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Outline 

• Introduction to NMR and motivation for going into solids 
 
• The challenges of solid-state NMR – leading to our control problem 
 
• Ways to tailor our nuclear spin Hamiltonian to provide information 
 
• Dipolar recoupling in solid-state NMR 
 
• Optimal control solutions to the problem 
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Background 

 

 

RF Pulse 

Fourier  
Transform 
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Chemical Shift – the resonance frequency    
                   depends on the electronic surrounding 

B0 

δ 13C (ppm) Very crowded for big molecules 
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Scalar couplings and dipolar cross-relaxation 
allows for communication between spins: 2D NMR 

C C

H H
Through-bond (J) coupling 

Through-space (dipole-dipole) coupling 

  
  

  

C H CH
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Controls in liquid-state NMR spectroscopy 

 
 

 
 

 
 

Ix 

Iy 

Iz 

 

Bo H = ωoIz 

H = 2ωrfcos(ωct) Ix 

H = ωrf Ix 

Rotations in 3D (Ix,Iy,Iz)  
or (Ix,2IySz,2IzSz)   
operator spaces 

 

 

Rotating frame: 

STATIC FIELD 
CHEMICAL SHIFT 

RF FIELD 

Hσ = ωσIz C C

H H

J COUPLING 

Generates two-spin operators, which may 
be used to drive coherence/polarization 
transfer between coupled spins 
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Product operator calculations 
in liquid-state NMR 

{{IIxx, , IIyy, , IIzz}}  
{{IIxx, , 22IIyySSzz, , 22IIzzSSzz}}  
{{22IIzzSSxx, , SSyy, , 22IIzzSSzz}}  

IzcθIz – sθIy 
θ Ix 

Rf pulse: 

Evolution under isotropic 
shielding: 

IxcΦ Ix + sΦIy 
ΦIz 

Evolution under J coupling: 

IxcΦ Ix + sΦ 2IySz 
Φ 2IzSz 

The evolution The evolution angleangle: :   
ΘΘ,,φφ= = ωωtt  
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Protein NMR spectroscopy 
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Motivation – we want to design experiments for 
the same purpose for solids 

Pedersen, Dittmer, Miller, and Nielsen, 
FEBS Lett., 2008 

GREEN SULFUR BACTERIA 

Nielsen et al, Angew. Chem. 2009 

Amyloid fibril structures 
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For solids, anisotropic interactions destroy the 
resolution and the sensitivity is low 
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Origin to broadening: Chemical shielding anisotropy 

 

The electrons 
shields the 
magnetic field – 
an orientation 
dependent 
manner  
 
– in liquids the 
molecules 
“tumbles” fast 
averaging this 
effect 
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Another origin to broadening: 
Dipole-dipole coupling 

 

 
 

β 

{ = 0  in isotropic liquids 
≠0  in solids or oriented media 

Liquid 

Solid 
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Typically several interactions … 

13 QDipolarCSAJCS HHHHHH ++++=

Isotropic Anisotropic 

JCS HHH += DipolarCSAJCS HHHHH +++=

CSAJCS HHHH ++=CSHH =
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Spin and Spatial parts of the Internal Hamiltonian 

Chemical shift Dipole-dipole coupling 

Spin 
part 
Spin 
part 

Spatial 
part 

Spatial 
part 
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Spatial tensor: Principal Axis Frame 

15 
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Frame for different  
Interactions 
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Irreducible tensors 
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Cartesian Tensor 

            
  
  

  
  

  

  
+ + 

Irreducible Tensors 

R0,0 R1,m R2,m R 
= 
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Hamiltonians containing isotropic and anisotropic 
components 

Spin 
part 
Spin 
part 

Spatial 
part 

Spatial 
part 

Fundamental 
constant 

Fundamental 
constant 
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Rotations in spin and spatialspace: 
 

Wigner MatrixWigner Matrix  ReducedWigner MatrixReducedWigner Matrix  

Euler anglesEuler angles  
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The SpatialTensor 

KNOWN 

MEASURED 

The Principal axis frame 
(diagonal interaction tensor) 
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Spatial transformations  

   Isolatedinfluence fromIsolatedinfluence from  
                              MASMAS  

KNOWN TO BE MEASURED 
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Summary of rotations 

 

 

From Levitt 

Principal Axis Frames 
Molecular Frame 

Rotor Frame 
Laboratory Frame 
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InternalHamiltonian – all in oneTable 

NoteNote::  
••  rank jrank j==11  not relevantnot relevant  
••shiftspintensor is rank shiftspintensor is rank 1 1   

Spin partSpin part  

Spatial partSpatial part  

Fundamental constantsFundamental constants  

InteractionInteraction  

  

h h   
  

  

  

  

High-field approximation: 
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To mimic molecular motion we have to spin fast 

 

From van Rossum 
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Regain of resolution: 
               Magic-angle spinning 

  

Isotropic chemical shift 
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Averaging ofanisotropicinteractionsby MAS 

Fast MASFast MAS  

Rotor synchronized samplingRotor synchronized sampling:  :  t t = = 00, , ττrr, , 22ττrr, , ........  

  

ββRLRL  

γγPRPR++ωωrrtt  

  

  
ββPRPR    

The evolution The evolution angleangle  
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Individual Manipulation of Spin and Spatial parts 

Spin 
part 
Spin 
part 

Spatial 
part 

Spatial 
part 

SAMPLE ROTATION RF IRRADIATION 
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The equation of motion 

LiouvilleLiouville--vonvon--NeumanNeuman  
equationequation  

Our handle to information and manipulationOur handle to information and manipulation  

Density Density   
operatoroperator  

HamiltonianHamiltonian  

  

PropagatorPropagator  
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RotatingFrames&EffectiveHamiltonians 

  

H(t) The rotating frame

From: RE. Fukushima & S.B.W. Roeder (1981) Experimental pulse NMR
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Modulating the spin part:
HeteronuclearDipolarDecoupling 

    C.W..  

  FF..II..DD  

1. Interaction 
frame of rf 

2. Average 
Hamiltonian 
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Effect of MAS and decoupling 

A good high-resolution solid-state NMR 
spectrum brings us at the level where 
liquid-state NMR started 

A solid protein: Nanocrystals 
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Chemical 
shieldingtensor 

Dipole-dipolecoupling 

 
Detailed structure information 
- regain of control  
 

MODULATION & CONTROLLED DEMODULATION 
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Tailoring of the Hamiltonian: 
Recoupling of dipolar coupling interactions 

Sample rotation destroys  
exploitation of dipolar couplings 

  for p=-m 
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Disrupting averaging of dipolar couplings 
     – using rf pulses in synchrony with sample 
revolution 

Sample rotation 
destroys  

exploitation of 
dipolar couplings 

Simultaneous rf irradiation 
brings it back again 
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Tailoring of the Hamiltonian => assignment
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Magic Angle Spinning NMR of Proteins 

A major aim is to develop methods providing 
     - high sensitivity 
     - high specificity 
     - high-precision structures 

Structural information regained using 
dipolar recoupling 
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DipolarRecoupling: 
How do weget the anisotropy back – selectively? 

Sample rotation Sample rotation 
averages this oneaverages this one!!!!  

00    --  

  

RECOUPLINGRECOUPLING  

  
 
 

  
 
 
ωωrfrf

SS  = = ppωωrr  

ωωrfrf
II  = = qqωωrr  Add in Add in 

some some 
rfirradrfirrad..  
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HeteronuclearDipolarRecoupling: 

→→  RfinteractionframeRfinteractionframe  

  
OKOK, , we have now modulations we have now modulations ––    
but to appreciate recoupling we but to appreciate recoupling we   
recast in terms of exponentialsrecast in terms of exponentials  

ωωrfrf
SS  = = ppωωrr  

ωωrfrf
II  = = qqωωrr  
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HeteronuclearDipolarRecoupling: 
Recouplingconditions 

→→AverageHamiltoniaAverageHamiltonia
n over rotor periodn over rotor period  

Four experiments that 
provide recoupling 

n n = = 11, , 22  
r r > |> |22||  
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HeteronuclearDipolarRecoupling: 

One of the One of the FourExperimentsFourExperiments::  

Which nWhich n?   ?   ----  the scaling factor equals the the scaling factor equals the 
dipolarFouriercomponent dipolarFouriercomponent ==> > nn==1 1 
largestscalinglargestscaling  

The DCP experiment 

  

  

II  

SS  
  

44ωωrr  

33ωωrr  

nn==11, , pp==44  

NoteNote: : only the difference in the rffieldstrengthsmatters only the difference in the rffieldstrengthsmatters ––  
but try to avoidotherresonancesbut try to avoidotherresonances!!  
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HeteronuclearDipolarRecoupling: 
The DCP experiment 

Experiment DExperiment D::  

-x -x -x -x →→  TiltedframeTiltedframe  
          --ππ//22  around yaround y  

ZQZQxx  ZQZQyy  

  

Fictitious spinFictitious spin--11//22  

Full transfer of IFull transfer of Izz  to Sto Szz  for for κκnntt==ππ  
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HeteronuclearDipolarRecoupling 
DCP is just an inversion 

RfRf  

DipoleDipole  

  

  

  

  

  

II  

SS  

44ωωrr  

33ωωrr  

  

Iz 

Sx 

  

    

 Ix 

Sz 
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CompositeDipolarRecoupling 

DCPDCP  

COMBCOMB33  
DCPDCP  

  

  II  IIII  IIIIII  IVIV  VV   

Better compensation towards 
orientation (β) variation of 
dipolar coupling 

  
ZQZQ--frameframe::  

IIxx→→  SSxx  
ππ  

Dt 
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Optimal Control version withReduced Dimensionality 

Excitation time (ms) 

Tr
an

sf
er

 E
ffi

ci
en

cy
 

DCP 

COMB3 

COMB6 

OCCOMB9 

HansenHansen, , KehletKehlet, , VosegaardVosegaard, , GlaserGlaser,,KhanejaKhaneja, , NielsenNielsen, ,   
ChemChem. . PhysPhys. . LettLett. . 447447, , 154 154 ((20072007))  

Rf pulsesRf pulses  

RecouplingRecoupling  
sequencesequence  
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Accurate distance in MAS solid-state NMR: 
Recoupling without dipolar truncation – NMR robotics 

13C-13C 
distances up 
to 5 Å with 
0.1-0.2 Å  
accuracy 

Khaneja and Nielsen, 
J. Chem. Phys., 2009 
Straasø et al,  
J. Chem. Phys., 2009 

Triple-Oscillating-Field-techniqUe 
TOFU 
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The Dipolar Truncation Problem 

[[22IIxxSSxx--22IIyySSyy, , 22RRxxSSxx--22RRyySSyy]   ]   ≠≠    00  

Invisible 

22IIzzSSzz--IIxxSSxx--IIyySSyy  

22IIzzSSzz--IIxxSSxx--IIyySSyy  22IIzzSSzz  ((IsingIsing))  

Solution! 

recoupling 

[[22IIzzSSzz, , 22RRzzSSzz]   ]   =  =  00  

 

 

  
                    recoupling        recoupling              
  

22IIxxSSxx±±22IIyySSyy  ((planarplanar))  
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Planar vsIsingDephasing 

w/o D13 

Planar Hamiltonian 

Ising Hamiltonian 

 

2IxSx-2IySy (2Q) 

2IzSz 

 

??  

??  

 

??  

??  

Dipolartrunction is not solved by introducing a thirdspin 
– and sequential transfers OBS: 
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22IIzzSSzz  ((IsingIsing))  

+ + isotropic shiftisotropic shift  

TripleOscillatingFieldtechniqUe (TOFU) 

22IIzzSSzz  ––  IIxxSSxx  --  IIyySSyy  ((DipolarDipolar))  
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TripleOscillatingFieldtechniqUe(TOFU) 
 

C C = = ωωrr//44  
B B = = 33ωωrr  
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TOFU: Some Hamiltonian stuff … 
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Triple Oscillating Field techniqUe + 
Rotor assisted dipolar recoupling (RADAR) 

Selective 
inversion 

IzSz recoupling IzSz recoupling 
RADAR 

Khaneja Khaneja & & NielsenNielsen,,  
JJ. . ChemChem. . PhysPhys. . 128128,,  
015103015103  ((20082008).).  

 

Refocusing of all dipolarcouplingsRefocusing of all dipolarcouplings  

    

Dipolar couplings to CDipolar couplings to C’’  active active + + surrounding Jsurrounding J’’s active s active   
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TOFU + RADAR: U-13C,15N-L-threonine 

Reference (Sr) 
Main (Sm) 

CCββ  

Khaneja Khaneja & & NielsenNielsen,, 
JJ. . ChemChem. . PhysPhys. . 128128
015103015103  ((20082008).).  
  

 
FRESNEL  
 
Easyread-out 



 

Niels  Chr. Nielsen 

Accurate distances by ssNMR:  
U-13C,15N-L-Threonine 

Khaneja Khaneja & & NielsenNielsen,,  
JJ. . ChemChem. . PhysPhys. . 128128,,  
015103015103  ((20082008).).  
  

α 
β 
γ 

β 

α 

γ 
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Larger dipolar scaling –  
Multiple Oscillating Field Techniques 

   2.5x 

B=3.75 ωr 
C=0.25 ωr 

B 

C 

C 

C 

TOFU is a good step aheadtowardsaccurate distance meausrementsTOFU is a good step aheadtowardsaccurate distance meausrements!!  
                              But the dipolarscaling is toolow to measurelongBut the dipolarscaling is toolow to measurelong--rangeconstraintsrangeconstraints  

 

Straasøe, Bjerring,  
Khaneja, Nielsen, 
J. Chem. Phys., in 
Press (2009) 
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Larger dipolar scaling – 
Multiple Oscillating Field Techniques 

B 

C 

C 

C 

Straasøe, Bjerring,  
Khaneja, Nielsen, 
J. Chem. Phys., in 
Press (2009) 
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Four OscillatingfieLDTechniqUe 

B=3.75 ωr 
C=0.25 ωr 

4 τr 

Rf field strengthRf field strength  

Rf offsetRf offset  

Rf phaseRf phase  

ωr/2π = 16.7 kHz 

FOLD 

B 

C 
C 

C 

B=3.75 ωr 
C=0.25 ωr 
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Internuclear distances using FOLD 
(16.67 kHz; 700 MHz) 

L-Threonine 
 
 
 
 
 
Leucine 
(ubiquitin) 
 

Strassøe, Bjerring, Khaneja& Nielsen, J. Chem. Phys., in press (2009) 

Simulations Experiments 
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Optimal control design of NMR experiments 
- improved sensitivity 
- band selective operation 
- less rf power consumption 

 

 

ρρff  = = UUρρiiUU++  

Optimal control => Design of Ū 

Kehlet et al, 
JACS, 2004 
Maximov et al,  
J. Chem. Phys., 2008 
Tosner et al, 
J. Magn. Reson. 2009 

Final costFinal cost  

Final cost Runningcost 

Free open source software at  
www.bionmr.chem.au.dk 
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 A specific case – many exists 
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Optimum control in biological 
solid-state NMR 

Optimization of building blocks  
- Gain in sensitivity 
- Reduction of instrumental 

errors 
- Reduced heating problems  
 

LGCP OCLGCP OCHORROR HORROR 
AUTOMATED EXPERIMENT DESIGN 

DCP OCDCP 
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DCP 

DCP, 10% L 

DCP, 5% L 

RAMP DCP 

Excitation time Excitation time ((msms))  

E
ffi

ci
en

cy
E

ffi
ci

en
cy

  

+ 

+ + 

x 

x 

x 

+ adiabatic 

x adiabatic 
   w. 5%L 

  

  

II  

SS  

44ωωrr  

33ωωrr  

  
OPT CONTROL 

 

Traditional recoupling vs. optimal control 
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33D NCOCXD NCOCX: : UU--1313CC,,1515NN--ubiquitinubiquitin  

Optimal ControlOptimal Control  

5050--100%100%    
Higher sensitivityHigher sensitivity  
((less sampleless sample//less timeless time))  

Less sample heatingLess sample heating  
    ((in the order ofin the order of  
        1/101/10  ––  1/41/4  powerpower  

KehletKehlet, , BjerringBjerring, , SivertsenSivertsen, , GlaserGlaser, , KhanejaKhaneja, , NielsenNielsen, , JJ. . MagnMagn. . Reson Reson 188188, , 216 216 
((20072007))  
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1515NN→→1313C in C in NCO and NCA at highNCO and NCA at highfieldfield––
sequencesequence&&robustnessrobustness  

 

1515NN  

1313CC  

KehletKehlet, , BjerringBjerring, , SivertsenSivertsen, , GlaserGlaser, , KhanejaKhaneja, , NielsenNielsen, , JJ. . MagnMagn. . Reson Reson 188188, , 
216 216 ((20072007))  

OffsetOffset  
1515NN//1313CC  

RfRf  
inhomogeneityinhomogeneity  

1515NN//1313CC  

TransferTransfer  
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Optimization of Effective Hamiltonians 
Sensitivity-enhanced 2D solid-state NMR 

Tosner, Glaser, Khaneja, Nielsen,  
J. Chem. Phys. 125, 184502 (2006) 

 

 

z z 

Only transfer of Only transfer of 
xx--  or yor y--  
componentcomponent  

x x 
y y 

Transfer of bothcomponentsafterTransfer of bothcomponentsafter  
tt11  evolution evolution ==>>√√22  sensitivityenhancementsensitivityenhancement  

22IIxxSSxx--22IIyySSyy  

22IIxxSSxx++22IIyySSyy++22IIzzSSzz  
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Symmetry-based optimal control experiments for assignment 
OCC7 band-selective mixing for 
2D CACB, CACX & 3D NCACB 

Gain: 
X 3-4 

Nielsen et al, 
J. Chem. Phys.., 2009 

Reducing the RF FIELD’s by a factor of 
3-4 => only 10-15’th sample heating 
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Optimal Optimal controlcontrolandandDNPDNP  

SS((ElectronElectron))--II((NucleusNucleus))  
twotwo--spin systemspin system  

 

 

SSxx→→  IIzz  

AA: : secular part of secular part of   
          hyperfine interactionhyperfine interaction  
  
BB: : Pseudo secular part ofPseudo secular part of  
          hyperfine interactionhyperfine interaction  

μs 

μs 

Maximov, Tosner, Nielsen, JCP (2008) 

Computational timeComputational time  
KrotovKrotov: : RedRed  
GRAPEGRAPE: : BlueBlue  

Nuclear 

Electron 

MW @ 9 GHz (X-band) –  
ca. 0.3 T (14 MHz) NMR Jeschke, Schweiger, Mol Phys 1996 

1H Zeeman 
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OC is not limited to spinOC is not limited to spin--1/21/2  casescases::  
2D MQ-MAS excitation for quadrupolar nuclei 

200 kHz 38 kHz 
20.7 kHz 

Vosegaard, Kehlet, Khaneja, Glaser, and Nielsen,  
J. Am. Chem. Soc, 127, 13768-13769 (2005) 

5050% % gaingain  
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Low-field NMR using Optimal Control for 
Resolution Enhancement 
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Optimal control in MRIOptimal control in MRI::Excitation of a HALF BRAINExcitation of a HALF BRAIN  

DCP 

 

In 

 Experiment at 16.4T 

Initial optimization 

Refined optimization 
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