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γ : Nuclear gyric ratio (Gyromagnetic ratio) (Hz/gauss)

: Plank’s constant (Erg/Hz);        I: Spin quantum number (unitless)

Magnetic moment of a nuclear spin:



γ and I are intrinsic properties of a nucleus





For biological systems we deal almost exclusively with 1H, 2H, 13C, 15N and 31P. With the 
exception of 2H they are all spin ½  nuclei.



Energy of a spin in a magnetic field of strength B: 

E                    
Where σ represents the degree of shielding due to surrounding electrons.
Σ is in the order of 10-6 and will be ignored for the time being.



The Zeeman Hamiltonian: for

Eα

E β

Larmor equation

 Resonance frequency depends on: 
(i) The type of nucleus, γ, and (ii) External field strength, B. 

 The higher the resonance frequency the more sensitive it is.

mz = -I, -I+1, …I-1, I



Helmhotz coil

The presence of static field caused the spins to 
occupy different energy states

To detect the magnetization one need to apply a RF 
field of frequency equal to the Larmor frequency in 
the orthogonal direction to the static field.

Two ways of detecting the magnetization:

1. Continuous wave method: Swapping the static or RF 
field so that the Larmor condition is met to observe 
absorption of RF field.
 Slow and not versatile.

2. Pulsed Fourier Transform NMR:
 Fast (x100) and more versatile.

Steps involved in a simple one pulse expt:
1. Preparation: Allow spin to reach thermal equilibrium.
2. Excitation: Apply B1 field at defined frequency and time duration.
3. Detection: B1 off and receiver on. The signal (Free induction decay, FID) 

is digitized and Fourier transformed to obatain spectrum.



The torque on the magnetization subjecting to a magnetic field B is given by:

Rotating frame: The change in magnetization as 
observed in a frame rotating a frequence Ω is given 
by: 

= γμ x Beff

Where Beff =                is the effective field in the Z-direction. 

 In the rotating frame equatin 1.14 has the same 
form as (1.12) provide B is replaced by Beff. 

 The additional field          is a fictitious field. 
 if Beff = 0 or 

 In this frame the magnetization appears as 
stationary (i.e. no change)  

 In a frame rotating at the Larmor frequency the 
magnetization appears as stationary (No oscillation).

The bulk (macroscopic magnetization:

At thermal equilibrium the components in the three axes are: 

(1.14)

(1.12)



If we apply a RF field                                in the y-direction.       

Then the effective in the rotation frame :

Let: 

Then:

Where ωs is the resonance frequency of the nucleus, ω is the frequency of the 
applied RF field and ω1 is proportional to B1 field strength. 

 B and ω differ only by a factor γ and they can be considered as 
the same quantities. 

There are two fields, one in the Z-direction and is given by the
static field and the opposing fictitious field and another one in 
the B1 direction (X or Y depending on the operator).

For the case ωs = ω (on resonance) we have:

For the macroscopic magnetization: 

M is tipped away from the z-axis at a rate of ω1 rad/sec.
 The angle it tips:                  where τ is the duration of the RF pulse.



Define          as a pulse in the      that flips the magnetization by β degree. 

So     v is a 45 y-pulse. If β = 90 it is called a 90o or 
π /2 pulse or a π-pulse if If β = 180o.

After a  Pβ
y pulse the magnetization  has the 

following components: 

A π/2 pulse generates the maximum amountof magnetization in the x-y plane (maximum 
signal, transverse magnetization) while a π-pulse generates a –M magnetization and is 
called an inversion pulse.
The distribution of magnetization after a π /2 pulse is called a coherent state.
 After a  Pβ

-y pulse we have:  
 A Pβ

x pulse will produce:   Mz = Mo cos(β);    Mx = 0  and  My = - Mosin(β)
 After a Pπ/2

y pulse:  Mz = 0;  Mx = Mo and  My = 0   Magnetization on x-y plane.
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Question: What will it looks like if ω = - 150 Hz ?

Quadrature detection (Detect the signal in both X- and Y-direction):
Signal at time t after the B1 pulse ends:  (ω’ = ωs - ω) 

ω’ = ωs - ω is the rotating frame resonance frequency
ωs : The freq of RF pulse, i.e. coordinate rotating frequency.
ω : The actual resonance frequency in laboratory frame

Envelope is given by e-t/T2



Question: What are the FT of Mx, My, S(t) and e-t/T2 ?

FT of e-t/T2 is:                                   Lorentzian lineshape

Dwell time DW

Δ ν1/2



FT(eiωt) = δ(ω)  (A delta function at ω)           FT(e-t/T2) =  

FT[e-iωt ．e-t/T2] =  δ(ω)  X 
Δ ν1/2

ω

First order relaxation process:
T is the relaxation time (sec) and R is the relaxation rate 
(sec-1) and R = 1/T. 

T1: Spin-lattice (Longitudinal) relaxation (Relaxation in Z-direction) (Energy dissipation).

T2: Spin-spin (Transverse) relaxation (relaxation on x-y plane) 
(Dephasing or lost of coherent).



Factors affecting T2:

1. Field inhomogeneity: Cause spins at different location to resonate at different 
frequency.

2. Dipolar coupling between adjacent spins (spin-spin coupling). Causes splitting.
3. Chemical shield anisotropy (CSA) due to anisotropic distribution of electrons around 

the nucleus.  
Thus,

In cases where R2
ΔB can be ignored: 

The decay of magnetization :
(Phenomenological description)
The decay terms are added to 
account for relaxation.

In the rotating frame:

(Bloch equations)｝



Let      M+ = Mx + iMy then

The solution to eq. (1.42) is: 

The magnetization after a P90
x pulse we have the intitial conditions: Mx = Mz = 0 

and 

In quadrature detection the signal: 
Real Imaginary

e-t/T2 Mo(1-e
-t/T1)

Lamb formula:  For isotropic electron distribution:
σ is call chemical shift.

For an anisotropic distribution σ is a tensorial quantity:

In solid the resonance frequency of a spin depends on its orientation w.r.t. the magnetic 
field and equals σxx if along the x-direction and σyy if along Y-direct and σzz is along the 
Z-direction.

In solution, it averages to a scale quantity:



σ is proportional to B but if we define                           then the chemical shift

will be independent of the field the spectrum is taken. Here υo is the 
frequency of the RF pulse and υ is the resonance frequency of the spin. σ has 
the unit of ppm (part per million). This makes it possible to directly compare 
the position of resonance lines in spectra obtained at different field.

Example: If a spin resonates at 2 ppm then this spin will resonate at 600 Hz 
away from the reference frequency at a 300 MHz spectrometer (i.e. 1H spin 
resonates at ~300 MHz). This spin will resonate at 1800 Hz away from the 
reference if the spectrum is taken at 900 MHz spectrometer.

In NMR spectroscopy, this standard is often tetramethylsilane, Si(CH3)4, abbreviated 
TMS, or 2,2-dimethyl-2-silapentane-5-sulfonate, DSS, in biomolecular NMR.
For 1H the chemical shift of a functional group is usually scattered around a defined 
region given below:

0 ppm210 7 515

Aliphatic

Alcohols, protons a

to ketones

Olefins

Aromatics

AmidesAcids

Aldehydes Shielded  
(up field)

Deshielded  
(low field)

DSS

100 MHz :        1500       1000        700        500         200      0    (Hz)
300 MHz:        4500       3000       2100      1500        600      0    (Hz)
500 MHz:        7500       5000       3500     2500       1000      0    (Hz)



Chemical Shift Referencing: The 1H chemical shift was referenced to 2,2-dimethyl-2-
Silapentane-5-sulfonate (DSS) at 0 ppm. The 15N and 13C chemical shift values were 
referenced using the consensus ratio of Ξ of 0.101329118 and 0.251449530 for 15N/1H 
and 13C/1H, respectively 

(Wishart and Case, Method. Enzymol. 338, 3-34 (2001))

Ξ ratio (Nucleus-specific frequency ratio:  Determine the precise 1H 
resonance frequency of DSS then multiply this frequency by Ξ of a particular 
nucleus one obtains the exact resonance frequency reference at 0 ppm of 
that nucleus. 













Figure 1.16. Distribution of carbon 
and proton chemical shifts. The 
distribution of observed carbon (A, 
left) and proton (B, right) chemical 
shifts in proteins. The solid circles 
(•) mark the average chemical shift. 
The solid lines indicate ±3σ; 95% of 
the observed chemical shifts fall 
within this range. The gray boxes 
indicate nominal chemical shift 
ranges for α, β, and methyl atoms. 
In the case of carbon shifts, these 
ranges separate the atom types 
quite well. Note that there are a 
few exceptions, for example, the β-
carbons of Ser and Thr fall in the α-
region and the α-carbon of Gly can 
fall in the β-carbon region. The large 
range of β-carbon shifts for Cys is 
due to the fact that both free and 
disulfide bonded residues are 
included in this figure. In the case 
of proton shifts, the separation by 
atom type is not as clean due to the 
extensive chemical shift overlap 
between the various atom types. 
Data from the BioMagResBank
database of chemical shifts [52].



In addition to the chemical bonding effect chemical shift is also affected by many 
external factors, such as: (1) Secondary structure;  (2) Hydrogen bonds; (3) Charge near 
the spin. Positive charge withdraw electrons from the spin and causes de-shielding 
(Larger chemical shift) and positive charge has the opposite effect. (4) Ring current 
shift ; (5)Electron spins (paramagnetic shift) etc.

Aromatic groups have delocalized electrons that circulating around the ring and behaves 
like a coil to generate magnetic fields which affect the chemical shift of adjacent spins.

The dipolar field is given by:

Nitrogen (400 ppm) and carbon (200 ppm) have much larger range of chemical shifts.

1.6.5 Chemical Shift Dispersion & Multi-dimensional NMR: Resolving the complex spectrum.

1.7. Exercises


