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TinyPols: a family of water-soluble binitroxides
tailored for dynamic nuclear polarization enhanced
NMR spectroscopy at 18.8 and 21.1 T†
Alicia Lund,a Gilles Casano,b Georges Menzildjian, a Monu Kaushik,a
Gabriele Stevanato,c Maxim Yulikov, d Ribal Jabbour,a Dorothea Wisser,a
Marc Renom-Carrasco,e Chloé Thieuleux,e Florian Bernada,b Hakim Karoui,b
Didier Siri, b Melanie Rosay,f Ivan V. Sergeyev,f David Gajan,a Moreno Lelli,
Lyndon Emsley, *c Olivier Ouari *b and Anne Lesage *a

*g

Dynamic Nuclear Polarization (DNP) has recently emerged as a key method to increase the sensitivity of
solid-state NMR spectroscopy under Magic Angle Spinning (MAS). While eﬃcient binitroxide polarizing
agents such as AMUPol have been developed for MAS DNP NMR at magnetic ﬁelds up to 9.4 T, their
performance drops rapidly at higher ﬁelds due to the unfavorable ﬁeld dependence of the cross-eﬀect
(CE) mechanism and AMUPol-like radicals were so far disregarded in the context of the development of
polarizing agents for very high-ﬁeld DNP. Here, we introduce a new family of water-soluble binitroxides,
dubbed TinyPols, which have a three-bond non-conjugated ﬂexible amine linker allowing sizable
couplings between the two unpaired electrons. We show that this adjustment of the linker is crucial and
leads to unexpectedly high DNP enhancement factors at 18.8 T and 21.1 T: an improvement of about
a factor 2 compared to AMUPol is reported for spinning frequencies ranging from 5 to 40 kHz, with 3H of
up to 90 at 18.8 T and 38 at 21.1 T for the best radical in this series, which are the highest MAS DNP
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enhancements measured so far in aqueous solutions at these magnetic ﬁelds. This work not only
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is expected to push the application frontiers of high-resolution DNP MAS NMR, as demonstrated here on
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a hybrid mesostructured silica material.

breathes a new momentum into the design of binitroxides tailored towards high magnetic ﬁelds, but also

Introduction
Over the last two decades, Dynamic Nuclear Polarization (DNP)
has developed into an elegant and eﬃcient approach to
circumvent the sensitivity limitations of solid-state magic angle
spinning (MAS) NMR spectroscopy, opening unprecedented
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analytical opportunities in materials and life sciences.1–4 In
addition to rapid technological advances in microwave sources
and cryogenic probe heads, the introduction of increasingly
eﬃcient polarizing agents over the years, from stable free
organic radicals5 to high spin metal ions,6–8 has been one of the
key factors that contributed to the growing success of modern
MAS DNP NMR.
A major milestone was achieved in the early 2000s with the
introduction of nitroxide biradicals that provided improved
DNP performances over monomeric paramagnetic centres due
to relatively strong couplings (30 MHz for the dipolar interaction in TOTAPOL9) between unpaired electrons being
spatially constrained by linkers.9,10 This magnetic coupling was
shown to be essential to achieve eﬃcient electron to nucleus
polarization transfer by cross-eﬀect (CE), a mechanism which is
particularly operative at high magnetic eld. Since then,
binitroxides have been extensively studied at 9.4 T and their
structure improved by adjusting the length and rigidity of the
organic tether to optimize the electron–electron (e–e) coupling
and/or the relative orientation of their g-tensors, or by ne
tuning their functional groups to modulate their electron
relaxation times and/or their solubility.11–19 This has led to very
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eﬃcient polarizing agents such as AMUPol12 or TEKPol17 that
provide enhancement factors of over 250 at 9.4 T and 100 K in
variety of glassy matrices. Most applications of DNP MAS NMR
are undertaken using these biradicals that remain today the
gold standard polarizing agents for hyperpolarized solid-state
NMR spectroscopy.
However, the performance of these radicals signicantly
decreases with increasing magnetic elds. Thus, in a 3.2 mm
rotor, the proton enhancement (3H) of a frozen solution of
10 mM AMUPol in d8-glycerol/D2O/H2O 60/30/10 (v/v/v) typically
drops from 250 at 9.4 T (400 MHz proton frequency) to about
140 at 14.1 T (600 MHz),12 48 at 18.8 T (800 MHz) and 20 at 21.1
T (900 MHz, this work). This decrease in enhancement factor is
in line with theoretical analysis of CE DNP under MAS, predicting that the probability for three-spin (electron e1–electron
e2–nucleus n) crossings driving the DNP polarization transfer
when |ue1  ue2| ¼ un is fullled scales with 1/B03.20,21 The
downward eld dependence of the whole DNP process is also
well reproduced by numerical simulations.21–24 Several
approaches have recently been developed to overcome this
unfavorable eld dependence.
One solution to achieve high enhancements at very high
magnetic elds is to exploit the favorable eld dependence of
Overhauser Eﬀect (OE) DNP. This mechanism has recently
received renewed attention aer the discovery that it was active in
insulating solids using BDPA (1,3-bisdiphenylene-2-phenylallyl)
radicals.25,26 Enhancements of up to 100 and 70 have been reported in the rigid glassy solvent OTP (ortho-terphenyl), at 18.8 T27
and 21.1 T.28 Magnetization transfer via OE DNP requires
however build-up times of several tens of seconds, which partly
moderates the overall sensitivity gain. Hybrid biradicals, consisting of a radical with an isotropic g factor tethered to a broad
line nitroxide have recently been explored as an alternative
strategy to preserve high enhancements at high magnetic
eld.29–33 TEMTriPol29,30 and HyTEiK32 biradicals linking together
a nitroxide with a trityl or a BDPA moiety respectively were
developed along these lines, yielding enhancement factors at 18.8
T of up to 70 for TEMTriPol in 3.2 mm rotors and 180 for HyTEK2
in 1.3 mm rotors. In both cases, it was observed that these
enhancement factors did not decrease with the magnetic eld in
the same way as is the case for binitroxides, which was rationalized by the presence of a narrow line component for one of the
two electrons, associated with strong electron–electron interactions, i.e. strong exchange (J) and dipolar (D) couplings. Dipolar
and exchange coupling values of (D ¼ 23 MHz, |J| ¼ 73 MHz) and
(D ¼ 28 MHz, 30 < |J| < 70 MHz) were reported for the best performing radicals in the TEMTriPol29,30 and HyTEK32 series.
While both interactions drive the DNP transfer and
contribute to its eﬃciency, their strength cannot be increased
indenitely. Indeed, the sum of the dipolar and exchange
couplings needs to remain smaller than the nuclear Larmor
frequency so as to fulll the CE matching condition. This
limitation has been understood since the early days of binitroxide radicals, and at that time, linker lengths and therefore
dipolar couplings were optimized to achieve eﬃcient CE DNP
transfer at moderate magnetic elds.10–34 For hybrid TEMTriPols
and HyTEKs, it has been shown that a linker length of
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respectively six and four chemical bonds represented an
optimal separation for DNP at 18.8 T, while shorter distances
led to lower DNP gains at this eld. The detrimental eﬀect of
exceedingly strong exchange couplings has also been recently
illustrated for diastereoisomers of L-proline-linked tritylnitroxide biradicals.37 Lately, De Paepe and co-workers have
shown that asymmetric biradicals composed of 5 and 6membered ring nitroxides that have sizeable electron–electron
interactions (on the order of 50–70 MHz for both the dipolar
and exchange interactions) had advantageous DNP properties.
The authors reported DNP gains higher than AMUPOL at 18.8 T,
namely 3H of 27 for the AsymPolPOK radical versus 21 for
AMUPol at 130 K and 8 kHz MAS rate using 3.2 mm rotors.38
Another adverse feature of AMUPol and TEKPol is the presence of strong depolarization eﬀects39,40 that manifest themselves as a decrease of the overall contribution of the nuclei to
the NMR signal intensity, including in the absence of microwave irradiation. These depolarization eﬀects add up to paramagnetic bleaching and become stronger with faster
spinning.40,41 Numerical studies predict that increasing the
probability of adiabatic electron–electron crossings, which can
be done by raising their reciprocal magnetic interactions, can
attenuate nuclear depolarization.21–23 It has indeed been
experimentally demonstrated that TEMTriPol-1,30 HyTEK2,32 or
AsymPolPOK38 radicals, having large J interactions, display
reduced or no depolarization losses.
Here, we revisit the structure of six-membered nitroxide ring
biradicals and introduce new water-soluble binitroxides, dubbed TinyPols. We show that by reducing the distance between
the two unpaired electrons, the unfavorable eld dependence is
signicantly reduced as compared to AMUPol. With the best
radical in this series, M-TinyPol, we record DNP enhancement
factors as high as 90 and 38 at respectively 18.8 T and 21.1 T in
aqueous solutions. As EPR measurements reveal similar J
exchange interaction and electron relaxation times for TinyPols
and AMUPol, the good performance of TinyPols at high
magnetic eld is attributed to the eﬀect of a stronger dipolar
coupling between the two unpaired electrons. The potential of
these radicals is illustrated with the surface structure characterization of a functionalized hybrid silica material.

Results and discussion
TinyPol structures
Recent radical design studies highlighted the critical role of
electron–electron couplings in achieving high enhancements at
magnetic elds above 9.4 T. In particular, the ratio between uH
and D + |J| modulates the eﬃciency of the CE mechanism and
the electron–electron distance has to be tailored to the proton
Larmor frequency. This has led us to explore binitroxide radicals having a shortened linker length than AMUPol.
Fig. 1 shows the structure of the TinyPol radicals that have
been investigated in this study. They all have the same generic
chemical structure with a three-bond non-conjugated amine
linker and tetrahydropyranyl, methyl-tetrahydropyranyl or
cyclohexanol spiranic groups at the a position of the nitroxide
moieties. The average distance between the two free electrons
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DNP enhancement factors

Structures and names of the radicals investigated in this study.
Synthetic routes are given in the ESI.† The proton enhancement
factors measured in bulk solution of d8-glycerol/D2O/H2O 60/30/10
(v/v/v) at 18.8 T and 40 kHz MAS frequency are reported at
a concentration of 5 and/or 10 mM. The sample temperature has been
carefully calibrated at 110  5 K. Experimental details are given in the
ESI.†
Fig. 1

(e–e) in TinyPols is estimated to be ca. 10.4 Å, versus 11.6 Å in
AMUPol.12 This distance was evaluated from molecular
dynamics simulations from an ensemble of conformations for
the TinyPol radical obtained via molecular dynamics simulations (Fig. S11†). The dipolar coupling between the two
unpaired electrons was then be calculated with a point dipolar
approximation, using the average h 1/r3i from the molecular
dynamics simulation (Fig. S12†), giving 47 MHz for TinyPol,
versus 33 MHz for AMUPol. While the reduced distance between
the electrons leads to an increase in the magnetic dipolar
coupling in the TinyPols, their isotropic J coupling, as dened
by the term JS1S2, is expected to be similar to the AMUPol
value, i.e. J z 30 MHz. The bulky tetrahydropyranyl, methyltetrahydropyranyl and cyclohexanol nitroxide moieties have
been chosen in order to preserve long electronic relaxation
times as found for PyPol derivatives.12–14

2812 | Chem. Sci., 2020, 11, 2810–2818

The MAS-DNP performance of TinyPols was rst measured at
18.8 T for all the radicals in the series and compared with that of
AMUPol in water/glycerol solutions. The proton enhancement
factors (recorded at a spinning frequency of 40 kHz) are reported in Fig. 1. Apart from TinyPol, they were all measured at
a radical concentration of 10 mM, which was found to be
optimal (see below). The TinyPol enhancement was measured at
5 mM as this radical could not be solubilized at a higher
concentration. M-TinyPol, the best radical in this series, as well
as AMUPol, the reference polarizing agent, were both measured
at 5 and 10 mM concentration. The enhancements reported
here are calculated as the ratio between signal intensity with
and without microwave irradiation. While TinyPol–diOH and
TinyPol–PEG2 yield modest enhancement values, the three
other radicals in the series, namely TinyPol, TinyPol–rev and MTinyPol, clearly outperform AMUPOL at 18.8 T. At radical
concentrations of 5 and 10 mM, the best enhancement factors
are obtained with respectively TinyPol (73 versus 46 for AMUPol)
and M-TinyPol (90 versus 54 for AMUPol). Given the results of
this rapid screening, we focused our investigation on TinyPol
and M-TinyPol. In the following we will report detailed
measurements conducted at 18.8 and 21.1 T for these two new
and highly eﬃcient polarizing agents.
Fig. 2a shows the DNP enhancement factors of 5 mM TinyPol, M-TinyPol and AMUPol solutions in d8-glycerol/D2O/H2O
60/30/10 (v/v/v) at 18.8 T as a function of the MAS frequency. The
enhancement curve of AMUPOL is relatively at over the whole
spinning range, reaching a value of 46 at 40 kHz MAS. For both
TinyPol and M-TinyPol, we observe a maximum enhancement
of 87 and 74 respectively at a spinning frequency of 5 kHz. This
enhancement then displays a marked decrease between 5 and
25 kHz, and reaches a plateau at about 73 and 64 at a MAS rate
of 40 kHz. At 5 mM biradical concentration TinyPol shows the
best enhancement, corresponding to an improvement of
around 1.6 with respect to the current standard binitroxide
radical AMUPol. While, as mentioned above, TinyPol could not
be solubilized at a higher concentration than 5 mM, a concentration series could be measured for M-TinyPol from 5 to 20 mM
(Fig. S15†) and a radical concentration of 10 mM was determined to yield the largest DNP enhancement. The corresponding MAS curve measured at 18.8 T is shown in Fig. 2b and
compared to values obtained for AMUPol at the same experimental conditions. At a MAS rate of 40 kHz, an enhancement
factor of 90 was obtained for 10 mM M-TinyPol, corresponding
to an increase by a factor 1.7 when compared to AMUPol. We
note in passing that this enhancement is the largest enhancement factor measured for a water-soluble polarizing agent at
this magnetic eld.
The same study has been performed at 21.1 T using a 3.2 mm
probe. The data reported in Fig. 2c and d show that TinyPol
radicals consistently outperform AMUPol. A maximum
enhancement factor of 38 is achieved for M-TinyPol at
a concentration of 10 mM and at a spinning frequency of 4 kHz,
corresponding to an increase by a factor 2.5 when compared to
AMUPol. We attribute this increase in enhancement for

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Enhancement factors of AMUPol, TinyPol and M-TinyPol at
5 mM (a and c) and 10 mM (b and d) concentration, measured in bulk
solution of d8-glycerol/D2O/H2O 60/30/10 (v/v/v), as a function of
MAS frequency. 1H enhancements values measured at 18.8 T (a and b)
were obtained from proton NMR spectra, measured in 1.3 mm zirconia
rotors at a sample temperature of 110  5 K. 1H enhancements
measured at 21.1 T (c and d) were obtained from carbon-13 crosspolarization spectra, measured in 3.2 mm sapphire rotors at a sample
temperature of 115  7 K. Experimental details are given in the ESI.†

Chemical Science
the overall sensitivity gain provided by TinyPol radicals.
Contribution factors were measured for both TinyPol and MTinyPol at concentrations of 5 and 10 mM, respectively. These
factors were calculated as the ratio of the NMR signal intensity
(per unit of mass) of a doped frozen solution divided by the
NMR signal intensity (per unit of mass) of the undoped solution, both measured in the absence of microwave irradiations
(see eqn (1) in the ESI†). Thus, they report on the ensemble of
paramagnetic eﬀects that will lead to a signal loss from the
introduction of the radical in the DNP formulation, including
depolarization and paramagnetic bleaching eﬀects.
Fig. 3 shows the contribution factor of 5 mM TinyPol and
10 mM M-TinyPol solutions in d8-glycerol/D2O/H2O 60/30/10 (v/
v/v) at 18.8 T. For the 5 mM concentration, we observed only
a small reduction of the contribution factor over the spinning
range and measured a value of 0.73 at 40 kHz MAS that
compares with 0.65 for AMUPol measured in this work under
the same experimental conditions, using a radical concentration of 5 mM. At a concentration of 10 mM, no appreciable
decrease is evident in the 5 to 40 kHz regime, with an average
factor of around 0.65. This represents an improvement with
respect to AMUPol at this concentration,40,41 which in turn leads
to a signicant increase in the overall sensitivity as described
below. We note that, as expected, the average value of the
contribution factor is lower at a concentration of 10 mM due to
enhanced paramagnetic bleaching, while the MAS dependence
of the contribution factor suggests that the depolarization
eﬀects are quite modest. The reduced depolarization observed
for TinyPol radicals is attributed to the strong value of dipolar
coupling between the two unpaired electrons, which promotes
adiabatic electron–electron spin-exchange crossing events upon
MAS, thus limiting the equilibration of polarization between the
two electrons.

TinyPols over AMUPol to increased electron–electron magnetic
couplings due to the shorter distance between the two electrons,
as evidenced by the electron paramagnetic measurements discussed below. Here we note that the enhancement factors reported here for TinyPols in water solutions are lower than those
obtained with the hybrid radicals HyTEKs in organic solvents
(up to 180 for HyTEK2 at 40 kHz MAS) (ref).
Contribution factor and overall sensitivity of TinyPol and MTinyPol
The improvement in enhancement observed from the TinyPol
series is very promising. However, as highlighted in the introduction, DNP formulations with binitroxides may be subject to
signicant signal loss due to the well-documented depolarization eﬀects that accentuate with increasing spinning frequencies. In these conditions the DNP enhancement factor alone is
not a realistic indicator of the overall sensitivity gain. For 10 mM
AMUPol in glycerol-d8/D2O/H2O, 60 : 30 : 10 (v/v/v), we recently
reported that depolarization leads to a continuous signal
attenuation which reaches around 50% at 40 kHz MAS and 18.8
T.41 In the following we consider this eﬀect in order to evaluate

This journal is © The Royal Society of Chemistry 2020

Contribution factor of TinyPol (5 mM) and M-TinyPol (10 mM)
measured at 18.8 T in a bulk solution of d8-glycerol/D2O/H2O 60/30/
10 (v/v/v), as a function of MAS frequency. Values are obtained from
proton NMR spectra recorded in 1.3 mm zirconia rotors at a sample
temperature of 110  5 K.
Fig. 3
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With the knowledge of the contribution factor and enhancement, we compare in Table 1 the overall DNP sensitivity gain S
provided by TinyPol, M-TinyPol and AMUPol. This overall sensitivity gain is proportional to the product of the enhancement
factor, the contribution factor, and the inverse of the square root
of the DNP build-up time (see eqn (2) in the ESI†). The dependence of the DNP build-up times on the MAS frequency is reported in Fig. S16, S17 (18.8 T) and S23, S24 (9.4 T).†
These calculations conrm the excellent overall DNP eﬃciency of TinyPol radicals at magnetic elds of 18.8 T and 21.1 T.
In particular M-TinyPol provides an improvement of a factor 2.5
in overall sensitivity gain with respect to AMUPol at 18.8 and
21.1 T (Table 1). Note that we also provide in Fig. S27† a calculation of Boltzmann enhancement factor 3B for 5 mM TinyPol in
a 2 M 13C-urea, d8-glycerol/D2O/H2O solution as a function of
the MAS frequency in the experimental conditions reported for
AsymPolPOK in ref. 38. Under this sample formulation, TinyPol
maintains large signal enhancements that are greater than
those reported for AsymPolPOK.
Magnetic eld dependence of the DNP enhancement
Fig. 4a compares the DNP enhancement (3H) provided by
AMUPol and TinyPol radicals at 9.4, 18.8 and 21.1 T at both 5
and 10 mM concentrations. We note rst that all radicals show
a sharp decrease in enhancement when the magnetic eld is
increased as predicted and experimentally observed for CE DNP
with binitroxides. However, this negative eld dependence is
clearly mitigated for the TinyPol radicals. Thus, at a concentration of 5 mM of TinyPol, the enhancement drops by around 68%
when magnetic eld is doubled, versus 85% for AMUPol under
the same experimental conditions. Similar trends were
observed for M-TinyPol at concentrations of 5 and 10 mM. At 9.4
T AMUPol performs signicantly better than TinyPol radicals.
This trend holds true when overall sensitivity gains S are plotted
vs. the magnetic eld (Fig. 4b). The benets of TinyPols at high
elds are even more visible in this representation. These
observations are in line with the general assumption that there
is an optimum value of the electron–electron coupling for eﬃcient DNP transfer that will diﬀer at each magnetic eld
strength. Here the relatively strong electron–electron dipolar

Fig. 4 DNP enhancement factors (a) and overall sensitivity gains

(b) of 5 mM and 10 mM TinyPol, M-TinyPol and AMUPol solutions in
d8-glycerol/D2O/H2O 60/30/10 (v/v/v) acquired at various
magnetic ﬁelds. Data recorded at 9.4 T and 18.8 T were acquired in
1.3 mm zirconia rotors at 40 kHz MAS frequency and a sample
temperature of 110 K. Data recorded at 21.1 T were acquired in
3.2 mm sapphire rotors at 12 kHz MAS frequency and a sample
temperature of 115 K. The calculation of S is given in the ESI.†

Table 1 Overall sensitivity gains and DNP build-up times of radical solutions in d8-glycerol/D2O/H2O 60/30/10 (v/v/v) for various magnetic ﬁelds
and concentrations

9.4 T
MAS rate sample temp.

5 mM AMUPol
5 mM TinyPol
10 mM AMUPol
10 mM M-TinyPol

18.8 T

40 kHz, 110 K

21.1 T

5 kHz, 110 K

40 kHz, 110 K

12 kHz, 115 K

S

TB,ON (s)

S

TB,ON (s)

S

TB,ON (s)

S

TB,ON (s)

346
179
316
225

7.1
11
3.8
4.8

107
255
134
261

15
13
5.0
8.7

85
158
82a
211

18
16
10
13

29
44
15b
29c

14.4
13.3
10.7
7.7

a
The calculation is done using the contribution factors reported in ref. 41. b The calculation is done using the contribution factor measured for 5
mM AMUPol and 5 mM TinyPol respectively. c The calculation is done using the contribution factor measured for 5 mM AMUPol and 5 mM TinyPol
respectively.
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coupling in TinyPols (47 versus 33 MHz for AMUPol) promotes
an eﬃcient CE polarization transfer at very high eld.
Electron spin couplings and relaxation times
Fig. 5a shows the W-band (95 GHz) echo-detected EPR spectra
of AMUPol, TinyPol and M-TinyPol radicals recorded at 100 K.
The spin lattice relaxation times (Tir) and the electronic phase
memory times (TM) measured at diﬀerent eld values of the
EPR pattern are reported in Fig. 5b and c. The bulky functional groups decorating the nitroxide moieties lead to similar
Tir values for all radicals, ranging between roughly 0.2 and 0.5
ms. The TM values vary with TM(AMUPol) > TM(TinyPol) >
TM(M-TinyPol). The lowest Tm values are observed for MTinyPol as expected due to the presence of the methyl
groups that still undergo rotation at 100 K and induce transverse relaxation. The Tm values are however of the same order
of magnitude for the three radicals. Therefore, the electron
saturation factor is expected to be fairly similar for the three
radicals, and is not the discriminating parameter explaining
their diﬀerent performances. These EPR studies therefore
indirectly point out that the main diﬀerence between TinyPol
radicals and AMUPol reside in their magnetic dipolar
coupling strength.

(Top) W-band (94 GHz) echo-detected EPR spectra of 100
mM TinyPol, M-TinyPol and AMUPol solutions in d8-glycerol/D2O/H2O
60/30/10 (v/v/v) recorded at 100 K. (Middle) Electron spin lattice
relaxation time (T1e) and (bottom) electron phase memory time (Tm)
measured at various position of the magnetic ﬁeld. See ESI for
Experimental details.†
Fig. 5

This journal is © The Royal Society of Chemistry 2020
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The solution-state X-band (9.4 GHz) continuous-wave (CW)
EPR spectra of the TinyPol radicals are reported in Fig. S25.†
They display relatively broad features indicating a modulation
of the J coupling by intramolecular motions. As highlighted by
Griﬃn and co-workers42 and more recently by Han and coworkers,43 conformational dynamics is the source of the distribution of J coupling in binitroxide polarizing agents. In TinyPols the short linker between the two nitroxide moieties is
exible with internal rotation around the N–CH2 bond and
leads to distribution of rotamers. Molecular dynamics conformational searches were performed for TinyPol, using the
AMBER force eld in Gromacs (Fig. S11†). The result shows
a distribution of electron–electron distances and angles
between the two nitroxide groups (Fig. S12 and S13†), with
a high occurrence of conformers having an inter-electron
distance of around 1 nm, and a relative nitroxide plane orientation in the range of [0, 30 ] or [90, 130 ]. This translates in
a distribution of calculated isotropic J values (Fig. S14†). The
solution EPR spectra were thus tted using three isotropic
exchange couplings of diﬀerent weights (as detailed in
Fig. S28,† a three-component t was needed to reproduce the
features of the experimental spectra). With the notable exception of TinyPol–PEG2, three values centred roughly around 0, 30
and 120 MHz were found for all TinyPol radicals (Table S1†).
The diﬀerences in the patterns of the EPR spectra among the
TinyPols and subsequently in the distribution of exchange
coupling values could partly explain the discrepancies in
enhancement factors observed within the series (Fig. 1). In
particular, we note that the EPR spectrum of TinyPol–PEG2 was
tted using only two J coupling values at around 0 and 120 MHz.
This is in contrast with the other radicals that display in addition a contribution at around 30 MHz. This strength of coupling
will be particularly eﬀective at high magnetic eld.30 The fact
that we don't detect this component for TinyPol–PEG2 likely
explains the poor DNP performance of this radical. Here we
note that the distribution of conformations observed in solution (and therefore of J coupling values) will change at cryogenic
temperatures, in a way that will depend on the freezing history
of the sample. While the EPR data recorded at room temperature should thus be interpreted with care, they nevertheless
provide a useful insight into the range of accessible J coupling
for a given polarizing agent.
As mentioned in the introduction, several studies have
recently highlighted the importance of sizeable magnetic
interactions for eﬃcient DNP at high magnetic eld. The
signicant improvement in DNP performance observed for
TinyPol radicals over AMUPol can be rationalized through the
theoretical picture developed by Thurber and Tycko20 and later
by Mentink-Vigier et al.,21 describing cross-eﬀect DNP under
MAS as a carousel of separate rotor crossing events that
generate spin transitions at avoided energy level crossings.
Three avoided crossing drive the DNP magnetization transfer:
(i) electron-microwave crossing, when the electron EPR
frequency matches the microwave frequency, (ii) three-spin
crossing, when the diﬀerence of the two electron Larmor
frequencies is equal to the nuclear Larmor frequency and (iii)
electron–electron crossing when the two electron Larmor
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frequencies match each other. Analytical calculations under the
Landau-Zener theoretical framework show that the probability
for the three-spin adiabatic level crossing is proportional to the
square of the overall magnetic coupling between the two
unpaired electrons in the biradical. As a direct result, increasing
the electron–electron dipolar coupling strength—as has been
done for TinyPol radicals in comparison with AMUPol—is expected to increase the probability of this three-spin crossing
and subsequently the polarization transfer from the electrons to
the nuclear spin. Similarly, increased magnetic interactions
between electrons favour high adiabaticity at electron–electron
crossing and therefore the exchange of polarization. Such an
exchange is benecial to maintain the polarization diﬀerence
between the lower and the higher frequency electrons, thus
improving the DNP process and mitigating depolarization losses. This is what we observe in this study for TinyPol radicals: as
their overall electron magnetic interaction is stronger than that
of AMUPol, they display not only higher 3H values but also
contribution factors that are less subjected to the eﬀects of fast
MAS. These observations are in agreement with previous
studies on hybrid radicals and on asymmetric binitroxides.30–32
We note here that our work further highlights with experimental evidence, not only the critical role of the electron–electron coupling strength in the DNP transfer eﬃciency, but also
the need for optimized electron–electron interactions for each
magnetic eld, or, in other words, the need for linker structure/
length tailored towards a given eld value.

DNP SENS on a hybrid mesostructured silica material
Over the last decade, DNP Surface Enhanced NMR Spectroscopy
(DNP SENS) has been developed into a powerful and versatile
way to investigate surface structure at the molecular level. In
particular this approach has proven to be of prime relevance to
unravel structure/properties relationships in a large range of
challenging chemical systems such as high-performance
organometallic heterogeneous catalysts, doped silicon
surfaces, functionalized metal–organic frameworks, ligandcapped nanoparticles, cementitious materials, quantum dots
or active zeolites.3–44 Most current applications of DNP SENS are
realized using commercial instruments operating at moderate
magnetic elds, typically 9.4 T or at 14.1 T. While higher elds
would be benecial in many areas of materials science, very few
detailed DNP SENS studies have been reported so far at very
high elds above 18.8 T.45,46 Beyond the scarcity of the instruments, the fact that this methodology relies on sample formulations whose eﬃciency scales down drastically at high
magnetic elds is a strong limitation. Polarizing agents are key
elements of these formulations. Here, we report DNP SENS
experiments recorded at 18.8 T on a mesoporous silica material,
impregnated with an aqueous solution of M-TinyPol. The
structure of the material and of the organic fragment distributed within the mesoporous silica network is detailed in Fig. 6a
and the synthesis is report in the ESI.† A proton enhancement
of 45 was achieved, versus 28 for a sample prepared with
a solution of AMUPol under the same experimental conditions
of solvent and concentration. Fig. 6b shows the corresponding
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Fig. 6 (a) Structure of the organic imidazolium ligand investigated in
this study and schematic representation of the mesoporous silica
support [mesopores (6 nm diameter) are shown as circles and
micropores (<1 nm diameter) as small half-circles]. Blue color represents the polarizing solution of 10 mM AMUPol or M-TinyPol in H2O
that ﬁlls the pores while the gray area represents the silica bulk. (b)
Contour plot of a 2D DNP SENS 1H–13C HETCOR spectrum of the
surface compound recorded at 18.8 T and 12.5 kHz MAS frequency
using a 3.2 mm rotor. The sample was impregnated with a 10 mM
solution of TinyPol in H2O. The contact time was 500 ms. During t1,
eDUMBO homonuclear decoupling was applied.47 The one-dimensional carbon-13 cross-polarization spectrum is shown above the 2D
map. The red lines show the various correlations.

one-dimensional carbon-13 cross-polarization (CP) and twodimensional 1H–13C heteronuclear correlation (HETCOR)
spectra. The latter displays excellent resolution in the proton
chemical shi dimension, as expected at high magnetic eld.
All the expected 1H–13C correlations could be observed and
assigned from this 2D spectrum.

Conclusions
We have introduced a new series of water-soluble binitroxides
dubbed TinyPols tailored for DNP at very high magnetic elds.
These radicals have a skeleton similar to that of AMUPol but are
designed to have a shorter tether length and therefore smaller
electron–electron distance and higher magnetic dipolar interaction. We demonstrated the eﬃcacy of these polarizing agents
at 18.8 T and 21.1 T, where TinyPols signicantly outperform
the reference radical AMUPol. With the best radical in this
series, namely M-TinyPol, we report the highest enhancement
measured so far in aqueous solution at 18.8 and 21.1 T, of
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respectively 90 and 38-fold. We note however that the
enhancement values at 18.8 T have been obtained in 1.3 mm
rotors where the microwave eld distribution is more favorable
than in 3.2 mm rotors.48 Additionally, we have shown that
depolarization eﬀects are reduced at fast MAS in these shortlinked binitroxides, while the favorable electron relaxation
times of AMUPol are preserved.
We believe that this study will give a fresh momentum to
AMUPol-like radicals, which were so far disregarded in the
context of the development of polarizing agents for very higheld DNP. While the positive eﬀect of reducing the linker
length on the electronic couplings and therefore on the
enhancement at high eld could be expected, such a dramatic
improvement in the DNP eﬃciency was not foreseen.
Since the introduction of bTbK, binitroxides have been
designed with a rigid organic tether in order to constrain the
orientation of the two nitroxides. Another rather unexpected
aspect of this work resides in the experimental observation that
the presence of a exible linker is not a major obstacle to obtain
high DNP enhancement factors. While much remains to be
understood to depict accurately the ensemble of DNP-active
conformers at 100 K in a frozen glassy matrix, our work
clearly opens new design perspectives. In particular, the high
DNP performances observed for exible TinyPol and M-TinyPol
suggest that at very high eld the electron couplings play a more
crucial role than the relative nitroxide g-tensor orientation. This
establishes priorities in the structural design of new polarizing
agents. The next step in the development of eﬃcient bisnitroxides for high-eld MAS DNP will consist in ne tuning
the short linker in TinyPol-like radicals, for example by introducing new heteroatoms (in place of current nitrogen and/or
carbon atoms) or by adding some conjugation in the backbone to adjust the electron couplings to their Goldilocks values.
As demonstrated in this paper, TinyPol and M-TinyPol
provide a 2-fold improvement in the overall sensitivity gain
with respect to AMUPol and AsymPolPOK, which translates in
a reduction of the experimental time by a factor 4. Applications
that are still impractical with current polarizing agents at very
high magnetic eld due to sensitivity limitation, could now be
envisioned. The TinyPols, are stable both in its powder form
and in solution, easy to synthesize and manipulate. Therefore,
they are expected to open new avenues for the characterization
of challenging substrates from materials surfaces to biomolecular assemblies, promoting high-eld DNP as a more accessible
technique to remove sensitivity and resolution barriers in NMR
spectroscopy.
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