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Overview

• Hamiltonians in solid state NMR

• Static and MAS

• CSA recoupling methods

• Dipolar recoupling methods

• 2H quadrupolar lineshapes

• CODEX

• Relaxation - T1, T1, T2 – consider coherent effects, MAS effects

• Chemical exchange (lithium motion in batteries, cations in inorganic 
materials …) 

• Summary
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General form of the MR Hamiltonian

𝐻 = ෍

𝜆

𝐻𝜆 ;  𝐻𝜆∈𝑍𝑒,𝑍𝑛,𝑐𝑠,𝑄,𝑍𝐹𝑆 = ෍

𝑗

𝐻𝜆𝑗
;  𝐻𝜆∈𝐽,𝐷,𝐴 = ෍

𝑗

෍

𝑖<𝑗

𝐻𝜆𝑖,𝑗

𝐻 = 𝐻𝑍𝑒 + 𝐻𝑍𝐹𝑆 + 𝐻𝐴 + 𝐻𝑍𝑛 + 𝐻𝐽 + 𝐻𝑐𝑠 + 𝐻𝐷 + 𝐻𝑄 + 𝐻𝑀𝑊 + 𝐻𝑅𝐹
𝐻𝑍𝑒: Electron Zeeman Hamiltonian   electron spins with magnetic field (This includes spin-orbit coupling).

𝐻𝑍𝐹𝑆: Zero Field Splitting  electron spin – electron spin (Fine structure in the EPR spectra)

𝐻𝐴: Hyperfine Interaction  electron spin – nuclear spin  (Hyperfine structure in EPR spectra)

𝐻𝐽𝑒: Exchange Coupling Hamiltonian   electron spin – electron spin via exchange interaction

𝐻𝐷𝑒 : Dipolar coupling Hamiltonian   electron spin - electron spin via space

𝐻𝑍𝑛: nuclear Zeeman Hamiltonian  𝐻𝑍 = 𝜔0𝐼𝑧 typically MHz

𝐻𝐽: Scalar Coupling Hamiltonian   spin-spin via chemical bonds  ~Hz, mainly isotropic 

𝐻𝑐𝑠: Chemical shift Hamiltonian   spins shielded by electrons  ~kHz, isotropic(solution & solids) + anisotropic (solids)

𝐻𝐷: Dipolar coupling Hamiltonian   spin-spin via space  ~kHz, anisotropic, solids

𝐻𝑄: Quadrupolar coupling Hamiltonian   spins>1/2  with electric field gradients  ~MHz, anisotropic, solids

𝐻𝑀𝑊 : Microwave Frequency field   electron spins with external AC magnetic field irradiation (typically in microwave and mm-waves (GHz))

𝐻𝑅𝐹 : Radio Frequency field   External magnetic field irradiation  𝐻1 = 𝜔1𝐼𝑥cos(𝜔𝑟𝑓𝑡)
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𝐻𝑐𝑠:  ~kHz, isotropic(solution & solids) + anisotropic (solids)
𝐻𝐷  ~kHz, anisotropic, solids
𝐻𝑄  ~MHz, anisotropic, solids



Interactions as tensors
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o The two types of interactions are spin  spin and spin  magnetic field
o Both can be represented by the following expressions in matrix form:

• 𝐶𝜆 is a constant that represents the size of the interaction

• Ԧ𝐼 is a vector of the three spin components
• መ𝐴 is the interaction tensor in a general frame of reference

• 𝐾 is the magnetic field (𝐵), or a spin መ𝑆 (with similar or different ).

𝐶𝜆 𝐼𝑥 𝐼𝑦 𝐼𝑧

𝐴𝑥𝑥 𝐴𝑥𝑦 𝐴𝑥𝑧

𝐴𝑦𝑥 𝐴𝑦𝑦 𝐴𝑦𝑧

𝐴𝑧𝑥 𝐴𝑧𝑦 𝐴𝑧𝑧

𝐾𝑥

𝐾𝑦

𝐾𝑧

= 𝐶𝜆
Ԧ𝐼 ∙ መ𝐴 ∙ 𝐾

Every tensor can be expressed in its Principal Axis System: መ𝐴𝑃𝐴𝑆 = 𝑅−1 መ𝐴𝑅 =

𝐴𝑥𝑥
𝑃𝐴𝑆 0 0

0 𝐴𝑦𝑦
𝑃𝐴𝑆 0

0 0 𝐴𝑧𝑧
𝑃𝐴𝑆

(anti-symmetric elements off-diagonal can be ignored)

𝑅 is the diagonalization (rotation) matrix



Interactions as tensors – principal axis system
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Tensors can be decomposed to 
trace 𝐴𝑖𝑠𝑜, anisotropy Δ𝐴 and asymmetry 𝜂𝐴.

መ𝐴𝑃𝐴𝑆 =

𝐴𝑥𝑥
𝑃𝐴𝑆 0 0

0 𝐴𝑦𝑦
𝑃𝐴𝑆 0

0 0 𝐴𝑧𝑧
𝑃𝐴𝑆

Trace: 𝐴𝑖𝑠𝑜 =
1

3
(𝐴𝑥𝑥

𝑃𝐴𝑆+ 𝐴𝑦𝑦
𝑃𝐴𝑆+ 𝐴𝑧𝑧

𝑃𝐴𝑆)

Anisotropy: ΔA = 𝐴𝑎𝑛𝑖𝑠𝑜 = 𝐴𝑧𝑧
𝑃𝐴𝑆 − 𝐴𝑖𝑠𝑜

Asymmetry: 𝜂𝐴 = 𝐴𝑦𝑦
𝑃𝐴𝑆− 𝐴𝑥𝑥

𝑃𝐴𝑆 /𝐴𝑎𝑛𝑖𝑠𝑜 

መ𝐴𝑃𝐴𝑆 = 𝐴𝑖𝑠𝑜

1 0 0
0 1 0
0 0 1

+ ΔA

−1
2

(1+𝜂𝐴) 0 0

0 −1
2

(1−𝜂𝐴) 0

0 0 1

|𝐴𝑥𝑥
𝑃𝐴𝑆 − 𝜎𝑖𝑠𝑜| ≤ |𝐴𝑦𝑦

𝑃𝐴𝑆 − 𝜎𝑖𝑠𝑜| ≤ |𝐴𝑧𝑧
𝑃𝐴𝑆 − 𝜎𝑖𝑠𝑜|

Haeberlen convention



Chemical shift Hamiltonian – shielding tensor
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𝐻𝜎 = 𝛾 𝐼𝑥 𝐼𝑦 𝐼𝑧

𝜎𝑥𝑥
𝐿 𝜎𝑥𝑦

𝐿 𝜎𝑥𝑧
𝐿

𝜎𝑦𝑥
𝐿 𝜎𝑦𝑦

𝐿 𝜎𝑦𝑧
𝐿

𝜎𝑧𝑥
𝐿 𝜎𝑧𝑦

𝐿 𝜎𝑧𝑧
𝐿

0
0

𝐵0

= 𝛾 Ԧ𝐼 ∙ ො𝜎𝐿 ∙ 𝐵

o Chemical shielding results from induced magnetic fields.
o The interaction is between the spin I, the shielding tensor , and magnetic field B=(0,0,B0)

In the laboratory frame, the Shielding Hamiltonian is given by

The chemical shielding tensor can also be expressed in 
its Principal Axis System (fixed in the molecule):

ො𝜎𝑃𝐴𝑆 =

𝜎𝑥𝑥
𝑃𝐴𝑆 0 0

0 𝜎𝑦𝑦
𝑃𝐴𝑆 0

0 0 𝜎𝑧𝑧
𝑃𝐴𝑆

= 𝑅−1 ො𝜎𝐿𝑅   

• R transforms from the LAB frame to the PAS frame

Image taken from the lecture 

notes of Konstantin Ivanov, 4th 
“NMR meets biology” 

meeting, Khajuraho, 2018



Chemical shielding tensor - definitions
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The chemical shielding tensor can be expressed by the three principal 
components 𝜎𝑥𝑥

𝑃𝐴𝑆, 𝜎𝑦𝑦
𝑃𝐴𝑆, 𝜎𝑧𝑧

𝑃𝐴𝑆

  or
By its trace, anisotropy, and asymmetry:

Trace: 𝜎𝑖𝑠𝑜 =
1

3
(𝜎𝑥𝑥

𝑃𝐴𝑆+ 𝜎𝑦𝑦
𝑃𝐴𝑆+ 𝜎𝑧𝑧

𝑃𝐴𝑆)

Anisotropy: 𝜎𝑎𝑛𝑖𝑠𝑜 = 𝜎𝑧𝑧
𝑃𝐴𝑆 − 𝜎𝑖𝑠𝑜

Asymmetry: 𝜂𝜎 = 𝜎𝑦𝑦
𝑃𝐴𝑆− 𝜎𝑥𝑥

𝑃𝐴𝑆 /𝜎𝑎𝑛𝑖𝑠𝑜 

|𝜎𝑥𝑥
𝑃𝐴𝑆 − 𝜎𝑖𝑠𝑜| ≤ |𝜎𝑦𝑦

𝑃𝐴𝑆 − 𝜎𝑖𝑠𝑜| ≤ |𝜎𝑧𝑧
𝑃𝐴𝑆 − 𝜎𝑖𝑠𝑜|

ො𝜎𝑃𝐴𝑆 = 𝜎𝑖𝑠𝑜

1 0 0
0 1 0
0 0 1

+ 𝜎𝑎𝑛𝑖𝑠𝑜

−1
2

(1+𝜂𝜎) 0 0

0 −1
2

(1−𝜂𝜎) 0

0 0 1

The tensor can be described in its PAS as follows:

Haeberlen convention

https://groups.chem.ubc.ca/straus/l2.pdf 

𝜎𝑧𝑧 − 𝜎𝑖𝑠𝑜 > 0

𝜎𝑧𝑧 − 𝜎𝑖𝑠𝑜 < 0 

CS can be positive or negative

https://groups.chem.ubc.ca/straus/l2.pdf


NMR Chemical shielding –
Back to lab frame
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𝜎𝑧𝑧
𝑃𝐴𝑆

𝜎𝑥𝑥
𝑃𝐴𝑆

𝜎𝑦𝑦
𝑃𝐴𝑆

B0





• The two angles relating B to  are  (polar) and  (azimuthal)

• The magnetic field has no preference to x or y

• Rotate around the z axis at angle 

• Rotate around x axis at angle 

• The result is three angluar-dependent terms, 𝜎𝑥𝑧
𝐿𝐴𝐵 , 𝜎𝑦𝑧

𝐿𝐴𝐵 , 𝜎𝑧𝑧
𝐿𝐴𝐵

Using perturbation theory, or averaging over the Larmor 
Frequency, it can be shown that only 𝜎𝑧𝑧

𝐿𝐴𝐵  term is important 
(‘Zeeman truncation’ or ‘Secular approximation’ ) 

𝐻𝑐𝑠
0

= 𝛾 Ԧ𝐼 ∙ ො𝜎𝐿 ∙ 𝐵 = 𝛾 0,0, 𝐼𝑧 ∙ ො𝜎𝐿 ∙
0
0

𝐵0

= 𝛾𝐼𝑧𝜎𝑧𝑧
𝑙𝑎𝑏𝐵0 = −𝜔0𝜎𝑧𝑧

𝑙𝑎𝑏𝐼𝑧



Chemical shielding Hamiltonian: lab frame
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ො𝜎𝑃𝐴𝑆 =

𝜎𝑥𝑥
𝑃𝐴𝑆 0 0

0 𝜎𝑦𝑦
𝑃𝐴𝑆 0

0 0 𝜎𝑧𝑧
𝑃𝐴𝑆

= 𝑅−1 ො𝜎𝐿𝑅

 
ො𝜎𝐿𝑎𝑏 = 𝑅 ො𝜎𝑃𝐴𝑆𝑅−1

ො𝜎𝑧𝑧
𝐿𝑎𝑏 = 0,0,1 ො𝜎𝐿𝑎𝑏

0
0
1

= 0,0,1 𝑅 ො𝜎𝑃𝐴𝑆𝑅−1
0
0
1

= 𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜙, 𝑠𝑖𝑛𝜃𝑠𝑖𝑛𝜙, 𝑐𝑜𝑠𝜃 ො𝜎𝑃𝐴𝑆 𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜙, 𝑠𝑖𝑛𝜃𝑠𝑖𝑛𝜙, 𝑐𝑜𝑠𝜃 T

 = 𝜎𝑖𝑠𝑜 − 𝜎𝑥𝑥
𝑃𝐴𝑆 sin2 𝜃 cos2 𝜙 + 𝜎𝑦𝑦

𝑃𝐴𝑆 sin2 𝜃 sin2 𝜙 + 𝜎𝑧𝑧
𝑃𝐴𝑆 cos2 𝜃

This can be expressed with the assymetry and anisotropy as follows:

ෝ𝝈𝒛𝒛
𝑳𝒂𝒃 𝜽, 𝝓 = 𝝈𝒊𝒔𝒐 +

𝟏

𝟐
𝝈𝒂𝒏𝒊𝒔𝒐 𝟑 𝐜𝐨𝐬𝟐 𝜽 − 𝟏 + 𝜼𝒔𝒊𝒏𝟐𝜽 𝒄𝒐𝒔𝟐𝝓

𝑯𝒄𝒔 = 𝜸ෝ𝝈𝒛𝒛
𝑳𝒂𝒃 𝜽, 𝝓 𝑩𝟎𝑰𝒛 = −𝝎𝟎ෝ𝝈𝒛𝒛

𝑳𝒂𝒃 𝜽, 𝝓 𝑰𝒛

Shielding:
Small 
reduction 
of Larmor 
frequency



Shielding  lineshapes and molecular symmetry

=0

=1

≈0
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xx=yy

xx≠yy

zz=xx=yy ≅

See also Schurko’s lectures: 
https://www.emory.edu/NMR/web_swu/SSNMR_redor/ssnmr_schurko 

zz

yy

xx

zz

yy
xx

https://www.emory.edu/NMR/web_swu/SSNMR_redor/ssnmr_schurko


Chemical shift anisotropy (CSA)
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Define the tensor using the ppm scale

መ𝛿𝑃𝐴𝑆 =

𝛿33
𝑃𝐴𝑆 0 0

0 𝛿22
𝑃𝐴𝑆 0

0 0 𝛿11
𝑃𝐴𝑆

𝑯𝒄𝒔 = 𝑯𝒊𝒔𝒐 + 𝑯𝑪𝑺𝑨  

= 𝜹𝒊𝒔𝒐𝑰𝒛 +
𝟏

𝟐
𝜹𝒂𝒏𝒊𝒔𝒐 𝟑 𝐜𝐨𝐬𝟐 𝜽 − 𝟏 + 𝜼𝒔𝒊𝒏𝟐𝜽 𝒄𝒐𝒔𝟐𝝓

𝜹 = 𝝈𝒓𝒆𝒇 − 𝝈 ⋅ 𝟏𝟎𝟔



Chemical shift conventions
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http://anorganik.uni-
tuebingen.de/klaus/nmr/index.php?p=co
nventions/csa/csa 

http://anorganik.uni-tuebingen.de/klaus/nmr/index.php?p=conventions/csa/csa
http://anorganik.uni-tuebingen.de/klaus/nmr/index.php?p=conventions/csa/csa
http://anorganik.uni-tuebingen.de/klaus/nmr/index.php?p=conventions/csa/csa
http://anorganik.uni-tuebingen.de/klaus/nmr/index.php?p=conventions/csa/csa


The values at the discontinuities of the CSA 
tensor static powder lineshape 

aniso=33-iso=-20 ppm
=0.7
iso=0 ppm

-0.5(1+)=11
=33

-0.5(1-)=22
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መ𝛿𝑃𝐴𝑆 = 𝛿𝑖𝑠𝑜

1 0 0
0 1 0
0 0 1

+𝛿𝑎𝑛𝑖𝑠𝑜

−1
2

(1+𝜂𝜎) 0 0

0 −1
2

(1−𝜂𝜎) 0

0 0 1



Discovery of chemical shifts 
1950, 19F & 14N NMR!

(1.05T, 45 MHz 1H)

Phys. Rev. 77, p736 (Jan 9) Phys. Rev. 77, p717 (Jan 18) 



Chemical shift vs. off-resonance
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TMS
CH3CH2

n (Hz)

nrf

DnCH3

DnCH2

DnTMS = 0
2𝜋Δ𝜈 = Δ𝜔

Off-resonance

Determined by 
the irradiation 
frequency 𝜔𝑟𝑓 

TMSCH3CH2

n (Hz)
nrf

DnCH3

DnCH2

DnTMS

𝛿 = 𝜔𝑟𝑒𝑓 − 𝜔

Chemical shift

Determined by 
reference 
compound, 
indepdent of 𝜔𝑟𝑓 

Same chemical 
shift value x, 
different off-
resonance 
values x

In the rotating frame, 𝐇𝐳 + 𝐇𝐜𝐬 = 𝚫𝝎𝑰𝒛 −
𝟏

𝟐
𝝎𝟎𝝈𝒂𝒏𝒊𝒔𝒐 𝟑 𝐜𝐨𝐬𝟐 𝜽 − 𝟏 + 𝜼𝒔𝒊𝒏𝟐𝜽 𝒄𝒐𝒔𝟐𝝓 𝑰𝒛



Dynamics
Averaged CSA lineshapes
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Physical rotation of a single crystal
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Phosphorus-31 CP NMR spectra of a single crystal of 
TMPS for rotations of the crystal holder about 
its X, Y, and Z axes, acquired at 4.7 T.

J. Phys. Chem. A 2000, 104, 19, 4598–4605
https://doi.org/10.1021/jp9944839

https://doi.org/10.1021/jp9944839
https://doi.org/10.1021/jp9944839
https://doi.org/10.1021/jp9944839
https://doi.org/10.1021/jp9944839


Mechanical rotation of a powder:
Magic angle spinning

ROTOR Frame 

x

z

y

x

z

y

x

B0
m

PAS Frame

z
y

B0

At least two transformations from PAS:

LAB Frame
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x'

PA
S

2
 F

ra
m

e

z’

y'

𝛼
′ ,𝛽

′ ,𝛾
′

𝛼, 𝛽, 𝛾
𝜔𝑅𝑡, 𝜃𝑚, 0

Biophysical Journal 2010 981864-1872

Two CSA tensors in protein backbone 
and their PAS. D tensor oriented 
along the N(i)-C(i-1) bond



CSA interaction under MAS (𝜃 = 54.7°)
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𝜎𝑎𝑛𝑖𝑠𝑜 ∗ 𝑃2 𝜃



CSA averaged by spinning

20

Glycine 13C spectrum, MAS =54.7o
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31P spectrum, fast VAS, ≠54.7o
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https://doi.org/10.1063/1.467203
https://doi.org/10.1063/1.467203
https://doi.org/10.1063/1.467203
https://doi.org/10.1063/1.467203


Magic angle spinning – 
biological samples
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Two-dimensional 13C-13C isotropic spectra of a protein

Spinning sidebands stretches are marked

Complete averaging creates high-resolution spectra

Scientific Reports 2, 803 (2012)

YadA



Natural motions - dynamics

• Methyl group rotation
• Vector bond rotation
• Ring flips
• Chemical Exchange
• Domain motions

• Each is associated with a different type 
of motion, and a different time scale

• All have some axis of motion with a 
typical angle with respect to molecular 
frame

22

Schanda & Ernst, Progress in Nuclear Magnetic 
Resonance Spectroscopy 96 (2016) 1–46

23 kHz
12 kHz

15-100 kHz

6-12 kHz

Time scales

https://cresset-group.com/science/science-
resources/membrane-protein-molecular-dynamics/ 

13C-15N (1.3A … 1.5A) 1 kHz

https://cresset-group.com/science/science-resources/membrane-protein-molecular-dynamics/
https://cresset-group.com/science/science-resources/membrane-protein-molecular-dynamics/
https://cresset-group.com/science/science-resources/membrane-protein-molecular-dynamics/
https://cresset-group.com/science/science-resources/membrane-protein-molecular-dynamics/
https://cresset-group.com/science/science-resources/membrane-protein-molecular-dynamics/
https://cresset-group.com/science/science-resources/membrane-protein-molecular-dynamics/
https://cresset-group.com/science/science-resources/membrane-protein-molecular-dynamics/
https://cresset-group.com/science/science-resources/membrane-protein-molecular-dynamics/
https://cresset-group.com/science/science-resources/membrane-protein-molecular-dynamics/
https://cresset-group.com/science/science-resources/membrane-protein-molecular-dynamics/
https://cresset-group.com/science/science-resources/membrane-protein-molecular-dynamics/


Information from recoupling

Given an averaged tensor, and a motional model, we can 

get the amplitudes of motion when it is fast enough such 

that k>>

23



Tensor motions can be viewed with MD

24

(a) Amplitudes and orientations of backbone 15NH CSA tensors for G89 (left) and E98 

(right) in HIV-1 CA protein with respect to the molecular frame, for the individual 

structures along the MD trajectory at t = 0, 1, 2, and 3 ns (from top to bottom, 

respectively).

(b–d) Plots of the relative angles between the principal components of the 15N CSA 

tensor, δii, and the N–H bond, rN–H. 

(e-g) Euler angles for the backbone 15NH CSA tensors in the molecular frame. 

Calculated by QM/MM (at the DFT level)

J. Am. Chem. Soc. 2016, 138, 42, 14066–14075

https://doi.org/10.1021/jacs.6b08744

HIV capsid protein

NMR done on 
tubular assemblies

For dynamic residues, CSA reorients on the ns 

timescale, much faster than aniso

Polenova & coworkers

https://doi.org/10.1021/jacs.6b08744
https://doi.org/10.1021/jacs.6b08744
https://doi.org/10.1021/jacs.6b08744
https://doi.org/10.1021/jacs.6b08744
https://doi.org/10.1021/jacs.6b08744
https://doi.org/10.1021/jacs.6b08744


CSA lineshapes under (hopping) motion

25

Two-site jump, 

109.5

Two-site jump, 

120

Three-site 

jump, 70.5 MAS, csa=104 Hz

Two-site jump, 120

Solid state NMR spectroscopy: Principles and 
applications. Edited by Melinda Duer

slow enough

fast enough

slow enough

fast enough

R=1 kHz   2 kHz    3 kHz   4 kHz

103 

104 

5X104

106

103 

104 

5X104

106

105

c
-1/s-1 c

-1/s-1



CSA recoupling in a rigid protein – GB1

26

ssnmr structure of GB1

N-acetyl-D-valine (NAV)

=-107.5+-5.1 ppm and 

=0.28+-0.16.



Measuring CSA

• Under MAS, CSA reduces to spinning sidebands

• Slow spinning can be used to fit CSA (simulations, Herzfeld Berger)

• Recoupling technique under fast MAS
• SUPER (Schmidt-Rohr, https://dx.doi.org/10.1006/jmre.2002.2503 )

• xCSA (Gan, https://dx.doi.org/10.1016/j.jmr.2011.09.015 )

• ROCSA (original: Chan & Tycko, https://doi.org/10.1063/1.1565109) {C-seq}

• RNCSA (Hou, Polenova, http://dx.doi.org/10.1063/1.4754149) {R-seq}

27

pulsed

cw

https://dx.doi.org/10.1006/jmre.2002.2503
https://dx.doi.org/10.1006/jmre.2002.2503
https://dx.doi.org/10.1006/jmre.2002.2503
https://dx.doi.org/10.1006/jmre.2002.2503
https://dx.doi.org/10.1016/j.jmr.2011.09.015
https://dx.doi.org/10.1016/j.jmr.2011.09.015
https://dx.doi.org/10.1016/j.jmr.2011.09.015
https://dx.doi.org/10.1016/j.jmr.2011.09.015
https://doi.org/10.1063/1.1565109
https://doi.org/10.1063/1.1565109
https://doi.org/10.1063/1.1565109
https://doi.org/10.1063/1.1565109
http://dx.doi.org/10.1063/1.4754149
http://dx.doi.org/10.1063/1.4754149
http://dx.doi.org/10.1063/1.4754149
http://dx.doi.org/10.1063/1.4754149


A question – what is the 2D spectrum obtained 
from the following pulse sequence?

28

t1

t2



ROCSA (recoupling of chemical shift anisotropy)

29

2D experiment.
Indirect dimension: 𝐶𝑛𝑛

1  recoupling
Direct dimension: chemical shift

𝐶𝑛𝑛
1 : k cycles of nTr, =2q/n

Each element is made of two composite 360 
pulses and a delay. RF is 4.28XVr.
Homonuclear recoupled (0.05)
Heteronuclear – recoupled (need 
decoupling)

Recouples A1, A2 elements of the 
Hamiltonian – both cos(wr*t) and 
cos(2wr*t) – allows sign discrimination

CSA static 
(scaled 0.272)

ROCSA

ROCSA + offset effects



Combining ROCSA in multi-dimensional experiments

30

Wiley ... Rienstra

Wiley ... Rienstra



ROCSA – cont.

31



ROCSA – results amino acids

32



SUPER

• Recouples a scaled static lineshape

• Scaling factor – up to 0.2

• Sensitive to homonuclear couplings

• Requires RF=12.12Vr – suitable for slow spinning

33

Journal of Magnetic Resonance 155, 15–28 (2002)



CSA from spinning sidebands

34

D40N-V39C’

4 kHz3 kHz

4 kHz3 kHz

750 MHz
13C’: -83.5ppm helix, -77.7ppm sheet
15N: -115ppm helix, -106ppm sheet



RNCSA

• R-sequence based recoupling

• Can recouple the terms with ±1r frequencies, or ±2r freq.

• 1*wr will have larger scaling factors – but also homonuclear

• 2*wr suppresses homonuclear, good for uniform labeling

• Result is loss of sign of the CSA

35



NAV lineshapes for various R-seq.

36



RNCSA - Scaling factors

37

𝑅𝑁𝑛
𝑣 ∶

N pulses of -−
n rotor periods

=

RFR=N/2n

𝑅101
3 (spin 12khz): 

10 pulses, 1 TR 
=3/10=54 deg
RF=R=60 kHz

𝑅182
5 (spin 12khz): 

18 pulses, 2 TR 
=5/18=50 deg
RF=R=54 kHz

±1r ±2r



2D 15NCSA-15Niso RNCSA recoupling (fd phage)

T. Aharoni, AG, Chemistry Eur J, 2018

Real FT of the 
CSA dimension 
creates perfectly 
symmetric 
spectrum



RNCSA recoupling and dynamics

• In order to resolve lineshapes we need 3D experiments

• Two isotropic (chemical shift dimensions), one CSA dimension

• Examples: C-C resolved -----  N-C resolved

39

15N(CSA)-15N(iso)-13C(iso)13C(CSA)-13C(iso)-13C(iso)



CSA recoupling – bacteriophage fd

40

15𝑁 𝑅142
5 − 15𝑁 − 13𝐶 13𝐶 𝑅101

3 − 13𝐶 − 13𝐶

15
N

 C
S

A
13

C
’ C

S
A

GB1 helix

~12.5 𝑘𝐻𝑧

GB1 helix



CSA-based dynamics in HIV capsid tubular 
assemblies – 15N CSA + MD

41



CSA recoupling - Ubiquitin

42

Method: fROCSA – variation on ROCSA – control on scaling factor

Fritzsching, … McDermott



CSA recoupling – Ubiquitin - Results

43

750MHz 

Compare to GB1

Increased dynamics in Ubiquitin!



CSA recoupling & dynamics - summary

• Various methods

• Should be combined with sufficiently resolved isotropic spectra

• Scaling factors vary

• RF requirement can be important

• Different sensitivity to RF inhomogeniety

• Different sensitivity to OFFSET

• Should consider 13C-13C and 13C-15N couplings

• No clear “RIGID LIMIT” – values vary according to secondary struct.

44



Dipolar coupling

45

𝑑 = ℏ
𝜇0

4𝜋

𝛾𝐼𝛾𝑆

𝑟3

A simple calculation of 
the dipolar coupling 
constant in Hz:

𝒅 = 𝟔𝟔. 𝟐𝟔𝜸𝑰𝜸𝒔𝒓−𝟑

• Distance r in Å
•  in MHz∙T-1

• 66.26 = h35

From:  Dipolar Couplings in Solid-State and Solution NMR (lorieau.com)

Advantage:
RIGID LIMIT is known – it is 
the static distance

https://www.lorieau.com/nmr/2016/03/06/dipolar-couplings.html
https://www.lorieau.com/nmr/2016/03/06/dipolar-couplings.html
https://www.lorieau.com/nmr/2016/03/06/dipolar-couplings.html


Dipolar interaction Hamiltonian

46

𝐸 =
𝜇𝐼 ⋅ 𝜇𝑆

𝑟3
− 3

𝜇𝐼 ⋅ 𝑟𝐼 𝜇𝑆 ⋅ 𝑟𝑆

𝑟5

𝜇0

4𝜋

෡𝐻𝐷 = 𝑑 Ԧ𝐼 ∙ ෡𝐷𝐿 ∙ Ԧ𝑆

The dipolar interaction is traceless, and proportional to the inverse cube of the distance

Classical definition:

෡𝐻𝐷 = ℏ
𝛾𝐼𝛾𝑆

𝑟3

𝜇0

4𝜋
𝐼 ⋅ 𝑆 −

3

𝑟2
𝐼 ⋅ 𝑟𝐼 𝑆 ⋅ 𝑟𝑆

𝑑 = ℏ
𝜇0

4𝜋

𝛾𝐼𝛾𝑆

𝑟3

Quantum definition:

A simple calculation of 
the dipolar coupling 
constant in Hz:

𝒅 = 𝟔𝟔. 𝟐𝟔𝜸𝑰𝜸𝒔𝒓−𝟑

• Distance r in Å
•  in MHz∙T-1

• 66.26 = h35

Nice explanation how to calculated d: Dipolar Couplings in Solid-State and Solution NMR (lorieau.com)

https://www.lorieau.com/nmr/2016/03/06/dipolar-couplings.html
https://www.lorieau.com/nmr/2016/03/06/dipolar-couplings.html
https://www.lorieau.com/nmr/2016/03/06/dipolar-couplings.html


Dipolar interaction Hamiltonian

47

𝐻𝐷
𝐼𝑆(𝑙𝑎𝑏) = መ𝐼 ∙ ෡𝐷𝐿 ∙ መ𝑆 = መ𝐼 ∙ 𝑅−1 ෡𝐷𝑃𝐴𝑆𝑅 ∙ መ𝑆 ෡𝐷𝑃𝐴𝑆 =

𝑑 0 0
0 𝑑 0
0 0 −2𝑑

Full form of the dipolar interaction (‘alphabets’): Zeeman truncation:

෡𝐻𝐷 = 𝑑 𝐴 + 𝐵 + 𝐶 + 𝐷 + 𝐸 + 𝐹

𝐴 = 2𝐼𝑧𝑆𝑧
1
2

3 cos2 𝜃 − 1

𝐵 = −1
2

𝐼+𝑆− + 𝐼−𝑆+
1
2

3 cos2 𝜃 − 1

𝐶 = 3
2

𝐼𝑧𝑆+ + 𝐼+𝑆𝑧 𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜃𝑒−𝑖𝜙

𝐷 = 3
2

𝐼𝑧𝑆− + 𝐼−𝑆𝑧 𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜃𝑒+𝑖𝜙

𝐸 = 3
4

𝐼+𝑆+ sin2 𝜃 𝑒−2𝑖𝜙

𝐹 = 3
4

𝐼−𝑆− sin2 𝜃 𝑒+2𝑖𝜙

෡𝐻𝐷
ℎ𝑒𝑡 = 𝑑 ⋅ 𝐴

෡𝑯𝑫
𝒉𝒆𝒕 = 𝒅 ⋅ 𝟐𝑰𝒛𝑺𝒛 ⋅ 𝟏

𝟐
𝟑 𝒄𝒐𝒔𝟐 𝜽 − 𝟏

Heteronuclear case (𝛾𝐼 ≠ 𝛾𝑆)

෡𝐻𝐷
ℎ𝑜𝑚 = 𝑑 ⋅ 𝐴 + 𝐵

෡𝐻𝐷
ℎ𝑜𝑚 = 𝑑 ⋅ 3 cos2 𝜃 − 1 𝐼𝑧𝑆𝑧 − 1

2
𝐼𝑥𝑆𝑥 + 𝐼𝑦𝑆𝑦

෡𝑯𝑫
𝒉𝒐𝒎 = 𝒅 ⋅ 𝟏

𝟐
𝟑 𝒄𝒐𝒔𝟐 𝜽 − 𝟏 𝟑𝑰𝒛𝑺𝒛 − ෠𝑰 ⋅ ෡𝑺

Homonuclear case (𝛾𝐼 = 𝛾𝑆)



Dipolar spectrum

48

In solution – average over all orientations:

Result: No coherent contribution

න
0

𝜋 1

2
1 − 3𝑐𝑜𝑠2𝜃 𝑠𝑖𝑛𝜃𝑑𝜃 = 0

In solids: 



Typical Distances and couplings in proteins

H-C, 1.09A, 20 kHz 

H-N, 1.02A, 11.5 kHz

N-C’, 1.32A, 1.5 kHz

N-C, 1.46A, 1.0 kHz 

49

𝑑 = ℏ
𝜇0

4𝜋

𝛾𝐼𝛾𝑆

𝑟3

= 66.26
𝛾𝐼

𝑀𝐻𝑧
𝑇

𝛾𝑆
𝑀𝐻𝑧

𝑇
𝑟3 ሶ𝐴



Order parameter, dynamics averaging

𝑆 =
𝐷𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝐷𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑

𝑆 = 1: 𝑅𝑖𝑔𝑖𝑑
𝑆 = 0: 𝐼𝑠𝑜𝑡𝑟𝑜𝑝𝑖𝑐

50

Diffusion/jump on a cone

Diffusion in a cone



Dipolar interaction under MAS

( )
( )













2sincos

2sinsin

2coscos1cos

2cos12sin

3
1

2

3
2

1

2

3

2

2
1

2

32
2

1

−=

−=

+−=
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B

B

A

A
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𝐻𝐷
𝐿𝐴𝐵

= 𝑑 ⋅ 𝐴1 cos 𝜔𝑅𝑡 + 𝛾 + 𝐴2 cos 2𝜔𝑅𝑡 + 2𝛾 (3𝐼𝑧𝑆𝑧 − 𝐼 ⋅ 𝑆) 

𝜔𝐷(𝑡) = 𝑑 ෍

𝑚=−2,2

𝑔𝑚
𝑄

𝑒𝑖𝑚 𝜔𝑅𝑡+𝛾



Dipolar recoupling - multiple techniques

• REDOR

• DIPSHIFT

• Lee-Goldburg Cross-polarization

• Cross-polarization (with variable contact – CPVC) – high spinning

• PARS/wPARS (symmetry-based)

•  

•  

52



DIPSHIFT – measuring H-C, H-N couplings

53

23 kHz, 64 deg 
Fast (k>d) motion

Original SLF experiments: Munowitch & Griffin, 
JACS 103, 2529, 1981; JCP 76, 2848, 1982

Fast motion
Slow spinning 

slow motion
fast spinning 



DIPSHIFT: A note about time scales

54

104 5X105 5X106

Slow motion, T2 dominates
Fast motion, cone angle dominates

D=23 kHz (2X105) 



DIPSHIFT versions in biological systems

55

Improved dipolar recoupling with 2  pulses (see REDOR below)

CBM

recoupled dipshift: Hong, … Schmidt-Rohr, JMR 129, 85, 1997



CBM protein – cont.

56

CH

CH2

CH3



RN-DIPSHIFT

57

Hou, … Polenova

Homonuclear decoupling with R-sym

2D

3D-NH

3D-CH

C-terminal domain of HIV-1 capsid 
protein :Tyrosine-labeled



RN-DIPSHIFT

58

Hou, … Polenova

Homonuclear decoupling with R-sym

2D

3D-NH

3D-CH

N-H dipolar coupling
Resolved on N-C spectrum

System: CAP-Gly

domain of dynactin

(associated with 

microtubule function)



PARS-DIPSHIFT : supress 1H CSA

59

Hou, … Polenova

Homonuclear decoupling with R-sym 

2D

3D-NH

3D-CH



Results – LC8 protein 

60

Microtubulin binding protein



NH and CH coupling via Cross-polarization

61

LGCP - moderate spinning
H-H coupling removed by 
multiple-pulse technique

CP - fast enough spinning
H-H coupling removed by 
spinning

(note: DIPSHIFT relies on 
uncomplete averaging)

2D plane, GB1

Paluch et al. PCCP 17, 28789, 2015



Examples – LGCP 

62

fit

exp

res

Rotamer 1: 
D=5.5 kHz, S=0.23

Rotamer 2: 
D=4.0 kHz, S=0.17

2H Quadrupolar NMR spectra of CD3 Met:
Below zero: S=0.33; above zero: more motion

Oldfield, Biochemistry 22, p1917, 1982



LGCP-based dynamics in Pf1 phage

63

1mX7nm

7350 copies7350 bases



LGCP-based dynamics in Pf1 phage

64

N-term

Bottom 
view

Dynamics at DNA 
interface



Cross-polarization at fast MAS

65



Cross-polarization at fast MAS

66Ring flips of Phe but not Tyr

RFDR
The dipolar tensor has assymetry due to motion



1H-detected CP-based dipolar recoupling

67

Cytoskeleton 
protein

Membrane 
protein



Order parameters in diffusion cone angle

68

BacA

77

69

61

53

44
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.70

.75

.80

.85

.90

Carefull considertion of RF inhomogeniety



REDOR – C-N + H-X for fast spinning

69

Terry Gullion

S0: Run an experiment without I-spin pulse

S: Run an experiment with I-spin pulse

Repeat for N X TR cycles

Plot S0-S / S0 



Measuring the dipolar interaction ‘d’ with REDOR

* T. Gullion, J. Schaefer; JMR (1989); 81 196-200; **K. T. Mueller; JMR (1995); 113 81-93

1 −
𝑆

𝑆0
= 1 −

𝜋 2

4
𝐽1/4( 2𝑑𝑡)𝐽−1/4( 2𝑑𝑡)

Recoupling 
time

Effective Dipolar 
Constant

13C [ppm]

Reference spectrum (S)
429μs of dephasing (S0)

C

Cα

C-aliphatic

C-aromatic

1
−

𝑆 𝑆 0



Averaged REDOR curves
slow

fast

d=2∙104 Hz

Hz

kHz

MHz

Assume 3-site jump
at rate k.
Interaction 20 kHz

P. Schanda, M. Ernst, Prog NMR Spec 96, p. 1, 2016 

REDOR

Schanda, Ernst, 
MR, 5, 69–86, 2024

REDOR

fast

fast

slow

slow

kex (Hz)



* O. S. Lusky, D. Sherer, A. Goldbourt; JACS AU, 4, 3619, 2024.

Backbone dynamics via Psuedo-3D 13C{15N} REDOR

Scalar-based (most dynamic residues)Dipolar-based (rigid-dynamic residues)

Inadequate

13C{15N} REDOR

DARR/
RFDR

13C{15N} REDOR

Time scale ~ 1 kHz



Homonuclear Recoupling techniques

• DARR (and variants) - Dipolar

• RFDR – Dipolar + scalar

• J-INADEQUATE – scalar, DQ-based

All start with CP – ensuring residues
with S>0 are detected

73

RFDR / DARR



2D-REDOR-Dephased DARR and RFDR

74

DARR-REDOR
S and S0
429s dephasing

DARR-RFDR
S and S0
1143s dephasing



Example of phage REDOR data

Highly dynamic

Order 
parameter=0.16



Results
Sequence:

AEGDDPAKAAFDSL

QASATEMIGYAWAM

VVVIVGATIGIKLFKKF

TSKAS

fast

slow

Actual motion

12k

Rigid

13C CSA

6k 15N CSA

1k

Motion

15N-13C DIP



1H-detected NH order parameters - ubiquitin

77

Requires fast MAS or deuteration

H->N INEPT N->H INEPTH{N} REDOR

Schanda, Meier, Ernst,
J. Am. Chem. Soc. 2010, 132, 45, 15957–15967

Time scale ~ 10 kHz



1H-detected NH order parameters - 
ubiquitin

78

1H-15N plane –
 30%-exchanged 2H/13C/15N-labeled Ubiquitin

B=20T; MAS=45 kHz

Order parameters
Model: diffusion in a cone



CODEX – detection of slow motions

79

Centerband-Only Detection of Exchange: Efficient Analysis of Dynamics in 
Solids by NMR
E. R. deAzevedo, W.-G. Hu, T. J. Bonagamba, and K. Schmidt-Rohr
J. Am. Chem. Soc. 1999, 121, 8411-8412

CSA recouple

exchange

CSA recouple

Compensates for T1



CODEX – detection of slow motions

80

CODEX S

CODEX S0 
reference

Difference:
No motion

CODEX S0 
reference

tm



CODEX in proteins

• 13C-13C spin diffusion is faster than slow motions– cannot be 
compensated.

• Solutions:
• Fast MAS

• 15N-15N CODEX

• Sparse labeling

81



15N CODEX in ubiquitin

82

Ubiquitin – no slow motions

triblock – N-term motions
Also: Hong et co., Macromolecules 2001, 34, 25, 8675–8685



15N dipolar CODEX

83

J. Am. Chem. Soc. 2009, 131, 34, 12097–12099



15N dipolar CODEX – results (ubiquitin)

84

.001 .01 .1 1
mixing time (sec)

Residue number Side chains



2H MAS NMR lineshapes

85

Site-Specific Internal Motions in GB1 Protein 
Microcrystals Revealed by 3D 2H–13C–13C Solid-State 
NMR Spectroscopy
Xiangyan Shi, Chad M Rienstra
JACS 138, 4105, 2016 

Characterization of dynamic processes using 
deuterium in uniformly 2H, 13C,15N enriched peptides 
by MAS solid-state NMR
Maggy Hologne, Zhongjing Chen, Bernd Reif
J Magn Reson 179, 20, 2006



2H MAS NMR lineshapes

86

rigid
Methyl group
3-site hop

Methyl group
3-site hop

Motion in or 
on a cone 
42 or 29 deg

Typical Cq ~ 170 kHz (6X10-6 sec)

Sample: N-acetyl Valine

Characterization of dynamic processes using deuterium in 

uniformly 2H, 13C,15N enriched peptides by MAS solid-state 
NMR
Maggy Hologne, Zhongjing Chen, Bernd Reif

J Magn Reson 179, 20, 2006
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Sample: protein GB1

Site-Specific Internal Motions in GB1 Protein 

Microcrystals Revealed by 3D 2H–13C–13C Solid-State 
NMR Spectroscopy
Xiangyan Shi, Chad M Rienstra

JACS 138, 4105, 2016 

2D 2H-13C planes of 3D 2H-13C-13C
Variability in Thr dynamics, red are CH3 groups
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Akbey, JMR 327, 106974, 2021
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Akbey, JMR 327, 106974, 2021

13C (ppm)

2H
 C

q
(kH

z)
Can 
calculated 
activation 
energies 
from 
Ahrenius 
plots
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Anisotropic interactions are probes for 
dynamics in the solid state

CSA recoupling techniques,
6-12 kHz

Dipolar recoupling techniques, 
1-20 kHz

CODEX – slow motions, 1 Hz

Motional models can be differentiated

Also look at fast motions via relaxation times
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