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NMR is based on a weak form of magnetism – nuclear paramagnetism 
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How does NMR work?

h$p://www.mhhe.com/physsci/chemistry/carey/student/olc/ch13nmr.html	  
[viewed	  Sept	  26/13]	  

h$p://www.joeruff.com/artruff/physics/Student_Pages/	  
The_Nucleus/The_Nucleus.htm	  [viewed	  Sept	  26/13]	  

–  A spinning charge creates a  
magnetic moment (m)

–  When in an external magnetic  
field (Bo) the spin can align
•  WITH the magnetic field  

(energetically favourable); OR 
•  AGAINST the magnetic field 

(slightly unfavourable)

–  If I = 0 (e.g., 12C), the nuclei is not NMR active
•  If BOTH neutrons and electrons are even numbered 

–  NMR active nuclei have spin (I) that is non-zero:
•  I = 1, 2, 3….. (e.g., 11B)
•  I = 1/2 , 3/2, 5/2….. (e.g., 1H, 13C, 19F, 31P)
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The energy difference between the ‘favourable’& ‘unfavourable’ states is 
ALWAYS low (DE can be as little as 0.1 cal/mol) 

The DE increases as the external magnetic field (Bo) increases.   

Sensitivity of the NMR Experiment

Population of the higher and lower 
energy states is defined by the 
Boltzmann Distribution

N+1/2

N−1/2

=
−γhBo

2πkTe
The +1/2 state is only slightly more 
populated than -1/2 and the rest of the 
n u c l e i a r e i n t h e r m o d y n a m i c 
equilibrium between the two states. 

This is why NMR is an insensitive technique AND why lower-field NMR 
are inherently less sensitive than higher-field

h$p://orgchem.colorado.edu/Spectroscopy/nmrtheory/nmrtheory.html	  
[viewed	  Sept	  26/13]	  
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1.  Once a sample is placed in an external magnetic field (Bo) & 
the nuclear spins have reached their equilibrium distribution

2.  The sample is irradiated with an oscillating magnetic field via a 
radio frequency (rf) pulse 

–  The frequency of the pulse is dependent on:
•  Magnetic field Strength (i.e., DE between the +1/2 & -1/2 states)
•  The nuclei that is being observed 

–  The frequency of the pulse is called the Larmor Frequency
–  The frequency for observing 1H NMR Spectroscopy is also used to 

describe the spectrometer (NMReady is a 60 MHz NMR 
Spectrometer)

        13C NMR: 15 MHz       19F NMR:  56 MHz  31P NMR:  24 MHz
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How do you generate a signal? 
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Once the sample is irradiated, then a nuclei’s magnetic moment (µ) precesses.  
That is, µ rotates around the external magnetic field.  
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NMR Signals & Precession

h$p://www.process-‐nmr.com/pdfs/NMR%20Overview.pdf	  
[viewed	  Sept	  27/13]	  

This pulse reorients the bulk magnetization from z axis (Bo) into the xy plane
This is often described by the angle – 45 or 90⁰ pulses are common

The precession takes place at the Larmor Frequency.
The precession is coherent and produces the oscillating signal detected in 
the NMR experiment – the Free Induction Decay (FID) 
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To simplify the NMR information, the signal is subjected to a mathematical 
frequency analysis called a Fourier Transform (FT).

This generates the NMR Spectrum we are used to seeing. 

This data can be readily inspected for:
1.  Peak Frequency (“Chemical Shift”)
2.  Peak Area (“Integration”)
3.  Peak Multiplicities (“J-Coupling”)
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NMR Signals: FID & FT

The FID is a composite of frequency 
components that depends on molecular 
structure of the sample being analyzed.  
It is extremely difficult for the human eye to 
extract information in this form. 
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An NMR spectrum is a graph of signal intensity vs. frequency referenced to a 
standard compound (e.g., Me4Si or solvent)

This is measured as chemical shift (υ) measured in Hz
If in Hz, this value will vary between spectrometers and field sizes
Converted to chemical shift (δ) in ppm 

The observed chemical shift depends on a surrounding steric and/or electronic 
environment 

Why?  Electrons are charged particles.  
This can ‘shield’ or ‘de-shield’ a resonance from Bo
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Chemical Shifts
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Each ‘type’ of ‘H’ has a typical range that depends on:
The functional group AND connectivity

7	  
	  

Chemical Shifts cont. 

These ‘typical’ frameworks can be used to determine the building blocks 
present within a molecular structure.
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For 1H NMR, the area under each peak is proportional to the number of 
protons that gave rise to that signal.
This is possible because the absorption coefficient of all proton is 
essentially identical regardless of the ‘type’.  This is fairly unique to NMR 
Spectroscopy. 
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Integration

These values are RELATIVE and 
can be multiples of the number 
shown.
Integrals are usually displayed 
with integral over top of peak 
and the number. 
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1.  Spin-lattice relaxation time (T1’s) – e.g., Aromatic vs. alkyl
2.  Spectral Quality:

3.  Hardware Considerations:
–  Low Quality NMR tubes
–  Decouplers 
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Accurate Integrals

Quantitative NMR (qNMR)
–  13C Satellites (JC-H = 115-135 Hz) – contain 1.1% of peak, so depending on 

necessary accuracy this may need to be included
–   Internal Standards – high purity, distinct chemical shifts 

e.g., benzoic acid, pentachloroethane

•  Signal-to-noise ratio (SNR)–are peaks distinct 
from the baseline?

•  Digital Resolution–peaks must be described 
by a suitable number of points

•  Poor and/or uncorrected baselines

www.nmr-analysis.blogspot.ca/2011/01/alignment-
of-nmr-spectra-part-ii.html  [Viewed Jan 16/14] 
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Although the chemical shift of a ‘type’ of proton is constant and independent of 
connectivity, it is:

–  it can be split into several lines.  This is called multiplicity.
–  This is due to slight perturbations in the experienced ‘Bo’ 

How?  Nuclear spin information is transmitted through bonding electrons. 
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Multiplicity 

So if n = 1 (i.e., there is 1 neighbour), a nuclear spin will ‘see’
•   ‘spin up’ OR ‘spin down’

–  There is equal probability of either so they will be 1 : 1

If n = 2 (i.e., there are 2 neighbours), a nuclear spin will ‘see’
•  ‘up/up’
•  ‘up/down’ OR ‘down/up’ 
•  ‘down/down’

If n = 3 (i.e., there are 3 neighbours) a nuclear spin  
    will ‘see’ 

•  ‘up/up/up’, 
•  ‘up/up/down’ OR ‘up/down/up’ OR ‘down/up/up’, 
•  ‘down/down/up’ OR ‘down/up/down’ OR ‘up/down/down’ 
•  ‘down/down/down’ 

The intensities follow Pascal’s Triangle.
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Multiplicity & J-Coupling

The number of peaks within a multiplet is called multiplicity
–  Multiplicity = 2nI + 1

•  For 1H NMR (and other I = ½):
•  Multiplicity = n + 1

The spacing between the peaks of a multiplet are regular and the 
distance (in Hz) is called the J-coupling of the interaction.

The total integral of a peak does not change when it is split into a 
multiplet by a J-coupling interaction.



© Nanalysis Corp. ▪  Sept 2016 
12	  

Example 1: Structure Elucidation

MW = 60.1 g/mol
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Extract Information from Spectrum

1.   Assign the chemical shift
–  4.68 ppm – broad singlet
–  3.96 ppm – septet (7 lines)
–  (1.20 + 1.10)/2 = 1.15 ppm - doublet

2.   Compare chemical shifts to typical ranges to determine 
building blocks.
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•  4.68 ppm – OH

14	  

Determine Building Blocks

•  3.96 ppm – O-alkyl

•  1.15 ppm – alkyl
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Extract Information from Spectrum 

3.   Use Integrations to predict building blocks. 

1.   Assign the chemical shift
–  4.68 ppm – broad singlet – OH
–  3.96 ppm – septet (7 lines) – O-alkyl
–  (1.20 + 1.10)/2 = 1.15 ppm – doublet – alkyl

2.   Compare chemical shifts to typical ranges to determine 
building blocks.
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Integrations
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Integrations

4.   Use Multiplicities to determine connectivity. 
–  Broad singlet – likely bonded to a heteroatom (like oxygen).

•  This is an alcohol
–  Septet – 6 neighbours (n + 1 = 7)

•  Integrates to 1 so ‘–O – CH –’ bonded to 2 x –CH3

–  Doublet – 1 neighbour (n + 1 = 2)
•  Integrates to 6 so 2 x -CH3 bonded to –CH –

3.   Use Integrations to predict building blocks. 

1.   Assign the chemical shift
–  4.68 ppm – broad singlet – OH - 1
–  3.96 ppm – septet (7 lines) – O-alkyl - 1
–  (1.20 + 1.10)/2 = 1.15 ppm – doublet – alkyl - 6

2.   Compare chemical shifts to typical ranges to determine 
building blocks.
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•  Alcohol (-OH) MW = (16 +1) = 17 g/mol
•  1 methine (-CH- )MW = (12 + 1) = 13 g/mol
•  2 methyl groups (-CH3) MW = 2(12 + 3) = 30 g/mol

•  Remaining 60 – 17 – 13 – 30  = 0

•  Propose structure fulfilling all elements’ octets!
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Puzzle Pieces


