
Nuclear Magnetic 
Resonance Spectroscopy



NMR spectroscopy is a form of absorption spectrometry.

NMR Spectroscopy 

Most absorption techniques (e.g. – Ultraviolet-Visible and Infrared) involve 
the electrons… in the case of NMR, it is the nucleus of the atom which 
determines the response.

An applied (magnetic) field is necessary for the absorption to occur.



Nuclear Magnetic Resonance (NMR) Spectroscopy
direct observation of the H’s and C’s of a molecules

Nuclei are positively charged and spin on an axis; they create a tiny magnetic field

Not all nuclei are suitable for NMR.
1H and 13C are the most important NMR active nuclei in organic chemistry
 Natural Abundance
               1H   99.9%         13C   1.1%
                                                    12C 98.9% (not NMR active)
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Nuclear Spin
• A nucleus with an odd atomic number or an odd mass number 

has a nuclear spin.

• The spinning charged nucleus generates a magnetic field.



• If the number of neutrons and the number of protons are both even, 
then the nucleus has NO spin.

• If the number of neutrons plus the number of protons is odd, then 
the nucleus has a half-integer spin (i.e. 1/2, 3/2, 5/2)

• If the number of neutrons and the number of protons are both odd, 
then the nucleus has an integer spin (i.e. 1, 2, 3)

The number of  spin states is 2I + 1,  
 where I is the spin quantum number.

Spin Quantum Numbers 



The most abundant isotopes of  C and O do not have 
spin.

Element 1H 2H 12C 13C 14N 16O 19F

Nuclear Spin
Quantum No  1/2   1    0 1/2   1    0 1/2
      ( I )
No. of  Spin   2   3    0  2   3    0  2
States

SPIN QUANTUM NUMBERS OF SOME COMMON NUCLEI

Elements with either odd number of protons or neutrons (odd 
mass number or  odd atomic number) have the property of 
nuclear “spin”.

The number of  spin states is 2I + 1,  where I is the spin 
quantum
 number.
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          Atoms active in NMR

I =   1/2:  1H, 13C, 19F, 31P

I =       1:       2H, 14N

I =    3/2:    15N

          Atoms not active in NMR

I= 0: 12C, 16O 





Behavior of  spinning protons with 
external magnetic field

(α-spin state) (β-spin state)
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THE NUCLEUS IN A MAGNETIC FIELD

When nuclei are exposed to 

external magnetic field of strength 

B
0
, their spins line up parallel to 

the applied field, either spin 

aligned (α-spin state) or spin 

opposed (β-spin state) to the 

external field.

In a strong magnetic field (Bo) 
the two spin states differ in 

energy
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The energy difference between aligned and opposed to the external magnetic field (Bo) is generally small and is 
dependent upon Bo
Applied EM radiation (radio waves) causes the spin to flip and the nuclei are said to be in resonance with Bo

B
o
 = external magnetic field strength

 γ = gyromagnetic ratio
1H  = 26,752 s-1gauss-1

13C = 6.7 s-1gauss-1

ΔE = hν  

                          
. In a 14,092 gauss field, a 60 MHz (60,000,000) photon is required to flip a proton.

. Low energy, radio frequency.             

ΔE and Magnet Strength



The energy difference between aligned and opposed to the external magnetic field (Bo) is generally small and is 
dependent upon Bo
Applied EM radiation (radio waves) causes the spin to flip and the nuclei are said to be in resonance with Bo

B
o
 = external magnetic field strength

 γ = gyromagnetic ratio
1H  = 26752 rad s-1gauss-1 = 2.6752 X108 rad s-1T-1

13C = 6728284 rad s-1gauss-1 = 6.728284 X107 rad s-1T-1

ΔE = hν  

. h= Plank’s constant= 6.63x 10-27 erg. S

. In a 14092 gauss field, a 60 MHz (60,000,000) photon is required to flip a proton.

. Low energy, radio frequency.          The rad is a unit of absorbed radiation dose, defined as 1 rad = 0.01 Gy = 0.01 J/kg

ΔE and Magnet Strength

ν = (γ /2π) 
Bo



Magnetic Shielding

If all protons absorbed the same amount of energy in a given 
magnetic field, not much information could be obtained.

But protons are surrounded by electrons that shield them from the 
external field.

Circulating electrons create an induced magnetic field that opposes 
the external magnetic field.                                 



Shielded Protons

Magnetic field strength must be increased for a 
shielded proton to flip at the same frequency.



Protons in a 
Molecule

Depending on their chemical environment, protons in 
a molecule are shielded by different amounts.



NMR Signals
• The number of signals shows how many different kinds of protons 

are present.

• The location of the signals shows how shielded or deshielded the 
proton is.

• The intensity of the signal shows the number of protons of that 
type.

• Signal splitting shows the number of protons on adjacent atoms.                  



The NMR 
Spectrometer



The NMR Graph



    Tetramethylsilane

• TMS is added to the sample.

• Since silicon is less electronegative than carbon, TMS protons are 
highly shielded.  Signal defined as zero.

• Organic protons absorb downfield (to the left) of the TMS signal. 



Chemical Shift

• Measured in parts per million.

• Ratio of shift downfield from TMS (Hz) to total spectrometer 
frequency (Hz).

• Same value for 60, 100, or 300 MHz machine.

• Called the delta scale (δ). 
                                                         



Chemical Shift calculation

 

δ= Chemical shift (ppm)
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H
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Delta Scale



Example: Cl-CH2-O-CH3 shows 2 absorptions for H NMR and two for C NMR 
on a 90 MHz NMR, H resonances are at 300 Hz and 480 Hz
(the instrument is tuned so that TMS absorbs at exactly 90 MHz) calculate 
the δ delta for both  proton and carbon.

For H NMR

δ = 300 Hz - 0 / 90 MHz x 106 = 3.3 ppm

δ = 480 Hz - 0 / 90 MHz x 106 = 5.3 ppm

for C NMR, the absorptions are at 1290 Hz and 1910 Hz
(where TMS is at 22,6 MHz)

δ = 1290 Hz- 0 / 22.6 MHz x 106 = 57.1 ppm

δ = 1910 Hz- 0 / 22.6 MHz x 106 = 84.5 ppm



Location of Signals

• More electronegative atoms deshield more and 
give larger shift values.

• Effect decreases with distance.

• Additional electronegative atoms cause 
increase in chemical shift.
                                       



CHCl3 CH2Cl
2

CH3
F

CH3O
H

CH3Cl CH3Br CH3I CH4 (CH3)4Si

7.27 5.30 4.26 3.4 3.05 2.68 2.16 0.23 0
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Typical Values



O-H and N-H Signals

•Chemical shift depends on concentration.

•Hydrogen bonding in concentrated solutions deshield 
the protons, so signal is around δ3.5 for N-H and δ4.5 
for O-H.

•Proton exchanges between the molecules broaden 
the peak. 
                                                            





Carboxylic Acid Proton, δ10+



Number of Signals
Equivalent hydrogens have the same chemical shift.



Intensity of Signals
• The area under each peak is proportional to the 

number of protons.

• Shown by integral trace.



How Many Hydrogens?
When the molecular formula is known, each integral rise can be 
assigned to a particular number of hydrogens.


