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Introduction

• There are six important NMR interaction for nuclei

ĤN = ĤZ + ĤQ + ĤD + Ĥg + ĤCS + ĤJ

100 HzJ – couplingĤJ

20 kHz
Chemical shift –

influenced by chemical environment
ĤCS

50 kHzParamagnetic interactionĤg

50 kHz
Dipolar interaction – homo- and 

heteronuclear interaction 
ĤD

1-10 MHzQuadrupolar interaction ĤQ

100 MHz
Zeeman interaction – interaction of 

magnetic field with nuclear spin
ĤZ

RangeCharacterisation

Lit. P.Diehl, E. Fluck, H. Günther, R. Kostfeld, J. Seelig, NMR Basic Princiles Progress Vol 30, Springer Verlag, Berlin Heidelberg 1994 
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Introduction

• Analogue the Hamiltonians for the electrons

ĤE = ĤEZ + ĤZFS + ĤHF + ĤNZ + ĤNQ + Ĥee

Electron-electron interaction

(weak)

Quadrupolar interaction
Zeeman interaction – for  nuclei

Hyperfine Structure 

electron/nucleus interaction

Zero field splitting 
Zeeman interaction – for electrons

Characterization

0-30  MHz 
(dipol/dipol)

0-1 GHz

(Heisenberg exchange)

0.1-10 MHz
1-10 MHz

1-100 MHz 

0-300 GHz
10 GHz

Range

Ĥee

ĤNQ

ĤNZ

ĤHF

ĤZFS

ĤEZ
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Theoretical background

• The wave function describes a system completely

• For special information you need an operator which acts on the wave 
function

d/dx exp(Ax) = A exp (Ax)

• Eigenvalue represents the measured observable property, for example 
the energy

• Operator which acts on the wave function to give the energy as  
eigenvalue, is called Hamiltonian

ĤΨ = EΨ

operator eigen-
function

constant/
eigenvalue

same function

James Keeler, Understanding NMR spectroscopy, Wiley, Weinheim, 2005
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Zeeman interaction

• Zeeman interaction is the interaction between spin and magnetic field 
B0

• The corresponding Hamiltonian for the interaction is:

Ĥ1spin = -γB0Î z

• Îz is the angular momentum operator which represents the z component 
of the angular momentum

C. N. Banwell, E. M. McCash, Molekülspektroskopie, Oldenburg, München, Wien, 1999
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Zeeman interaction

• Energy for transition:

Ĥ1spinΨm = -γB0[Î zΨm]
Ĥ1spinΨm = -γB0[mħΨm]
Ĥ1spinΨm = -mħγB0Ψm

Em = -mħγB0

• For spin ½ nucleus

E±1/2 =±1/2ħγB0

∆E = E1/2-E-1/2 = ħγB0   

∆E = hν0

Larmor frequency: 
ν0 = γB0/2π

James Keeler, Understanding NMR spectroscopy, Wiley, Weinheim, 2005
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Chemical shift

• Also the electrons around a nucleus interact with the applied magnetic field 
and a new magnetic field is created

• The total field at the nuclear is different to the applied magnetic field

ĤCS = γIσB0

Bnuc = B0 + Bind = B0 – σB0 = (1 –σ)B0

• σ is a second rank tensor

• This tensor relates the direction and the magnitude Bnuc at the nucleus to an 
external uniform magnetic field B0
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σσσ
σσσ
σσσ

σ

F. A. L. Anet, D. J. O`Leary, Concepts in Mag. Res., 1991, 3, 193-214
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• A matrix can be decomposed into a symmetrical and a antisymmetrical
part

σ = σsymmetric + σantisymmetric = (σ + σT)/2 + (σ - σT)/2

• The symmetric tensor can be decomposed again in an isotropic and a 
traceless symmetric tensor

σ = σiso+ σsym+ σanti

• It is possible to diagonalizeσsym to give its principal values and 
principal axes transfers the Cartesian coordinate to principal axis

system of σsym

Chemical shift
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σpa = σiso+ σsym+ σanti

Chemical shift
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σ anti

σav= (σ11 + σ22 + σ33)/3

∆σ = σ33 - (σ11 + σ22)/2
anisotropy 
parameter

δ = σ33 – σav= (2/3) ∆σ

η = (σ22 –σ11) / (σ33) – σav)

= (σ22 – σ11)δ

= (σ22 – σ11) / [(2/3)∆σ]

asymmetry
parameter
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Chemical shift

σ11

σ22

σ33

σ11=σ22

σ33
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Dipolar Coupling

• The dipolar coupling is based on the interaction of small local fields of the 
nuclear magnetic moments of different nuclear

ĤD = ΣI iDI j

• It is possible to write the Hamiltonian in a different way, separated for 
heteronuclear and homonuclear case 

• Keep in mind: - the strength of the coupling depends on γ
- it is invers proprotional to the distance
- the orientation is important

ĤIS = -d(3cos2Θ-1)IZSZ

ĤII = -d/2 (3cos2Θ-1)(2I1ZI 2Z -1/2                   )( )+−−+ + 2121 IIII

3
0

4 IS

SI

r
d

γγ
π

µ h







=

D. D. Laws, H. M. L. Bitter, A. Jerschow, Angew. Chem, 2002, 114, 3224-3259
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Dipolar Coupling

Pake Pattern:

Θ = 0°
Θ = 90°
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J-Coupling

• Unlike the direct dipolar coupling there is also the indirect coupling of 
the spins via the bonding electrons

ĤJ = hI1JI 2

• The second rank tensor J can be decomposed in:

J = Jiso+ Jsym + Janti

• Again only Jiso and  Jsymaffect the appearance of an NMR spectrum  

• Mechanism of the coupling:

P. W. Atkins, Physikalische Chemie, Wiley, Weinheim, 2001
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Quadrupolar interaction

• Nuclei with spin > 1/2 have a asymmetric distribution of nucleons (non 
spherical distribution of positive electric charge)

• These nuclei have a electric quadrupol moment Q which is a property 
like γ and interacts with the electric field gradients

ĤQ = Ĥ1 + Ĥ2…
• If the molecule is non symmetric there are changings of theZeeman

interaction

P. P. Man, Enzyclopedia of  NMR, Quadropolar interaction, 3838; mutuslab.cs.uwindsor.ca/schurko/ssnmr/
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Quadrupolar interaction

• The energy between two states is not equal because of the firstorder 
quadrupolar coupling

• The relaxation time is short because of quadrupolar coupling

• It is possible to get information of  intramolecular mobility and 
orientation via quadrupolar coupling

h)12(2

3

−
=

II

eqeQ
Qω

D. D. Laws, H. M. L. Bitter, A. Jerschow, Angew. Chem, 2002, 114, 3224-3259
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Quadrupolar interaction

• The second order quadrupolar coupling is important for nuclei with large 
ωQ

• The second order quadrupolar coupling has a more complex dependence of 
the orientation

( )
0

2)1(
)2(

2ω
ω

ω Q
Q =
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• Observable for molecules with unpaired electrons (transition
metal, radicals)

• The relaxation time of molecules with unpaired electrons is
very short

• The chemical shift is strongly dependend on the temperature

• The range of the chemical is different 

Paramagnetic interaction

-2000-1500 
ppm

0-220 ppm13C

-500-1500 
ppm

0-12 ppm1H

Paramagnetic
molecules

Diamagnetic

molecules

R. S. Drago, J. I. Zink, R. M. Richman, W. D. Perry, J. of Chem. Edu., 1974, 51,  371
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Thank you for your attention


