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S1 Synthesis details of the series of TinyPol radicals

All chemicals used in synthesis were purchased from Aldrich Chemical Co. Commercially
available starting materials were used without further purification. Purification of
products was accomplished by flash column chromatography on silica gel (Merck silica
gel 60, 230-400mesh) or neutral alumina. Mass spectral analyses were carried out using
a Q-STAR Elite at the Aix-Marseille Université Mass Spectrum Facility, Spectropole Saint-
Jérome Marseille. The final products were purified to = 95% and were confirmed by
HPLC-MS. HPLC-MS experiments were performed using an Agilent 1260 infinity system
coupled with a 6120 simple quadrupole. This system was equipped with a RP C18 column
(Zorbax 1.8 uM, 3 x 50 mm) that was equilibrated with 10% vol. MeCN (containing 0.1%
(v/v) formic acid) in 0.1% vol. formic acid aqueous solution at the flow rate of 0.28 or 0.40
mL/min. EPR measurements were performed on a BRUKER Elexsys spectrometer
operating at 9.4 GHz (X-band) in 50 uL capillaries using the following parameters:
microwave power 5 mW and modulation amplitude 0.4 G.

S$1.1 Synthesis of TinyPol

Py-TEMPONE 2 was prepared following a procedure reported by Sakai et al  and amino
nitroxide 9 following a procedure reported by Kubicki et al.? The dinitroxide TinyPol was
synthesized in a 6-step sequence as shown in Scheme 1. First, 4-cyano Py-TEMPONE (2)
was prepared in DME using tosyl methyl isocyanide (TOSMIC) in the presence of
potassium tert-butoxide adapting a procedure reported by Rauckman et al.2 Hydrolysis
of the cyano group and subsequent reduction of the carboxylic group gave nitroxide 4 in
good yield. Oxidation of the hydroxyl group by Dess-Martin periodinane affords nitroxide
5 that is then reacted with amine 9 via a reductive amination reaction using a procedure
reported by Sauvée et al.# Finally, deprotection of the silyl protected alcohols of 6 by TBAF
in THF yields TinyPol as a red solid.
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Scheme 1: Synthetic route to TinyPol (7).
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Reagents and conditions: (a) TOSMIC, t-BuOK, dimethoxyethane, 25°C, 16h. (b)
BaH:02.8H:0, NaOH, MeOH/water, reflux, 16h. (c) BHz (1M in THF), THF, 25°C, 3h. (d)
DMP, DCM, 25°C, 2h. (e) 9, NaBH(OAc)s, AcOH, THF, 25°C, 16h. (f) TBAF(1M in THF), THF,
25°C, 48h.

Synthesis of compound 2

To a solution of 1 (1.00 g, 4.00 mmol) and 1-(isocyanomethylsulfonyl)-4-methylbenzene
(0.85 g, 4.4 mmol) in 1,2-dimethoxyethane (30 mL) was added dropwise at 0°C a solution
of potassium tert-butoxide (0.88 g, 8.00 mmol) and tert-butanol (15 mL) dissolved in 1,2-
dimethoxyethane (15 mL). The mixture was stirred at 25°C for overnight. Then, water
(150 mL) was added and the solution was extracted with DCM (3 x 80 mL). The organic
layer was dried over Na;S0O4 and distilled under reduced pressure. The crude product was
purified by SiO2 column chromatography using DCM/EtOH (95/5) as eluent to afford
compound 2 (0.77 g, 72%) as a pink solid. ESI-MS m/z: 266 [M+H]*.

Synthesis of compound 3

Compound 2 (0.20 g, 0.76 mmol) and barium hydroxide octohydrate (0.95 g, 3.00 mmol)
were dissolved in a mixture of water (50 mL) and methanol (25 mL). Then, sodium
hydroxide (0.60 g, 15.1 mmol) was added and the mixture was stirred at reflux for 16 h.
After cooling, pH was adjusted at 6 with 1N HCI aqueous solution and the mixture was
extracted with chloroform (3 x 100 mL). The organic layer was dried over Na2SO4 and
distilled under reduced pressure to give compound 3 (0.16 g, 75%). ESI-MS m/z: 285
[M+H]* 307 [M+Na]*

Synthesis of compound 4

Borane solution (0.80 mL, 1M in THF) was added to a solution of compound 3 (0.22 g,
0.77 mmol) in anhydrous THF (5 mL) at 0°C under argon atmosphere. The reaction
mixture was stirred at 25°C for 3 h. After this time, K2CO3 aqueous solution was added to
obtain pH = 10. The mixture was extracted with DCM (3 x 50 mL), dried over Na2SO4 and
distilled under reduced pressure. The crude product was purified by SiO2 column
chromatography using DCM/EtOH (9/1) as eluent to provide compound 4 (0.19 g, 90%)
as a pink solid. ESI-MS m/z: 271 [M+H]*.

Synthesis of compound 5

Compound 4 (0.1 g, 0.37 mmol) was dissolved in anhydrous DCM (5 mL) under argon
atmosphere. At 0°C, Dess-Martin periodinane (0.19 g, 0.45 mmol) was added in one
portion and the reaction mixture was stirred at 25°C for 2 h. After this time, water (15
mL) was added and the mixture was extracted with DCM (3 x 50 mL), dried over NazS04
and distilled under reduced pressure. The crude product was purified by SiOz column
chromatography using DCM/EtOH (95/5) as eluent to obtain compound 5 (0.08 g, 80%)
as a pink solid. ESI-MS m/z: 269 [M+H]*; 291 [M+Na]*
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Synthesis of compound 6

To a stirred solution of compounds 5 (0.08 g, 0.30mmol) in dry THF (2 mL) was added
compound 9 (0.16 g, 0.32 mmol) dissolved in dry THF (2 mL) under argon atmosphere.
Then, AcOH was added to adjust pH at around 6-7 and the solution was stirred 6 h at 25°C.
After this time, NaBH(OAc)3 (0.1 g, 0.458 mmol) was added at 0°C and the solution was
stirred at 25°C during 16 h. At the end of reaction, 10 mL of 10% K>CO3 aqueous solution
was added. The mixture was extracted with DCM (2 x 50 mL), dried over NazSO4,
concentrated under reduced pressure and the residue was purified by SiO2 column
chromatography using DCM/EtOH (99/1) as eluent to provide pure compound 6 (0.11 g,
48%) as ared solid. ESI-MS m/z: 765 [M+H]*.

Synthesis of Tinypol (7)

A 1 M solution in THF of TBAF (1.5 mL) was added to a stirred solution of compound 6
(0.11 g, 0.14 mmol) in dry THF (3 mL). The solution was stirred 48 h at 25°C. Then, the
mixture was concentrated under reduced pressure and the residue was purified by SiO>
column chromatography using DCM/EtOH (100/0 to 80/20) as eluent to provide pure
TinyPol

(0.06 g, 80%) as a red solid. HRMS-ESI: m/z calcd. for C29Hs0N306% [M+H]*: 536.3694;
found 536.3696.
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Figure S1: ESI-HRMS spectrum of Tinypol (peaks indicated with blue box correspond to
reference peaks for HRMS calibration).
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Figure S2: HPLC chromatogram of TinyPol (Water/Acetonitrile/0.1% Formic Acid
gradient, RP C18, UV detection at 254 nm)
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S$1.2 Synthesis of TinyPol-diOH
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Scheme 2: Synthetic route to TinyPol-diOH (13)

Reagents and conditions: (a) NH40Ac, NaBH3CN, EtOH, 25°C, 24h. (b) TOSMIC, t-BuOK,
dimethoxyethane, 25°C, 16h. (c) LiAlH4 (1M in THF), THF anhydrous, 0°C, 3h. (d) 8,
NaBH(0OAc)3, AcOH, THF, 25°C, 16h. (e) TBAF (1M in THF), THF, 25°C, 48h.

Synthesis of compound 9

Compound 8 (2.0 g, 3.92 mmol) was dissolved in absolute Ethanol (25 mL) under argon
atmosphere. Ammonium acetate (3.02 g, 39.2 mmol) was added in one portion. After 6h,
NaBH3CN (0.172 g, 2.73 mmol) was added at 0°C and the solution was stirred at 25°C
during 16h. After this time, 10 mL of 10% K2CO3 aqueous solution was added. The mixture
was extracted with CH2Clz (2 x 50 mL), dried over Na;SO4, concentrated under reduced
pressure and the residue was purified by AlO3 column chromatography using
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CH2Cl2/EtOH (90/10) as eluent to provide compound 9 (1.20 g, 60%) as a red solid. ESI-
MS m/z: 512.6 [M+H]*

Synthesis of compound 10

To a solution of 8 (0.56 g, 1.10 mmol) and 1-(isocyanomethylsulfonyl)-4-methylbenzene
(0.25 g, 1.28 mmol) in 1,2-dimethoxyethane (10 mL) was added dropwise at 0°C a
solution of potassium tert-butoxide (0.25 g, 2.20 mmol) and tert-butanol (5 mL) dissolved
in 1,2-dimethoxyethane (5 mL). The mixture was stirred at 25°C for overnight. Then,
water (150 mL) was added and the solution was extracted with DCM (3 x 80 mL). The
organic layer was dried over Na;SO4 and distilled under reduced pressure. The crude
product was purified by SiOz column chromatography using Pentane/AcOEt (9/1 to 7/3)
as eluent to afford compound 10 (0.28 g, 49%) as a pink solid. ESI-MS m/z: 522.4 [M+H]*;
544.3 [M+Na]*.

Synthesis of compound 11

To a stirred solution of compound 10 (0.06 g, 0.11 mmol) in dry THF (2 mL), LAH (130
uL, 1M in THF) was added slowly at 0°C under argon atmosphere. After 3h a 0°C, the
solution was quenched by AcOEt, EtOH and water (5 mL). The mixture was extracted with
AcOEt (2 x 20 mL), dried over Na2SOs4, concentrated under reduced pressure and the
residue was purified by neutral alumina column chromatography using DCM/EtOH (99/1
to 90/10) as eluent to give compound 11 (0.03g, 52%) as red solid. ESI-MS m/z: 526.4
[M+H]*; 548.4 [M+Na]*.

Synthesis of compound 12

To a stirred solution of compounds 11 (0.03 g, 0.057mmol) in dry THF (2 mL) was added
compound 8 (0.025 g, 0.05 mmol) dissolved in dry THF (2 mL) under argon atmosphere.
Then, AcOH was added to adjust pH at around 6-7 and the solution was stirred 6 h at 25°C.
After this time, NaBH(OAc)3 (0.022 g, 0.104 mmol) was added at 0°C and the solution was
stirred at 25°C during 16 h. At the end of reaction, 10 mL of 10% K>CO3 aqueous solution
was added. The mixture was extracted with DCM (2 x 50 mL), dried over NazSO4,
concentrated under reduced pressure and the residue was purified by SiO2 column
chromatography using Pentane/AcOEt (7/3) as eluent to provide pure compound 12
(18.0 mg, 35%) as a red solid. HRMS-ESI: calcd. for CssH110N306Sis> ([M+H]*) 1020.7466
found 1020.7448.

Synthesis of Tinypol-diOH (13)

A 1 M solution in THF of TBAF (1.0 mL) was added to a stirred solution of compound 12
(18.0 mg, 0.017 mmol) in dry THF (2 mL). The solution was stirred 48 h at 25°C. Then, the
mixture was concentrated under reduced pressure and the residue was purified by SiO>
column chromatography using DCM/MeOH (100/0 to 85/15) as eluent to provide pure
Tinypol-DiOH (7.00 mg, 73%) as a red solid. HRMS-ESI: calcd. for C31Hs4N306%
([M+H]*)564.4007 found 564.4006.
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Figure S3: ESI-HRMS spectrum of Tinypol-diOH (13)
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Figure S4 : HPLC chromatogram of TinyPol-diOH (Water/Acetonitrile/0.1% Formic Acid
gradient, RP C18, UV detection at 254 nm)
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$1.3 Synthesis of TinyPol-PEG2
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Scheme 3: Synthetic route to TinyPol-PEG2 (16)

Reagents and conditions: (a) TBDMS(OCH2CH2)2NH2, NaBH(OAc)3, AcOH, THF, 25°C, 16h.
(b) 5, NaBH(OACc)3, AcOH, THF, 25°C, 16h. (c) TBAF(1M in THF), THF, 25°C, 48h.

Synthesis of compound 14

To a stirred solution of compounds 8 (0.360 g, 0.70 mmol) in dry THF (10 mL) was added
primary amine (0.180 g, 0.82 mmol) under argon atmosphere. Then, AcOH was added to
adjust pH at around 6-7 and the solution was stirred 6 h at 25°C. After this time,
NaBH(OAc)3 (0.225 g, 1.06 mmol) was added at 0°C and the solution was stirred at 25°C
during 16 h. At the end of reaction, 10 mL of 10% K>CO3 aqueous solution was added. The
mixture was extracted with CH2Clz (2 x 50 mL), dried over NazSO4, concentrated under
reduced pressure and the residue was purified by SiO2 column chromatography using
Pentane/AcOEt (100 to 50/50) as eluent to provide compound 14 (0.330 g, 66%) as an
orange solid. ESI-MS m/z =715 [M+H]*;

Synthesis of compound 15

To a stirred solution of compounds 14 (0.13 g, 0.18mmol) in dry THF (4mL) was added
compound 5 (25 mg, 0.15 mmol) dissolved in dry THF (2 mL) under argon atmosphere.
Then, AcOH was added to adjust pH at around 6-7 and the solution was stirred 6 h at 25°C.

S8



After this time, NaBH(OAc)3 (50 mg, 0.24 mmol) was added at 0°C and the solution was
stirred at 25°C during 16 h. At the end of reaction, 10 mL of 10% K>CO3 aqueous solution
was added. The mixture was extracted with DCM (2 x 50 mL), dried over NazSO4,
concentrated under reduced pressure and the residue was purified by SiO2 column
chromatography using DCM/EtOH (99/1 to 97/3) as eluent to provide compound 15 (12
mg, 8%) as a red solid. HRMS-ESI: calcd. for Cs1H100N30gSiz% ([M+H]*) 966.6813 found
966.6783.

Synthesis of Tinypol-PEG2 (16)

A 1 M solution in THF of TBAF (0.5 mL) was added to a stirred solution of compound 15
(12.0 mg, 0.012 mmol) in dry THF (2 mL). The solution was stirred 48 h at 25°C. Then, the
mixture was concentrated under reduced pressure and the residue was purified by SiO>
column chromatography using DCM/MeOH (100/0 to 90/10) as eluent to provide pure
Tinypol-PEG2 (3.0 mg, 40%) as a red solid. HRMS-ESI: calcd. for C33HsgN30g? ([M+H]*)
624.4218 found 624.4210 .
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Figure S5: ESI-HRMS spectrum of Tinypol-PEG2 (16)
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Figure S6 : HPLC chromatogram of TinyPol-PEG2 (Water/Acetonitrile/0.1% Formic Acid
gradient, RP C18, UV detection at 254 nm)
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S1.4 Synthesis of M-TinyPol
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Scheme 4: Synthetic route to M-TinyPol (19)

Reagents and conditions: (a) 11, NaBH(OAc)s, AcOH, THF, 25°C, 16h. (b) TBAF(1M in
THF), THF, 25°C, 48h.

Synthesis of compound 18

To a stirred solution of compounds 17 (60.00 mg, 0.19 mmol) in dry THF (3 mL) was
added compound 11 (0.12 g, 0.23 mmol) dissolved in dry THF (2 mL) under argon
atmosphere. Then, AcOH was added to adjust pH at around 6-7 and the solution was
stirred 6 h at 25°C. After this time, NaBH(0Ac)3 (61.00 mg, 0.29 mmol) was added at 0°C
and the solution was stirred at 25°C during 16 h. At the end of reaction, 10 mL of 10%
K2CO3 aqueous solution was added. The mixture was extracted with DCM (2 x 50 mL),
dried over Na;S0g4, concentrated under reduced pressure and the residue was purified by
SiO2 column chromatography using Pentane/AcOEt (7/3) as eluent to provide pure
compound 18 (75.00 mg, 48%) as ared solid. ESI-MS m/z=820.6 [M+H]*; 842.6 [M+Na]*;

Synthesis of M-Tinypol (19)

A 1 M solution in THF of TBAF (1.5 mL) was added to a stirred solution of compound 18
(70.00 mg, 0.085 mmol) in dry THF (3 mL). The solution was stirred 48 h at 25°C. Then,
the mixture was concentrated under reduced pressure and the residue was purified by
SiO2 column chromatography using DCM/EtOH (100/0 to 90/10) as eluent to provide
pure M-Tinypol (25.00 mg, 50%) as a red solid. HRMS-ESI: calcd. for C33Hs7N306%
([M+H]*)592.4320 found 592.4320.
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Figure S7: ESI-HRMS spectrum of M-Tinypol (19)
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Figure S8: HPLC chromatogram of M-TinyPol (Water/Acetonitrile/0.1% Formic Acid
gradient, RP C18, UV detection at 254 nm)
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S$1.5 Synthesis of TinyPol-rev
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Scheme 5: Synthetic route to TinyPol-rev (21)

Reagents and conditions: (a) 11, NaBH(OAc)3, AcOH, THF, 25°C, 16h. (b) TBAF(1M in
THF), THF, 25°C, 48h.

Synthesis of compound 20

To a stirred solution of compounds 1 (25.0 mg, 0.10 mmol) in dry THF (3 mL) was added
compound 11 (60.0 mg, 0.11 mmol) dissolved in dry THF (2 mL) under argon
atmosphere. Then, AcOH was added to adjust pH at around 6-7 and the solution was
stirred 6 h at 25°C. After this time, NaBH(0Ac)3 (32.00 mg, 0.15 mmol) was added at 0°C
and the solution was stirred at 25°C during 16 h. At the end of reaction, 10 mL of 10%
K2CO3 aqueous solution was added. The mixture was extracted with DCM (2 x 50 mL),
dried over NazSO4, concentrated under reduced pressure and the residue was purified by
SiOz column chromatography using DCM/EtOH (95/5) as eluent to provide pure
compound 20 (25.00 mg, 32%) as a red solid. ESI-MS m/z = 764.6 [M+H]*

Synthesis of Tinypol-rev (21)

A 1 M solution in THF of TBAF (0.5 mL) was added to a stirred solution of compound 20
(20.00 mg, 0.026 mmol) in dry THF (3 mL). The solution was stirred 48 h at 25°C. Then,
the mixture was concentrated under reduced pressure and the residue was purified by
SiO2 column chromatography using DCM/EtOH (100/0 to 85/15) as eluent to provide
pure Tinypol-rev (7.00 mg, 50%) as a red solid. HRMS-ESI: calcd. for Cz9H50N306*
([M+H]*)536.3694 found 536.3693. ESI-MS m/z = 536.4 [M+H]*
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Figure S9: ESI-HRMS spectrum of Tinypol-rev (21)
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Figure S10 : HPLC chromatogram of TinyPol-rev (Water/Acetonitrile/0.1% Formic Acid
gradient, RP C18, UV detection at 254 nm)
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$1.6 Structural parameters for TinyPol from Molecular Dynamics

Distance, angle and ] values were calculated from 100 ns MD simulations in NVT ensemble
carried out at 278 K in water with the Gromacs 2019 package® using an AMBER force field
(ff99SB)® which includes parameters optimized by Barone et al.” for the N-Oe group. The
molecule was embedded into a cubic box containing about 1000 water molecules. We
relaxed the volume of the simulation box by performing a NPT simulation of 300 ps
duration (278, 1 atm). Once this initial run was achieved, the simulation was then
restarted in the NVT ensemble during 100ns. Each conformer was extracted every 1 ns to
insure no correlation between the conformers. Singlet and triplet state energies of each
conformer were calculated with the Gaussian168 package at a CAM-B3LYP/SVP level of
theory. The isotropic ] values were calculated applying the Broken Symmetry (BS)
formalism on the 100 geometries extracted from MD simulations. The isotropic J values
were calculated with the Gaussian16 package® at a CAM-B3LYP/SVP level of theory and
applying the Broken Symmetry (BS) formalism on 100 geometries extracted from MD
simulations. A superfine grid and an energy threshold at 10-1° Hartree were used to insure
sufficient numerical accuracy in the calculations. The Yamaguchi equation® was then used
to calculate the ] coupling according to:

B Er — Eps
< S?2>p — <52 >pqg

Figure S11: Structural ensembles for TinyPol. The structures of 20 rotamers were refined
using geometrical constraints obtained from 100 ns MD simulations in NVT ensemble
carried out at 278 K in water with Gromacs 2019 package using the AMBER force field.
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Figure S12: Distance distribution (in nm) between the two unpaired electrons in TinyPol.
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Figure S13: Distribution of angular values (in degrees) in TinyPol between the mean
planes of the nitroxide moieties. We note a bimodal distribution with two maxima close
to 0° and 90° respectively.
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S2 Sample Preparations

S$2.1 Sample preparation for the DNP experiments.

The deuterated solvents glycerol-ds and D20, were both purchased from Sigma Aldrich
and used without further purification. 13C,1>N-labelled proline (Cambridge Isotopes
Laboratories), 13C labelled urea and KBr salt (Sigma Aldrich) were also used as received.
The studied solutions were prepared by dissolving c.a. 1 mg of the radical powders in ds-
glycerol/D,0/H20 60/30/10 (v/v/v) up to the desired concentration. For measurements
at21.1 T in 3.2 mm rotors, labelled proline at a concentration of 0.2 M (or labelled urea at
2 M for the experiment reported on Fig S27) was added in the solvent matrix to evaluate
enhancements from 13C spectra. For AMUPol and M-TinyPol solutions, mechanical stirring
at room temperature was sufficient to achieve a radical concentration of up to 20 mM. In
contrast, for TinyPol, a maximum concentration of 5 mM could be obtained and required
several cycles of sonication for 20 min at 60 °C followed by vortexing for 1 min in order
to fully dissolve the radical.

For DNP measurements at both 9.4 T and 18.8 T the solution was then pipetted into a 1.3
mm zirconia rotor that had been pre-packed with a small pellet of ground KBr in order to
monitor the temperature via 7°Br T1.19 For the DNP measurements at 21.1 T the solution
was pipetted into a 3.2 mm sapphire rotor, confined with a silicon plug and a zirconia cap.
A small pellet of KBr coated by nail polish to prevent the salt from dissolving in the
solutions was added to the bottom of the rotor.

S2.1 Synthesis of the material

The inidazolium-containing material and all the intermediates were prepared according
to a protocol reported by Romanenko et al.11 with a theoretical ratio imidazolium/Si = 30.

Nitrogen adsorption-desorption isotherm: asger: 573 m?/g, dppmu: 7nm; Elemental
analysis: Si 37,70%, , N 1,03 % (exp.: N/Si = 18; Imidazolium/Si = 36 - theo : N/Si = 15;
Imidazolium/Si = 30)
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S3 DNP-NMR Methods

MAS DNP NMR experiments were performed on Bruker Avance III wide bore
spectrometers, operating at 9.4, 18.8 and 21.1 T, and equipped with triple resonance 1.3
mm (for 9.4 and 18.8 T) and 3.2 mm (for 21.1 T) low-temperature MAS probes. DNP was
achieved by irradiating the sample with high-power microwaves at frequencies of 263
GHz (9.4 T) 527 GHz (18.8 T) and 593 GHz (21.1 T) generated by a gyrotron that was
operating continuously during the DNP experiments (stability of better than +1%). A
microwave power of 40 W was used at 9.4 T, 22 W at 18.8 Tand 9 W at 21.1 T measured
at the bottom of the probe. For the experiments at 9.4 and 18.8 T, the field position has
been adjusted for optimal cross-effect. At 21.1 T, the gyrotron microwave cavity
temperature was optimized to 21.5+0.2 °C. The collector current was also carefully
optimized in all cases.

One-dimensional 'H NMR spectra were recorded for all samples at 9.4 T and 18.8 T. The
direct excitation experiments were acquired with a DEPTH pulse sequence in order to
suppress the background of the probes. The DEPTH sequence consists of a 7 /2 pulse
followed by two 7 pulses which are phase cycled according to a combined “EXORCYCLE
” and “CYCLOPS” scheme.l24The n /2 pulses of 2.5 usand = of 5 us (100 kHz RF
field) were used. At 18.8 T, the background signal of the probe could not be fully
suppressed using DEPTH experiments, and an additional background correction using
TopSpin was applied. At 21.1 T, enhancements were measured from the proline signals in
13C one-dimensional CPMAS spectra, as the presence of the silicon plug yields a strong
proton signal overlapping with the resonance of the solvent. The DNP enhancement factor
was obtained from by taking the ratio of the intensity of the microwave on signal to the
intensity of the NMR signal in the absence of microwaves, using a recycle delay of 1.3*Tpon
.TH longitudinal relaxation times (7;) and DNP build-up times (Tpon) were measured with
a standard saturation recovery sequence followed by a rotor synchronized echo period
before signal acquisition under microwave off and microwave on conditions respectively.
For experiments in 1.3 mm rotors, 7°Br T1 was used to monitor the sample temperature
and ensure uniformity (* 2°C) across the spinning speed range, and between microwave
on and off experiments. For experiments in 3.2 mm rotors, the temperature was also
monitored but could not be maintained at the same value for microwave on and off
experiments.
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S4 Contribution factor and overall sensitivity gain

The contribution factor for 9.4 T and 18.8 T was measured from 1D 'H spectra by taking
the ratio the NMR signal intensity (per unit of mass) of the frozen solution with radical
divided by the NMR signal intensity (per unit of mass) of the frozen solution without
radical, both measured in the absence of microwave irradiations and with a recycle delay
of 5*T1. The contribution factor was then calculated according to the following equation:

6 _ Lwith radical,uw of f (1)
Iwithout radical,uwoff

At 21.1 T the contribution factor was calculated from the carbon-13 CPMAS spectra.

The overall sensitivity gain ~ was calculated according to equation 2.

Y= ¢-0- T'B,solvent (2)
TB,on

where ¢ is the enhancement factor calculated as the ratio of signal intensity microwave
on divided by signal intensity microwave off, 8 is the contribution factor defined in
equation (1), Tssowent and Tpon are the build-up times of respectively the undpoed DNP
matrix and the DNP matrix containing the radical in presence of microwave irradiation.
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S5 Error estimation for the NMR experiments

The estimation of errors of the enhancements and of the contribution factor were done
according to Lelli et al?>:

Al Al off
Ae = g (5n 4 20) (3)
Ion I off
AB — 6 (Alwith radical + Alyithout radical) (4)
Iwith radical Iwithout radical

were Al is the error of the observed signal with an integral of I with and without pw, or in
the case of the contribution factor, the signal intensity in a solution with or without
radical. The relative errors are generally higher in spectra recorded without puw. The
absolute errors are generally higher with higher enhancement factors. We reported the
highest absolute error as the error bar for each curve, even if this procedure
overestimates the errors of the single points.

A manual baseline correction was applied in spectra recorded at 800 MHz, as probe
background signals could not be completely suppressed. The manual baseline correction
can introduce an additional error especially for broad peaks with unresolved side band
patterns at low spinning speeds. The reproducibility of the baseline correction was tested
by repeating the procedure three times on the same spectra and recording the variation
of the results. Taking into account the sum of both error sources, an error bar of 5 % of
the highest enhancement in each data series and of 10 % of the highest contribution factor
in each series was applied, even if this procedure may overestimate the error of the single
points.

To estimate the error of the TB,0FF and TB,0ON measurements, the polarization build up
curves were fitted with monoexponential curves. The biggest error of the fit was found to
be + 4 % of TB,0FF. This value was applied to all data series, even if this procedure
overestimates the errors of some points.
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S6 EPR Experiments

$6.1 Experimental conditions.

Low-temperature W-band EPR measurements were carried out on a Bruker E680
spectrometer ata 1 w frequency of 94 GHz and a temperature of 100 K, on 0.1 mM frozen
solutions of the binitroxide radicals in glycerol-dg/D20/H20 (6/3/1 v%). = /2 and =
pulses of 52 and 104 ns were used, respectively. EPR spectra were recorded using field-
dependent echo detection (echo-detected EPR). Longitudinal relaxation (7i-) times were
recorded with the inversion recovery sequence, and transverse relaxation (7Tm) times
were recorded using a variable delay Hahn echo sequence. The Hahn echo delay time for
the inversion recovery detection and the initial echo delay in the transverse relaxation
measurements was set to 400 ns. The data were fitted with a stretched exponential to
account for a distribution of the values. The first moment of this distribution is indicated
as the mean value (as described below). The relaxation curves were recorded at the EPR
intensity maxima of the BDPA and nitroxide moieties. Solution-state X-band (9.4 GHz)
continuous-wave (CW) EPR measurements were carried out on Bruker EMX nano at 295
K with 1 mM solutions of the free radicals in glycerol-ds/D.0/H20 (6/3/1 v%). All EPR
spectrum simulations were performed using the EasySpin EPR simulation package for
MATLAB.

S6.2 Electronic relaxation constants

In analogy to Zagdoun et al,'® the longitudinal electronic relaxation time traces were
fitted using a stretched exponential function:

£ \B
()= I, + 1, e‘(TTe) (5)

where I is the initial intensity, I the proportionality factor, T"1 the decay time parameter
and /4 the stretching parameter. The mean relaxation time is given as the first moment
<T1e> of the distribution as a mean, called the inversion recovery time Ti:

t

oo —(m)P L
Ty =(Ty) = J, e T de=Zer(2)  (6)

The transverse electronic relaxation times were recorded using a variable delay Hahn
echo sequence and fitted with a stretched exponential.

t

B
I(t) = Iy e‘(TTe) (7)
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where I is the initial intensity, 7. the decay time parameter and /4 the stretching
parameter. The mean transverse relaxation time is given as the first moment <T2¢> of the
distribution as a mean, called the phase memory time Tm:

w0 ~()P T, (1
Tn=(Toe) = J; e e dt="2r (7)) (8)

S6.3 Error estimation of Tir and T

To estimate the error of the electronic relaxation times Tir and Twm, the confidence intervals
(95 %) of the fit for the relaxation time constants and the stretching parameter  were
added. The sum of both confidence intervals was below 0.1 ms for Ti- and below 0.1 ps for
Tm, consequently, 0.1 ms or 0.1 ps, respectively, were indicated as upper limits.
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S7 Supplementary figures
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Figure S15. Proton enhancement of M-TinyPol at different biradical concentration in ds-

glycerol/D,0/H20 60/30/10 (v/v/v). The enhancements were measured at 18.8 T and
110 K sample temperature, with a MAS rate of 40 kHz.
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Figure $S16. DNP build up times (Tpnp) measured in the presence of microwave irradiation
for 5 mM TinyPol, M-TinyPol, and AMUPol in ds-glycerol/D.0/H20 60/30/10 (v/v/v) as

a function of the spinning frequency. These build-up times were measured at 18.8 T and
110 K sample temperature.
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Figure S17.DNP build up times (Tpnpe) measured in the presence of microwave irradiation
for 10 mM TinyPol, M-TinyPol, and AMUPol in ds-glycerol/D.0/H20 60/30/10 (v/v/v) as
a function of the spinning frequency. These build-up times were measured at 18.8 T and
110 K sample temperature.
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Figure S18. MAS frequency dependence of the DNP enhancements for 5 mM AMUPol,
TinyPol and M-TinyPol in ds-glycerol/D.0/H20 60/30/10 (v/v/v), measured at 21.1 T in
3.2 mm rotors on the carbon-13 resonances of proline from CPMAS experiments. A
sample temperature of 115 K * 7 K was maintained over the whole spinning range for
microwave on experiments and of 90 K + 5 K for microwave off experiments. The reported
enhancements correspond to the mean value of the enhancement factors measured on
the five 13C resonances of proline.
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Figure $19. MAS frequency dependence of the contribution factor measured for 5 mM
AMUPol and TinyPol in ds-glycerol/D,0/H20 60/30/10 (v/v/v) at 21.1 T, estimated from
the 13C resonances of proline in CPMAS experiments.
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Figure S20. MAS frequency dependence of the DNP enhancements for various
concentrations of M-TinyPol and 10 mM AMUPol in ds-glycerol/D.0/H.0 60/30/10
(v/v/v), measured at 21.1 T in 3.2 mm rotors on the 13C resonances of proline from
CPMAS experiments.
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Figure S21. MAS frequency dependence of the DNP enhancements for 5 mM AMUPol,
TinyPol and M-TinyPol in ds-glycerol/D20/H20 60/30/10 (v/v/v), measured at 9.4 T in
1.3 mm zirconia rotor. A sample temperature of 110 K + 5 K was maintained over the
whole spinning range.
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Figure S22. MAS frequency dependence of the DNP enhancements for 10 mM AMUPol
and M-TinyPol in ds-glycerol/D.0/H20 60/30/10 (v/v/v), measured at 9.4 T in 1.3 mm
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zirconia rotor. A sample temperature of 110 K + 5 K was maintained over the whole
spinning range.
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Figure S23. DNP build up times (Tpnr) measured in the presence of microwave irradiation
for 5 mM TinyPol, M-TinyPol, and AMUPol in ds-glycerol/D.0/H20 60/30/10 (v/v/v), as

a function of the spinning frequency. These build-up times were measured at 9.4 T and
110 K sample temperature.
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Figure S24.DNP build up times (Tpnr) measured in the presence of microwave irradiation
for 10 mM M-TinyPol and AMUPol in ds-glycerol/D.0/H20 60/30/10 (v/v/v) as a
function of the spinning frequency. These build-up times were measured at 9.4 T and 110
K sample temperature.
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Figure $25: X-band CW EPR of 0.1 mM radicals in water at room temperature.
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Figure S26: Experimental data (in color) and fits (in black dotted lines) of TinyPols X-
band EPR spectra in water. The data were fit using the Matlab package EasySpin. The
fitting was performed with the “pepper” function, though it is originally intended to be
used in solid state, in order to speed up the calculations without losing accuracy in this
case, as explained in Tagami et al. (17). The initial g, A, and ] coupling values were set to
those found for AMUPol by Soetbeer et al (18). The use of a multicomponent fit was
rationalized with the bimodal distribution found in the MD simulations of TinyPol shown
in Figure S9. The best fit was found using the 3 different isotropic ] components and
adding a gaussian line broadening width of 10-15 MHz for each component. The extracted
] values are reported in Table S1.
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J-coupling (MHz)
(weight %)
<5 (23%)
TinyPol 24 (47 %)
110 (30%)
<5 (12%)
M-TinyPol 28 (44 %)
122 (44 %)
: i <5 (18%)
T'g?’gﬁ' 30 (30%)
112 (52%)
: i <5 (37%)
e | o
112 (63%)
. i <5 (22%)
Tlnryéli’/ol 29 (32%)
117 (45%)

Table S1: Isotropic J coupling values and relative weight obtained by fitting the EPR
spectra of Figure S21.
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Figure S27. MAS frequency dependence of (a) €depo and (b) Hep direct calculated from
Eonyoff (direct 1H) *eqgepo and (c) Hep determined from the 1H enhancement estimated on
13Cvia 1H-13C CP multiplied by €qepo, as reported in Fig 2b from ref 19, measured on 2 M
13C-ureaina 5 mM TinyPol in (6: 3:1 v%) d8-glycerol:D20:H20 solution ,in a 1.3 mm rotor
at 18.8 T, under two temperature conditions. These measurements were performed in
order to demonstrate that, under the exact same experimental conditions as those
described for the AsymPolPOK radical (ref), TinyPol clearly outperforms the latter,
leading to a substantial improvement in DNP performance at high magnetic field and fast
spin rate. £4epo Was obtained as the ratio of the signal intensity at the given spin rate and
the signal intensity at 0 kHz spin rate with a recycle delay of 5* Tgofr in the absence of
microwave irradiation ; €g= €on/off * Edepo.
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Figure S28: Experimental X-band EPR spectrum in water of M-TinyPol (in black) and fits
using 2 (in blue) or 3 (in red) components. In the 2-component fit, values of J=0 MHz
(17%) and J=28 MHz (83%) were obtained. In the 3-component fit, values of J=0 MHz
(12%), ]=28 MHz (44%) and ]=122 MHz (44%) were obtained. Adding a larger ] coupling
value allows a more accurate fit of the experimental data. The interpretation of the fit
should however be taken with caution and the fitting is just meant to illustrate the wide
span of the ] coupling distribution in TinyPols.
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