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Theory of pNMR chemical shielding in open shell molecules 
 

Willem Van den Heuvel and Alessandro Soncini 
School of Chemistry,  University of Melbourne, VIC 3010, Australia 

 
 
 
The chemical shift and other parameters in the nuclear spin Hamiltonian can be 
calculated ab initio as electronic structure properties of the molecule. The theoretical 
foundation for closed shell molecules was given by Ramsey. We present a natural 
extension of Ramsey's theory to treat molecules with an arbitrary electronic 
spectrum. This includes paramagnetic systems with a degenerate ground state of 
spin or spin-orbit character, or systems where this degeneracy is lifted by a small 
zero-field splitting. In each case the chemical shift dependends on the thermal 
occupation of these electronic states and is therefore a temperature-dependent 
quantity. We also discuss how the paramagnetic shift can be expressed as a 
contraction of Zeeman and hyperfine coupling tensors, of all ranks required by the 
size of the degeneracy. 
 
W. Van den Heuvel and A. Soncini, Phys. Rev. Lett., 2012, 109, 073001. 
A. Soncini and W. Van den Heuvel, J. Chem. Phys., 2013, 138, 021103. 
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pNMR shieldings and couplings in the S.D.S realm 
 

Juha Vaara and Jiří Mareš 
NMR Research Unit ,  University of Oulu, P.O.Box 3000, FIN-90014 Oulu,  Finland.  

E-mails: juha.vaara@iki. fi  and jiri.mares@oulu.fi 
 
We introduce the current workhorse of pNMR shielding tensor and chemical shift 
prediction as presented originally in the classic paper by Kurland and McGarvey [1], 
and elaborated recently in a modern quantum-chemical setting [2,3].  This method 
formulates the hyperfine shielding in terms of the EPR parameters appropriate to the 
ground multiplet, split by zero-field splitting (ZFS) interaction of the form of the S.D.S 
Hamiltonian.  Using ab initio multiconfigurational methods, as opposed to DFT, in the 
calculation of the critical ZFS and g-tensors [4], good agreement with experiment can 
be obtained for non-trivial 3d transition-metal systems, with potential to suggest 
reassignment of signals [5]. 
The detailed analysis in terms of the various contributions to the g-tensor and 
hyperfine coupling [3,4] enables systematic formulation of the long-distance point-
dipole approximation [6], whereby pseudocontact shift calculations in very large 
systems become feasible. Such computations enable either predicting shifts in, e.g., 
metalloproteins from a known structure of metal coordination, or alternatively 
constraining the local structure by demanding agreement of the experimental and 
computational shifts. 
We furthermore describe the results of incorporating scalar relativistic effects both in 
the calculation of the ZFS and g-tensors, and particularly in the hyperfine coupling 
tensor, for 3d and heavier transition metal complexes [7]. Promising results are also 
obtained for lanthanide systems [8]. 
Theory and computational methods for the paramagnetic enhancement of the spin-
spin coupling tensor have been formulated [9]. The results indicate significant 
changes of the coupling constants for nuclear pairs in the vicinity of the paramagnetic 
center. The enhancement does not decay in the same way with the number of bonds 
between the coupled atoms, as the standard spin-spin coupling tensor of diamagnetic 
systems. Therefore the paramagnetic terms may become quite important upon the 
development of experimental pNMR methodology. 
We demonstrate the operation of the analysis script of the pNMR shielding tensor 
based on quantum-chemical calculations of the EPR tensors. The long-distance 
approximation [6] and the break-down into physical contributions [3,4] are presented. 
Similarly, the analysis of the spin-spin coupling enhancement [9] is shown in action. 
 

mailto:jiri.mares@oulu.fi
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Theory of chiral discrimination in paramagnetic NMR spectroscopy 
 

Alessandro Soncini,
 
Simone Calvello 

School of Chemistry, University of Melbourne,  VIC 3010, Australia  

Email: asoncini@unimelb.edu.au 

 
Magnetic resonance spectroscopies, despite being among the most useful 
characterization techniques due to their high sensitivity to tiny details of the 
geometrical and electronic structure of molecules, are blind to chirality. However, it 
has been recently proposed by Buckingham [1] and Buckingham and Fischer [2] that 
NMR could be used to achieve chiral discrimination for closed-shell chiral molecules, 
via the detection of a molecular electric polarization P rotating in a plane 
perpendicular to the NMR magnetic field [1,2], and having opposite orientation for the 
two enantiomers of a chiral species. In solution, the induced chiral polarization P is 
proportional to the pseudoscalar σ(1), isotropic average of a third-rank tensor known 
as the shielding polarizability [1-3] However, computational estimates of σ(1) in 
diamagnetic molecules suggest that it is generally too small to be detected [1-5]. 
 Here we present a theory of NMR chiral discrimination which is valid for 
molecules in solution with a ground state of arbitrary degeneracy [6]. We describe the 
response of the degenerate system in terms of a generalized shielding polarizability 
tensor defined as an analytical third-derivative of the electronic free energy [6-9]. The 
proposed theory predicts previously unexplored orientational contributions to the 
macroscopic rotating chiral electric polarization P, which are proportional to the chiral 
molecule’s magnetic anisotropy, and to the square of the inverse temperature. Ab 
initio calculations for ten Dy3+ complexes that are also single-molecule magnets [10], 
show that P can be more than 1000 times larger than in diamagnetic molecules, 
making paramagnetic NMR chiral discrimination amenable to room temperature 
detection [6]. 
  

mailto:asoncini@unimelb.edu.au
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pNMR Computations from long-range PCSs in proteins to shifts in extended 
solids 

 

M. Kaupp 
Technische Universität Berlin,  Institut für Chemie, Theoretische Chemie / Quantenchemie 

Sekr. C7, Strasse des 17. Juni 135, 10623 Berlin,  Germany.  

 
In my lecture I will report on recent advances obtained in the computational 
description of pNMR shifts in collaborations within the pNMR ITN. In close 
cooperation with the Oulu and Florence groups, we have tackled the long-range 
pseudo-contact shifts (PCSs) in an entire (cobalt-substituted) protein.1 This has been 
made possible by combining modern first-principles formalisms of pNMR shifts with 
a) a point-dipole approximation for the long-range hyperfine anisotropies, b) DFT-
optimized structures, and c) multi-reference perturbation computations for g- and D-
tensors. The extreme structure dependence of the PCS-correlations will be 
highlighted and connected to the local molecular and electronic structure around the 
metal center. This has led, among other things, to a reconsideration of the originally 
refined PDB structure. The computations also allow us to look at shifts closer to the 
metal site, into the blind sphere caused by paramagnetic line broadening. I will also 
report on efforts, together with the Cambridge group, to extend pNMR shift 
calculations for extended solids beyond the contact term only, and to combine 
accuracy and computational efficiency using the CP2K code. 
 
 
1. L.Benda, J.Mareš, E. Ravera, G. Parigi, C. Luchinat, M.Kaupp, J.Vaara, to be 
submitted. 
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New Opportunities for paramagnetic environments using ultra-fast 
MAS 
 

Frank Engleke 
Solid-state NMR Probe Development , Bruker BioSpin GmbH, Silberstreifen 4, 76287 

Rheinstetten Germany 

 
The capability to perform MAS NMR with spinning rates at 100 kHz and higher now 
admits experiments in solid-state NMR of materials and biological samples, which 
were not possible before. On the other hand, spinning rates as high as 100 kHz also 
alter typical experimental conditions, for example in cross polarization experiments. 
The talk, after introducing the technological challenges of ultrafast MAS hardware, 
will also present some of these typical experimental conditions and discuss examples 
of NMR spectra obtained at those high speeds. 
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Overview of relaxation theory in paramagnetic systems 
 

P.K Madhu 
 Tata Institute of Fundamental Research (TIFR), Mumbai/Hyderabad 

 
The presentation will introduce various aspects of paramagnetic relaxation and will 
cover topics such as Curie spin relaxation, contact and pseudo-contact shifts, and 
paramagnetic relaxation enhancements. The geometric dependence of the dipolar 
effects involving an electron spin will be discussed. Applications such as distance 
measurements, contributions of the g-tensor, and determination of the binding mode 
of ligands will also be highlighted. 
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Ab initio modelling of paramagnetic relaxation in metal complexes 
in solution 
 

Michael Odelius, Shehryar Khan, Jozef Kowalewski 
Stockholm University,  106 91 Stockholm, Sweden 

 
Nuclear spin relaxation is a powerful probe of dynamics and structure in complex 
environments, 
but theory and calculations are required to access the information. 
Paramagnetic relaxation is particularly challenging, but the theoretical framework is 
well established [1]. 
For an ab initio treatment of paramagnetic relaxatrion [2], we need to follow molecular 
dynamics,  
electron spin dynamics and nuclear spin relaxation, partially occurring on similar 
time-scales.  
Recent advances in quantum chemistry makes it possible to realize this, by allowing 
for a frequent sampling  
of the zero-field splitting of the paramagnetic metal complex in extended molecular 
dynamics simulations [3-5]. 
However, the effort is only worthwhile if the quantum chemical calculations is reliably 
accurate and  
reasonably affordable, to allow for sufficient sampling. Hence, different computational 
schemes must  
be critically evaluated [6-7]. 
 
[1] J. Kowalewski, D. Kruk, and G. Parigi, NMR relaxation in solution of paramagnetic 
complexes: 
Recent theoretical progress for S>=1, Adv. Inorg. Chem., 57,. 41–104, 2005. 
[2] M. Odelius, C. Ribbing, and J. Kowalewski, Molecular dynamics simulation of the zero-
field splitting  
fluctuations in aqueous Ni(II), J. Chem. Phys. 103, 1800, 1995. 
[3] J. Mareš, H. Liimatainen, T. O. Pennanen, and J. Vaara,  
Magnetic Properties of Ni2+(aq) from First Principles, J. Chem. Theory Comp. 7, 3248, 2011. 
[4] J. Rantaharju, J. Mareš, and J. Vaara, Spin dynamics simulation of electron spin 
relaxation in Ni2+(aq), 
J. Chem. Phys. 141, 014109 2014. 
[5] A. Lasoroski, R. Vuilleumier, and R. Pollet, Vibrational dynamics of zero-field-splitting 
hamiltonian in gadolinium-based MRI contrast agents from ab initio molecular dynamics, 
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J. Chem. Phys. 141, 014201, 2014. 
[6] A. Kubica, J. Kowalewski, D. Kruk, and M. Odelius, Zero-field splitting in nickel(II) 
complexes: A comparison of DFT and multi-configurational wavefunction calculations, 
J. Chem. Phys. 138, 064304, 2013. 
[7] S. Khan, A. Kubica-Misztal, D. Kruk, J. Kowalewski, and M. Odelius, Systematic 
theoretical 
investigation of the zero-field splitting in gd (iii) complexes: Wave function and density 
functional approaches,” J. Chem. Phys. 142, 034304, 2015. 
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Selective inversion of 13C resonances 
by DNP-driven and paramagnetically enhanced nuclear cross 
relaxation 
 
Björn Corzilius 
Institute of Physical and Theoretical Chemistry, Institute of Biophysical Chemistry, and 

Center for Biomolecular Magnetic Resonance (BMRZ), Goethe University Frankfurt ,  Max-von-

Laue-Str.  7-9, 60438 Frankfurt am Main,  Germany. 

 
Dynamic nuclear polarization enhances NMR sensitivity by transferring large electron 
spin polarization to surrounding nuclei under microwave irradiation. Ideally the polarizing 
agent and the molecule of interest are connected by an efficient spin-diffusion pathway 
so that enhanced nuclear polarization can be effectively transferred and paramagnetic 
effects on the analyte are minimal. Furthermore, nuclear spin-lattice relaxation should be 
rather slow so that large polarization enhancement can be accumulated. 
If the biomolecule of interest is carrying a paramagnetic moiety such as a lanthanide 
binding tag, spin-lattice relaxation is enhanced and accumulated DNP enhancement is 
concomitantly reduced. Additionally, we have observed that for 13C, which is not directly 
hyperpolarized by DNP due to absence of 13C and inefficient 13C-13C spin-diffusion in the 
bulk solvent matrix, a selective inversion and negative enhancement of methyl 
resonances is observed under microwave irradiation. This enhanced inverted polarization 
is then spread throughout the protein by homonuclear spin-diffusion. At the same time, 
we observe a second species of proteins, where no inversion, but a positive direct 
enhancement of a severely broadened NMR spectrum is observed. 
We present a model, where enhanced 1H polarization is transferred from the polarizing 
agent via spin-diffusion through the solvent to the protein where heteronuclear cross 
relaxation is occurring with methyl 13C. The cross relaxation rate is strongly enhanced by 
the presence of the paramagnetic ion which leads to selective amplification of inverted 
signal intensity. On the other hand, proteins which are in close proximity to a polarizing 
agent molecule experience direct enhancement of 13C while suffering from severe 
broadening by the presence of the nitroxide polarizing agent. 
We show that this effect is rather robust and in fact occurs under different conditions with 
or without paramagnetic cross relaxation enhancement and might be interesting for 
selective NMR of functional groups or molecules susceptible for the observed 1H-13C 
polarization transfer. Potential applications are discussed in regards to multi-dimensional 
correlation spectroscopy of large biomolecules or one-dimensional spectroscopy of 
complex mixtures.  
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Radicals for Efficient Solid-State Dynamic Nuclear Polarization 
 

Anne Lesage 
University of Lyon,  Institute of Analytical Sciences, CNRS/ENS Lyon/UCBL 

 
Dynamic nuclear polarization (DNP) currently attracts considerable attention as it has 
recently evolved into one of the most efficient methods to increase the sensitivity of 
NMR experiments. Of particular interest is the possibility to do high-field DNP at low 
temperatures in situ to increase the sensitivity of magic-angle spinning (MAS) solid-
state NMR spectroscopy (1). In this approach, samples are usually dissolved or 
impregnated with a solution containing stable exogenous paramagnetic centres such 
as nitroxides or trityls, which act as the polarization source. Most solid-state DNP 
NMR experiments are carried out in the presence of dinitroxide polarizing agents as 
they can transfer polarization through the cross-effect (CE) mechanism, which is one 
of the most efficient mechanisms for DNP at high magnetic fields. 
With the recent introduction of dinitroxides of high molecular weight like TEKPol (2) or 
AMUPol (3), signal enhancements (ε) of between 100 and 200 are routinely obtained 
at 9.4 T (400 MHz proton frequency) and 100 K on a wide variety of samples, ranging 
from biomolecules to materials. These enhancement factors are however still far from 
the predicted maximum values and many efforts are still devoted in the rational 
design of polarizing agents of optimized geometries and electronic properties. 
We have recently investigated a series of new dinitroxides belonging to the BTurea, 
PyPol, bTbK and TEKPOL families in frozen organic solutions (4). Clear relationships 
were established between the electronic relaxation properties of these molecules, 
their level of deuteration and their DNP efficiency. These results will be discussed 
together with the impact of very fast magic angle spinning on their DNP performance.  
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2D NMR Measurement and Prediction of Full Paramagnetic Shift 
Tensors of Quadrupolar Nuclei 
 

Philip J. Grandinetti, Brennan Walder, Alex Paterson  
Department of Chemistry, Ohio State University,  Columbus,  OH, USA 

 
Using the symmetry pathways formalism, we analyzed various 2D NMR methods for 
separating and correlating the paramagnetic shift and quadrupolar coupling 
frequency contributions in static polycrystalline samples. We illustrate our approach 
on a series of polycrystalline MCl2•2 D2O samples (M=Cu, Ni, Co, Fe, Mn), using a 
simple motional model of rapid hopping of D2O about their C2 axes for relating the 
observed motionally averaged quadrupolar and paramagnetic shift tensors to their 
instantaneous tensors. For the quadrupolar coupling a simple model for the efg 
tensor orientation along the O--D bond predicts a coupling in excellent agreement 
with previously measured values. Our analysis of the full deuterium paramagnetic 
shift tensor reveals that a delocalized point dipole model can be sufficient for 
predicting the paramagnetic shift tensor given an appropriate model for the molecular 
magnetic susceptibility of the paramagnetic site. 
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Paramagnetic NMR and scattering analyses of the structures, 
compositions, and properties of cerium-doped solid-state 
phosphors 
 
Brad Chmelka,1 Nathan George,1,2 Jakoah Brgoch,2 Andrew Pell,3 Guido Pintacuda,3 

Ram Seshadri2  
1Dept . of Chemical Engineering,  Univ.  of California,  Santa Barbara,  USA,    2Materials 

Department , Univ. of California,  Santa Barbara, USA,   3Centre de RMN à Très Hauts Champs, 

CNRS/ENS Lyon, France 

 
The local environments of dilute rare-earth ions are known to have crucial influences 
on the macroscopic optical properties of certain oxide materials, though these have 
been challenging to characterize and understand. For example, calcium scandate, 
CaSc2O4, when substituted with small amounts (<1%) of the activator ion Ce3+ to 
replace Ca2+, exhibits excellent luminescence properties, though about which little is 
understood. Solid-state 45Sc and 43Ca NMR measurements conducted at very high 
magnetic fields (19-23 Tesla) exploit the local effects of paramagnetic Ce3+ dopant 
ions on the peak positions and spin-lattice relaxation times of nearby NMR-active 
nuclei, yielding enhanced spectral resolution. A combination of paramagnetic NMR 
measurements and X-ray and neutron scattering analyses establish distinct atomic 
environments near the Ce3+ ions over a range of material compositions, which are 
correlated with the macroscopic luminescent properties of Ce-doped CaSc2O4. The 
results provide insights and design criteria that are expected to be useful for the 
discovery, optimization, and development of novel and efficient phosphor materials 
for optoelectronics or solid-state lighting applications. 
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In situ spectroscopic imaging of batteries containing paramagnetic 
materials 
 

M. Tang, V. Sarou-Kanian, M. Menetrier, J.-M. Tarascon, M. Deschamps and E. 
Salager 
1CNRS,  CEMHTI UPR3079, 1D avenue de la recherche scientifique,  45071 Orléans, France 
2Réseau sur le Stockage Electrochimique de l’Energie (RS2E), CNRS FR3459, 33 rue Saint 

Leu, 80039 Amiens, France 
3ICMCB, CNRS UPR9048,  Université de Bordeaux, ENSCBP, 87 avenue du Dr. A. Schweitzer, 

33608 Pessac,  France 
4Collège de France,  CNRS FRE3357, 11 place Marcelin Berthelot ,  75005 Paris,  France 

 
Operando NMR of lithium-ion batteries is a powerful tool to follow changes in lithium-
ion batteries. The two powerful facets of NMR, imaging and spectroscopy, bring 
meaningful information. We combine both in spectroscopic images to monitor in situ 
the paramagnetic electrodes of a battery while it is charged and discharged.  
Standard methods such as chemical shift imaging work very well for liquid electrolyte 
and metallic lithium [1,2]. The current challenge is for the paramagnetic electrodes. 
Paramagnetism generates extremely short transverse relaxation times, so that the 
solid paramagnetic electrodes are absent from the standard spectroscopic images so 
far [3]. 
We obtain for the first time a spectroscopic image of a full battery, including the 
paramagnetic electrodes. We designed a sequence specifically for fast relaxing 
signals and we apply it on our home-made in situ electrochemicall cell with an 
extremely strong pulsed field gradient (30 T•m-1) to obtain a resolution of 100um.[4] 
The spectroscopic images identify the source of limitation in the battery performance.  
 
1. S. Chandrashekar, N. M. Trease, H. J. Chang, L.-S. Du, C. P. Grey and A. Jerschow, 
Nature Materials, 2012, 11, 311–315. 
2. A. J. Ilott, N. M. Trease, C. P. Grey and A. Jerschow, Nat Commun, 2014, 5 
3. E. Salager, V. Sarou-Kanian, M. Sathiya, M. Tang, J.-B. Leriche, P. Melin, Z. Wang, H. 
Vezin, C. Bessada, M. Deschamps and J.-M. Tarascon, Chem. Mater., 2014, 26, 7009–7019. 
4. M. Tang et al., submitted 
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Measuring and interpreting paramagnetic shifts in materials science 
and biology 
 

Andrew Pell 
Department of Materials and Environmental Chemistry, Arrhenius Laboratory,  Stockholm 

University,  Svante Arrhenius väg 16C, 106 91 Stockholm, Sweden 

 

Paramagnetic systems are of the utmost importance in many fields of science, 
including chemistry, materials science, and biology.  In the NMR of such materials the 
hyperfine interaction induces a “paramagnetic shift”, which is an indispensable tool 
for the assignment and interpretation of the spectra.  There are significant challenges 
in measuring and interpreting the paramagnetic shifts, which we explore in this 
presentation.  In the first part we outline the full form of the paramagnetic shift tensor, 
and show how it can be linked to both the EPR and bulk magnetic properties of the 
system.  Whilst this full form is very complicated, it can be shown that for different 
types of material different parts of the hyperfine interaction dominate the shift.  We 
explore this point in more detail in the second part using some specific examples of 
battery materials and metalloenzymes.  For all these cases we outline the 
experimental strategy for acquiring the high-resolution NMR data, and show how the 
shifts may be understood and interpreted. In particular we compare the similarities 
and differences of the specific nature of the important contributions to the shifts for all 
these systems. 
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Solid state NMR studies of paramagnetic, inorganic Ni(II) materials 
and complexes 
 

Syed Awais Rouf1,Vibe Boel Jakobsen2, Jiří Mareš1, Nicholai Daugaard Jensen2, 
Suraj Shiv Charan Pushparaj1, Christine McKenzie2, Juha Vaara1, and Ulla Gro 
Nielsen2 
1NMR Research Unit ,  University of Oulu, Finland  

2Department of Physics,  Chemistry,  and Pharmacy, University of Southern Denmark, Odense,  

Denmark 

 
 

 
 
 

A series of Ni(II) acetyl acetonate complexes [Ni(II)(acac)2L2] with L = H2O, D2O, NH3, 
ND3, and PMe2Ph has been investigated by 1H, 2H, and 13C solid state NMR 
(SSNMR) in combination with first-principles calculations at various levels of 
approximation for the different physical contributions to the pNMR shifts appearing in 
the theory. Assignment of the single pulse 13C MAS NMR spectra based on 
paramagnetic shifts only using the conventional “the closer to the paramagnetic 
center, the larger the paramagnetic shift” and the first-principles calculations suggest 
contradicting assignments. Thus, additional SSNMR experiments and synthesis of 
selectively labelled complexes were performed to resolve these ambiguities.  
Preliminary 2H, 13C and 27Al results from SSNMR studies of layered, inorganic Ni(II) 
and Fe(III) materials demonstrate that detailed structural information can be obtained 
from SSNMR. However, the studies also demonstrate some of the experimental 
challenges in SSNMR studies of paramagnetic complexes with respect to sample 
quality and background signals. 
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