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Nuclear Magnetic Resonance (NMR)
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1-Introduction:

Review:  

Electromagnetic Radiation

Electromagnetic radiation is made of magnetic and electrical field sinusoidal waves, oscillating at the right angle with each other and propagation direction:

    






Properties of light: Light (electromagnetic radiation) has dual wave-particle properties. wave properties are defined as amplitude A the higth of wave, wavelength  and frequency v number of waves per second, as shown in the below:
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(NOTE: Frequency refers to number of crests of
waves of same wavelength that pass by a point
in one second.)




Frequency is inversely proportional to wavelength : v = c / 
c is the speed of light : 3.00 x 108 m/s,   in m and v in Hertz (Hz) or 1/s

particle properties of radiation is defined energy of photon E:

E = h v and E = hc / 
 E is energy in J/ photon and h = Plank constant which is 6.634 x 10-34 J.s.

Mathematical formula of sinusoidal wave: 

y = A sin (2v t + 

y is the electrical filed, A is the maximum value of y (amplitude), t is time, v is frequency in Hertz (Hz) or 1/s and is the phase angle.

Electromagnetic Spectrum:  

Higher frequency and higher energy

------------------------------------------------------------------------------------------------------(
Radio Frequency  |  Microwave  |  Infrared  |     Visible  |    Ultraviolet  |   X-ray  | Gamma  ray

                RF                                       IR             VIS               UV                                  
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       Shortest wavelength

       m, cm,                      mm          > 700 nm     700-400 nm     < 400 nm    < 100 nm     <0.1nm

Radio frequency has the longest wavelength (in m and cm) in the electromagnetic spectrum resulted in lowest energy of photon and lowest frequency.  Gamma ray has the shortest wavelength less than 0.1 nm giving highest photon energy and highest frequency.   

Nuclear Magnetic Resonance (NMR) is a spectroscopy technique which is based on the absorption of electromagnetic radiation in the radio frequency region by nuclie of the atoms.   Atoms having odd number of protons and odd mass number can absorb radio frequency radiation to study the molecular structure:

radio frequency generator -------- > sample -------> spectrum --------> studying molecular structure. 

There is no NMR signal for the  nuclei having even atom number or even mass number 

The radio frequency radiation has the frequency range of 4-600 MHz corresponded to the wavelength region of 75-0.5 m.

For example we can have NMR signals for the following atoms:

11H ,   136C : NMR signal

126 C : no NMR signal

2-Theory of NMR

NMR spectroscopy is the interaction of magnetic field with spin of nuclei and then absorption of radio frequency.   For example, the nucleus of proton 1H+ has two spin rotations :    /|\ clockwise rotation shown as  with spin quantum number I = + ½

   and |  counterclockwise rotation shown as  with spin quantum number I = - ½

         \/

The number of spin sates is 2I+1 which is 2x (1/2) +1 = 2 states

 -----------  -1/2    
                                                                     \/

2 states:       

                                     ------------  1/2      \

In absence of magnetic field the spin states are same. In the magnetic field the spins are changed state  E2  |

                                                                                |

                                                    in magnetic field       |    E : radio frequency absorption

no magnetic filed                                                                     |   

                                                    I = 1/2    state  E1



The energy difference (band gap) E between the two spin states corresponded to the absorption of radio frequency radiation:

E = E2 – E1
E = h v = h ( / 2) Bo
h = plank constant : 6.636 x 10-34 J.s

v = frequency of radio frequency radiation in 1/s

 = gyromagnetic ratio, a constant which is 2.675 x 108 T -1 s-1
T = Tesla, the unit of mangnetic field

Bo = strength of applied magnetic filed in T

h v = h ( / 2) Bo
v = ( / 2) Bo  The frequency of radio frequency radiation and  therefore the energy band gap between the two spin sates is directly proportional to the strength of applied magnetic field.

Fourier Transform (FT) NMR :  the applied magnetic filed Bo is constant and the energy of radiofrequency (rf) is varied in pulse (in short duration).  The schematic of instrumentation is given as the follows:

rf    ------------- >    sample in Bo ------- > detector ----------  > readout

The absorption frequency is expressed in chemical shift , ppm.  The chemical shift arises from circulation of electrons around nucleus in applied magnetic field.  

    applied Bo
          |

          | 

         \/

        Proton
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  e- (electron)                    Movement of electron opposes the magnetic 

                                                                     field and as a consequence the proton in 

                                                                     nucleus experiences weaker magnetic field.  

If B is the effective magnetic field experienced by nucleus:

B = Bo (1-)                 Bo is strength of applied magnetic field.

   = shielding parameter which depends on the position of electrons around nucleus.  Electrons are shielding nucleus.  

Example: consider molecule of methanol 

           H

            |

    H – C – O – H

            |

            H

C has lower electronegativity than O and there is less electron density on H in O-H band than the three H’s bonded to C.  On the other hand the three H’s bonded to C are more shielded than the H in O-H bond.  The H in O-H bond has less shielding parameter  compared to the three H’s bonded to C.  Therefore  for H in O-H <    for H in CH3
for H in O-H bond the effective magnetic field B :   B = Bo (1-lower)

for H’s in CH3 : B = Bo (1-higher)

The three H’s in CH3 experience lower B than the H in O-H.

The  absorbed frequency of radio frequency radiation v is directly proportional to effective magnetic field B.   The H in O-H has higher absorbed frequency than the three H’s in CH3 :

H’s in CH3                                                                   H in O-H

                                                                                      lower
   higher                                                                    ------------------- I = -1/2 

----------------- I = -1/2

                                                                                               v’

           v

------------------ I = 1/2

                                                                                --------------------  I = ½  

v’ > v 

In NMR spectrum they run a reference which is tetramethylsilane (TMS) in which the H’s are highly shielded:

(CH3)4Si

The chemical shift  :

= (v sample – v ref,TMS) / operating v  

The frequencies are in MHz.  The range of  is from 0 ppm to 10 ppm.  For the H’s in TMS  is 0 ppm.  

3-Interpretation of NMR Spectrum

 The following figure shows a sample of NMR spectrum:
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How to identify types of H’s in a molecule using NMR spectroscopy?

The chemical shift numbers (signals) of H’s depends on the surrounding (neighbor) atoms.  The higher ’s are for most deshielded  H’s and lower  ’s are for most shielded  H’s.   In the above spectrum which is for ethylbenzene the H’s in the benzene ring are highly deshielded giving the NMR signal around 7.1 ppm. The H’s in –CH2 – are close to the benzene ring appearing at 2.6 ppm and the H’s in –CH3 are far away form the benzene ring , more shielded , giving NMR signal at 1.6 ppm.    

Multiplicity of NMR signals :  The NMR signals of H’s can have multiplicity depending on the number of neighbor H’s.    number of multiplicity = n +1   n is the number of neighbor H’s.   For example, in the above spectrum the NMR signal of H’s in –CH3 is 

triplet because n =2 which is 2 H’s of –CH2 – bonded to –CH3 .   number of multiplicity for H’s in CH3 = 2+1 = 3.

The NMR signal of H’s in –CH2 is quartret because there are 3 H’s in –CH3 next to H’s in –CH2 , n = 3 .    number of multiplicity for H’s in CH2 = 3+1 = 3.   

The NMR signal for H’s in the benzene ring has complex multiplicity.

The following table gives you the relative intensity for the multiplicity in NMR signal:

	Multiplicity
	Intensity Ratio

	Singlet (s)
	1

	Doublet (d)
	1:1

	Triplet (t)
	1:2:1

	Quartet (q)
	1:3:3:1

	Quintet
	1:4:6:4:1

	Sextet
	1:5:10:10:5:1

	Septet
	1:6:15:20:15:6:1


The following table shows the NMR chemical shift (signal) for different functional groups/fragments: 

	CHARACTERISTIC PROTON CHEMICAL SHIFTS

	Type of Proton
	Structure
	Chemical Shift, ppm

	Cyclopropane
	C3H6
	0.2

	Primary
	R-CH3
	0.9

	Secondary
	R2-CH2
	1.3

	Tertiary
	R3-C-H
	1.5

	Vinylic
	C=C-H
	4.6-5.9

	Acetylenic
	triple bond,CC-H
	2-3

	Aromatic
	Ar-H
	6-8.5

	Benzylic
	Ar-C-H
	2.2-3

	Allylic
	C=C-CH3
	1.7

	Fluorides
	H-C-F
	4-4.5

	Chlorides
	H-C-Cl
	3-4

	Bromides
	H-C-Br
	2.5-4

	Iodides
	H-C-I
	2-4

	Alcohols
	H-C-OH
	3.4-4

	Ethers
	H-C-OR
	3.3-4

	Esters
	RCOO-C-H
	3.7-4.1

	Esters
	H-C-COOR
	2-2.2

	Acids
	H-C-COOH
	2-2.6

	Carbonyl Compounds
	H-C-C=O
	2-2.7

	Aldehydic
	R-(H-)C=O
	9-10

	Hydroxylic
	R-C-OH
	1-5.5

	Phenolic
	Ar-OH
	4-12

	Enolic
	C=C-OH
	15-17

	Carboxylic
	RCOOH
	10.5-12

	Amino
	RNH2
	1-5


Integration of NMR Signals: The relative intensities of NMR signals (peaks) can give the number of H’s in a molecule.  The area under the NMR peak can be used to determine the number of H’s.  Above each NMR signal a plateau is drawn that its height is measured to get the relative number of H atoms. 

Consider the below spectrum as an example:

[image: image7.png]Figure 27. Integration values for the 'H NMR spectrum of 2-butanone.

2-butanone
o]





                       c                   b           a

2-butanone:   CH3 – CO – CH2 – CH3
Ha’s appear at 1.0 ppm with multiplicity of 2+1 = 3 , the integration : 2.96 =3.0

Hb’s appear at 2.4 ppm with multiplicity of 3+1 = 4 , the integration: 1.99 = 2.0

Hc’s appear at 2.1 ppm with multiplicity of singlet, the integration:  3.04 = 3.0

Ratio of number of H’s using the height of integration plateau:

Ha /Hb = 2.96 /1.99 = 1.50

Hc / Hb = 3.04 / 1.99 = 1.50

Ha/Hc = 2.96 /3.04 = 1.00

A Closer Look at NMR Multiplicity Pattern: The n+1 multiplicity rule is applied for C-C single bonds with fast rotation at room temperature.   The C-C single bond has no restriction for rotation at the room temperature and the H’s bonded to the same carbon are equivalent.   For example consider the following structure:

                   Ha    Hc
                    |       |   

· O – C – C –

              |      |    

             Hb     Hd         

There is fast rotation around C- C single bond causing two equivalent H groups such as Ha Hb and Hc Hd .   The n+1 rule is applied for the multiplicity pattern for each group.  

 The H’s bonded to the same carbon are not equivalent when there is a restriction for rotation around the bond between two carbon atoms such as C=C bond and ring.   For example consider the following structure:

                   Ha    Hc
                   |       |

                         C = C 

                         |       |     

                         Cl    Hb   

The NMR signal of Ha is split by Hb and Hc : (1+1) (1+1) = 4 multiplicity pattern for Ha .   The tree diagram can be used to understand the multiplicity pattern of H – NMR signal in C=C bond.  

Coupling Constant J:  Coupling constant J measures the interaction between spin of two H nuclei which is the distance in Hz between split signals in NMR spectrum.   For example, consider the NMR spectrum of styrene oxide:
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and the multiplicity pattern and the corresponding coupling constants:
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Ha NMR signal is split by Hb as a doublet having the value of 5.8 Hz for J coupling constant. The doublet is further split by interaction with Hc resulted in two doublets NMR signal with the value of 2.5 Hz for J coupling constant.   Hb NMR signal is split by Ha as a doublet having the value of 5.8 Hz for J coupling constant.  The doublet of Hb NMR signal is further split by interaction with Hc resulted in two doublets NMR signal with the value of 4.1 Hz for J coupling constant.

Summary: The multiplicity pattern for equivalent H’s: (n+1) n is the number of neighbor H’s.

The multiplicity pattern for nonequivalent H’s : (n+1) (m+1) (p+1)….   n, m and p are number of neighbor H’s. 

Lida Latifzadeh Masoudipour, Ph.D. © 2009

