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1.  Basic Concepts of Nuclear Spins in a Magnetic Field  (1-21) 
 a. Angular momentum, magnetic moments, magnetization
 b. Rotation of the magnetization
 c.  The classical Rotating Frame 
 d. Concepts in QM – spin density operator
 e. Angular momentum operators
 f.  Reduced Density Operator
 f.  Magnetization of spin-1/2 

2.  Basic Concept of Pulsed NMR (1-18)  
 a. T1 and T2 relaxation
 b. Bloch equations - NMR signal detection
 c. NMR pulses
 d. The NMR Spectrometer 
 e. Signal Acquisition and FFT
 f.  Off resonance effects and  composite pulses
 g. T1 and T2 measurements and  Hahn echoes 

3.  The NMR Interactions and 1D spectra (1-17)
 a. Chemical shift (isotropic and CSA) and 
 b. Scalar couplings
 b. The two-spin system and its product operators
 c. ZQ and DQ coherences and INEPT, DQF  
 d. Decoupling
 e. Dipolar interactions and relaxation 

4.  Two dimensional NMR(1-19)
 a. Basic MRI
 b. Twisted peaks in 2D NMR, TPPI and STATES
 c The main liquid state 2D NMR experiments
 d. Nuclear Overhauser Effect and NOESY

5.  Electron Paramagnetic Resonance (1-10) 
 a. Basics  /  g-tensor and  Hyperfine interactions
 b. EPR spectrometer and measurements
 c.  Pulsed-EPR  ENDOR, ELDOR, ESEEM

6.   Solid state NMR (1-15)
          a. The dipolar and CSA interactions
          b. MAS NMR spectroscopy
          c. CPMAS 
          d. Decoupling TPPM, DUMBO, PMLG
          e. Recoupling REDOR, DARR/RAD
 f.  2D Spectroscopy

7.     Magnetic Resonance Imaging (1-21)
 a. Basic principles
 b.  k-space
 c.  Slice selection
 d.  Basic sequences
 e.  EPI
 f.  Diffusion
 g.  Functional MRI



1.    Basic Concepts of Nuclear Spins in a Magnetic Field

1-a. Angular and magnetic moments, magnetization in the magnetic field

A nucleus with an odd mass number M has an half-integer spin 
and a nucleus of an even M has  an integer spin. Nuclei with an 
even number of protons and neutrons have nuclear spin I=0. 

h = 6.6260755x1034 J.s

The nuclei are characterized by 
their  spin value,  with angular  momentum: 

,.....2/3,1,2/1; =II !*!

Each nuclear spin has a magnetic moment 
proportional to its angular momentum.

Proton: g = 5.585
Neutron: g = -3.826
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Tesla  -  MHz
   5 10-5 2.1 10-3

   2.3      100
   7.0      300
   9.1      400
 11.7      500
 18.8      800
 21.1      900



Element/Name Isotope Symbol Nuclear Spin
Sensitivity vs. 
1H

Hydrogen 1H 1/2 1.000000

Deuterium 2H or D 1 1.44 e-6

Tritium 3H 1/2 - 

Helium-3 3He -1/2 - 

Lithium-6 6Li 1 0.000628

Lithium-7 7Li 3/2 0.270175

Beryllium-9 9Be -3/2 0.013825

Boron-10 10B 3 0.00386

Boron-11 11B 3/2 0.132281

Carbon-13 13C 1/2 0.000175

Nitrogen-14 14N 1 0.000998

Nitrogen-15 15N -1/2 3.84E-06

Oxygen-17 17O -5/2 1.07E-05

Fluorine-19 19F 1/2 0.829825

Neon-21 21Ne -3/2 6.3E-06

Sodium-23 23Na 3/2 0.092105

Magnesium-25 25Mg -5/2 0.00027

Aluminum-27 27Al 5/2 0.205263

Silicon-29 29Si -1/2 0.000367

Phosphorus-31 31P 1/2 0.06614

Sulfur-33 33S 3/2 1.71E-05

Chlorine-33 33Cl 3/2 0.003544

Chlorine-37 37Cl 3/2 0.000661

Potassium-39 39K 3/2 0.000472

Potassium-41 41K 3/2 5.75E-06

Calcium-43 43K -7/2 9.25E-06

Scandium-45 45Sc 7/2 0.3

Titanium-47 47Ti -5/2 0.00015

Titanium-49 49Ti -7/2 0.00021

Vanadium-50 50V 6 0.00013

Vanadium-51 51V 7/2 0.37895

Chromium-53 53Cr -3/2 8.6E-05

Manganese-55 55Mn 5/2 0.174386

Iron-57 57Fe 1/2 7.37E-07

Cobolt-59 59Co 7/2 0.275439

Nickel-61 61Ni -3/2 4.21E-05

Copper-63 63Cu 3/2 0.064035

Copper-65 65Cu 3/2 0.035263

Zinc-67 67Zn 5/2 0.000117

1/2 1 3/5 5/2 7/2 9/2
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The torque on the magnetic moment
induced by a magnetic field B
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1-b. The rotation of the magnetization

Minimizing energy +angular momentum conservation
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1-c. The classical rotating frame
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Thus the magnetic field in the rotating frame becomes with:

yxzRoF  sincos 11 ++=
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“Signal detection in the laboratory frame, along the direction of the coil:”:

In NMR we measure:
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f  =noise of apparatus
  =filling factor 
  =frequency
 =band width
 Q =quality factor
 Vs =sample volume
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When the representation of an operator is diagonal, 
then the basis set is the eigenbasis set 
and the matrix elements the eigenvalues.

When the representation of an operator 
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           of any operator and a vector representation 

              of any wave function.
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1-d. Concepts in Quantum Mechanics and the Rotating Frame
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d-ii  The Schrodinger Equation
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d-iii.  The angular momentum operators, definitions
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The spin Hamiltonian 

1-e  A nucleus in a magnetic field
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with the magnetic field in the z-direction of the laboratory frame

and an RF irradiation:

and the rotating frame:
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I-f  The spin-density operator

An arbitrary function can be expended in a basis set

This defines a set of coefficients                with

Let us define an operator with matrix elements
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Ensemble Average and thermodynamics

Consider an ensemble average of the matrix elements of the spin-density

In the representation of the eigenbasis of the Hamiltonian the

             solution for the density matrix elements
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Thus the equilibrium density operator can be defined by
       the populations satisfying the Boltzman  statistics
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This requires a definition of the populations 
of the eigenstates.

At thermal equilibrium these populations follow 
                   the Boltzmann distribution:
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1-g  NMR is a journey along the matrix elements 
             of the reduced spin density matrix

Coherences that are
off diagonal element
are detected
 Populations that are
the diagonal element
are not detected      
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The magnetization in a magnetic field
                  for spin I=1/2 only
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the NMR Signals

The Feynman, Vernon, Hellwarth
  the vector representation of a
           two level system 
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2. Basic Concept of Pulsed NMR 

2-a. T1 and T2 relaxation, a simple description

Suppose the spins experience 
                         a fluctuating field in all directions
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2-b. The Bloch equation of spin-half nuclei

Remember: the reduced spin-density operator for I=1/2 can be written as:
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The Bloch vector:
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Modern NMR

After short RF pulses
Free induction Decay signals are detected 

“Earlier” NMR

Steady state CW signals are measured
during (weak) RF irradiation
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In MR we measure both transverse magnetization components simultaneously
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absorption
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Fast Fourier Transform
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Phase shifting 
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RF pulses RF signal

Audio signals
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2-d. The NMR Spectrometer 
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2-e. Data acquisition  and FFT

Sampling with dwell time t results in Nyquist frequency

The spectral bandwidth after FFT is then  NN  −

Folding or aliasing occurs when 
N  : a line at Nrealspectru m 2−=

appears in the spectrum

If the number of acquired points  is N then the spectral resolution is  
NN2/1

time

N
)/2( NN N

frequency

FFT

1)2( −=  N



each n-th point is kept 

See:   http://www.cis.rit.edu/htbooks/nmr/

Zero-filling: spectral resolution enhancement, but limitations.
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2-f.  Off-resonance and RF-inhomogeneity effects on pulses 

For other composite pulses and selective pulses : see Encyclopedia NMR

Other inversion and excitation pulses:
  

  Examples:
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0000 9018090.180 yxyvs
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Excitation profiles do not follow the FT of the pulse,
    except when the pulses are weak (00-450).
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More general echo-pulse sequences such as 
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Other examples:

See:   nmr.ioc.ac.ru/val/shapes/c-w/c-w.htm 
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The Carr-Purcell-Meiboom-Gill pulse sequence 

yx,2/

CP             CPMG
Sequences differ in the phase of the 1st-pulse
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0
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CP                                 CPMG
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Explain the real essence of CPMG!
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Wolfgang Pauli 1900 - 958 
Nobel Prize 1945 (Physics)

Isidor Isaac Rabi 1898 –988
Nobel Prize 1944 (Physics)

Felix Bloch 1905 - 1983 
Nobel Prize 1955 (Physics)

Edward Purcell 1912 – 97
Nobel Prize 1955 (Physics)

Richard Ernst 1933- Nobel 
Prize 1991 (Chemistry)

John B. Fenn 1917-
Nobel Prize 2002
(Chemistry)

Koichi Tanaka 1959-
Nobel Prize 2002
(Chemistry)

Kurt Wüthrich 1938-
Nobel Prize 2002
(Chemistry)

       
Who is Who?
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The external magnetic field generates an overall current  
in the s-orbitalof the electrons proportional to this field 
and we getdiamagnetic shift).    

Electrons in p-orbitals behave of course differently 
and create an orientational dependent field(paramagnetic shift) 
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Or: The chemical shift can be represented as a tensor in matrix form. 
Choosing the  “Principle Axis System” coordinate system on the molecule , 
with the direction of the field defined by polar angles (q,j):
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The chemical shift can be represented as a tensor 
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3-a Chemical shift
3. NMR Interactions and basic pulse sequences 

Chemical Shift Anisotropy             isotropic shift                  asymmetry parameter
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The same in Matrix form
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3-b The Spin-Spin interaction 
The interaction of two spins immediated by their overlapping wavefunctions 
is the Spin-Spin Interaction or j-coupling. 

To describe the interaction we will restrict ourselves here 
to the “secular” interaction only.
This excludes the interaction between two neighboring equivalent spins.
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The extension to more coupled spins is straightforward:
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3.c  AX spin system
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Proton channel:

Carbon channel:
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Double Quantum Filter

( i, =0 )      

Proton channel:

Carbon channel:
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3-d Heteronuclear Spin Decoupling

Some decoupling schemes for suppression of off-resonance effects and
B1 inhomogeneities:`

Try to apply ideal 3600 pulses, moving the Iz operator 
through a pathway that averages to zero:

Examples are: 
3600 
 Waugh’s  3600)0  3600 )180   
Shaka’s  2700 )0  2700 )180 
Levitt’s  1800 )180 1800 )0 1800 )180 1800 )0 

Levitt’`s:  use R as composite 1800  and construct    MLEV-4 

                                                                                          MLEV-8
with

WALTZ 

RRRRRRRR

RRRR
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9018090

9024090

=

=
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3213121233212701809027018090 18018001800 =x

“GARP-1 ; DIPSI-2; -3”

018001800180

'
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→→=→

→
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−−−

−−−

DECOUPLING
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X

1

RoFM

xRoF
yRoF

zRoF

Doubly rotating frame


22

1  +=eff



3-e The dipole-dipole interaction

This very important interaction is average to zero in liquids, 
but is the source of many relaxation mechanisms. 
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3-g Some simple principles of Nuclear Relaxation 

See earlier, for the difference between T1 and T2

Suppose the source of relaxation is the nuclear dipole-dipole interaction
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4. Two Dimensional NMR Spectroscopy 
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t1

t2

t1

2

etc.

etc.

FFT1

A supportive-slide to understand!

t1

For each2:

2

transpose
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FFT1+realFFT2

shape of twisted peaks:

For the > 0 of the spectrum 

Re:

Im:
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Two-Dimensional COSY Spectroscopy
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A+X channel:
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Thus after two Fourier transformations we get two  two-dimensional spectra 
(real&imaginary) that tell us about chemical shift correlation via j-coupling

Each peak in the 2D spectrum is a result of a double FFT  and is a twisted line.
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To overcome the twisted lines it is common to perform
experiments that are of type II and do something about
the ambiguity of +1 or –1.

TPPI  = time proportional phase increment

For each t1 value we change the pulse sequence such that
22

1121 cos),(
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11 tnt =

The phases of the pulse

FFT2 + realFT1
The lines are shifted
away from 0 by an amount
such that all + and – lines
show up at positive 1.

We can write this as:
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22
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ti
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)()()()(),(' 2211221121  AiDAAs +=

FFT2 FFT2

Generate a new 2D signal from 
the two “real” signals of the two spectra

SATES =  

For each t1 we do two experiments and combine the data as follows:

t1                t2 t1                t2

90x 90y

FFT1
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Additional 2D experiments: COSY 90xThrough phase cycling and
gradients the proper 
magnetization pathway
is chosen, and the  undesired
pathways are suppressed.

See 200 and More NMR Experiments
      Stefan Berger&Siegmar Braun
              Wilwy-VCH (2004)
 “200-Berger-Braun”
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Additional 2D experiments:

HETCOR-COSY
A

X

90      90

200 Berger-Baun

t1 t2
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90               90         90  Double Quantum Filtered COSY

t1

200 Berger-Baun

22,1,2,1,2,1,1,1, xAAyAz

y

AyAx

x

AzAxAyAz IIIIIIIII →→→→→
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HMQC
90                180

GARP

1H: 

13C:
t1

j/2 j/2

t2

*The 1800  refocuses both

                      and 
 but not

A j

*

X
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HSQC

GARP

1H: 

13C:
t1

t2

*The 1800  refocuses again both

                      and A j

*



HMBC 
(small couplings) 1H

13C

90                         180

t1

*           **

*short distance interaction
         are suppressed
** long distance interactions
   are creating correlations

t2

=HMQC with distance (j)
         differentiation
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HMQC+TOCSY
1H

13C t1

mixing
t2

for example MLEV-8 mixing



TROSY

Still missing 



5. CW EPR and pulsed EPR

File:EPR spectometer.JPG

File:EPR lines.jpg

3.35 Tesla:   93.88GHz(free electron)    vs  143MHz(proton)

656
0

0 =
H

S





S-band      2-4   GHz
X-band   7-12.5 GHz
Q-band    30-50 GHz
W-band  75-111 GHz

Short introduction:
 electronic ground states
 g-tensor
 hyperfine interaction
 zero-field splitting

www.bruker-biospin.com 

http://upload.wikimedia.org/wikipedia/commons/1/19/EPR_spectometer.JPG
http://upload.wikimedia.org/wikipedia/commons/e/e3/EPR_lines.jpg


2-a Some basics of Electron Paramagnetic Resonance

ne
ne
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CW EPR in solutions and solids

S=1/2       I=1/2                                                     S=1/2     I=1
Pseudo secular

g-tensor
and 

hyperfine interaction



ne
ne

ne

ne

I0

I0

S0

EPR echo detection    

ENDOR spectroscopy

ELDOR spectroscopy

S0

S0

I0

2-b Pulsed EPR experiments

File:EPR methyl.jpg
http://upload.wikimedia.org/wikipedia/en/thumb/2/2a/EPR_methoxymethyl.jpg/300px-EPR_methoxymethyl.jpg

Simulated EPR spectrum of the 
                  CH3 radical

Simulated EPR spectrum of the 
                  H2C(OCH3) radical

File:EPR multifrequency spectra.jpg

Biochemical Society Transactions          www.biochemsoctrans.org          Biochem. Soc. Trans. (2005) 33, 86-89 

http://upload.wikimedia.org/wikipedia/en/0/0d/EPR_methyl.jpg
http://en.wikipedia.org/wiki/File:EPR_methoxymethyl.jpg
http://upload.wikimedia.org/wikipedia/en/8/8e/EPR_multifrequency_spectra.jpg
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If on-resonance

1800(sel)
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DEER
Dipole-dipole interaction between unpaired elecetrons

21220110 zzDDzSzS SSSSH  ++=

)2(10S
1800

t

20S

Michael A. Swanson†, Velavan Kathirvelu†, Tomas Majtan‡, Frank 
E. Frerman‡, Gareth R. Eaton† and Sandra S. Eaton*† 

JACS  2009, 131 (44), pp 15978–15979



HYSCORE

S0
t1 t2

1800(non-sel)

Stimulated echo

ESEEM and 2D-HYSCORE
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Figure 11.1.9 Comparison between the soft-hard three-pulse modulation technique and the standard
three-pulse ESEEM experiment on a Cu(II)-doped triglycine sulfate single crystal, temperature 30 K,
width of the detection window of the boxcar IOns: (a) Modulation trace of the soft-hard three-pulse
approach with selective pulses of 600 ns and a non-selective pulse of 20 ns, 71 = 0; (b) Corresponding
absolute-value spectrum; and (c-d) Absolute-value spectra obtained with the three-pulse ESEEM
sequence, 1,,/2 = IOns, and 7 values of 230ns (c) and 250ns (d). (Adapted from Ref. [16].)
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20K DNP polarization 
            +  
desolution to 300K and 600MHz  
          + 
 NMR detection
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6. Solid State NMR
6-a The main interactions:
the chemical shift anisotropy
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6-b Magic Angle Spinning
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The vector representation of the MAS “CSA-only” NMR case

As long as the Bloch vector represents the nuclear magnetization:

x-y magnetization vectors 
of single crystallites after 900 pulse:

))2sin()22(sin(
2

))sin()(sin()( 22

2

11

1 








 +−++


++−++


+= t

g
t

g
tt r

r

r

r

)2sin(
2

)sin( 2

2

1

1 








+


−+


−=

rr

gg




)(t

FT
X Axis Title

rrt  /2=

time

Frequency



a single crystal
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The effect of the heteronuclear dipolar interaction 
                   on a spin behaves similarly

The vector representation of the MAS “CSA-only” NMR case



http://casgm3.anorg.chemie.uni-tuebingen.de/klaus/soft/hba/hba.html

Herzfeld-Berger Analysis:

J. Herzfeld, A. E. Berger, J. Chem. Phys. 1980, 73, 6021-6030 
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Cross Polarization Magic Angle Spinning
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Schaefer’s CPMAS-Hartman-Hahn Condition
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REDOR:
J. Mag. Res. 81 196 - 200 (1989)  Terry Gullion and Jacob Schaefer. 
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! Two-Dimensional 1H-1H Double-
Quantum CRAMPS NMR Spectroscopy

Steven P. Brown, Anne Lesage, 
Benedicte Elena, and Lyndon Emsley

J. AM. CHEM. SOC. 2004, 126, 13230-13231

−AspAla

BABA BABA

t1 t2

For BABA see: Schnell, I.; Spiess, H. W. J. Magn. Reson. 2001, 151, 153.
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