Open Access Article. Published on 23 January 2024. Downloaded on 12/5/2025 1:32:30 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2024, 26, 5669

Received 4th September 2023,
Accepted 22nd January 2024

DOI: 10.1039/d3cp04271e

rsc.li/pcecp

Introduction

AsymPol-TEKs as efficient polarizing agents for
MAS-DNP in glass matrices of non-aqueous
solventsy

Rania Harrabi,” Thomas Halbritter,” Shadi Alarab, (2® Satyaki Chatterjee, (2°
Malgorzata Wolska-Pietkiewicz,© Krishna K. Damodaran, {2 ° Johan van Tol,
Daniel Lee, (2 7 Subhradip Paul, (2 ® Sabine Hediger, ©22 Snorri Th. Sigurdsson,
Frederic Mentink-Vigier & *® and Gaél De Paépe () *?

d
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Two polarizing agents from the AsymPol family, AsymPol-TEK and cAsymPol-TEK (methy!l-free version)
are introduced for MAS-DNP applications in non-aqueous solvents. The performance of these new
biradicals is rationalized in detail using a combination of electron paramagnetic resonance spectroscopy,
density functional theory, molecular dynamics and quantitative MAS-DNP spin dynamics simulations. By
slightly modifying the experimental protocol to keep the sample temperature low at insertion, we are
able to obtain reproducable DNP-NMR data with 1,1,2,2-tetrachloroethane (TCE) at 100 K, which
facilitates optimization and comparison of different polarizing agents. At intermediate magnetic fields,
AsymPol-TEK and cAsymPol-TEK provide 1.5 to 3-fold improvement in sensitivity compared to TEKPol,
one of the most widely used polarizing agents for organic solvents, with significantly shorter DNP build-
up times of ~1sand ~2 s at 9.4 and 14.1 T respectively. In the course of the work, we also isolated
and characterized two diastereocisomers that can form during the synthesis of AsymPol-TEK; their
difference in performance is described and discussed. Finally, the advantages of the AsymPol-TEKs are
demonstrated by recording 2D *C-3C correlation experiments at natural **C-abundance of proton-
dense microcrystals and by polarizing the surface of ZnO nanocrystals (NCs) coated with diphenyl
phosphate ligands. For those experiments, cAsymPol-TEK yielded a three-fold increase in sensitivity
compared to TEKPol, corresponding to a nine-fold time saving.

enables applications to challenging materials and the study of

complex biomolecular systems.”>°

Magic angle spinning dynamic nuclear polarization (MAS-DNP)
has expanded the scope of solid-state Nuclear Magnetic Reso-
nance (ssNMR) spectroscopy.’® MAS-DNP boosts 'H spin
polarization by taking advantage of the higher polarization of
unpaired electrons spins that are present in so-called Polarizing
Agents (PAs).””® This results in an improved sensitivity that
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Several DNP mechanisms have been reported at high mag-
netic fields, including the solid effect, the Overhauser effect,
and the cross effect.” The cross-effect (CE) is currently the most
efficient in terms of sensitivity>*'>* and necessitates the use of
PAs containing two coupled electron spins.” The electron spin
polarization difference is transferred to the isotope of interest via
a complex mechanism driven by the sample spinning and
microwave (uw) irradiation®>*>?* at cryogenic temperature
(typically ~100 K*>*® or lower**”~*%), However, further improve-
ments remain mandatory to fully unlock the potential of MAS-
DNP especially for challenging samples, and at high magnetic
fields and fast MAS frequencies. This has triggered the contin-
uous development of PAs for MAS-DNP, from the introduction of
improved bis-nitroxides*>™° to hetero-biradicals such as trityl-
nitroxides®® > and BDPA-nitroxides.’*””

PAs are designed for use in either aqueous matrices or in
organic solvents, depending on the systems studied. The use in
organic solvents is critical for systems that are incompatible
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Fig. 1 Structures of TEKPol, AsymPol-TEK, and cAsymPol-TEK.

cAsymPol-TEK

with water.'®'*"® The development of PAs for organic solvents is

thus vital for many applications, and the specific challenges
associated with the use of these solvents must be overcome. A
few PAs have been described for MAS-DNP applications in organic
solvents. The bTbK family,*®*?®" which includes TEKPol*® (Fig. 1)
and NaphPol,*" along with the heterobiradicals HyTEK-2"” and
PyrroTriPol-OMe>* are so far the best PAs for MAS-DNP experi-
ments in non-aqueous solvents. At intermediate fields (9.4 and
14.1 T), PAs based on bis-nitroxides are still a good option, owing
to their relative hyperpolarization efficiency, more facile synthesis,
and ease of tuning the performance by chemically-controlling the
e-e couplings and the g-tensor relative orientation.****° How-
ever, the bTbK family is less efficient at high magnetic field and
fast MAS frequencies,®® in part due to their relatively weak
electron-electron (e-e) coupling.””**2**®% The weak coupling
is also responsible for a large depolarization effect’®*"** and
a longer hyperpolarization build-up time.”®** To go beyond the
performance of the bTbK family, it is necessary to make new
biradicals with stronger e-e couplings that can quickly generate
large nuclear hyperpolarization, even for samples with large proton
concentration,” and/or under high spinning frequencies.””*""
This strategy has previously been applied to the AsymPol radical
family, which was shown to provide excellent DNP performance in
aqueous solutions (AsymPol-POK and cAsymPol-POK)*>*° due to a
sizable e-e coupling and a near orthogonal relative orientation of
the two nitroxides.”**

Here we describe the synthesis and characterization of
two new members of the AsymPol family, AsymPol-TEK and
cAsymPol-TEK (Fig. 1). for use in organic solvents. Interestingly,
the synthesis yields two stereoisomers that do not provide
the same DNP efficiency. Focusing on the better performing
isomer, we show that AsymPol-TEK and cAsymPol-TEK have a
higher DNP efficiency than TEKPol, thanks to their very fast
build-up at both 9.4 and 14.1 T. Their performance is rationa-
lized by a combination of DFT computations, electron para-
magnetic resonance (EPR) experiments, molecular dynamics
simulations (MD) and a predictive numerical model.*****° In
particular, DFT and multi-frequency EPR simulations enable
estimating the electron dipolar coupling, the exchange interac-
tions (J), the relative orientation of the g-tensors, and the ratio
of the two main conformers.

For MAS-DNP applications, the solvent matrix must form a
glass at cryogenic temperature to provide adequate spin relaxation
properties and ensure a uniform distribution of the PAs.*®* In
addition, the "H nuclei of the solvent must relax slowly. Only a
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handful of organic solvents have proven suitable for MAS-DNP
experiments®® and 1,1,2,2-tetrachloroethane (TCE), is currently
one of the most used.'®'®>*"%" Nevertheless TCE remains
challenging to use and several factors affect the DNP efficiency
when using it.**®%° It can form a glass phase at 100 K with rapid
cooling of the sample, but crystalline phases can also be gener-
ated between 100 K and 200 K. Chlorinated solvent can dissolve a
large amount of O, at room temperature (tens of mM)’>”* which
enhances the 'H relaxation rate and lowers the DNP efficiency.
Degassing or packing of the sample under inert atmosphere is
often used to overcome this problem.®*°%7*

We thus addressed sample preparation, which is important
for optimal DNP results. We confirmed that minimizing the
oxygen content of the sample is important for TEKPol but less
for the AsymPol-TEKs and demonstrate the critical importance
to insert the sample into a probe sufficiently cold (~100 K or
lower). The commonly used freeze-thaw cycle procedure®®
modified to introduce the sample in absence of pw irradiation.
Slightly higher probe temperatures, e.g. > 110 K, have a direct
impact on the glass quality and DNP efficiency. This approach
drastically improves the reproducibility of the DNP-NMR data
and solves one of the problems associated with the use of TCE
thus far. Finally, we illustrate the performance of the AsymPol-
TEKSs by reporting 2D "*C-"*C correlation experiments at natural
3C-abundance of proton-dense microcrystals and to hyperpolar-
ize the surface of ZnO nanocrystals (NCs). For those experiments,
cAsymPol-TEK yielded a three-fold increase in sensitivity com-
pared to TEKPol, corresponding to a nine-fold time saving.

was

Material and methods
Sample preparation for MAS-DNP experiments

TEKPol was purchased from Cortecnet; AsymPol-TEK and
cAsymPol-TEK (Fig. 1) were synthesized as described below.
10 £+ 0.5 and 16 £ 0.5 mM solutions of TEKPol, AsymPol-TEK
and cAsymPol-TEK were prepared in non-deuterated 1,1,2,2-
tetrachloroethane (TCE). Hexagonal boron nitride (h-BN), ade-
nosine and caffeine powders were purchased from Sigma-
Aldrich and used as received without further purification. For
the tests on the TCE solvent itself, 30 mg of h-BN was mixed
with 30 puL of 10 or 16 mM TEKPol, AsymPol-TEK, cAsymPol-
TEK in TCE. For the experiments on organic microcrystals,
30 mg of caffeine or adenosine powder were impregnated with
25 pL of 10 mM radical solution in TCE. The total weight of
sample inside the rotor was estimated to be ~25 mg, by
weighing the rotor before and after the sample was packed.
For the DNP experiments on the ZnO nanocrystals coated with
monoanionic diphenyl phosphate (DPP) ligands, the ZnO NC
powder was heated at a temperature of 90 °C for 14 h, and then
subsequently impregnated with 10 mM cAsymPol-TEK in TCE,
before being packed into a 3.2 mm sapphire rotor.

MAS-DNP experiments

Experiments were carried out at CEA-Grenoble (Grenoble,
France) on a Bruker 9.4 T/400 MHz (*H frequency)/263 GHz

This journal is © the Owner Societies 2024
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(electron frequency)®® and at the National MagLab (Tallahassee,
USA) on the 14.1 T/600 MHz/395 GHz MAS-DNP setup.”® Both
instruments are equipped with a Bruker Avance III console and
a 3.2 mm wide-bore MAS-DNP probe capable of doing MAS
NMR at 100 K. All samples were packed into 3.2 mm sapphire
rotors and closed with Vespel caps. On the 600 MHz DNP setup,
the uw power and the Martin-Puplett interferometer position
were adapted to maximize the DNP effect.*"”® To characterize
the MAS-DNP performance, the ">C signal intensity of either the
solvent TCE or the impregnated powders was measured
through a "H-'C CP experiment. Except if specified otherwise,
a 100 kHz RF field was used for "H decoupling. A 1 to 2 ms
ramped (80 to 100%) CP was used on the "H channel to match a
Hartman-Hahn CP condition, with the **C RF field strength set
to 50 kHz. The polarization build-up time Ty was obtained from
proton saturation-recovery experiments under pw irradiation.
The DNP enhancement factor &,n0fr, the depolarization factor
4epo and the sensitivity were measured according to previous
protocols.*® Additional details can be found in the ESLt

Modified freeze-thaw cycle procedure with TCE

To test the repeatability of the measurements on samples
containing TCE, a freeze-thaw cycle was performed between
each repeated experiment, using the following procedure. The
rotor was ejected and kept either in the rotor catcher inside the
probe base or on the bench. The puw irradiation was then turned
off, while the bearing and drive pressures were raised to 800 mbar
and the VT maintained to the same level as for the experiments.
After 5 minutes, the rotor was inserted again in the cold probe
head. We observed that keeping the uw off while inserting and
spinning up the sample is critical to optimize the glass formation
as it avoids heating the sample and generating crystalline phases.

Electron paramagnetic resonance (EPR) experiments

Continuous wave (CW) EPR measurements were carried out at
9.6 and 240 GHz electron resonance, both at a temperature of
100 K. At 9.6 GHz, samples were measured inside the sapphire
rotor on an EMX-Nano using a N, cooled Dewar. The field
modulation was set to 0.1 mT and the pw power to 1 pW to
avoid signal saturation. The 240 GHz spectrum were measured
under the same conditions as previously described.?**9>*74
The field modulation was set to 0.3 mT and the pw power was
reduced in order to avoid signal saturation. The calibration of
the magnetic field allows the determination of the g-values with
a global uncertainty of 2 x 1043034

MAS-DNP simulations

Simulations were performed with the latest implementation of
a previously published method that uses a combination of
Bloch and Landau-Zener evolution operators in Liouville
space.?®2%33%9 with this model, the computational time scales
linearly with the number of spins. It has been improved to take
into account large dipolar and exchange interactions*® but also
accurately describe the spin diffusion around the biradicals.*®

The “multi-nuclei” model simulates an isolated biradical in
interaction with many protons (from the radical and the solvent).

This journal is © the Owner Societies 2024
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This model uses as input MD simulations carried out in explicit
TCE. It accounts for the presence of solvent protons but also
biradical protons and their isotropic and anisotropic hyperfine
couplings obtained by DFT. The simulations were carried out for
both conformers and the polarization build-ups were weighted-
averaged to mimic experimental results.

Nevertheless, it is important to note that the results
obtained with the multi-nuclei model (build-up times and
final polarization) do not consider the presence of intermole-
cular electron-electron couplings. Following our previous
work,?%3%9 we can use a second model, called the “box model”
to correct the results obtained with the multi nuclei model. The
“box”’ model uses N copies of a three-spin system (2 electrons,
1 proton) randomly distributed in a box to match a given
biradical concentration. Assuming that ‘“intermolecular”
cross-effect is negligible, the effect of biradical concentration
can be calculated by comparing the results of the box model
with and without intermolecular electron-electron couplings.
The simulated &,p/0ff, €5 and &gepo can be written as follows:

Box/Interacting

sim __  multi-nuclei X __ multi-nuclei Box
& =& Box/Isolated €x X Ry
ex
where R corresponds to a correction factor accounting for the

biradical concentration. This is justified for homogenously dis-
tributed biradicals in the tens of millimolar range as inter-
molecular cross-effect rotor events are then particularly
weak.>”?%3! This approach has been shown to provide eop/off,
ep and eqep, values that are relatively close to experimental ones
for TEKPol, AMUPol and AsymPol-POK.**** More details about
the parameters used in the simulations can be found in the ESI.}

DFT simulations

Except otherwise specified, the DFT computations were carried
out via Orca 5.0.”> The preliminary structures were generated
and optimized using Avogadro v1.2.”°® The structures were
optimized using r2SCAN-3c.”” A Polarizable Continuum Model
Chloroform (PCM (Chloroform))’® was used to mimic the
dielectric properties of TCE. The g-tensors, dipolar interaction
and hyperfine couplings were computed using PBE0,”® def2-
TZVP.*° The hyperfine coupling to either electron a or b were
computed, bearing in mind that accurate determination is
beyond the scope of this article.®* The Gauge origin problem
was sorted out using the origin as the spin density. The
exchange interaction was computed using the range-separated
functional ®B97M-D4,%>% the def2-SVP basis, and a very tight
and slow convergence (10 '° Hartree).®*

EPR simulations

The EPR spectra were computed using Easyspin 5.2.20% via the
Hamiltonian diagonalization method (“matrix”). The line
broadening used, corresponding to a g-strain proportional to
[2(gxx = 2), &y — 2, 82z — 2] X 7%, and a mixture of Gaussian and
Lorentzian lineshapes with linewidth of 0.4 and 0.4 mT respec-
tively. The EPR spectra were fitted using the DFT-predicted
parameters as starting points. The g-values were first adjusted,
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and then the conformer ratio. Finally, g-tensors’ Euler angles
and the magnitude of the J-exchange interaction were refined
together. The Euler angles of the dipolar interaction were fixed
as they had very little impact on the fits. For the fitting
procedure, a weighting factor of 1 for the 9.6 GHz (X-band)
spectrum and of 2 for the 240 GHz spectrum was applied,
giving thus a higher contribution of the high field EPR spec-
trum fit to the least-square sum and therefore forcing a better
agreement with the high field spectrum with respect to the low
field one for the extraction of the g-tensor relative orientation.
Indeed, the low field EPR spectrum is dominated by the
dipolar/exchange interaction and the "N hyperfine coupling
while the high field spectrum is sensitive to the biradical
geometry and g-tensor relative orientation. When multiple
reasonable fits were obtained, the best one was chosen based
on its match with the low field spectral features (resonant
positions and relative intensities).

Molecular dynamics (MD) simulations

MD simulations were carried out using OpenMM?®® and the
AMBER®” (GAFF2) force field. For the nitroxide, the force field
derived by Barone’s group®® was adapted to match the GAFF2
atom type.®® Lone pairs were added to NO in order to faithfully
represent hydrogen bonding occurring in the solvent® and an
additional dihedral angle was included in the force field as
previously described.’® The charges were obtained from the
DFT structures, using the two-steps RESP fitting procedure with
Multiwfn®' to provide reliable MD structures. The MD simula-
tions were carried out in explicit TCE (including bond rotation),
whose charges were obtained on the same way. The MD
simulations used as input for MAS-DNP simulations, consisted
in first minimizing the energy of the molecular system, then
equilibrating it for 20 ps, and finally propagating it for 100 ns in
steps of 1 fs under an assumed pressure of 1 bar and a
temperature of 298 K. The set temperature was then quickly
decreased to 100 K over 400 ps to simulate freezing and glass
formation.

Results and discussion

The AsymPols are bisnitroxides made of a piperidine-based
radical linked to a pyrrolinoxyl radical via an amide bridge.*>*°
AsymPol-TEK and cAsymPol-TEK (Fig. 1) contain features
that were previously introduced with beTbK and TEKPol.*®
Specifically, spirocyclohexyl groups flank the nitroxide of
the piperidine ring to slow the electron relaxation times,
and phenyl groups contribute to higher solubility in organic
solvents. The electron relaxation times of cAsymPol-TEK were
further slowed down by introduction of spirocyclohexyl groups
on the five-membered pyrroline ring, which also increase the
molecular weight,*”»4892:93

Synthesis of AsymPol-TEK and cAsymPol-TEK

The synthesis of AsymPol-TEK and cAsymPol-TEK (Scheme 1)
followed closely that of AsymPol.** Conjugation of nitroxide 1°*
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Scheme 1 Synthesis of AsymPol-TEK and cAsymPol-TEK.

to 3-carboxy-pyrrolinoxyl 2°° provided AsymPol-TEK in good
yields. HPLC analysis revealed the presence of two diastereo-
mers. The origin of the stereoisomerism is the configuration of
the two cyclohexane carbon atoms bearing the phenyl substi-
tuents. Relative to the cyclohexane rings, a phenyl group has
either a cis- or trans-relationship to the nitrogen at the spiro-
cycle junction. This can result in three diastereomers, namely
the cis—cis, cis-trans and trans-trans. Only two diastereomers,
named isomer A and isomer B, were observed and isolated by
chromatography (ESIt). Isomer A (cis—cis) crystallized readily and
the crystal structure showed that the two benzene rings were in
equatorial position with respect to the cyclohexyl rings, with
an “open-open’” conformation relative to the N-O group (see
ESIt).%° In spite of several attempts, we were not able to crystal-
lize isomer B. For AsymPol-TEK, except specified otherwise, all
DNP experiments were conducted on isomer A. cAsymPol-TEK
was synthesized in an analogous manner to AsymPol-TEK by
condensation of 1 with spirocyclohexyl-3-carboxypyrrolinoxyl 3.%°
In this case, only one peak was observed by HPLC analysis,
indicating a single isomer. The crystal structure of cAsymPol-
TEK revealed a cis—cis isomer in which the two benzene rings in
are in equatorial positions with an “open-open” conformation
relative to the N-O group (see ESIY).

Geometry of AsymPol-TEK and cAsymPol-TEK

The structures of the biradicals AsymPol-TEK and cAsymPol-
TEK in frozen solution were determined using DFT calculations.
After obtaining the idealized geometry of each biradical and the
corresponding magnetic properties (g-tensors, exchange inter-
action and dipolar couplings), the latter were used as initial
parameters to fit the EPR spectra.*®***° While the planarity of
the peptide bond (ie. H-N-C=O0) is maintained, the steric
hindrance between the N-H proton and the C—C-H proton of
the five-membered ring prevents the carbonyl bond and the
double bond (i.e. O—C-C—C) from being in the same plane.
As a result, AsymPol-TEK and cAsymPol-TEK each contain two
major conformers, dubbed #1 and #2, that have a different

This journal is © the Owner Societies 2024
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(b) v

Fig. 2 3D representation of the two open—open conformers of AsymPol-
TEK (a) conformer #1, (b) conformer #2.

relative orientation between the five and six membered rings,
shown in Fig. 2 for AsymPol-TEK.

The DFT simulations predict that conformer #1 is slightly
lower in energy than #2. The two conformers possess different
magnetic properties: a larger g-tensors’ distance, L,y, is pre-
dicted for #2 vs. #1, while the anti-ferromagnetic exchange
interaction between the two unpaired electrons, J,p, is about
+100 MHz for #1 and +60 MHz for #2. Similar predictions were
obtained for cAsymPol-TEK (Table 1).

To refine the predictions of the DFT calculations, the
experimental EPR spectra, recorded at frequencies of 9.6 and
240 GHz, were fitted (see Fig. 3a). At 9.6 GHz, the EPR spectra
of AsymPol-TEK and cAsymPol-TEK are similar, but some
minor differences are observed in the high-frequency EPR
spectra. These differences are reproducible, despite variations
in the glass quality. We note that the high-field EPR spectra
differ significantly from those of the AsymPol-POKs in the
gy region, revealing different properties between the POK and
TEK versions.
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Paper

——— cAsymPol-TEK (exp)
=== cAsymPol-TEK (fit)
AsymPol-TEK (exp)
=== AsymPol-TEK (fit)
I'I'I'/;I'I'I'I'I'I'—I
0.335 0.34 0.345 8.52 853 854 855 856 857 8.58
Magnetic Field (T)

(b)

—— c-AsymPol-TEK (exp)
—f£3F— c-AsymPol-TEK (sim)
—@— AsymPol-TEK (exp)

AsymPol-TEK (sim)

9.36 9.37 9.38 9.39 9.4 9.41 9.42
Magnetic Field (T)

Fig. 3 (a) Experimental (solid lines) and best fit (dashed lines) EPR spectra
of AsymPol-TEK (black) and cAsymPol-TEK (red) in TCE with h-BN,
measured at 100 K, 9.6 T and 240 GHz. Note that the experimental spectra
are affected by the cooling process. This relates to the difficulty in
obtaining a reproducible glassy state with TCE. For the fits, the *N
hyperfine was set to [15,14,95] MHz for the five- and [18,17,98] MHz for
the six-membered ring. (b) Experimental (full symbols) and simulated
(open symbols) MAS-DNP field profiles of AsymPol-TEK (black circles)
and cAsymPol-TEK (red squares) measured in TCE with h-BN at 100 K and
263 GHz.

The magnetic/geometric parameters predicted by DFT pro-
vided reasonable starting values for the fitting of the EPR

Table 1 List of the calculated (DFT) and fitted magnetic parameters for the AsymPol-TEK and cAsymPol-TEK biradicals

g-tensors relative orientation

Dipolar coupling,

exchange Dipolar orientation

Biradical 2-tensors [Zyx, Zyy» Lzl [o,B,7] [degrees] interaction [MHz| [¢,0] [degrees]” Lap (x10%)
AsymPol-TEK #1 DFT/Fit  [2.0090, 2.0060, 2.0021; 2.0095, [98,148, 129]/[115,150, 129]  [58,96]/[58,95] [—19,104] 4.2/3.6
AsymPol-TEK #2 DFT/Fit  2.0064, 2.0022]/ [75.85,89)/[67,73,85] [56,61]/[56,65] [—14, 94] 6.0/5.8
[2.0086, 2.0062, 2.0023; 2.0095,
2.0062, 2.0024]°
cAsymPol-TEK #1 DFT/Fit [2.0089, 2.0060, 2.0021; 2.0095, [116,149,152]/[121,155, 150]  [60,137)/[60,105]  [—20, 108] 4.8/41
cAsymPol-TEK #2 DFT/Fit 2.0064, 2.0022]/ [76,86,93]/[76,84,92] [56,67]/[56,60] [—12.5, 96] 5.9/5.6

[2.0089, 2.0060, 2.0022;
2.0098, 2.0061, 2.0024]°

“ Euler angles are given with respect to the g-tensor of the five-membered ring, using Easyspin’s v5 rotation convention (active rotation). ” We

assumed identical g-tensors values for both conformers.
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spectra that yielded acceptable agreement with the experi-
mental data (Table 1). Both biradicals present at least the two
considered conformers (#1 and #2) that have similar dipolar
couplings (between 56 and 60 MHz), but different exchange
interactions and different relative orientations. Conformers #1
and #2, are present at a ratio of 60:40 for AsymPol-TEK and
65:35 for cAsymPol-TEK. For conformers #1, the exchange
interactions were found to be 95 and 105 MHz for AsymPol-
TEK and cAsymPol-TEK, respectively, and 65 and 60 MHz for
conformers #2 (see Table 1). These exchange couplings are
slightly lower for AsymPol-TEK/cAsymPol-TEK compared to
AsymPol-POK/cAsymPol-POK. This could already be inferred
from the liquid-state EPR spectra, which presents a weaker
exchange interaction of |J,,| = 55 MHz (vs. 78 MHz for
AsymPol-POK) as shown in Fig. S1 (ESIt). This is likely related
to interaction with the different solvents, which impacts elec-
tron delocalization as revealed by the larger g, value that
correlates with a shift of the unpaired spin-density towards
the O (see Table 1). In addition, the relative orientation of the
NO groups can affect the overlap between the orbitals of the
unpaired electrons and thus the exchange interaction.

The agreement between experiment and simulations was
improved with the use of significant g-strain (larger than in
previous studies),’*?**>” but it remains imperfect. This is
likely due both to the lack of precise control of the glass
formation and to the fact that the AsymPol-TEK radicals
possess a distribution of conformations, implying a distribu-
tion of exchange interactions.*>*® The validity of the para-
meters extracted from the fits was confirmed by comparing
experimental and simulated MAS-DNP field profiles (DNP
enhancement versus magnetic field for a fixed uw frequency),
which shows very good agreement (Fig. 3b). The relative ratio
between the positive and negative maxima of the DNP field
profile is well reproduced, as well as the features at 9.37 T. The
field-sweep profiles of AsymPol-TEK and cAsymPol-TEK are very
similar to their POK counterparts. However, there are variations
in the 9.36-9.39 T regions, confirming that the TEK versions
have lower exchange interactions.*’

MAS-DNP efficiency and reproducibility of measurements

The MAS-DNP efficiency of AsymPol-TEK and cAsymPol-TEK
was investigated and compared to TEKPol. Hexagonal boron
nitride (h-BN) was added to the solution to improve the micro-
wave penetration and the DNP efficiency in TCE.%®

To maximize the DNP enhancement, the nuclear spin-
lattice relaxation should be slower than the rate at which the
hyperpolarization is transferred throughout the system. This
must be true for both the protons that are close to the radicals
and also for the bulk ones.”" In practice, it is possible to control
to some extent the nuclear relaxation time for the bulk nuclei,
T'i‘j,lk. For example, it can be lengthened by sample degassing
that removes paramagnetic O, from the solution.®®*° In situ
freeze-thaw cycles, via sample insert/eject at 100 K under N,,
has been shown to be an efficient way to remove dissolved O, in
TCE.*"*® Nevertheless, reproducibility is sometimes poor when
using TCE.®® The main reason for this stems from the difficulty
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of forming a good glass in a reproducible manner, as indicated
by the resulting **C NMR linewidth.®® This prevents the sample
formulation from being easily optimised and makes it
more difficult to assess the comparative performance of polar-
izing agents.

TCE can form several phases upon cooling, an amorphous
glass phase, and three crystalline phases (denoted o,  and y)
that can be obtained between 100 and 170 K."*° The metastable
crystalline y-phase can be formed upon heating the glass phase
to 140-150 K.'% This is illustrated in Fig. 4a and b, where the
evolution of the '*C CPMAS NMR spectrum as a function of
the sample temperature is shown for both AsymPol-TEK and
TEKPol. In these experiments, after a cold insertion, the
temperature of the sample was gradually increased from 120
to 160 K. The TCE glass phase is preserved until 130 K, giving
rise to a single broad resonance in the *C spectrum. The glass
phase gradually converts into a crystalline phase in the 140-
160 K range. This can be clearly seen with the appearance of
resolved shoulders in the *C TCE spectrum, corresponding to
the dipolar coupling between the *C and the **Cl/*’Cl nuclei.
We believe that we might be forming the metastable y-phase,
recently reported in the literature.’®® Upon cooling the sample
back from 160 to 110 K, it results in the formation of the
thermodynamically stable crystalline B-phase,” and inevitably
gives rise to a reduction in DNP performance (as compared to
the glass phase at the same temperature).®®

To reproducibly obtain amorphous glass for TCE, we mod-
ified our experimental protocol (see Material and methods)
to minimize the stator temperature at sample insertion. This
implies flushing cold nitrogen gas inside the empty stator and

(a) Glass phase y phase B phase

A ) ) |

T T T T T T
120K 130K 140K 150K 160K 110K
after

goin
to 160

(b) Glass phase y phase B phase

)

LA

120K 130K 140K 150K 160K 110K

after

goin

to 160
Fig. 4 C CP-MAS spectra (9.4 T) of 16 mM radical solutions of (a)
AsymPol-TEK and (b) TEKPol in TCE in the presence of h-BN, as a function
of the temperature. For better comparison of the lineshapes, all spectra are
scaled to the same intensity. The last spectrum was obtained after slowly
cooling back the sample from 160 K to 110 K.
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turning off the uw irradiation before insertion. This protocol
ensures a consistent glass formation, as shown for the *C
CPMAS TCE spectra at 9.4 T (for 16 mM TEKPol, AsymPol-TEK
and cAsymPol-TEK) during the freeze-thaw cycles procedure
(Fig. 5). All spectra correspond to the formation of a glass (no
crystalline phase observed at any point in the cycle). This
modified protocol significantly improves the reproducibility
of the DNP measurement with TCE.

The effect of the oxygen removal on the 'H TCE Tya"
can be seen in Fig. 6d. For this undoped TCE sample,
'H 739 increases from ~2.5 s, measured after the first
freezing of the solution, to ~70 s after 7 freeze-thaw cycles.
The sensitivity at 9.4 T for each biradical as a function of the
number of freeze-thaw cycles is given Fig. 6a. Over the course of
6 insert-ejects, the sensitivity increases moderately for all bir-
adicals. cAsymPol-TEK provides a higher sensitivity (normalized
to one) than AsymPol-TEK (0.8), while TEKPol is less sensitive

(a) TEKPol
fon/off 143 153 178 206 266 307
T8 19s 2s 2.1s 23s 2.6s 26s

Son
2N, NS BINE EANE NS TR, 1Sgix16
T T T T T

T
1 2 3 4 5 6
Freeze-thaw cycles

(b) AsymPol-TEK

fon/off 64 64 67 75 70 74
B 0.9s 1ls 1s 1s 1s 1s
Son
A \ S AN A AN AN Sorr X8
T T T T T
1 2 3 4 5 6
Freeze-thaw cycles
(c) cAsymPol-TEK
Eon/off 60 64 70 70 78 87
TB 0.4s 0.5s 0.5s 0.5s 0.5s 0.5s
Son
A N\ A - AN A ——/ AN Son X8

3 4
Freeze-thaw cycles

Fig. 5 *C CP-MAS spectra of 16 mM radical solution of (a) TEKPol, (b)
AsymPol-TEK, and (c) cAsymPol-TEK in TCE mixed with h-BN, as a
function of the number of freeze—thaw cycles with (red) and without
(black) pw irradiation, using a 3.2 mm rotor at 9.4 T, 8 kHz MAS frequency
and 105 K. The C CP-MAS spectra were acquired with a recycle delay of
1.3-Tg. The evolution of the normalized sensitivity, the build-up time Tg,
and conjorr @s @ function of the number of freeze—thaw cycles can be
compared for the 3 radicals in Fig. 6.

This journal is © the Owner Societies 2024

View Article Online

Paper

(0.6-0.7). This behaviour is in sharp contrast with the corres-
ponding DNP enhancement, €., /o (Fig. 6¢), which for TEKPol,
increases from 140 to 307 between the first and the sixth freeze-
thaw cycle. In contrast, ¢yn/of Of ASymPol-TEK and cAsymPol-
TEK varies much less, starting at ~60 to end at 75 and 87,
respectively, after 6 cycles. The stronger change in ¢y, or for
TEKPol is in part due to increased depolarization due to the
lengthening of "H bulk T3, as seen through the decrease in signal
intensity in the absence of microwave irradiation (Fig. 5). This
effect is not present for the AsymPol-TEK PAs.

The stronger dependence of ¢y, /or On the number of freeze-
thaw cycles for TEKPol may also come from its longer DNP
build-up time, Ty, compared to the AsymPol-TEKs. Interest-
ingly, as seen in Fig. 6b, values of Ty are quite stable for the
AsymPol-TEK radicals, with T & 1 s for AsymPol-TEK and 0.5 s
for cAsymPol-TEK at 9.4 T, while they are clearly increasing for
TEKPol from 1.9 to 2.6 s over 6 freeze-thaw cycles. This
suggests that the polarization build-up of the AsymPol-TEK
PAs is less sensitive to the lengthening of Tli‘illk than that of
TEKPol.

Overall, the results reported here for TEKPol are consistent
with previous reports,®”°>”? keeping in mind that ¢,y ofr factors
do not correlate directly with NMR sensitivity. Similar experi-
ments were also conducted at 14.1 T. The DNP performance of
the three PAs is summarized in Table 2, at both 9.4 and 14.1 T.
For this comparison, the reported values of &,n0¢ and Ty
correspond to the best sensitivity among each freeze-thaw
series. At 14.1 T, TEKPol at 10 mM leads to ¢,y /0rr = 122 and
T = 9.1 s, and at 16 mM ¢,,/01r = 128 and T = 6.3 s after 6
freeze thaw cycles but also leads to significant depolarization
with €gepo ~ 0.6 (at 10 mM). AsymPol-TEK and cAsymPol-TEK at
10 mM led to lower ey, 0fr, 74 and 80 respectively but with a

®

&
P

A
g

1.2 1 .o TEKPOL 3 1 -e TEKPOL

>
2
B3 AsymPol-TEK AsymPol-TEK pae.
S 1]-e cAsymPoLTEK, . 25 1 - cAsymPol-TEK
2 o8 Pam— z 2 o
(% 06 ey S SR I 4 D 15
2o
E o4 1
o H
= 02 0.5 e O ‘
0 0 d
0 1 2 3 4 5 6 7 0 7

1.2 3 4 5 8
Freeze-thaw cycles Freeze-thaw cycles

°
Ko2

300 1 -e- TEKPOL Pad 70 A
AsymPol-TEK » é
250 { q. cASymPOITEK .7 . »
& 4 50
S 200 P ey
?3 150 0"". '% 40 g
@ ¢ £ 30 "
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PO 3 20 -"'
50 10 = 3
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0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7 8

Freeze-thaw cycles Freeze-thaw cycles

Fig. 6 (a) Normalized sensitivity (Son/v/Tg). (b) build-up time Tg and (c)
€onjori Values for 16 mM TEKPol (black), AsymPol-TEK (orange), and
cAsymPol-TEK (green) in TCE mixed with h-BN, as a function of the
number of freeze—thaw cycles. (d) Evolution of the proton longitudinal
relaxation time T, for pure TCE (no radicals) as a function of the number
of freeze—thaw cycles. All experiments were performed using a 3.2 mm
rotor at 9.4 T, 8 kHz MAS frequency and 105 K.
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Table 2 Experimental and simulated DNP performance of TEKPol,
AsymPol-TEK and cAsymPol-TEK in TCE mixed with h-BN, at 94 T
(16 mM) and 14.1 T (10 and 16 mM), and 8 kHz MAS

TB[s]b Eonfoft Sensitivity”
94T
TEKPol (16 mM) (exp/sim) 2.6/3.2  307/300 0.7
AsymPol-TEK (16 mM) (exp/sim) 1/0.7 75/115 0.8
cAsymPol-TEK (16 mM) (exp/sim)  0.5/0.7  87/136 1
141 T
TEKPol (10 mM) (exp/sim) 9.1/7.6  122/128 0.4
TEKPol (16 mM) (exp/sim) 6.3/4.8  128/165  0.45
AsymPol-TEK (10 mM) (exp/sim) 2.3/1.8  74/73 0.7
cAsymPol-TEK (10 mM) (exp/sim)  1.8/2 80/89 1

“ The sensitivity is normalized to the highest value. ® Light numbers
are experimental values. Outcome of MAS-DNP simulations are in bold.

much shorter Ty &~ 2 s. Once the depolarization has been
accounted for (€gepo ~ 0.75 for both AsymPol-TEKs), AsymPol-
TEK and cAsymPol-TEK yield 1.75- and 2.5-times higher sensi-
tivity than TEKPol, respectively. All in all, the AsymPol-TEK PAs
clearly yield higher sensitivity than TEKPol at both fields, with a
more pronounced improvement for the methyl-free cAsymPol-
TEK and at the higher magnetic field. We note here that the
polarization build-up curve of AsymPol-TEK in presence of uw
is not purely mono-exponential, but slightly bi- or stretched
exponential.

The experimental performance of the different radicals was
compared to MAS-DNP simulations (Table 2). For all PAs, the
build-up times are relatively well reproduced by simulations at
both magnetic fields. The DNP enhancement for TEKPol is also
well reproduced for 16 mM concentration at 9.4 T and 10 mM at
14.1 T but it is overestimated for 16 mM at 14.1 T. The
concentration trend at 14.1 T is consistent, with the simula-
tions predicting that 10 mM TEKPol yields a slower build-up
time than 16 mM. This confirms the robustness of the model
used for the simulations. For AsymPol-TEK and cAsymPol-TEK,
the predicted values of Ty are very close to the experimental
data at both fields, whereas the DNP enhancements are slightly
overestimated at 9.4 T but well reproduced at 14.1 T. A better
agreement between simulations and experiment could be
obtained by adjusting the electron and nuclear relaxation
times. However, we preferred to keep the same nuclear relaxa-
tion times for all PAs (both for the protons close to the
biradicals and for the bulk ones). This highlights the origin
of the fast build-up times of the AsymPol-TEK radicals, namely
the stronger e-e couplings (dipolar and jJ-exchange interaction)
compared to TEKPol, in line with the results reported for the
water-soluble members the AsymPol family.*>*°

The improved DNP sensitivity yielded by both AsymPol-TEK
and cAsymPol-TEK is directly related to the shorter build-up
time Ty, as compared to TEKPol. The higher values of &, /o
obtained with TEKPol (Fig. 6c) are related to its stronger
depolarization, with &gep, around 0.5 both at 9.4 and 14.1 T at
16 mM concentration (see Table S2, ESIf), which led to a
significant overestimation of the hyperpolarization gain. The
situation is very different for the AsymPol-TEKs, that exhibit
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a smaller depolarization effect (£gepo = 0.9-0.8 at 16 mM and
9.4 T; 0.75 at 10 mM and 14.1 T), which is another important
characteristic of the AsymPol PAs.*>"*°

Open and close biradicals

So far, all the experiments reported for AsymPol-TEK were per-
formed with isomer A, where phenyl groups are in an equatorial
position with an “open-open” conformation. However, changing
the configuration at the carbons connected to the phenyl groups
can give two other stereoisomers, shown in Fig. 7. A ring flip of the
cyclohexyl ring will place the phenyl group in the more accom-
modating equatorial group and move the cyclohexyl closer to the
nitroxide, giving a “closed” conformation. Thus, the two isomers,
other than isomer A, that are possible will adopt either an “open-
close” or a “close-close” structure. Although we were not able to
crystallise isomer B, we assume that it corresponds to the “open-
closed” isomer as it is lower in energy than the “closed-closed”
structure.

The MAS-DNP performance of the AsymPol-TEK ‘“‘open-
close” isomer B (Fig. 7) was found to be far inferior to
the “open-open” isomer A, with ¢o,/ofr = 33 and Ty = 0.4 s at
9.4 T and ¢y /oy = 32 and Ty = 1.9 s at 14.1 T. DFT simulations
of isomer B yielded two conformers with unfavourable relative
orientation of the g-tensors (L,p, = 4.7 x 10~%). Moreover, the
predicted exchange interaction is larger (J,, & 140 MHz). Both
characteristics, unfavourable g-tensor relative orientation and
too strong exchange interaction, explain the poor DNP perfor-
mance of isomer B.

The “closed-closed” conformation, even though not obtained
in the synthesis, can also be explored in-silico. The relative
“distance” of the g-tensors is higher (L, = 5.8 x 10~°), equiva-
lent to the (better) conformer #2 of isomer A. However, the
predicted exchange interaction is significantly higher with J, ,,
250 MHz. This would make MAS-DNP very inefficient at lower
fields, as |2/,p| > vy, but could potentially be of interest at
higher fields.

Applications

The efficiency of the AsymPol-TEKs was tested by hyperpolariz-
ing proton-dense microcrystals of adenosine and caffeine at
9.4 T and 105 K (see Table S3, ESIt). Overall, cAsymPol-TEK

Fig. 7 3D structures of the open—closed (left) and closed—closed (right)
isomers of AsymPol-TEK.
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Fig. 8 (a) and (b) Signal-to-noise ratio per square root of the experi-
mental time (in blue) and optimal recycle delay Tope (in orange) of
(a) adenosine and (b) caffeine powders impregnated with 10 mM TEKPol,
AsymPol-TEK and cAsymPol-TEK in TCE. (c) DNP-enhanced 2D *C-13C
DQ-SQ correlation spectra of adenosine microcrystals at NA using
cAsymPol-TEK. The experiment was acquired using SR26 as dipolar
recoupling sequence, at 6.6 kHz MAS, 105 K and 9.4 T. Experimental time
was 10 h and the total mixing time for SR26 was 4.8 ms. *C-C
correlations are mapped out on the 2D spectra, in orange for one-bond
correlations, green for two-bonds, and grey for > three-bonds. Spinning
side bands are indicated with asterisks. The chemical structure of adeno-
sine with numbering of the carbon atoms is given as inset.

yields a higher sensitivity (signal-to-noise ratio per square root
of time) compared to AsymPol-TEK and TEKPol, both for
adenosine and caffeine microcrystals (Fig. 8a and b). As
expected, the sensitivity under microwave irradiation is higher
for adenosine than caffeine microcrystals owing to the shorter
'H bulk Ty,, of the latter. Note that we did not optimize
the radical or solvent proton concentration here.*’ Using a
biradical concentration of 10 mM, cAsymPol-TEK provides
about x2.5 to x4 improvement in time-savings for adenosine
and caffeine microcrystals respectively. This allows recording
DQ/SQ C-"*C correlation experiments at natural isotopic
abundance in a few hours using cAsymPol-TEK. Fig. 8c shows
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Fig. 9 (a) {*H-}*C CPMAS spectra of ZnO-DPP NCs impregnated with
10 mM cAsymPol-TEK in TCE with (orange) and without (black) pw
irradiation. (b) Sensitivity and (c) proton Tg of ZnO-DPP NCs impregnated
with 10 mM TEKPol, AsymPol-TEK and cAsymPol-TEK in TCE. &on/of
values were 9 for TEKPol, 6 for AsymPol-TEK, and 10 for cAsymPol-
TEK. All data were recorded at 9.4 T, 8 kHz MAS frequency and 105 K.

a 2D experiment with high S/N recorded in 10 h on adenosine
microcrystals. Thanks to the mixing time chosen, one can
clearly detect polarization transfer corresponding to carbon
spins distant by one, two and three-bond. Fig. S2 (ESI{) shows
that in the more challenging case of caffeine, it is possible to
get clear cross-peaks in about one hour of experimental time.
A third example of DQ/SQ "*C-"3C correlation experiments at the
higher magnetic field of 14.1 T on histidine at natural isotopic
abundance using AsymPol-TEK can be found in Fig. S3 (ESI¥).

Finally, we also used TEKPol, AsymPol-TEK and cAsymPol-
TEK to polarize the surface of semiconducting nanocrystals.
More specifically, we chose ZnO nanocrystals coated by mono-
anionic diphenyl phosphate (DPP) ligands, that were synthe-
tized using an one-pot self-supporting organometallic (OSSOM)
approach.'®'*? Details of the synthesis can be found in the
ESI. T Fig. 9 shows the NMR sensitivity and the proton build-up
time Tg for the ZnO NCs impregnated with TCE. The AsymPol-
TEKSs yield an improvement in sensitivity over TEKPol, which
translates into a x9 in time-saving for cAsymPol-TEK. These
results open interesting prospects for the study of challenging
materials (bulk and surface) by MAS-DNP.

Conclusions

In summary, we have introduced two new members of the
AsymPol family for non-aqueous applications, named AsymPol-
TEK and cAsymPol-TEK. Both PAs provide improved sensitivity
compared to TEKPol at both 9.4 and 14.1 T. By ensuring that
the TCE-based DNP sample is always introduced into a probe
head with a temperature around 100 K or below, the reprodu-
cibility of the DNP measurements with TCE can be significantly
improved. The efficiency of these PAs can be rationalized using
a combination of DFT, MD, EPR and MAS-DNP simulations that
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reveal the presence of two major conformers. In addition, these
results show that the introduction of the spirocyclohexyl groups
does not significantly change the linker geometry, nor the e-e
spin couplings involved. Thus, the improved performance of
cAsymPol-TEK relative to AsymPol-TEK is attributed to the
replacement of methyl groups with cyclohexyl groups, which
tends to lengthen both the electron and the core protons
relaxation times, leading to better CE-DNP efficiency.

The key advantage of the AsymPol-TEK PAs lies not only in
their high polarization gain but also in their fast hyperpolariza-
tion build-up times. This makes them ideal to polarize proton-
dense systems, and/or systems with short intrinsic "H nuclear
relaxation times. This is illustrated with the acquisition of
13C-13C correlation experiments at natural isotopic abundance
of organic microcrystals, and to polarize ligands at the surface
of ZnO nanocrystals.
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