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Tailored Polarizing Hybrid Solids with Nitroxide Radicals 

Localized in Mesostructured Silica Walls. 

Daniel L. Silverio, Henri A. van Kalkeren, Ta-Chung Ong, Mathieu Baudin, Maxim Yulikov, Laurent 
Veyre, Pierrick Berruyer, Sachin Chaudhari, David Gajan, David Baudouin, Matthieu Cavaillès, Basile 
Vuichoud, Aurélien Bornet, Gunnar Jeschke, Geoffrey Bodenhausen, Anne Lesage, Lyndon Emsley, 
Sami Jannin, Chloé Thieuleux,* and Christophe Copéret* 

Abstract: Hyperpolarization by dynamic nuclear polarization relies on the 

microwave irradiation of paramagnetic radicals dispersed in molecular glasses 

to enhance the nuclear magnetic resonance (NMR) signals of target molecules. 

However, magnetic or chemical interactions between the radicals and the 

target molecules can lead to attenuation of the NMR signal through 

paramagnetic quenching and/or radical decomposition. Here we describe 

polarizing materials incorporating nitroxide radicals within the walls of the 

solids to minimize interactions between the radicals and the solute. These 

materials can hyperpolarize pure pyruvic acid, a particularly important 

substrate of clinical interest, while nitroxide radicals cannot be used, even 

when incorporated in the pores of silica, because of reactions between pyruvic 

acid and the radicals. The properties of these materials can be engineered by 

tuning the composition of the wall by introducing organic functionalities.  

Introduction 
 Dynamic nuclear polarization (DNP) provides a way to 

dramatically enhance NMR signals, and as a result has opened 

new frontiers in the characterization of a broad range of 

molecules (e.g., biomolecules, metabolites, surface species, 

complex materials, etc.).[1] In a DNP experiment, the Boltzmann 

polarization of electron spins of unpaired electrons (e.g., stable 

radicals such as nitroxides or trityls) is partially transferred to the 

nuclear spins of the target molecules.[2] This polarization transfer 

leads to NMR signal enhancement () and thereby a reduction of 

the acquisition time. Proton polarization can propagate 

throughout the entire frozen sample via spin diffusion, and cross 

polarization (CP) from protons can be used to obtain sensitivity-

enhanced NMR signals of heteronuclei (e.g., 13C, 29Si, etc.).  

DNP is increasingly used to enhance the sensitivity of 

solid-state NMR spectra at cryogenic temperatures (100 K) 

under magic angle spinning (MAS-DNP) conditions,[2b] or for 

hyperpolarizing metabolites at 1.2 K that are rapidly dissolved 

and transferred to solution NMR spectrometers or MRI scanners 

(dissolution-DNP).[3] Biologically relevant hyperpolarized 

analytes or metabolites can be administered to cell cultures or 

living animals to reveal metabolic activity allowing, [3b, 3d, 4] inter 

alia, a reliable diagnosis of prostate cancer.[5] However, this kind 

of DNP experiment suffers from several limitations. Notably, the 

radicals must be soluble in a solvent that forms a glass at 

cryogenic temperature to ensure their homogeneous distribution. 

The radicals should not be in close contact with the analyte, as 

this can lead to signal quenching or, worse, reactions with the 

analyte.[2, 6] In dissolution DNP (d-DNP) experiments, rapid 

removal of the radicals from the hyperpolarized solution is 

desirable both for the sake of biocompatibility and to avoid rapid 

nuclear relaxation leading to losses of signal enhancement.[7]  

Some attempts to alleviate these problems have recently 

been made by sequestering the radicals in micelles[8] or 

cryptands,[9] hiding the substrate in pores that are too small for 

the radical to enter,[10] or shielding the radicals in dendritic 

structures.[11] However, while they can be efficient when 

applicable, none of these solutions are general, and all have 

drawbacks.  

Mesostructured silica materials[12] have emerged as an 

alternative strategy to alleviate these limitations. For instance, 

the use of mesoporous silica materials containing radicals that 

are regularly distributed at their pore surface obviates the use of 

a glassing agent to polarize an analyte in pure water because 

the porous structure prevents solvent crystallization and 

aggregation of radicals (Figure 1).[13] Another example is the 

use of mesoporous silica in MAS DNP to avoid segregation 

between radicals and colloids upon cooling.[14] However, in both 

systems the radical remains in close contact with the analyte 

and in the second case the approach requires the use of a 

solvent in which the radical is soluble. Recent work has also 

shown that radicals could be introduced within the silica matrix 

via a sol-gel process using a bis-silylated organic moiety that 

can generate radicals, thus providing a polarizing matrix for 

MAS DNP, though the localization of the radicals in the silica 

matrix and their shielding from the analyte were not 

investigated.[15] 

[*] Dr. D. L. Silverio, Dr. T. C. Ong, Dr. M. Yulikov, Prof. G. Jeschke, 

Prof. C. Copéret 

Dept. of Chemistry and Applied Biosciences, ETH Zürich 

Vladimir-Prelog-Weg 1–5, 8093 Zürich (Switzerland) 

E-mail: ccoperet@ethz.ch 

[*] Dr. H. A. van Kalkeren, Dr. D. Baudouin, Dr. M. Cavailles, L. Veyre, 

Dr. C. Thieuleux 

Université de Lyon, Institut de Chemie de Lyon, UMR C2P2 CNRS, 

Université de Lyon 1-ESCPE Lyon 

43 Bd du 11 Novembre 1918, 69616 Villeurbanne (France) 

P. Berruyer, Dr. S. Chaudhari, Dr. D. Gajan, Dr. A. Lesage, Dr. S. 

Jannin 

Université de Lyon, Institut des Sciences Analytiques 

CRMN CNRS-ENS Lyon-UCBL, 69100 Villeurbanne (France) 

Dr. M. Baudin, Dr. S. Jannin, B. Vuichoud, A. Bornet, Prof. G. 

Bodenhausen, Prof. L. Emsley 

Institut des Sciences et Ingénierie Chimiques, Ecole Polytechnique 

Fédérale de Lausanne (EPFL), 1015 Lausanne (Switzerland) 

 

Dr. M. Baudin, Prof. G. Bodenhausen 

Département de Chimie, Ecole Normale Supérieure, PSL Research 
University, UPMC Univ Paris 06, CNRS, Laboratoire des 
Biomolecules (LBM), 24 rue Lhomond, 75005 Paris (France) 
 
Dr. M. Baudin, Prof. G. Bodenhausen  
Sorbonne Universités, UPMC Univ Paris 06, Ecole Normale 
Supérieure, CNRS, Laboratoire des Biomolecules (LBM), Paris 
(France) 

 Supporting information for this article is given via a link at the end of 

the document. 



 

 

 

 

We reasoned that hybrid mesostructured materials 

containing radicals embedded in the silica walls (Figure 1 bottom 

and Figure 2a) [12, 16] could provide a powerful approach to 

isolate the radical from the analyte, avoiding possible reactions 

and signal bleaching, while still removing the restriction to 

specific solvents or diluting the analyte in a co-solvent mixture. 

We report here the development of a HYPSO material 

containing radicals in the walls of the material (HYPSO-W) 

through a template approach and demonstrate its efficiency for 

MAS-DNP and d-DNP experiments. In particular, 

we show how engineering the wall structure and its 

composition by introducing organic functionalities 

significantly improve the polarization properties.  

First, using 1, a tris-silylated precursor 

containing a nitroxide radical (see ESI), and 

various amount (X) of Si(OEt)4, the corresponding 

HYPSO material (HYPSO-W1 [1/X]) was prepared 

by a sol-gel process using Pluronic 123® (P123) 

and NaF as structure-directing agent and catalyst, 

respectively.[17] Optimal removal of P123 was 

achieved by washing with pyridine•HCl.[18] Using 

these protocols, a broad range of radical 

concentrations from 0.022 to 0.11 mmol/g (as 

determined by EPR; 49 to 58% yield) could be 

introduced into the silica matrix. We also 

synthesized materials HYPSO-W2 that contain 

bis(triethoxysilyl)ethane 2 (Figure 2a, bottom), as 

an organic dopant to help polarization transfer via 
1H-1H spin diffusion from the radicals to the 

pores.[21] HYPSO-W2 [Y/1] materials were all 

synthesized with the same 1/200 ratio of 1 to Si, 

but with varying content of the organic dopant 2 as 

defined by [Y/1] = [Si(OEt)4/2].  

All materials HYPSO-W1 and HYPSO-W2 

have large pore volumes (0.7 to 1.2 cm3/g), high surface areas 

(673 to 1066 m2/g), narrow pore size distributions (5 to 9 nm) 

and large wall thicknesses (3 to 6 nm). These properties allow 

them to enclose the radical 1 (molecular diameter of ca. 2 nm) 

and to polarize a large volume of analyte. The SA-XRD 

diffraction patterns complemented by Transmission Electron 

Microscopy (TEM) are consistent with an ordered hexagonal 

structure of the porous network for all materials except HYPSO-

W2 [2/1], where the pattern is more indicative of a “wormlike” 

structure. The radical distribution was evaluated by EPR: 

decreasing the radical concentration leads to a narrowing of the 

EPR linewidth (13.1 G for HYPSO-W1 [1/75] to 12.3 G for 

HYPSO-W1 [1/400]) and an increase in the mean electron 

inversion recovery time (<T1e>) from 32 µs for HYPSO-W1 

[1/75] to 210 µs for HYPSO-W1 [1/400]. Both trends agree with 

an increasing average radical-radical distance with decreasing 

concentration.[13a, 22] For HYPSO-W2, <T1e> and line width are 

essentially unaffected by varying the concentration of bis-

siloxyethane 2 (see ESI). 

The 1H enhancement () of the solvent peak in MAS-DNP 

for materials impregnated with a 4:1 mixture of D2O:H2O did not 

change significantly with decreasing radical concentration from 

0.11 to 0.045 mmol/g, staying at ca. 50-55 (Figure 2b), in 

contrast to 25 for HYPSO-1 under the same conditions. Going to 

an even lower concentration, the enhancement drops but still 

remains at reasonable levels, i.e., = 34 for HYPSO-W1 [1/300] 

and 22 for HYPSO-W1 [1/400]. Since the enhancements 

observed with HYPSO-W1 [1/75] to [1/200] are approximately 

the same, we chose HYPSO-W1 [1/200] as the optimal material, 

since lower concentrations of radicals should lead to a lower 

quenching factors.[23] Compared with HYPSO-W1 [1/200] 

(Figure 2c), all HYPSO-W2 materials afforded approximately the 

same levels of enhancement, with HYPSO-W2 [25/1] giving 

Figure 1. Comparison of materials with radicals in the pores, 
HYPSO-1, with materials with radicals in the walls, HYPSO-W. 

Figure 2. a) Synthesis of HYPSO-W1 and HYPSO-W2 materials containing radicals 
in the walls. MAS DNP performance (Proton enhancement (blue circles) and T1 
(orange circle) of b) HYPSO-W1, c) HYPSO-W2 and d) HYPSO-W2 and HYPSO-
W1 after treatment with ascorbic acid. All enhancements are determined at 600 MHz 
proton frequency (14.1 T) and ~100 K with 10 kHz MAS using 4:1 D2O:H2O as a 
solvent. T1 determined by a saturation recovery experiment. See ESI for details. 
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somewhat lower enhancements due to its lower concentration in 

radicals (See ESI for details).   

Notably HYPSO-W1 [1/200] yields effective MAS-DNP 

enhancements in solvents in which traditional polarizing agents 

like TEKPol[24] and AMUPol[25] are poorly soluble, as well as 

solvents that are poor at forming glasses (Figure 3), properties 

that, as mentioned above, are generally detrimental for DNP. 

Examination of the enhancement afforded by HYPSO-W1 

[1/200] for a mixture of D2O:H2O at different magnetic fields 

reveals an enhancement = 100 at 9.4 T (400 MHz proton 

frequency). An enhancement = 20 is obtained at 18.8 T (800 

MHz proton frequency, entries 7 and 8), an expected decrease 

with increasing field strength for DNP processes dominated by 

the cross effect.[2a, 26] Overall, this material is nearly twice as 

effective as state-of-the-art radical-containing materials for 

polarization[13, 15] in particular at high magnetic fields.[26]  

 To probe how well the radicals in the HYPSO-W materials 

are shielded from the analytes, we first treated HYPSO-W1 

[1/200] with a solution of ascorbic acid (known to reduce even 

sterically hindered nitroxide radicals),[27] and determined the 

resulting radical loading by EPR (Figure S1a). The ascorbic acid 

treatment resulted in only a 36% decrease of radical content. 

For comparison, this treatment was applied to HYPSO-1, a 

material with comparable physical features but with the radical 

localized at the pore surface, resulting in complete destruction of 

the radicals according to EPR (Figure S1b). However, both 

ascorbic acid-treated materials gave essentially no 

enhancement in the DNP experiment (Figure S1a). The poor 

enhancement in HYPSO-W1 treated with ascorbic acid indicates 

that the remaining radicals are probably too deeply embedded to 

contribute to the polarization of the molecules present in the 

pores.  

 

We therefore examined the polarization properties of 

HYPSO-W1 and the organic doped HYPSO-W2 materials 

(Figure 2d – opened circles). First, the decrease in radical 

content upon reaction with ascorbic acid is lower for HYPSO-W2 

than for HYPSO-W1 [1/200] (decrease of 22% vs. 36%). 

Second, and more importantly, these treated HYPSO-W2 

[100/1] materials still afford a 1H enhancement of 27 at 600 MHz, 

a mere 36% decrease with respect to its untreated form. When 

increasing the ratio of 2/Si(OEt)4 to 1/25, no loss of 

enhancement is observed after treatment. Overall the 

introduction of organic functionalities in the wall clearly helps to 

protect the radicals and to transfer the polarization from the 

radicals to the solvent molecules in the pores.  

With these promising results, the HYPSO-W materials 

were also tested in dissolution DNP using pyruvic acid as a 

prototypical metabolite,[3b, 3d, 4, 28] which is known to reduce 

nitroxide radicals, so that previous nitroxide-containing materials 

failed to give rise to any polarization in d-DNP.  

Dissolution-DNP experiments were carried out in a 

polarizer[29] operating at 1.2 K and 6.7 T equipped for cross 

polarization at low temperatures.[30] The optimal material is 

HYPSO-W2 [25/1], which affords a polarization P(1H) = 39.5% 

for neat pyruvic acid with DNP(1H) = 20 minutes, resulting in 

P(13C) ~17% in about 60 minutes after ascorbic acid treatment. 

By comparison, a trityl-containing material, compatible with neat 

pyruvic acid, requires a much longer polarization time of 105 

minutes.[13b] The corresponding HYPSO-W1 [1/200], which lacks 

the ethyl fragments in its walls, affords a polarization of only 

P(1H) =  22.4% with DNP(1H) = 13 minutes. While ethyl groups 

are not mandatory to polarize the frozen solutions in the pores, 

their presence is very beneficial as it significantly boosts the 

polarization rates and improves the overall maximum 

polarization attained.  

In conclusion, the introduction of electron polarization 

sources in the walls of mesostructured materials, dubbed 

HYPSO-W yield the highest enhancements in MAS-DNP for 

HYPSO materials, and are amenable to performing DNP in a 

wide variety of solvents. Importantly, HYPSO-W materials 

enable polarization of substrates in solution that would otherwise 

react with the nitroxides in conventional DNP formulations, e.g. 

neat pyruvic acid, combining the fast polarization buildup of 

nitroxide radicals and the stability of embedded nitroxide radicals. 

One critical aspect is the engineering of the structure of the 

material via incorporation of organic functionalities in the wall 

allowing more effective polarization transfer to the analyte. 
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Walls can talk. Hybrid materials 

containing nitroxide radicals 

embedded in the walls can 

polarize analytes efficiently while 

being protected by inorganic 

silica, thus leading to efficient 

polarization matrices for solid 

state and dissolution DNP.  
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