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RESUME / SUMMARY 
(2 pages maximum) 
 
This project concerns the acquisition of a high-field solid-state (800 MHz) DNP accessory for 
the Centre de RMN à Très Hauts Champs à Lyon. This equipment will be one of the very first 
to be installed in the world, as soon as it becomes available in 2011.  
 
As complexity constantly increases, molecular level characterization of materials (whether 
molecular, inorganic, nano-structured or biological) is today often the key barrier to further 
developments in many areas. Nuclear magnetic resonance (NMR) spectroscopy (often in 
conjunction with diffraction methods) is the method of choice for this type of characterization 
whenever it is possible, but many modern materials are below the sensitivity limit of detection 
for NMR. The sensitivity enhancement provided by DNP (factors up to several hundred) 
leads to reductions in experimental times of between three to five orders of magnitude. This 
changes completely the type of molecular, biological or materials systems that could be 
studied by NMR. High-field high-resolution DNP systems capable of providing these 
enhancements in a Laboratory environment have only been available commercially since last 
year. The performance of these systems (so far at 400 MHz) is outstanding, and already is 
the center of a plethora of new developments in NMR spectroscopy that were previously 
considered inconceivable. There are currently only two commercial 400 MHz systems 
installed in the world (Berlin and Lausanne). There are none in France. 
 
We propose the acquistion of a 527 GHz DNP accessory for the 800 MHz wide-bore NMR 
spectrometer at the CRMN Lyon. The CRMN Lyon is a National and European user facility, 
and the new equipment would automatically be made available as a demonstration platform 
to the broadest possible trans-disciplinary user community through the infrastructure. This 
will be the source of immediate innovations in materials science, catalysis, nanotechnology 
and structural biology. 
 
To date, most previous DNP NMR experiments have been focused on biological systems. 
While the system will be open to, and used by, biological scientists, we are particularly 
interested in the novel possibility that DNP yields to characterize surfaces and surface 
species central to modern sustainable chemistry, through catalysis and nanosciences. The 
detailed projects described herein are thus primarily aimed at developing Surface Enhanced 
NMR Spectroscopy (SENS). We propose to develop and demonstrate that SENS 
experiments are a straightforward and general method for probing the surface sites of a 
variety of support materials, such as mesoporous silicas and particulate alumina. This has 
the potential to completely revolutionise approaches to the detailed characterization of the 
structure and dynamics of surface species, thereby driving the development of new high 
performance materials.  
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1. ENVIRONNEMENT SCIENTIFIQUE ET POSITIONNEMENT DU PROJET 
D’EQUIPEMENT / SCIENTIFIC ENVIRONMENT AND POSITIONING OF 
THE EQUIPEMENT PROJECT 

 (4 pages maximum) 
 

The development of more efficient catalysts in terms of activity, selectivity, and stability 
is one of the key challenges today because of the need to optimize the use of resources 
within the context of a more sustainable development. The mechanisms governing 
conversion of atmospheric CO2, or the removal of (micro) pollutants are all based on 
chemical catalysis. Determining, understanding and characterizing the chemical species 
involved in catalysis is one of the foremost challenges to environmental and analytical 
science today. 

This research proposal concerns the acquisition of revolutionary new equipment that 
will allow the structural characterization by state-of-the art solid-state DNP-NMR 
spectroscopy of new generations of heterogeneous catalysts, involved in key reactions of 
modern chemistry and designed for sustainable processes (clean processes/green 
chemistry).  

It is estimated that catalysts are involved in 90% of all man-made chemical processes 
worldwide, with a large fraction of these processes involving heterogeneous catalysts. 
Catalysis is one of the pillars of modern society, as it is a key technology employed for 
converting natural resources into fuels, food, and basic and fine chemicals. The by products 
of these industrial reactions (e.g. CO2, NO2, metals…) are the major source of man-made 
environmental pollution today. The development of more efficient and cleaner chemical 
processes is necessary in order to guarantee future sustainable development. This is for 
instance possible through the reduction of the number of chemical steps, better use of 
resources, or the incorporation of more environmentally friendly processes. 

In the search for more efficient chemical processes, one key approach consists in 
having a precise understanding of the structure of the active sites of the catalyst. This 
enables structure-activity relationships to be deduced and allows for the rapid and intelligent 
development of catalysts with improved properties. Spectroscopic methods are particularly 
interesting because they can provide information on the electronic states and the structures 
of the active sites, which in turn provide molecular information and allow for a possible 
rational improvement of the catalysts. Within this goal, infrared (IR), Raman, solid-state 
NMR, UV-Vis and X-ray absorption (XAS) spectroscopies along with other surface science 
and molecular modeling techniques have been extensively used. 
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Over the last few years, we have shown how solid-state Nuclear Magnetic Resonance 
(SSNMR) spectroscopy can be applied to gain a detailed understanding of the active sites of 
grafted organometalic catalysts,1 supported gold nanoparticles2 or hybrid mesoporous 
materials.3 Further improved chemistry in the field of heterogeneous catalysis will come as a 
result of a joint effort from synthesis working hand in hand with advanced multi-dimensional 
NMR characterization. 

The sensitivity of NMR poses the major limitation to the structural characterization of 
surface species. Even when using highly porous nano-particles having high specific surface 
area (925 m2/g for the pore channel materials described in Figure 1), the concentration of 
NMR active nuclei often remains low (typically below 1 mmol/g for 1H and 0.01 mmol/g for 
13C in natural abundance), requiring many hours or even days to accumulate simple one-
dimensional 13C NMR spectra with reasonable signal to noise ratios. This often prevents the 
acquisition of multi-dimensional correlation spectra, thus severely limiting the characterizing 
power of SSNMR. NMR sensitivity is thus one of the key barriers to further progress in many 
areas of surface chemistry. One way to deal with this sensitivity issue, and which we widely 
exploited in the past for the characterization of grafted species, is to synthesize specifically 
carbon-13 or nitrogen-15 labeled compounds. This requires however complex additional 
synthetic procedures (for systems which are often already non-trivial to make) and cannot 
constitute a general approach. Indeed, that we have resorted to this approach in the past 
illustrates the crucial role played by NMR characterization in catalyst development. 

In the past few years dynamic nuclear polarization (DNP) has made great progress, 
and the technique, which was originally developed for low magnetic fields,4-6 has been shown 
to be applicable in high magnetic fields.7,8 For DNP the samples are doped with free radicals 
and the unpaired electrons are polarized by micro-wave (MW) irradiation. Griffin et al.9-11 

 
Figure 1: Schematic representation of typical complex modern materials, here surface 
organometallic catalysts. (a) Mo-based catalysts obtained by grafting a molecular compound 
onto on a silica support. Using this approach, the molecular compound reacts with SiOH 
ligands of the oxide support. Mono- or bis-grafted species are obtained, which may lead to 
specific interactions between the metal and the support. (b) Schematic diagram of the pore 
and channel network for meso-structured functionalized hybrid materials together with one 
targeted Mo catalyst. This approach combines the use of hybrid materials with surface 
organometallic chemistry. It allows notably a better control of the site density and the 
possibility to control the chemical nature of the binding ligand. 

. 
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have demonstrated signal enhancement factors (ε) of up to ~400 in cross-polarization (CP) 
MAS 13C and 15N spectra of frozen solutions of proteins in a D2O/H2O/glycerol mixture at 
temperatures below 90 K, using stable radicals such as TEMPO,12 or TOTAPOL13 as the 
source of polarization. Saturation of the EPR transitions of the radicals leads to polarization 
enhancement of nearby protons, and subsequent spin-diffusion leads to uniformly enhanced 
polarization of most protons in the sample. This polarization can then be transferred to other 
nuclei (such as 13C, 15N, or even 14N35 or 2H,36 by cross polarization).  

Because it provides dramatic sensitivity enhancement, solid-state Dynamic Nuclear 
Polarization (DNP) NMR is currently emerging as a powerful tool to study samples are 
available in limited amounts and previously inaccessible to NMR studies.7 Impressive DNP 
enhancements have been observed in biological samples such as amyloid fibrils,14 or 
membrane proteins.15,16  

DNP NMR instrumentation is highly complex, and the technology involving continuous 
wave gyrotron microwave sources has only recently become commercially available.8 The 
impressive gains in signal demonstrated for SSNMR experiments on biomolecular systems 
suggests that DNP will gain a more widespread acceptance in the next several years.7 
Therefore, the development of new applications for DNP SSNMR spectroscopy are of great 
importance. We anticipate that there will be great interest within the NMR and inorganic 
chemistry communities in the characterization of inorganic and hybrid materials by DNP 
SSNMR spectroscopy. 

To the best of our knowledge, so far the technique has not previously been applied 
successfully to inorganic or hybrid materials. 
 

2. DESCRIPTION SCIENTIFIQUE ET TECHNIQUE / TECHNICAL AND 
SCIENTIFIC DESCRIPTION OF THE ACTIVITIES 

2.1. ORIGINALITE ET CARACTERE NOVATEUR DU PROJET 
D’EQUIPEMENT/ORIGINALITY AND INNOVATIVE FEATURE OF THE EQUIPEMENT 
PROJECT 

(2 pages maximum) 
 

Solution and solid-state NMR spectroscopy have found widespread application in 
diverse fields such as biochemistry, synthetic chemistry, physics and medicine. Currently, 
NMR spectroscopy is limited to samples which contain a high concentration of nuclear spins 
due to the intrinsic insensitivity of the technique. As a result of this, the development of 
methods, which can enhance the signal of NMR experiments, and broaden the applications 
of NMR spectroscopy, are of great importance.  In the past two years high field DNP SSNMR 
systems have become available from commercial manufacturers. Recent high field DNP 
SSNMR studies have demonstrated that impressive signal enhancements (εH) of 1H SSNMR 
experiments by factors of ca. 50-100 are possible.7 This foreshadows a more widespread 
adoption of DNP SSNMR in next several years suggests that DNP NMR spectroscopy will 
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become a burgeoning research area, notably for samples which are available only in very 
limited amounts like surface species.  

DNP NMR will allow characterization of previously inaccessible systems. This will lead 
directly to enabling breakthroughs in areas as diverse as nao-technology, catalysis and 
structural biology. 

Here, we propose to acquire a high-field (800 MHz) Dynamic Nuclear Polarisation 
(DNP) system to place Lyon and France on the world map in advanced solid-state NMR 
technology. The research project will notably focus on the development of new DNP NMR 
methodologies for the structural investigation at the atomic scale of challenging inorganic or 
hybrid materials including heterogeneous catalysts. This equipment will be one of the very 
first DNP NMR instruments at 800 MHz worldwide (possibly the first) and will be unique in 
France. This acquisition will strengthen the position of the CRMN allowing local, French and 
European laboratories to access state of the art NMR equipment in one of the leading 
worldwide centers in NMR spectroscopy. Many local and French laboratories have shown 
their deep interest in the development of high field DNP NMR in the fields of materials and 
biological solids, and in the possibility to use of such equipment at the CRMN in Lyon. 

In the short time since this call was published, the following laboratories have already 
written letters of support included in the annex : Michel Lacroix (Director, IRCELYON Lyon), 
Bruno Chaudret (Director, LCC Toulouse, Member of the French Academy of Sciences), 
Dominique Massiot (Director, TGE-RMN & Director, CEMHTI Orléeans), Geoffrey 
Bodenhausen (ENS Paris & EPFL Lausanne), Claude Berthier (Laboratoire National des 
Champs Magnétiques Intenses), Stefano Caldarelli (ISM2 Marseille), Florence Babonneau 
(ESPCI-Collège de France), Anja Böckmann (IBCP Lyon).  

The project is also supported by the Institut de Chimie de Lyon, and the Institut 
Natioanal de Chimie du CNRS (see letters annexed).  

In addition, we received letters expressing interest from the following key international 
scientists: Clare Grey (Head of Inorganic Chemistry, Department of Chemistry, University of 
Cambridge), Brad Chmelka (Materials Sciences, University of California, Santa Barbara), 
Ivano Bertini (University of Florence, Director of the European Integrated Infrastructure for 
Bio-NMR), Jean-Marie Basset (ESCPE-Lyon & KAUST, Director of the Catalysis Institute, 
Member of the French Academy of Sciences). 

We also note that the preliminary results described in section 2.2 below were first 
presented in July at the EUROMAR meeting in Florence where more than 1200 attendees 
were present to hear more than 180 talks. The work generated much excitement, and was 
highlighted at the end of the conference in the summary session as the only major 
breakthrough of the conference in theory and methods.  

The originality and innovative nature of this project is further highlighted by noting that 
the CRMN Lyon is currently the only group in the world that has so far carried out a 
successful surface enhanced NMR study of materials by DNP. 

Although it is not the focus of this proposal, outstanding new perspectives are also 
expected in the field of biological solids, in which impressive DNP enhancements have 
already been observed in complex systems such as amyloid fibrils,17 or membrane 
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proteins.16,18 With a group of 11 members now working at the CRMN on protein related 
projects, our laboratory is one the leading groups in Europe developing solid-state NMR of 
proteins and protein assemblies. A DNP system at 800 MHz will be a unique opportunity to 
explore new frontiers in this fast developing area and tackle increasingly complex biological 
assemblies. For example, in collaboration the IBS and the EMBL (Grenoble), DNP NMR will 
be used to tackle structural information, previously inaccessible by standard solid-state NMR 
techniques, in large complexes of virus nucleocapsid proteins.  

Several industrial partners have also shown their interest in using the DNP equipment 
and we already received formal letters of support from: IFP, Rhodia and Bruker. In addition, 
as mentioned in the letter of support from Bruker, the purchase of a high-field DNP 
equipment in the CRMN Lyon, will further reinforce the collaboration between our laboratory 
and the company. Notably, the 1.3 mm probe system represents a completely new 
development, which would not be possible without this order.	   It will result in the creation of 
highly skilled jobs within the company over an enduring period, of at least 10 years, as well 
as in the academic and industrial laboratories that will acquire such systems, as a direct 
result of the demonstration experiments that will be done in the context of the current project. 
 

2.2. DESCRIPTION DU PROJET / DESCRIPTION OF THE PROJECT 

2.2.1 PRESENTATION SCIENTIFIQUE DU PROJET/SCIENTIFIC PROGRAMME 

(6 pages maximum) 
 

Although NMR provides incredibly detailed information at the atomic level on structure 
and dynamics, essential for the characterization of the majority of molecules and materials 
that make up our everyday life, it suffers from one key weakness, which is that the NMR 
signal is very weak. This prevents NMR being used for characterization in many of the most 
exciting areas of modern science, in particular the study of surfaces and materials, or the 
study of large proteins. One approach to solving this problem involves finding alternative 
sources of polarization, to enhance the NMR signal. In this respect, in the past few years 
high-field Dynamic Nuclear Polarization (DNP) has made great progress.7,8 Signal 
enhancement factors (ε) of up to ~400 (corresponding to a decrease of 160 000 in the 
experimental time!) have been reported for biological solids. This incredible increase in 
signal-to-noise from DNP is expected to open new possibilities not only in the field of 
biological solids but also in the field of materials, thus expanding the range of systems solid-
state NMR spectroscopy can successfully tackle. 

One very exciting application of DNP NMR is to the structural characterization of 
surface species, including heterogeneous catalysts. While NMR is indeed commonly 
considered as one of the best tools to access local information in terms of structure and 
dynamics of complex materials, here the low intrinsic sensitivity of surface entities makes 
NMR extremely difficult with standard approaches, even when dealing with highly porous 
materials. Through a collaboration between the CRMN, the C2P2 (CNRS - CPE Lyon - 
Université de Lyon) and the EPFL (Lausanne), which hosts one of the two 400 MHz 
commercial DNP accessories in Europe, we have recently demonstrated19 that DNP 
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technology could be used in an expeditious way for the characterization of surface species in 

organic-inorganic materials that were previously impossible to study by NMR. 
In that study, mesostructured materials (Figure 1b), functionalized with phenols or 

imidazolium units were investigated. We have shown how DNP could yield up to a fifty-fold 
increase in the NMR sensitivity of the organic functionalities of these hybrid silica materials 
as illustrated in Figure 2.19 We were notably successful in recording two-dimensional (2D) 1H-
13C correlation spectra within a couple of hours, which was inconceivable without polarization 
enhancement.  The further development of new DNP SSNMR techniques for the 
characterization of the molecular structure and dynamics of these newly synthesized 
heterogeneous catalysts will be the focus of the proposal. 

These remarkable (first worldwide) results in the field of materials open new, previously 
inconceivable, possibilities to investigate surface species in sophisticated systems of high 
fundamental and industrial relevance. In particular, this method selectively enhances the 
surface and surface species, without increasing the bulk signal which may otherwise the 
critical information coming from the surface. We believe this Surface Enhanced NMR 
Spectroscopy (SENS) approach is of particular significance. 

The acquisition of a high-field DNP system will enable us to pursue our research effort 
in this very promising area and further reinforce the recognized expertise of our laboratory in 
the field of structural and dynamics characterization of catalysts and nanomaterials. Potential 
other applications in the future will concern, among others, the advanced structural 
investigation of new classes of increasingly complex heterogeneous catalysts in collaboration 
with the C2P2 (CNRS/CPE Lyon/Université de Lyon) and the ETH Zürich, or the 
investigation of metal-organic framework materials in collaboration with the IRCELYON 
(CNRS/University of Lyon). 

We note that the project is inherently multi-disciplinary as it involves the synthesis and 
development of new heterogeneous organometallic catalysts (synthetic organometallic 
chemistry), the development of new methodologies for their characterization (NMR 
spectroscopy), and theoretical modeling of the catalyst structures (computational chemistry). 
Given the widespread industrial application of heterogeneous catalysts it is anticipated that 

 
Figure 2: 13C CP MAS spectra of the phenol-functionalized hybrid mesostructured 
materials with (top spectrum) and without (bottom spectrum) MW irradiation at 263 
GHz to induce DNP.19 
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there will be interest from both academic and industrial sectors in the results obtained from 
this project 

We are currently the only Laboratory in the world working successfully in this area, 
aided notably by the fact that we had access to the demonstration facility in Lausanne. Many 
Laboratories would be interested in taking up these developments if the equipment were 
more widely available. Increasing the availability of DNP platforms will undoubtedly lead to 
the very rapid uptake of these methods (see, for example, the letters of interest in annex). 
Furthermore, since the 800 MHz DNP system will be integrated into our national and EU user 
facilities, we can guarantee that the system will be used to solve the most pertinent problems 
without delay as they arise, whether in catalysis, structural biology or elsewhere, as it will be 
accessible to the broadest possible community of users. 

 
At a more detailed level, some of the specific objectives that we will develop on the 

road to widespread use of SENS, and which motivate acquisition of the system, are outlined 
very briefly as follows: 

 
Optimal sample preparation strategies for surface enhanced NMR. Proper sample 

preparation is the key to obtaining large DNP enhancements in these materials. Therefore, 
further investigations into optimal methods for doping catalyst materials and pre-cursors will 
be conducted. In the preliminary experiments, the dry phenol functionalized silica samples 
were doped with radicals by incipient wetness impregnation20 with a solution containing the 
radical species before filling the rotor. This appears to be an extremely promising approach, 
opening up the possibility to develop surface enhanced NMR spectroscopy. Many questions 
regarding this type of sample preparation however remain, such as the nature of the solvent 
(polar or apolar), the nature and concentration of the radical, the proportion of deuteration 
required in the solvent mixture or the effect of the presence in the solution of a cryoprotectant 
like Glycerol. Therefore, further DNP SSNMR experiments on silica particles wetted with 
different types of solvent and radicals will be conducted in order to address these issues.  
Notably, the choice of the solution containing the radical depends crucially on the material 
itself. For example, aqueous solutions do not enter the pores of passivated (hydrophobic) 
materials and would readily degrade the catalysts which will be investigated.  We anticipate 
that “inert” solvents such as alkanes and toluene should be suitable for DNP SSNMR studies 
of the heterogeneous catalysts. We will also bear in mind that while for many materials it will 
not be a problem, reactivity of the radical with the metal complexes may be an issue in some 
cases. For most of the systems we propose to study, preliminary studies show that reactivity 
with TEMPO is relatively slow at room temperature, and will be much slower at DNP 
temperatures. This will be evaluated further. In cases where reactivity does become a 
problem, the use of more bulky radicals will be investigated. The results obtained here are 
anticipated to be broadly applicable and enable DNP SSNMR experiments to be applied to a 
wide range of inorganic and hybrid materials. 

Multi-dimensional correlations from surface species at natural isotopic abundance. 
Once basic procedures for preparing samples which allow for efficient DNP signal 
enhancements have been obtained, advanced SSNMR techniques will be developed and 
applied under DNP conditions. The structure of surface species before and after the grafting 
process will be characterized. In our first series of DNP NMR experiments on the phenol- and 
imidazolium-functionalized hybrid materials,19 we have shown that through-space 1H-13C 
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chemical shift correlation spectra could be recorded in relatively short experimental times at 
natural isotopic abundance, and that they provided useful information for the unambiguous 
characterization of these materials. We propose to apply 2D 1H-15N as well as 13C-13C 
correlation experiments, at natural isotopic abundance, to obtain further insight into the 
detailed structure of the materials. In parallel, the feasibility of developing new experiments 
for surface enhanced conditions by developing through-bond heteronuclear (INEPT) or 
homonuclear (INADEQUATE) type correlation experiments will be investigated. We also note 
that correlated chemical shift distributions potentially observed with 2D INADEQUATE type 
experiments, would lead to increased spectral resolution for the surface species, and access 
to structural studies of even more complex systems.  

Surface Enhanced Proton NMR. Two-dimensional multiple quantum (MQ) 1H–1H 
spectroscopy has proved to be a powerful NMR technique to investigate structural 
information contained in 1H–1H dipolar couplings for a wide range of grafted surface 
organometallic catalysts.21-23 However, under DNP conditions, proton one-dimensional 
spectra are dominated by the huge resonances of the solvent, which masks the signals of 
the species of interest. The feasibility of implementing either MQ filters or mobility filters to 
efficiently suppress the signals from the solvent and retrieve the enhanced proton NMR 
signals of the organic fragments will be investigated. If successful, this approach could be 
extended to two-dimensional experiments, under homonuclear decoupling24,25 or constant-
time acquisition26,27 to further improve spectral resolution and information content. 

Probing the Structure of the Silica Surface. In parallel, we propose to run DNP 29Si 
SSNMR experiments in order to observe and characterize the silicon sites of the surface 
which are attached to the covalently bound organic fragments. It is well-known that solid-
state 29Si MAS NMR allows one to distinguish silicon atoms involved in siloxane bridges 
(SiO)4Si (denoted as Q4 with a resonance at -110 ppm), single silanols (SiO)3SiOH (Q3 = -
100 ppm) and geminal silanols (SiO)2Si(OH)2 (Q2 = -90 ppm). Silicon-29 T3 sites, (SiO)3SiR 
where the silicon atom is attached to an organic moiety, also have specific well-documented 
chemical shifts.28  

So far, however, using standard SSNMR technology, it is difficult to observe for 
example the silicon atoms linked to the phenol groups in the mesostructured materials likely 
because of its low concentration (1 site/nm2, see Figure 4), so that the 29Si CPMAS spectrum 
displays typically only a single broad resonance corresponding to the Q4 and Q3 species. The 
observation of the T3 resonances by surface enhanced DNP 29Si SSNMR will be a key 
objective of this project  

In a more general way, in order to understand the reactivity of a solid support with an 
organometallic complex, the knowledge of the surface structure is essential (for example the 
concentration of silanols and siloxane bridges, types of silanols which can be either isolated, 
geminal, or vicinal, etc.). We propose to use 29Si NMR in combination with DNP to 
characterize various types of solid supports, such as SBA-15 mesoporous silica or 
dehydroxylated silica treated at high temperatures (above 700 °C), and these silicas with 
grafted phenolic ligands. As an ultimate goal, silica/alumina (SiO2/Al2O3) or alumina (Al2O3) 
solid supports will be investigated by 29Si and 27Al.  There is currently interest within the 
catalysis community in studying the surface states of γ -Al2O3, which is one of the most 
commonly employed support materials for heterogeneous catalysts.29 DNP 27Al SSNMR 
could enable the more routine study of Al2O3 surfaces by preferential DNP enhancements of 
the 27Al resonances of the surface sites. 
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Surface Dynamics Characterized by SSNMR. In addition to structural questions, very 
little is known about the dynamics of surface organometallic complexes or about the potential 
impact of molecular motion on catalytic reactivity and selectivity. However, it is very likely that 
a given substrate will interact differently with a rigid catalyst than with a more flexible one. 
For example, dynamics–activity relationships are well established for enzymes.30 In a recent 
study, we reported preliminary investigations on the dynamics of grafted catalysts by means 
of solid state NMR.31 Dynamical order parameters were evaluated for a series of eleven 
transition metal alkylidene complexes involved in olefin metathesis. Remarkable differences 
were observed from one complex to another with order parameters ranging from 0.5, for the 
more mobile Re and Ta complexes, to 0.9 for the more rigid Mo complexes. These different 
dynamic behaviors were tentatively related to the presence of bulky ligands and/or to the 4d 
or 5d nature of the valence electrons of the metals.  

More recently we have shown that Mo-alkylidene catalysts display poor performance in 
ring-closing metathesis.32 This can be most likely be explained by the rigidity of the active 
site, as evidenced by the SSNMR investigations, which therefore slows the rate of the 
metathesis reaction. However, accuracy of these studies was limited by low sensitivity, 
especially since it was not feasible to acquire low temperature CP/MAS 13C SSNMR spectra 
of these complexes, due to increases in the optimal 1H recycle delays. Such 13C or 2H 
variable temperature spectra are usually the centerpiece of any dynamics dynamics study. 
DNP SSNMR experiments will enable the low temperature spectra to be inviestigated, 
allowing a more precise determination of the dynamics investigated. (Note that the dynamics 
measurements here will be done over the whole temperature range using the wetted 
samples, and compared to the dynamics observed at room temperature with dry samples, in 
order to assess any possible changes in dynamics caused by the addition of the solvent). 
The dynamics obtained from all of these measurements will then be correlated to the 
observed reactivity of the complexes in order to form dynamics-reactivity relationships, and 
guide the design of more efficient new generations of catalytic species. 

 
In addition to heterogeneous catalysts the DNP SSNMR experiments outlined in this 

proposal will be applicable to many other materials; many other classes of materials feature 
molecules/monolayers immobilized on nano- or micro-scale supports. Probing the structure 
of these materials at their surface interfaces is often necessary in order to understand the 
physical and chemical behavior of these systems. These materials have applications in 
diverse fields such as energy conversion and bio-interfaces.33,34 Given the similarities 
between the structural motifs of these materials and that of the heterogeneous catalysts 
discussed herein, it is anticipated that the DNP SSNMR methodologies outlined above will be 
broadly applicable to these materials as well.  In this way the SSNMR experiments discussed 
herein may also contribute to the development of many other fields that will enhance 
scientific excellence and competitiveness in different areas. Many of the letters of interest in 
the annex are from scientists working in these areas, and they will have access to the 
equipment through the CRMN facility. 
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2.2.2 STRUCTURE ET COMPOSITION DE L’EQUIPEMENT /STRUCTURE AND BUILDING OF THE 
EQUIPMENT 
(2 pages maximum). 

 
The CRMN Lyon is a unique, multi-disciplinary NMR platform, hosting four NMR 

spectrometers, with frequencies ranging from 500 to 1000 MHz. A 600 MHz standard bore 
(SB) spectrometer (end of 2010) and an 800 MHz WB spectrometer dedicated to 
methodological developments and advanced applications in solid-state NMR spectroscopy 
(mid-2011) will further increase the capacity of the center. The 800 MHz WB spectrometer 
will be fully compatible with the DNP system proposed here. So far only 400 MHz DNP 
spectrometers are commercially, with only two systems installed so far worldwide, but it is 
expected that 600 and 800 MHz DNP systems will become available for delivery next year 
(2011) as mentioned in the letter of support from Bruker. 

The CRMN will be one of the very first laboratories worldwide to be equipped with a 
DNP accessories at 800 MHz, which will combine both the sensitivity enhancement of DNP 
with the high-resolution required for complex systems from the high magnetic field. Indeed, 
for many applications, it is essential to maintain the high-resolution of high-field NMR with the 
sensitivity gains of DNP. 400 MHz systems notably do not provide sufficient resolution for 
many of today’s key applications in materials or in biology. Clearly, in structural biology 
applications, the crowded spectra arising from thousands of nuclei cannot be resolved at 400 
MHz (800 MHz is today’s “standard” for state-of-the-art solid state NMR investigations of 
proteins). There is currently much research being carried out in sample preparation 
strategies to preserve high resolution at cryogenic temperatures, with many encouraging 
early results in this area. The 800 MHz system will be a key tool in validating and developing 
such strategies. Further, the Lausanne group has recently published35 a lovely demonstration 
of how 14N NMR spectra can be enhaced by DNP at 400 MHz, but figure 1 in that paper 
dramatically highlights how the 400 MHz spectra of this quadrupolar nucleus are much less 
well resolved than “ordinary” 800 MHz spectra.  

It should also be noted that, while several French laboratories have projects for 
installing commercial systems at 400 and 600 MHz, they have not yet been achieved, and 
there are no high-field DNP systems currently in France. 

The DNP equipment will include a 527 GHz continuous-wave gyrotron, a transmission 
line, a cooling cabinet and two low temperature (100 K) magic angle spinning (MAS) probes: 
a triple resonance 3.2 mm probe, and a double resonance 1.3 mm probe.  

As indicated in the letter of support from Bruker, the 1.3 mm probe system represents a 
completely new development, that does not exists so far, and which is expected to lead to a 
completely new prospective market in the area of surface enhanced NMR for new materials. 
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2.2.3 ENVIRONNEMENT TECHNIQUE / TECHNICAL ENVIRONNEMENT 
(3 pages maximum) 
 

The CRMN building has a spectrometer hall of 380 m2 that will host in 2011 six high-
field NMR spectrometers. The DNP equipment (including the 9.7 T superconducting magnet 
and the control system of the gyrotron) was envisioned as a possibility at the design stage of 
the building, and it will be located next to the 800 MHz WB spectrometer, where a suitable 
space of about 30 m2 is reserved. Only minor building work (mainly electrical work) will be 
necessary prior to the installation of the DNP instrument. Note that a liquid nitrogen line, 
connected to an external tank, already serves the spectrometer hall, and will be used to 
continuously fill the cooling cabinet. This will greatly simplify the day to day handling of the 
DNP equipment. The chillers that should be isolated from the work area will be installed in 
the basement (under the floor). 

We note that this project has the double advantage that we already have the significant 
technical infrastructure and space required for the installation at the CRMN, and we have 
already acquired the 800 MHz WB NMR system (itself one of only a handful in the world) to 
be delivered in 2011 that is obviously a prerequisite for DNP. This greatly simplifies this 
project, at both the technical and financial level. (The 800 WB system itself cost over 3 
million euros, which would more than double the cost of a DNP project “from scratch”!). The 
CRMN thus appears a natural choice for the installation of a high field DNP system at low 
cost and high efficiency. The highly skilled personnel required to operate the system is also 
already in place, with previous DNP experience. 
 

3. STRATEGIE DE VALORISATION DES RESULTATS/ DISSEMINATION 
AND EXPLOITATION OF RESULTS 

(2 à 3 pages maximum)  
 

DNP is an emerging technology in the field of solid-state NMR spectroscopy. 
Therefore, we anticipate that the results of this project will make significant impact in the 
areas of catalysis and NMR spectroscopy. Currently, NMR spectroscopy is limited to 
samples which contain a high concentration of nuclear spins due to the intrinsic insensitivity 
of the technique. As a result of this, the development of methods which can enhance the 
signal of NMR experiments, and broaden the applications of NMR spectroscopy are of great 
importance. In particular, given the difficulties in probing the structure of heterogeneous 
catalysts at the molecular level, the development of new methods capable of examining 
these systems is invaluable for the further design, and improvement of more efficient and 
environmentally friendly catalysts, in the context of sustainable development. 

The results that will be obtained in this project will be published in high impact journals 
and are of interest to a wide community of scientists. They will be continuously presented, as 
the work progresses at international conferences and as publications. 

Solid-sate DNP NMR spectroscopy should be applicable to a wide range of materials, 
with applications in environmental science, biology, or medicine, further widening the 
applicability of this method. The technical advances in analytical capacity that are the direct 
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result of this project will directly enable other scientists to attack new materials systems that 
were previously impossible.  

The project will have a clear impact on the competitivity of industrial research (see the 
letter of support from Rhodia for instance). As mentioned in the letter of support from Bruker, 
the potential market for this type of equipment is expected to be large. The demonstration 
experiments that will be done in the context of the current project will therefore considerably 
stimulate the research teams in industry all around the world. The collaboration with Bruker 
on the development of a DNP 1.3 mm probe will result in the creation of highly skilled jobs 
within the company over an enduring period, of at least 10 years, as well as in the academic 
and industrial laboratories that will acquire such systems. 

This scientific project deals with quite fundamental science and the main fallout will be 
to enhance the state of the art in the field, enabling other scientists to make faster progress 
towards the structural characterization of challenging solid materials. However, any result, 
intermediate or final, that are identified as having potential added value will be systematically 
patented by our institutions. 
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4. MANAGEMENT DU PROJET / PROJECT MANAGEMENT 

4.1. ASPECTS ORGANISATIONNELS / MANAGEMENT  

4.1.1 QUALIFICATION DU COORDINATEUR DE PROJET /RELEVANT EXPERIENCE OF THE 
PROJECT COORDINATOR 
(1 page maximum) 
 

The project will be coordinated and managed by Professor Lyndon Emsley (Scientific 
Director of the CRMN Lyon), assisted by Anne Lesage (IR1 CNRS, technical director of the 
CRMN Lyon), and Audrey Marchetti (Gestionnaire du CRMN). Emsley has extensive 
managerial experience that includes managing other ANR or large European grants, as well 
as managing the activity of the CRMN as a National and European Large Scale User Facility. 
The CRMN currently provides around 300 days of spectrometer time per year to external 
users on our high-field machines. He has extensive experience with managing the funding 
and installation of complex high-field NMR equipment. The CNRS will provide the required 
infrastructure for accounting and auditing. 

The Emsley group have established themselves as one of the premier research 
groups in the field of solid-state NMR of heterogeneous catalysts, evidenced by a large 
number of high impact publications concerning the characterization of heterogeneous 
catalysts since 2001.  The group has established international collaborations in the areas of 
SSNMR and catalysis, leading to publications with collaborators including: 

 
Nobel Laureate Prof. Richard R. Schrock (MIT, USA) 
Prof. Christophe Copéret (ETH Zurich, Switzerland) 
Prof. Geoffrey Bodenhausen (EPFL, Switzerland) 
Prof. Robert L. Vold (William and Mary, USA) 
Prof. Eric Oldfield (University of Illinois, USA) 
Prof. Adriano Zecchina (University of Turin, Italy)  
 
In addition to collaborations with international research groups, much work is done 

with other French research groups such as Prof. Odile Eisenstein (Montpellier) and French 
Academy of Science member J.M. Basset (CNRS Lyon).  The work resulting from these 
collaborations has been published in prestigious journals such as the Journal of the 
American Chemical Society, Angewandte Chemie, Proceedings of the National Academy of 
Sciences, and Science.  

The research group also has access to some of the best facilities and equipment in the 
world for SSNMR studies of heterogeneous catalysts. 
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4.1.2 MODALITES DE COORDINATION/ COORDINATION MODALITIES 
(1 page maximum) 
 

Since there is only one funded partner, project coordination of finances and reporting 
should be straightforward, and no major problems are foreseen. Scientific coordination with 
the international collaborating Laboratories in academia and industry, as well as provision of 
access to third party users, builds on extensive previous experience a number of well-
established collaborations, and coordination should again not be an issue. 

 
The DNP equipment will be shared between in-house research and external users. 

Since 2008, the CRMN is a founding member and driving force of the national “Très 
Grand Infrastructure de Recherche” for NMR (TGIR-RMN), and provides 30% of access to 
national users on its high-field NMR spectrometers. The 800 MHz WB spectrometer will be 
part of this national facility and in this context up to 100 days per year could be provided to 
national users. 

The DNP equipment is neither funded by the TGIR-RMN Federation nor is it part of 
the TGIR programming. The equipment therefore qualifies for funding through EQUIPEX. 
We do propose however that operationally this DNP capacity will benefit from the experience 
and infrastructure of the Laboratory for providing access to external users. Since the 800 
MHz WB spectrometer to which it will be connected is included in the access scheme of the 
TGIR-RMN, the DNP accessory will naturally be made available to external French users 
through this national federation, with projects reviewed and selected by national experts. The 
DNP instrument will be a unique platform optimized for the development of high-level DNP 
experiments, and is expected to attract many national users (see the letters of support from 
the French community). Similarly the equipment will be available to European Users through 
the Integrated Infrastructure Initiative, Bio-NMR (the successor program to EU-NMR). 

The DNP equipment will increase the capacity of the center both for its activity as a 
Large Scale Facility at the National and European levels, as well for in-house research 
activity and for the strong network of local, regional, national and international collaborations 
in a range of interdisciplinary areas ranging from catalysis and sustainable development, to 
structural biology. 

The TGIR and EU platforms will clearly guarantee the accessibility of the equipment to 
the broadest possible user community. Notably the access protocols and review procedures 
meet the highest standards of transparence, and the results of the access programs are 
critically reviewed annually (for the national TGIR structure) and bis annually for the EU 
facility. 

Specifically, access to the 800 MHz wide bore NMR system will be governed by the 
rules typical for most TGIR type infrastructures (Synchrotron sources, Neutron sources, 
High-Field NMR…) (details can be found at www.ralf-nmr.fr, www.tgir-rmn.org, and www.eu-
nmr.eu), with a continuous call for proposals, which are submitted through a website. The 
proposals are sent for critical evaluation to an external review panel, and if the review is 
positive spectrometer time is assigned, and the costs of the spectrometer time, and travel 
and lodging of the visiting scientists, are covered by the CRMN through dedicated CNRS 
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TGIR or EU funds. The CRMN has several years of experience successfully operating this 
kind of open access procedure. 
 

4.2. ORGANISATION DU PARTENARIAT / COLLABORATION ORGANIZATION 

4.2.1 DESCRIPTION, ADEQUATION ET COMPLEMENTARITE DES PARTENAIRES/PARTNERS 
DESCRIPTION , RELEVANCE AND COMPLEMENTARITY  
 

The Centre for High Field NMR (CRMN) in Lyon is part of the Université de Lyon, and 
is operated by the CNRS and the Ecole Normale Supérieure de Lyon (one of France's 
foremost teaching and research institutions). The centre is led by Prof. L. Emsley and there 
is an internationally recognized group of over 20 scientists employed in the group. The center 
is devoted to developing novel applications of very high-field multi-nuclear NMR 
spectroscopy, in all areas of science ranging from physics and chemistry to medicine. The 
CRMN thus provides high-level expertise in NMR techniques for the investigation of 
molecular structure, dynamics, and function. The Emsley research group now has 
accumulated more than 150 publications in international journals, with papers appearing in 
prestigious peer-reviewed journals such as Science, Proceedings of the National Academy of 
Sciences (USA), the Journal of the American Chemical Society and Angewandte Chemie.  

The Center houses a 500, a 700 and a 800 MHz spectrometers, all equipped with 
solid-state NMR hardware. The world's first 1 GHz NMR system was installed in July 2009 
and, is now fully operative for solution and solid-state NMR spectroscopy. In addition to these 
pre-existing capabilities, the delivery of an 800 MHz WB solid-state NMR spectrometer will 
take place in 2011. The DNP equipment will be installed on this instrument and will add 
another unique capability to the CRMN. Lyon is recognized as one of only four national 
centers of excellence in Chemical Sciences.  

The centre operates a national and international user facility, providing access to its 
unique infrastructure. This activity has been recognized by the European Commission, 
through the award of two I3 grants to support trans-national access (see www.ralf-nmr.fr). In 
conclusion, the CRMN Lyon provides a unique, high-level, multi-disciplinary research 
environment for NMR spectroscopy, perfect for developing new experimental methods 
capable of probing the structure of materials and heterogeneous catalysts. 

In relation to the current project, as described in section 4.1.1. above, the Emsley 
group has extensive experience in applying advanced high resolution solid-state NMR 
techniques to characterize a variety of heterogeneous catalysts, with many international 
collaborations. The CRMN thus provides the perfect environment to develop the project 
proposed here, both in terms of an internationally recognized scientific surrounding, and in 
terms of a world-class infrastructure. 
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4.2.2 QUALIFICATION, ROLE ET IMPLICATION DES PARTENAIRES  / QUALIFICATION, ROLE AND 
INVOLVEMENT OF INDIVIDUAL PARTNERS  
 

Pr. Lyndon Emsley is a professor at the Ecole Normale Supérieure de Lyon and the 
scientific director of the CRMN Lyon. He has been pioneered novel experimental approaches 
for significant advances in solid-sate NMR over the last 20 years. His research was 
consequently been internationally honored and has resulted in over 150 publications in 
international journals, stimulating major impact in areas ranging from catalysis to systems 
biology. Prof. Emsley has extensive previous experience successfully leading and managing 
dozens of previous contract based mono- or multi-partner research projects funded by the 
EU, France, or industry, ranging from 100 k€ to over 15 million €. 

(http://perso.ens-lyon.fr/lyndon.emsley/) 
 

Dr. Anne Lesage, IR1 at the CNRS, is an outstanding spectroscopist behind many 
pulse sequences developed in the Center. The quality and originality of her recent research 
are proved by more than 80 papers published in excellent high-profile international journals. 
She is coordinating and pursuing an extremely productive and innovative research line on 
the demanding structural characterization of surface catalysts by NMR. At the same time, 
she is responsible for the technical infrastructure of the CRMN and, was notably in charge of 
planning, realizing and organizing the setup of the new High-Field centre of NMR in Lyon 
 

Dr. Moreno Lelli recently joined the European Centre for High-Field NMR in Lyon as 
Ingénieur de Recherche (IR 2). His expertise in the field of solid-state NMR spectroscopy 
started in the group of Prof. Bertini (University of Florence) and is recognized as documented 
by high-impact publications (among which 6 JACS papers, 1 PNAS…). Moreno Lelli is 
notably in charge of the external national and international users at the CRMN and of the 
maintenance of the NMR spectrometers. 
 
Partner Surname First name Position Domain Organization or 

company 
Contribution in the project 
(4 lines max) 

CRMN EMSLEY Lyndon Professor NMR 
spectroscopy 

ENS-Lyon Coordination du projet, suivi de 
la mise en place de 
l’appareillage, orientations 
stratégiques, développements 
méthodologiques. 

CRMN LESAGE Anne IR 1 CNRS NMR 
spectroscopy 

CNRS Coordination de la mise en 
place de l’équipement, 
maintenance de l’appareillage, 
développements de nouvelles 
methodologies, acquisition des 
spectres. 

CRMN LELLI Moreno IR 2 CNR NMR 
spectroscopy 

CNRS Maintenance de l’appareillage., 
acquisition des spectres, 
développements de nouvelles 
methodologies, assistance aux 
utilisateurs. 

 
In summary the CRMN is a world-class (AERES A+) research laboratory in NMR 
spectroscopy, and the project leaders are internationally recognized, prize-wining scientists. 
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Lyndon Emsley: 
1991. Fellow of the Miller Institute for Basic Research in Science, Berkeley, CA 

1994. Foreign Member of the Institut Universitaire de France.  

2002. Member of the Institut Universitaire de France.  

2004. Gallileo Lecturer in Chemistry, Università di Pisa, Italy 

2005. CNRS Silver Medal in Chemistry 

2009. EAS Award for Outstanding Achievement in Magnetic Resonance 

2010. Luigi Sacconi Medal of the Italian Chemical Society. 

Anne Lesage: 
2010. Cristal du CNRS 
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5. EVALUATION FINANCIERE DU PROJET/ FINANCIAL ASSESSMENT 
 
1. La justification scientifique et financière des montants demandés au titre du coût 
d’investissement  
 

Bruker BioSpin developed and introduced in 2009 the world’s first commercially 
available 263 GHz Solid-State DNP-NMR spectrometer (400 MHz NMR frequency) that 
takes advantage of the inherent dramatic sensitivity enhancements enabled by the Dynamic 
Nuclear Polarization technique. As mentioned in the letter of support from Bruker, this 
technological, scientific and industrial success leads them to now develop and commercialize 
the first 527 GHz DNP system that will be compatible with 800 MHz WB NMR spectrometers, 
and available for delivery in 2011. (Bruker is currently the only company in the world offering 
this type of equipment). 

Notably, the 1.3 mm probe system represents a completely new development, which 
would not be possible without this order. This probe will open outstanding new perspectives 
in the study of surface materials. 

In order to further reinforce the partnership between the company and the CRMN, Bruker 
proposes a special discount of 350 k€ for the 800 MHz DNP equipment. 

 

Gyrotron DNP system : 1 190 000 € 
(includes the electronic tube, the superconducting magnet, and the control system) 
 
Low temperature (100 K) triple resonance 3.2 mm MAS probe at 800 MHz 240 500 € 
Low temperature (100 K) double resonance 1.3 mm MAS probe at 800 MHz 360 000 € 
 
Cooling Unit 190 000 € 
 
Total of the DNP NMR equipment: 1 980 500 € 
(according to the quotation provided by Bruker and given in the annex) 
 
Co-funding by Bruker Biospin (Special discount): - 350 000 € 
 
Building work and miscellaneous equipments 
(liquid nitrogen line fitting, liquid nitrogen dewars, electrical works) 40 000 € 
 
Total of the investment costs: 1 670 500 € HT 
 
 1 996 248 € TTC 
 
Note that this investment is not supported or programmed by the TGIR-RMN, and is therefore eligible for 
EQUIPEX. 
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2. La justification scientifique et financière des montants demandés au titre du coût de 
fonctionnement hors masse salariale. 
 
Running costs are estimated at:  57 000 € HT 
(per year, corresponding to 3 full months of experiments):  
 
They include : 
 
The cost of the liquid nitrogen  14 k€ 
The cost of the dry nitrogen gas 8 k€ 
The costs for the maintenance of the equipment 12 k€ 
The fluids for the gyrotron 7 k€ 
The DNP rotors (four 3.2 mm and four 1.3 mm rotors per year) 16 k€ 
 
 
The running costs calculated for a period of 8 years are: 456 000 € HT 
 
 545 376 € TTC 
 
Note that these costs correspond only to the additional running cost associated directly with the DNP 
accessory, and will not be funded by the TGIR programming. They are therefore eligible for EQUIPEX. 
Note that these costs do not include the ordinary running costs of the 800 WB spectrometer and 
magnet itself, nor do they include costs for user travel and lodging, as these costs are already 
included in the 800 MHz WB TGIR activity. 
 
 
3- La justification scientifique et financière des autres frais engendrés par l’acquisition et le 
fonctionnement de l’équipement, qui ne seront pas financés (hors assiette de l’aide), mais 
qui seront pris en compte pour le calcul du coût complet de l’opération.  
 

 

NOM %temps passé pour la phase de 
fonctionnement Grade/échelon 

Lyndon Emsley 8 hommes.mois* Professeur 
Anne Lesage 16 hommes.mois* IR 1 
Moreno Lelli 16 hommes.mois* IR 2 
xx 16 hommes.mois* Doctorant 1 
xx 16 hommes.mois* Doctorant 2 
xx 16 hommes.mois* Post-Doctorant 1 
xx 16 hommes.mois* Post-Doctorant 2 

 
* pour une durée de fonctionnement de l’équipement de 8 ans. 
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6. ANNEXES / APPENDICES 
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