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Program 

Friday, 27.6.2014 

08.00 - 08.45 Registration (HCI J floor) 

08.45 - 09.00 Welcome and Opening (HCI J3) 

09.00 - 10.30 Tutorial Talks (room HCI J3) 

 Boyd Goodson: Hyperpolarizing nuclear spins of noble gases via 
spin-exchange optical pumping: principles and practice for 
Enhancing NMR and MRI 

 Kerstin Münnemann: NMR and MRI sensitivity enhancement by 
Parahydrogen Induced Polarization 

10.30 - 11.00 Coffee Break (HCI J floor) 

11.00 - 12.30 Tutorial Talks (room HCI J3) 

 Sami Jannin: Dynamic Nuclear Polarization Appetizer 

 Malcolm H. Levitt: Long-Lived States 

12.30 - 14.00 Lunch Break (Mensa) 

14.00 - 15.00 Plenary Session (room HCI J3) 

 Jan Henrik Ardenkjær-Larsen: SpinLab-DNP polarizer designed with 
sterile use intent 

 Ville-Veikko Telkki: Metal-Free Catalysts for PHIP 

15.00 - 15.30 Coffee Break (HCI J floor) 

15.30 - 18.30  Working Group Meetings (HCI J3,4,6,7) 

starting 18.30 Poster Session with Apéro (HCI J floor) 

 

Saturday, 28.6.2014 

09.00 - 10.00 Plenary Session (room HCI J3) 

 Thierry Brotin: 129Xenon@cryptophane complexes as new contrast 
agents for Magnetic Resonance Imaging 

 Robert Griffin: Overhauser Effects in Insulating Solids 

10.00 - 10.30 Coffee Break (HCI J floor) 

10.30 - 12.30 Working Group Meetings (HCI J3,4,6,7) 

 

 

4



 

12.30 - 14.00  Lunch Break (Mensa) 

14:00 - 14:30 Plenary Session (room HCI J3) 

 Jörg Wrachtrup: Sensing and polarization of small electron and 
nuclear spin clusters. 

14.30 - 16.30 Working Group Meetings (HCI J3,4,6,7) 

16.30 - 17.00 Coffee Break (HCI J floor) 

17.00 - 19.00 Plenary Session (room HCI J3) 

 Reports from the Working Groups 

 Closing remarks 

Sunday, 29.6.2014 

10.00 - 13.00 closed Management-Committee Meeting 

 (ETH main building where Euromar will take place, room HG G19.1) 
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Talks in the Working Groups 

The timings of the talks in the four working groups will be decided by the leaders of 
the working groups. 

Working Group 1: Hardware and Instrumentation for Hyperpolarization 
(organised by Jean-Philippe Ansermet, Pierre-Jean Nacher, room HCI J3) 

Marc Baldus: Dynamic Nuclear Polarization at 800 MHz/527 GHz 

Danila A. Barskiy: Parahydrogen polarized propane: dependence on the reactant flow 
rate using heterogeneous catalyst and demonstration of fast high-resolution 1H 3D 
MRI 

Sean Bowen: Dissolution DNP: A multifaceted approach to optimization 

Tian Cheng: A 140 GHz Corrugated Waveguide based on Stacked Rings Technology 
for Dissolution DNP 

Vasyl Denysenkov: New double resonance structures for liquid state DNP at 
400 MHz/260 GHz 

Werner Heil: The benefits of long T2* : From fundamental physics to applied research 

Jim Kempf: Brute-Force Hyperpolarization of 1-13C Pyruvic Acid 

Daniel Lee: Sustainable Ultra-Low Temperatures for Magic Angle Spinning combined 
with Dynamic Nuclear Polarization 

R. MacHattie: CPI Extended Interaction Klystron technology for DNP 

Basile Vuichoud: Microwave Frequency Modulation to Enhance Dissolution Dynamic 
Nuclear Polarization 

Anna Wojna-Pelczar: Novel 129Xe SEOP polarizer for medical and material studies 

Vladimir V. Zhivonitko: Microfluidic gas-flow imaging by parahydrogen-induced 
polarization and remote-detection NMR 
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Working Group 2/3: Theoretical Understanding of Hyperpolarization Strategies 
- Strategies to Minimise the Effect of Relaxation on Spin Hyperpolarization 
(organised by Konstantin Ivanov, Alberto Rosso, Hans-Martin Vieth, room HCI 
J7) 

C.O. Bretschneider: Room-Temperature 13C Hyperpolarization in NV-doped 
Diamonds: A Combined Laser and Microwave Irradiation Technique at Arbitrary 
Fields 

Björn Corzilius: Paramagnet-Induced Signal Quenching and Relaxation in MAS DNP 

M. Filibian: Temperature evolution of the electron-nucleus contact in pyruvic acid 
DNP 

C. Griesinger: Sensitivity enhancement in solution by DNP and para-H2 

Y. Hovav: New Insights into the Role of the Electrons during DNP on Solids 

Jan-Bernd Hövener: Recent Advances in Continuous Hyperpolarization using SABRE  

G. Jeschke: The role of hyperfine coupling in solid-state electron-nuclear polarization 
transfer 

A. Karabanov: Adiabatic elimination and stochastic unravelling in multi-spin quantum-
mechanical simulations of DNP in solids 

Nikita N. Lukzen: Manipulating spin hyper-polarization by means of adiabatic 
switching of a spin-locking RF-field 

Markus Plaumann: PHIP Hyperpolarization of Fluorine: Applications, Examples and 
Problems 

E.Ravera: Metal ions and DNP-considerations over the impact of electronic 
properties on DNP 

D. Shimon: DNP on Heteronuclei: Theory and Experiments  

M. Tessari: Sabre hyperpolarization at low concentrations 
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Working Group 4: Strategies to Maximise the Information that can be Acquired 
Using Hyperpolarized Spin Systems (organised by Lucio Frydman, Jim Wild, 
room HCI J4) 

Sebastian Kozerke: Accelerating Hyperpolarized MRI by Exploiting Spatiotemporal 
Correlations and Sparsity 

Christoffer Laustsen: Fast Padé Transform accelerated CSI for hyperpolarized MRS 

P.-J. Nacher: Tests of RF phase encoding in low-field MRI 

Madhwesha Rao: Spectroscopy of dissolved 129Xe in human brain at 1.5 T 

Neil J. Stewart: Human Lung MR Imaging using Naturally-Abundant 129Xe with 
optimised 3D SSFP 

G. Tastevin: Noise-triggered NMR maser bursts in HP liquid 3He 

 

Working Group 5: Synthetic Chemistry - Physics Interface in Hyperpolarization 
Methodology (organised by Patrick Berthault, Bela Bode, room HCI J6) 

Ümit Akbey: Towards Higher Efficiency & Better Resolution in Dynamic Nuclear 
Polarization Enhanced Solid-State NMR 

Jens Boss: Toward hyperpolarization of nuclear spins on diamond surfaces 

Patrick Berthault: Ultrafast Z-Spectroscopy for Detection of 129Xe NMR-Based 
Sensors 

Björn Corzilius: The importance of polarizing agents and the chemical environment in 
MAS DNP 

Olivier Lafon: Diffusion of polarizing agents into nanostructured materials: a critical 
factor for DNP-enhanced NMR experiments 

Anil P. Jagtap: Increasing water–solubility of radicals for DNP using dendrimer 
chemistry 

David Peat: Effects of field modulation on rate of growth of polarization at very high 
B0/T 

Miquel Pons: Polyradical species involving trityl radicals 

M. Qi: Water soluble spacers for biradicals 

Martin Schwarzwälder: Mesostructured Hybrid Silica Materials Characterization and 
Use as Polarization Matrices 
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Posters: (in alphabetical order of presenting author) 

S. Ahola: Ultrafast multidimensional Laplace NMR 

Aurélien Bornet: Cross-Polarization from 1H to 13C for Dissolution-DNP at 6.7 T and 
1.2 K 

C. Caspers: Tailoring 260 GHz-Gyrotron Radiation for DNP and ESR Applications 

Sonia Colombo Serra: Interpreting DNP results of TEMPO doped samples by a rate 
equation approach in the TM regime 

Nan Eshuis: SABRE Hyperpolarization in Trace Analysis 

C. Glaubitz: High field Overhauser DNP Experiments on oriented fluid Lipid Bilayers 
using a Stripline/Fabry Perot Double Resonance Structure 

D. Goldfarb: The 13C solid DNP Mechanisms with Perchlorotriphenylmethyl Radicals 
– the Role of 35,37Cl 

P. Hautle: DNP using photo-excited triplet states: above 70% proton spin polarization 
at moderate magnetic field and temperature 

Julia Hollenbach: Use of hyperpolarized 129Xe Nuclear Magnetic Resonance 
Spectroscopy for the analysis of modified diatomite 

Konstantin L. Ivanov: Spin mixing at level anti-crossings in the rotating frame makes 
high-field SABRE feasible 

Fabian Jähnig: The Haupt Effect for 12C and 13C Methyl Groups 

Monu Kaushik: Investigation of the dynamic nuclear polarization transfer mechanism 
in molecular and crystalline model systems 

Stephan Knecht: Explaining dynamic behavior of in situ SABRE by level anti crossing 

Sami Emre Küçük: Liquid state DNP coupling constants for TEMPOL in acetone and 
DMSO from MD simulations 

Grzegorz Kwiatkowski: Enhancing nuclear polarization of a nitrogen atom trapped 
inside a fullerene cage with ENDOR spectroscopy - comparison between 
experimental data and quantum-mechanical simulations 

J.C. Lagomacini: Overhauser DNP efficiency of different nitroxide radicals at 9.4 T 

Jiafei Mao: Host–Guest Complexes as Water-Soluble High-Performance DNP 
Polarizing Agents 

Andriy Marko: Electron Spin-Spin Dipolar Interaction Role in High Field DNP 
Experiments on Liquid Radical Solutions 

Leslie Mazuel: Hyperpolarized 13C NMR spectroscopy: a new way to follow the 
glutamate-glutamine cycle in-vivo 

Frederic Mentink-Vigier: Theory of Overhauser in Insulating Solids 
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M. Najdanova: Combining photo-CIDNP MAS NMR with strategies to determine 
structural dynamics in the photosynthetic process in natural reaction centers 

A.K. Petukhov: 3He Spin Exchange Optical Pumping with ultra-narrow band laser 

Maria Theresia Pöschko: Proton spin noise from a hyperpolarized sample below 2K 

Andrey N. Pravdivtsev: Level Anti-Crossings are a Key Factor for Understanding 
Magnetic Field Dependence of Hyperpolarization in SABRE Experiments 

Madhwesha Rao: Dedicated receiver array coil for 1H lung imaging with same-breath 
acquisition of hyperpolarized 3He and 129Xe gas 

Oleg G. Salnikov: Investigation of mechanisms of heterogeneous hydrogenation α,β-
unsaturated carbonyl compounds by parahydrogen-induced polarization (PHIP) 

Manvendra Sharma: Rapid melt DNP 

Michael Tayler: Uniting chromatography and NMR “on the strip” 

S.G.J. van Meerten: Towards Overhauser DNP in supercritical CO2 

Basile Vuichoud: Indirect Measurement of Absolute Spin Polarization via Scalar-
Coupled Spy Nuclei in Dissolution Dynamic Nuclear Polarization 

Ralf Wunderlich: Optical Polarization of 13C in Diamond via Nitrogen Vacancy 
Centers 

Dongyoung Yoon: Dynamic nuclear polarization in the compensated semiconductor 
InP:Fe by optical pumping  

Alexandra Yurkovskaya: Nuclear hyperpolarization allows to explore fine structural 
tuning of fast electron transfer in short lived oxidized peptides 

J. Zill: Towards functional analysis of photosynthetic reaction centers of diatom 
Stephanopyxis turris with photo-CIDNP MAS NMR 
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Location 

The scientific part of the meeting will be held at the Hoenggerberg campus of ETH 
(see http://www.ethz.ch/en/campus/locations/zurich-region/hoenggerberg.html) which 
is at the edge of the city. The talks will be in the Chemistry building HCI in the lecture 
halls HCI J3, HCI J4, HCI J6, and HCI J7. For a map of the Hoenggerberg campus 
see next page. The registration will also be in the HCI building on the J floor in front 
of the lecture halls. All plenary lectures will be in the lecture hall HCI J3. 

To go to the Hoenggerberg, please take either tram no. 7 (direction Bahnhof 
Stettbach), 9 (direction Hirzenbach), 10 (direction Zurich Flughafen/airport), or no 14 
(direction Seebach) from downtown to Milchbuck. At Milchbuck switch to bus 69 
(direction ETH Hoenggerberg) to the terminal stop ETH Hoenggerberg. Do not get off 
at the stop Hoenggerberg which is located just outside of the campus. Alternatively, 
take either tram 11 (direction Auzelg) or tram 15 (direction Bucheggplatz) from any 
downtown location to Bucheggplatz. At Bucheggplatz switch to Bus 69 (direction ETH 
Hoenggerberg) to the terminal stop ETH Hoenggerberg. For detailed information see 
http://www.zvv.ch/en 

The management-committee meeting on Sunday (only for members of the COST 
management committee) will be held at the central campus of ETH in the main 
building HG room G19.1. This is also where the EUROMAR conference will take 
place. 

WIFI Access 

WIFI access is available throughout the HCI building. You can either use the SSID 
"eduroam" if your institution participates in and authenticates eduroam access. In this 
case you have to use the username and password for your eduroam account. Or you 
can use the SSID "eth" or "eth5" using the conference username "cost2014" and the 
conference password "Euro+HyperPol". 
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Tutorial and Plenary Lectures 
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Hyperpolarizing nuclear spins of noble gases via spin-exchange optical 
pumping: principles and practice for Enhancing NMR and MRI 

Boyd Goodson 

Department of Chemistry and Biochemistry, Southern Illinois University, Carbondale, 
IL 62901, USA 

Once limited to the realm of fundamental physics experiments, hyperpolarized 
(HP) noble gases have been exploited to enhance magnetic resonance signals for a 
wide range of applications, including: the imaging of lung space and other tissues in 
the human body; molecular imaging with xenon biosensors; probing cavities and 
surfaces of materials, molecules, and proteins; and low-field and remotely-detected 
NMR and MRI.  In most cases, hyperpolarized noble gases are prepared by spin-
exchange optical pumping (SEOP)—a two-step process by which angular momentum 
is transferred from circularly polarized laser photons first to the electronic spins of an 
alkali metal vapor, and then subsequently to the nuclear spins of the noble gas during 
collisions.  Over time, high non-equilibrium spin order can accumulate in the nuclear 
spin degrees of freedom, corresponding to an orders-of-magnitude increase in 
nuclear spin polarization—and hence magnetic resonance sensitivity—for the gas. 
This tutorial lecture will focus on a number of key aspects governing the preparation 
and use of hyperpolarized noble gases for NMR and MRI.  Following a brief 
introduction to the history of SEOP and its early application to magnetic resonance 
over two decades ago, topics will include: fundamental principles of SEOP; 
experimental aspects, methods, and instrumentation governing HP gas preparation; 
and “care and feeding” of HP gases to avoid premature loss of the hard-won but 
ultimately transient HP state.  Particular attention will also be given to specific 
subjects of interest from my group’s laboratory as well as those of collaborators, 
including: stopped-flow SEOP; SEOP at the “extremes” of high xenon density and 
resonant photon flux; technological developments in high-power frequency-narrowed 
lasers; and the development of clinical-scale xenon “hyperpolarizers” capable of 
delivering near-unity 129Xe polarization for human use. 

14



 

NMR and MRI sensitivity enhancement by Parahydrogen Induced Polarization 

Kerstin Münnemann 

Max Planck Institute for Polymer Research, Mainz, Germany 

Despite its wide applicability in chemistry, biology and medicine, Nuclear Magnetic 
Resonance (NMR) spectroscopy still suffers from its inherently low sensitivity. 
Exploiting the large signal enhancements associated with hyperpolarization 
techniques, such as Parahydrogen Induced Polarization (PHIP), however, NMR or 
MRI qualify for monitoring dynamic processes in real time. 

PHIP is a way to achieve hyperpolarization of spin ensembles via a chemical route. 
The alignment of the nuclear spins in parahydrogen can be transferred to 
unsaturated molecules by a hydrogenation reaction resulting in dramatically 
enhanced NMR signals of the products [1]. Recently, it has been demonstrated that 
the spin order of the two parahydrogen atoms attached to a transition metal catalyst 
can be transferred to the ligand system of the catalyst. Chemical exchange with free 
ligand molecules in the solvent results in hyperpolarized dissolved molecules thereby 
overcoming the classical restriction of the PHIP technique to unsaturated molecules. 
This non-hydrogenative PHIP method is called Signal Amplification by Reversible 
Exchange (SABRE) [2].  

This tutorial will give a brief introduction to the theoretical concepts involved in the 
hydrogenative and non-hydrogenative PHIP methods and present some interesting 
PHIP applications for NMR and MRI. Furthermore, the issue of the limited lifetime of 
the hyperpolarized state will be addressed and it will be discussed how the 
parahydrogen singlet state can be used to alleviate this shortcoming [3].  

[1] L. Buljubasich, M.B. Franzoni, K. Münnemann, "Parahydrogen Induced Polarization by 
Homogeneous Catalysis: Theory and Applications ", Topics in Current Chemistry, 338, 33 (2013). 

[2]  R.W. Adams, J.A. Aguilar, K.D. Atkinson, M.J. Cowley, P.I. Elliott, S.B. Duckett, G.G. Green, I.G. 
Khazal, J. Lopez-Serrano, D.C. Williamson, “Reversible interactions with para-hydrogen enhance 
NMR sensitivity by polarization transfer”, Science 323, 1708 (2009). 

[3]  M. B. Franzoni, L. Buljubasich, H. W. Spiess, K. Münnemann, „Long-Lived 1H Singlet Spin States 
Originating from Para-Hydrogen in Cs-Symmetric Molecules Stored for Minutes in High Magnetic 
Fields“, J. Am. Chem. Soc. 134, 10393 (2012). 
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Dynamic Nuclear Polarization Appetizer  

Sami Jannin 

Institut des Sciences et Ingénierie Chimiques, Ecole Polytechnique Fédérale de 
Lausanne (EPFL), Batochime, CH-1015 Lausanne, Switzerland ; Bruker BioSpin AG, 

Industriestrasse 26, 8117 Fällanden, Switzerland. 

This tutorial lecture aims at introducing some basic concepts of dynamic nuclear 
polarization and illustrating how it is currently used as a tool for improving NMR 
sensitivity either in the solid- or in the liquid-state. A tentative outline of the talk is: 

General introduction. 

DNP mechanisms: 

Overhauser DNP. 

Solid Effect. 

Cross Effect. 

Thermal Mixing. 

Experimental aspects of DNP and current research in: 

Liquids. 

Spinning solids. 

Static solids. 

Dissolved samples. 

Concluding remarks and outlook. 
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Long-lived states 

Malcolm H. Levitt 

University of Southampton UK 

In solution NMR, clusters of coupled nuclear spins may support states that have 
lifetimes much longer than the conventional spin-lattice relaxation time T1. In general, 
such states are called long-lived states (LLS): in the special case of spin-1/2 pairs, 
the LLS corresponds to singlet order (a population imbalance between the spin-zero 
singlet state, and the spin-1 triplet manifold). The phenomenon of LLS suggests 
many new possibilities in NMR and MRI, including the study of slow motional and 
chemical processes, and the transport of nuclear hyperpolarization. I will discuss 
some of the following topics: 

* the conditions under which long-lived states exist 

* how long-lived states are accessed 

* how long-lived states are maintained 

* relaxation mechanisms and theory of long-lived states 

* hyperpolarized long-lived states 
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SpinLab - DNP polarizer designed with sterile use intent 

J. H. Ardenkjaer-Larsen 

GE Healthcare, Park Alle 295, 2605 Broendby, Denmark. 

SpinLab is a polarizer based on the dissolution-DNP method. The polarizer differs 
mainly from other polarizers in being designed with sterile use intent and being 
compatible with clinical use. The main features are: (1) an integral, disposable fluid 
path containing all pharmaceuticals and constituting the sterile barrier, (2) a closed-
cycle cryogenic system designed to eliminate consumption of liquid cryogens, (3) 
polarization of four parallel samples to increase throughput, (4) large sample 
polarization, (5) non-contact quality control of six parameters and (6) fully automated 
operation. The fluid path consists of a vial with the agent to be polarized, a pair of 
concentric inlet and outlet tubes connected to a syringe with dissolution medium and 
a receiver connected to the exit tube. The fluid path can operate to 400 K and 2.0 
MPa, and can polarize sample sizes up to 2 mL. An inline filter removes the electron 
paramagnetic agent to less than 1 % in the case of [1-13C]pyruvate. The system uses 
a sorption pump in conjunction with a cryocooler. A temperature of 0.8 K was 
achieved for 68 h (no sample heat loads) with a liquid helium volume of 2.4 L. The 
regeneration of the liquid helium could be achieved in less than 10 h, and the 
transition to cold (< 1.2 K) was achieved in less than 90 min. The loading of a sample 
adds less than 50 J of heat to the helium bath by introducing the sample over 15 min. 
The heat load imposed on the helium bath during dissolution was less than 70 J. The 
magnet field strength is 5 T with homogeneity of 50 ppm over a 35 mm DSV. The 
polarization after dissolution is typically above 50 %. The quality control system 
measures volume, temperature, pH, radical concentration, pyruvate concentration 
and polarization in about 10 s and the sample is delivered in a Medrad syringe for 
use with MR compatible power injector. 
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Metal-Free Catalysts for PHIP 

Ville-Veikko Telkki,1 Vladimir V. Zhivonitko,2 Konstantin Chernichenko,3 Timo Repo,3 
Markku Leskelä,3 Victor Sumerin3 and Igor V. Koptyug2 

1Department of Physics, NMR Research Group, University of Oulu, P.O. Box 3000, 
FIN-90014, Finland;  2Laboratory of Magnetic Resonance Microimaging, International 

Tomography Center SB RAS, Instututskaya St. 3A, 630090 Novosibirsk, Russia; 
3Department of Chemistry, Laboratory of Inorganic Chemistry, University of Helsinki, 

P.O. Box 55, FIN-00014, Finland. 

So far parahydrogen-induced polarization (PHIP) has been based on the use of 
metal-containing hydrogenation catalysts. In this work, we demonstrate that metal-
free compounds known as molecular tweezers can also produce PHIP. We show that 
ansa-aminoborane tweezers, called QCAT, provide (20-30)-fold signal 
enhancements of parahydrogen-originating hydrogens in 1H NMR spectra, and the 
polarization can be transferred to 11B nuclei. PHIP can be used for understanding the 
activation mechanism in metal-free catalytic systems. In this particular case, our 
results indicate that dihydrogen activation by QCAT and CAT tweezers is carried out 
in a pairwise manner. [1] 

[1]  V. V. Zhivonitko, V.-V. Telkki, K. Chernichenko, T. Repo, M. Leskelä, V. Sumerin, I. V. Koptyug, J. 
Am. Chem. Soc. 132, 598-601 (2014). 
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129Xenon@cryptophane complexes as new contrast agents for Magnetic 
Resonance Imaging 

Thierry Brotin 

Laboratoire de Chimie de l’ENS LYON (UMR 5182 - CNRS), École Normale 
Supérieure de Lyon, 46 Allée d’Italie, 69364 Lyon, France, 

Since the discovery of the high affinity of xenon for small cryptophane 
derivatives, the concept of cryptophane biosensors rapidly emerged in the early 
2000’s.1 It is based on the use of the functionalized 129Xenon@cryptophane 
complexes that can be potentially used as new Magnetic Resonance Imaging (MRI) 
contrast agents. This concept requires the use of molecular cages (cryptophanes) 
aimed at giving the encapsulated xenon a specific spectral signature and an 
optimized in-out xenon exchange. 

We will discuss in this presentation some examples reported in the literature by 
our team and others. We will present the advantages and the drawbacks of this 
approach as well as the solutions that can be developed in the future to improve their 
use as efficient molecular biosensors for MRI imaging. 

 

 

 

 

 
Example of a Xenon@cryptophane biosensor used for detection of Zn2+ cations. This 

approach enables detection of low concentration of Zn2+ ions in one xenon batch. 

 
1 Bartik, K. ; Luhmer, M. ; Dutasta, J.P. ; Collet, A. ; Reisse, J. J. Am. Chem. Soc. 1998, 120, 784-‐

791. Spence, M. M. ; Rubin, S. M. ; Dimitrov, I. E. ; Ruiz, E. J. ; Wemmer, D. E. ; Pines, A.	  ;	  Yao,	  S.	  Q.	  ;	  
Tian,	  F.	  ;	  Schultz,	  P.	  G.	  PNAS,	  2001,	  19,	  10654-‐-‐-‐10657. 
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Overhauser Effects in Insulating Solids 

R. G. Griffin 

Francis Bitter Magnet Laboratory and Department of Chemistry, Massachusetts 
Institute of Technology, Cambridge, MA 02139, USA 

We report magic angle spinning (MAS), dynamic nuclear polarization (DNP) 
experiments at high magnetic fields (9.4 T and 14.1 T) using the narrow line 
polarizing agents BDPA dispersed in polystyrene, and sulfonated-BDPA and Trityl 
OX063 in glassy glycerol/water matrices. The 1H DNP enhancement field profiles of 
the BDPA radicals exhibit a significant DNP Overhauser effect (OE) as well as a solid 
effect (SE) despite the fact that these samples are insulating solids, whereas trityl 
exhibits only a SE enhancement.  In contrast to other DNP mechanisms such as the 
SE or CE, the experimental data suggest that the OE in non-conducting solids scales 
favorably with magnetic field, increasing in magnitude in going from 5 T, to 9.4 T and 
to 14.1 T. Simulations using a model two spin system consisting of an electron 
hyperfine coupled to a 1H reproduce the essential features of the field profiles and 
indicate that the OE in these samples originates from the zero quantum (ZQ) cross 
relaxation induced by intramolecular delocalization of the unpaired electron and that 
the size of the hyperfine coupling is crucial to the magnitude of the enhancement. In 
1H-BDPA the OE is dominated by ZQ processes and is positive.  In contrast, in 2H-
BDPA the double quantum (DQ) processes are dominate and yield a negative, albeit 
weak, enhancement as predicted by theory. Microwave field dependent studies show 
that the OE saturates at considerably lower power levels than the solid effect in the 
same samples. Our results provide new insights into the mechanism of the 
Overhauser effect, and also provide a new approach to perform DNP experiments at 
high magnetic fields. 
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Sensing and polarization of small electron and nuclear spin clusters 

Jörg Wrachtrup 

3rd Institute of Physics, Stuttgart University, Germany 

Diamond defect centers provide a new means to detect weak NMR and EPR 
signals. The menthod relies of the intrinsic long relaxation time of diamond spins and 
their photophysics allowing for optical detection of the sensor signal, i.e. optically 
detected electron spin resonance. Sensing of the NMR signal of a few electron and 
nuclear spins has been demonstrated [1,2]. The strong optically induced electron 
spin alignment of the defect center electron spin can be transferred to surrounding 
electron and nuclear spins. The talk will describe recent advances in spin detection 
and hyperpolarization. 

[1] Staudacher et al. Science 339 (2013) 561 
[2] Steinert et al. Nature Comm. 4 (2013) 1651    
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Talks in Working Group 1 

Hardware and Instrumentation for Hyperpolarization 

 

 

Organized by 

Jean-Philippe Ansermet, Pierre-Jean Nacher 
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Dynamic Nuclear Polarization at 800 MHz/527 GHz 

Eline Koers, Deni Mance, Elwin van der Cruijsen, Mohammed Kaplan, Marc Baldus 

NMR Spectroscopy, Bijvoet Center for Biomolecular Research, Faculty of Science, 
UtrechtUniversity, Padualaan 8, 3584 CH Utrecht, The Netherlands 

Dynamic Nuclear Polarization (DNP) has become a powerful method to enhance 
spectroscopic sensitivity in the context of Magnetic Resonance Imaging (MRI) and 
Nuclear Magnetic Resonance (NMR) spectroscopy. We show that the combination of 
high field DNP (800 MHz/527 GHz) with Magic Angle Spinning (MAS) solid-state 
NMR can significantly enhance spectral resolution and allows exploitation of the 
paramagnetic relaxation properties of DNP polarizing agents as direct structural 
probes. Applied to a membrane-embedded potassium channel, this approach 
allowed us to refine the membrane-embedded channel structure and revealed 
conformational substates that are present during two different stages of the channel 
gating cycle. High-field DNP thus offers atomic insight into the role of molecular 
plasticity during the course of biomolecular function in a complex cellular environment.  
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Parahydrogen polarized propane: dependence on the reactant flow rate using 
heterogeneous catalyst and demonstration of fast high-resolution 1H 3D MRI 

Danila A. Barskiya,b, Oleg. G. Salnikova,b, Kirill V. Kovtunova, Igor V. Koptyuga,b, 
Milton L. Truongc, Aaron M. Coffeyc, Eduard Y. Chekmenevc,d 

a - International Tomography Center, Novosibirsk, Russia; b - Novosibirsk State 
University, Novosibirsk, Russia; c - Institute of Imaging Science, Nashville, United 

States; d - Vanderbilt University, Nashville, United States 

Parahydrogen-induced polarization (PHIP) of nuclear spins can dramatically 
enhance NMR signals [1]. If singlet nuclear spin order of parahydrogen survives 
during the catalytic hydrogenation of molecular precursor, the ensemble of reaction 
product molecules appears in the state with non-equilibrium population of spin energy 
levels. Recently, PHIP techniques progressed to biomedical applications by applying 
heterogeneous (HET) instead of homogeneous catalytic systems for 
hyperpolarization (HP) production [2]. HET PHIP can produce gaseous non-toxic HP 
molecular contrast agents, such as propane, in continuous mode with direct 1H MRI 
signal read-out [3]. 

In the present work, we describe the analysis of propane PHIP formed by reaction 
of gaseous propylene with parahydrogen over Rh/TiO2 catalyst at different reactant 
flow rates. Optimum reactants’ flow rate for propane hyperpolarization is 
demonstrated: i.e. higher flow rates lead to non-adiabatic transfer of propane to the 
high magnetic field of NMR spectrometer, while lower flow rates lead to significant 
loss of polarization intensity due to the efficient magnetization relaxation of 
hydrogenated product on the catalyst bed and during gas transportation. 

1H 3D MRI of HP propane was demonstrated using the optimal flow rate conditions. 
High proton HP (%PH = 1.3%) per each hyperpolarized proton enabled micro-scale 
spatial resolution (625×625×625 µm3) and large imaging matrix (128x128x32) using 
pre-clinical 4.7 T MRI scanner with total scan time of 17.4 s. 3D MRI of propane 
potentially enables imaging applications in porous media, human lungs, etc. without 
isotopic enrichment of hyperpolarized contrast media and using relatively simple 
hyperpolarization setup and conventional proton MRI hardware in contrast to 
hyperpolarized heteronuclei, e.g. 129Xe, 83Kr, 3He, and others. 

ACKNOLEDGEMENTS: grants RAS (5.1.1), RFBR (14-03-00374-а, 14-03-31239-
mol-a, 12-03-00403-a), SB RAS (57, 60, 61, 122), МК-4391.2013.3, NIH 5R00 
CA134749-03, DoD CDMRP W81XWH-12-1-0159/BC112431 and Haldor Topsoe 
PhD scholarship program. 

1. C. Bowers, D. Weitekamp. JACS, 1987, 109 (18), 5541-5542. 
2. K. V. Kovtunov, V. V. Zhivonitko, I. V. Skovpin, D. A. Barskiy, I. V. Koptyug. Topics in Current 

Chemistry, 2013, 338: 123-180. 
3. K. V. Kovtunov, V. V. Zhivonitko, I. V. Skovpin, D. A. Barskiy, O. G. Salnikov, I. V. Koptyug. J. 

Phys. Chem. C., 2013, 117 (44), 22887-22893. 
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Dissolution DNP: A multifaceted approach to optimization 

Sean Bowen1 and Jan Henrik Ardenkjær-Larsen1,2 

1Technical University of Denmark, Department of Electrical Engineering, Lyngby, 
Denmark; 2GE Healthcare, Brøndby, Denmark 

Dissolution DNP poses unique challenges due to the transition between the solid 
state and the solution state. While significant effort has been applied to attaining the 
highest polarization levels in the solid state, it is important that this translates into the 
highest possible signal in the solution state after dissolution. To accomplish this, it is 
necessary to optimize both the dissolution hardware as well as the sample 
formulations.  

In terms of hardware, we have designed a dissolution system which permits the 
use of large solvent volumes while permitting independent control of temperature and 
pressure. This is coupled with a dissolution head equipped with a nozzle to focus 
incoming solvent onto the frozen sample. This encourages efficient mixing for rapid 
dissolution. Additionally, large diameter tubing is employed to reduce the pressure 
drop and make the dissolution process more rapid. We have also implemented an 
optical absorbance based setup to measure the sample concentration profile in real 
time. 

To maximize the available signal, it is necessary for samples to be both highly 
concentrated and capable of attaining high levels of polarization. We have devised 
new sample formulations that meet both of these objectives with the additional 
benefits of being stable and having favorable dissolution properties. Post-dissolution 
properties are also of fundamental importance and we have developed several 
strategies for both sample dissolution as well as post-dissolution techniques such as 
rapid chromatography. 

Through the combination of improved hardware, better sample formulations, and 
novel post-dissolution analytical techniques; it is possible to better preserve the high 
levels of polarization achieved in the solid state until the point of measurement in the 
liquid state. These advances serve to further increase the applicability of dissolution-
DNP to new systems and modalities where it was previously less well-suited. 
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A 140 GHz Corrugated Waveguide based on Stacked Rings Technology for 
Dissolution DNP  
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Most of the reported high-field DNP studies showed a common issue related to the 
relatively high power need to reach maximum nuclear spin polarization [1-3]. In the 
present study we compare the performance of a corrugated waveguide based on the 
stacked rings technology [4-5] and designed for dissolution DNP at 140 GHz with the 
performance of a conventional smooth-wall circular waveguide for polarizing 13C 
spins in a 5T dissolution polarizer [6-7]. The 32% transmission power loss measured 
with the smooth-wall circular waveguide was reduced to 10% with the corrugated 
waveguide. The 13C solid-state NMR signal enhancement obtained in a 3M [1-13C] 
acetate sample doped with 50mM TEMPOL reached 127±8 at 4 K using corrugated 
waveguide. At 1.6 K, an enhancement factor of 200±11 was measured, which 
corresponds to a 13C polarization of 16.8%. In addition to a gain in 13C solid-state 
polarization, we also observed that the polarization build-up time constant was about 
45% shorter at 1.6 K.  

 [1] T. A. Siaw, S. A. Walker, B. D. Armstrong and S. I. Han, JMR, 2012, 221, 5-10; 
[2] B. D. Armstrong, D. T. Edwards, R. J. Wylde, S. A. Walker and S. Han, PCCP, 2010, 12, 5920-

5926; 
[3] T. Cheng, A. Capozzi, Y. Takado, R. Balzan and A. Comment, PCCP, 2013, 15, 20819-20822; 
[4] E. de Rijk, A. Macor, J. P. Hogge, S. Alberti and J. P. Ansermet, Rev Sci Instrum, 2011, 82; 
[5] A. Macor, E. de Rijk, S. Alberti, T. Goodman and J. P. Ansermet, Rev Sci Instrum, 2012, 83. 
[6] A. Comment, B. van den Brandt, K. Uffmann, F. Kurdzesau, S. Jannin, J. A. Konter, P. Hautle, W. 

T. H. Wenckebach, R. Gruetter and J. J. van der Klink, Concept Magn Reson B, 2007, 31B, 255-
269; 

[7] S. Jannin, A. Comment, F. Kurdzesau, J. A. Konter, P. Hautle, B. van den Brandt, J. J. van der 
Klink, J. Chem. Phys., 2008, 128, 241102 
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New double resonance structures for liquid state DNP at 400 MHz/260 GHz 

Vasyl Denysenkova, Alexander Krahnb, Frank Engelkeb, and Thomas Prisnera 

a Institute of Physical and Theoretical Chemistry, Goethe University Frankfurt, 
Frankfurt am Main, Germany 

b Bruker Biospin GmbH, Silberstreifen, D-76287 Rheinstetten, Germany 

Recently achieved DNP enhancements in liquids at high magnetic fields [1-5] have 
initiated strong interest in possible applications of the method. However, spectral 
resolution of available DNP probes was strongly limited due to the complicated 
geometry mostly determined by microwave components involved in the design of the 
probes [1]. Additionally the sample  size is very small in the used fundamental mode 
MW resonant structures. Together with a low RF filling factor this resulted in reduced 
NMR signal amplitude, hampering overall sensitivity gain by Overhauser DNP at high 
magnetic fields.  

Here we present new double resonance structures [6] for liquid-state DNP at 9.4 T 
(260 GHz/ 400 MHz) that offer improved spectral resolution (5 Hz 1H NMR line in 
water), micro-fluidic sample handling with a typical sample volume of 100 nl and 
active sample cooling to compensate for MW heating of the sample under EPR 
excitation. All together significant improved NMR sensitivity with respect to our 9.2 T 
DNP probes designed previously have been achieved. First applications will be 
shown to demonstrate the performance and possibilities of these new probes. 

1. Denysenkov V., Prandolini M.J., Gafurov M., Sezer D., Endeward B., Prisner T.F., Phys. Chem. 
Chem. Phys., 12 (2010) 5786-5790. 

2. Türke M.-T., Tkach I., Höfer P., Bennati M., Phys. Chem. Chem. Phys., 12 (2010) 5893-5901. 
3. Vilanueva-Garibay J.A., Annino G., van Bentum P.J.M., Kentgens A.P.M., Phys. Chem. Chem. 

Phys., 12 (2010) 5846-5849. 
4. Krykov E.V., Pike K.J., Newton M.E., Smith M.E., Dupree R., Phys. Chem. Chem. Phys., 13 (2011) 

4372-4380. 
5. Griesinger, C., Bennati, M., Vieth, H.M., Luchinat, C., Parigi, G., Höfer, P., Engelke, F., Glaser, 

S.J., Denysenkov, V. and Prisner T.F., Prog. Nucl. Magn. Res. Spectr., 64 (2012), 4-28. 
6. Denysenkov V., Prisner T.F., J. Magn. Reson., 217 (2012) 1-5. 
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The benefits of long T2* : From fundamental physics to applied research 

Werner Heil 

Johannes Gutenberg Universität Mainz , Institut für Physik, Staudingerweg 7, 
 55099 Mainz, Germany 

Hyperpolarized (HP) noble gases like 3He and 129Xe show long T2* relaxation 
times which can reach more than 100 h at low magnetic fields and in the regime of 
motional narrowing. The talk discusses the benefits of long spin coherence times. 
The method is based on the  detection  of free precession of the  nuclear spins by 
means of standard NMR techniques or by using SQUIDs as low-noise magnetic flux 
detectors. At low magnetic fields (B ~ 1 µT) the detection  of the free precession of 
co-located 3He/129Xe  nuclear spins (clock comparison) is used as ultra-sensitive 
probe for non-magnetic spin interactions like Lorentz violating interactions, etc., since 
the magnetic dipole interaction (Zeeman-term) drops out in the weighted frequency 
difference, i.e., Δω = ωHe - γ He / γ Xe · ωXe  of the respective Larmor frequencies. At 
high magnetic fields B > 1 Tesla, HP 3He still reaches a T2* of several minutes and 
can be used as highly sensitive magnetometer which reaches a relative precision of 
ΔB/B < 10-12 . 
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Brute-Force Hyperpolarization of 1-13C Pyruvic Acid 

Jim Kempf1, Matthew Hirsch1, Neal Kalekofsky2, Avrum Belzer2 and Melanie Rosay1 

1Bruker Biospin, Billerica, MA USA; 2Millikelvin Technologies, Braintree, MA USA 

We demonstrate a new approach to hyperpolarization (HP), achieving 1500-fold 
13C enhancement with 1-13C pyruvic acid. Brute-force HP polarizes molecules with 
high B field and ultralow T, without resorting to microwaves or co-dispersed radicals. 
The latter simplifies the pharmacy and quality assurance processes prior to human 
imaging and avoids radical-induced T1 losses. It also enables scalable production by 
avoiding confinement of the sample within a microwave field.  

Critically, we have shown that a molecule polarized in high B/T (e.g., 14 T and 500 
mK) can be extracted in the solid state. That opens new possibilities for the transport 
of slowly relaxing 13C HP from production sites to imaging centers. A key milestone 
here is the crossing of the ‘valley of death’ (a profile of T1 vs T with minimum <1 s in 
the solid state) with no more than 30% loss of the starting polarization. We do this by 
pneumatically ejecting a sample from the polarizing cryostat, collecting it in a modest 
2T permanent magnet at room T, and then dissolving with water from a manually 
actuated syringe. Finally, 13C NMR measurement at 300 K and 1 T is made within a 
few seconds of dissolution. We obtained up to 1500-fold enhancement, for example, 
from polarization at 2.1 K for 24-72 h, and up to 400-fold enhancement from 4 hrs of 
polarization at 6 K. Several thousand-fold gains are possible with reduced T and 
increased polarization time. Waiting times may be scaled away by polarization of 
multiple samples, not to mention the potential for coupling large-scale preparation 
with sample transport. 

We will detail these experimental results and corresponding apparatus, define 
underlying physical phenomena that govern the polarization source (i.e., 13C 
Boltzmann vs. 1H-to-13C thermal mixing), and explain a protocol to usefully 
manipulate the T1 vs. T valley by annealing a neat, unadulterated sample. 
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Sustainable Ultra-Low Temperatures for Magic Angle Spinning combined with 
Dynamic Nuclear Polarization 

Eric Bouleau, Daniel Lee, Gaël De Paëpe 

INAC - Institut Nanosciences et Cryogénie, Grenoble, France; (Service des Basses 
Températures, UMR-E 9004 (CEA/UJF), Service de Chimie Inorganique et 

Biologique, UMR-E 3 (CEA/UJF)) 

Magic Angle Spinning combined with Dynamic Nuclear Polarization (MAS-DNP) 
has recently been shown to be not only applicable but highly valuable for studying a 
wide range of materials. Its successful implementation was due to a desire to 
continually push the boundaries of sensitivity for NMR experiments. However, there 
is still room to push much further. Currently, equipment limitations exist due to 
technological and cost issues and most MAS-DNP experiments are performed at 
approximately 100 K. There is a large interest in lowering the operational temperature 
even further but this requires new technological advances to make it viable. In this 
presentation the substantial gains expected by descending the temperature below 
100 K will be detailed. Furthermore, the hardware we have designed and built to 
achieve sustainable MAS in the temperature range of 30 – 300 K will be shown and 
described. Finally, results using this equipment in the ultra-low temperature range (30 
- 100 K) will be exhibited. 
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CPI Extended Interaction Klystron technology for DNP 

P.Horoyski, A.Roitman, R. Dobbs, H.Deng, R. MacHattie 

Communications & Power Industries Canada Inc., Georgetown, Ontario, L7G 2J4 
Canada 

Dynamic Nuclear Polarization (DNP) and Electron Spin Resonance (ESR) are 
driving the need for high power, compact sub-mm wave sources. Communication & 
Power Industries has responded by developing pulsed and continuous wave (CW) 
amplifiers (EIK) and oscillators (EIO) with tens of Watts of power at frequencies from 
95 GHz to 264 GHz. Extended Interaction Klystron technology preserves the 
ruggedness and high power capability of the conventional klystron while achieving 
enhanced power, bandwidth and efficiency at millimeter and sub-millimeter 
wavelengths, while using moderate electron beam voltages. 

Extended Interaction Amplifiers and Oscillators are compact devices that are 
simple to use and maintain. They provide an RF signal with the high frequency and 
amplitude stability required for DNP and have enough bandwidth or tuning range to 
cover the electron spin resonance (ESR) spectrum of hundreds of MHz. In addition, 
the EIKs are magnetically shielded and may reside close to the NMR magnet, 
thereby minimizing the significant waveguide losses and simplifying installations. We 
report here on hardware developments, which meet these goals and offer new 
opportunities for DNP research. 

The design and test results will be presented for a 5 W CW 187 GHz amplifier, a 5 
W CW 264 GHz oscillator, and a 20 W pulsed 264 GHz amplifier. All three are 
compact (< 8 kg) devices based upon Extended Interaction Klystron technology, and 
operate from commercially available power supplies 
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Microwave Frequency Modulation to Enhance Dissolution Dynamic Nuclear 
Polarization  

Basile Vuichouda, Aurélien Borneta, Jonas Milania, Angel J. Perez Lindea, Geoffrey 
Bodenhausena,b,c,d and Sami Jannina,e 

aInstitut des Sciences et Ingénierie Chimiques, Ecole Polytechnique Fédérale de 
Lausanne, EPFL, Batochime, 1015 Lausanne, Switzerland; bDépartement de Chimie, 

Ecole Normale Supérieure, 24 Rue Lhomond, 75231 Paris Cedex 05, France; 
cUniversité Pierre-et-Marie Curie, Paris, France; dUMR 7203, CNRS/UPMC/ENS, 

Paris, France; eBruker BioSpin AG, Industriestrasse 26, 8117 Fällanden, Switzerland  

During the last decade, Dissolution Dynamic Nuclear Polarization (D-DNP) has 
emerged as one of the most revolutionary and powerful techniques in NMR to 
enhance nuclear spin signals by up to five orders of magnitude [1]. Nowadays, a 
broad range of applications from metabolic processes to in vivo imaging has 
emerged thanks to this improvement in sensitivity [2].  

D-DNP is usually performed with a glassy matrix containing free radicals (TEMPO, 
Trityl, etc.) and the metabolites of interest ([1-13C]pyruvate, [1,2-13C]acetate, etc.) by 
irradiation with monochromatic microwaves in the vicinity of the electron spin 
resonance (ESR) frequency at 1.2 K and 3.35, 5 or 6.7 T. Different DNP mechanisms 
like Thermal Mixing (TM), Cross-Effect (CE) and Solid Effect (SE) are usually 
involved in the enhancement or depletion of the polarization depending on the offset 
between the microwave frequency and the center of the ESR line.  

It has been shown recently by Hovav et al. [3] that DNP by CE and SE can be 
improved by using frequency-modulated microwave irradiation at B0 = 3.34 T in the 
temperature range 10 < T < 50 K. We demonstrate that this approach can also be 
applied to D-DNP at higher magnetic fields (B0 = 6.7 T) and lower temperatures (1.2 < 
T < 4.2 K.) The effect of frequency modulation (fm) has several virtues: (1) a gain in 
polarization by a factor εfm > 3, (2) an acceleration of DNP build-up rates by a factor 
κfm > 10, (3) a reduction in radical concentration by at least a factor 2, (4) a 
concomitant extension of T1rho(1H) which improves the efficiency of cross-polarization 
from protons to other nuclei of interest such as 13C, 15N or 6Li, and (5) a reduction of 
the required microwave power [4].  

[1]  Ardenkjaer-Larsen, J. H.; Fridlund, B.; Gram, A.; Hansson, G.; Hansson, L.; Lerche, M. H.; Servin, 
R.; Thaning, M.; Golman, K. Proc. Natl. Acad. Sci. U.S.A. 2003, 100, 10158.  

[2]  Golman, K.; in’t Zandt, R.; Lerche, M. H.; Pehrson, R.; Ardenkjaer-Larsen, J. H., Cancer Research, 
66, 2006  

[3]  Hovav, Y.; Feintuch, A.; Vega, S.; J. Magn. Reson. 2014, 238, 94-105.  
[4]  Bornet, A.; Milani, J.; Vuichoud, B.; Perez Linde, A.J.; Bodenhausen, G.; Jannin, S. Chem. Phys. 

Lett. 2014, in press. 
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Novel 129Xe SEOP polarizer for medical and material studies 

Anna Wojna-Pelczar, Tadeusz Palasz 

Jagiellonian University,M. Smoluchowski Institute of Physics, Reymonta 4, 30-059 
Krakow, Poland 

The introduction of hyperpolarized noble gases 3He and 129Xe delivered a great 
tool for growing number of applications, ranging from medical imaging  [1, 2, 3] to 
spectroscopy studies. Rising requirements for large volumes of hyperpolarized gases 
could be realized by efficient polarizers and such as a novel polarizer for 129Xe 
presented here. This high-scale production polarizer works based on the Spin 
Exchange Optical Pumping (SEOP) method. The specific properties of xenon, mostly 
arising from the large polarisability of its electron cloud, makes this noble gas a very 
interesting NMR probe for biological systems [4] and is commonly used in non-
invasive lung diagnosis for MRI applications. Three main parts of this polarizer will be 
presented: the high-power laser system for rubidium optical pumping, the high-
volume SEOP cell and the cryogenic accumulation system for hyperpolarized 129Xe. 
This overview of the motivation and current status of our SEOP polarizer project and 
research on processes like spin-exchange and relaxation mechanisms are the main 
topics of this presentation. 

[1] J. Appl. Phys. 113, 204905, 2013  
[2]  J. Appl. Phys. 113, 044908, 2013  
[3]  Acad Radiol. 15, 683, 2008 
[4]  J. Magn. Reson. 155, 157, 2002 
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Microfluidic gas-flow imaging by parahydrogen-induced polarization and 
remote-detection NMR 

Vladimir V. Zhivonitko1, Ville-Veikko Telkki2, Igor V. Koptyug1 
1International Tomography Center SB RAS, 3 A Institutskaya St., Novosibirsk 630090, 
Russia; 2NMR Research Group, Department of Physics, University of Oulu, P.O. Box 

3000, FIN-90014, Finland 

Microfluidic devices provide control over a process with capabilities that exceed 
those for conventional macroscopic systems. NMR imaging is one of the rare 
candidates for in situ monitoring of physico-chemical processes, since it has versatile 
and rich toolkit for mass transport visualization. However, conventional NMR imaging 
techniques suffer from low sensitivity, which makes studies of microfluidic reactors 
practically impossible. We show that substantial sensitivity boost can be achieved by 
combining remote-detection (RD) NMR and parahydrogen-induced polarization 
(PHIP) as has been demonstrated recently for microfluidic gas-flow [1]. Moreover, we 
used this technique for imaging the mass transport and progress of gas-phase 
hydrogenation reaction inside cylindrical micro-scale packed-bed reactors of 150-800 
μm in diameter [2]. At the same time, we introduce the concept of microfluidic PHIP 
polarizer as a methodology for continuous production of hyperpolarized substances. 
We show that the combined PHIP-RD technique can provide information about 
reaction product distribution, mass transport and adsorption effects in the model 
micro-scale reactors during their in situ operation. 

This work was supported by the grants from the Council on Grants of the President 
of the Russian Federation (МК-1329.2014.3) and RFBR (12-03-00403_a). 

1. Telkki V. V., Zhivonitko V. V., Ahola S., Kovtunov K. V., Jokisaari J., Koptyug I. V., Angew. Chem. 
Int. Ed., 49, 8363-8366 (2010) 

2. Zhivonitko V. V., Telkki V.-V., Koptyug I. V., Angew. Chem. Int. Ed., 51, 8054-8058 (2012). 
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Room-Temperature 13C Hyperpolarization in NV-doped Diamonds: 
A Combined Laser and Microwave Irradiation Technique at Arbitrary Fields 

C.O. Bretschneider1, G.A. Alvarez1, R. Fischer2, Paz London2, L. Frydman1 
1Department of Chemical Physics, Weizmann Institute of Science, Israel; 
2Department of Physics, Technion, Israel Institute of Technology, Israel 

Recent years have witnessed an increased demand for generating and detecting 
highly polarized nuclear spins in physical, chemical, biological and medical 
applications. Hyperpolarization invokes a huge boost in sensitivity and speed of 
Nuclear Magnetic Resonance (NMR) and Magnetic Resonance Imaging (MRI), and 
can be of great benefit in preparing and controlling quantum information [1]. Bulk 
hyperpolarization of ubiquitous 13C species can be achieved by cryogenic Dynamic 
Nuclear Polarization (DNP), however, from a microscopic point of view, the 
underlying mechanisms are not very well understood. Nitrogen-vacancy (NV) doped 
diamonds have a number of intriguing properties, making them excellent candidates 
to act as room-temperature hyperpolarization sources for nuclear spins [2,3], as well 
as model systems for further investigations of the bulk-hyperpolarization mechanisms 
[4]. So far, however, universal applications of these highly polarized nuclear spin 
states are prevented by the need of established methods for stable and robust 
electron ↔ nuclei polarization transfers, demanding extreme fine tunings of magnetic 
fields and ultrasensitive alignments of single-crystal diamonds. Here we present an 
alternative approach for achieving these polarization transfers, compatible with a 
broader range of magnetic field strengths [4]. By combining microwave and laser 
irradiation of electron/nuclear spin systems an imbalance in the spin populations can 
be imposed on nuclei in the close vicinity of the NV defect with a selectivity that can 
range down to a single polarized nucleus. Successive 13C NMR experiments based 
on shuttling samples between optical and NMR setups, demonstrate that the ensuing 
hyperpolarization is then extended throughout the nuclear bulk ensemble. This new 
physical process could allow a refinement of existing DNP theories and open new 
perspectives on ensemble and nanoscale applications [5] for NMR/MRI and quantum 
information processing. 

 
Figure 1: Simplified schematic energy diagram (a) of a strongly-coupled NV-13C two-spin system as a 
function of an axial magnetic field Bz with (b,c) hyperfine-induced splittings (δ, ∆) and mixings of 
energy levels (|α±⟩, |β±⟩). Under optical pumping and on- resonant MW irradiation (|β−⟩↔|α−⟩) 
polarization transfer processes can be established. (d,e) After a rapid sample shuttling into a high-field 
magnet, the ensuing bulk 13C NMR signal (colored lines) can be compared to thermally-equilibrated, 
high-field NMR signal (black line). An enhancement by two orders of magnitude is observed, 
corresponding to a nuclear polarization of up to 0.4% (nat.  abundance) and 0.1% (enriched crystal). 
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Figure 2: (a) High-Field 13 C NMR enhancement factor ν observed as a function of the µwave 
frequency for B0 =90 mT and 85 mT. For the strongest hyperfine splittings (δ ∼ 130 MHz, ∆ ∼ 6 MHz) 
the observed bulk NMR signal originates from an ensemble of polarized nuclei in one of the four 
nearest-neighbor positions.  The proposed method shows comparable enhancement factors at 
arbitrary fields and an increased robustness (b) against imperfections in the sample alignment.  
Schematic illustration (c) and image (d) of the optical/NMR setup and the sample shuttling apparatus. 

[1] T.D. Ladd et al., Nature (London) 464, 45, (2010); 
[2] V. Jacques et al., Phys.Rev.Lett. 102, p. 057403, (2009); 
[3] Fischer et al., Phys.Rev.Lett. 111, p. 057601, (2013); 
[4] A. lvarez et. al. in preparation 
[5] T. Staudacher et al., Science, 339, 557, (2013) 
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Paramagnet-Induced Signal Quenching and Relaxation in MAS DNP 

Björn Corzilius 

Institute of Physical and Theoretical Chemistry, Institute of Biophysical Chemistry, 
and Center for Biomolecular Magnetic Resonance, Goethe University Frankfurt, Max-

von-Laue-Str. 9, 60438 Frankfurt am Main, Germany. 

Dynamic nuclear polarization (DNP) is a powerful technique to boost the sensitivity 
of magic-angle spinning (MAS) NMR as has been demonstrated on various accounts 
in biomolecular and materials science applications.[1] During MAS DNP the large 
electron spin polarization is transferred to the nuclear spins, most commonly 1H, via 
two possible mechanisms: the solid effect (SE) or the cross effect (CE). Once the 
enhanced 1H polarization is available, it can be transferred to other nuclei (e.g., 13C, 
15N) in typical multi-resonance NMR experiments. Alternatively, these nuclei can be 
directly polarized. 

The electron spin polarization is provided by paramagnetic polarizing agents, 
which in most cases have to be added to the sample. These paramagnets not only 
act as polarizing agents, but also may induce enhanced nuclear relaxation or signal 
quenching due to strong electron–nuclear interactions. The mechanism of these 
effects have been well known for several decades as derived in seminal works by 
Bloembergen, Solomon, and Blumberg,[2] and is based on temporal changes of the 
local field at the nucleus, induced by spatial (i.e., dynamics) as well as spin (i.e., 
electronic relaxation) fluctuations. However, under the cryogenic conditions where 
MAS DNP is usually performed these theories cannot be easily applied, and the 
highly complex interplay between spatial and spin fluctuations renders an analytical 
treatment unfeasible. Additionally, modulation of the electron-nuclear energy levels 
by MAS has been introduced recently as a fundamental concept to understand CE 
DNP and might play an equally important role in paramagnet induced quenching and 
relaxation.[3] 

In this presentation the influence of the polarizing agent on the nuclear relaxation 
and signal quenching will be demonstrated on the example of four different polarizing 
agents, each representing a class of polarizing agents typically used in solid-state 
DNP. The differences and similarities between these systems will be discussed and 
correlated with (1) the main active DNP mechanism for each polarizing agent, (2) the 
EPR properties of each polarizing agent, (3) the DNP efficiency. Despite the 
potentially detrimental effects due to signal quenching, the sensitivity increase by 
MAS DNP is generally outstanding; however, a compromise between enhancement 
of nuclear polarization and coherence loss is often necessary for optimal sensitivity.[4] 
Finally, an outlook will be given on ongoing efforts to further investigate the 
mechanism of NMR signal quenching and to explore novel approaches to DNP. 

[1] Griffin, Prisner, Phys. Chem. Chem. Phys. 2010, 12, 5737. 
[2] (a) Bloembergen, Physica 1949, 15, 386; (b) Solomon, Phys. Rev. 1955, 99, 559; (c) Blumberg, 

Phys. Rev. 1960, 119, 79. 
[3] (a) Thurber, Tycko, J. Chem. Phys. 2012, 137, 084508; (b) Mentink-Vigier, et al., J. Magn. Reson. 

2012, 224, 13. 
[4] Corzilius, et al., J. Magn. Reson. 2014, 240, 113. 
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 Temperature evolution of the electron-nucleus contact  
in pyruvic acid  DNP 

M. Filibian,∗a S. Colombo Serra,b M. Moscardini a, A. Rosso,c  F. Tedoldi,b and P. 
Carretta a  

aUniversity of Pavia, Department of Physics, 27100-Pavia, Italy; bBracco Imaging, 
Bracco Research Center, Colleretto Giacosa (TO), Italy; cUniversité Paris-Sud, 

CNRS, LPTMS, UMR 8626, Orsay F-91405, France 

Pyruvic acid (PA) can be considered as a prototype system to study Dynamic 
Nuclear Polarization (DNP) via Thermal Mixing (TM). Recently several studies 
performed around 1 K have shown that the TM regime is highly efficient in PA labeled 
with 13C when it is doped with a concentration of trityl radicals of the order of 10 
mM1,2. Nevertheless, in very few works the effect of raising the temperature (T) on 
the nuclear relaxation and polarization parameters and the role of the properties of 
the matrix formed by the polarized molecules and radicals has been addressed. 

We present an NMR study of PA and PA containing trityl radicals performed as a 
function of T between 1.6 and 5 K at 3.46 T, in order to clarify the properties of the 
lattice dynamics of the PA and its effect on DNP. The investigations were performed 
utilizing both 13C nuclei and 1H nuclei, since the latter are not involved in the TM. 
Notably the study of 1H dynamics in this T range has not been previously reported in 
the literature and can eventually help to identify the relaxation processes involving 
the coupling with the lattice dynamics.  

In particular we show that the nuclear relaxation rates can be explained by 
considering the presence of a glassy dynamics in PA. Nevertheless, although the 
nuclear relaxation rates are considerably affected by the glass treatment and change 
upon thermal history, the polarization times and polarization levels of 13C at the 
lowest T are scarcely dependent on these parameters. Since the electronic relaxation 
times T1e are mainly dependent on the radical concentration, accordingly, this 
observation allows to attribute to the electronic relaxation channel the leading role in 
determining the low temperature DNP properties of these systems. Definitely, it is 
shown that, in good agreement with the predictions of recent theoretical models3,4,5, 
under 2-3 K the TM process in PA is well described by considering a good thermal 
contact between the 13C nuclear spin and electron spin reservoirs, i.e. T1e >> TISS, the 
electron-nucleus contact time. On the contrary, on raising T the TM occurs through a 
less efficient contact, probably due to the shortening of T1e which becomes of the 
order of TISS. 

1. J. Ardenkjaer-Larsen et al., Applied Magnetic Resonance, 2008, 34, 509–522. 
2  S. Macholl et al., Physical Chemistry Chemical Physics, 2010, 12, 5804–5817. 
3  S. Colombo Serra et al., Physical Chemistry Chemical Physics, 2013, 16, 753. 
4  S. Colombo Serra et al. , Physical Chemistry Chemical Physics, 2012, 14, 13299–308. 
5 S. Colombo Serra et al. , Physical Chemistry Chemical Physics, 2013, 15, 8416-8428 
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Sensitivity enhancement in solution by DNP and para-H2 

Eibe Dücker1, Philip Lottmann1, Andrei Leonov1, Thorsten Marquardsen2, Alexander 
Krahn2, Joost Lohman3, K. Münnemann4, Andreas Tavernier2, Peter Hoefer2, Marina 

Bennati5, Frank Engelke2, C. Griesinger1 

1NMR based Structural Biology, Max Planck Institute for Biophysical Chemistry, 
Göttingen, Germany, 2Bruker BioSpin, Karlsruhe, Germany, 3Bruker UK Limited, 

Coventry, UK, 4 Max Planck Institute for Polymer Research, Mainz, Germany, 
5Electron Paramagnetic Resonance Group, Max Planck Institute for Biophysical 

Chemistry, Göttingen, Germany 

Applications of para-H2 supported hyperpolarization will be given with respect to 
enhancement factors in dependence of the molecule under investigation (1) as well 
as the technical implementation used involving different set-ups of the polarizer.  

If time permits an update on the shuttle DNP will be given that allows for repetitive 
hyperpolarization of samples of small biomolecules (2). 2D as well as 1D 
experiments will be shown and also further developments will be discussed that 
follow from the development of this device. 

 
(1) Dücker, E.B., L. T. Kuhn., K. Münnemann and C. Griesinger: Similarity of SABRE field 

dependence in chemically different substrates. Journal of Magnetic Resonance, 214, (2012), 159-
165 

(2) Lottmann, P. T.Marquardsen, A. Krahn, A. Tavernier, P. Hofer, M. Bennati, F. Engelke, C. 
Griesinger:  Evaluation of a Shuttle DNP Spectrometer by Calculating the Coupling and Global 
Enhancement Factors of L-Tryptophan. Appl. Magn. Reson., 43, 207-221 (2012); Krahn, A., 
Lottmann, P., Marquardsen, T., Tavernier, A., Türke, M.-T., Reese, M., Leonov, A., Bennati, 
M., Hoefer, P., Engelke, F., and Griesinger, C.: Shuttle DNP spectroscopy with a two-center 
magnet. Phys. Chem. Chem. Phys., 2010, 12, 5830-5840; Reese, M., M.T. Turke, I. Tkach, G. 
Parigi, C. Luchinat, T. Marquardsen, A. Tavernier, P. Hofer, F. Engelke, C. Griesinger, M. Bennati: 
H-1 and C-13 Dynamic Nuclear Polarization in Aqueous Solution with a Two-Field (0.35 T/14 
T) Shuttle DNP Spectrometer, Journal of the American Chemical Society 131, 15086-7 
(2009); Höfer, P., Carl, P., Guthausen, G., Prisner, T., Reese, M., Carlomagno, T., Griesinger, 
C., Bennati, M.: Studies of dynamic nuclear polarization with nitroxides in aqueous solution. Appl. 
Magn. Reson., 2008, 34, 393-8; Reese, M., Lennartz, D., Marquardsen, T., Höfer, P., Tavernier, 
A., Carl, P., Schippmann, T., Bennati, M.,  Carlomagno,T., Engelke, F., Griesinger, C.: 
Construction of a Liquid-State NMR DNP Shuttle Spectrometer: First Experimental Results and 
Evaluation of Optimal Performance Characteristics. Appl. Magn. Reson., (2008), 34, 301-311; 
Hoefer, P., Parigi, G., Luchinat, C., Carl, P., Guthausen, G., Reese, M., Carlomagno, T., 
Griesinger, C., Bennati, M.: Field Dependent Dynamic Nuclear Polarization (DNP) with Radicals 
in Aqueous Solution. J. Am Chem. Soc., 2008, 130 (11),  3254 
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New Insights into the Role of the Electrons during DNP on Solids 

Y. Hovav, I. Kaminker, S. Daphna, A. Feintuch, D. Goldfarb, and S. Vega. 

Weizmann institute of science, Rehovot, Israel 

Three main mechanisms have been used to explain DNP: the Solid Effect (SE), 
the Cross Effect (CE), and Thermal Mixing (TM). The SE and CE mechanisms rely on 
microscopic processes, whereas the TM mechanism describes macroscopic systems 
and is based on the spin temperature formalism. In the latter it is assumed that the 
state of the spin system is given by a set of spin temperature coefficients, as was 
demonstrated experimentally by Atsarkin (1971) and Atsarkin and Rodak (1972). The 
TM mechanism is commonly used to explain the similarity of DNP frequency-sweep 
spectra measured on different nuclei in the same sample. 

To test the relevance of the spin temperature hypothesis for typical DNP samples 
we performed electron double resonance (ELDOR) measurements on samples 
containing 40 mM TEMPOL (at 20-3 K) and 15 mM OX63 Trityl (at 30-3 K) radicals in 
a glass forming solvent. We observed that the frequency dependent electron 
polarization profiles do not agree with the predictions of spin temperature theory. 

In our previous work we considered the microwave driven SE and CE as the 
mechanisms responsible for the measured DNP spectra, taking into account the 
electron and nuclear relaxation times but neglected the effect of the electron spectral 
diffusion (SD) process. Here we present the implications of SD for the SE and CE 
mechanisms, and we show based on our recent ELDOR measurements described 
above as well as those by Granwehr and Kockenberger (2008), that this cannot be 
neglected. In particular we will describe the “indirect CE” mechanism, which is a 
result of the SD induced frequency profile of the electron polarization within the EPR 
lineshape and the CE state mixing, in analogy with the CE mechanism described by 
Hwang and Hill (1967) and Wollan (1976). This mechanism can explain the similarity 
between the DNP lineshapes and the maximum enhancements of different nuclei in 
the same sample, without relying on spin temperature arguments. This will be 
demonstrated by DNP measurements on partially deuterated glass forming samples 
containing TEMPOL. 
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 Recent Advances in Continuous Hyperpolarization using SABRE  

Jan-Bernd Hövener, Stephan Knecht, Andreas Schmidt, Jürgen Hennig and  
Dominik von Elverfeldt 

Medical Physics, University Medical Center Freiburg, Germany. 

 By subjecting an appropriate SABRE [1,2] sample to a magnetic field of BS ≈ 5 mT, 
parahydrogen (pH2) spin order is continuously transferred to a substrate. Whereas at 
low field the chemical shift resolution is lost, the advantages polarization and 
detection at low field BS are quite interesting: there is no conventional T1 decay and 
the polarization re-covers swiftly after its full or partial depletion by excitation pulses. 
Furthermore, the source of spin order, pH2, is not affected by excitation pulses 
neither, and fresh polarization is delivered even during repetitive-pulsing experiments. 
Altogether, these properties are very interesting for the biomedical application of 
hyperpolarization.  

As a proof of concept, fast magnetic resonance imaging (MRI) was demonstrated 
using a commercial scanner, set to cycle between BS for hyperpolarization and the 
Earth field BE for detection[3] (Fig. 1, Terranova, Magritek, NZ).

 

In addition, we conducted fast, 
low-field NMR of a continuously re-
hyperpolarizing substrate at ≈ 5 mT 
using a recently described setup.[4] 
Reference to a thermally polarized 
sample allowed to estimate the 
absolute polarization yield.[5] By 
variation of the recovery delay in 
between 90° excitations, a mono-
exponential recovery of 
hyperpolarized signal was 
observed with a time constant of 5 
s (Fig. 2).[3]  

To gain insight into the underlying physics of this effect, we relied on the 
established density operator formalism e.g. as described by Levitt[6] which was used 
to simulate (high-field detected-) SABRE before.[7] 

 
       
           

        

 

        
            

         
        

          
         

          
          
        

      
        
     

         
        

          
        
         

        
        

        
         

       
            

           
         

         
   

 
        

        
          

           
        

               
          

   

         
           

      

 
       
          

           
       

      
       

         
         
         
         

 
 

                  
              

     
                 

             
          

              
               

         
              

           
    

             
                

        
             

  
                 

       
            

    

  
Figure 1: Two-dimensional projec-
tion images of continuously hy-
perpolarized, low-concentration 
agents with an in-plane resolution of 
1mm2 were acquired in 4.16 min 
(left: 3 ml, 80 mM), whereas 2.16 h 
were required to image water at 
much higher 1H concentration 
(right: 6 ml, 56 M, 32 averages, 
prepolarized at 20 mT).

[3]
 

 

 

 
       
           

        

 

        
            

         
        

          
         

          
          
        

      
        
     

         
        

          
        
         

        
        

        
         

       
            

           
         

         
   

 
Figure 2: Absolute polarization produced during the continuous 
hyperpolarization process. Each data point represents the peak 
area of a hyperpolarized pyridine resonance as monitored by a 
cascade of 90° excitation pulses that are separated by a variable 
recovery delay (TR/s). After depletion by excitation, the hyperpolar-
ization level recovers with a time constant of 5 s to a level of 10-3 
which equates with a thermal 1H-polarization field of between 102 
and 103 Tesla.[3] 
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 A distinct distribution of observable substrate polarization was found, depending 
on the magnetic field BS and the duration of pH2-substrate interaction tc (Fig. 3).[8] 

 In conclusion, continuous 
hyperpolarization with pH2 offers 
interesting perspectives for magnetic 
resonance beyond relaxation, 
including fast low-field imaging. 
Simulations of this effect exhibited a 
strong dependency on field strength 
and interaction time, which may be 
exploited for future catalyst design. 
The key hurdle toward biomedical 
application is the adaptation of this 
method to biological conditions.  

 [1] R. W. Adams, J. A. Aguilar, K. D. Atkinson, M. J. Cowley, P. I. P. Elliott, S. B. Duckett, G. G. R. 
Green, I. G. Khazal, J. López-Serrano, D. C. Wil-liamson, Science 2009, 323, 1708–1711.  

[2] M. J. Cowley, R. W. Adams, K. D. Atkinson, M. C. R. Cockett, S. B. Duckett, G. G. R. Green, J. A. 
B. Lohman, R. Kerssebaum, D. Kilgour, R. E. Mewis, J. Am. Chem. Soc. 2011, 133, 6134–6137.  

[3] J.-B. Hövener, N. Schwaderlapp, T. Lickert, S. B. Duckett, R. E. Mewis, L. A. R. Highton, S. M. 
Kenny, G. G. R. Green, D. Leibfritz, J. G. Korvink, et al., Nat. Commun. 2013, 4, DOI 
10.1038/ncomms3946.  

[4] R. Borowiak, N. Schwaderlapp, F. Huethe, E. Fischer, T. Lickert, S. Bär, J. Hennig, D. Elverfeldt, J.-
B. Hövener, Magn. Reson. Mater. Phys. Biol. Med. 2013, 26, 491–499.  

[5] J.-B. Hövener, N. Schwaderlapp, R. Borowiak, T. Lickert, S. B. Duckett, R. E. Mewis, R. W. Adams, 
M. J. Burns, L. A. R. Highton, G. G. R. Green, et al., Anal. Chem. 2014, DOI 10.1021/ac403653q.  

[6] M. H. Levitt, Spin Dynamics, John Wiley And Sons Ltd., Chichester, GB, 2007.  
[7] R. W. Adams, S. B. Duckett, R. A. Green, D. C. Williamson, G. G. R. Green, J. Chem. Phys. 2009, 

131, 194505–194515.  
[8] J.-B. Hövener, S. Knecht, N. Schwaderlapp, J. Hennig, D. von Elverfeldt, ChemPhysChem 2014, 

accepted. 

 
       
           

        

 

        
            

         
        

          
         

          
          
        

      
        
     

         
        

          
        
         

        
        

        
         

       
            

           
         

         
   

 
        

        
          

           
        

               
          

   

         
           

      

 
Figure 3: Theoretical assessment of continuous hyperpolarization: 
transfer of observable polarization from pH2 to a 2-spin-½  sub-
strate as function of magnetic field BS and interaction time tc. 
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The role of hyperfine coupling in solid-state electron-nuclear polarization 
transfer 

G. Jeschke 

Lab. Phys. Chem., ETH Zürich, 8093 Zürich, Switzerland. 

Hyperfine coupling mediates polarization transfer between electron and nuclear 
spins and is thus central for theoretical description of almost all methods for nuclear 
hyperpolarization. In many cases the transfer can be understood in terms of a 
change in the Hamiltonian that leads to level mixing. Transfer is then optimal at a 
matching condition that corresponds to an avoided level crossing. Depending on the 
type of spin system (one or more electron spins directly or indirectly coupled to the 
nucleus at the time scale of the transfer) and on other spin Hamiltonian terms, 
different types of such avoided level crossing can occur. In the solid state level 
mixing and transfer depend on a pseudo-secular component of hyperfine coupling 
that allows for factorization of Hilbert space in multi-nuclear spin systems in the 
absence, but not in the presence of microwave irradiation. The lecture will show why 
and will discuss phenomena such as matched irradiation and hyperfine decoupling. 

45



 

Adiabatic elimination and stochastic unravelling in multi-spin quantum-
mechanical simulations of DNP in solids 

A. Karabanov, D. Wisniewski, I. Lesanovsky, W. Kockenberger 

School of Physics and Astronomy, University of Nottingham, University Park, 
Nottingham, NG7 2RD, UK 

The physically reliable quantum-mechanical description of the dynamic nuclear 
polarization (DNP) in solids would generally require a density operator formalism 
involving numbers of spins comparable with the Avogadro number. For common 
polarizing agents and wide physical conditions, two DNP mechanisms can be 
considered as dominating: the solid effect and the cross effect mechanisms. In this 
case, statistical models involving one or two electronic spins surrounded with nuclear 
spins are rather suitable to describe the spin dynamics.  Depending on 
concentrations, the number of surrounding nuclei can be between tens and tens of 
thousands. This makes calculations in the full Liouville space still infeasible and thus 
needing effective space reductions.  

We have recently shown that, under physically reasonable conditions, this difficulty 
can be overcome using the following two-step technique. First, we demonstrated that 
the nuclear polarization build-up curves are well described by a reduced master 
equation obtained by adiabatic elimination of non-Zeeman spin orders from the full 
Liouville space. Second, we found that the reduced master equation can be written in 
the purely incoherent Lindblad form enabling us to apply a method of stochastic 
unravelling in Hilbert space, a computational analogue of the dynamic Monte Carlo 
method. This makes possible numerical simulations within the solid effect and the 
cross effect DNP mechanisms involving up to hundreds of nuclear spins within 
reasonable computation times. An additional advantage of the approach is that it 
enables parallel calculations, so fast multi-processor supercomputers can now be 
used to significantly accelerate simulations. 

In this talk, mathematical and computational aspects of the above approach will be 
briefly presented along with numerical results supporting the theory. Some open 
questions, such as reliable descriptions of relaxation processes as well as spin 
diffusion, spectral diffusion and thermal mixing effects, will be suggested for a 
discussion. 
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Manipulating spin hyper-polarization by means of adiabatic switching of a 
spin-locking RF-field 

Alexey S. Kiryutin,1,2 Konstantin L. Ivanov,*1,2 Alexandra V. Yurkovskaya,1,2 Hans-
Martin Vieth,3 and Nikita N. Lukzen1,2 

1International Tomography Center SB RAS, Novosibirsk, 630090, Russia; 
2Novosibirsk State University, Novosibirsk, 630090, Russia; 3Freie Universität Berlin, 

Berlin, D-14195, Germany 

A new method has been proposed allowing one to convert initial multiplet spin 
order into polarization of almost any desired kind. It is based on hyper-polarizing a 
system of scalar coupled spins in the presence of a strong RF-field, which is 
subsequently slowly (adiabatically) reduced to zero. The technique can be useful for 
manipulating hyper-polarization, in particular, in cases where multiplet spin order 
gives the main contribution to hyper-polarization. The method allows one not only 
reversing the sign of the multiplet polarization but also converting it into net hyper-
polarization without any loss of the spin order. In contrast to multiplet spin order the 
contributions coming from net polarization do not disappear in the NMR spectrum in 
the presence of line broadening. Therefore net hyper-polarized signals can be used 
in NMR spectroscopy and imaging in combination with standard pulse sequences. 
For instance, our technique can be applied to the case of PHIP, which gives very 
strong hyper-polarization resulting in NMR enhancements of up to 10,000; in contrast, 
the original polarization is purely of the multiplet kind. For the two-spin system we 
were able to show theoretically and experimentally that PHIP can be fully converted 
into net spin order: for instance, by properly setting the RF-field frequency one can 
convert the initial state population pattern into one where only the αα and ββ spin 
states are populated; therefore both spins will get net polarized. The method can also 
be extended to higher-spin systems, which initially carry only multiplet polarization, 
thus allowing one to create net hyper-polarization. 

Financial support by the Russian Foundation for Basic Research (projects No. 12-
03-31042, 12-03-33082, 12-03-31775, 13-03-00437), the Alexander von Humboldt 
Foundation, grant MD-3279.2014.2 of the President of RF and the program of 
Russian Government to support research conducted by the leading scientists (grant 
No.11.G34.31.0045) is gratefully acknowledged. 
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PHIP Hyperpolarization of Fluorine: Applications, Examples and Problems 

Markus Plaumann 

OvGU Magdeburg, Department for Biometrics und Medical Informatics 

 Fluorinates molecules are of huge interest as chemical sensors in liquids. In 
combination with 19F NMR spectroscopy they allow the detection of changes in 
temperature or pH-value and an interactions with other molecules. Especially for the 
examination of biological samples or in vivo measurements, such as metabolic 
studies or MRI, low concentrations are often a hindrance. One technique to overcome 
the disadvantage of low spin density in vivo is the Parahydrogen Induced Polarization 
(PHIP)[1,2,3]. Here, the hydrogenation of different fluorinated aromatic and linear 
substrates using parahydrogen is presented. T1 measurements and different solvents 
are investigated with respect to the achieved signal enhancements.   

 As model compounds precursors such as 3-fluorophenylacetylene, (2E)-2-
acetamido-3-(2,5-difluorophenyl)acrylic acid, perfluoroalkines and -alkenes were 
chosen for hydrogenation with about 50 % enriched parahydrogen (6 bar) in different 
vented solvents. Immediately after hydrogenation in earth field and transport into 
detection field, 19F NMR spectra were acquired using a Bruker WB300 spectrometer. 

 In case of hydrogenation of (2E)-2-acetamido-3-(2,5-difluorophenyl)acrylic 
acid the product signals shifted clearly. It can be observed that the fluorine in ortho 
position (negative phase) has a higher chemical shift sensitivity but a smaller 
enhancement, while fluorine in meta position (in-phase signal) shows a slightly larger 
SE and smaller chemical shift dependency.  

 19F-NMR spectrum of hyperpolarized (perfluoro-n-hexyl)ethene shows 
increased signals of fluorine bonded at C-3’, C-4’, C-7’ and C-8’. An unexpected 
enhancement of the signal at about -82 ppm (CF3-group, C-8’) can be utilized for 19F 
MRI. 

 So far, the potential of 19F hyperpolarization is widely unexploited. The 
polarization transfer from the new bonded hydrogen atoms to fluorines is not clarified 
in detail. Our experiments show a T1-related dependence of the signal enhancement 
in different solvents which of course is evident. Here, it becomes clear that 
particularly attractive hydrophilic solvent mixtures causes a decrease of the T1 time 
respectively of the achievable SE, which emphasize the need for adapting long living 
techniques to fluorine. A strong polarization transfer over a long distance could be 
observed in linear perfluoroalkenes and –alkanes measured in organic solvents. 

[1] C. R. Bowers, D. P. Weitekamp, J. Am. Chem. Soc. 1987, 109(18), 5541–5542. 
[2] C. R. Bowers, D. P. Weitekamp, Phys. Rev. Lett. 1986, 57(21), 2645–2648.  
[3] M. Haake, J. Natterer, J. Bargon, J. Am. Chem. Soc. 1996, 118(36), 8688–8691. 
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Metal ions and DNP - considerations over the impact of electronic properties 
on DNP 

B.Corzilius1,2, A. Flori3, A. Feintuch4, D. Goldfarb4, R.G. Griffin1, Y. Hovav4, 
C.Luchinat5, L.Menichetti6, V.K. Michaelis1, G. Parigi5, S. Penzel1,7, E.Ravera5, D. 

Shimon4, A.A.Smith1,7, S. Vega4 
1Francis Bitter Magnet Laboratory and Department of Chemistry, Massachusetts 

Institute of Technology, Cambridge, MA 02139, USA; 2current address: Institute of 
Physical and Theoretical Chemistry and Center of Biomolecular Magnetic 

Resonance, Goethe University Frankfurt, Frankfurt, Germany; 3Gruppo Intini-SMA 
Laboratory of Experimental Cardiology, Scuola Superiore Sant'Anna, Pisa, Italy; 

4Department of Chemical Physics, Weizmann Institute of Science, Rehovot, Israel; 
5Center for Magnetic Resonance and Department of Chemistry “Ugo Schiff”, 

University of Florence, Italy; 6Institute of Clinical Physiology, National Research 
Council, Pisa, Italy and Fondazione CNR/Regione Toscana G. Monasterio, Pisa, 

Italy; 7current address: Laboratory of Physical Chemistry, ETH-Zürich, Zürich, 
Switzerland 

Some paramagnetic metal ions have been shown to be of interest for DNP studies. 
For instance isotropic or nearly isotropic gadolinium and manganese are suitable 
polarizing agents in rotating solids at the liquid nitrogen temperature (1). This holds 
true as long as the 1/2<--->-1/2 transition is sharp enough so as to give efficient solid 
effect. Gadolinium is also used to improve the efficiency of DNP in static samples at 
lower temperatures, where the 7/2 state may dominate and make it not amenable to 
be a polarizing agent (2).  Theoretical arguments also support the hypothesis that 
some slow relaxing metal ions could be used as polarizing agents in solution (3). 

We here discuss the role of the electronic structure of the metals in selected 
cases:  

A) we discuss the effect of gadolinium ions on trityl relaxation and its outcome in 
low temperature DNP 

B) a highly symmetric chromium complex is used for MASDNP and its 
temperature-dependent zfs is investigated 

C) the coupling factor of overhauser dnp is derived from field dependent 
relaxometry measurements for several ions. 

(1) B Corzilius, AA Smith, AB Barnes, C Luchinat, I Bertini, RG Griffin, Journal of the American 
Chemical Society 133 (15), 5648-5651 

(2)  L Lumata, ME Merritt, CR Malloy, AD Sherry, Z Kovacs, The Journal of Physical Chemistry A 116 
(21), 5129-5138 

(3)  C Luchinat, G Parigi, E Ravera, Journal of biomolecular NMR, DOI:10.1007/s10858-013-9728-8 
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DNP on Heteronuclei: Theory and Experiments 

D. Shimon*, I. Kaminker, Y. Hovav, A. Feintuch, D. Goldfarb and S. Vega 

Weizmann Institute of Science, Department of Chemical Physics, Israel 

DNP enhancement frequency spectra of 13C enriched molecules in samples 
containing the trityl radical show significant positive and negative enhancement lines 
outside the EPR spectrum at frequencies ωe±ω1H±½ω13C. These features cannot be 
explained by the “Double Solid Effect” (double SE), previously observed in a sample 
containing BDPA with 2H nuclei [1,2], since in the double SE the peaks should appear 
at ωe±ω1H±ω13C. To explain these experimental observations Liouville space 
simulations were conducted for the following three- and four-spin systems: {1H–e–
13C} and {1H–ea–eb–13C}. 

The double SE mechanism is present in the three-spin system; however, our 
observations require the four-spin system. In this study we discuss DNP on this 
system also taking into account effects caused by nuclear spin diffusion and electron 
spectral diffusion processes. It was previously shown by Cox et al. [3] that there 
exists a transfer mechanism between the polarizations of heteronuclei. To study this 
transfer mechanism we performed DNP experiments on partially deuterated samples 
containing TEMPOL and followed the fast cross-talk between the 2H- and the 1H-
polarizations in these samples. 

To describe these transfer processes we again consider the four-spin system {1H–
ea–eb–13C} and demonstrate that high order CE conditions are responsible for our 
experimental observations. 

[1] W. de Boer, M. Borghini, K. Morimoto, T. O. Niinikoski and F. Udo, J. Low Temp. Phys., 1974, 15, 
249-267. 

[2] W. de Boer, J. Low Temp. Phys., 1976, 22, 185-212. 
[3] S. F. J. Cox, V. Bouffard and M. Goldman, Journal of Physics C: Solid State Physics, 1973, 6, L100. 
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Sabre hyperpolarization at low concentrations 

M. Tessari 

Radboud University Nijmegen, Institute for Molecules and Materials, 
Heyendaalseweg 135, 6525 AJ Nijmegen, The Netherlands 

SABRE is a nuclear spin hyperpolarization technique based on the reversible 
association of a substrate molecule and parahydrogen (p-H2) to a metal complex. 
During the lifetime of such a complex the spin order of p-H2 is transferred to the 
nuclear spins of the substrate resulting in strongly enhanced NMR signals. This 
technique is generally applied at relatively high concentrations (mM), in large excess 
of substrate with respect to metal complex. Dilution of substrate ligands below 
stoichiometry determines a progressive decrease of signal enhancement, which 
precludes the direct application of SABRE at low concentrations (µM). We have 
recently shown [1] that by addition of a suitable ligand to the solution, the efficiency of 
SABRE at low substrate concentration can be restored, allowing NMR detection 
below 1µM in a single scan. Preliminary results on the application of SABRE to 
complex mixtures at low concentrations will be illustrated. 

 [1] Nan Eshuis , Niels Hermkens , Bram J. A. van Weerdenburg , Martin C. Feiters , Floris P. J. T. 
Rutjes , Sybren S. Wijmenga , and Marco Tessari  “Toward Nanomolar Detection by NMR Through 
SABRE Hyperpolarization” J. Am. Chem. Soc., 2014, 136, 2695–2698. 
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Accelerating Hyperpolarized MRI by Exploiting 
Spatiotemporal  Correlations and Sparsity  

Sebastian Kozerke 

Institute for Biomedical Engineering, University and ETH Zurich, 8092 Zurich, 
Switzerland 

Data undersampling is a key strategy in hyperpolarized MRI to achieve appropriate 
spatiotemporal resolution within the limited time window available. Different strategies 
have been proposed to reconstruct incomplete datasets. These methods can be 
classified as linear and non-linear reconstruction methods. For both approaches, 
suitable transform operations are essential to either compress or sparsify the data. Of 
particular value are transform operations along the time axis of time-resolved, 
dynamic data series. To this end, methods utilizing temporal basis functions of 
various kinds have proven to be valuable. In the context of metabolic imaging, 
integration of kinetic models into image reconstruction may be used to further restrict 
the range of solutions to physiologically meaningful subsets. 

In this presentation, on overview about linear and non-linear reconstruction 
methods from undersampled data will be given and their application to 
hyperpolarized lung and cardiac imaging discussed. Advantages and limitations of 
each approach will be highlighted based on a unified mathematical framework. 
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Fast Padé Transform accelerated CSI for hyperpolarized MRS 

Esben Søvsø Szocska Hansena, Sun Kimb, Marcus Geferathd, Glen Morrellb,c, 
Christoffer Laustsena 

aMR Research Centre, Institute of Clinical Medicine, Aarhus University Hospital, 
Aarhus, Denmark; bUniversity of Utah School of Medicine; cUtah Center for Advanced 

Imaging Research; dSchool of Mathematical Sciences, University College Dublin, 
Belfield, Dublin 4, Ireland 

Purpose: The aim of this study was to demonstrate that the Padé approximant in 
form of Fast Padé Transform (FPT), can reduce the scan time of hyperpolarized CSI, 
without sacrificing the robustness and flexibility and secondly to demonstrate a fully 
automated and direct quantification of the FPT.  

Methods: Hyperpolarized [1-13C]pyruvate CSI data was processed with the FPT 
and compared with a spectral analysis using the Fast Fourier transform (FFT). The 
unique property of Frossiart filtering in the FPT showed unique results for noise 
cancellation of spurious signals. 

Conclusion: Here we show the use of the FPT can reduce the sampled spectral 
dimension 2-6 times, without sacrificing the spectral resolution required, thereby 
gaining temporal resolution and that oppose to the FFT counterpart the FPT directly 
yields exact quantification of the spectral components at no extra expense. 

54



 

Tests of RF phase encoding in low-field MRI 

C.P. Bidinosti[1], G. Tastevin[2], P.-J. Nacher[2]  
[1] University of Winnipeg, Winnipeg, Manitoba, Canada; [2] Laboratoire Kastler 

Brossel, ENS, Paris, France.  

Gradients of B1 phase can replace the gradients of B0 magnitude used in 
conventional MRI for spatial encoding of the magnetisation. So far this method, called 
TRASE (Transmit Array Spatial Encoding), has been demonstrated at B0 = 0.2T and 
prospects have been discussed for MRI at higher field strength, where the elimination 
of fast and noisy B0 gradient switching would be beneficial [1].  

For low-field MRI, where hyperpolarisation methods can be employed to obtain 
high-SNR images, the adverse effects of concomitant gradients put a limit to the 
resolution achievable with B0 gradients. To assess the potential of TRASE imaging in 
the millitesla range, we have implemented an additional spiral RF coil [2] in a 15-cm 
bore resistive magnet, equipped with a usual (uniform-field) RF coil and imaging 
gradient coils for operation up to 2.5 mT [3]. RF phase encoding in the axial direction 
is obtained using series of alternating 180° flips by the two RF coils. The efficiency of 
this scheme is compared to that of encoding with B0-gradient pulses both in 1D and 
2D imaging of water samples. 

The limitations associated with the use of short and intense RF pulses will be 
discussed (due, e.g., to the counter-rotating parts of the linar RF fields and to the 
concomitant B1 field component for the spiral coil), as well as the extension of the 
method to hyperpolarised samples with non-renewable magnetisation (optically 
pumped He3 gas in our experiment). 

[1]  J.C. Sharp et al., MRM 63:151 (2010); NMR Biomed., 26: 1602 (2013). 
[2]  J. Bellec et al., Proc. Intl. Soc. Mag. Reson. Med. 21:0138 (2013) and references therein. 
[3]  P.-J. Nacher et al., Proc. Intl. Soc. Mag. Reson. Med. 15:3290 (2007); K. Safiullin et al., J. Magn. 

Reson. 227:72 (2013). 
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Spectroscopy of dissolved 129Xe in human brain at 1.5T 

Madhwesha Rao, Neil J Stewart, Graham Norquay, Jim M Wild 

Academic Radiology, University of Sheffield, UK 

Introduction: Hyperpolarized (HP) 129Xe, when inhaled into the lungs, dissolves in 
the blood via the alveolar-capillary pathway and can be used to study perfusion in 
other organs. HP 129Xe has a large range of chemical shift and can be used to study 
uptake in the human brain when dissolved 129Xe is transferred across the blood-brain 
barrier to white matter, grey matter and cerebral lipids. The dynamics of 129Xe  uptake 
in the human brain has been previously measured at 3.0T 1; this study reported 
detection of NMR peaks from 129Xe dissolved in white and grey matter, with no 
evidence of peaks from blood or cerebral lipids, despite what has been observed 
previously in the rat brain3. An earlier study at 1.5T in the human brain exhibited only 
a single dominant peak from brain tissue2. The motivation of our work is to 
demonstrate dynamic spectroscopy of 129Xe in the human brain at 1.5T using 
optimized RF brain coil designs at 17.6 MHz. In addition we have developed an 
uptake model with spin density and flip angle (FA) variation to account for the ratio of 
grey matter to white matter by volume. 

 

Method: Three different RF coils were constructed, one birdcage coil with eight 
legs and two quadrature transmit-receive coils (conventional loop and spiral design). 
In-vivo spectroscopy of the human brain with HP 129Xe was performed on a GE 1.5T 
(Signa HDx) system. HP 129Xe gas (86% 129Xe, 30~60% polarization) was inhaled in 
doses of between 300mL to 1L. All subject tolerated the breath-hold well and vital 
signs were monitored throughout the scan. Whole-brain 129Xe spectra were acquired 
using a pulse-acquire sequence, with an inter-pulse delay (TR) of 2s. FA was 90⁰, 
with an RF pulse-width of 500μs (50mW average power) and bandwidth of 1.2 kHz, 
Centre frequency was set to 197ppm downfield from the 129Xe gas peak. An uptake 
model as shown in Fig 1(e) was developed considering the flip angle variation and 
corresponding spin density dissolved in the putative grey matter and white matter 
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compartments as shown in 1(d). The model was fitted to data acquired with various 
flip angles as shown in 1(b). The ratio of grey matter to white matter by volume was 
measured and compared with results from 1H imaging as shown in Figure 1(c) and (f). 

Result: The 129Xe brain spectrum shows peaks attributable to 129Xe in cerebral 
lipids(187 ppm), white matter(192 ppm), grey matter (195 ppm) and blood(198, 215 
ppm) as shown in Fig 1(a). The ratio of grey matter to white matter for a particular 
volunteer (M,31y) was measured to be 1.7 from 129Xe spectroscopy and 1.59 from 1H 
imaging (the latter with an 8% error). The 129Xe uptake at flip-angle 20°, 45° and 90° 
correlated well with the model considering the following: inhalation time (H) = 4s, T1 
relaxation of 129Xe in gas = 25s, T1 relaxation of 129Xe in blood = 10s, Transit time 
constant of 129Xe from lung to brain = 4s, time take from the blood to enter-exit grey 
matter = 10s/white matter = 5s and finally the flip angle and density of grey/white 
matter as was measured. The grey/white matter volume fraction measurements from 
129Xe spectroscopy in a 1D projection in the left-right direction correlated well with a 
similar projection in 1H imaging. 

 Discussion: The difference in the ratio of grey matter to white matter volume 
between 129Xe spectroscopy and 1H measurement may be explained by the fact that 
the dissolution co-efficient of 129Xe in grey matter and white matter has ratio of 1.24,5 
and 1H measurement considered only cerebrum region with 8~12% error (grey-white 
overlap region). The ratio of grey matter to white matter measured from 129Xe 
spectroscopy varies with flip angle, for 20° flip angle the ratio is 1.3 and for 90° flip 
angle the ratio is 1.7. This may be due to the fact that, the enter-exit time of blood in 
white matter is faster than grey matter. Hence, an accurate uptake model considering 
flip angle variation with spin density determines the measurement error in the grey 
matter to white matter volume ratio. 

Conclusion: In this work we have demonstrated multiple dissolved 129Xe peaks in 
the human brain in-vivo at 1.5T. We have measured ratio of grey matter to white 
matter with 129Xe spectroscopy and compared with 1H measurement. We have 
developed uptake model to determine the measurement error in the grey to white 
matter ratio. 

1.  W. Kilian, et al, Magnetic Resonance in Medicine, 51 (2004), 843-47. 
2.  J. P. Mugler Iii, et al, Magnetic Resonance in Medicine, 37 (1997), 809-15. 
3.  K. Nakamura, et al, Magnetic Resonance in Medicine, 53 (2005), 528-34. 
4.  Hadley L Conn, JR. J. Appl Physiol. 16(6): 1065-1070,1961. 
5.  N. Veall, et al, Phys, Med. Bial., Vol. 10, No. 3, 375-380 
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Human Lung MR Imaging using Naturally-Abundant 129Xe with optimised 3D 
SSFP 

Neil J. Stewart, Graham Norquay, Jim M. Wild 

Academic Unit of Radiology, University of Sheffield, Royal Hallamshire Hospital, 
Sheffield, United Kingdom 

Introduction: To date, MRI of pulmonary ventilation with the hyperpolarised (HP) 
noble gases 3He and 129Xe has required ~200 mL of 3He or ~500 mL of isotopically-
enriched (EN) Xe (86% 129Xe) to achieve sufficient image quality for clinical 
interpretation. However, these gases are expensive; $850 and $170 per litre of 3He 
and EN Xe, respectively. Naturally-abundant (NA) Xe (26% 129Xe) may present an 
economically-attractive alternative ($30 per litre) for routine imaging. To achieve 
maximal image quality for diagnostic lung imaging with NA Xe, careful utilisation of 
the available MR signal enhancement (hyperpolarisation) is necessary with pulse 
sequence optimisation. Steady-state free precession (SSFP) sequences can provide 
enhanced SNR in lung imaging with HP gases by recycling transverse magnetisation 
subject to the constraints of flip angle and diffusional dephasing [1]. 

Purpose: To optimise the MR acquisition process for lung imaging with HP 129Xe, 
exploiting 3D SSFP and spoiled gradient echo (SPGR) pulse sequences in order to 
demonstrate the potential of NA Xe gas as a scalable, cost-effective contrast agent 
for imaging of pulmonary ventilation in humans. 

Methods: MR imaging was performed on a healthy smoker with mild obstructive 
lung disease at two clinically-relevant field strengths (1.5 T and 3 T). Custom-built, 
flexible, transmit-receive quadrature vest coils (Clinical MR Solutions, Brookfield, WI) 

Figure 1: Selected coronal MR image slices from a healthy smoker after inhalation of a) 100 mL HP 3He, b) 400 
mL EN Xe (86% HP 129Xe) and c) 1 L NA Xe (26% HP 129Xe), acquired at 1.5 T with a 3D SSFP pulse 
sequence. Shown in d) are the corresponding slices from the same subject, obtained using a 3D SPGR pulse 
sequence at the field strength of 3 T.  
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were used to detect MR signals at the Larmor frequency of 129Xe; 17.7 MHz (1.5 T) 
and 35.3 MHz (3 T). NA 129Xe gas (Linde Group, UK) was polarised to 30 - 60% 
using an in-house, regulatory-approved polariser [2]. The subject inhaled 1 L of NA 
HP Xe gas from a Tedlar bag and full-lung coverage MR scans were performed. 3D 
MR pulse sequences were employed to minimise the acquisition echo time. At 1.5 T, 
a 3D SSFP sequence was optimised for excitation flip angle by measuring the k-
space filter from the HP 129Xe signal decay across the two phase encoding 
dimensions (ky and kz) for different input flip angles [1]; a 9° flip angle resulted in a k-
space filter corresponding to consumption of almost all available signal enhancement 
during the image acquisition. Sequence parameters were as follows: field-of-view 
(FOV), 40 cm; phase FOV, 0.8; 20 effective coronal slices; 0 slice gap; in-plane 
resolution, 96 x 96; slice thickness, 10 mm; echo/repetition time, TE/TR = 2.1/6.4 ms; 
receiver bandwidth, ± 8 kHz; total breath-hold, 13 sec. At 3T, a 3D SPGR sequence 
was implemented with the following parameters: FOV, number of slices and slice 
thickness as above; in-plane resolution, 100 x 100; TE/TR = 2.5/10.0 ms; receiver 
bandwidth, ± 7.5 kHz; total breath-hold, 16 sec. For comparison with NA Xe images, 
EN Xe and 3He 3D SSFP lung imaging was performed at 1.5 T with inhaled gas 
mixtures of 400 mL EN Xe (86% 129Xe polarised to 30 – 60%) and 100 mL HP 3He 
(polarised to ~ 25%), balanced to 1 L with 600 mL and 900 mL of N2 gas, respectively.  

Results & Discussion: All acquired lung MR images were of diagnostic quality, with 
SNRs of between 20 and 40. The high SNR permitted identification of small 
ventilation defects in the lungs of the healthy smoker. NA 129Xe images were of 
comparable SNR to those obtained using modest doses of EN HP 129Xe and HP 3He 
(see Figure 1); i.e. for a considerably reduced cost per scan, there was no loss in 
diagnostic information. The similar SNR of 3D SSFP imaging at 1.5 T and 3D SPGR 
imaging at 3 T is promising for NA Xe lung imaging; at fixed field strength, improved 
SNR may be attained with SSFP versus SPGR sequences [1], whereas for the same 
pulse sequence, higher SNR may be available at 3 T [3], in line with that seen 
previously. Little / no observation of characteristic off-resonant banding or cardiac 
motion artefacts is also encouraging. 

Conclusion: Careful optimisation of MR pulse sequences, coupled with advances 
in polarisation technology, can facilitate acquisition of images of pulmonary 
ventilation of diagnostic quality, using relatively inexpensive (~ $30 per scan), readily-
available NA xenon gas. 

Acknowledgements: The authors would like to acknowledge funding support 
received from: MRC; GE Healthcare; EPSRC. 

[1]  Wild, J. M. et al. J. Magn. Reson. 183, 1 (2006). 
[2]  Norquay, G. et al. J. Appl. Phys. 113, 044908 (2013). 
[3]  Xu, X. et al. Magn. Reson. Med. 68, 6 (2012).  

59



 

Noise-triggered NMR maser bursts in HP liquid 3He 

V.V. Kuzmin, J. Orkisz, G. Tastevin, P.-J. Nacher  

Laboratoire Kastler Brossel, ENS, Paris, France. 

In hyperpolarised liquids, the combination of a large negative spin temperature and 
strong radiation damping (RD) leads to the spontaneous emission of multiple RF 
signal bursts (instead of a single one) with asymmetric envelopes (unlike the 
conventional NMR maser burst). In dissolved laser-polarised Xe, the RF bursts 
exhibit very complex temporal and spectral features [1]. In laser-polarised He 
mixtures, no such chaotic behaviour is observed in experiments or simulations [2]. 
The succession of bursts can be explained by the competition between a RD-driven 
growth of the transverse component and a distant dipolar field (DDF)-induced 
development of inhomogeneous magnetisation patterns, which de-stabilises the 
precession and quenches the RF emission before spin temperature changes sign. 

We report on a study aiming at a quantitative description of the onset of the RF 
bursts, with and without DDF, in the case where they are triggered by RF noise. 
Revisiting and extending prior work [3,4], we have developed a comprehensive 
theoretical model to account for the RF-driven random fluctuations of the average 
magnetisation and for its temporal evolution due to RD, B0 field inhomogeneity, 
and/or DDF. We have used computer lattice simulations to probe their individual and 
combined contributions. A systematic experimental investigation has been performed 
at low field in condensed hyperpolarised 3He-4He mixtures with well-controlled initial 
magnetisation state, adjustable radiation damping rate, and variable RF noise level. 
The statistics of the onset of observed RF bursts are in good agreement with the 
expectations. This work provides tools to interpret the irregular time delays reported 
in Ref. [1].  

[1]  D. Marion, G. Huber, P. Berthault, H. Desvaux, Chem. Phys. Chem. 9 (2008) 1395–1401;  D. 
Marion, P. Berthault, H. Desvaux, Eur. Phys. J. D 51 (2009), 357–367. 

[2]  V.V. Kuzmin, M.E. Hayden, G. Tastevin, P.-J. Nacher, Euromar 2013 conference. 
[3]  A. Sodickson, W.E. Maas, D.G. Cory, J. Mag. Res. B 110 (1996) 298. 
[4]  M.P. Augustine, S.D. Bush, E.L. Hahn, Chem. Phys. Lett. 322 (2000) 111. 
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Towards Higher Efficiency & Better Resolution in Dynamic Nuclear Polarization 
Enhanced Solid-State NMR 

Ümit Akbey 

NMR Supported Structural Biology, Leibniz-Institute for Molecular Pharmacology, 
Robert-Roessle-Str. 10, 13125 Berlin, Germany 

Dynamic Nuclear Polarization (DNP) increases sensitivity of NMR by several 
orders of magnitude. The method exploits the transfer of large initial Boltzmann 
polarization of electron spins to those of neighboring nuclei. Theoretical nuclear 
signal enhancements of (γe/ γI) ~660 can be obtained for 1H nuclei, which could 
result up to a remarkable ~105-6 reduction in NMR experimental time. In practice, at 
9.4 T, DNP enhancements are obtained lower much than the theoretical maximum, 
between 30-200. New approaches to increase the efficiency of DNP 
hyperpolarization will be explained by utilizing deuteration. 

Moreover, the optimized way of biological sample preparation, tuning back-
exchange ratio in deuterated protein preparations, and optimum DNP experimental 
temperatures will be summarized for achieving resolution and sensitivity. Particularly, 
high-temperature DNP NMR experiments performed at elevated temperatures of 
~180-200 K rather than 100 K, will be discussed, which is a promising way of 
obtaining better resolution sufficient for structural studies of proteins via DNP. 
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Toward hyperpolarization of nuclear spins on diamond surfaces 

J. M. Boss, M. Loretz, C. L. Degen 

Department of Physics, ETH Zurich, Otto-Stern-Weg 1, 8093 Zurich, Switzerland 

Nitrogen vacancy (NV) centers in diamond can be optically polarized by green 
laser light to almost 100% at room temperature. It has recently been shown that this 
polarization can be effectively transferred to nearby 14N, 15N and 13C nuclear spins 
within the diamond crystal. Transfer of polarization to nuclear spins outside the 
diamond, as required for DNP of arbitrary molecules on the diamond surface, 
remains a challenge. In this talk we show detection of several nuclear spin species 
on the surface of a diamond chip by single, shallow NV centers, which is the first step 
toward DNP of surface molecules. 
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Ultrafast Z-Spectroscopy for Detection of 129Xe NMR-Based Sensors 

Céline Boutin1, Estelle Léonce1, Thierry Brotin2, Alexej Jerschow3  
and Patrick Berthault1 

1CEA Saclay, IRAMIS, NIMBE, UMR CEA/CNRS 3299, Laboratoire Structure et 
Dynamique par Résonance Magnétique, 91191 Gif sur Yvette, France; 2Laboratoire 
de Chimie, CNRS, Ecole Normale Supérieure de Lyon, 46 Allée d'Italie, 69364 Lyon 
Cedex 07, France; 3Chemistry Department, New York University, 100 Washington 

Square East, New York, NY 10003, USA 

129Xe biosensors have been demonstrated to provide sensitive probes of biological 
events. Very sensitive detection thresholds can be reached with the HyperCEST 
approach1. With hyperpolarized species it is often 
difficult to maintain a stable level of magnetization 
over consecutive experiments, which renders their 
detection at the trace level cumbersome, even when 
combined with chemical exchange saturation 
transfer (CEST). We report herein the use of ultra-
fast Z-spectroscopy (UFZ)2 as a powerful means to 
detect low concentrations of 129Xe NMR-based 
sensors in a single shot. This experiment enables a 
multiplexed detection of several sensors, as well as 
extraction of the exchange buildup rate constant in a 
single-shot fashion3.  

1. Schröder, L.; Lowery, T. J.; Hilty, C.; Wemmer, D. E.; Pines, 
A. Science 2006, 314, 446-449. 

2. Xu, X.; Lee, J.-S.; Jerschow, A. Angew. Chem. Int. Ed. 2013, 52, 8281-8284. 
3. Boutin, C.; Leonce, E.; Brotin, T.; Jerschow, A.; Berthault, P. J. Phys. Chem. Lett. 2013, 4, 

4172−4176. 

 

Fig. 1: (a) 129Xe UFZ pulse sequence. (b) 
Raw data, (c) HyperCEST asymmetry curve 
from one-shot measurement of a mixture of 
cryptophanes.  
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The importance of polarizing agents and the chemical environment in MAS 
DNP 

Björn Corzilius 

Institute of Physical and Theoretical Chemistry, Institute of Biophysical Chemistry, 
and Center for Biomolecular Magnetic Resonance, Goethe University Frankfurt, Max-

von-Laue-Str. 9, 60438 Frankfurt am Main, Germany. 

Polarizing agents – which provide the electron spin polarization being transferred 
to nuclear spins – play a crucial role in the development and application of dynamic 
nuclear polarization (DNP).[1] In most cases the samples to be investigated are 
diamagnetic; thus, the polarizing agent (PA) has to be extrinsically added to the 
sample. Depending on the nature of the analyte, the matrix it is situated in, as well as 
the polarizing agent itself, several scenarios have to be considered. In one case both 
the analyte and PA are homogeneously dispersed in a glass forming olvent,[2] or the 
analyte can be situated in a different phase than the PA.[3] In any case, the ability of 
the solvent to form an amorphous matrix upon freezing is of crucial importance in 
order to prevent the phase separation of the PA.[4] Besides using typical glass-
forming mixtures, alternative approaches like sedimentation by ultracentrifugation or 
fast MAS can be utilized to achieve this goal.[5] 

Spin interactions between individual radical centers are a crucial requirement for 
efficient cross effect DNP. Symmetric bis-TEMPO biradicals have been 
extraordinarily successful for 1H DNP.[6] Even though attempts to synthesize water-
soluble non-symmetrical biradicals constituent of one or two narrow EPR-line 
moieties have proven extremely challenging, mixtures of the respective monoradicals 
have shown to be highly efficient, especially for direct DNP of nuclei with a small 
gyromagnetic ratio (e.g. 13C, 2H).[7] Finally, paramagnetic metal ions can act as PA, 
either in the form of a complex ion dispersed in an aqueous solution,[8] or as dopant 
incorporated into a crystalline inorganic host material.[9] Furthermore, it has been 
shown that endogenous radical centers can be used as PA for DNP.[10] This is 
especially interesting since the incorporation of paramagnetic metal ions into 
biomolecules might lead to new, intriguing possibilities. 

[1] Hu, Solid State Nucl. Magn. Reson. 2011, 40, 31. 
[2] Corzilius et al., J. Magn. Reson. 2014, 240, 113. 
[3] van der Wel et al., J. Am. Chem. Soc. 2006, 128, 10840. 
[4] Ong et al., The Journal of Physical Chemistry B 2013, 117, 3040. 
[5] (a) Ravera et al., J. Am. Chem. Soc. 2013, 135, 1641; (b) Ravera et al., J. Phys. Chem. B 2014, 

118, 2957. 
[6] (a) Hu et al., J. Am. Chem. Soc. 2004, 126, 10844; (b) Song et al., J. Am. Chem. Soc. 2006, 128, 

11385; (c) Matsuki et al., Angew. Chem. Int. Ed. 2009, 48, 4996; (d) Dane et al., J. Org. Chem. 
2012, 77, 1789; (e) Kiesewetter et al., J. Am. Chem. Soc. 2012, 134, 4537; (f) Sauvée et al., 
Angew. Chem. Int. Ed. 2013, 52, 10858. 

[7] (a) Hu et al., J. Chem. Phys. 2007, 126, 7; (b) Michaelis et al., J. Am. Chem. Soc. 2013, 135, 
2935; (c) Michaelis et al., The Journal of Physical Chemistry B 2013, 117, 14894; (d) Michaelis et 
al., Isr. J. Chem. 2014, 54, 207. 

[8] Corzilius et al., J. Am. Chem. Soc. 2011, 133, 5648. 
[9] Corzilius et al., J. Am. Chem. Soc. 2014, submitted. 
[10]  Maly et al., J. Phys. Chem. B 2012. 
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Diffusion of polarizing agents into nanostructured materials: a critical factor 
for DNP-enhanced NMR experiments 

Olivier Lafona, Frédérique Pourpointa, Aany S. Lilly Thankamonya, Julien Trébosca, 
Takeshi Kobayashib, Diego Carnevalec, Fabien Aussenacd, Marek Pruskib,f, Geoffrey 

Bodenhausenc,g, Hervé Vezine, Jean-Paul Amoureuxa 
aUniv. Lille Nord de France, CNRS UMR 8181, UCCS, Univ. Lille 1, Villeneuve 

d’Ascq, France; bU.S. Department of Energy, Ames Laboratory, Ames, Iowa, U.S.A.; 
cISIC, EPFL, Batochime, Lausanne, Switzerland; dBruker BioSpin SA, Wissembourg, 

France; eUniv. Lille Nord de France, CNRS UMR 8516, LASIR, Univ. Lille 1, 
Villeneuve d’Ascq, France; fDepartment of Chemistry, Iowa State University Iowa, 
U.S.A.; gDépartement de Chimie, Ecole Normale Supérieure; Université Pierre et 

Marie Curie; CNRS UMR 7203, Paris, France. 

We have shown recently that Dynamic Nuclear Polarization (DNP) can enhance 
the sensitivity of solid-state NMR experiments on nanostructured materials, including 
mesoporous silica1,2 and microporous metal-organic frameworks (MOFs).3 For 
these DNP-NMR experiments, porous materials were impregnated with a solution 
containing stable nitroxide biradicals, which act as polarizing agents. 

We demonstrate here that the diffusion and the adsorption of polarizing agents are 
critical factors for DNP- NMR experiments on micro- and meso-porous materials. We 
also show that these phenomena can be probed using EPR and DNP-NMR 
spectroscopies. For instance, 2D EPR imaging was employed to control the 
impregnation of mesoporous silica by biradical solutions.1 EPR measurements also 
indicate a higher electron concentration in mesoporous silica than in the solution, 
which suggests the adsorption of TOTAPOL molecules onto the silica surface. 
Conversely the presence of surfactant molecules within the pores of mesoporous 
silica inhibits the access of biradicals to the mesopores, relegating them to the 
interparticle voids.2 This exclusion of TOTAPOL from mesopores was proven using 
EPR spectroscopy and a quantitative analysis of DNP signal enhancements. 

In microporous MOFs, the exchange between radicals in solution and adsorbed 
onto the micropores is slow enough to detect two distinct EPR signals for these 
species.3 Therefore, the evolution of EPR signals allows monitoring the kinetics of 
the adsorption of biradicals on the large cavities of MIL-100(Al). This adsorption was 
confirmed by an analysis of the DNP enhancement using 1H spin diffusion models. 
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Figure: DNP-NMR and EPR spectroscopies allow monitoring radical diffusion in porous materials. 

1.  O. Lafon, M. Rosay, F. Aussenac, X. Lu, J. Trébosc, O. Cristini, C. Kinowski, N. Touati, H. Vezin, 
and J.-P. Amoureux, Angew. Chem. Int. Ed., 2011, 50, 8367–8370. 

2.  O. Lafon, A. S. L. Thankamony, T. Kobayashi, D. Carnevale, V. Vitzthum, I. I. Slowing, K. Kandel, 
H. Vezin, J.-P. Amoureux, G. Bodenhausen, and M. Pruski, J. Phys. Chem. C, 2013, 117, 1375–
1382. 

3.  F. Pourpoint, A. S. L. Thankamony, C. Volkringer, T. Loiseau, J. Trébosc, F. Aussenac, D. 
Carnevale, G. Bodenhausen, H. Vezin, O. Lafon, and J.-P. Amoureux, Chem. Commun. (Camb)., 
2013, 50, 933–935. 
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Increasing water–solubility of radicals for DNP using dendrimer chemistry 

Anil P. Jagtap, Snorri Th. Sigurdsson 

Science Institute, University of Iceland, Dunhagi-3, 107-Reykjavik, Iceland. 

Dynamic nuclear polarization (DNP) is currently one of the most efficient methods 
to increase NMR signal intensities, where polarization is transferred from a 
paramagnetic molecule to the nuclei of interest. Several new radicals have been 
prepared in recent years. bTbk is a biradical that has given the largest enhancement 
thus far[1], but a major problem with this radical, as with many others, is its limited 
solubility in aqueous solutions. This is the major hurdle of using bTbk for DNP 
experiment of biological systems.[2] 

We are currently working on a strategy to attach water-soluble functional groups to 
nitroxide radicals by using a dendrimer approach, specifically thiophosphonate 
dendrimers that can be synthesized using well-known phosphoramidite chemistry.[3] 
We have incorporated hydroxyl groups into nitroxide radicals that can be used for this 
thiophosphonate dendrimer chemistry. This approach can be used to link water-
soluble functional groups to nitroxide radicals to enhance their aqueous solubility. 
The relaxation time of nitroxide radicals should also increase by increasing the 
molecular weight through dendrimer derivatization.[4] 

[1] Y. Matsuki, T. Maly, O. Ouari, H. Karoui, F. Le Moigne, E. Rizzato, S. Lyubenova, J. Herzfeld, T. 
Prisner, P. Tordo, R. G. Griffin, Angewandte Chemie-International Edition 2009, 48, 4996-5000. 

[2] M. K. Kiesewetter, B. Corzilius, A. A. Smith, R. G. Griffin, T. M. Swager, J Am Chem Soc 2012, 
134, 4537-4540. 

[3] G. M. Salamonczyk, M. Kuznikowski, A. Skowronska, Tetrahedron Lett 2000, 41, 1643-1645; G. M. 
Salamonczyk, Tetrahedron 2012, 68, 10209-10217. 

[4] A. Zagdoun, G. Casano, O. Ouari, M. Schwarzwalder, A. J. Rossini, F. Aussenac, M. Yulikov, G. 
Jeschke, C. Coperet, A. Lesage, P. Tordo, L. Emsley, J Am Chem Soc 2013, 135, 12790-12797. 
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 Effects of field modulation on rate of growth of polarization at very high B0/T 

David Peata, David Gadianb, Anthony Horsewilla, and John Owers-Bradleya 
aSchool of Physics and Astronomy, University of Nottingham, Nottingham NG7 2RD; 

bInstitute of Child Health, University College London, London, UK 

High levels of nuclear spin polarization can, in principle, be achieved simply by 
exposure to low temperature and high magnetic field.  This is known as the brute-
force method.  However, the long time required for the polarization to approach 
thermal equilibrium poses problems.  We have previously shown that these problems 
can be addressed using copper and cupric oxide nanoparticles as low temperature 
(millikelvin) relaxation agents.  For example, in experiments at 14 T and 15mK 
conducted on a 50/50 water/glycerol solution that included 2M [1-13C] sodium acetate, 
we showed that, in the presence of copper nanoparticles (1:4 volume ratio of 
nanoparticles to solution), the 13C T1/2 value for growth towards the equilibrium 
polarization of 23% was about 60 hours, whereas with aluminium nanoparticles 
the13C T1/2 was at least one year (1).  Here, we show that the rate of growth of 
polarization can be further enhanced at very high values of B0/T by modulating the 
magnetic field B0. Experiments were undertaken at 9.74 T and 20 mK on a 50/50 
water/glycerol solution containing 4M [1-13C] sodium acetate in the presence of 
copper nanoparticles (volume ratio 1:8 of nanoparticles to solution). The magnetic 
field B0 was modulated by ramping to either 8T or 11.48 T at rates of up to 0.3 T/min 
before returning to resonance at 9.74 T and re-measuring the polarization.  
Depending upon the starting conditions, the initial rate of growth of 13C polarization 
could be enhanced by as much as a factor of 6 compared with its growth in the 
absence of ramping.  Experiments are currently in progress to assess the various 
factors that could influence the effects of modulation.  These factors include the 
extent and rate at which the field is ramped, the polarization state of the other nuclei 
within the sample, as well as the steady state temperature and magnetic field. 

 Acknowledgements: We thank Bruker UK for their support. 

(1)  Owers-Bradley J.R et al, Phys. Chem. Chem. Phys. 2013;15:10413-10417 
 

69



 

Polyradical species involving trityl radicals 

Ildefonso Marin-Montesinos1, Carlos Paniagua2,3, Sabine Van Doorslaer4, José Vidal 
Gancedo5, Jaume Veciana5, Miquel Pons1* 

1Biomolecular NMR laboratory. Department of Organic Chemistry. University of 
Barcelona . Cluster Building. Barcelona Science Park. Baldiri Reixac, 10-12 08028 

Barceloa. Spain; 2Department of Physical Chemistry. University of Barcelona. Martí I 
Franquès, 1-11 08028-Barcelona. Spain; 3Institute of Theoretical and Computational 

Chemistry (IQTCUB); 4Department of Physics. University of Antwerp. 
Universiteitsplein 1 B-2610 Wilrijk. Belgium; 5Institut de Ciències dels Materials. CSIC. 

Spain 

Polyradical species obtained by chemically linking nitroxide radicals have shown 
superior capacity for solid-state DNP.  Trityl radicals are extensively used for direct 
polarization of heteronuclei in dissolution dynamic nuclear polarization (DNP). 
Chlorinated trityl radicals have also been shown to provide good relative polarization 
efficiencies.  

In this communication we shall present recent and ongoing work of the group, 
which involves polyradical species with trityl radicals of different types. One of the 
examples is a novel diradical containing a chlorinated trityl that shows very efficient 
DNP properties in terms of absolute polarization achieved and polarization rate.    

The second example involves supramolecular polyradical species formed by the 
widely used OX63 and Finland radicals. The Finland and OX63 radicals, of similar 
structure, differ strongly on their polarization efficiency.  Finland has a high tendency 
to form oligomers in aqueous solution even at low concentration. OX63 has a lower 
tendency to oligomerize alone but forms dimers by encapsulation of proper guests. 
The supramolecular properties of these classical trityl radicals have been confirmed 
by EPR, mass-spectrometry and are consistent with the predictions of DFT 
calculations. The presence of these species gives rise and explains the unusual DNP 
properties, reported in a previous COST meeting.  
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Water soluble spacers for biradicals 

M. Qi, S. Gandra, M. Hülsmann, A. Godt 

Bielefeld University, Faculty of Chemistry, Germany 

Using biradicals instead of monoradicals as polarizing agents can yield 
significantly larger dynamic nuclear polarization (DNP) [1]. This effect depends to a 
great extent on the distance and relative orientation of the two spin labels. For most 
biological applications water solubility of the polarizing agent is indispensable. 
Therefore water-soluble biradicals with well-defined intraradical distance and 
orientation are of high interest as polarizing agents for the DNP/NMR study on 
biological systems. 

Monodisperse oligo(para-phenyleneethynylene)s (OPPEs) are excellent spacers 
for the biradicals because of their rodlike shape and well known stiffness [2]. The 
synthesis of water-soluble OPPEs is a challenge because the polar, water 
solubilizing side chains interfere with the reactions used for the construction of the 
spacer's backbone and especially hamper isolation of reaction products.  

Here we report on an approach in which first the nonpolar spacer backbone is 
synthesized and postsynthetically the polar side chains are attached. The backbone 
synthesis makes use of orthogonal alkyne protecting groups and of polar alkyne 
protecting groups for tagging target molecules. The polar side chains are attached via 
click chemistry. On this way we avoided the above mentioned difficulties associated 
with polar side chains and prepared water soluble biradicals with nitroxyl as well as 
Gd3+-complexes as spin labels and spin-spin distance of 2-11 nm. Moreover, this 
approach offers easy adjustability of the solubility and functionality of spacers and 
therefore of biradicals to specific requirements, e.g. solubility in lipid bilayers. 

[1] U. Günther, Top Curr Chem, 2013 335: 23–70. 
[2] A. Godt, M. Schulte, H. Zimmermann, G. Jeschke, Angew. Chem. 2006, 118, 7722–7726. 
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Mesostructured Hybrid Silica Materials 
 Characterization and Use as Polarization Matrices 

Martin Schwarzwälder,1 D. Gajan,1,2  Sami Jannin3, M. P. Conley,1 W. R. Grüning,1 A. 
J. Rossini,2 A. Zagdoun,2 M. Lelli,2 M. Yulikov,1 G. Jeschke,1 C. Sauvee,4 O. Ouari,4 P. 

Tordo,4 L. Veyre,5 C. Thieuleux,5 A. Lesage,2 L. Emsley,2* Geoffrey Bodenhausen3 
and C. Copéret.1* 

1Department of Chemistry, ETH Zürich, Switzerland; 2Centre de RMN à Très Hauts 
Champs, CNRS / ENS Lyon / UCB Lyon 1, France; 3Institut des Sciences et 
Ingénierie Chimiques, Ecole Polytechnique Fédérale de Lausanne (EPFL), 

Batochime, Lausanne, Switzerland; 4Institut de Chimie Radicalaire, Aix-Marseille 
Université, France; 5Université de Lyon, C2P2, CPE Lyon, France. 

In recent years, we have established the application of Solid State Dynamic 
Nuclear Polarization (DNP) NMR to investigate the structure of surface sites in 
mesoporous hybrid silica materials. This technique uses a polarization transfer from 
polarization agents, in high field DNP NMR mainly biradicals in a frozen matrix.[1]  

Here, we present the synthesis, in the presence of structure directing agent, of a 
mesostructured hybrid silica material containing organic functionalities regularly 
distributed along the pore channels. The organic functionality is then used as a 
platform to incorporate different radicals, which are distributed homogeneously within 
the material porous network according to EPR. The use of these materials in high 
field MAS DNP NMR as a polarization matrices shows enhancements up to 45 for 
small organic molecules while the same radicals in solution or grafted on similar silica 
materials give significantly lower enhancements. In dissolution DNP, the polarized 
solution shows good enhancement and is easy to separate from the material by 
filtration thus opening new approach in imaging technology.[2] 

[1] Lesage et al, J. Am. Chem. Soc. 2010, 132, 15459-15461. 
[2] Gajan et al, J. Am. Chem. Soc. 2013, 135, 15459-15466. 
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Ultrafast multidimensional Laplace NMR 

S. Ahola, V.-V. Telkki 

Department of Physics, NMR Research Group, University of Oulu 

NMR relaxation and diffusion experiments can provide versatile information about 
the dynamics and structure of substances such as proteins, polymers, porous media 
etc. They are particularly useful in systems which lack chemical resolution. In such a 
case the different components may still be separable by their diffusion coefficients or 
relaxation rates. Since the relaxation and diffusion data consists of exponentially 
decaying components, the processing requires a Laplace inversion, and 
consequently these methods can be referred as Laplace NMR. Like in traditional 
NMR spectroscopy, the resolution and information content of Laplace NMR can be 
increased by the multidimensional approach [1]. 

Similarly as in traditional multidimensional NMR, long experimental time restricts 
the applicability of multidimensional Laplace NMR in the study of fast processes. A 
wait time of about T1 is necessary before repeating the experiment with a different 
evolution time. Therefore, the acquisition of full multidimensional data may take from 
minutes to hours. Furthermore, conventional multidimensional experiments prevent 
using hyperpolarized substances for signal amplification, because the 
hyperpolarization step should be repeated several times. This would be far too time-
consuming, and polarization degree might vary significantly. 

We describe a novel strategy which enables ultrafast, single scan 
multidimensional Laplace NMR. The method is based on spatial encoding of the 
indirect relaxation or diffusion information similarly like in ultrafast multidimensional 
NMR spectroscopy [2]. For example, single scan T1-T2 correlation experiment [3] 
consists of successive inversion recovery (IR) and CPMG blocks, as in the 
conventional experiment, but in the present case all the different T1 evolution times 
undergo a multiplexing process within layers of the sample perpendicular to the axis 
of a sample tube like in single-scan IR approach published by Loening et al. [4]. 
CPMG part includes also an imaging gradient in order to measure 1D profile of the 
sample. Ultrafast D-T2 sequence, in turn, includes spatial encoding of diffusion data 
similarly as in 1D DOSY [5] experiment, followed by a CPMG block for T2 encoding. 
The method is applicable to hyperpolarized systems, because it does not require 
multiple repetitions for the acquisition of the whole multidimensional data matrix. 
Chemical shift information can be also included to the measurement data. 

[1]  Y.-Q. Song 2013, J. Magn. Reson. 229, 12-24. 
[2]  A. Tal, L. Frydman 2010, Prog. Nucl. Mag. Res. Sp. 57, 241-292. 
[3]  S. Ahola, V-V Telkki, ChemPhysChem. 2014, DOI: 10.1002/cphc.201301117 
[4]  N. M. Loening, M. J. Thrippleton, J. Keeler, R. G. Griffin 2003, J. Magn. Reson. 164, 321-328. 
[5]  M. J. Thrippleton, N. M. Loening, J. Keeler 2003 Magn. Reson. Chem. 41, 441-447. 
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Cross-Polarization from 1H to 13C for Dissolution-DNP at 6.7 T and 1.2 K 

Aurélien Bornet1, Jonas Milani1, Basile Vuichoud1, Roberto Melzi2, Sami Jannin1,3 

and Geoffrey Bodenhausen1,4,5,6 

1Institut des Sciences et Ingénierie Chimiques, Ecole Polytechnique Fédérale de 
Lausanne (EPFL), Batochime, 1015 Lausanne, Switzerland; 2Bruker Italia S.r.l., 

Viale V. Lancetti 43, 20158 Milano, Italy; 3Bruker BioSpin AG, Industriestrasse 26, 
8117 Fällanden, Switzerland; 4Département de Chimie, Ecole Normale Supérieure, 24 

Rue Lhomond, 75231 Paris Cedex 05, France; 5Université Pierre-et-Marie Curie, 
Paris, France; 6UMR 7203, CNRS/UPMC/ENS, Paris, France 

Dissolution DNP [1] is commonly 
performed at moderate magnetic 
fields (typically B0 = 3.35 T) and low 
temperatures (often 1.2 K) with 
polarizing agents with narrow ESR 
lines such as the triarylmethyl radical 
(TAM) OX63. It was recently 
demonstrated that a direct 13C 
polarization up to P(13C) = 36 % could 
be achieved with TAM below 1 K [2]. 
A limiting factor is the slow build-up 
with a long time constant τDNP(13C) > 
2000 s. Because build-up time constants tend to become even longer at higher 
magnetic fields, increasing the magnetic field to improve the 13C magnetization 
turned out to be disappointing.[4,5] Nitroxyl radicals with broad ESR lines such as 
TEMPOL are known to polarize 13C with faster build up time constants than TAM. 
We demonstrated [3] that by doubling the microwave frequency and the field 
from B0 = 3.35 to 6.7 T, the directly enhenced 13C polarization increases from 
P(13C) = 10 to 35 %. Moreover, TEMPO turns out to be much more efficient than 
TAM to polarize 1H. A proton polarization as high as P(1H) = 91 % could be 
obtained with a build up time constant as short as τDNP(1H) = 150 s at B0 = 6.7 T and 
T	   = 1.2 K [6]. This remarkably high proton polarization can be transferred to 13C 
polarization using Hartmann- Hahn cross polarization (CP). Using a doubly tuned 
horizontal solenoid coil designed for CP at 1.2 K, an unprecedented 13C polarization 
P(13C) > 70 % was obtained in less than 20 min [6]. 

This approach was made compatible with dissolution DNP [1], using a CP-DNP 
probe equipped with 
a vertical doubly 
tuned NMR saddle 
coil for 1H and 13C. 
After CP transfer of 
the 1H polarization to 
13C at 1.2 K, the 
solid sample is 
rapidly  dissolved  and  
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transferred  to  a liquid state NMR spectrometer. Polarization losses are limited 
during the transfer by scavenging the radicals using Vitamin C (ascorbate) and/or 
by using a magnetic tunnel to sustain a field of 0.8 T during the voyage, so as to 
avoid a perilous trip through the ‘death valley’ between the two magnets where the 
field can be very low. In the liquid state, the polarization was determined to be 
P(13C) = 39 % [7]. 

[1] Ardenkjaer-Larsen, J. H., et al., PNAS, 100, 2003 ; 
[2] Ardenkjaer-Larsen, J. H., et al., NMR Biomed., 24, 2011 ; 
[4] Jannin, S., et al, J. Chem. Phys., 24, 2008 ; 
[5] Johanneson, H, et al., J. Magn. Reson., 197, 2009 ; 
[6] Jannin, S., et al, Chem. Phys. Let., 549, 2012 ; 
[7] Bornet, A., et al, J. Chem. Phys. Let., 4, 2013 ; 
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Tailoring 260 GHz-Gyrotron Radiation for DNP and ESR Applications 

C. Caspers, S. Alberti, F. Braunmüller, D. Yoon, M. Soundararajan, P. Cuanillon & J.-P. 
Ansermet 

Institute of Condensed Matter Physics, Station 3, Ecole Polytechnique Fédérale de 
Lausanne (EPFL), 1015 Lausanne, Switzerland 

Controlling dynamic nuclear polarization (DNP) by high-intensity and high-
frequency Gyrotron radiation renders possible a wealth of complementary NMR and 
ESR studies [1]. We present the characteristics and possible applications of a 
custom-designed THz-Gyrotron at the LPMN group (EPF Lausanne) which we 
connected to a 9.3 Tesla-NMR apparatus. 

 

Operation modes of the electron Gyrotron (Fig. a) cover a variety of regimes for 
the THz radiation from stationary (constant frequency), to chaotic [2]. Our 
development focuses on the Gyrotron properties in stationary operating regimes with 
a particular emphasis on the operational characteristics relevant for DNP-NMR 
studies (Fig. b). We achieved herein frequency-tunability, spectral purity, as well as 
the selection of pulsed regime or continuous wave (CW) modes. The THz-wave 
polarization control is successfully implemented in the matching optical unit (MOU, 
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Fig. c), thus providing control over linear and circular polarization states of the THz 
beam. 

The stationary, single-frequency regime has been extensively characterized for the 
nominal operating transverse mode TE7,2 radiating at 260 GHz [3].  In CW mode, we 
have demonstrated a continuous frequency tunability via the variation of the cavity 
magnetic field, with very-high frequency and power stability (drift Δf / f < 0.01 ppm, 
ΔPrf / Prf < 1%). Thereby, the RF output power exceeds 1.5 W, and a maximum 
power of 150 W has been observed. 

In summary, a detailed characterization of the properties of a 260 GHz frequency-
tunable Gyrotron for DNP-NMR experiment has been conducted. Full control over 
spin polarization of the sample's electron system will soon be achieved by the 
implementation of a Martin-Pupplet interferometer in the THz radiation pathway. This 
opens up the opportunity for in-depth DNP-NMR experiments, combining 
investigations of both the nuclear and electronic spin system 

[1] Thurber, K. R. & Tycko, R., Israel Journal of Chemistry 54(1-2), 39−46 (2014) 
[2] Alberti, S.; Ansermet, J.-P.; Avramides, K. A.; Braunmueller, F.; Cuanillon, P.; Dubray, J.; Fasel, 

D.; Hogge, J.-P.; Macor, A.; de Rijk, E.; da Silva, M.; Tran, M. Q.; Tran, T. M. & Vuillemin, Q., 
Physics of Plasmas 19(12) (2012) 

[3] Hogge, J.-P.; Braunmueller, F.; Alberti, S.; Genoud, J.; Tran, T.; Vuillemin, Q.; Tran, M.; Ansermet, 
J.-P.; Cuanillon, P.; Macor, A.; de Rijk, E. & Saraiva, P. in 'Infrared, Millimeter, and Terahertz 
Waves (IRMMW-THz), 2013 38th International Conference' (2013) 
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approach in the TM regime. 

Sonia Colombo Serraa, Alberto Rossob, Sami Janninc and Fabio Tedoldia 
aCentro Ricerche Bracco, Bracco Imaging Spa, via Ribes 5, 10010 Colleretto 

Giacosa (TO), Italy; bLPTMS-CNRS, Universite Paris-Sud, Orsay, France; cInstitut 
des Sciences et Ingénierie Chimiques, EPFL, Batochime, CH-1015 Lausanne, 

Switzerland 

Dynamic Nuclear Polarization is becoming more and more popular as highly 
efficient technique to enhance Nuclear Magnetic Resonance (NMR) signals by 
several orders of magnitude. Many impressive experimental results have been 
obtained in different fields (analytical, biomedical, etc.), while a widely-accepted 
physical description of the mechanisms underlying DNP is still missing. Recently we 
developed a novel theoretical approach in the thermal mixing regime (TM) based on 
rate equations [1-3] that overcomes several limitations of traditional approaches. The 
model provides theoretical interpretations for conventional experiments in samples 
doped with narrow width radicals (e.g trityls) , for example concerning the influence of 
the radical concentration and of gadolinium doping on the final nuclear polarization.  

Focusing on broad band radicals, such as nitroxides, the experimental scenario 
shows some additional and different features [4-6]: (i) the existence of a unique spin 
temperature between different nuclear species (i.e. protons and carbons), (ii) a 
polarization enhancement on reducing the number of protons, (iii) a re-polarization of 
13C nuclei in system with highly polarized protons when turning off microwave 
irradiation, (iv) a reduced effect of gadolinium and a shift of optimal polarization to 
higher radical concentration with respect to trityl doped samples. 

In this work we will discuss the experimental results and provide a preliminary 
interpretation in the light of the developed rate equation approach. In particular, we 
will argue about the efficiency of the contact between the different thermal baths 
(protons – electrons, carbons – electrons, protons – lattice and electrons - lattice), 
highlighting how a weaker or stronger thermal contact affects the system and can or 
cannot explain the experimental observations. 

[1] Phys. Chem. Chem. Phys., 2012, 14, 13299. 
[2] Phys. Chem. Chem. Phys., 2013, 15, 8416. 
[3] Phys. Chem. Chem. Phys., 2014, 16, 753. 
[4] J. Phys. D: Appl. Phys., 2008, 41, 155506. 
[5] J. Phys. Chem. A, 2012, 116, 5129. 
[6] Phys. Chem. Chem. Phys., 2013, 15, 7032. 
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SABRE Hyperpolarization in Trace Analysis 

Nan Eshuis, Niels Hermkens, Bram van Weerdenburg, Martin Feiters, Floris Rutjes, 
Marco Tessari 

Institute of Molecules and Materials, Radboud University Nijmegen 

Our aim is to detect highly dilute molecules in biological fluids. For the analysis of 
such complex mixtures NMR spectroscopy is a powerful tool, since simultaneous 
measurements of all kinds of molecules is possible without extensive sample 
preparation. Unfortunately, its inherent low sensitivity restricts NMR typically to 
samples at millimolar or high micromolar concentrations.  

In order to increase NMR sensitivity, we use para-hydrogen in a method called 
Signal Amplification By Reversible Exchange (SABRE). SABRE is based on the 
reversible interaction of para-hydrogen and a substrate molecule through a metallo-
organic complex1. Using a co-substrate approach it is possible to detect molecules in 
the low micromolar to nanomolar range2. Here we show a quantitative application of 
SABRE for dilute substrates in artificial mixtures. 
1)  R.W. Adams et al., Reversible Interactions with para-Hydrogen Enhance NMR Sensitivity by 

Polarization Transfer. Science, 323 (2009), 1708-1711. 
2)  N. Eshuis et al., Toward Nanomolar Detection by NMR Through SABRE Hyperpolarization. J. Am. 

Chem. Soc., 136 (2014), 2695-2698. 
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High field Overhauser DNP Experiments on oriented fluid Lipid Bilayers using 
a Stripline/Fabry Perot Double Resonance Structure 

Orawan Jagdetchai1, Vasyl Denysenkov2, Johanna Becker-Baldus1, Thomas Prisner2, 
Clemens Glaubitz1 

1 Institute of Biophysical Chemistry, 2 Institute of Physical and Theoretical Chemistry, 
Centre for Biomolecular Magnetic Resonance Frankfurt, Goethe University Frankfurt, 

Germany 

DNP-enhanced solid-state NMR mainly based on the cross effect and in 
combination with MAS has been shown to hold great potential for the study of 
membrane proteins. So far, such studies require experiments at low temperatures 
around 100 K and the mechanical requirements for magic angle sample spinning are 
not easily compatible with a microwave resonator structure. Furthermore, the use of 
DNP for oriented solid-state on aligned membrane systems is just emerging (1). 

Here, we demonstrate as a proof of concept, that Overhauser-DNP enhanced 
NMR spectra on oriented lipid bilayers can be obtained under room temperature 
conditions. Experiments were carried out using a homebuilt 400 MHz/263 GHz DNP-
NMR spectrometer equipped with a RF/microwave double resonance structure. Such 
a structure is necessary to avoid excessive heating of the liquid sample at room 
temperature. Instead of a RF coil, a stripline structure is used coupled with Fabry-
Perot microwave resonator (2). Different lipid bilayers were directly aligned on the 
stripline with the membrane normal parallel to B0. Different mono- and biradicals 
were tested and a DNP enhancement of lipid proton acyl chain resonances of up to -
15 was observed. DNP on membrane embedded ion channels was also explored. 
The unexpected high enhancements observed at high magnetic field might be 
caused by fast local dynamics between the lipid membranes and the radicals (3). 

Our data show that DNP at RT on oriented lipid bilayers is possible and that the 
presented hardware offers a promising platform for further developments towards 
DNP-enhanced oriented-solid-state NMR on non-frozen membrane protein samples. 

1. Salnikov, E.S., et al., Developing DNP/Solid-State NMR Spectroscopy of Oriented Membranes. 
Appl. Magn. Reson., 2012, 43, 91-106 

2. Denysenkov, V., and Prisner, T., Liquid state Dynamic Nuclear Polarization probe with Fabry-Perot 
resonator at 9.2 T. J. Magn. Reson., 2012, 217, 1-5. 

3. Sezer, D., et al., Dynamic nuclear polarization coupling factors calculated from molecular 
dynamics simulations of a nitroxide radical in water. Phys. Chem. Chem. Phys., 2009, 11, 6626-6637. 

 

81



 

The 13C solid DNP Mechanisms with Perchlorotriphenylmethyl Radicals – the 
Role of 35,37Cl 

F. Mentink Vigiera, D. Shimona, V. Mugnainib,c, J. Vecianab A. Feintucha, M. Ponsde, S. 
Vegaa, D. Goldfarba. 

aChemical Physics Department Weizmann Institute of Science 76100 Rehovot, 
Israel; bInstitut de Ciencia de Materials de Barcelona (ICMAB-CSIC), Bellaterra, 

Spain ; cNetworking Research Center on Bioengineering, Biomaterials, and 
NanoMedicine (CIBER-BBN), Bellaterra, Spain; dBiomolecular NMR laboratory. 

Department of Organic Chemistry. University of Barcelona.  Baldiri Reixac, 10-12 
08028 Barcelona, Spain. 

   The microwave frequency swept DNP enhancement, referred to as the DNP 
spectrum, reveals the underlying DNP mechanisms that are, in turn, highly 
dependent on the EPR lineshape of the polarizing radical. Here we focus on two 
chlorinated trityl radicals that at 95 GHz feature axially symmetric powder patterns, 
the width of which are narrower than those of TEMPOL or TOTAPOL but are broader 
than that of triyl, OX63. The static DNP lineshapes of these radicals, commonly used 
in DNP, were analyzed in terms of a superposition of a basic SE (solid effect)- and 
CE- (cross effect)- DNP lineshapes, with their relative contributions as a fit 
parameter.1-3 To substantiate the generality of this approach and further investigate 
an earlier suggestion that a 35,37Cl-13C polarization transfer pathway,4-5 termed 
“hetero-nuclear assisted DNP”, may be in effect in the chlorinated radicals we 
measured the  static 13C -glycerol DNP spectra these radicals. Solutions of ca. 10 
mM of the two radicals were used and measurements were carried out as a function 
of  temperature (10-50 K)  and microwave power. Analysis of the DNP lineshapes 
was first done in terms of the SE/CE superposition model calculated assuming a 
direct e- 13C polarization transfer. The CE was found to prevail at the high 
temperature range (40-50K), whereas at the low temperature end (10-20K) the SE 
dominates, as it observed earlier for 13C DNP with trityl and 1H DNP with TEMPOL 
and TOTAPOL1-3, indicating that this is rather general behavior. Furthermore, it was 
found that at low temperatures it is possible to suppress the SE and increase the CE 
contribution by merely lowering the microwave power. While this analysis gave a 
good agreement between experimental and calculated lineshapes when the CE 
dominates, some significant discrepancies were observed at low temperatures, 
where the SE dominates.  We show that by explicitly taking into account the 
presence of 35/37Cl nuclei through a e-35,37Cl-13C polarization pathway in the SE-DNP 
lineshape calculations we can improve the fit significantly, thus supporting the  
existence of the “hetero-nuclear assisted DNP” pathway.  

1. D. Shimon, Y. Hovav, A. Feintuch, D. Goldfarb, S.Vega, PCCP, 14,5743-5729  (2012)  
2. D. Banerjee, D. Shimon, A. Feintuch, S. Vega, D. Goldfarb, J. Magn. Reson, 230,212-219 (2013) 
3. D. Shimon, A. Feintuch, D. Goldfarb, S. Vega. PCCP ,2014, in press.  
4. C. Gabellieri, V. Mugnaini, J. C. Paniagua, N. Roques, M. Oliveros, M. Feliz, J. Veciana,  M. Pons, 

Angew. Chem., 49, 3360-3362 (2010). 
5. D. Banerjee, J. C. Paniagua, V. Mugnaini, J.  Veciana, A. Feintuch, D. Goldfarb, PCCP  

13, 18626-18637(2011) 

82



 

DNP using photo-excited triplet states: above 70% proton spin polarization at 
moderate magnetic field and temperature 

T.R. Eichhorn1;2, N. Niketic1, B. van den Brandt1, P. Hautle*;1, W.Th. Wenckebach1 
1Laboratory for Developments and Methods (LDM), Paul Scherrer Institute, CH - 
5232 Villigen PSI, Switzerland; 2Laboratory of Functional and Metabolic Imaging, 

Ecole Polytechnique Fédérale de Lausanne (EPFL), CH - 1015 Lausanne, 
Switzerland 

The gist of Dynamic Nuclear Polarization (DNP) is to exploit the higher polarization 
of an electron spin system by transferring it to the nuclear spin system by means of a 
microwave field. In traditional DNP the electron spins are provided by stable 
paramagnetic centres and polarized by cooling down to low temperature and 
applying a strong magnetic field. 

Elaborate cryogenic equipment and superconducting magnets are avoided using 
short-lived photo-excited triplet states that are strongly aligned in the optical 
excitation process. Thus we have reached a record polarization of 71% of the proton 
spins in a pentacene doped naphthalene single crystal at a field of 0.36 T using a 
simple helium flow cryostat for cooling [1]. 

The short triplet lifetime of a few tens of microseconds requires a fast polarization 
transfer. The traditional CW microwave irradiation, used for DNP via thermal mixing 
or the solid effect, is too slow and we use the pulsed DNP methods Nuclear 
Orientation Via Electron Spin Locking (NOVEL) and the Integrated Solid Effect (ISE). 
These techniques use strong microwave fields allowing a fast polarization transfer 
under the Hartmann-Hahn condition. Then, contrary to traditional DNP, the 
polarization transfer is coherent and its description is fundamentally different [2,3]. 

We built a versatile experimental setup to perform and optimize pulsed DNP using 
photo-excited triplet states [4]. It operates at X-band and 4 - 300 K and is also used in 
neutron spin filter experiments. With this apparatus we reached the high proton spin 
polarizations mentioned above and checked the theory of the polarization transfer in 
ISE. An excellent quantitative agreement is found. 

[1]  T.R. Eichhorn, N. Niketic, B. van den Brandt, U. Filges, T. Panzner, E. Rantsiou, W.Th. 
Wenckebach, P. Hautle. Nucl. Instrum. Meth A (2014) DOI:10.1016/j.nima.2014.03.047. 

[2] A. Henstra and W.Th. Wenckebach. Mol. Phys. (2013) DOI: 10.1080/00268976.2013.861936. 
[3]  T.R. Eichhorn, B. van den Brandt, P. Hautle, A. Henstra, and W.Th. Wenckebach, Mol. Phys. 

(2013) DOI:10.1080/00268976.2013.863405. 
[4]  T.R. Eichhorn, M. Haag, B. van den Brandt, P. Hautle, W.Th. Wenckebach, S. Jannin, J.J. van der 

Klink, and A. Comment. J. Magn. Reson. 234 (2013) 58–66.  
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Diatomite is a mineral that can be found in natural sediments. It is classified as a 
siliceous sedimentary rock, product of the accumulation and compaction of fossilized 
remains of diatoms over geological time scales. It is composed of amorphous silica 
and has several interesting properties such as high porosity, strong adsorbability, 
good thermal resistance and chemical inertness [1,2]. 

The physical and chemical behavior of diatomite is influenced by the presence of 
hydroxyl groups over its surface (i.e. silanols). Modification of diatomite can be 
achieved by reactions over its silanols under inert atmosphere. The extent of 
modification will depend in the availability of the silanols: the more the silanols are 
isolated, the higher the modification that can be achieved. A different amount of 
hydroxyl isolation can be obtained by thermal treatment to the diatomite prior to 
modification [2].  

Diatomite samples treated at different temperatures were modified by silylation 
using trimethylchlorosilane in dry toluene under N2(g)-atmosphere. The resulting 
materials (methylated-diatomites) have been characterized by infrared spectroscopy, 
scanning electron microscopy, X-ray diffraction and contact angle measurements. 

Here, we present a study of the methylated-diatomites by hyperpolarized 129Xe 
Nuclear Magnetic Resonance spectroscopy (HP-129Xe NMR). HP-129Xe NMR is a 
powerful technique to study porous materials. The method presents a high sensitivity, 
allowing to work in low concentrations of Xe where the contribution of the Xe-Xe 
interactions is negligible and the observed results are due to the interactions between 
the Xe atoms and the surface of the material tested [3,4].  

We use HP-129Xe NMR to study differently pretreated and surface modified 
diatomite samples. Those studies include continuous flow HP-Xe-129Xe NMR 
measurements as well VT-NMR- and EXSY-experiments. 

[1]  Yuan, P.; Wu, D. Q.; He, H. P.; Lin, Z, Y. Appl. Surf. Sci. 2004, 227, 30-39. 
[2]  Yuan, P.; Yang, D.; Lin, Z.; He, H.; Wen, X.; Wanng, L.; Deng, F. J. Non-Crystal. Solids. 2006, 352, 

3762-3771. 
[3]  Goodson, B. J. Mag.Res. 2002, 155, 157-261. 
[4]  Brunner, E. Concepts in Mag. Res. 1999, 11, 313-335. 
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A new technique is proposed to carry out Signal Amplification By Reversible 
Exchange (SABRE) experiments at high magnetic field. SABRE is a method, which 
utilizes spin order transfer from para-hydrogen to the spins of a substrate in transient 
complexes with suitable catalysts. Such a transfer of spin order is efficient at low 
magnetic fields, notably, at Level Anti-Crossing (LAC) regions. In this work, it is 
demonstrated that LAC conditions can also be fulfilled in the rotating reference frame 
under the action of an RF-field. Spin mixing at such LACs allows one to polarize 
substrates at high fields as well; the achievable NMR enhancements are around 50 
for the ortho-protons of the substrate pyridine and around 300 for H2 and substrate in 
the active complex with catalyst. 

This work was supported by the Russian foundation for Basic Research (grant No. 
14-03-00397), grant MD-3279.2014.2 of the President of RF, and by the Alexander 
von Humboldt Foundation. 
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Over the past 50 years, many different techniques have been developed in order 
to hyperpolarize target molecules for various applications like structure determination 
or in vivo imaging. A potential hyperpolarization method is the Haupt effect where the 
polarization generated in tunneling methyl groups [1] within a target molecule can be 
used without utilizing additional substrates like radicals as done for DNP [2,3]. Since 
CH3 groups occur frequently in biological systems this hyperpolarization technique 
might stimulate interesting experiments on various compounds and molecules. 

At low temperatures, the motion of the methyl group is more accurately described 
by a tunneling motion than as a classical jump process. A sensitivity gain for CH3 
groups when cooling them below 5 K followed by a rapid temperature-jump to higher 
temperature was already reported in the 1970s and termed the 'Haupt-Effect' [1]. 
Aside from a potential use as a hyperpolarization technique the motion of this rotor is 
also a prime example of a system undergoing a transition from a classical to a 
quantum mechanical regime, therefore posing a model system to answer more 
fundamental questions. 

Here we will show the latest work done in our laboratory on the Haupt effect. Data 
from low temperature measurements (3-12 K) on powders from 13C-labeled as well 
as natural abundant samples will be presented. The time dependence of the build up 
of the low-temperature ground state that has the same form as the homonuclear 
isotropic J-coupling Hamiltonian was indirectly measured and can be explained from 
a relaxation model. We have also analysed temperature-jump experiments in 
powders and single crystals of 12CH3 and 13CH3 groups in terms of a simple 
longitudinal dipolar relaxation model of isolated methyl groups. The model uses a 
classical or tunneling model for the modulation of the dipolar coupling by the motion 
of the methyl group. 

[1] J. Haupt, Z. Naturforschung 28a, 98-104, (1973) 
[2] A.J. Horsewill, Progr. Nucl. Magn. Reson. Spectrosc. 35, 359-389, (1999) 
[3] M. Icker, S. Berger, J. Magn. Reson. 219, 1-3, (2012) 
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Dynamic nuclear polarization (DNP) has become an important tool to overcome 
the sensitivity issue of solid-state NMR and has been shown to be especially useful 
when studying nuclei with inherently low sensitivity. Generally, radicals which are 
dissolved in a glass forming solvent act as the source of electron polarization. 
However, in systems like inorganic crystals the use of organic radicals (e.g., 
TOTAPOL, bTbK) is not feasible. Nevertheless, these materials often can be 
prepared with paramagnetic dopants without significantly affecting the host structure. 

Although DNP is widely applied, the transfer mechanism is not fully understood. 
Quantum mechanical models can only be applied for small systems of a few spins, 
whereas experiments often observe the collective behavior of several hundreds to 
thousands nuclei per electron spin. Furthermore, experiments in disordered lattices 
only reveal an average behavior of all molecular orientations and therefore are 
unsuited for investigation of theoretically proposed orientationally dependent effects. 

We present several approaches allowing the investigation of the above mentioned 
effects using disordered of molecular model systems as well as ordered systems in 
single- and polycrystalline form. Experiments are performed using a combination of 
multi-frequency EPR, solid-state NMR, as well as DNP. The results will be interpreted 
in the light of current theoretical models and findings in applied DNP experiments. 
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As demonstrated before[1][2] Level anti crossing (LAC) can provide valuable 
qualitative insight into the magnetic field dependencies of Polarization transfer in 
SABRE experiments. This former work was expanded to provide a qualitative and 
quantitative understanding of the time dependent dynamics which are encounter in 
the investigation of the recently described [3] continues  Re-Hyperpolarization using in 
situ SABRE. Although Full-Hamiltonian simulations are the most straightforward 
approach in describing the time evolution of the in situ SABRE experiments [4] they 
can be time-consuming in terms of computation and their physical interpretation 
might not be obvious on first sight. 

Instead LAC can be used to describe the time evolution and dynamic system 
properties such as time-at-catalyst tc and maximum polarization transfer in a more 
accessible way. In addition the time and field dependencies which were reported 
before [3] can be calculated more efficiently. This is done by determining analytical 
expressions for each LAC which approximate the time evolution of the full 
Hamiltonian with a deviation of less than 1 %. With this we present a previously not 
reported method to easily derive analytic expressions for the time evolution of a four-
spin system describing SABRE experiments.  

We identified five previously non-Interacting eigenstates of the Hamiltonian as well 
as their energies and coupling terms.  These form three LAC’s which are sufficient to 
describe the previously reported polarization Pattern. Figure 3 and 4 show the LAC 
calculation and the full Hamiltonian calculations respectively.  For example the time 
evolution of the density matrix at B0 = 0.01 T can be described by the evolution of the 
two relevant populations.  

𝑎𝑎! 𝑡𝑡 𝑇𝑇!,𝑇𝑇! >< 𝑇𝑇!,𝑇𝑇!|   +   𝑏𝑏! 𝑡𝑡 𝑆𝑆, 𝑆𝑆 >< 𝑆𝑆, 𝑆𝑆|       (1) 

with 𝑎𝑎!(𝑡𝑡) = !   !!" !

!   !!" !! !!!!! ! ⋅ sin! 4   𝑊𝑊!"
! + 𝐸𝐸! − 𝐸𝐸! ! !

!
   , 𝑏𝑏! 𝑡𝑡 = 1− 𝑎𝑎!(𝑡𝑡) 

where 𝐸𝐸! = − !
!
𝜋𝜋(𝐽𝐽!" + 𝐽𝐽!") , 𝐸𝐸! =   2𝜋𝜋𝜋𝜋𝐵𝐵!(𝛿𝛿!/! − 𝛿𝛿!/!)+   

!
!
𝜋𝜋(𝐽𝐽!" + 𝐽𝐽!" − 𝐽𝐽!" + 𝐽𝐽!" + 𝐽𝐽!") 

and 𝑊𝑊!" =   −   
!
!
  𝜋𝜋(𝐽𝐽!" − 𝐽𝐽!" − 𝐽𝐽!"). In this equation 𝛿𝛿! is the chemical shift of nucleus i 

and 𝐽𝐽!"  the scalar coupling constant. From this equation it becomes clear, that 
maximum polarization transfer is achieved when the initial populations from state 
|𝑆𝑆,𝑆𝑆>  have been transferred to state |T+,T->.  

Thus a maximum polarization transfer of 25 % can be achieved when considering 
this LAC. The optimal time tc for this transfer to occur can be obtained by maximizing 
the transition probability 𝑎𝑎 𝑡𝑡 !. 
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Figure 1 (left): polarization transfer pattern calculated by using three LAC's (right): transfer pattern 
calculated with Full-Hamiltonian simulations, the deviations are less than 1 percent. 

 [1] L. Buljubasich, M. B. Franzoni, H. W. Spiess, and K. Münnemann, “Level anti-crossings in 
ParaHydrogen Induced Polarization experiments with Cs-symmetric molecules,” J. Magn. Reson., 
vol. 219, pp. 33–40, Jun. 2012.  

[2] A. N. Pravdivtsev, A. V. Yurkovskaya, H.-M. Vieth, K. L. Ivanov, and R. Kaptein, “Level Anti-
Crossings are a Key Factor for Understanding para-Hydrogen-Induced Hyperpolarization in 
SABRE Experiments,” ChemPhysChem, vol. 14, no. 14, pp. 3327–3331, 2013.  

[3] J.-B. Hövener, S. Knecht, N. Schwaderlapp, J. Hennig, and D. Elverfeldt, “Continuous Re-
Hyperpolarization of Nuclear Spins using para-Hydrogen: Theory and Experiment,” 
ChemPhysChem, 2014.  

[4] R. W. Adams, S. B. Duckett, R. A. Green, D. C. Williamson, and G. G. R. Green, “A theoretical 
basis for spontaneous polarization transfer in non-hydrogenative parahydrogen-induced 
polarization,” J. Chem. Phys., vol. 131, no. 19, p. 194505, Nov. 2009. 
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The ability of the nitroxide radical TEMPOL to polarize the hydrogen spins of the 
solvents acetone and DMSO is explored computationally. Although the molecules of 
these two solvents are structurally similar, their viscosities are very different: DMSO 
is about 2.3 times more viscous while acetone is about 2.6 times less viscous than 
water. A central question therefore is whether the six-fold difference in the self-
diffusion coefficients of the two liquids is sufficient to explain the differences in their 
DNP coupling factors with TEMPOL. Performing molecular dynamics 
simulations, dipolar correlation functions between spins corresponding to the 
unpaired electron of TEMPOL and hydrogens of acetone and DMSO were calculated 
[1]. The resulting spectral densities were than used to obtain the DNP coupling 
constants for a range of experimental frequencies. Comparing the calculated coupling 
factors with the analytical model of hard spherical molecules with centered spins [1,2] 
we conclude that diffusion alone is not sufficient to rationalize the numbers. The 
analytical model of spherical molecules with off-centered spins [4] is demonstrated to 
better predict the frequency behaviour of the DNP coupling factors, highlighting the 
need for good correspondence to the molecular reality.  

[1] Sezer D., Phys. Chem. Chem. Phys., 16:1022 (2014). 
[2] Ayant Y., Belorizky E., Alizon J., and Gallice J., Journal de Physique, 36:991 (1975). 
[3] Hwang L.-P., Freed J.H., J. Chem. Phys., 63:4017 (1975).  
[4] Ayant Y., Belorizky E., Fries P., Rosset J., Journal de Physique, 38:325 (1977). 
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Atomic nitrogen trapped inside a fullerene cage (C60) constitutes an interesting 
model system to store quantum information. The nitrogen placed in a high-symmetry 
site at the centre of the cage is well protected from interactions with the environment, 
retaining its paramagnetic properties.  

Due to the highly isotropic nature of the system, the solid effect (SE) cannot be 
used to effectively polarize the nitrogen nuclear spin [1]. A novel method of 
increasing nitrogen nuclear polarization inside the cage has been proposed, based 
on a selective excitation of both electronic and nuclear transitions via ENDOR 
spectroscopy (so called ENDOR-DNP) [2,3]. In the case of 15N trapped inside C60 , 
the experimental data show a nuclear polarization build-up of up to 62% within 20 
min [2].  

To reveal more about the mechanisms of ENDOR-DNP, we performed full 
quantum-mechanical simulations of the model spin system for various different 
conditions including temperature, relaxation times and irradiation power.  A 
theoretical treatment [3] has suggested that only up to a half of the thermal electron 
polarization can be transferred on the nuclear spins. We found that in the low 
temperature limit the system becomes very sensitive to the initial electron thermal 
polarization and in certain conditions it is possible to overcome this limitation.  

Moreover, the initial data suggest that the large nuclear polarization obtained with 
ENDOR-DNP might be further utilized to polarize bulk nuclei by using the 13C spin 
from the fullerene’s wall. Based on spin dynamics simulations, we discuss the 
limitations and advantages of this approach emphasising how this process can be 
optimized in the future. 

[1]  Y. Hovav, A. Feintuch, and S. Vega, J. Mag. Res. 207, 176 (2010). 
[2]  G. W. Morley, J. van Tol, A. Ardvan, K. Porfyrakis, J. Zhang, and G. A. D. Briggs. Phys. Rev. Lett. 

98, 220501 (2007). 
[3]  A. S. Brill, Phys. Rev. A 66, 043405 (2002). 
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Overhauser dynamic nuclear polarization (ODNP) can provide large signal 
enhancements for proton NMR in liquids [1]. This can be of specific interest for 
samples, where the signal intensity is limited, as for example in-‐cell	  NMR. In this 
case, experiments have to be performed at high magnetic fields to achieve 
chemical shift resolution, which is challenging for ODNP because of technical and 
physical reasons. Nevertheless we could show that signal enhancement of -14 
could be achieved at 9.2 T magnetic field (400 MHz proton frequency) at room 
temperature for water protons using a TEMPOL nitroxide radical as polarizing 
agent [2]. However, in cells TEMPOL radicals get very fast reduced to 
diamagnetic hydroxilamine.  Therefore, for ODNP “in	  	  vivo”	  applications, more stable 
nitroxide radicals have to be used. Recent studies showed that depending on the 
nitroxide radical structure it is possible to improve its resistance to reduction [3, 4]. 
In particular, reduction kinetics studies of nitroxide radicals in aqueous solutions 
have pointed out that the five-membered-ring 3- Carboxy-PROXYL (CP) radical 
presents better resistance to reduction with ascorbic acid or Glutathione 
compared to six-membered-ring 4 (TEMPOL) radical [3]. 

In this work ODNP experiments have been performed at high field (9.4 T) using 
different radicals in water and DMSO. Similar DNP enhancements for 3-carboxy-
PROXYL radical and TEMPOL radical were obtained in both solvents. EPR 
saturation factor and sample temperature under microwave irradiation could be 
obtained by measuring the relative NMR peak shift. Together with the 
determination of the leakage factor derived from proton T1  measurements, the 
coupling factor, responsible for the DNP efficiency could be calculated and 
compared with TEMPOL. 

[1]  K. H. Hausser and D. Stehlik, Advances in Magnetic Resonance, 1968, 3, 79. 
[2]  P. Neugebauer, J. G. Krummenacker, V. P. Denysenkov, G. Parigi, C. Luchinat and T. F. Prisner, 

Physical Chemistry Chemical Physics 15, 6049-6056 (2013) 
[3]  J. T. Paletta, M. Pink, B. Foley, S. Rajca and A. Rajca, Organic Letters 14, 5322-5325 (2012) 
[4]  I.	   Krstić,	   R.	   Hänsel,	   O.	   Romainczyk,	   J.	   W.	   Engels,	   V.	   Dötsch	   and	   T.	   F.	   Prisner,	   Angewandte	   Chemie 

International Edition 50, 5070-5074 (2011) 
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Biomolecular Magnetic Resonance BMRZ, Goethe University Frankfurt, 60438 
Frankfurt/M., Germany; 4Aix-Marseille Université, CNRS, ICR UMR 7273, 13397 

Marseille, France 

Dynamic nuclear polarization (DNP) enhances the sensitivity of solid-state NMR 
(SSNMR) spectroscopy by orders of magnitude and, therefore, opens possibilities for 
novel applications from biology to materials science. This multitude of opportunities 
implicates a need for high-performance polarizing agents, which integrate specific 
physical and chemical features tailored for various applications. Here, we 
demonstrate that for the biradical bTbK in complex with captisol (CAP), a β-
cyclodextrin derivative, host–guest assembling offers a new and easily accessible 
approach for the development of new polarizing agents. In contrast to bTbK, the 
CAP-bTbK complex shows sufficient water-solubility for biological application and 
shows significantly improved DNP performance compared to the commonly used 
DNP agent TOTAPOL. On a large integral membrane protein reconstituted in lipid, 
the CAP-bTbK complex also outperforms TOTAPOL. The extrapolated DNP 
enhancement at infinite power of the new agent suggests that supramolecular 
assembling does not deteriorate the optimized geometry of the guest radical. G-band 
EPR measurements on concentrated radical solution at 100 K show that the electron 
longitudinal relaxation times (T1) of this new agent are similar to those of TOTAPOL. 
The phase memory time (Tm) is longer than that of TOTAPOL in frozen solution. 
These data may explain the more efficient saturation of electron transition compared 
to TOTAPOL under the same microwave power in DNP experiments. Interestingly, 
while the new agent is used as paramagnetic dopant, matrix deuteration reduces 1H 
T1 by a factor of about 1.8, which yields an extra gain of NMR sensitivity per unit time. 
Meanwhile matrix deuteration of the matrix does not yield any significant changes on 
the electron T1 in the biradical passing the whole EPR profile at high field. This is due 
to the locally concentrated proton cluster in the CAP-bTbK complex. A new strategy 
on breaking 1H T1 relaxation boundary in paramagnetic solids at low temperatures 
will be introduced accordingly. Besides the interesting findings on DNP performance 
as well as paramagnetic NMR features, we also observed that electron relaxation 
times in biradicals are highly orientation dependent at high field. This provides a new 
clue to the understanding of spin dynamics under DNP conditions. The numerous 
possibilities to functionalize host molecules will permit designing novel radical 
complexes targeting diverse applications. 
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Electron Spin-Spin Dipolar Interaction Role in High Field DNP Experiments on 
Liquid Radical Solutions 

Andriy Marko1, Petr Neugebauer2, Juan Carlos Lagomacini1 and Thomas F. Prisner1 
1Institute of Physical and Theoretical Chemistry, Goethe University, Max-von-Laue-

Str. 7, D-60438 Frankfurt, Germany; 2Institut of Physical Chemistry, University of 
Stuttgart, Pfaffenwaldring 55, D-70569 Stuttgart, Germany 

Motion of radicals in liquid solutions plays an important role in Dynamic Nuclear 
Polarization (DNP) experiments especially in high magnetic field. The radical 
dynamics influences the Electron Paramagnetic Resonance (EPR) line shape as well 
as the coupling factor between the radicals and polarized nuclei. Recently, it was 
shown that the special features of this dynamics  such as off-centered spin position in 
nitroxide and the collective dynamic effects (nitroxide clustering) can have a 
significant impact on DNP process [1]. In this work we access the characteristic 
parameters of the collective radical motion by observing the effects of the electron 
spin-spin dipolar interaction in CW EPR spectra [2]. This becomes possible at high 
radical concentrations (about 1 M) when the dipolar broadening dominate over the 
Heisenberg spin exchange. Taking the value of the diffusion coefficient of radicals in 
solution the distance of closest approach between the radicals can be detected. The 
CW-EPR experiments have been performed on TEMPOL radicals in different organic 
solvents at low (0.3 T) and high (9.2 T) magnetic fields. The evaluation of the 
experimental data provide a possibility to verify quantitatively the theoretically 
predicted characteristics of radical dynamic. 

[1] D. Sezer, Phys. Chem. Chem. Phys., 16, 1022-1032 (2014) 
[2] K. M. Salikhov, Appl. Magn. Reson. 38, 237–256 (2010) 
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Hyperpolarized 13C NMR spectroscopy: a new way to follow the glutamate-
glutamine cycle in-vivo 

Leslie Mazuela, Carine Chassainb, Betty Jeanb, Aurélie Cladièreb, Claudine 
Spezialeb  and Franck Durifa,c

 

aUniv d’auvergne, UFR Medicine, EA7280, Clermont-Ferrand, France; bCHU Gabriel 
Montpied, Centre d’Imagerie par Résonance Magnétique, Clermont‐Ferrand, France; 

cCHU Gabriel Montpied, Service de Neurologie, Clermont-Ferrand, France 

Aim. Change in glutamate levels is involved in number of neurodegenerative 
diseases such as Parkinson’s disease (Chassain et al, 2005; 2010). By the way to 
better understand the relationship between neurons and astrocytes, we use NMR 
spectroscopy and the highly amplified signal generated by hyperpolarization to 
achieve both spatial and temporal resolution adequate for in-vivo metabolism studies 
of the glutamate-glutamine cycle. 

Methods. Experiments were performed on a 3T MR750 scanner (GEHC 
Milwaukee, USA), using a dual-tuned birdcage coil (1H/13C). Rats were anaesthetized 
with propofol. [1-13C] glutamate was hyperpolarized using Hypersense (Oxford 
Instruments). 30mM of hyperpolarized [1-13C] glutamate solution was administered 
via the carotid artery. To obtain an osmotic BBB disruption rats were previously 
infused with a hypertonic solution of 25% mannitol into the carotid. 13C MRS was 
performed using a whole slice acquisition or a Spectral‐Spatial (SPSP) excitation 
(Schulte et al, 2012). Data were acquired from a single transversal slice (20mm) 
through the brain with an acquisition each second. Data reconstruction was 
performed using MATLAB. 

Results. [1‐13C]  glutamate was polarized by up to 15.8% in the liquid state and the 
T1 was 19.75s. Spectra acquired following injection of hyperpolarized glutamate 
showed the hyperpolarized 13C‐labeled carboxyl bolus and also the appearance of 
the signal of its metabolite the [1‐13C] glutamine. 

Conclusion. The hyperpolarized [1‐13C] glutamate and its metabolite are imaged 
for the first time in‐vivo inside the rat brain. Thus it may be a promising substrate for 
evaluation of glutamate-glutamine cycle activity in conjunction with 
neurodegenerative diseases. 
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The Overhauser effect was the first prediction of the possibility to enhance nuclear 
polarization through microwave irradiation1. Very soon after, it was experimentally 
demonstrated and nowadays, the Overhauser effect is routinely used in liquid state 
as well as in conducting solids2–5. 

The mechanism presented by Overhauser requires the presence of a mobile 
electron. However an Overhauser effect in insulating solid has been predicted by 
Abragam6 in the case of a relatively high isotropic hyperfine coupling. Up to now, the 
phenomenon has been hardly observed and the first conclusive demonstration of 
Overhauser DNP at high field has been reported recently. In these experiments 
BPDA and SA-BDPA have been used as polarizing agents at high magnetic fields of 
14 T and 18 T (equivalent to 𝜈𝜈!= 600 and 800 MHz, proton larmor frequency) at 100 
K and Magic Angle Spinning (MAS)7. Under such conditions, the DNP field sweep 
spectrum reveals the presence of a standard Solid Effect mechanism at ±𝜈𝜈! away 
from the EPR line as well as a positive enhancement at the center of the EPR line 
characteristic of an Overhauser effect, even though the samples are insulators. 

To explain this observation of the Overhauser effect in an insulating solid we have 
developed a theoretical model simulating the MAS DNP process. In order to obtain 
the Overhauser effect we included two additional relaxation pathways through 
fluctuation of the hyperfine coupling, leading to Zero Quantum – ZQ Ŝ+ Î − + Ŝ− Î +( )  and 

Double Quantum – DQ Ŝ+ Î + + Ŝ− Î −( )  relaxations. The observation of a positive 
enhancement can be explained by the existence of a faster ZQ relaxation mechanism 
with respect to the DQ. 

Using this new method we have been able to explain most of the experimental 
features such as the power dependence as well as the field dependence. With this 
model we can also explain the differences between BDPA and SA-BDPA, and other 
radicals. 

(1)  Overhauser, A. Phys. Rev. 1953, 92, 411. 
(2)  Aubay, E.; Gourier, D. Phys. Rev. B 1993, 47, 15023. 
(3)  Carver, T. R.; Slichter, C. P. Phys. Rev. 1956, 102, 975. 
(4)  Armstrong, B. D.; Han, S. J. Am. Chem. Soc. 2009, 131, 4641. 
(5)  Turke, M.-T.; Bennati, M. Appl. Magn. Reson. 2012. 
(6)  Abragam, A. Phys. Rev. 1955, 98, 1729. 
(7)  A. Caporini; Can, T. V.; Ni, Q. Z.; Rosay, M.; Haze, O.; Swager, T. M.; Griffin, R. G. 4Th Int. DNP 

Symp. Elsinor, Denmark 2013.  
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dynamics in the photosynthetic process in natural reaction centers 
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Friedemann-Bach-Platz 6, D-06108 Halle, Germany; 3 Universität Leipzig, Institut für 

Medizinische Physik und Biophysik, Härtelstr. 16, D-04107 Leipzig, Germany 

Magic-angle spinning (MAS) NMR is an established method for structural analysis 
as well as for elucidating local dynamics in solid materials, in particular polymers and 
proteins. Typical strategies for probing local dynamics involve measuring relaxation 
times, spin-diffusion experiments, Separated-Local-Field (SLF) NMR experiments etc 
[1]. The	  main	  interest	  of	  our	  work	  is	  to	  combine	  these	  strategies	  with	  the	  solid-‐state	  photo-‐
CIDNP	  effect	  which	  allows	  for	  strong	  for	  signal	  enhancement,	  and	  to	  investigate	  the function 
of the photosynthetic reaction centers (RCs) of Rhodobacter sphaeroides and of 
photosystem II of plants [2]. The photo-CIDNP effect has been detected in many 
natural photosynthetic RCs and it is believed to be a well preserved and inherent 
property of the photosynthesis process, and thus is expected to be directly related to 
the efficiency of the electron transfer [3,4]. By combining the signal enhancement 
originating from the photo-CIDNP effect, selectively site labeling and a Separated-
Local-Field experiment, namely the DIPSHIFT experiment, that has been specifically 
designed for synthetic organic polymers, we expect to get insights into the structural 
dynamics occurring in the known static structures of the primary electron donors. Due 
to the selectively labeled sites, different kinetics trends can be predicted and 
suggestions for separate mobile and rigid components in the 13C spectrum, as well as 
extraction of residual coupling constants and order parameter of motion which hold 
information on the geometry and charge separation in the photosynthetic systems 
can be revealed [5].  

Our aim is to investigate the role of structural dynamics in the photosynthetic 
process, namely during charge separation in reaction centers (RCs) of several 
natural photosynthetic systems. Reconstruction of the local molecular dynamics is 
expected to allow for better understanding of the selection of the electron transfer 
pathways in different photosystems. 

[1] K. Schmidt-Rohr, W. H. Spiess, Multidimensional Solid-State NMR and Polymers, Academic Press, 
Hartcourt Brace and Company (2005). 

[2]  G. Jeschke, J. Matysik, Chem. Phys. (2003) 294, 239. 
[3]  S. Suerendran Thamarath, B. E. Bode, S. Prakash, K. Sai Sankar Gupta, A. Alia, G. Jeschke, J. 

Matysik, J. Am. Chem. Soc. (2012) 134, 5921. 
[4]  J. Matysik, A. Diller, E. Roy, A. Alia, Photosynth. Res. (2009) 102, 427. 
[5]  E. R. de Azevedo, K. Saalwächter, O. Piscui, A. A. de Souza, T. J. Bonagamba, D. Reichert, J. 

Chem. Phys. (2008) 128, 104505. 
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3He Spin Exchange Optical Pumping with ultra-narrow band laser 

A.K. Petukhov 
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A low - cost high - power laser diode array (LDA) can produce powers up to 100 W 
by integrating many individual laser diode emitters into a single array. The large 
spectral width, typically approximately 2-4 nm, of the LDA in comparison with 
18 GHz/bar FWHM of Rb vapor absorption line strongly limits efficiency of SEOP 
process. Together with OPTIGRATE we design and build SEOP Laser which 
incorporates a unique volume Bragg grating design enabling ultra-narrow laser 
linewidth. The main characteristics of the laser system will be given together with 
results of systematic study of SEOP which clearly shows advantages of ultra-narrow 
band laser. 
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Nuclear spin noise spectra of hyperpolarized samples were previously observed in 
the liquid state on 129Xe [1] (hyperpolarized by optical pumping) and on 1H (after 
dissolution DNP) [2,3]. 

Here, first experimental data on proton spin noise (at 285.23 MHz) from solid 
samples below 2 K acquired on a home built DNP polarizer  [4,5] (νelectron≈ 188 GHz) 
are presented. Varying the electron frequency allows variation of the nuclear 
polarization over large positive and negative values. Thus, one can test the 
Ernst/McCoy equation [6] over an unprecedentedly wide range. Depending on the 
electron frequency we have been able to observe both positive and negative spin 
noise line shapes, under conditions where pure spin noise [2] is not observable and 
radiation damping dominates. 

The observation of spin noise allows monitoring hyperpolarization without 
interference by rf-irradiation. 

 

[1]  Desvaux, H.; Marion, D. J. Y.; Huber, G. & Berthault, P. Angew. Chem. Int. Ed., 2009, 48, 
4341-4343.  

[2]  Giraudeau, P.; Müller, N.; Jerschow, A. & Frydman, L. Chemical Physics Letters, 2010, 489, 
107-112.  

[3]  Chen, H.-Y.; Lee, Y.; Bowen, S. & Hilty, C. Journal of Magnetic Resonance, 2011, 208, 204-209. 
[4]  Comment, A.; van den Brandt, B.; Konter, J. A.; Hautle, P.; Kurdzesau, F.; Jannin, S.; Uffmann, 

K. ; Wenckebach, W. Th.; Gruetter, R.; van der Klink, J. J.; Concepts Magn. Reson. B  2007, 31, 
255-269. 

[5] Bornet, A.; Milani, J.; Wang, S.; Mammoli, D.; Buratto, R.; Salvi, N.; Segaw, T. F.; Vitzthum, V.; 
Mieville, P.; Chinthalapalli, S.; Perez Linde, A. J.; Carnevale, D.; Jannin, S.; Caporini, M.; Ulzega, 
S.; Rey, M. & Bodenhausen, G., CHIMIA, 2012, 66, 734-740. 

[6] McCoy, M. & Ernst, R. Chem. Phys. Lett., 1989, 159, 587-593.  
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A promising way of boosting low inherent sensitivity of NMR spectroscopy is given 
by the Signal Amplification by Reversible Exchange (SABRE) technique [1]. This is 
one of the few methods providing continuous production [2] of nuclear spin 
polarization, which exceeds thermal polarization by a factor of about 1000. 
Substrates get polarized in SABRE experiments without chemical modification: this is 
an advantage of SABRE in comparison with conventional Para-Hydrogen-Induced-
Polarization method. However, despite the importance of the SABRE technique, until 
recently there was no quantitative assessment of polarization transfer from para-
hydrogen to substrates at low magnetic field nor was the magnetic field dependence 
of SABRE understood. 

We have found that polarization transfer in SABRE at low magnetic field occurs 
due to Level Anti Crossings (LACs) in scalar coupled multispin systems. The LAC 
concept allowed us to fully understand field dependences of SABRE at low magnetic 
fields. Specifically, we have established simple rules for signs of polarization of 
protons and determined the magnetic fields where polarization transfer is most 
efficient. Moreover, we investigated various substrates with two SABRE catalysts, 
Crabtree’s catalyst [1] and IrIMesCODCl [3], utilizing our recently build field-cycling. 
We have shown that scalar couplings of phosphorus (~20 Hz) with dihydride in case 
of Crabtree’s catalyst significantly change the SABRE field dependence. Our 
measurements of the SABRE field dependences are in very good agreement with 
numerical calculation and simple analysis based on LACs in multispin systems [4]. 
The general concept of LACs used in our work allows one to explain complicated 
spin dynamic in multispin systems in SABRE experiment. We believe that LACs are a 
key factor, which determines spin dynamics in the SABRE technique. 

The research was financially supported by the Russian Fund for Basic Research 
(projects No. 13-03-00437, 14-03-00397) and grant of the President of Russian 
Federation MD-3279.2014.2. 

1. R.W. Adams, J.A. Aguilar, K.D. Atkinson, M.J. Cowley, P.I.P. Elliott, S.B. Duckett, G.G.R. Green, 
I.G. Khazal, J. López-Serrano, D.C. Williamson. Science 323 (5922), 1708 (2009). 

2. Hövener, J.-B.; Schwaderlapp, N.; Lickert, T.; Duckett, S. B.; Mewis, R. E.; Highton, L. A. R.; 
Kenny, S. M.; Green, G. G. R.; Leibfritz, D.; Korvink, J. G.; Hennig, J.; von Elverfeldt, D. Nat 
Commun 4, (2013).  

3. M.J. Cowley, R.W. Adams, K.D. Atkinson, M.C.R. Cockett, S.B. Duckett, G.G.R. Green, J.A.B. 
Lohman, R. Kerssebaum, D. Kilgour, R.E. Mewis, JACS, 133 (2011) 6134-6137. 

4. A.N. Pravdivtsev, A.V. Yurkovskaya, H.-M. Vieth, K.L. Ivanov, R. Kaptein. ChemPhysChem 14 
(14), 3327 (2013). 
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Dedicated receiver array coil for 1H lung imaging with same-breath acquisition 
of hyperpolarized 3He and 129Xe gas 
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Purpose: Same-breath acquisition of proton (1H) and hyperpolarized (HP) gases 
in the lungs provide complementary structure-function information with inherent 
spatial-temporal registration3, 4. To date 1H images have been acquired using the MR 
system’s body coil, which has low SNR compared to dedicated receive only coils, this 
poses limitations when considering 1H lung MR, as it is already a low SNR regime 
due to low tissue density and short T2*. The presence of TR coils at HP gas 
frequencies can further degrade the SNR obtained from the 1H body coil. This study 
demonstrates the design and application of a dedicated 1H surface array to improve 
the proton lung SNR in same-breath acquisition with HP gas 3He and 129Xe at 1.5T. 

Methods: A 4 loop dedicated receiver array was developed in-house for 1H lung 
MRI (63.83 MHz) to work in compatibility with a commercially available 3He/129Xe TR 
vest coil (CMRS, WI -without modifications) and an in-house 129Xe asymmetric-
birdcage transmitter1 combined with 129Xe receiver array as shown in Fig 1c&1d. The 
resonant loops of the 1H array were critically overlapped and it had a low input-
impedance low noise amplifier (≈2Ω). Loops were decoupled from the 1H body coil 
transmit with one active and one passive detuning circuit. Each of the loops were 
fitted with passive traps for both 3He (48.62 MHz) and 129Xe (17.65 MHz). Lung MRI 
was performed on a GE 1.5T Signa HDx system with 3He and 129Xe gas polarized 
with spin exchange optical pumping2. HP gas ventilation MRI and 1H lung imaging 
were acquired back-back in the same breath. For 3He ventilation MRI a spoiled 
gradient echo sequence was used with flip angle=8⁰, TE=1.1ms, TR=3.6ms, matrix 
size = 104phaseX80frequency slice thickness=10mm, FOV=38.4cm. For 129Xe; flip angle 
=8⁰, TE =3.6ms, TR=18.9ms, matrix size = 78phaseX64frequency slice thickness=15mm, 
FOV=38cm. For 1H structural imaging a bSSFP sequence was used with flip 
angle=50⁰, TE=0.9ms, TR=2.9ms, matrix size = 192phaseX256frequency. SNR was 
measured from sum of squares images as a ratio of mean of signal to standard 
deviation of noise. 

Results: The SNR from the 1H array was 2 folds more than the SNR from the 1H 
body coil for same-breath acquisition with 3He and 129Xe TR coil in-situ (Fig 1b). The 
images from 3He and 129Xe were well co-registered with the images from 1H (Fig 
1c&d), consistent with their same-breath acquisition. 

Discussion: Even though the 1H array was tuned to 63.83MHz, which is well 
away from 3He and 129Xe frequencies, it was necessary to add traps to avoid coupling 
and protect the LNA. For the first case with the 3He TR vest coil, 3He traps were fitted 
to the 1H array across a loop capacitor of 36pF. For the second case with 129Xe TR 
vest coil, additional traps were added across another loop capacitor of 75pF. No 
reduction in 1H or 3He/129Xe SNR was observed in both the cases. In the third case 
with two birdcage-transmitters/array-receivers for both 1H and 129Xe, the 129Xe 
birdcage was not shielded to enable 1H transmit. 
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Conclusion: The SNR improvement of the 1H images provided by a nested 1H 
receive array coil in the same-breath acquisition of HP gas MRI has been 
demonstrated. This is the first time 1H array images have been acquired in same-
breath acquisition with HP gas lung MRI and it is also the first time multi-nuclear 
imaging has been performed with two individual birdcage transmitters and two 
receiver arrays. Both represent novel developments in the field of multi nuclear MRI 
RF engineering and open up opportunities for the fusion of high quality images of 
structure (1H lung MR) and function (HP gas MR) with obvious applications in other 
areas like 13C metabolic imaging. 

1  N. De Zanche, et al., Magnetic Resonance in Medicine, 60 (2008), 431-38. 
2  G. Norquay, et al., Journal of Applied Physics, 113 (2013). 
3  J. M. Wild, et al., NMR in Biomedicine, 24 (2011), 130-34. 
4  J. M. Wild, et al., Radiology, 267 (2013), 251-55.  
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Parahydrogen-induced polarization (PHIP) is one of the most promising methods 
for increasing the sensitivity of NMR and MRI for several orders of magnitude. For 
PHIP observation the pairwise hydrogen addition is required, which means that 
reaction product or intermediate contains two atoms originating from the same 
parahydrogen molecule. As the result, the observation of PHIP effects indicates the 
existence of pairwise hydrogen addition route. Moreover, the significant 
enhancement of NMR signal produced by PHIP allows one to detect unstable 
intermediates and minor products. Therefore, PHIP technique can be successfully 
applied for the mechanistic studies of hydrogenation reactions as was demonstrated 
for the wide range of homogeneous and heterogeneous catalytic systems. 

In this work PHIP technique was used for studying the mechanisms of 
heterogeneous hydrogenations of α,β-unsaturated carbonyl compounds. PHIP 
effects were observed in hydrogenation of C=C bond of acrolein and crotonaldehyde 
over different supported metal catalysts, demonstrating the existence of pairwise 
route of hydrogen addition to the substrate. In hydrogenation of acrolein over Pd-
Sn/Al2O3, Pd-Sn/TiO2, Pd-Zn/TiO2 and Pd/TiO2 catalysts with parahydrogen the 
proton of CHO group of propanal was also polarized. This can be explained by C(O)-
H bond dissociation which represents a side process on the catalyst surface. 
Formation of polarized 2-butene was detected in hydrogenation of acrolein with 
parahydrogen over several Rh-based catalysts. This observation is made possible 
only due to the high NMR signal enhancement provided by PHIP. It was also found 
that hydrogenation of acetone and propanal with parahydrogen leads to polarized 
propane formation as a result of C-O bond hydrogenolysis. 

This work was supported by the RAS (5.1.1), RFBR (14-03-00374-а, 14-03-31239-
mol-a, 12-03-00403-a), SB RAS (57, 60, 61, 122), МК-4391.2013.3. We thank Prof. 
V. I. Bukhtiyarov’s group (Boreskov Institute of Catalysis, SB RAS) for catalysts 
preparation and characterization. 
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A novel approach (Rapid-melt DNP) is presented to achieve fast proton spin 
hyperpolarization in small sample volumes. Rapid-melt DNP method combines 
efficient DNP in solid state with high resolution stripline NMR spectroscopy in liquid 
state. All common NMR experiments are compatible with this technique, including 
proton NMR, signal averaging, cross polarization and 2D spectra are possible. The 
sample is polarized at liquid nitrogen temperature using a high power EIK amplifier at 
95 GHz. The NMR spectrum is acquired in liquid state on a stripline chip after rapidly 
melting the sample with warm nitrogen gas. A stripline chip provides optimal 
resolution and high sensitivity. We have successfully performed rapid-melt DNP on 
50 nl sized sample volumes of both polar (aqueous) and nonpolar (toluene) solvents 
at 3.4 Tesla. DNP enhanced proton spectra of have been observed with 
enhancements 30-300, using both TEMPOL and BDPA radicals. For TEMPOL, we 
find typical evidence for Solid Effect DNP with a buildup time that is strongly reduced 
at high powers. Typical saturation is achieved at irradiation times below 20 seconds. 
Solid state Overhauser type enhancement have also been observed in these 
experiments when irradiation at the electron Larmor frequency. The same probe can 
also be used to examine Overhauser DNP in liquids and hyphenation with 
chromatography is possible.  We will present some preliminary results, including DNP 
of a caffeine test sample containing 1 nanomole of molecules dissolved in 50 nl with 
good SNR at 3.4 T. The system can be easily be generalized for DNP at high 
magnetic fields if suitable mm-wave sources are available. 
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Uniting chromatography and NMR “on the strip” 

Michael Tayler, Bas van Meerten, Arno Kentgens and Jan van Bentum 

Institute for Molecules and Materials, Radboud University Nijmegen, Nijmegen, The 
Netherlands 

Our NMR group has for several years been optimising stripline inductors towards 
efficient NMR spectroscopy on small liquid sample volumes and mass-limited 
substances.  Striplines are linear radiofrequency resonators that can yield much 
higher mass sensitivity than traditional “NMR coils” [1-3] with detection limits 
currently 0.1 nanomole for liquid volumes between 100 nL – few μL.   

Figure 1.  Sensitivity comparison at 600 MHz between a 3 mm length stripline NMR probe (150 nL 
detection volume) and a commercial 5 mm cryo-cooled NMR probe (200 µL detection volume). 

This presentation demonstrates stripline NMR in hyphenation with the modern 
generation of supercritical fluid carbon dioxide chromatography (SFC) 
instrumentation for rapid and quantitative chemical analysis of mixtures.  Key 
features of SFC are c. 5-10 times faster separations than high-performance liquid 
chromatography (HPLC), and that CO2 contains no hydrogen atoms, thus avoiding 
background 1HNMR signals. SFC minimises organic solvent use so is also 
considered on the “green” agenda. 

I will demonstrate some on-line and off-line SFC-NMR hyphenations in 
characterising nanomole quantities of mixtures, and compare strategies for lowering 
the detection limit: signal averaging; in-line concentration; and in-line nuclear 
spin hyperpolarisation using parahydrogen. 

1. P.J.M. van Bentum et al., "Stripline probes for NMR", J. Magn. Reson. 189, 104  (2007) 
2. J. Bart et al., "A microfluidic high-resolution NMR flow probe", J. Am. Chem. Soc. 131, 5014  

(2009) 
3. J. Bart. “Stripline-based microfluidic devices for high-resolution NMR”, Thesis, Twente University, 

NL, (2009) 
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Towards Overhauser DNP in supercritical CO2 

S.G.J. van Meerten, M. Sharma, M.C.D. Tayler, P.J.M. van Bentum, A.P.M. Kentgens 

Institute for Molecules and Materials, Radboud University Nijmegen, Nijmegen, The 
Netherlands 

Liquid state Overhauser DNP is governed by electron-nuclear cross relaxations. At 
high magnetic fields these become less efficient if the translational correlation times 
are longer than the inverse Larmor frequency of the electron spin. In common liquids, 
the viscosity limits the diffusion dynamics and for large molecules the Overhauser 
DNP becomes rather small. In Supercritical solvents such as CO2 under high 
pressures, the diffusion coefficient can be an order of magnitude larger and it is 
hypothesized that efficient liquid state DNP can persist up to high magnetic fields.  

In this contribution we will present radical induced relaxation of methanol in 
supercritical CO2using in-line NMR coupled to a supercritical chromatography setup 
both at 144 and 600 MHz. These measurements can be used to estimate the 
concentration dependent cross relaxation. This can be used to model the cross 
relaxation and thus a prediction can be made for the possible DNP enhancement if 
full saturation of the EPR transition is realized. In this study solutions of 4-Hydroxy-
TEMPO (TEMPOL) in methanol were injected into a capillary of supercritical CO2 (sc 
CO2). The resulting mixture was then measured using a stripline NMR probe. 

Preliminary experiments at 95 GHz confirm the presence of Overhauser DNP even 
without a microwave cavity and for sample volumes that are an order of magnitude 
bigger than is common in aqueous solvents. This reflects the minimization of the 
dielectric heating in CO2. We will discuss ongoing experiments to optimize the 
conditions for supercritical DNP.  

106



 

Indirect Measurement of Absolute Spin Polarization via Scalar-Coupled Spy 
Nuclei in Dissolution Dynamic Nuclear Polarization 

Basile Vuichouda , Jonas Milania, Quentin Chappuisa, Aurélien Borneta, Geoffrey 
Bodenhausena,b,c,d and Sami Jannina,e 

aInstitut des Sciences et Ingénierie Chimiques, Ecole Polytechnique Fédérale de 
Lausanne, EPFL, Batochime, 1015 Lausanne, Switzerland; bDépartement de Chimie, 

Ecole Normale Supérieure, 24 Rue Lhomond, 75231 Paris Cedex 05, France;  
cUniversité Pierre-et-Marie Curie, Paris, France; dUMR 7203, CNRS/UPMC/ENS, 

Paris, France; eBruker BioSpin AG, Industriestrasse 26, 8117 Fällanden, Switzerland 

Dissolution Dynamic Nuclear Polarization (D-DNP) has become a technique of 
choice for increasing the sensitivity of magnetic resonance up to 5 orders of 
magnitude [1]. By saturating the ESR transitions of polarizing agents such as 
TEMPOL at low temperatures and moderate magnetic fields (in our laboratory T	  = 
1.2 K and B0 = 6.7 T), the polarization of protons can be readily increased. The 
enhanced polarization can be transferred by cross-polarization from protons to nuclei 
of interest such as 13C, 15N, 6Li, etc. One of the practical challenges of D-DNP is the 
determination of the nuclear spin polarization P(13C), or equivalently the spin 
temperature Tspin(13C) that can be achieved after dissolution and transfer to an NMR 
or MRI system. At room temperature, the hyperpolarized 13C polarization PDNP(13C) 
is usually measured by comparing the signals observed immediately after 
dissolution with the thermal Boltzmann reference polarization Pref(13C) measured 
once the hyperpolarization has completely decayed, i.e., after waiting at least 
10T1(13C), so that the system has completely returned to thermal equilibrium. For 
concentrations in the mM range, 128 transients are typically needed to achieve a 
sufficient signal-to-noise ratio in thermal equilibrium, provided 13C is isotopically 
enriched. Such measurements usually require more than 10 hours. They are virtually 
impossible in natural abundance. Thus the laborious observation of a reference 13C 
signal to determine the thermal Boltzmann reference polarization Pref(13C) can actually 
require more time than the dissolution experiment itself. 

We have investigated a simple method for the determination of the absolute	  
polarization PDNP(13C) in hyperpolarized molecules in liquids which obviates the need 
for any time-consuming observation of the reference polarization Pref(13C) [2]. This 
can be achieved simply by measuring the asymmetry	  of multiplets in scalar-coupled 
pairs of spins immediately after dissolution. The method can be widely applied, 
provided that (i) that zero- and double-quantum cross-relaxation rates in the liquid 
state are significantly lower than the single quantum rates 1/T1  and 1/T1 , and (ii) that 
cross-correlation rates due to interference of dipole-dipole (DD) and chemical shift 
anisotropy (CSA) interactions can be neglected [3]. 

[1] Ardenkjaer-Larsen, J. H.; Fridlund, B.; Gram, A.; Hansson, G.; Hansson, L.; Lerche, M. H.; 
Servin, R.; Thaning, M.; Golman, K. PNAS U.S.A. 2003, 100, 10158. 

[2] Tayler, M. C. D.; Marco-Rius, I.; Kettunen, M.; Brindle, K. M.; Levitt, M. H.; Pileio, G. JACS 2012, 134, 
7668. 

[3] Vuichoud, B.; Milani, J.; Bornet, A.; Bodenhausen, G.; Jannin, S. in preparation. 
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 Optical Polarization of 13C in Diamond via Nitrogen Vacancy Centers  

R. Wunderlich, J. Kohlrautz, J. Haase, J. Meijer  

Institute for Experimental Physics II, University of Leipzig, Linnéstr. 5, 04103 Leipzig, 
Germany  

The nitrogen vacancy (NV) centre (Fig. 1) in diamond consists of a substantial 
nitrogen atom and a neighbouring vacancy [1]. This point defect is well investigated 
since the last decades and is recently one of the most prominent candidates for the 
realization of a quantum computer at room temperature and is for example already 
used as high sensitive magnetometer.  

Furthermore their outstanding properties can help to overcome the Boltzmann 
population threshold in NMR experiments. The electronic structure of this defect 
enables an optical pumping in the spin ground state which makes a control of the 
spin via laser possible. With use of a magnetic field of about 50 mT one can create a 
level anticrossing (LAC) in the Zeeman splitting of the energetic substructures. This 
enforces a coupling to nearby spins, like the nitrogen or carbon-13 nuclear spins [2]. 
In recent studies an enhancement factor of about 500 at room temperature was 
observed [3]. To investigate this effect more in detail and optimize the polarization a 
whole new measurement setup is performed (Fig. 2).  

In this contribution we will discuss the experimental concept and the first steps to the 
realization of our novel measurement design. 

 
[1]  M. W. Doherty et al, Phys. Reports, Vol. 528, Iss. 1, 2013  
[2]  R. Fischer et al, Phys. Rev. B, Vol. 83, Iss. 12, 2013  
[3]  R. Fischer et al, Phys. Rev. Lett., Vol. 111, Iss. 5, 2013 

 

       
   

        

             

               

               

               

             

 

           

             

                 

                  

              

               

               

            

               

      

 
Fig. 1: Structure of the NV centre [1]. 

 
Fig. 2: Lower part of the NMR platform 

for fast sample transport into the 

superconducting solenoid. 
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Dynamic nuclear polarization in the compensated semiconductor InP:Fe by 
optical pumping  

Dongyoung Yoon, Murari Soundararajan, and Jean-Philippe Ansermet,  

Institute of Condensed Matter Physics, Station 3, Ecole Polytechnique Fédérale de 
Lausanne (EPFL), 1015 Lausanne, Switzerland 

We present the optically pumped 31P NMR in the compensated semiconductor 
InP:Fe. The creation of electron spins in a semiconductor by circularly polarized light, 
which can then drive dynamic nuclear polarization via the Overhauser or solid effects, 
is well known. Our NMR experiment was performed from 70 K to 140 K under 9.27 T. 
The population of the nuclear spins near the surface at 70 K is enhanced by ~34, in 
comparison to the thermal equilibrium, by optical pumping. Our results show that 1) 
the NMR signal enhancement by optical pumping increases as the temperature 
decreases and 2) the phase of the NMR signal depends on the circular polarization of 
the light.  
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Nuclear hyperpolarization allows to explore fine structural tuning of fast 
electron transfer in short lived oxidized peptides  

Olga Morozova1 and Alexandra Yurkovskaya1,2 

1International Tomography Center, Institutskaya 3a, 630090 Novosibirsk, Russia, 
2Novosibirsk State University, Pirogova 2, 630090, Novosibirsk, Russia 

The role of amino acid radicals as intermediates in electron and hydrogen transfer 
arouses growing interest in enzymology. The long-range electron-transfer (ET) 
reaction involving tyrosyl and tryptophanyl radicals is known to be of great 
importance in proteins. Time-resolved Chemically Induced Dynamic Nuclear 
Polarization (CIDNP) technique was applied to the investigation of reversible 
intramolecular electron transfer under acidic aqueous conditions in oxidized peptides 
of different structure containing tryptophan and tyrosine residues. Analysis of CIDNP 
kinetics allowed to obtain the rate constants of electron transfer in forward and 
reverse directions – from tyrosine residue to tryptophanyl cation radical, and from 
tryptophan residue to neutral tyrosyl radical. The influence of charge of terminal 
amino group, and the presence of glycine and proline spacers of the rate constants of 
the reaction under study has been established. The presence and the location of 
positive charge of the amino group has the greatest influence on the rate constant of 
IET to tryptophanyl radical cation, which varies by two orders of magnitude upon the 
change of order of linkage of residues into dipeptide: from 4×103 s-1 in oxidized Tyr-
Trp to 5.5×105 s-1 in oxidized Trp-Tyr,1 with rate constant for oxidized N-acetyl Trp-
Tyr representing an intermediate case (Fig. 1). The rate constant of IET in reverse 
direction is less sensitive to the amino group charge.2 The presence of glycine or 
proline spacers in the peptides with tryptophan residue at the N-terminus not only 
reduces the rate constants of IET, but also shifts the equilibrium towards the 
formation of tyrosyl radical compared to the peptide Trp-Tyr, meaning that the 
spacers affect the difference of reduction potentials of tryptophanyl and tyrosyl 
radicals. 

 
Fig. 1: Schematic illustration of the influence on the presence and location of terminal amino group 
charge on the effeiciency of electron transfer from tyrosine to tryptophanyl radical cation in oxidized 
dipeptides. 
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Material Science RAS (Project 5.1.1). 

1. O. B. Morozova; A. V. Yurkovskaya; R. Z. Sagdeev, J. Phys. Chem. B 2005, 109, 3668. 
2. O. B. Morozova; R. Kaptein; A. V. Yurkovskaya, J. Phys. Chem. B 2012, 116, 1221. 
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Towards functional analysis of photosynthetic reaction centers of diatom 
Stephanopyxis turris with photo-CIDNP MAS NMR 

J. Zill1 , A. Jantschke2, E. Brunner2, J. Matysik1. 

1 Universität Leipzig, Inst. f. Anal. Chemie, 2 TU Dresden, Inst. f. Bioanal. Chemie 
E-mail: jeremias.zill@uni-leipzig.de 

Photo-CIDNP (photochemically induced dynamic nuclear polarization) is well-
known from liquid state NMR where it has been observed for the first time in 1967. In 
1994, Zysmilich and McDermott [1] demonstrated the solid-state photo-CIDNP effect 
in photosynthetic reaction centers (RCs) applying magic angle spinning NMR at low 
temperature to uniformely 15N-labeled, frozen and quinone blocked bacterial RCs of 
Rhodobacter sphaeroides R26.  

The effect is caused by the strong electron polarization induced by continuous 
illumination with white light. From the initial radical pair, polarization is subsequently 
transfered to nuclei where it is detected by NMR as signal enhancement up to a 
factor of about 80,000. Two coherent mechanisms running in parallel, called “three 
spin mixing“ and “differential decay“, transfer electron spin order to nuclear spin order 
[2]. In addition, due to a long triplet lifetime of the donor, a third mechanism, called 
“differential relaxation“ occurs. The strong signal increase allows for observation of 
chlorophyll cofactors involved into photo-CIDNP in nanomolar concentration in intact 
cells [3]. 

In plants, e.g., the algae Stephanopyxis turris, two photosystems, PS I and PS II, 
are utilized, using sunlight to built up a proton gradient for ATP synthesis. Especially 
PS II shows unique capability in using electric potential to split even water: a process 
which is not fully understood. Photo-CIDNP MAS NMR [2] provides access to the 
heart of the photosynthetic RC and has been demonstrated on several RCs, e.g., 
those of Rhodobacter sphaeroides, spinach and duckweed. Here we aim for studying 
completely unknown reaction centers with this method which presently cannot be 
isolated from the algae. 

[1]  M. G. Zysmilich; A. McDermott; J. Am. Chem. Soc. 1994; 116; 8362 – 8363.  
[2]  S. S. Thamarath; B. E. Bode; S. Prakash; K. B. S. S. Gupta; A. Alia; G. Jeschke; J. Matysik; J. Am. 

Chem. Soc. 2012; 134; 5921 – 5930. 
[3]  S. Prakash; P. Gast; H. J. M. de Groot; J. Matysik; G. Jeschke; J. Am. Chem. Soc. 2006; 128; 

12794 - 12799.  
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