensor distance corresponds to a relative orientation
that does not maximize hyperpolarization levels [31], thereby
limiting both the electron spin polarization difference and,
consequently, the maximum achievable nuclear spin hyperpolar-
ization. However, this limitation is offset by its strong electron-
electron coupling within AsymPol-POK (evidenced by dipolar
coupling of 56 MHz and J exchange values of 100 and 120 MHz
for each conformer) [32]. This high electron-electron coupling
allows the biradical to achieve significantly faster buildup times.
Ultimately, this trade-off—where a lower intrinsic hyperpolar-
ization level (g-tensor distance) is compensated by accelerated
kinetics (D and J)—enables AsymPol-POK to maintain overall
high performance.

To evaluate the DNP performance of bcTCOOK-M2 under more
demanding conditions, we tested it in a medium with a higher
concentration of protons (['"H] = 66 M, glycerol/D,0 (6:4 v/v)),
known to be challenging for bTurea-based polarizing agents such
as AMUPol (Figure 5) [32, 33, 67]. Such high proton concentration
is particularly relevant for biological samples and has previously
been shown to reduce DNP efficiency, due to increased relaxation
rates and unfavorable biradical-to-proton ratio. Interestingly, the
enhancement of bcTCOOK-M2 is relatively unaffected (Figure 5).
However, the buildup time is longer (~6 s), as previously observed
for AMUPol, both at 9.4 T [67] and 14.1 T [32, 33, 67]. On
the other hand, the buildup time (1.7 s) and enhancement
(~100) of AsymPol-POK is similar. Thus, AsymPol-POK surpasses
bcTCOOK-M2 by a modest 20% in sensitivity, which is close
to the experimental uncertainty (Figure 5B). These differences
are expected to be more significant as the proton concentration
increases or when the intrinsic relaxation times of the protons
become shorter, especially at high field. Indeed, the effect of
proton concentration on DNP performance of derivatives of
bTureas is more significant than for AsymPol [58]. However,
bcTCOOK-M2 is still a very attractive biradical, particularly at
lower field (e.g., 9.4 T), where we expect higher efficiency [23, 58].

2.4.2 | The bcTmol Family

Since the bcTmols had a very limited solubility in water, the DNP
performance of bcTmol-M1 and bcTmol-M2 was evaluated in
ethylene glycol/water (3/7 v/v) using a biradical concentration of
10 mM. This matrix forms a good glass but may be more challeng-
ing to hyperpolarize due to the larger proton concentration. As
observed for the bcTCOOKS, the dimethyl derivative bcTmol-M2
provides higher enhancements (70 vs. 25) (Figure 6A) and higher
sensitivity by a factor of ~2, compared to bcTmol-M1 (Figure 6B).

3 | Conclusion

We have described straightforward syntheses of two series of
polarizing agents in the bTurea family, bcTCOOKSs and bcTmols,
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FIGURE 6 | DNP performance of bcTmol-M1 and bcTmol-M2 (10 mM, ethylene-glycol/H,0 (3/7 v/v)) at 14.1 T and 100 K. (A) The enhancement
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to the highest value. The measurement uncertainties were estimated in the order of + 10%, similarly to what has been reported by Wei et al. [33]; this
leads to an uncertainty for the sensitivity of 15%.

and evaluated their DNP performance at 14.1 T. The bcTCOOKSs
demonstrated excellent aqueous solubility, while the bcTmols
were unexpectedly poorly water-soluble. The DNP performance
of bcTCOOKs was compared to the well-established polarizing
agents, bcTol, bcTol-M, and AsymPol-POK. Both bcTCOOK and

bcTCOOK-M2 demonstrated higher DNP enhancement than its
structural analogues bcTol and bcTol-M, respectively. However,
bcTCOOK-M1 showed slightly lower DNP performance than
reported for the singly N-alkylated AMUPol. The EPR measure-
ments and DFT simulations were in agreement with the observed
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DNP results: an increasing number of N-methyl substituents
improved the relative g-tensor orientation and strengthened the
electron-electron coupling (J), leading to higher polarization
efficiency and shorter buildup times. Overall, bcTCOOK-M2
emerged as the most promising polarizing agent, due to its
high solubility in aqueous solutions, fast buildup time, and high
DNP sensitivity, making it competitive with AsymPol-POK at
14.1 T and 100 K. Importantly, the synthesis of bcTCOOK-M2
was significantly higher yielding and easier to perform than for
bcTol-M and AsymPol-POK. Thus, bcTCOOK-M2 is an excellent
candidate for routine DNP-NMR applications in highly polar
solvents.
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