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Second Year blog on NMR/MRI Spectroscopy: for 4th May 2019 
(This is a revision blog. It is merely a summary of some of the things that you need to know. Everything 
in this blog can be found in the relevant Chapters of the two books.) 
 
This is the most detailed blog that I have written so far. The reason for this is that I know that many of you want to 
go into Medicine, but coincidentally, when my lovely wife was dying of brain cancer, I developed an interest in 
MRI scanning techniques  –  and NMR Spectroscopy is the basis for MRI.  
 
Michigan State University says the following of NMR Spectroscopy 
 

“Over the past fifty years nuclear magnetic resonance spectroscopy, commonly referred to as nmr, has become 
the pre-eminent technique for determining the structure of organic compounds. Of all the spectroscopic 
methods, it is the only one for which a complete analysis and interpretation of the entire spectrum is normally 
expected. Although larger amounts of a sample are needed than for mass spectroscopy, nmr is non-destructive, 
and with modern instruments good data may be obtained from samples weighing less than a milligram.” 

 
Electro-Magnetism is complicated, but NMR analysis is not at all complicated, and since MRI is one of the most 
important scanning tools used in Medicine currently (but many important new ones are now being developed, 
especially at UCL by Professor Mark Lythgoe’s team), I intend to give you a very good grounding in NMR 
Spectroscopy. If you want to be a Radiographer, then you ought to read the exemplary explanations on 
Imaging by Dr Allen D Elster. (His work on MRI can be found at  http://mriquestions.com/index.html ). 
 
There are protons in the nucleus of the atoms of every element, but here we will be concerned mainly with the 
Proton in the H atom nucleus. That is what constitutes 1H NMR Spectroscopy. “1H” indicates an atom of 
Hydrogen with no neutrons. The nucleus of an H atom is in fact just a proton (an H+ species), and that is why 1H 
NMR is often  called Proton NMR. (NB The “2H” isotope of Hydrogen that has 1 neutron is called Deuterium, “D”).  
 
This blog is divided into the following Sections 
 
A) The theoretical/scientific basis for NMR/MRI Spectroscopy (radio-frequency emr and electro-magnetism). 
B) The application of that theory to NMR Spectroscopy (alignment of a spinning species in a magnetic field). 
C) The analysis/deciphering of NMR Spectrographs (how many environments/spin-spin splitting/etc). 
D) An examination of some NMR Spectrographs (including an examination of areas subtended by peaks). 
 
The ‘A’ Level Module “Modern Analytical Techniques” introduces ‘A’ Level students to Mass Spectroscopy/IR 
Spectroscopy/NMR Spectroscopy/Chromatography/Electrophoresis/and DNA Analysis to make them aware of how 
the Chemistry that they have learnt can be and is being used. 
 
Just in case you are beginning to feel a bit lost in Modern Analytical Techniques, let me give you a context for what 
the examiners are trying to do. (Source: Process NMR Associates.) ESR = Electron Spin Resonance. 

 

NMR Spectroscopy. 

Emission Spectroscopy. 

IR Spectroscopy. 
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Summary of NMR Spectroscopy (and this is nothing more than a “summary”) 
 
- Everything in the Universe is in constant motion, and there are different sorts of motion. It is sometimes 

convenient to pretend/to act as though atomic and sub-atomic particles “spin”. The “spin” here is a 
theoretical concept, and please do not get bogged down in whether or not these tiny particles are 
actually rotating on an axis. They may or they may not be. In this context “spin” is nothing more than a 
theoretical construct. In some circumstances it suits us to assume that particles possess “spin”, and in 
other circumstances that construct is of no help me at all. For NMR Spectroscopy we are going to 
assume that atomic and sub-atomic particles possess “spin”. 

- In this blog we will assume that for NMR Spectroscopy, the nucleus of the 1H atom and the nucleus of 
the 13C atom possess “spin”. 12C is not detectable by NMR Spectroscopy because (in the theory of this 
construct) it has zero net spin. Other nuclei possess spin, but at ‘A’ Level, that will not concern us. 

- Actually, the 1H and the 13C nuclei do behave as though they are actually spinning, and when something 
that has a charge spins, then it creates a tiny magnetic field around itself, and when two entities that 
possess magnetic fields are close to each other, then those fields will interact with each other. That is 
what NMR Spectroscopy is all about. In 1H (and in 13C) NMR Spectroscopy we will examine the 
behaviour of the nuclei of H atoms (or the nuclei of C atoms in 13C NMR spectroscopy)  

a) in the presence of an applied external magnetic field “B0”, and also 
b) in the presence of other 1H (or 13C nuclei for 13C NMR spectroscopy)  
and the applied external magnetic field is usually designated as “B0”. 

- A tiny spinning entity possesses energy, and if you alter that amount of energy (by even a miniscule 
amount) then it will behave slightly differently. Radio waves contain the appropriate miniscule extra 
amount of energy that can be absorbed in very small packets/quanta of energy by our tiny spinning 
entities (e.g. by the nucleus of an Hydrogen atom). If we direct radio waves in an NMR Spectroscope at 
substances that we want to analyse, then the nuclei of the H atoms in the substance will absorb a 
miniscule extra amount of energy and act slightly differently  –  and when we stop directing the radio 
waves at the substance that is being analysed, then they revert to their original state.   

- An NMR spectroscope is capable of detecting these small changes in energy levels, and since the nuclei 
of H atoms (and also the nuclei of 13C atoms) in different environments behave slightly differently, then 
an NMR spectroscope can be calibrated to respond to the changes in energy levels of the nuclei of 
H atoms (or to the nuclei of C atoms in 13C NMR Spectroscopy) in different environments and we 
can then produce scans such as this (very simple) one below. 

1H NMR scan for 1, 1 , 2 – trichloroethane (Source: Prof Tim Soderberg for Chemistry LibreTexts) 

   
- An NMR spectroscope is an extremely sensitive instrument, and in Medicine NMRI / MRI imaging has 

been developed into an extraordinarily useful tool.  
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Section A)  The theoretical/scientific basis for NMR/MRI Spectroscopy 
 
The following is quite possibly the most famous photograph in the whole of Science (Source: Benjamin 
Couprie, Institut International de Physique de Solvay). It is the photograph of the attendees of the Fifth (1927) 
Solvay Conference. I believe that 17 out of the 29 attendees received a Nobel Prize. Most people recognise 
Madame Curie and Albert Einstein  –  but almost every scientist who attended the Conference made a major 
contribution to our modern understanding of Physical Reality. 
 
 
 

 
Back Row from left to right Auguste Piccard, Émile Henriot, Paul Ehrenfest, Édouard Herzen, Théophile de 
Donder, Erwin Schrödinger, Jules-Émile Verschaffelt, Wolfgang Pauli, Werner Heisenberg, Ralph Howard Fowler, 
Léon Brillouin Middle Row from left to Right Peter Debye, Martin Knudsen, William Lawrence Bragg, Hendrik 
Anthony Kramers, Paul Dirac, Arthur Compton, Louis de Broglie, Max Born, Niels Bohr Front Row from left to 
right Irving Langmuir, Max Planck, Marie Curie, Hendrik Lorentz, Albert Einstein, Paul Langevin, Charles-Eugène 
Guye, Charles Thomson Rees Wilson, Owen Willans Richardson.  
 
In the past, when we have talked about inter-molecular forces of attraction we have called them ‘van der 
Waals/London (after Fritz London)/Debye forces of attraction’  –  and you can see Peter Debye seated on the 
extreme left in the middle row. Two from Debye is  the Nobel Laureate William Lawrence Bragg whom I met 
in 1955. Sir Lawrence Bragg and his father Sir William Henry Bragg jointly won the Nobel Prize for their 
work on X-ray diffraction crystallography1. The only other British father-and-son duos to win Nobel Prizes 
were J.J. (Sir Joseph)Thomson and G.P. (Sir George) Thomson  –  and ironically the father won his Laureate 
for proving that the electron is a particle, and the son won his for proving that an electron is a wave. 
 
Right in the middle of the second row is the greatest physicist this country has ever had, Paul Dirac. 
 
It is these scientists who almost by the sheer power of their intellects alone, sat down and worked out the 
fundamentals of modern Physics/Chemistry. Experiments played a part in their discoveries, but it was their 
Mathematical ability that led them to formulate theories that explained reality. The intriguing thing is that they 
set out to explain reality, but yet their findings led them to conceptions of reality that bear little or no 
resemblance to reality as you and I know it. I am almost 80 years old, and yet I still cannot get my head around 
the Space-Time continuum, and I doubt that I will ever grasp Quantum reality, because I am still stuck in the 
concepts of time and place as they were defined by the Scholastic philosophers. Penny in the “Big Bang 
Theory” appears to understand more about Schrödinger’s cat (Series 1, Episode 17 and in two other episodes) 
than I do (and indeed why should she not do so?)!  
 
I am telling you all this for a reason. “Spin” is an important concept in NMR/MRI, and that is where we 
are going next. 
                                                
1 Sir Lawrence Bragg was extremely influential at the Royal Institute, and a line can be traced through Sir Lawrence and Max 
Perutz and J.D. Bernal to Dorothy Hodgkin, the only female British Chemistry Nobel Laureate (which she got in 1964). There 
have 45 Nobel Laureates awarded for Crystallography so far. I have a feeling that there is a connection between Dorothy 
Hodgkin and Rosalind Franklin (from whom the Nobel Prize for being one of the discoverers of DNA was “stolen”), but for the 
moment I cannot remember the connection. The connection must be an X-ray Diffraction Crystallography one. The connection 
with Margaret Thatcher was that Professor Hodgkin was Baroness Thatcher’s Tutor at Somerville, Oxford. 
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Let us start with “spin” at its simplest. In your First Year I told you that two negatively charged electrons 
could not live together in the same orbital because they repel each other and therefore they could never 
occupy the same orbital. I told you that scientists therefore had to invent/pretend/assume that the two 
electrons were rotating in opposite directions and they thus created tiny oppositely charged magnetic 
fields that attracted each other, and that the force of this attraction overcame the force of electrostatic 
repulsion that they possessed  –  and that this therefore allowed them to live in the same orbital. 
 
You could then have put your hand up and said to me  “I don’t wish to be rude Sir, but that cannot be 
true. How could one electron know which way the other one was spinning and then conveniently spin in 
the opposite direction just so that they could get into bed together?”, and I would have had to agree with 
you. Actually, the concept of physical ‘spin’ comes up against many problems time and time again, and 
the biggest problem with the concept of spinning is that a point has zero radius, and particles that are 
points thus cannot “spin”, but that takes us much too deep into the complexities of the topic (cf. the 
Appendix). What is incontrovertible is that in many instances it is convenient to think of different 
atomic and sub-atomic particles as though they are constantly rotating around an axis (but we have 
to recognise that quite often that then leads us to conclusions that just cannot be true).  
 
I have now established the rules of the game that we are about to play. I have not a clue as to whether 
atomic and sub-atomic particles actually “spin” in the sense that they rotate continuously, and I do not 
care whether or not they do so –  because for NMR/MRI Spectroscopy it really does not matter whether 
or not they rotate continuously. What is of enormous importance is that if we make the assumption that 
they do, then we can develop an extremely powerful branch of Science and Medicine which unlocks a 
great deal of useful information for us (and the same is true of Quantum theory).  
 
In last week’s blog I told you that everything in the Universe is in constant motion of some sort. All 
atoms and molecules are constantly in motion  –  they vibrate/they spin/they align themselves (as in NMR 
Spectroscopy) with or in opposition to magnetic fields/and they dash hither and thither. They never stand 
still!2 The study of the energy that determines Motion in matter is called the Kinetic Theory of Matter.  
 
In Chemistry the sorts of motion with which we are concerned are  
 

• Translational motion3 (movement from one location to another) 
• Vibrational motion (small back and forth movements of solid particles affected by IR energy), and 
• Rotational motion viz. the spinning motion of supposedly solid particles (as in NMR/MRI 

Spectroscopy). 
 
The total Kinetic Energy (KEtotal) in a molecule is composed of 
 

KETotal  =   KETranslational   +   KEVibrational   +   KERotational 
 
Everything in the Universe has energy, and if something were to have ‘zero’ energy, then its temperature 
would be absolute “0” Kelvin4, and I am under the impression that (unless you want to enter the realms 
of Quantum Mechanics, then) nothing in the Universe has absolute ‘zero’ energy i.e. nothing is at “0”K. 
 
 
 
                                                
2 Except at a temperature of Absolute Zero. 
3 I accept that it is a funny name, and it has nothing whatsoever to do with translating from one language to another. 
It is possibly a derivation from the Latin words “trans” (on the other side) and “locus” (place) . 
4 The word “absolute” is being used here as a noun and not as an adjective nor as an adverb. 
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If any particle that has an electrostatic charge “spins”, then it will automatically create an electromagnetic 
field around itself (no matter how small that field may be).  
 
What is of interest to us here is that any spinning charged object (such as an electron or a proton) will 
create an electromagnetic field around itself  –  as we saw when we talked about how two oppositely 
charged electrons can reside in the same orbital. In NMR spectroscopy we concentrate on the fields that 
are generated by nucleons (protons and neutrons).  
 

 
Source: University of Texas, Dallas 

 
 

The nucleus of an atom is composed of protons and neutrons, and as it happens although neutrons have no 
charge, the quarks of which they are composed will cause a spinning neutron to create an electromagnetic 
field. You do not need to know about quarks. All that I want to do is to get across to you the scientific 
basis for NMR analysis. 
 
Sheffield Hallam University says 

1. If the number of neutrons and the number of protons are both even, then the nucleus (is 
considered to have) NO (net) spin.  

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

3. 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).  

Wikipedia says this of spin: “Spin is often depicted as a particle literally spinning around an axis, but this 
is only a metaphor. (In Quantum Theory) spin is an intrinsic property of a particle, unrelated to any sort 
of motion in space. All elementary particles have a characteristic spin, which is usually nonzero. For 
example, electrons always have “spin ½” while photons always have “spin 1”.  
 
 
In the text of this blog I sometimes use the terms “Magnetic Field” (the unit for which is “H”) and 
Magnetic Flux Density (the unit for which is (“B”) interchangeably. Technically that is incorrect, but 
sometimes (at ‘A’ Level) an explanation reads more coherently by doing so. 
 
 
 
NB In the Appendix I have shown a tiny part of the problems that are caused by the concept of attributing 
“spin” to atomic and sub-atomic particles. It is there only for those of you who want to read Physics at 
University. I find Quantum Theory very difficult to grasp (and from memory so did Einstein  –  and if 
Einstein found it difficult to understand some of the concepts proposed by Bohr/Schrödinger/Pauli/ etc, 
then I certainly have no chance whatsoever of getting my head around them). 
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Section B)  The application of the theory to NMR Spectroscopy 
 
Counter-rotating objects will create fields that have opposite polarities and these will therefore cancel 
each other out, and it is only atoms that have an odd number of protons or an odd number of neutrons (or 
an odd number of both when added together) that will have a magnetic field. 12C has 6 protons and 6 
neutrons therefore the fields of the protons and neutrons cancel each other out. C-12 is thus not detectable 
by NMR since it has zero net spin, and C-12 cannot be used for NMR spectroscopy. In contrast, 13C (with 
6 protons and SEVEN neutrons) has an odd number of nucleons, therefore the magnetic fields do NOT 
cancel each other out. (In general, nuclei containing even numbers of both protons and neutrons have 
nuclear spin values of I = 0 and therefore cannot undergo NMR. Examples include 4He,12C,16O and 32S.) 
 
The principles involved in NMR would allow for any species such as 1H / 13C / 15N / 17O / 19F / 31P / etc 
(cf. the rules on page 5) to be used as the basis for NMR analysis  –  but for practical reasons, most NMR 
machines are based on the analysis of species that contain an atom of Hydrogen. The science is known as 
1H NMR (or Proton NMR). When the isotope 13C is used then it is called 13C NMR.  
 
 
The intensity of Magnetic Fields (H0), and the intensity of Magnetic Flux Density (B0) 
 
In the earth’s magnetic field, protons do not have any particular alignment and they are “degenerate” i.e. 
they all possess the same amount of energy. However, in an applied high intensity magnetic field (usually 
labelled B0), protons position themselves either  
- in alignment with the applied/external magnetic field (designated as a or  +½), or 
- in opposition to the applied/external magnetic field (designated as b or –½).  

 
Source: Prof Tim Soderberg (University of Minnesota, Morris) 

 
Protons in alignment with the external magnetic field have a lower energy level (by a TINY amount) 
than protons in opposition to the external magnetic field, and as the strength of the applied external 
magnetic flux density B0 is increased, the difference in energy (∆E) between the two levels increases (by 
a minisculely small amount), and because energy is absorbed only in packets (or very specific amounts) 
or quanta, the amount of energy that is needed to make the jump from the lower (a or +½ spin-state) to 
the higher (b or –½ spin-state) is absorbed only from either (i) a slightly more powerful magnetic field, or 
from (ii) radio frequencies of a fairly narrow waveband. 
 
The energy difference between the two states is very (and I mean VERY) small, but the energy contained 
in Electro-Magnetic Radiation (EMR) in the radiofrequency (rf) waveband is sufficient to provide the 
necessary quanta of energy to transpose an H atom proton from the lower energy level to the higher 
energy level (and thus change its alignment), whereupon it then falls back again to its former lower 
energy level  –  and whilst the rf emr is applied, the H atom protons keep alternating their position and 
energy level so long as pulses of the emr are applied. This flipping between energy levels is called 
“Resonance”.  [Of course, when they are resonating, the nuclei are absorbing and emitting exactly the 
same amounts/quanta of energy.] When Protons fall back to their lower energy state they are said to 
“relax”. Relaxation times are very important when it comes to MRI Spectroscopy. 

<–– The a spin lower energy state. 
In alignment with the applied magnetic field. 
 

<–– The b spin higher energy state. 
In opposition to the applied magnetic field. 
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Simplyphysics.com says the following 
 

“Both alignments are possible, but the one in alignment with the field is (in) a lower energy state. The 
H atom protons are continually oscillating (flipping) back and forth between the two states but at any 
given instant, and with a large enough sample, there will be a very slight majority aligned with the 
field. The larger the external field, the greater the difference in energy levels and the larger the excess 
number aligned with the field.” 
 

Simplyphysics goes on to say 

 
 

The “T” for “Tesla” (1 Newton Amp–1metre–1 or Webers m–2) is the unit of measurement for magnetic 
flux density. For those of you who are doing ‘A’ Level Physics, I give you all the units for a Tesla below. 

Source: Wikipedia 
 

We now know that if the species that is being analysed is placed in a magnetic field, then in 
an NMR analysing machine, whether it be a Proton analysing machine (commonly called  

1H NMR)/a Carbon atom analysing machine (commonly labelled 13C NMR)/a 15N machine/or whatever 
machine, the protons in the species will align themselves either with the applied external magnetic flux 
density, or in opposition to the applied external magnetic flux density  –  and the net number of protons 
aligned with the field will be a tiny (but detectable) percentage larger than those aligned in opposition to 
the applied field B0. The strength/intensity of the magnetic flux density is chosen to suit the NMR 
analysis that is being carried out. For H atom proton (1H) NMR analysis, a magnetic flux density of 2.35T 
tends to be used, but for 13C analysis a different magnetic density would be used. If we were now to direct 
a pulse of radiofrequency (rf) of about 100MHz at the substance that is being analysed, then Chemistry 
LibreTexts says the following (and in the diagram overleaf, B0 is the applied flux density). 
 

“If the ordered nuclei are now subjected to EM radiation of the appropriate (radio) wavelength 
frequency, the nuclei aligned with the field will absorb energy and “spin-flip” (up) to align themselves 
against the field, i.e. they will move to a higher energy state. When this spin-flip occurs the nuclei are 
said to be in “resonance” with the field, hence the name for the technique, Nuclear Magnetic 
Resonance or NMR (spectrometry).” 

 
The protons flip/resonate between the two (a and b) states continuously. 

 
 
 
 

<–– “1 million + 9”: a difference of just  
       9 protons in 2,000,000 protons! 

 

magnetic  
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The applied external magnetic flux density may be zero (i.e. B0 = 0), but on earth there will always be the 
flux density exerted by the earth itself.

 
Source: of Texas, Dallas 

 
In the diagram above, the  North poles of the protons are in blue and the South poles are in red. The 
important thing to note is not the N and S poles, but the alignment WITH the external magnetic field in 
the a-spin state and the alignment IN OPPOSITION TO the external applied magnetic field in the b-
spin state. The difference in energy involved between the two spin states, ∆E, is miniscule but detectable. 
 

 
When a pulse of rf (radiofrequency) emr of the appropriate wavelength, say 100 MHz (but, in  practice, it 
is anything from 30-400 MHz) is directed at the substance that contains the protons, then the protons will 
absorb the appropriate quanta of energy and jump from the a-spin state to the b-spin state (as above).  
  
There are thus three quite distinct situations involved 
i) the normal random alignment of the protons in the species being analysed when no external 

magnetic field (other than the earth’s magnetic field) is applied and no rf emr is being applied 
ii) structured alignment when a magnetic field is applied but when no rf emr is being applied, where 

now a tiny amount more of the protons are aligned with the field than those aligned against the field, 
and  

iii) resonance alignment where a pulse of rf wavelength will cause the protons to absorb the relevant 
quanta of energy from the rf wavelength and jump from the a-spin state to the b-spin state, and then 
emit that same quanta of energy and drop back again. This absorption and emission of rf energy is 
called “resonance” and can be detected and analysed. Whilst the rf pulse is being directed at the 
substance that is being analysed, a tiny excess of the protons align themselves against the external 
magnetic field.  

 
These are thus three DISTINCTLY DIFFERENT states. 

With the increase in energy, 
there are now a tiny 
proportion more in the b 
spin state whereas 
previously it was the other 
way round. 
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Chemistry LibreTexts shows the following very simplified diagram of the components of an NMR 
spectrometer 

 

 
 
 
 

An NMR tube of 5 mm diameter is typically filled with 2 mg of compound dissolved in 0.5 mL of solvent 
(for 1H-NMR) and spun in the magnetic field. The sample tube in the machine is usually spun so as to 
ensure that all the nuclei are subject to the same magnetic intensity. This cannot be done in MRI 
scanning when human beings or other sorts of animals are involved! 
 
OK, that sets out the background for the basic assumptions that underlie NMR/MRI spectroscopy, and I 
hope that what I have said makes everything that follows just a tiny bit more understandable for you. For 
the exams you do not need to know anything that is contained in the first 9 pages of this Blog which set 
out to explain what happens in NMR Spectroscopy. What now follows  is what you DO need to know 
at ‘A’ Level. That is the stuff on which you will be examined.  
 
 

 
 
 

  

Sample inserted here ––> 

rf emr generator ––> 
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Section C)  The analysis/deciphering of NMR Spectrographs  
An examination of  “how many environments are there?” / spin-spin splitting / etc. 
 
 
PROCEDURE 
 
A liquid sample of an unknown substance in a sample tube is placed between the poles of an 
electromagnet and (for inanimate objects only and NOT FOR LIVE ANIMALS in MRI scanners) the 
sample is spun very rapidly to ensure that all the nuclei are subject to the same magnetic intensity. 
 
The frequency of the EMR is then altered until a frequency is found at which resonance occurs (cf. 
bottom of page 6), and at this frequency an absorption peak is recorded on the spectroscope. The 
frequency is then altered until the next resonance occurs ........ and so on, and thus a complete analysis of 
resonance within the rf EMR waveband is obtained. 
 
NB The frequency can be altered with the intensity of the magnetic field being kept constant, or the 
frequency can be kept constant and the intensity of the magnetic field altered. The spectrum of 
absorption peaks can then be analysed to reveal the nature and composition of the substance under 
investigation. 
 
In IR Spectroscopy we used a reference substance (“nujol”) whose absorption of IR emr was known, and 
against which other absorption patterns could be measured. In 1H NMR Spectroscopy for Organic 
substances we use liquid Tetramethylsilane (TMS), Si(CH3)4 sometimes written as Me4Si (where Me = 
“Methyl” or –CH3)  as the reference medium, and in 1H NMR, the sample to be analysed is dissolved in a 
solvent that has no 1H atom in it e.g. CCl4 or CDCl3 (where D = Deuterium, the 2H isotope of Hydrogen). 
 
Silicon is an element in Group IV, therefore it has to have 4 bonds to complete its octet  –  and in TMS it 
is bonded to 4 methyl (–CH3) species. The protons in TMS are all in a common environment. There is just 
one environment provided by the reference medium (and I will explain what is meant by the term 
‘environment’ very shortly.) TMS does not interfere with the peaks of neighbouring proton environments, 
and it is soluble in most organic substances (but it is not soluble in Water). The NMR spectrometer is 
calibrated to provide a reference point of δ = 0 for the resonance frequency of TMS. NB The 1H protons 
in RMS do resonate, but the machine is calibrated so as to call this resonance point ZERO. 
 
Most Organic substances resonate at lower energy levels than TMS, therefore (if you look at a typical 
NMR spectrograph) you will see that zero (the reference point for TMS) is on the right of the graph and 
the resonance points move to the left of that reference point. (The diagram below is from the Welsh Joint 
Education Committee. 
 

 



  11 

CHEMICAL SHIFT “δ” 
 
When an NMR machine is calibrated to “zero” at the point of resonance for TMS in that machine, then 
the “shift” will be the distance from zero for the resonance of the substance being investigated. “Shift” is 
measured in parts per million of Hz. 
 
Shift varies according to the magnetic field intensity and the radio-frequency, and the shifts to which I 
refer herein are mainly those that apply to H atom proton (1H ) resonance at an rf of 100 MHz (100 MHz 
being the frequency of the emr) in a magnetic flux density of 2.35T (where T stands for Tesla)5.  NB 1 
MHz  = 1,000,000 (1 million Hz)  =  1 x 106 hertz  . 
 
Hydrogen atom protons in a different substance behave slightly differently from the H atoms in TMS e.g. 
an H atom proton in CH4 will resonate at a slightly different frequency (it will do so at 100 MHz + 90 Hz 
from an H atom in say ‘–C2H5’ (which will resonate at say 100 MHz + 130 Hz), and this happens because 
the H atom protons are exposed to slightly different environments.  
 
90 Hz or 130 Hz is such a small amount in relation to 100 MHz ( 1 x 108 = 100,000,000 Hz) that the 
accepted way of stating this tiny “chemical shift” (δ) is to describe the difference as parts per million 
(ppm).  I believe that the 1H protons in a methyl (CH3) species resonate at a radio-frequency 126 Hz lower 
than that for TMS at an rf of 60 MHz.6   
 
As I have already stated, δ (the shift) is measured by reference to the difference from the resonance peak 
of tetramethylsilane, Si(CH3)4, TMS, (where  δ is calibrated as “0”). The sample for analysis is mixed 
with a small amount of TMS and the spectrum scan is obtained. δ is then measured by  

Shift, δ = [(f – f0)]  x 106 ppm 
          f0 

 
where f0 is the frequency at which the H atom protons in pure TMS resonate, and f = the resonance 
frequencies for the sample (and this formula then gives workable values for δ). The NMR spectrum chart 
can thus show the resonance peaks occurring along a scale of δ from zero to say δ = 15 or even 20 (and it 
is conventional to put the origin, i.e.  δ = 0, on the right hand side of the spectrograph). 
 
As you can see in the next lot of graphs (on page 12), if you display NMR peaks according to the absolute 
amount of rf absorption, then you get graphs that look different  –  but if you compare all the resonance 
peaks to that of TMS, then the graphs will look the same no matter which spectrometer you use (40 MHz 
/ 60 MHz / 90 MHz / 100 MHz / 200 MHz / 400 MHz / 500 Hz / or whatever spectrometer). The MHz 
numbers here are the frequency of the rf wave that is being used in the machine.  
 
Larger magnetic fields require higher frequency radiowaves, and some of the Magnetic Flux Density and 
Radio-frequency combinations used in NMR machines are 
 
 Magnetic field, B0, in Tesla rf waves in MHz  
 7.05 500  
 4.70 200    
 2.35 100  
 1.40 60  

                                                
5 I believe that the very first commercial NMR machine (the Varian A60) used 60 MHz. 
6 δ(for H in 1H NMR) = 106∆ν/ν  where δ(TMS) = 0 , therefore δ for (CH3) = 106(126÷60 x106) = 2.10 ppm, but you 
are not going to be asked complicated questions about “δ”  at ‘A’ Level. 
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Look at what happens when the radiofrequency waveband is changed. It is not helpful to have numbers 
that keep changing merely because the rfw is changed. It is much more helpful to have numbers that 
relate to each other irrespective of the machine that is being used  
 

 
Source: University of Wisconsin 

 
 
Please note that (as I have already pointed out) 
- 1H is not the only sort of NMR analysis, there are others (e.g. 13C is another) 
- TMS is not the only reference medium, and  
- 100MHz is not the only rf that is used.  
I am here trying to simplify everything in order to convey just the basic principles that are involved in 
NMR. 
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The number of “ENVIRONMENTS” for Hydrogen atoms in (1H NMR) Spectroscopy 
 
Every H atom that is in exactly the same environment as another H atom in that environment will 
behave/resonate in exactly the same way. I will (shortly) try to explain what an ‘environment’ is 
without going into technicalities, but if the neighbouring atoms of an H atom are similar, then the H atom 
protons therein are considered to be in the same ‘environment’ –  in other words all the H atom protons 
are said to be ‘equivalent’ or to have ‘equivalence’.  
 
Every atom of every element has protons in its nucleus, but ignoring the protons in the nucleus of Si, all 
the H atom protons in Si(CH3)4 have the same sort of neighbour and they are thus considered to be in one 
“environment” and thus they all absorb emr of exactly the same radiofrequency (rf) frequency and vice 
versa. The H atom protons in TetraMethylSilane, TMS, Si(CH3)4 will therefore all show up at the same 
point on a 1H NMR spectrograph (and this point will be calibrated as “zero” on the spectrograph)7.  
 
This is also true for other molecules (where the H atom protons in red below share just one environment 
in each substance) e.g. all the H atoms are in one environment for Benzene, for Acetone, for Pyruvic Acid 
that has dissociated its acidic proton, and for Cyclohexane (below). 

 
Source: Prof Tim Soderberg, University of Minnesota Morris 

 
In contrast, there are two H atom (proton) environments in each of the next set of molecules below  –  and 
Prof Soderberg has gone to the trouble of colouring the H atom protons in different colours to show you 
the differing environments. 
 
In order to appreciate that the two bluey/purple H atoms (the protons designated Hb) in Glycine are in the 
same environment, please try to visualise each molecule in three dimensions  –  and this is where you may 
need to go back and revise the VSEPR shapes of different species in Chapter 34 of last year’s Foundation 
Module. In Glycine, please visualise the two  “C–Hb” bonds as being in the plane of your desktop with 
say “C–N” coming out of your desktop towards you and “C–C” going away from you. It is not easy to do 
so, but you must do so in order to see why the two Hb atoms in Glycine are in the same environment 
three-dimensionally. 

 
It is well worth the time that it will take to look closely at the molecules above to try to understand what 
is meant by different “environments” for the protons (and here I am not concerned with the protons in the 
nuclei of the C atoms). This is 1H analysis! 

                                                
7 Technically, all 12 H atom protons register separately and individually on the scale of the spectrograph, but they 
are all at exactly the same point on the graph so they lie one on top of each other  –  and they therefore seem to make 
just one appearance on the graph! (Technically, there are 12 peaks all of the same size and shape registering at 
exactly the same point on the graph, so it looks as though there is just one peak.) 
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                      A        B        A 
In Propane, CH3 – CH2 – CH3, the six H atom protons in the two CH3 groups are all in ONE environment 
(labelled A) and they will therefore all resonate to the same rf emr. The H atom protons in the CH2 
group are all in a second (and different) environment (labelled B). There are therefore TWO H atom 
(proton) environments in CH3CH2CH3. (For the moment, please ignore the split peaks, and just 
concentrate on the fact that there are just two places where the H atom protons are registering viz. that 
there are just two H atom proton environments in Propane.) The “CH2” is split into 7 peaks by the 6 
protons in the two “CH3” groups, while the “CH3” is split into 3 peaks by the 2 protons in “CH2”. The 
splitting of peaks is carried out according to the “n+1” rule (and we will come to it soon). 

 

 
                                         B (CH2)                                                              A (CH3)                           

Source: Unknown (but the analysis is mine) 
 

There are only two H atom proton environments in penta-3-one (below) and don’t worry about the split 
peaks for the moment. The NMR Spectrogram for Pentan-3-one is good for showing you that (i) there are 
only two H environments, the “CH3” and the “CH2” environments, and that (ii) each environment has 
only ONE neighbour 
 

 
 

Source: IB Chemistry 
 

but in Propan-2-ol, CH3.CHOH.CH3 there are THREE environments for the H atom protons in the 
molecule  –  do not worry about the splitting, just concentrate on the number of environments for the H 
atom protons  –  there are three 1H Proton environments (i) “CH3” (ii) “CH” and (iii) “OH” . “OH” does 
not split a neighbour, nor is it split by a neighbour (cf. pages 17-19). 
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Source: IB Chemistry 
 
Just as a matter of historical interest, the image below is the earliest NMR image (an oscilloscope trace) 
that was ever taken of Ethanol, CH3CH2OH  –  and as you can see, even from this very crude image 
captured by Felix Bloch’s team at Stanford University in 1951, there are three 1H atom proton 
environments. 

 
NMR spectrographs have become much more sophisticated, and the spectrogram below (from 
http://alevelchem.com/aqa_a_level_chemistry/unit3.4/s3411/04.htm) is a modern one of Ethanol.  
 
The material that AQA has published on NMR is good stuff. It does not explain as much of the 
background as I am trying to do, but it is good stuff. For the moment please do not worry about the curves 
in green, nor about the split peaks (and this I am just about to explain on the next page).  
 

 
Source: AQA 
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The COUPLING that causes SPLITTING,  or  Spin-Spin Splitting in 1H NMR spectroscopy 
(Discovered first at the University of Illinois in America) 
 
OK, now we can talk about the splitting of the peaks. 
 
The magnetic fields that are created by nucleons (i.e. protons and neutrons) can either reinforce or oppose 
an applied magnetic flux density B0.  
 
When they are near each other, the magnetic field of an H atom proton can also influence the spin of an H 
atom proton in an immediately neighbouring H atom proton environment (this is called Coupling), 
and the effect of this influence is that the single peak that would normally be created by an H atom proton 
environment on an NMR spectrograph becomes split into a number of smaller peaks (but the area 
subtended under the peak(s) remains unaltered).8  
 
Because it acts like a tiny magnet, in an applied/external magnetic field, in its a spin-state an H atom 
proton will move the peak of its neighbouring H atom proton slightly in one direction (because there are 
now two magnetic fields acting upon that environment: that of the proton and that of B0), and in the 
b spin-state it will move it slightly in the opposite direction  –   thus causing two peaks to appear. 
(However, after that coupling can become complicated, so I will stop talking about coupling.) 
 
High resolution NMR spectroscopy will allow split peaks to show up (low resolution NMR does not do 
so)  –  and it thus enables a more detailed analysis of an unknown substance to be carried out. 
 
 
The “n+1” rule 
 
If the immediately neighbouring H atom environments contain ‘n’ protons in total (i.e. ∑H = n), then 
the single peak of an H atom environment will be split into ‘n+1’ peaks. 9 
 
At ‘A’ Level we (rather simplistically) say that  
1) the H atom protons in any one environment (let us call it environment A) do not interfere with the 

patterns of any other proton in the same environment, A,  on an NMR spectrograph, but that  
2) the n H atom protons in immediately adjacent environments, provided that they are close enough to do 

so, split the peak for A into “n + 1” peaks.  
3) splitting occurs only on H atom protons that are on Carbon atoms adjacent to the Carbon atom to 

which the H atom proton is attached. 
 
The rules look complicated but, luckily, it is easy to put them into effect. 
 
 

                                                
8 A spinning proton creates a magnetic field, and when an H atom proton is in an a spin-state it will affect the 
magnetic field of a neighbouring H atom proton in one way and when it is in the b spin-state it will affect the 
magnetic field of the neighbouring proton in a different way. 
9 The exception to this rule is that protons in  –OH   and   –NH2  and  –SH groups neither split other peaks nor are 
their own peaks split. They are called “labile” protons i.e. the protons in “–OH” keep interchanging with other 
protons (particularly with the protons in Water if the substance is aqueous) so they are never there for long enough 
to split the protons in neighbouring environments.  [NB If the presence of the proton in an  “–OH” group needs to be 
confirmed, then this can be done by substituting Deuterium for Hydrogen, whereupon the peak will disappear off the 
δ = 0 – 20 scale. The proton in a Deuterium molecule does not have a shift value in the normal range (δ = 0 – 20) on 
the graph.] 
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                  A6         B2         A6 
Below is the spectrograph for Propane,  CH3  –  CH2  –  CH3 that I showed you earlier, and you can now 
see that there are two H atom proton environments (that I have marked  A  and  B ). In A there are 6 
equivalent H atom protons, and in B there are 2 equivalent H atom protons.  
 
The 6 H atom protons in A split the peak of B into (6 + 1 = ) 7 peaks (at a Shift of  δ = 1.4), while the 2 
1H atom protons in B split the peak of A into (2 + 1 = ) 3 peaks (at a Shift of δ = 0.86). 
 
 
                          Peak for B is split into seven peaks,          and  the peak for A is split into 3 peaks. 
 

 
             Environment B (CH2)       Environment A (CH3) 
                 CH2 split into 7 peaks by the 6 CH3 protons     CH3 split into 3 peaks by the 2 CH2 protons 
 
The three peaks of Propan-2-ol, CH3.CHOH.CH3 (below) will be spin-spin split/spin-spin coupled and 
split as follows. This is a rather nice example of splitting/coupling. 
 

 
Source: IB Chemistry 

 
i) the 1H atom proton on “–OH” on the middle C atom is labile and therefore it is not split, therefore it 

registers as just one peak at B 
ii) the single “C–H” 1H atom proton on the middle Carbon atom of Propan-2-ol has 6 neighbouring 1H 

atoms therefore its peak is split into (6 + 1 =) 7 peaks at C (and you can see 7 peaks registering on the 
graph at δ ≈ 4. 

iii) the peak for the 6 protons in the two “CH3” species will be split into two at A by the one proton on the 
middle C atom.  
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Next comes the splitting pattern for Ethanol, CH3CH2OH  –  and please remember that 1H atom protons in 
“–OH”, “–SH” and “–NH2” are labile therefore they do not split their neighbour’s peaks and are 
themselves not split (cf. the footnote on page 16). The peak for “CH3” is split into 3, and the peak for 
“CH2” is split into 4. 
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Section D)  An examination of some NMR Spectrographs  
(including an examination of the areas subtended by peaks). 
 
To see whether or not you have got the hang of it, could you work out the splitting patterns of the peaks 
that  
a) 1,1, 2-trichloroethane (CHCl2.CH2Cl) and  
b) ethyl acetate CH3–C=O(–O–C2H5) would have,  
and then only please could you look at Prof Soderberg’s scans below.  
 
a) NMR scan for 1, 1 , 2 - trichloroethane 
 

 
Source: Prof Tim Soderberg for Chemistry LibreTexts  
 
 

b) NMR scan for the ester ‘ethyl acetate’ 
(Hint: break up the –C2H5 species before you do the analysis of ethyl acetate.) 
 

 
Source: Prof Tim Soderberg for Chemistry LibreTexts  
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Here are some splitting patterns from the University of Wisconsin. The skeletal formulae (shown in the 
diagrams) do not tell you where the H atoms are, therefore write out the formulae in full. 
 
CH2Cl–CHCl2     therefore there are  2 H atom environments where  
- the one H atom proton in –CHCl2 splits the H atom peak for CH2Cl– into two peaks, and 
- the two H atom protons in CH2Cl– split the H atom peak for –CHCl2 into three peaks. 
 
 

 
(NB CDCl3 is a solvent.) 

 
 
 

 
CHCl2–CH3   therefore there are two environments where 
- the one H atom proton in CHCl2–  splits the H atom peak for –CH3 into two peaks, and 
- the three H atom protons in –CH3 split the H atom peak for –CHCl2 into four peaks. 
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CH2Br–CH3   therefore there are two environments where 
- the two H atom protons in CH2Br–  split the H atom peak for –CH3 into three peaks, and 
- the three H atom protons in –CH3 split the H atom peak for –CH2Br into four peaks. 
 

 
 
 

 
Could YOU now work out the next two for yourselves. 
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NB If you need a more detailed analysis of coupling for your exam board, then try the excellent Khan 
Academy website https://www.khanacademy.org/science/organic-chemistry/spectroscopy-jay/proton-
nmr/v/spin-spin-splitting-coupling 
 
And now for the areas subtended by peaks. 
 
 
 
The areas subtended by peaks 
 
The area under a peak corresponds to the number of H atom protons in that environment, and NMR 
spectrometers are programmed to calculate the area subtended by the peaks (whether or not they are 
split). The computer print-out therefore automatically reveals the number of H atom protons in each 
environment and in the molecule (even though labile H atom protons may not be visible in the 0-20 part 
of the scale).  
 
The areas calculated are areas relative to the smallest area, and are approximate ratios. For example in the 
last five graphs (from the University of Wisconsin) that I have shown you, the ratios that may have been 
too small for you to read were  
CH2Cl–CHCl2   the areas calculated by the computer were 1.00 : 2.15 (or 1 : 2) 
CHCl2–CH3     the areas calculated were 1.00 : 2.88 (or 1 : 3) 
CH2Br–CH3    the areas calculated were 1.00 :  1.46 ( or 1 : 1.5 or 2 : 3) 
CH2Br–CH2–CH3 the areas calculated were 1.00 :  1.03 : 1.49 ( or 1 : 1.0 : 1.5 or 2 : 2 : 3) 
CH3–CHBr–CH3 the areas calculated were 1.00 :  5.93 (or  1 : 6) 
 
and let us not worry about the fact that the computer calculated its areas in decimal places. 
 
 
 
 
LOW RESOLUTION AND HIGH RESOLUTION NMR SPECTROSCOPY  
 
Low resolution NMR spectroscopy is used in quality control in the food industry e.g. in checking 
 •  the oil content of seeds 
 •  the fat content of chocolate 
 •  the fluorine content of toothpaste, etc. 
 
 
NB 13C NMR Spectroscopy (on the next page) is governed by the same principles as 1H NMR 

Spectroscopy. 
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13C NMR Spectroscopy 
 
Just as (in an external high intensity magnetic field) a proton from an H atom behaves in the manner 
discussed in this Blog, a 13C atom behaves in a very similar manner.  
 
Early in this Blog I told you that counter-rotating objects will create fields that have opposite polarities 
and which therefore cancel each other out, and it is only atoms that have an odd number of protons or an 
odd number of neutrons (or an odd number of both when added together) that will have a magnetic field.  
12C has 6 protons and 6 neutrons therefore the fields of the protons and neutrons cancel each other out. 
 
In contrast, 13C (with 6 protons and SEVEN neutrons) has an odd number of nucleons, therefore the 
magnetic fields do NOT cancel each other out. The principles involved in NMR would allow for any 
species such as 1H / 13C / 15N / 17O / 19F / 29Si / 31P / etc to be used as the basis for NMR analysis  –  but 
for practical reasons, most NMR machines are based on the analysis of species that contain an atom of 
Hydrogen (known as 1H NMR) or the isotope 13C (called 13C NMR).  
 
Just as a 1H proton resonates in certain conditions, so also does the 13C atom. The 13C atom resonates in a 
high intensity magnetic flux density (and at 15-20T, 13C NMR magnetic fields can have a considerably 
larger magnetic intensity than 1H NMR spectrometers). In fact, they have to have fields of larger intensity 
because 98.9 % of the composition of C atoms on earth is accounted for by 12C, and only 1.1% by 13C.  
13C signals are thus very weak and samples for analysis need to be very concentrated to obtain the data 
required. 
 
Just as in 1H analysis, one must examine the structure of the species under consideration to see how many 
‘environments’ there are, but spin-spin splitting/spin-spin coupling and splitting is seldom observed in 13C 
NMR, therefore the splitting of peaks is not a feature of 13C analysis at ‘A’ Level. 
 
A second difference between 13C and 1H analysis is that 13C produces a much larger δ chemical shift than 
does 1H with δ = 200 ppm for Aldehydes and Ketones in 13C analysis (compared to δ for 1H analysis 
being in the range of 0-20). 
 
The last difference that I will mention between 1H and 13C NMR is that the integration of the areas 
subtended by the curves does not yield any useful information because of something called the 
Overhauser effect (but I am not going to discuss that). 
 
It is relevant to ask the question “Why do you want so many different types of NMR analysis such as 1H / 
13C / 14N / 17O / 19F / 29Si / 31P / etc?”, and the answer to that question can be seen in the diagram overleaf 
where it can be seen that 1H analysis cannot differentiate between different aromatic isomers (but 13C can 
do so).  
 
If you look at the two 1H spectrographs, they are exactly the same  –  even though the substances are not. 
(They are isomers of each other.) 
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However, a more important question for those of you who want to go on and become doctors/brain 
surgeons/radiographers/cardiologists/vets/etc is “How can all this stuff about 1H and chemical shifts, etc 
help in the analysis of medical diagnoses?”. 
 
The answer to that question will be answered when you get to University/Med School, but when you are 
there, then do remember the following absolutely outstanding website 

http://www.mriquestions.com/index.html 
where you will find most of the stuff that you want to know. 
 
However, because my wife died of brain cancer, I admit to having a modest interest in this subject and 
you may find the notes in the Appendix of interest if you want to pursue any of the careers that I have just 
mentioned  –  but read the attached only after your ‘A’ Level exams while you are waiting to go to Med 
school. 
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NMR SPECTROSCOPY IN MEDICAL DIAGNOSIS 
 
Animal tissue contains 1H  /  15N  / 31P  / etc, and each of these species resonates in a slightly different 
manner depending on the environment that contains it. 
 
NMR analysis can thus reveal diseased tissue/cancers/non-malignant tumours/etc, and it can also reveal 
the nature and extent of different sorts of tissue so that for example NMR analysis can be used to 
determine the extent of deterioration in arthritic joints, slipped discs, etc (and I showed you my nephew’s 
slipped disc last week). 
 
The advantages of NMR analysis in Medicine are  
•  the procedure is non-invasive therefore no harm is done to the patient 
•  no samples need to be taken therefore no harm is done to the patient 
•  unlike X-rays, radiowaves are of long wavelength and are of exactly the same nature as the radiowaves 

that are in the atmosphere all the time therefore no harm is done to the patient, but best of all, 
•  NMR provides a large amount of detailed information about the soft tissue in the body and thus it is an 

extremely useful tool in medicine. 
• The disadvantage is that MRI machines are very expensive and also each scan can take quite a long 

time, in contrast to say an X-ray that takes only a fraction of a second. 
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APPENDIX A: Three of the MRI scanning systems used in Medicine today 
 
 
 
This stuff on MRI below is not for ‘A’ Level students, and is here merely for those students who want to 
go into Medicine after leaving school, and particularly for those who want to specialise in Medical 
Imaging.  
 
 
Blood-Oxygen Level Dependent (BOLD) fMRI 
 
One of the biomarkers of neuronal activity is that when a neuron is activated it consumes oxygen. It is not 
oxygen ‘per se’ that supplies the energy to the ion pumps that come into play in neuronal activity, but it is 
the chemical reaction i.e. the ‘haemodynamic response’ via adenosine triphosphate (ATP) that takes place 
between glucose and oxygen that produces the energy that is needed. The stimulation of neurons is thus 
accompanied by blood-oxygen level depletion in the venal side (compared to the arterial side) of that part 
of the brain that has been activated. The amount of oxygen in blood minutely alters the magnetic 
properties of the oxygen (or more precisely the protons in oxygen) in oxygen-carrying haemoglobin 
(oHb) cells compared to deoxygenated haemoglobin (dHb) cells   –  and, since MRI machines detect and 
measure the tiny changes in the energy inherent in the protons in soft tissue in differing magnetic fields, 
then it is this which fMRI machines detect, measure and analyse. fMRI machines can thus pinpoint with 
reasonable accuracy which part of the brain is engaged during what activity; and, fMRI machines can 
record with a fair amount of accuracy the time-sequence changes that go on in the brain in different 
activities.  
 
Without fMRI, there would have been no way of finding out “what did what” in the brain (other than by 
invasive surgery and stimulating different parts of a conscious person’s brain with a probe). 
 
The advantage that fMRI has over electroencephalography is that it is not a ‘surface-scanning’ 
instrument, and fMRI machines have been extremely useful tools (more in the history of the ‘mapping’ of 
the functions of differing parts of the human brain than in individual surgery)  –  and this should one day 
pay dividends in the control of dementia, and it has already paid dividends in the understanding of 
epilepsy. However, it must be noted that fMRI cannot adjust for simple interference such as random 
thought interference (which can severely impact on brain activity), and it needs rather complicated 
mathematical procedures to adjust for unconscious head movements/unwanted so-called signal ‘noise’ 
from the environment/‘noise’ caused by variations in temperature/variations from human being to human 
being/etc.  
 
fMRI suffers from the disadvantage that it is species-rather than individual-human-being-mapping. It is 
dependent on but does not measure cerebral blood flow directly, and it cannot record activity in single 
cells (for which optical neuroimaging is currently much better). The hidden disadvantage of MRI and 
fMRI is that whilst there is no apparent danger involved because magnetic fields and radiofrequency 
waves should cause no harm to animals  –  nevertheless, over the last decade, some concerns have been 
voiced as to the robustness of such an assumption.  
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The function of Contrast Agents in MRI 
 
Species that have a magnetic moment e.g. an electron/a proton/etc will create a magnetic field when they 
spin. Every single atom in the universe has at least one electron and one proton in it and thus, by 
definition, everything in the universe has something in it that acts like a tiny magnet, and in normal 
circumstances the North-South alignments of the poles of these tiny magnets is totally random. 
 
However, when placed in a magnetic field of say 1-10 Tesla (up to 5 x 109 times larger than the earth’s 
magnetic field), then these micro-magnets are no longer randomly oriented, but instead align themselves 
either with or against the imposed external magnetic field. The difference in energy levels between these 
two states is minute, and it takes only the tiny amount of energy contained in radiofrequency waves (rfw) 
of the electro-magnetic spectrum to move (for example) a proton from the lower energy state to the higher 
one. If therefore a pulse of rfw is directed at a substance, then it will make the protons in the substance 
jump from the lower energy level to the higher energy level, and when the rfw ceases then the proton will 
revert back to its previous alignment. Protons in different substances/in different ‘environments’ respond 
to slightly different rfws, and it is this differentiation that is exploited by MRI scanning machines to 
reveal the nature of what is being scanned. That, in principle, is how the accompanying MRI scans were 
obtained.  

 
The time taken for a species such as a proton to dissipate the energy that it absorbs from the rfw and 
thereby return to its pre-stimulation alignment (the spin-lattice relaxation time) is given the name “T1”, 
and the spin-spin relaxation time is called “T2”. What is of importance is that both of these indices are 
influenced by substances that are paramagnetic (because that influences the magnetic properties that are 
involved in MRI scanning) – and substances called “contrast agents” that have paramagnetic properties 
are of considerable importance because those parts of the body that absorb or accumulate such contrast 
agents shorten the values of T1 and T2 and thus increase the brightness of such species. Dr Allen Elster’s 
scans below clearly show the importance of ‘contrast’ in highlighting the areas of the brain that have been 
affected by a stroke. 
 
We spell “haemo-” as in haematoma slightly differently in English. 

 
 
Image 
contrast in MRI 
is 

produced by the variations in proton relaxation times. However, in most cases, the variations between the 
relaxation times of different tissues and those between normal tissue and pathological lesions is usually 
big enough to create good contrast (Pullicino and Das, 2017). However, research shows that there are 
circumstances where this contrast is not large enough to produce proper discrimination. These variations 
in relaxation times can be amplified by paramagnetic ions, with gadolinium-based contrast agents 
(GBCAs) being the most useful relaxation agent (Mendonça-Dias, et al. 1983).  
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Arterial Spin Labelling (ASL) MRI 
(So called because arterial blood water is ‘labelled’ by giving it a magnetic spin.) 

 
“T1”, the time taken for a species such as a proton to dissipate the energy that it absorbs from a radio-
frequency wave (rfw) and thereby return to its pre-stimulation alignment in a high intensity magnetic field 
(the longitudinal spin-lattice relaxation time, ~1600ms at 3 Tesla), and “T2” the transverse spin-spin 
relaxation time are important in MRI scanning because they enable the enhancement and identification of 
different ‘structures’ in a body. With regard to the brain, in BOLD fMRI, physiologists make use of the 
fact that mental activity involves neuronal stimulation, and this consumes energy that is supplied to 
neurons by the interaction between blood sugar and oxygenated haemoglobin (oHb) cells in cellular 
respiration. BOLD fMRI thus exploits the difference in oHb and dHb (or to be more precise, the 
difference in the paramagnetic properties of oHb and dHb) between the arterial and the venal sides of 
those parts of the brain that have been activated.  
 
‘Perfusion’ refers to the rate at which blood flows through a particular organ in the body, and it can be 
measured by the use of  
i) Diffusible tracers such as magnetically ‘tagged’ water in ASL MRI (as opposed to the radioactively 

tagged 15O water, H2O, in a PET scan)  
ii) Extracellular tracers such as the gadolinium compounds already talked about in ‘contrast agent MRI’, 

and  
iii) Intravascular tracers (and here species such as “gadofosveset” and Ultra-small Superparamagnetic Iron 

Oxide are used).  
 
Magnetic tagging of arterial blood water is achieved by sending a contra-longitudinally inversion pulsed 
rfw opposed to the axis of the imposed external magnetic field, and since the flow of arterial blood water 
is correlated to cerebral blood flow, this paramagnetically tagged water then perfuses relevant tissues and 
allows them to be compared to and contrasted with the non-tagged ‘control’ tissue, thereby highlighting 
such tissue in MRI scans.  
 
In ASL MRI, ‘perfusion’ is thus determined by measuring cerebral blood flow both with and without 
magnetically labelled arterial water in the bloodstream,  
 

                             
 

Source Michigan State University 
 
 

and ‘magnetic labelling’ can be performed either continuously (giving Continuous ASL, CASL) or the 
inverting radiofrequency wave can be pulsed (giving PASL). Technically, ASL can be enhanced by EPI 
(echo planar imaging)/ GRASE (gradient spin echo imaging)/and FSEI (fast spin echo imaging).  
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The huge advantage of ASL MRI (compared to PET/CT/SPECT/etc imaging) is that it is non-invasive 
and the tracer is endogenous as opposed to exogenous. Magnetic tracers are not dangerous, (as 
radioactive tracers potentially are); but, the problem with ASL is that it is not as sensitive as BOLD MRI 
because it does not have a high signal-to-noise ratio, it has high acquisition perfusion times, and is 
disrupted by motion, and it is therefore not as much used in the mapping of brain function as it might 
otherwise be. However, ASL might find greater use in epilepsy/neoplasms when Gd is contraindicated/the 
differentiation of benign from malignant tumours/and in Psychiatry for PTSD and mild traumatic brain 
injury. 
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APPENDIX B: SOME OF THE PROBLEMS CAUSED BUY THE CONCEPT OF SPIN 
(Only for those of you who are thinking of reading Physics at University) 

 
First of all, the following was written by Allen D Elster. He has written some absolutely outstanding 
stuff on MRI at     http://mriquestions.com/index.html 
If you want to go into Medicine, then you ought to read his work. 
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Here are some of the problems concerning “spin”. 

Kurt T. Bachmann of Birmingham-Southern College adds some historical background and 
other details:  

"Starting in the 1920s, Otto Stern and Walther Gerlach of the University of Hamburg in 
Germany conducted a series of important atomic beam experiments. Knowing that all moving 
charges produce magnetic fields, they proposed to measure the magnetic fields produced by the 
electrons orbiting nuclei in atoms. Much to their surprise, however, the two physicists found that 
electrons themselves act as if they are spinning very rapidly, producing tiny magnetic fields 
independent of those from their orbital motions. Soon the terminology 'spin' was used to describe 
this apparent rotation of subatomic particles.  

"Spin is a bizarre physical quantity. It is analogous to the spin of a planet in that it gives a 
particle angular momentum and a tiny magnetic field called a magnetic moment. Based on the 
known sizes of subatomic particles, however, the surfaces of charged particles would have to be 
moving faster than the speed of light in order to produce the measured magnetic moments. 
Furthermore, spin is quantized, meaning that only certain discrete spins are allowed. This 
situation creates all sorts of complications that make spin one of the more challenging aspects of 
quantum mechanics.  

"In a broader sense, spin is an essential property influencing the ordering of electrons and nuclei 
in atoms and molecules, giving it great physical significance in chemistry and solid-state physics. 
Spin is likewise an essential consideration in all interactions among subatomic particles, whether 
in high-energy particle beams, low-temperature fluids or the tenuous flow of particles from the 
sun known as the solar wind. Indeed, many if not most physical processes, ranging from the 
smallest nuclear scales to the largest astrophysical distances, depend greatly on interactions of 
subatomic particles and the spins of those particles."  

 
 
Morton Tavel, a professor of physics at Vassar College, responds:  

"When certain elementary particles move through a magnetic field, they are deflected in a 
manner that suggests they have the properties of little magnets. In the classical world, a charged, 
spinning object has magnetic properties that are very much like those exhibited by these 
elementary particles. Physicists love analogies, so they described the elementary particles too in 
terms of their 'spin.'  

"Unfortunately, the analogy breaks down, and we have come to realize that it is misleading to 
conjure up an image of the electron as a small spinning object. Instead we have learned simply to 
accept the observed fact that the electron is deflected by magnetic fields. If one insists on the 
image of a spinning object, then real paradoxes arise; unlike a tossed softball, for instance, the 
spin of an electron never changes, and it has only two possible orientations. In addition, the very 
notion that electrons and protons are solid 'objects' that can 'rotate' in space is itself difficult to 
sustain, given what we know about the rules of quantum mechanics. The term 'spin,' however, 
still remains."  
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Victor J. Stenger, professor of physics at the University of Hawaii at Manoa, offers 
another, more technical perspective:  

"Spin is the total angular momentum, or intrinsic angular momentum, of a body. The spins of 
elementary particles are analogous to the spins of macroscopic bodies. In fact, the spin of a 
planet is the sum of the spins and the orbital angular momenta of all its elementary particles. So 
are the spins of other composite objects such as atoms, atomic nuclei and protons (which are 
made of quarks).  

"In classical physics, angular momentum is a continuous variable. In quantum mechanics, 
angular momenta are discrete, quantized in units of Planck's constant divided by 4 pi. Niels Bohr 
proposed that angular momentum is quantized in 1913 and used this to explain the line spectrum 
of hydrogen.  

"At our current level of understanding, the elementary particles are quarks, leptons (such as the 
electron) and bosons (such as the photon). These particles are all imagined as point-like, so you 
might wonder how they can have spins. A simple answer might be, perhaps they are composite, 
too. But deep theoretical reasons having to do with the rotational symmetry of nature lead to the 
existence of spins for elementary objects and to their quantization. Of particular significance is 
the difference between fermions, particles that, like the electron, have half-integer spins (half-
integer multiples of Planck's constant divided by 2 pi), and bosons, particles that have integer 
spins. Fermions obey the Pauli exclusion principle, which states that two identical fermions 
cannot exist in the same state; without the Pauli exclusion principle, chemistry would have no 
Periodic Table. Bosons, on the other hand, tend to congregate in the same state, leading to 
phenomena such as superconductivity and Bose-Einstein condensation.  

"Spin has served as the prototype for other, even more abstract notions that seem to have the 
mathematical properties of angular momentum but do not have a simple classical analogue. For 
example, isotopic spin is used in nuclear physics to represent the two states of a 'nucleon,' the 
proton and neutron. Similarly, quarks are paired as isospin 'up' and 'down,' which are the names 
given to the two quarks that make up ordinary matter. The rotational symmetry of space and time 
is generalized to include symmetries in more abstract 'inner' dimensions, with the result that 
much of the complex structure of the microworld can be seen as resulting from symmetry 
breaking, connecting profoundly to ideas describing the spontaneous formation of structure in 
the macroworld. 

 
 
 
 


