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Wafers

Battery materials

Surface organometallic 
catalysts Ligand-capped nanocrystals

The properties of functional materials 
often result from their structure at 

surfaces or interfaces

Micro & Meso 
Porous Materials
e.g. Zeolites, SBA, ...

Nanoparticles, 
highly porous silica, 
alumina, ...

Most other metal oxides
e.g. Rare-earth oxides, 
supported nanoparticles, ...

Well defined facetted 
oxide crystals

Flat surfaces
e.g. silicon wafer, ...

1000 m2/g 0.11.010100

10 mmol/g 10 µmol/g
NMR Today Hi-SENS

Functional Materials: Characterisation is the Key

Understanding these structures is 
essential to improve their 

performance



Wafers

Battery materials

Surface organometallic 
catalysts Ligand-capped nanocrystals

When surfaces can be characterised by 
NMR, information content is rich.

Micro & Meso 
Porous Materials
e.g. Zeolites, SBA, ...

Nanoparticles, 
highly porous silica, 
alumina, ...

Most other metal oxides
e.g. Rare-earth oxides, 
supported nanoparticles, ...

Well defined facetted 
oxide crystals

Flat surfaces
e.g. silicon wafer, ...

1000 m2/g 0.11.010100

10 mmol/g 10 µmol/g
NMR Today Hi-SENS

Functional Materials: Characterisation is the Key

But the sensitivity is an issue and it 
requires high-surface area, high density of 

sites, isotopic labelling...



Why is NMR so insensitive?

Ludwig Boltzmann

Unpaired electrons are much more polarized than nuclei !
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Exploiting the electronic polarization

‘‘Within the framework of the single 
particle model an enhanced nuclear 

polarization is predicted as the result of 
relaxation processes that occur when the 

electron-spin resonance is saturated.’’

Overhauser, October 1953

Charles P. Slichter  
(1924- 2018)

First experimental 
evidence of successful 
electron polarization 

transfer to a 7Li nucleus 
by Carver and Slichter in 

1953 !

« Dynamic Nuclear Polarization (DNP) »



DNP Surface Enhanced NMR Spectroscopy:
Touching the Surface

DNP SENS

Ni, Q. Z. […] Temkin, R. J.; Herzfeld, J.; Griffin, R. G. « High Frequency Dynamic Nuclear Polarization ». Acc. Chem. Res. 2013, 46 (9), 1933–1941. 

Rossini, A. J.; Zagdoun, A.; Lelli, M.; Lesage, A.; Copéret, C.; Emsley, L. » DNP Surface Enhanced NMR Spectroscopy. » Acc. Chem. Res. 2013, 46 (9), 1942. 
Berruyer, P.; Emsley, L.; Lesage, A. « DNP in Materials Science: Touching the Surface ». eMagRes 2018, 7 (4), 93–104.



The Very First DNP SENS Experiments

Lesage et al, J. Am. Chem. Soc. 132, 15459 (2010) 
Lelli et al, J. Am. Chem. Soc. 133, 2104 (2011)

Incipient wetness impregnation with  
90:10 D2O/H2O & 25 mM TOTAPOL 

T = 105 K, 263 GHz, 9.4 T, 10 kHz MAS

MW ON



A Decade of Ongoing Fundamental Developments

DNP

No DNP

εH > 200 up to 21.1 T and 

60 kHz MAS (at 100 K)

Casano, G.; Karoui, H.; Ouari, O. « Polarizing Agents: Evolution and Outlook in Free Radical Development for DNP ». 
eMagRes 2018, 7, 195–208. 
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A Decade of Ongoing Fundamental Developments

Dedicated formulation strategies for 
reactive surfacespolarising agent

particles with reactive surfaces 

encapsulated polarising agent
particles covered with protecting groups 

Liao, Copéret et al, Chem. Sci. 2017, 8 (1), 416–422. 
Yakimov, Copéret al,  Phys. Chem. Lett. 2020, 11 (9), 3401–3407.
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enhancement.26	 Therefore,	 it	 is	 desirable	 to	 develop	 polarizing	
agents	that	are	more	compatible	with	reactive	materials.	

Herein	 we	 present	 the	 syntheses	 (Scheme	 1)	 and	 EPR	
characterization	of	dendritic	PAs	combining	a	monoradical,	2,2,6,6-
tetramethylpiperidine	 1-oxyl	 (TEMPO),	 or	 biradicals	 (bTUrea	 and	
PyPol)33	 with	 core-functionalized	 hydrophobic	 carbosilane	
dendrimers34,	35.	We	 show	 in	 particular	 that	 the	 dendritic	 PA	with	
the	 bulkiest	 and	 most	 rigid	 structure	 displays	 the	 minimum	
interference	with	 the	surface	sites,	 thereby	preserving	 the	nuclear	
relaxation	 constant	 (T’2)	 and	 improving	 their	 DNP	 SENS	
performance.	We	also	 illustrate	 the	advantage	of	dendritic	PAs	by	
characterizing	 a	 reactive	 material,	 a	 recently	 developed	 cationic	
heterogeneous	 alkene	 metathesis	 catalyst36.	 Notably,	 for	 this	
particular	 catalyst,	 the	currently	 favored	biradical,	TEKPol,	 showed	
no	DNP	enhancement.		

Results	and	discussion		
General	description	of	syntheses		

A	convergent	synthetic	route	for	the	dendritic	PAs	was	adopted,	
in	which	the	monoradical	or	biradical	is	introduced	on	dangling	OH	
or	NH2	functionalities	at	the	core	of	the	dendrimer	(Scheme	1).	For	
the	free	radical	part,	commercially	available	monoradical,	4-carboxy	
TEMPO	was	used.	The	biradicals,	bTUreaB	and	PyPolB	biditroxides	
were	 prepared	 by	 adapting	 reported	 procedure.33	 For	 the	
dendrimer	part,	 carbosilane-dendritic	backbones	were	 chosen	due	
to	 their	 apolar	 and	 inert	 nature.	 A	 divergent	 repetitive	 Pt(0)-
catalyzed	 hydrosilylation	 and	 Grignard	 displacement	 strategy	 was	
utilized	to	construct	them	(Scheme	2).		

Two	 designs	 of	 dendrimers	 Di	 were	 explored:	 D1	 with	 two	
dendritic	 wedges	 and	D2	with	 three	 dendritic	 wedges	 (Scheme	 1	
and	 2a).	 From	 allylbenzyl	 ether,	 D1	 was	 built	 by	 repetitive	
hydrosilylation	 with	 (dichloro)phenylsilane	 catalyzed	 by	 Karstedt’s	
catalyst37	 followed	 by	 the	 reaction	 with	 allylmagnesium	 bromide.	
Trideuteriomethyl-magnesium	 iodide	 (CD3MgI)	 was	 used	 to	 install	
the	end	groups	to	prevent	fast	electron	relaxation	promoted	by	the	
rotations	of	methyl	groups	at	100K.38,	39	The	benzyl	group	was	then	
removed	 by	 homogeneous	 oxidative	 cleavage	 to	 generate	 the	OH	

anchor	 group.	 (Scheme	 2b)	 We	 noted	 that	 the	 typical	 Pd/C	
catalyzed	reductive	cleavage	failed,	suggesting	the	inaccessibility	of	
the	 benzyl	 ether	 on	 the	 dendrimer	 to	 the	 Pd/C	 surface.	D1	 with	
generation	3	and	generation	4	(D1[G3]/[G4])	were	synthesized,	and	
their	 respective	 hydrodynamic	 diameters	 are	 around	 1.7	 nm	 and	
2.3	nm	according	to	DOSY	NMR	(ESI).		

For	 D2,	 the	 same	 divergent	 synthetic	 strategy	 was	 utilized.	
Trichlorosilane	was	 used	 instead	 of	 dichlorophenylsilane	 to	 afford	
three	branches	at	 the	diverging	points.	Since	allylbenzyl	ether	was	
reduced	by	silyl	hydride	at	the	oxygen	site,	3-chloro-1-propene	was	
thus	used	instead,	and	Lukevic’s	catalyst40	was	used	to	catalyze	the	
hydrosilylation.	 The	 alkyl	 chloride	 at	 the	 core	 of	D2	 was	 found	 to	
exchange	 with	 CD3MgI	 and	 result	 in	 insoluble	 gel	 product.	
Benzylmagnesium	chloride	was	 thus	used	 instead	 to	 form	 the	end	
groups	of	D2.	 Further	 azide	 substitution	 and	 Staudinger	 reduction	
afforded	 the	 NH2	 anchor	 group	 (Scheme	 2b).	 Notably,	 the	
substitution	step	took	days	 to	complete,	 indicating	 that	 the	amine	
site	 is	 probably	 buried	 in	 the	 dendrimer.	 D2	 with	 generation	 3	
(D2[G3])	was	synthesized,	and	its	hydrodynamic	diameter	is	around	
2.3	nm	(ESI),	which	is	larger	than	D1[G3].		

Finally,	 dendritic	 PAs	 were	 readily	 formed	 via	 conventional	
ester/amide	bond	couplings.	However,	we	noted	that	PyPolB	could	
not	 be	 connected	 to	 OH-anchored	 dendrimers	 (D1[G3]/[G4])	
possibly	 due	 to	 the	 large	 steric	 hindrance	 of	 the	 dendrimer	 and	
lower	reactivity	of	OH	group.	

EPR	property		

Obtaining	good	DNP	enhancements	requires	a	homogeneous	
distribution	 of	 PAs	 in	 the	 frozen	 glassy	 matrix.	 Aggregation	 or	
crystallization	can	generate	an	 inhomogeneous	distribution	of	 free	
radicals	leading	to	a	lower	DNP	efficiency.41	As	macromolecules	are	
known	 to	 self-assemble/aggregate,42	 the	 EPR	 properties,	 in	
particular	line	widths	and	relaxation	time	constants	(T1e	and	T2e),	of	
the	dendritic	PAs	were	measured.	First,	the	dendritic	monoradicals	
(TEMPO-D1[G3]/D1[G4]/D2[G3])	 and	 the	 non-dendritic	 analogue	
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a joint laboratory with IFPEN

Huhn, A.; Wisser, D. […] Lesage, A.; Michel, C.; Raybaud, P. ACS Catal. 2021, 11 (17), 11278–11292

Structural Characterization of Phosphate Species 
Adsorbed on γ-Alumina
Pural	SB3	Sasol®	

Incipient wetness with  
TCE & 16 mM TEKPOL2 

T = 105 K, 263 GHz, 9.4 T

εH (solvent) ∼ 100

{31P}-27Al  D- and J-HMQC 
4.5 hours 

(1700 days without DNP) 

The presence of polyphosphates and of 
Al−O−P connectivities at the exposed facets 
of γAl2O3 is experimentally demonstrated.

Chaire ROAD4CAT 



DNP enhanced solid-state spectroscopy of  
supported molecular catalysts

© P. Florian
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Romanenko, I. et al, Angew. Chem. Int. Ed. 2015, 54 (44), 12937–12941. 
Romanenko, I. et al, T, Chem. Eur. J. 2017, 23 (64), 16171–16173.

DNP SENS of Supported Molecular Catalysts
N-Heterocyclic Carbene (NHC) materials of high catalytic performance  

The imidazolium 
precursor

The iridium complex

The silver intermediate

Post-reactions to give an
imidazolium-containing material  
(with deuterated mesityl rings 

and TMS groups)

1.2 equiv. Ag(OC(CF3)3) 
CN, RT, dark

Ir(COD)2Cl2

hydrogenation of functional alkenes
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DNP SENS of Supported Molecular Catalysts
N-Heterocyclic Carbene (NHC) materials of high catalytic performance  

The imidazolium 
precursor

The silver intermediate

Post-reactions to give an
imidazolium-containing material  
(with deuterated mesityl rings 

and TMS groups)

1.2 equiv. Ag(OC(CF3)3) 
CN, RT, dark

Ir(COD)2Cl2

hydrogenation of functional alkenes

Predicting and/or characterising the structure of 

the catalytic sites is extremely challenging due 

the complex chemistry, the presence of spectator 

species and their low concentration.
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DNP SENS of Supported Molecular Catalysts
N-Heterocyclic Carbene (NHC) materials of high catalytic performance  

Incipient wetness with  
TCE & 16 mM TEKPOL2 
T = 105 K, 263 GHz, 9.4 T
εH (solvent) ∼ 200

The imidazolium 
precursor

The iridium complex

The silver intermediate

Post-reactions to give an
imidazolium-containing material  
(with deuterated mesityl rings 

and TMS groups)

1.2 equiv. Ag(OC(CF3)3) 
CN, RT, dark

15N labelling

13C labelling

Ir(COD)2Cl2
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DNP SENS of Supported Molecular Catalysts
Expeditious acquisition of one- and two-dimensional spectra
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DNP SENS of Supported Molecular Catalysts
Expeditious acquisition of one- and two-dimensional spectra

~ 2 hours for a 2D spectrum 
(~ 1 month without DNP)
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DNP SENS of Supported Molecular Catalysts
Site-selective measurements of distances 

Incipient wetness with  
TCE & 16 mM TEKPOL2 
T = 105 K, 263 GHz, 9.4 T
εH (solvent) ∼ 200

The imidazolium 
precursor

The iridium complex

The silver intermediate

15N labelling

13C labelling

Post-reactions to give an
imidazolium-containing material  
(with deuterated mesityl rings 

and TMS groups)

1.2 equiv. Ag(OC(CF3)3) 
CN, RT, dark

CW microwaves

SPINAL-64

t2

e-

1H

X

Y
n n

13C6(Ir)
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DNP SENS of Supported Molecular Catalysts
Site-selective measurements of distances 

Incipient wetness with  
TCE & 16 mM TEKPOL2 
T = 105 K, 263 GHz, 9.4 T
εH (solvent) ∼ 200

The imidazolium 
precursor

The iridium complex

The silver intermediate

15N labelling

13C labelling

Post-reactions to give an
imidazolium-containing material  
(with deuterated mesityl rings 

and TMS groups)

1.2 equiv. Ag(OC(CF3)3) 
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DNP SENS of Supported Molecular Catalysts
Site-selective measurements of distances 

Incipient wetness with  
TCE & 16 mM TEKPOL2 
T = 105 K, 263 GHz, 9.4 T
εH (solvent) ∼ 200

The imidazolium 
precursor

The iridium complex

The silver intermediate

15N labelling

13C labelling

Post-reactions to give an
imidazolium-containing material  
(with deuterated mesityl rings 

and TMS groups)

1.2 equiv. Ag(OC(CF3)3) 
CN, RT, dark

CW microwaves
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DNP SENS of Single-Site Heterogeneous Catalysts
A set of structural constraints at all stages of the synthetis
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DNP SENS of Supported Molecular Catalysts
Ir-NHC hybrid materials of high catalytic hydrogenation performance  

Incipient wetness with  
TCE & 16 mM TEKPOL2 
T = 105 K, 263 GHz, 9.4 T

The iridium complex

The silver intermediate

Post-reactions to give an
imidazolium-containing material  
(with deuterated mesityl rings 

and TMS groups)

1.2 equiv. Ag(OC(CF3)3) 
CN, RT, dark

The imidazolium 
precursor



Post-reactions to give an
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The imidazolium precursor

Ir 1.2 equiv. Ag(OC(CF3)3) 
CN, RT, dark

The silver intermediate

completely disordered structures? 
distributions rather flat on the surface? 
distributions pointing into solution? 
a well-defined structure pointing into solution?

This can’t be the final structure!

EXAFS data point towards the presence of 
carbon and chlorine atoms around the Ir 

center (and not of oxygens).
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