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Introduction

Investigating the efficiency of silica materials
with wall-embedded nitroxide radicals
for dynamic nuclear polarisation NMR

Eric Besson,*® Aurelien Vebr,? Fabio Ziarelli,” Emily Bloch,® Guillaume Gerbaud, 2 ¢
Séverine Queyroy,” Pierre Thureau, (2) @ Stéphane Viel (2 **¢ and Stéphane Gastaldi (2 *@

Dynamic nuclear polarisation (DNP) can significantly enhance the sensitivity of solid-state nuclear magnetic
resonance (SSNMR) experiments by transferring the electron spin polarisation of paramagnetic species to
nuclei through microwave irradiation of the sample at cryogenic temperatures. Paramagnetic species
required for DNP can be provided in the form of mesoporous silica materials containing nitroxide radicals
either located on the porous surface or embedded in the pore walls. The present study focuses specifically
on porous materials with wall-embedded radicals that were synthesised using conventional molecular imprinting
protocols. More remarkably, by changing the molecular structure of the TEMPO precursor, the theoretical
distance between the oxygen atoms in a pair of wall-embedded face-to-face TEMPO radicals was increased
stepwise (0.7, 0.9, 1.1, 1.3 and 1.5 nm). The thermal activation of these five series of materials led to 37 TEMPO-
functionalised silica materials with different radical concentrations. Their efficiency as DNP polarising agents was
subsequently investigated at 94 T and ~110 K under magic-angle spinning conditions (10 kHz) after
impregnating them at room temperature with an aqueous solution of isotopically enriched proline. Our results
show that the highest DNP efficiency was obtained for the silica materials that exhibited the shortest theoretical
oxygen-oxygen distance between the TEMPO rings, suggesting that the design rules accepted for soluble DNP
polarising agents may not be transposed to these materials with wall-embedded pairs of nitroxides.

agents are stable paramagnetic species (e.g. stable radicals,
metal complexes...) used for doping diamagnetic samples in

Dynamic nuclear polarisation (DNP) has become a technique
of choice to enhance the sensitivity of NMR experiments."?
In particular, when combined with magic-angle spinning (MAS),
DNP can tremendously improve the sensitivity of high-field solid-
state NMR (SSNMR) experiments,®” and this has allowed for the
detailed structural characterisation of a very broad range of
samples, from biomolecular compounds®** to inorganic'>™°
or hybrid materials,”*>* organic crystals®*>° and polymers.
More precisely, DNP enhances nuclear magnetisation through
the microwave-driven transfer (usually at cryogenic temperatures)
of electron spin polarisation to nuclei via exogenous paramagnetic
centres referred to as polarising agents (PA). These polarising
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order to provide the source of electron polarisation required for
DNP.**7% At moderately high magnetic fields (~10 T) and a
temperature of 100 K, the most efficient DNP mechanism so far
is the cross-effect (CE).*”>" Briefly, CE DNP is a 3-spin process
that involves two coupled electron spins in hyperfine inter-
action with one nuclear spin. Extensive research efforts over the
last few years have led to the design of tailored bisnitroxides
with optimised geometry (e.g. electron-electron distance,
relative electron g-tensors orientation. . .) and molecular weight,
providing "H DNP signal enhancements of > 200 in some cases
(the maximum theoretical value being ~ 660, which is the ratio
of the electron to the proton gyromagnetic ratios). The rational
design of increasingly efficient PA currently remains an active
field of research, especially for targeting higher magnetic fields
and higher operating temperatures.”>™° In all cases, key to
the success of any DNP SSNMR experiment is the ability to
introduce PA homogeneously in the sample of interest. This is
usually performed with a PA-containing solvent that is used to
solubilise or to impregnate the sample at room temperature,
and which acts as a good glass former at the cryogenic temperatures
where DNP SSNMR experiments are subsequently conducted.
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This is critical to avoid radical aggregation upon freezing, which
has a knowingly deleterious effect on DNP efficiency.®®

In 2013, Copéret and coworkers proposed an inspiring
alternative by (post)grafting radicals onto the pores of meso-
porous silica materials.®" Although the homogeneous dispersion
of the radicals onto the porous surface was difficult to ensure,
and the average electron-electron distances hardly controll-
able, the so-obtained solid phase matrices were shown to
polarise efficiently impregnated molecules without the use of
any glass forming solvent, yielding DNP signal enhancements
of ~25at 9.4 T and ~100 K. These materials were also shown
to provide great perspectives for dissolution DNP in vivo
applications.®>®* Since then, several interesting materials have
been introduced in order to homogenously disperse the PA
required for the DNP experiments, including covalent organic
frameworks,* which allowed DNP signal enhancements of
~40 to be recorded in '"H — ">C CP MAS experiments at
9.4 T and ~100 K, or even porous polymers, which proved to
have exceptional potential for dissolution DNP applications.®®
Alternatively, hybrid mesoporous silica materials with wall-
embedded 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) pre-
cursors have also been proposed.®®®” The resulting silica
materials with wall-embedded nitroxides proved to be reliable
polarisation matrices for DNP SSNMR experiments performed
on impregnating solutes at 9.4 T and 105 K, both in water and
in 1,1,2,2-tetrachloroethane (TCE), overall, this approach has
2 main advantages. First, all radicals are exclusively located in
the walls of the silica framework, ensuring that the analytes are
not in physical contact with the PA. Second, this approach
allows the average theoretical distance between the two TEMPO
moieties of a given pair of radicals to be controlled. This
property allows us to vary both the total radical concentration
in the materials and the inter-radical distance independently,
and this remarkable feature forms the basis of the present
study. In fact, in our first work, we used a benzylic derivative as
the anchorable TEMPO precursor, leading eventually to silica
materials with wall-embedded TEMPO radicals exhibiting a
theoretical distance between the oxygen atoms of the TEMPO
rings of about 0.7 nm.

In this contribution, a range of silica materials with wall-
embedded TEMPO radicals have been designed through the use
of tailored TEMPO precursors with specific molecular structures.
Interestingly, the resulting pairs of wall-embedded, presumably
face-to-face TEMPO radicals exhibited theoretical oxygen-oxygen
distances ranging from 0.7 to 1.5 nm. Moreover, the total electron
concentration in the silica materials varied from 15 to 600 pmol g%,
offering a large set of materials with distinct structural features
that were used to carry out DNP MAS experiments with sub-
stantial DNP signal enhancement at 9.4 T.

Material and methods
Synthesis

Precursors 1 to 5 were straightforwardly prepared in 3 steps
from 5 different benzylic bromides (Scheme 1). After trapping
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Scheme 1 Synthesis of precursors 1 to 5.

of the benzylic radicals with TEMPOL, the hydroxyl functions
were allylated. Finally, a hydrosilylation of the double bonds
enabled the introduction of the two triethoxysilyl groups
indispensable for the implementation of the sol-gel process
by direct synthesis.

2D hexagonal SBA type silicas were prepared by co-condensation
of bridged organotriethoxysilanes 1 to 5 with tetraethyl ortho-
silicate (TEOS) in the presence of P123 (PEO,,PPO,,PEO,,) as
structure directing agent (Fig. 1a). The sol-gel process by direct
synthesis led to 5 nanostructured silicas with a radical precursor
in their framework (SBAgs;-1, SBAs¢-2, SBAss-3, SBAgo-4, and
SBAeo-5, where the index n indicates the TEMPO precursor/TEOS
molar ratio 1/n determined after the characterization of the
hybrid silicas with the thermogravimetric analysis).

All these silicas were characterized by standard methods
(nitrogen adsorption/desorption analysis, SAXS, NMR, thermo-
gravimetric analysis (TGA) (see ESIt)). The main characteristics
of these materials are gathered in Table 1. In spite of the size
difference between the organic precursors, an excellent homo-
geneity in the structural features of the functionalized silicas was
obtained overall. In fact, only weak differences were observed
between pore diameters, surfaces, and pore volumes, which ranged
for the whole set of materials from 6.8 to 7.2 nm, 651 to 842 m* g~ %,
and 1.01 to 1.44 cm® g™, respectively. The 2D hexagonal structure
of the silicas were evidenced with the XRD patterns of the powders
which exhibited three well-resolved diffraction peaks indexed as
(100), (110) and (200) reflections.

The preservation of the carbon skeleton of the radical
precursors during the sol-gel process as well as the presence
of T sites in the silica materials (proving the covalent bonding
of the organic moieties to silica with a Si-C bond) were verified
by '"H — "’C and '"H — *°Si CP MAS NMR experiments.

A 130 °C thermolysis of these starting materials gave rise to
5 main families of silica materials with wall-embedded TEMPO
radicals (SBA-A, SBA,,,-B, SBA,,,-C, SBA,,,-D, and SBA,,,-E, with
m the concentration in TEMPO radicals in umol g '). The
radical concentration of these silica materials was controlled
by adjusting the thermolysis time using decomposition kinetics
data preliminary established by EPR (see ESIt). The elimination
of the spacer through the microporosities of the silica was
indirectly evidenced by analysing the materials with the highest
loadings by *C SSNMR, which highlighted the disappearance
of Csp® signals from the corresponding “C spectra after
thermolysis (see ESIT). The radical concentrations of the silica
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Fig. 1 (a) Synthesis of SBA,-1to SBA,-5 and SBA,,-A to SBA,-E materials.

The molecular structures of the 5 distinct spacers considered in this study
are reported in (b), together with an estimation of the theoretical distance
between the oxygen atoms of the TEMPO rings after thermolysis.

materials after thermolysis were estimated by comparing their
EPR signal double integral to that of an analogous SBA silica
material whose pores had been functionalised with TEMPO
radicals and for which the TEMPO loading was known from
thermogravimetric analysis.®®

DNP MAS SSNMR experiments

All DNP SSNMR spectra were recorded on a Bruker 9.4 T wide-
bore magnet (Larmor frequencies: 'H, 400 MHz; *C, 100 MHz)
operated by an AVANCE-III NMR spectrometer and equipped
with a Bruker 3.2 mm DNP low-temperature double-resonance
"H/{**si-"*C} MAS probe. In all experiments, the MAS freq-
uency was 10 kHz. Microwave irradiation was applied using a
gyrotron connected to the NMR probe (frequency, 263 GHz;
power, 4 W). Samples for DNP SSNMR analysis were prepared
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by impregnating ca. 20 mg of each of the SBA,, silica materials
with 40 uL of a 0.2 M H,O solution of U-"*C/**N proline.
13C cross-polarisation magic-angle spinning (CPMAS) spectra
were recorded on these samples at ca. 105 K with or without
microwave field irradiation, and the intensities of the proline
NMR signals in the resulting >C CPMAS spectra (Iox and Iogy,
respectively) were used to calculate the so-called **C CP DNP

enhancement (sc,cp = Ion/Iorr)-

EPR experiments

Continuous wave (CW) EPR spectra were recorded on a Bruker
Elexsys E500 spectrometer and pulsed EPR spectra were
recorded on a Bruker Elexsys E580 spectrometer equipped with
a dielectric ring resonator (ER4118X-MD5) and a helium flow
cryostat (Oxford CF935). All EPR experiments were either con-
ducted at room temperature on the samples available as
powders, or at low temperature (110 K) on the samples impreg-
nated with 1,1,2,2-tretrachlorethane (TCE) in order to be com-
parable with both DNP operating conditions and literature
data. Full details of the EPR experiments are given in ESL{

Results and discussion

Besides their ability to generate a pair of face-to-face TEMPO
moieties, a family of radical precursors was designed to
increase in a stepwise fashion the distance between the oxygen
atoms of the masked TEMPO rings. Specifically, molecular
dynamics simulations were used to select 5 rigid polyaromatic
spacers that ultimately led through the use of conventional
molecular imprinting techniques to the synthesis of silica
materials with wall-embedded nitroxides exhibiting a pairwise
oxygen-oxygen distance ranging from ~ 0.7 nm to 1.5 nm, with
a regular increment of 0.2 nm (Fig. 1a and b). These distances
globally encompass the range of electron-electron distances
typically found for the most effective bisnitroxides in CE MAS
DNP at 9.4 T.

All SBA,,, materials were first analyzed by CW EPR (9.4 GHz)
at 110 K in the presence of TCE (see Experimental section). In
particular, Fig. 2 shows the X-band CW EPR spectrum recorded
on SBAy3,-A impregnated with TCE at 110 K. This spectrum
displays a typical rigid-limit powder pattern that is characteristic
of nitroxides immobilized in a rigid matrix. Interestingly, for all the
families of SBA materials, half-field EPR signals of substantial
intensity were detected for the samples with high nitroxide
concentrations (see ESIt), with a maximum relative value
observed for the SBA,-A samples.

Table 1 Physico-chemical characteristics of SBAgz-1, SBAsg-2, SBAss5-3, SBAgo-4, and SBAgp-5

Precursor (umol g™ ") D, (nm) Sper (M> g 1) Vp (em® g™ d100 (nm) ao (nm) Wall thickness (nm)
SBAg;3-1 454 7.2 651 1.01 11.5 13.3 6.2
SBA;6-2 509 6.9 842 1.31 10.4 12.0 5.1
SBA;5-3 511 7.1 831 1.44 10.7 12.3 5.2
SBAgo-4 472 6.8 657 1.10 10.4 12.0 5.2
SBAgo-5 400 7.2 759 1.25 10.4 12.0 4.8
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Fig. 2 X-band EPR spectrum of SBA434-A impregnated with TCE at 110 K.

3460

Moreover, Fig. 3a shows the DNP enhancement &c cp mea-
sured for the 0.2 M water solution of U-"C/"N proline as a
function of the radical concentration. It should be noted that
no glycerol was added to this proline solution. Overall, the
observed trends were essentially equivalent for all the series,
showing a DNP efficiency (as expressed herein by &ccp) that
globally increased with the radical concentration. Fig. 3a does
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Fig. 3 (a) Evolution of the C CP DNP signal enhancement (¢c cp) as a
function of the radical concentration for several SBAy,-x samples, where x
isA, B, C, D, or E (see Fig. 1). ec cp was measured on the 13C resonances of a
CPMAS spectrum recorded at ~105 K on a 0.2 M water solution of
U-13C/N proline. (b) Maximum &ccp value obtained for each of the 5
series of samples considered in this study. The grey numbers reported on
top of the coloured bars are the corresponding radical concentrations
(expressed in pmol g~%) whereas those reported below the letters indicate
the theoretical distances between the oxygen atoms of the TEMPO rings
upon thermolysis.
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not indicate, however, any remarkable influence on DNP effi-
ciency of the theoretical distance (upon thermolysis) between
the oxygen atoms of the TEMPO rings.

Interestingly, the observation of an approximate bell shape
for the curve of the SBA,,,-A samples suggests that the shape of
all the curves could well be bell-like as well, as is typically
observed for these types of optimisations. The range of radical
concentrations explored herein, however, was most likely insuf-
ficiently large to observe the second (and declining) half of the
expected bell-like curves for some of these samples. This is best
illustrated by inspecting the trend observed for the SBA,-E
samples with respect to that observed for SBA,,,-A samples. We
also observed experimentally that the radical concentrations
obtained in some cases for the longest thermolysis times were
systematically lower than expected (see ESIt). We tentatively
attributed this discrepancy to the possible coupling between
nitroxide radicals at high concentrations, which artificially
decreased the apparent radical concentration measured by
EPR (possibly due to magnetic extinction effects). Altogether,
the maximum DNP efficiencies observed for the investigated
families of samples were somewhat similar (Fig. 3b), except for
the SBA,,-E samples (which show a significantly lower max-
imum "’C CP DNP signal enhancement). Precisely, the highest
maximum DNP efficiency was observed for the SBA,,,-A samples,
but the corresponding value (34) remained comparable to those
obtained for the SBA,,,-B, SBA,,,-C, SBA,,,-D series (29, 29, and 30,
respectively).

In parallel, because DNP efficiency has also been shown to
correlate with electron magnetic relaxation properties, pulsed
EPR experiments were performed to estimate the electron mean
recovery time (Ty.) of these samples impregnated with TCE at
110 K. (Ty.) refers to the first moment of the electron Ty
relaxation distribution and describes a mean recovery time
(see ESIY).

The data reported in Fig. 4 indicate that the evolution of
(T4.) as a function of the radical concentration was comparable
for all 5 families of samples, with a steep reduction observed
between 0 and ~200 pmol g™, followed by a rather flat decay
for higher concentrations. This graph would suggest a 2-phase
behaviour corresponding approximately to radical concentra-
tions between 0 and 200 pmol g ', and between 200 and
600 pmol g~ '. We hypothesized that this could be related to
the presence of different types of electron-electron interactions.
In fact, because radicals are necessarily generated in a pairwise
and presumably face-to-face fashion owing to the synthesis pro-
tocol employed herein (ie. molecular imprinting), one could
reasonably assume that the electron-electron interactions that
prevail at the lowest radical concentrations are those involving the
electrons within a single pair of TEMPO radicals. In contrast, as
the radical concentration in the materials increases, the total
number of pairs of TEMPO radicals increases as well, and hence
the probability that the electrons from different pairs of TEMPO
radicals interact with one another becomes more significant. For
simplicity, we will hereafter refer to these two possible main
regimes of electron-electron interactions as intra-pair and inter-
pair regimes, respectively, although it is likely that intra-pair

This journal is © the Owner Societies 2022
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Fig. 4 Evolution of the electron mean recovery time (T;¢) as a function of
the radical concentration for several SBAy,-x samples, where x is A, B, C, D,
or E (see Fig. 1). (T1e) were measured by pulsed EPR at 9.4 GHz on TCE-
impregnated samples at 110 K. The dark-grey, short-dashed linear curves
of different slopes between 0 and ~200 pmol g%, and between ~ 200
and ~600 pmol g%, respectively, are provided as guides to the eye only.

electron-electron interactions may still play a role within the so-
called inter-pair regime (as both types of electron-electron inter-
actions can hardly be disentangled from one another). In other
words, if one is interested in looking at the effect of the electron-
electron distance on DNP efficiency, one should rather focus on
the former regime (intra-pair) by inspecting the evolution of the
3C CP DNP signal enhancement for all SBA,, samples but
restraining the analysis to the lowest radical concentrations
(<200 pmol g™ "). In that case, as shown in Fig. 5, one can see
that, for a given nitroxide concentration, eccp roughly scales
inversely with the electron-electron distance.

For instance, at a concentration of about 130 pmol g’l, the
3C CP DNP signal enhancement was increased by a factor 3
when the theoretical intra-pair electron—electron distance was
divided by 2. Overall, at all radical concentrations, SBAy-A

30
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Fig. 5 Zoom in on the evolution of the **C CP DNP signal enhancement
(ec.cp) as a function of the radical concentration for several SBApy-x
samples, where x is A, B, C, D, or E (see Fig. 1). The coloured short-
dashed curves are linear fits of the corresponding data points and are
provided as guides to the eye only.
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samples are clearly the most effective, indicating that the
shortest theoretical electron-electron distance is key for these
types of materials to achieve the highest DNP efficiency.
Noteworthily, short electron-electron distances give rise to a
strong electron dipolar interaction, which has long been recog-
nised as a key parameter for CE DNP. A simplistic calculation
using the theoretical intra-pair electron-electron distances
of the herein selected samples yields approximate electron
dipolar couplings of 150 MHz, 70 MHz, 40 MHz, 25 MHz,
and 15 MHz for the SBA,,-A, SBA,,,-B, SBA,,,-C, SBA,,-D, and
SBA,,-E families, respectively. These values are to be compared
with those of rigid bisnitroxides such as AMUPol and TEKPol
(ca. 35 MHz and 30 MHz, respectively), some of the best DNP
polarising agents to date at 9.4 T and ~100 K. Such a wide
range of theoretical dipolar couplings should have an impact
on the EPR spectra of the corresponding samples, especially on
the width of the central EPR line that is the most sensitive to
the dipolar broadening because it is least broadened by the
g-tensor and hyperfine anisotropies. Experimentally, however,
we observed that the width of the central line for EPR spectra
recorded at 110 K on all TCE-impregnated SBA,, samples
displayed a globally similar average broadening of ~12 G.
According to Coperet and co-workers, for isolated radicals on
the surface of mesoporous materials, this is consistent with an
average inter-radical distance larger than 1.3 nm. This estimate
does not match the inter radical distance that can be expected
from our SBA,, materials (especially SBA,,-A and SBA,,-B).
We do not have any reasonable explanation to this observation
at this point. Clearly, we cannot a priori exclude that there could
be distributions of electron-electron distances owing to the
relative flexibility of the TEMPO radicals tethered to the silica
walls, which could in turn give rise to distributions of electron
dipolar couplings (the medians of those distributions being
invariably lower than the above-mentioned theoretical values).
However, because no information is available yet regarding the
actual size of the cavities within the silica matrix where the
pairs of TEMPO radicals are embedded, it is impossible at this
point to estimate their actual relative mobility after thermolysis
(once the spacer has been removed), which could be helpful to
estimate the amplitude of their respective movements and
hence evaluate the corresponding electron-electron distances
that would effectively result from these motions. Nevertheless,
it still seems rather unlikely that the medians of these distribu-
tions would lie very far from the theoretical electron-electron
distances predicted by molecular modelling (before thermolysis)

We also recorded the 9.4 GHz CW EPR spectra on the non-
impregnated samples at room temperature. Results reported in
Fig. 6 show comparable trends for all the SBA,, samples with a
linewidth going from ~6.5 G to ~11.9 G for the least and the
most concentrated samples, respectively. In particular, SBAp,-A
samples exhibited the lowest linewidths, especially at radical
concentrations lower than 200 pmol g~* where intra-pair elec-
tron-electron interactions supposedly prevail, which is some-
how counterintuitive considering that these samples should
theoretically display the largest dipolar electron interaction.
One possibility to explain these observations could be the
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Fig. 6 Evolution of the EPR linewidths (Avy,,) at room temperature as a
function of the radical concentration for several non-impregnated SBA,-x
samples where x corresponds to A, B, C, D, or E. The EPR spectra were
recorded at 9.4 GHz. The black dashed line is a guide to the eye.

presence in these systems of an exchange interaction of signi-
ficant magnitude, which could contribute to narrow down
the measured EPR linewidths. This assumption is somehow
coherent with the observation in the EPR CW spectra of these
materials of half-field EPR transitions of substantial amplitude,
which decrease with increasing e-e distance (see ESIT). Overall,
our data suggest that the design rules accepted for soluble PA
may not be transposed to these solid, molecular imprinted
systems.

Conclusion

This study aimed to evaluate a wide range of nanostructured
materials as polarising agents for DNP MAS SSNMR. The use of
well-established molecular imprinting protocols enabled to
modulate the distance between the wall-embedded nitroxides
as well as their concentrations in the silica materials. All in all,
37 functionalized mesoporous silicas were tested. The effect of
precursor structures was observable on enhancement factors
at low radical concentrations. The results showed that the
highest DNP efficiency was achieved for the family of materials
obtained from the TEMPO precursor with the benzylic derivative,
which is expected to yield the shortest distance between the
oxygen atoms of the TEMPO rings (with correspondingly strong
electron-electron interactions). This would indicate that the
design rules accepted for soluble PA might not be transposable
to these solid systems. The unexpected EPR observations might
be directly related to the polyradical nature of the silicas and
the resulting complex electron-electron interactions. Impor-
tantly, these silica matrices are useful tools to perform DNP
experiments. First, their optimal signal enhancement factors
(~30) allow them to be used for targeted DNP applications,
especially for those in aqueous media as no glass forming agent
is required here to achieve good DNP signal enhancements.®’
Second, they could be considered as a platform for studying
radical-radical interactions. This, however, requires more
in-depth investigations that are underway.
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