Second Year blog on Mass Spectroscopy: 20th April 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.)
If I had just one molecule of a substance and I wanted to know what the substance was, then one of the
things that I could do to identify it would be to calculate its mass, and that is where Mass Spectroscopy
comes in. However, please note that a Mass Spectrometer does not “weigh” things. A mass spectrometer
is not a weighing machine. Weight is a function of mass and gravity, and a Mass Spectrometer measures
the Mass of an object.
A Mass Spectrometer is capable of calculating the mass of as little as one billionth of a gram of a
substance. It is an extremely sensitive instrument. If therefore a forensic scientist had only a miniscule
amount of something and wished to identify that thing, then one of the analyses that she/he could do
would be to find out the mass of that substance (and in your Second Year you will learn that Mass
Spectroscopy can be teamed up with say Gas Chromatography to perform a more complete/sophisticated
analysis)1. The following is a diagram that I have drawn using Adobe Illustrator.
Simplified Diagrammatic Representation of a Mass Spectrometer
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A = Ionisation/Fragmentation Chamber
B = An electric field constrains the ions into
a narrow beam, and accelerates them
down the flight tube
C = Ion detector/amplifier/recorder/TV monitor

C

A vacuum must first be created in the flight tube, and then the successive activities involved are
Injection
of gaseous sample
Ionisation
whereupon fragmentation will also occur
Acceleration the ions that are created are constrained into a narrow beam and then accelerated forward
down the flight tube
Deflection in a magnetic field
Detection
where a computer then projects a chart of the abundance of the detected ions of different
masses, and
Display
on a computer monitor/screen which can be connected to a printer and the spectrograph
printed out.
Deflection is not the only means of separation, and bombardment with a stream of electrons is not the
only method of ionisation in Mass Spectroscopy.
1

Pioneered by Fred MacLafferty who is famous for the MacLafferty rearrangement in Infra-red spectroscopy.

1

Let us say that I had a small amount (Amount, N, is measured in moles) of a Halogen (for a First Year
student, but a Second Year student would be confronted with something more complex e.g. a small
amount of Butanoic Acid, CH3CH2CH2COOH), and I wanted to identify the Halogen, then if I knew its
mass I would know what type of Halogen it was.
A Mass Spectrometer is an instrument that measures the MASS of the individual ions of the atoms or the
molecules of a substance, and it simultaneously measures the Mass of the individual species into which
that substance will fragment.
The Workings of a Deflection Mass Spectrometer (NOT a Time-of-Flight machine)
A Mass Spectrometer cannot analyse the mass of solids or liquids – it can analyse only gaseous
substances, therefore liquids or solid substances must first be converted into their gaseous form (either
inside the mass spectrometer or elsewhere).
In order for the mass of an atom or a molecule to be ascertained, a mass spectrometer must first convert
that species into a positively charged species, and if an atom or a molecule is bombarded with high speed
electrons then one (and sometimes more than one) electron will be knocked off the atom or the molecule,
and the atom or molecule then becomes a positively charged ion.
On top of that, a molecule will be broken up/it will become fragmented, and these fragments will also
have an electron knocked off them and thus they also will become positively charged ions.
A positively charged ion will be repulsed by a positive electrode and attracted to a negatively charged
electrode, therefore electrodes are placed in the Mass Spectrometer in such a way as to cause positively
charged ions to be repelled and to fly down the “flight tube” towards the detector located at the other end
of the flight tube. (NB In order for the path of the flying ions not to be impeded by anything, the flight
tube in a Mass Spectrometer must be emptied by vacuum suction before the injection of the gas sample.)
Half way down the flight tube, the ions pass through a magnetic field created by a magnet or an
electromagnet, and each ion will be deflected from its original path according to its mass. [Imagine if
you will, that you are standing on the edge of the pavement on Gerrards Cross High Street or Rangoon
High Street (or wherever) and that you are grabbing at passers-by. I think that you will agree that you
will be able to deflect a little six year old girl from the path that she was on much more easily than you
will deflect a great big hulking 20 stone (280 pound/127 kilo) bloke from his course. Well, the same is
true of ionised particles in an electromagnetic deflection field!] The greater the mass of the ion, the less
will it be deflected from its original path down the flight tube.
The mass of a particle will determine the amount of deflection that it suffers in an electromagnetic field,
therefore an electromagnetic field is placed around the flight tube so as to separate the ions according to
their masses, and it is the amount of deflection suffered by an ion that enables the Mass
Spectrometer to ascertain the mass of any particular ion.
At the end of the flight tube there is a device that records the impact of all the ions on the detector, and
this allows the machine to analyse both the Mass and the Abundance of the positively charged ions that
impact upon the detector. Both the Mass and the Abundance of all the impacting ions is shown in the
form of a bar chart on a TV screen/monitor. Some of these ions will be the ionised atoms or molecules of
the original substance itself, while other ions will be ionised fragments.
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The y-axis of the graph on the monitor will be Abundance or Relative Abundance, and the x-axis will be
either the Mass/Charge ratio (i.e. M/e–) where the divisor is “1” (cf. graph on page 4), or the M/z ratio
(where the divisor is the size of the charge on the ion).
In First Year ‘A’ Level Chemistry, fragments with more than a single positive charge are ignored,
therefore if the charge “e–” = 1, then M÷1 = M = Mass.
Many students are confused when they start to look at Relative Abundance, because the Relative
Abundances of all the ionised particles analysed by a Mass Spectrometer can often add up to more than
100% – and quite clearly it is NOT possible to have more than 100% of anything! Some textbooks are
remiss in that they do not point out that in Mass Spectrometry, “Relative Abundance” tends to be
measured against the largest abundance (i.e. the abundance of the fragment that impacts on the detector
most), and this abundance is called the “base peak”. The base peak is determined by the abundance of the
most stable of all the fragments that are created. The abundance of the base peak is arbitrarily set at
100% (and this is the reason why the sum of the relative abundances adds up to more than 100%).
The identity of every ionised species that impacts on the detector must correlate to its mass e.g. the Mass
of CH2+ must = 14.
The heaviest particle recorded by the detector will by definition be the ‘ionised parent molecule’ or
the “molecular ion” itself. (It is also known as the “radical cation”, and I will explain why later.)
Relative Atomic Mass is the arithmetically weighted average mass of one atom of the commonly
occurring isotopes of a given element relative to 1/12th of the mass of an atom of Carbon-12, and
Relative Molecular Mass is the mass of one molecule of a given substance relative to 1/12th of the mass
of an atom of Carbon-12.

The concept of fragmentation
It is possible to put a whole family on a big weighing machine and find out the weight of the whole
family put together ; but equally, it would be possible to put each member of the family on a scale and
weigh each one of them individually. That is exactly what a Mass Spectrometer does – it ascertains the
total mass of the “ionised molecule” of a substance, and it can also ascertain the mass of all the different
ionised fragments into which a substance can be broken down.
An ioniser ionises a molecule and its fragments usually by bombarding it/them with electrons and thereby
(a) breaks a molecule into smaller pieces, and (b) ionises the molecule and its fragments by knocking
electrons off it/them.
Different substances can have exactly the same mass e.g. isomers have the same mass (but with
different spatial configurations), but ISOTOPES DO NOT HAVE THE SAME MASS (because
they have differing numbers of neutrons) – but, by examining the different fragments that are
shown in the analysis generated by a Mass Spectrometer, it is possible to decipher EXACTLY what
substance the machine is analysing.
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A Mass Spectrometer does two things simultaneously. It
- reveals the Mass of the basic molecule (or ionic unit) of the substance that is being analysed, and also
the Mass of each individual different fragment into which the molecule (or ionic unit) can be broken,
and it
- reveals the “abundance” (i.e. how much there is) of each of these fragments.
“Abundance” here means “how much” of each particle there is, e.g. a mass spectrometral analysis of a
sample of naturally occurring Chlorine will reveal a relative “abundance” of 75.53% of Chlorine-35
atoms and a relative “abundance” of 24.47% of Chlorine-37 atoms (i.e. for every 10,000 atoms of
Chlorine, 7553 will be Cl-35 and 2447 will be Cl-37 atoms). This gives an abundance ratio ≈ 3 : 1 .
However, the ionisation is done by impacting/smashing the species with electrons that then knock
electrons off the species, but the impact can also
i) break the species into fragments (as already described)
ii) knock more than one electron off the species, and
iii) break molecules into their constituent (ionised) atoms i.e. ions e.g. a molecule of Chlorine could be
broken into first two free radical atoms of Chlorine, and then into two free radical ions of Chlorine
Cl––Cl would break homolytically into (Cl•)+ + (Cl•)+

Free Radical fragments
In the illustration above I have assumed that the molecule will break homolytically and, since the two
constituent atoms are equi-electronegative, then that is what will happen – but if the two fragments are
not equi-electronegative, then the bond will break heterolytically and not homolytically.
If, for example, the molecule CH3–Cl were to break at the bond that I have drawn in, then it will break
heterolytically. CH3 will have then lost an electron and become a positively charged fragment (and will
thus be repelled down the flight tube and be detected at the detector), but the free radical “ (Cl•)–”
fragment is negatively charged because during the heterolytic fission it got back its own electron
from the pair of bonding electrons, AND it stole an electron from the C atom in CH3. It is only
positively charged particles that are repelled down the flight tube, and therefore the “ (Cl•)–”
fragment cannot and will not fly down the flight tube, and it will thus NEVER appear on the
detector screen. It might immediately pair up with a positively charged fragment and form a neutrally
charged particle, but again it would not be repelled down the flight tube and never appear on the detector
screen. It is only positively charged particles that ever get registered on the detector screen.
+
CH •3

CH 3 – Cl ––>

and Cl

–
•

The “ (Cl•)–” and “ (Cl•)+” fragments are free radicals because they have lone /unpaired electrons.
If a molecule of the substance that is being analysed (let’s say Propane, CH3-CH2-CH3, has an electron
knocked off it in the Ioniser, then it will now have an unpaired electron (therefore it will be a “free
radical”) and it will now have a positive charge (cf. below), therefore it will be called the radical cation
of the substance – but its more common name is the molecular ion of the substance.
(CH3-CH2-CH3 – e– ) becomes (CH3-CH2-CH3)• +
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Mass Charge Ratio
ALL mass spectrometers measure a ratio of Mass (m) to Charge (z). When the spectrometer states that it
is measuring the mass divided by the charge on one electron i.e. “M/e–”, then the divisor is “1”; but,
where the spectrometer measures the mass divided by “z”, then the divisor is whatever happens to be
the charge on the ion. It is fairly common to get a “M/2” ratio, but it would be most unusual to get a ratio
larger than that (i.e. M/3 and M/4 etc).
Chart from the recording device that forms part of the Detector/Amplifier in a Mass Spectrometer
For example a bar chart on a TV screen would show the RAM/RMM/RFM of the substance and also of
all the different fragments involved. The following is the chart for Magnesium.
Abundance (%)
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Mass/Charge Ratio (M/e–)
NB In an exam, sometimes the percentages above are not supplied but the graph is drawn on graph paper
– and in that case, the percentages can easily be measured with a ‘ruler’.
RAM of Magnesium

= (78.6 x 24.0) + (10.1 x 25.0) + (11.3 x 26.0)
100
100
100
= (18.864 + 2.525 + 2.938)
≈ 24.3 (to 3 sig figs).

Please note that I have used Relative Abundances that add up to 100%. Had I used the most frequent
abundance as the “base peak”, and if 78.6 = 100%, then 10.1 = 12.85%, and 11.3 = 14.38%, and the total
of these three numbers is 127.23%, then the calculation becomes
RAM of Magnesium

= ( 100 x 24.0) + (12.85 x 25.0) + ( 14.38 x 26.0)
127.23
127.23
127.23
= 18.86 + 2.525 + 2.939 ≈ 24.3 (to 3 sig figs)

In other words, the calculation gives EXACTLY the same answer!
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This is the sort of question that you will be asked to do in your First Year ‘A’ Level Chemistry exams –
but please do lots of calculations from your own textbook, and you will see that these calculations are
very easy to do (and this is true even of more complicated Second Year calculations).

Mass/Charge ratios of (M+1)
Carbon has two common isotopes 12C and 13C with relative abundances of 98.9% and 1.1% (and I trust
that you remember the difference between isotopes and isomers). 14C also exists and it is of enormous
importance in radio-carbon dating, but its relative abundance is only 1 part per trillion and therefore it is
not relevant for the purposes of ‘A’ Level Chemistry Mass Spectroscopy.
Let us therefore pretend that Carbon exists as 12C and 13C with relative abundances of 98.9% and 1.1%. A
Mass Spectrometer measures the masses of different entities, therefore the detector will register the mass
of C+ at two different places on the detector screen viz at the mass/charge ratio of 12 and at 13.
Equally, the Spectrograph of Propane would register the masses of both sorts of C atoms below (Source:
NIST). The (non-sophisticated) RMM (or Mr) of Propane is 44 g mol–1, but you will notice the little red
almost-a-dot registering at 45, and that is for Propane with one 13C atom in it. I do not want to get into the
complexities of this topic because that is all that you need to know at ‘A’ Level.

Mass/Charge ratios of (M+2)
When an element has two or more isotopes e.g. Chlorine has two isotopes i.e. 35Cl and 37Cl, then since a
Mass Spectrometer measures the masses of different entities, the detector will register the mass of Cl+ at
two different places on the detector screen viz at the mass/charge ratio of 35 and at 37. However, since
the abundance of 35Cl is three times as much as the abundance of 37Cl, then the histogram representation
for the abundance or relative intensity for 35Cl should be three times as large as that for 37Cl (but other
factors with regard to abundance will also come into play).
This then explains registration at the mass/charge ratio (M+2).
(M+3) and (M+4) registration are possible but you are not going to be asked about them.
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Masses with many decimal places
Where an element has isotopes, then the arithmetically weighted RAM could have numbers such as
14.0031 g mol–1 for Nitrogen (14N and 15N) and 15.9949 g mol–1 for Oxygen (16O, 17O and 18O).

Time of Flight Mass Spectrometers
I do not intend to say anything about “Time-of-Flight” machines other than to say that they sperate
fragments according to how long they take to travel a specific distance (with objects with less mass
travelling faster than objects with more mass). This is in contrast to “Separation-by-Deflection” machines
where the trajectory in the flight tube is determined by the mass of the object (with objects that have less
mass being deflected more than objects with more mass).
OK, that’s enough for First Year students.
The Module of Chemistry that contains the topic Mass Spectrometry is called “Modern Analytical
Techniques” and was formerly called “Methods of Analysis and Detection”.
Both names tell you that the government (rightly) wants you to appreciate the fact that Chemistry has
useful applications. For example, if you become a forensic scientist/or a detective in the police/or a border
force officer, then you will have an extremely demanding job, and people’s lives will be dependent on
your work. In court you will have to state the facts about the murder or the rape or whatever as you have
discovered them – but you must also tell the jury the limitations of the conclusion that you have
reached. The job that you will be doing will be a very responsible one (and it is no different from the life
and death judgements that medical doctors must make). I am not trying to scare you. I am just trying to
convey to you the onerous nature of the responsibility that will rest in your hands. You cannot, and you
must not make mistakes, and you must never overstate your case. That is what being a good scientist is
all about.
There is no theoretical difference between First Year and Second Year Mass Spectrometry. The
difference lies merely in the complexity of the analysis that must be executed. Instead of doing
arithmetically weighted average calculations for something simple such as Chlorine or Bromine, you have
to learn about and know how to do complex analyses involving different sorts of Mass Spectrometers, and
in addition you will have to learn how to combine your knowledge of other analytical techniques such as
Gas Chromatography with Mass Spectrometry2 to arrive at an analysis of the nature of the substance
under investigation. Please do lots of past exam questions and you will see what I mean.
Please could you start your revision of Mass Spectroscopy by reading the 7 page First Year Blog that I
have posted today (the 20th of April 2019). That is the starting point of this blog.
In the First Year Blog I talk about an arithmetically weighted average mass calculation for Chlorine, but
let us start this Blog by making the analysis slightly more complex and let me therefore introduce the
topic of isotopes (because questions on a past exam papers have required candidates to know about
isotopic analysis in Mass Spectroscopy).
When one electron is knocked off a molecule then, by definition, what is left will be the molecule with an
unpaired electron in it. An unpaired electron makes the molecule into a “free radical”, and we denote free

2

Pioneered by Fred MacLafferty.
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radicals thus M• . (M•)+ thus stands for the “molecular free radical ion”3 or the “parent free radical
ion” of the substance e.g. the molecular ion of Butanoic Acid would be (C3H7.COOH)•+, and it would
have a positive charge, and a Relative Mass (or Mr) of 88 g mol–1. However, please also note that the
object with the heaviest mass in a Mass Spectrograph would normally be the molecular ion itself – but if
a 13C isotope were to be present in a Carbon molecule, then the heaviest particle in a Mass Spectrograph
would have a mass of 1 unit more than the traditional molecular ion e.g. the heaviest particle in the NIST
(US National Institute of Standards and Technology) Mass Spectrograph of Butanoic Acid on page 4 has
an M/e– ratio of 89 g mol–1 rather than the 88 g mol–1 that it would normally have. Bromine has two
isotopes of almost equal abundance (79Br and 81Br), therefore the molecular ion of Bromobutane, would
have two molecular ions on its Mass Spectrograph viz. 122 g mol–1 and 124 g mol–1 and they would
almost the same Relative Abundance.
Please remember that it is only positively charged particles that will be repelled down the flight tube.
No other sort of particle (e.g. negatively charged particles/uncharged free radicals/uncharged
molecules/etc) will make it as far as the ion detector at the end of the flight tube.
A very brief consideration of ions where isotopes are involved
I do not know why the examiners have introduced Probability theory into the UK ‘A’ Level Chemistry
syllabus. Unless you are a very competent Mathematician, Probability theory is not easy, and
Permutations and Combinations in Probability can be quite complicated, and not particularly relevant to
‘A’ Level Chemistry. However, a question involving this came up in an exam recently, so let us look at
the Mass Spectrographs of isotopic ions. (NB In the First Year we looked at the analysis of very simple
Mass Spectrographs of the isotopes of the elements Chlorine, Bromine, etc. In the Second Year the same
analysis becomes somewhat more complicated.)
If two chemical compounds possess exactly the same molecular formula but have one or more physical or
chemical differences (no matter how minute the difference), then they are isomers of each other. (There
are many different sorts of isomers: cf. Chapter 23, Year 2 Organic Chemistry). I mention isomers here
merely because some students confuse isotopes with isomers. I am not interested in isomers in this blog.
I am interested in ISOTOPES, and in particular the two isotopes of Chlorine viz. Cl-35 (35Cl) and Cl-37
(37Cl), and their relative abundances are 75.53% and 24.47% respectively. For the purposes of
simplifying the Maths, I am going to call these relative abundances 75% and 25%, and that means that the
ratio of Cl-35 to Cl-37 will be exactly 3:1 (75÷25) .
If had a syringe of Chlorine (Cl2) gas molecules, and the gas contained molecules of both types of the
isotopes of Chlorine, then when I injected the contents of the syringe into the Mass Spectrometer I could
in theory get the following particles showing as a bar chart on my detector (and I am going to confine the
“M/z” to just “M/e–”)
37
- a
Cl2+
species
this is an ion of a molecule
37
- a
( Cl –– 35Cl)+ species
these two together constitute an ion of a molecule4
35
+
- a
Cl2
species
this is an ion of a molecule
and
37 +
- a
Cl
species
this is an ion of an atom, and
35 +
- a
Cl
species
this is an ion of an atom
and, in theory (but not in reality), this is what the Mass Spectrograph would look like
3

Two free radicals (M•) are so reactive that would normally react and form a new (M2) molecule, but because two
(M•)+ radicals are both positively charged they cannot do so because they repel each other.
4
It does not matter in which order the atoms are shown, 35Cl first or 37Cl first. In Maths this is called a
“combination”. If the order mattered, it would be called a “permutation”.
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Source: Jim Clark’s outstanding “chemguide” website
A moment ago I simplified the Maths for this exercise by saying that the Relative Abundances of Cl-35
(75%) to Cl-37 (25%) was 3: 1. By doing that I can now say that the “probability” of picking a Cl-35
atom will always be 3 times as large as the probability of picking a Cl-37 atom, and we can now
reproduce (or at least we can understand) the table on page 3. (Source: Dr Roger Nix of Queen Mary
University (London).

This a Chemistry Blog therefore I do not want to go through the Maths involved, but Jim Clark in his
excellent website advises ‘A’ Level students (for exam purposes) to just note that diatomic molecules of
e.g. Chlorine can in theory be composed of the isotopes of their elements so that a molecule of Chlorine
could be composed of
Relative
Abundance
one Chlorine-35 atom and one Chlorine-35 atom
RMM = 70
9
one Chlorine-35 atom and one Chlorine-37 atom, and RMM = 72
6
one Chlorine-37 atom and one Chlorine-37 atom
RMM = 74
1
Mr Clark then goes on to say that all you need to remember is that the Abundance Ratio is 9:6:1, but if
you are doing ‘A’ Level Maths then you ought to check Dr Nix’s Maths. I do not mean “check” to see
whether Dr Nix has done his calculations correctly (which of course he has) but “check” in the sense of
following his workings to see that you understand the workings that get you to Mr Clark’s 9 : 6 : 1 ratio
(above).
9

ALL mass spectrometers measure a ratio of Mass to Charge. If the spectrometer states that it is measuring
the mass divided by one electron i.e. “e–”, then the divisor is “1”, but where the spectrometer measures
the mass divided by “z”, then the divisor is whatever happens to be the charge on the ion. If the ion of a
molecule has a charge of “+2” then its “M/z ratio” would be half the “M/e– ratio”. A species registering
at “35” could thus be either 35Cl+ or 35Cl2++. Please remember that for the “M/e–” ratio, in addition to Cl2
ions registering at 70/72/and 74, for Chlorine you would also get a species registering at 35 and one at 37
viz. 35Cl+ and 37Cl+.
NB Can you now see why employers (especially in Law and in ‘The City’) pay over-the-odds for people
who obtain Firsts in (alphabetically) Biology/Chemistry/Computer Science/Engineering/ Maths/and
Physics. It is because the candidates have unquestionably demonstrated an ability to cut through
complicated problems and to solve them! They have shown that they have a good brain and that they
know how to use that brain. Employers would be rather foolish (or ‘damned’ foolish) not to pay over
the odds to secure such a brain.
‘A’ Level Mass Spectroscopy just scratches the surface of the topic. In Organic Chemistry it can be
massively helpful in the hands of someone who understands “stability” (and stability is influenced by
Mesomerism/Resonance/Hyperconjugation/etc). One comforting piece of information as you read the
remainder of this Blog is that Professor Owen Priest of Northwestern University says that there is not a
Mass Spectroscopist alive who can identify every single species in Mass Spectroscopy. I find that
comforting – but luckily it is unlikely that you will be asked very difficult questions at ‘A’ Level. The
tendency in Chemistry ‘A’ Levels today is to ask simple questions in relation to complicated molecules.
Let us now consider the spectrograph of Butanoic Acid
Butanoic acid can in theory be broken down into a number of different fragments e.g. (a) COOH and (b)
CH3CH2CH2 – and the CH3CH2CH2 can itself be broken down into (c) CH3 and (d) CH2CH2 or CH3CH2
and CH2; and, the CH2CH2 can itself also break down into two lots of CH2 (and each one of these
fragments of CH2 will be chemically identical to the other one and thus indistinguishable from each other
in a Mass Spectroscope5) – and of course we could have fragments consisting of H cations (i.e. protons).
A Mass Spectrometer will therefore register the mass of at least eight different ionic entities (and a lot of
smaller fragments besides these) in its analysis of CH3CH2CH2COOH viz.
- CH3CH2CH2COOH+, the molecular ion (i.e. CH3CH2CH2COOH with one electron knocked off it)
- COOH+
- CH3CH2CH2+
Mass Spectrometry is in a way an endurance test. Please remember that it is only the most
- CH3CH2+
STABLE species that will make it to the end of the flight tube. The less stable ones and the misfits
+
- CH2CH2
perish along the way (and the ones that cannot bear their own company team up with someone else
+
- CH3
and therefore do not make it to the final destination in their unpaired form). The outcome of all this
- CH2+, and
is that the species with the largest abundances are the ones with the greatest stability.
- H+.
In fact, many more species will be registered on the spectrograph, and you can see this on the
spectrograph that follows (from the website of the US National Institute of Standards and Technology).

5

Provided that only one isotopic form of C was involved (cf. page 3).
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NB Even though the Molecular Mass of Butanoic acid is “88 g mol–1”, the largest recorded mass on the
spectrograph is “89”, but please just ignore that particle. It is no longer relevant for the UK ‘A’
Level Syllabus. (It is the registration of a 13C molecular ion.) The two most stable fragments have
molecular weights (Mr) of 60 and 78. (The term used is still “Molecular Weight” even though it is an
ion and thus technically no longer a molecule.)
NIST uses the term “Relative Intensity” where we in England use the term “Abundance” or “Relative
Abundance”, and the abundance of the fragment that impacts on the detector most is called the
“base peak”. The base peak here is for the fragment with the M/z ratio of 60. Can you identify this base
peak fragment? Perhaps not, because it is a McLafferty fragment – and in the Appendix I will talk a bit
about Dr Fred McLafferty (who pioneered the use of combinatory Mass Spectrometry and Gas
Chromatometry).
The Mrs of the fragments are
(for the fragments)

15
CH3

14
CH2

14
CH2

45
COOH

∑Mrs = 88 g mol–1

and in a short-chained Carboxylic Acid, it is fairly common for two of the fragments to be “OH”
(17g mol–1) and COOH” (Mr = 45 g mol–1), and sometimes even Water, H2O (Mr = 18 g mol–1).

Constituent Fragments
It would not be at all unfair of the examiners to ask you about the fragments of any of the molecules that
are contained in the Syllabus, and I shall therefore take you through the text of the ones that Dr Linda
Breci of Arizona Proteomics Consortium, University of Arizona, has shown in her article on Chemistry
LibreTexts. I shall start with the easy ones (Alkanes and Halogenoalkanes).
In taking you through Dr Breci’s text, I shall use only the common forms of the elements
12
Carbon
C atoms with a RAM of 12 g mol–1 (Carbon-12 is the standard unit for measuring mass).
16
Oxygen
O atoms with a RAM of 16 g mol–1 (and not the 15.9949 g mol–1 isotopic form)
1
Hydrogen
H atoms with a RAM of 1 g mol–1 (and not the 1.0079 g mol–1 isotopic form).
I shall therefore use 88 g mol–1 as the RMM (or Mr) for Pentan-3-ol on page 6.
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Alkanes
Molecular ion peaks are present, possibly with low intensity. Hexane, C6H14 (Mr = 86 g mol–1) breaks into
the fragments shown in the diagram on the right.

Halides/Halogenoalkanes
The presence of Chlorine or Bromine atoms is usually recognizable from the isotopic peaks.

The two Mass Spectrographs above are fairly easy to analyse/decipher with the aid of the accompanying
diagrams. It then gets more difficult to analyse other Organic molecules.
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Alcohols
The abundance of Alcohol's molecular ion is small or non-existent. Cleavage of the C–C bond next to the
oxygen usually occurs. A loss of H2O may occur as in the spectrum below.
Pentan-3-ol has a molecular mass of 88 g mol–1.

My commentary
- The RMM of (CH3-CH2-CH(OH)-CH2-CH3) = (15 + 14 + 30 + 14 + 15) = 88 g mol–1
(diagram on the right above).
- There are 5 C atoms in Pentan-3-ol each of which has a RAM (or Ar) of 12 g mol–1.
- It is fairly easy for the “OH” (17 g mol–1) to be dislodged as a fragment, and (88 – 17) = 71 g mol–1.
- In the diagram, Dr Breci has split the Pentan-3-ol into two fragments: CH3CH2 (15+14=29 g mol–1)
and
CH(OH)-CH2-CH3 (59 g mol–1), and
- she has shown that if a proton and an OH (hydroxyl) group split off and form a molecule of Water
(Mr of 18 g mol–1), then a fragment with a mass of (59 – 18 = 41) g mol–1 will register on the
spectrograph (which she has shown in red).
The production of a Water molecule in the fragmentation of an Alcohol is quite common.
Can you see that the analysis of a Mass Spectrograph can be quite easy if someone takes you through it.
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Aldehydes
Cleavage of bonds next to the Carboxyl Group results in the loss of Hydrogen (molecular ion less 1) or the
loss of CHO (molecular ion less 29).

3-Phenylpropene-2-al (C9H8O) has a Molecular Mass of 132 g mol–1.
(The chain has 3 C atoms and a double bond thus making propene. The
main functional group is that of the Aldehyde. C6H5 is a substituent.
Counting must always start from the main functional group.)

My commentary (where the red equals sign represents a double bond)
- The Mr of {CH(C6H5) = CH(CHO)} = (13 + 77 + 13 + 29) = 132 g mol–1
(diagram on the right at the bottom of page 6).
- There are 9 C atoms in 3-Phenylpropene-2-al each of which has an Mr of 12 g mol–1.
- It is fairly easy for the “H” (1 g mol–1) to be dislodged as a fragment,
and for a “C=O” (12+16) = 28 g mol–1 to break away.
- In the RH diagram, Dr Breci has split the 3-Phenylpropene-2-al into a number of fragments:
{CH(C6H5).CH(CHO)} with an Mr of 132 – {H} with an Mr of 1
––> {CH(C6H5).CH(C=O)}
{CH(C6H5).CH(C=O)} with an Mr of 131 – {C=O} with an Mr of 28 ––> {CH(C6H5).CH}
{CH(C6H5).CH}
with an Mr of 103 – 2 lots of {CH}
––> {C6H5}
{C6H5}
with an Mr of 77 – {C2H2} with an Mr of 26 ––> {C4H3}
There is evidence6 that C6H5 breaks down into C2H2 (with an Mr of 26 g mol–1) and C4H3 with an Mr
of 51 (but at that point we are well beyond the realms of ‘A’ Level Chemistry).
You have now seen enough of the analysis of a Mass Spectrograph, and I am going to leave you to have
quick look at the next one (Ketones).

6

Jennings, K.R. (1967). “The Decomposition of Benzene and Deuterated Benzenes under Electron Impact”.
Sheffield University.
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Ketones
Major fragmentation peaks result from cleavage of the C-C bonds adjacent to the Carbonyl species.
Hepta-4-one has an Mr of 114 g mol–1.

However, just in case you are beginning to feel a bit lost in this Section on Modern Analytical
Techniques, let me give you a context for what the examiners are trying to do. (ESR = Electron Spin
Resonance.)

Source: Process NMR Associates (but I am not happy with their use of the English language)

If you try some past exam questions, you will now see how easy Mass Spectrometry is.
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APPENDIX A: THE McLAFFERTY REARRANGEMENT
(This is here merely to explain the fragment at 60 g mol–1 in the spectrograph for C3H7.COOH.)
Can you remember the NIST Mass Spectrograph for Butanoic Acid?

I asked you whether you could identify the fragment with the Mass/Charge ratio at “60”, and you may
have thought that since
The RAMs of the fragments are
15
14
14
45
∑RAMs = 88 g mol–1
(for the fragments)
CH3
CH2
CH2
COOH
the answer is “CH3.COOH”. That is the wrong answer.
It was a good guess but unfortunately it was not the correct answer. The correct answer is given by
something called the McLafferty rearrangement, and all that I am going to tell you about the McLafferty
rearrangement is that Wikipedia says “The American chemist Fred McLafferty was the first to describe
the reaction in 1959” (but Wiki got the date wrong. One of Dr McLafferty’s students says that it was in
1956).
The Greek letters α , β , and γ describe the positions occupied by Carbon atoms where counting starts
from the Functional Group (FG). This numbering system is commonly employed in Biology (and if you
are going into Medicine when you go up to University, then please remember that).
<––––––––––––
Position of the C atom counting from the Functional Group (FG)
γ
β α
FG
CH3-CH2-CH2-COOH
This is what happens on fragmentation, but you do not need to know the explanation – all that you might
need to know at ‘A’ Level is that the Base Peak is the positively charged free radical on the right below.
Don’t bother to try to understand it. Just be aware of it.

Source: Wikipedia
M/z for (H2C=COH(OH))•+ = 60, where the equals sign “=” in the formula is a double bond.
Professor Owen Priest of Northwestern University does a good commentary on McLafferty at
https://www.youtube.com/watch?v=ascvQRJ5h-Y. (His nice little rhyme for remembering what happens
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in the 6-member ring is “Make a bond/break a bond/Make a bond/break a bond/ Make a bond/break a
bond”.)
APPENDIX B: HOMOLYTIC AND HETEROLYTIC FISSION IN MASS SPECTROSCOPY
In First Year I taught you about homolytic bond fission leading to the Halogenation of an Alkane by Free
Radical substitution of a Halogen molecule, and I told you that Homolytic Fission leads to the formation
of Free Radicals, and that the energy required to break the diatomic bond in a Chlorine molecule can
normally be provided by the ultra violet (uv) rays in ordinary sunlight
uv
Cl2 = Cl–––Cl , and in ordinary sunlight Cl–––Cl ––> Cl• + Cl• = 2Cl•
and here again we are talking about homolytic and heterolytic bond fission.
I am not going to go into this subject in too much detail, but “knowbee” has two good videos on
https://www.youtube.com/watch?v=FCCFiyoDTaM
and
https://www.youtube.com/watch?v=mbXOP28W9z8
I do not like the way that “knowbee” draws its free radicals, but I just want you to see some examples of
how molecules with different functional groups can break viz.
a)

heterolytic cleavage of an Halogenoalkane

b)

homolytic cleavage of an Halogenoalkane

17

c)

heterolytic cleavage of an Ether

di) homolytic cleavage of an Ether

dii) another homolytic cleavage of an Ether
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