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Page xi

Introduction

Over the last 20 years, there has been tremendous growth in the area of mass spectrometry. Small,
powerful and reasonably priced mass spectrometers, commonly interfaced with either a gas or a liquid
chromatograph, are found in the laboratories of universities, governmental agencies and private
companies. Most of these instruments are controlled by some type of desktop computer, which makes
data acquisition, storage, manipulation and presentation relatively simple and painless. The ability to
separate complex chemical mixtures and identify the components provides an indispensable tool for
scientists and technicians responsible for monitoring environmental pollution, investigating crime,
controlling chemical processing and developing new products. It is not unusual to find students learning
to operate these instruments as part of the normal undergraduate curriculum, and many of these students
will take industrial or governmental positions where they will routinely operate similar instruments.

Unfortunately, it is all too often the case that what is missing from this picture is the interpretation of
the data (the mass spectrum). In the undergraduate chemistry curriculum, spectroscopy and spectral
interpretation are normally introduced during the organic chemistry sequence. Typically, one or two
chapters of the textbook will be devoted to mass, infrared and nuclear magnetic resonance
spectrometry. In general, the emphasis is given to NMR, with IR given secondary importance and MS
relegated to third place. A few sample spectra will be presented to illustrate key points for each method.
There may even be some sample problems showing how the three techniques can be used to
complement each other, providing a positive identification of the unknown compounds. Given the mass
of material normally covered in organic chemistry, it would be unreasonable to devote large amounts of
time (lectures and laboratories) and resources (pages in the textbook) to cover each of these spectral
techniques thoroughly.

A logical question is, when are students supposed to learn to identify spectra? Many colleges and
universities offer separate courses covering spectral techniques and interpretation. Many more do not.
In those universities having these courses, completion of the course is required of all chemistry majors,
some chemistry majors or no chemistry major. The courses are offered regularly, infrequently or rarely.
Evidently, the most common answer to the question "When?' is "Whenever'.

How are students supposed to learn to identify spectra? If a course in spectral interpretation is offered,
then the student has the opportunity to learn identification techniques in some sort of systematic
fashion. If there is no formal course the student is left to his/her own devices.

Why should students learn to identify mass spectra? The mass spectrum of an organic compound
contains a huge amount of information about the identity of the
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Page xii

compound, but this information is available only to those who know how to extract it from the
spectrum. Almost all bench top mass spectrometer systems will have a standard library of mass spectra
loaded into the computer, in addition to library search software. A very common occurrence in the
undergraduate laboratory is for the student to perform a library search and to report the number one
search result as the compound's identity.

This is unacceptable. Mass spectral libraries typically contain from 80 000 to 250 000 spectra, yet there
are tens of millions of known organic compounds. The dream of having a mass spectral library of all
known organic compounds is probably hopeless. If the compound being analyzed is fairly common,
then its spectrum may be in the library. If a reference spectrum of the 'unknown compound' is not
present in the library, then no reasonable search result can be obtained. In this case, any 'result' reported
by the computer is less than useless. Not only is it not a correct identification of the unknown
compound, it is often very misleading.

This is not an indictment of instrument manufacturers or the producers of mass spectral libraries.
Libraries of standard mass spectra are intended to be an aid to identification, not a replacement for
interpretation. | have used this type of computerized library search hundreds of times, but only as a
supplement to, and not as a replacement for, my ability to interpret the mass spectrum. This is a
distinction that can easily be overlooked by anyone who routinely operates these types of systems.

We now come to the reason why | wrote this book. One of the most critical questions that an analyst
must answer is 'What is this material?'. With the replacement of classical wet-chemical methods of
analysis (organic qualitative analysis) by instrumental methods, the ability to identify compounds from
their spectra is crucial. In this book | have chosen to limit our focus to the interpretation of mass
spectra. Specifically, we are going to concern ourselves with a systematic method for interpreting
electron impact mass spectra of the type produced by modern bench top equipment.

In preparing this book, | made several choices which I hope will be viewed as reasonable. | have chosen
to focus on interpretation, to the exclusion of other topics traditionally covered in books about mass
spectrometry. These other topics include the historical development of MS, the production of ions by
various ionization techniques, introduction of the sample into the spectrometer and the various types of
spectrometer such as single-focusing, double-focusing, time of flight, and so on. This material is
valuable but it does not directly help the student learn how to extract information from the spectra. For
those students interested in other mass spectrometric techniques, a bibliography is included at the end of
this book.

I have chosen to limit coverage to the kinds of compounds that the average student is likely to
encounter in organic chemistry. | have taken a functional group approach in order to focus on the
typical fragmentations observed for various classes of organic compounds. | have avoided, for the most
part, compounds containing multiple functional groups, biologically significant compounds, and
polymers.

The source of the spectra used in this book is the National Institute of Standards and Technology
(NIST) Mass Spectral Database. Data from the NIST/EPA/NIH Mass Spectral Database is used with
permission from NIST.

An important part of learning about any scientific subject is learning the language used by the scientists
to describe the phenomena they are studying. Some of the standard terminology and symbols used in
mass spectrometry are defined below.
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a, alpha cleavage

'A' element

‘A + 1' element

'A + 2' element

amu

base peak

daughter ion

EE", even-electron ion
El
eV

isotopic peak

m/z

molecular ion, M*

n-electrons

Page xiii

The breaking of a bond to an atom adjacent to the atom
containing the odd electron (not the bond to the atom
containing the odd electron).

An element that is monoisotopic.

An element with an isotope that is 1 amu above that of the
most abundant isotope, but which is not an 'A + 2' element.

An element with an isotope that is 2 amu above that of the
most abundant isotope.

Atomic mass units. For our purpose, the sum of the protons
and neutrons in the nucleus (*2C = 12 amu).

The peak (or line) in the spectrum that represents the most
abundant ion.

The product produced by some sort of fragmentation of a
larger ion (see parent ion, below).

An ion in which the outer electrons are fully paired.
Electron ionization (or impact).
Electron volts

A peak (or line) in the spectrum that corresponds to the
presence of one or more heavier isotopes in an ion.

The mass of an ion divided by the electrical charge of the
ion. Normally, the charge is + 1. Sometimes m/e is used
synonymously.

The ionized form of the molecule. The 'molecular ion' is the
peak (or line) in the spectrum corresponding to a molecule
that is composed solely of the most abundant isotope forms.
Sometimes 'parent ion’ and 'parent peak’ are used.
Frequently, 'M','M + 1','M + 2, etc. will be used to indicate
the molecular ion and isotopic peaks.

Non-bonding electrons
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OE*, odd-electron ion An ion with one unpaired electron in the outer shell. Also
known as a radical ion.

parent ion The ion which is decomposing or breaking apart.

n-electrons Electrons in double or triple bonds, or in aromatic ring
systems such as benzene.

R+ DB The number of rings and double bonds. This is a
measurement of the saturation of a compound. Completely
saturated compounds (such as propane) will have 0 for the R
+ DB.

relative abundance The abundance of a given ion relative to the base peak.
Usually, the base peak is set to 100%.

o, sigma cleavage A simple cleavage reaction taking place by the ionization
and breaking of a sigma bond.

simple cleavage A reaction which involves the breaking of one bond.
T Movement of a pair of electrons.
T Movement of a single electron.
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Page 1

1—
Isotopic Abundances and How we Use them

The chemical elements making up our world exist in several different forms, known as isotopes. The
term 'isotope’ is used to describe atoms of an element with varying numbers of neutrons. Carbon occurs
in two naturally occurring isotopic forms: 12C, having six protons and six neutrons, and 3C, having six
protons and seven neutrons. Most of the elements in the Periodic Table will have two or more isotopic
forms. Some of these isotopes are radioactive and some are non-radioactive. The non-radioactive
isotopes are known collectively as 'stable isotopes'. All isotopes of an element are chemically identical.
They participate in identical chemical reactions and share identical chemical properties, with the
exception that some reaction rates (or properties) will vary owing to differences in mass.

One of the simplest examples of how mass can affect the rate of a process is to look at the effusion of
uranium hexafluoride (UF,) through a porous plate. Uranium exists predominantly as two isotopes, 25U
and 238U. Graham's law of effusion tells us that the relative rates of effusion for two gases at the same
temperature are given by the inverse ratio of the square roots of the masses of the gas particles.
Mathematically

rate | (mass of gas y)
rate2  (mass of gas1)"°

where the superscript 1/2 represents taking the square root of the mass of the gas.

The molecular weight of 2*°UF, is approximately 349 amu, and that of 22UF, is approximately 352 amu.
If we assign (arbitrarily) 25UF, as gas 1, then the ratio of the square roots of the masses is

18.76/18.68 = 1.004

which indicates that the isotope with the lower mass will effuse at a faster rate than the higher mass
isotope. This higher rate amounts to about 0.4%, which is a typical isotope effect.

What about the magnitude of this isotope effect for smaller organic molecules? Well, a similar
calculation can be made for a molecule such as benzene. The molecular weight of a benzene molecule
made from only *2C and *H would be 78 amu. The molecular weight
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Page 2

of a benzene molecule containing one 3C atom would be 79 amu and the ratio of the square roots of
these masses would be

5.88/8.83 = 1.006

and there would be approximately a 0.6% difference in effusion rate.

The largest isotope effect is normally seen when significant amounts of 2H (deuterium) are present in a
relatively small molecule. If we make a similar calculation to those above comparing ordinary water
with monodeuterated water, we would see that the ratio is 1.027 or there is an approximate 2.7%
difference in the effusion rate. This is a fairly extreme example of an isotope effect. For most
applications, the isotope effect is insignificant and can be ignored.

Naturally occurring isotopes, either stable or radioactive, do not occur in equal amounts. Naturally
occurring 3C has an abundance of about 1.1%; i.e. out of 1000 carbon atoms chosen at random, about
11 of them will be the heavier 13C isotope and the other 989 will be *2C. Although 4C occurs in nature,
the natural *C abundance is so low as to be undetectable by ordinary mass spectrometric methods. It is
fortunate that, for the elements commonly found in organic compounds, the heavier isotopes are lower
in abundance. The natural isotopic abundances of common elements found in organic compounds are
given in Table 1.

By convention, we normally designate oxygen, sulfur, silicon, chlorine and bromine as 'A + 2' elements.
This is because the important isotopes of these elements differ from

Table 1 Mass and relative abundance of common organic elements

Elements containing only one important isotopic form

Element Mass

H(A) 1

F(A) 19

P(A) 31

I(A) 127
Elements containing two important isotopic forms

Element Mass % Abundance Mass % Abundance

C(A+1) 12 100 13 11

N(A + 1) 14 100 15 0.37

CI(A +2) 35 100 37 325

Br(A +2) 79 100 81 98.0

O(A +2) 16 100 18 0.202

Elements containing three important isotopic forms

Element Mass % Mass % Mass % Abundance
Abundance Abundance

Si(A +2) 28 100 29 5.1 30 3.4
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S(A+2) 32 100 33 0.80 34 4.4

80xygen-17 is found at about 0.04% natural abundance. The percentage abundances listed for the other
isotopes are normalized to the most common form.
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Page 3

each other by two mass units. Carbon and nitrogen are designated as 'A + 1' elements because their
isotopes differ by one mass unit. Elements having no important naturally occurring isotopes are
designated as 'A' elements, and include hydrogen, fluorine, phosphorus and iodine.

The appearance of isotopically shifted lines in a mass spectrum provides the analyst with information
about the molecular formula of the compound or ion that corresponds with the lines. One of the earliest
steps in interpreting a mass spectrum is to determine if any A + 2 elements are present. In the case of Br
or Cl this can normally be accomplished by inspecting the high mass region of the spectrum, looking
for the characteristic isotope patterns produced by these elements. Compounds containing a single
chlorine atom will exhibit a pair of lines, separated by 2 amu and in a relative abundance ratio of about
3:1. Compounds containing a single bromine atom will also exhibit a pair of lines separated by 2 amu
but the ratio will be almost 1:1. Similarly, Si or S can be detected by means of their isotopic pattern.

When more than one atom of these A + 2 elements is present in a molecule, the spectrum will become
more complex. Clusters of lines will be present at intervals of 2 amu and the spectra of compounds
containing multiple Cl or Br atoms (or Cl and Br together) are more complex. The following isotope
patterns (Figure 1.1) produced by CI, Br, Si and S are the most important because they are those most
often encountered.

Methods for determining the number of halogens and their identities in polyhalogenated compounds
will be presented in Chapter 5.

For the purpose of identifying an organic compound, the most important of the A + 1 isotopes is 3C.
The presence of this isotope at an abundance of about 1.1% allows the analyst to calculate the number
of carbons present in a molecule or ion fragment. Suppose we have two lines, separated by 1 amu. If
carbon is present in the molecule (or ion fragment) associated with these lines, then it would be
reasonable to assume that the line of higher mass (designated the m + 1 line) would contain *3C,
whereas the line of lower mass (designated the m line) would contain ?C. We can divide the intensity
of the 'm + 1' line by the intensity of the 'm' line, obtaining the ratio of (m + 1)/m. Dividing this ratio by
0.011 will give us an indication of the number of carbon atoms present in the molecule.

For example, look at the spectrum of methane (Example 1 in Chapter 4). At the high mass end of the
spectrum, we observe lines at m/z 17 and 16. The ratio of the intensities of these two lines is 1.6/100 or
0.016. Dividing this ratio by 0.011 gives us 1.4 as a result. This value indicates that we have at least one
carbon atom and certainly fewer than two carbon atoms. For another example of this procedure,
consider the high mass region in the spectrum of butane (Example 3 in Chapter 4). Here we have lines
at m/z 58 and 59 with a ratio of 0.042. Dividing this ratio by 0.011 gives us 3.8 as a result, which
indicates the presence of more than three carbons but fewer than five carbons.

Notice that in our two examples the final results were not whole numbers. This is often the case, and a
certain amount of care must be used when calculating the number of carbon atoms present in a molecule
or ion fragment. A variety of factors can affect the relative intensities of lines in a mass spectrum, and
not all lines are due solely to the presence of isotopes.

Although the presence of nitrogen can be determined by its °N isotope, it is normal to use the nitrogen
rule (Chapter 2) to determine whether or not this element is present in a given compound. This is
because of the relatively low abundance of *N (0.37%). Similar
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Page 4

a Cla
Br Brz
Farheta | Feat e il
Si 5
Figure 1

difficulties are encountered with oxygen and the 80 isotope. This A + 2 element has an isotopic
abundance of 0.20%, and its presence or absence is determined by other methods that will be described
in later chapters.

As a general rule, once a compound exceeds about six carbons, the direct determination of nitrogen and
oxygen by their respective isotope peaks becomes very difficult. This difficulty is due to the normal
isotopic abundance of *C. For a C, compound, the abundance of the A + 1 line due to 3C is about 6.6%
and that of the A + 2 line is about 0.18%. The abundance of the A + 2 line is caused by the possibility
of having two **C atoms in the molecule. As the number of carbon atoms in a molecule increases, the
corresponding intensities the A + 1 and A + 2 lines increase, making the direct determination of
nitrogen and oxygen from their isotopic abundances extremely difficult or impossible.
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2_
Identification of the Molecular lon

The first step (and arguably the most important) in the interpretation of a mass spectrum is the
identification of the molecular ion (also known as the parent ion). The molecular ion is the ionized form
of the neutral compound. For example, if the molecule we are interested in is methane (CH,), the

molecular ion will be CH4+ (a molecule of methane minus 1 electron).

Unfortunately, not all compounds will produce a molecular ion that is stable enough to be seenin a
mass spectrum. Many alcohols, esters and carboxylic acids, among others, will not exhibit any

significant intensity at the m/z value corresponding to the molecular ion. How then can we determine if
a particular m/z value represents the molecular ion?

In order for a particular m/z value to be assigned as the molecular ion, three criteria must be met. If the
m/z value meets all three criteria, it may be the molecular ion. If it does not meet all three criteria, it is
not the molecular ion.

1. The molecular ion must be the highest mass ion in the spectra, discounting isotope satellites. This is
because the molecular ion is the ionized form of the compound. Fragments from this parent compound
are responsible for the other lines found in the spectrum of the compound. In the spectrum of a pure
compound, it makes little sense to investigate a line at m/z 80 as a potential molecular ion when there is
another line at m/z 96.

Allowances are made for isotope effects. For example, in the spectrum of methane, the highest m/z
value will be at m/z 17. This is not the molecular ion but instead is due to the 13C form of methane.

Typically, the molecular ion will have an even mass value. Compounds containing only C, H, O, F, Cl,
Br, I, Si, P and S will have even molecular weights. Consider the following representative compounds:

Compound Formula Nominal mass
Ethane C,H, 30

Octane CgHyq 114

Ethanol C,H,0 46

Propanoic acid C,H0, 74
Dichloromethane CH,CI, 84, 86, 88 (isotopes)
Hexafluoroethane C,F, 138

Carbon disulfide CS, 76

lodomethane CH,| 142
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Page 6

All of these compounds will have even masses because of the nature of the elements from which they
are composed. Elements having an even atomic mass also have an even valence, and those elements
with an odd atomic mass have an odd valence:

Element Mass Valence
H 1 1
C 12 4
0 16 2
= 19 1
Si 28 (30) 4
p 31 3
S 32 (34) 2
cl 35 (37) 1
Br 79 (81) 1
, 127 1

The exception comes with N-containing compounds. This is because, although N has an even atomic
mass (14), it has an odd valence (3). This leads to what is described as the nitrogen rule:

A molecule containing an odd number of nitrogens will have an odd molecular weight, while a compound
containing no nitrogens or an even number of nitrogens will have an even molecular weight.

2. The ion must be an odd-electron (OE) ion. lonization involves the collision of an electron with a
molecule, resulting in the production of the molecular ion by removal of an electron:

ABCD +e~ — ABCD" +2e”

A relatively simple example can be seen in the ionization of methane (CH,). In the methane molecule

there are six electrons from the carbon and four electrons from the hydrogens for a total of ten electrons.
During ionization one of these electrons is removed, and the resulting molecular ion has nine electrons.

The most convenient way of determining whether or not an ion is an odd-electron ion is by calculating
the saturation index. The saturation index is simply the number of rings and/or double bonds (R + DB)
that a molecule possesses and is calculated from the molecular formula. The saturation index is found
by the following calculation.

For the general formula CHN,O:
The total number of rings + double bonds = x - 1/2y + 1/2z + 1
Note that the number of oxygens present plays no part in calculating the saturation index.

If there are elements present in the molecular formula that are different from the four listed above in the
general formula, then:
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Si is treated as if it were C
P is treated as if it were N
S is treated as if it were O

F, CI, Br and | are treated as if they were H
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Page 7

Notice that the valence of the elements plays an important role in this calculation. H, F, CI, Brand 1 all
have a valence of 1, Si and C have a valence of 4, P and N have a valence of 3 and S and O have a
valence of 2.

Let us look at some examples to make sure that the process of calculating the saturation index is clear.
Consider the methane molecule, CH,. Calculation of the saturation index gives

| —1/2(4)+1=0

Since 0 is a whole number, this indicates that this ion is an odd-electron ion and therefore could be the
molecular ion. All odd-electron ions will result in saturation indices that are whole numbers. The result
also indicates that there are no rings or double bonds present in the molecule.

Consider benzene (C,H,). Calculating the saturation index gives us

6—1/206)+1=4

once again resulting in a whole number. Benzene contains three double bonds, forming one ring.
What happens when oxygen is present? Let us perform the calculation on benzoic acid (C,H,0,).
T-1/2(6)+1=5

Once again we would have an odd-electron ion containing a total of five rings plus double bonds. A
glance at the structure of benzoic acid (Figure 2.1) would show that it does indeed contain a total of five
rings plus double bonds; three C=C, one C=0 and the benzene ring.

Another example. We determine that a reasonable formula for a particular m/z value would be C,H.O.
The saturation index is:

T—1/2(5)+1=35.3

Since the saturation index is not a whole number, this indicates that the ion is an even-electron (EE) ion
and cannot be the parent. This is an important characteristic of even-electron ions-they will never have
whole number values for their saturation index. It also indicates that in this ion there is a total of five
rings plus double bonds. It does not tell us how many of each (rings and double bonds) are present,
although we may be able to propose a structure for this ion if we know the molecular formula of the
parent compound.

0
& om

J

Figure 2.1
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Page 8

Consider the formula for pyridine, C.H.N. Calculation of the saturation index gives us
S—1208)+ /A1) +1 =4

Since this value is a whole number, this ion is an OE ion and could be the molecular ion. This ion also
has a total of four rings plus double bonds. Note in this case that the mass of pyridine is 79. This is an
odd mass but is allowable because of the nitrogen rule.

Students are advised to use this procedure with caution. While it is true that all molecular ions will be
odd-electron ions, not all odd-electron ions are molecular ions. Many compounds can form odd-electron
ions by breaking two chemical bonds. The most common type of reaction producing an odd-electron
ion that is not the parent ion is the McLafferty rearrangement. In this reaction, a small neutral molecule
is ejected from the parent compound. The neutral molecule will commonly have an even mass. Specific
examples of this type of reaction will be discussed in later chapters.

One additional word of caution. From time to time, the student will calculate a saturation index with a
negative value. This negative value indicates that the molecular formula is incorrect, and the most
common cause is that there are not enough carbons present in the proposed molecular formula. If this
happens, the student should increase the number of carbon atoms by 1, generate a new molecular
formula and re-calculate the saturation index.

3. The compound represented by the molecular ion must be capable of producing the important ions in
the 'high mass' region of the spectrum. High mass is of course a relative term, and the spectrum of a
compound with a molecular ion at m/z 60 will have a different high mass region from a compound with
a molecular ion at m/z 200. We will expend a good deal of effort on this topic in later chapters.

While the calculation of the molecular formula is a very important step in the interpretation of a mass
spectrum, an equally important step is the determination of the structural formula. The exact
arrangement of the atoms will have significant effects on the appearance of the mass spectrum. A
correct molecular formula reduces the number of possibilities by eliminating immense numbers of
chemical compounds that cannot produce a given spectrum, but it cannot indicate the specific structural
isomer (except for very simple compounds).
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Page 9

3—
General Interpretation Procedures

We are now ready to begin our systematic study of the interpretation of mass spectra. Before we get too
deeply involved with some examples, | want to offer some advice and a warning to the student.
Probably the single most important fact for the student to keep in mind is that not all compounds can be
uniquely identified based solely upon the mass spectrum. Quite often, when an analyst is asked to
determine the identity of an unknown compound, several complementary techniques will be used.
These techniques include infrared spectroscopy (to identify principal functional groups), proton and
carbon NMR (to identify chemically identical hydrogens and to determine connectivity in the carbon
skeleton), mass spectrometry (for molecular weight, elemental composition and molecular formula), X-
ray crystallography, ultraviolet spectroscopy and a variety of classical wet-chemical techniques
including melting point and boiling point determinations, refractive index, density etc.

The best way to approach any type of spectral interpretation problem is with a completely open mind.
The analyst must be willing to be led by the data provided without trying to force the spectrum to match
preconceived notions of the compound's identity. Successful interpretation involves considering all of
the data available, including the identity of reactants and known chemical conditions and reactions.

It is always best to approach the interpretation of spectra using a logical and systematic method. The
procedure we will follow includes the following steps:

1. Perform a general inspection of the spectrum. Does it have many lines (indicating the presence of
many easily broken bonds) or does it have relatively few lines (indicating very stable ions)?

2. Inspect the spectrum for the presence or absence of any A + 2 elements (CI, Br, Si or S). From this
inspection determine the number and kind(s) of A + 2 elements present.

3. Identify the highest m/z fragment in the spectrum discounting the presence of isotope satellites. Is the
m/z of the suspected molecular ion odd or even? If it is odd, and if it is the molecular ion, then the
presence of an odd number of nitrogen atoms is indicated. Remember that the vast majority of organic
compounds will have even values of m/z for the molecular ion. Insert the appropriate error limits
(discussed below). From the A + 1 line, calculate the number of carbons present.

4. From the information provided in steps 1-3, write all possible molecular formulae.
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Page 10

5. Determine whether or not the fragment with the highest m/z is an odd-electron fragment. Only odd-
electron ions can be considered as potential molecular ions.

6. Identify the presence of any other significant odd-electron ions. If the molecular ion has an even
mass, significant odd-electron ions will also have an even mass. If the molecular ion has an odd mass,
significant odd-electron ions will also have an odd mass.

7. Using the isotopic ratio, calculate the formulae for the significant odd-electron fragments and
determine their saturation index. You should also calculate the formulae and the saturation index for
significant even-electron fragments, although in many cases this is not absolutely necessary.

8. Using all of the available information from the spectrum, plus any information from other spectral
methods or from chemical and physical tests of the unknown compound, determine a structure for the
unknown compound consistent with the data available.

The mass spectra of organic compounds can be relatively simple, containing only a few lines, or
amazingly complicated, with dozens of lines. Fortunately, not every line in a spectrum has to be traced
to a particular fragment ion. This is neither desirable nor in most cases possible. As you gain experience
with interpreting mass spectra you will learn which lines are important and which lines are less
important. As a general guide, you will want to identify the molecular ion (if present), the base peak
(which is the most intense line in the spectrum), any odd-electron ions that are not the molecular ion
and any other relatively intense peaks present.

We will now look at some examples in order to demonstrate and expand upon the steps given above,
specifically steps 2-5. In these examples we will concentrate predominantly on the identification of the
molecular ion peak (or at least a peak which could be the molecular ion).

Unknown No. 1

Unknown No. 1 exhibits the following spectral abundances:

m/z Relative abundance
64 100.0
65 0.9
66 5.0

In order to reflect normal instrumental variations, we need to include error limits in our measurements
of relative abundance. Normal error limits are either + 10% relative or + 0.20 absolute (whichever is the
larger).

Inserting these error limits, we see:

m/z Relative abundance
64 100.0

65 0.9+0.20

66 50+0.5
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This A + 2 pattern indicates that one sulfur atom could be present in the molecule. The pattern is
inconsistent with the presence of Si, Cl or Br.
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Page 11

m/z Relative abundance S,
64 100.0 100.0
65 0.59 + 0.20 08
66 5.05+0.5 4.4

The m/z 66 abundance would allow up to five oxygens in the compound (5.5 - 4.4 =1.1; 1.1/0.2 = 5),
but this is clearly impossible owing to mass limitations. A logical formula for the compound is SO,:

m/z Relative abundance S 0,
64 100.0 100.0 100.0
65 0.9+0.20 0.8 0.08
66 50+0.5 4.4 0.4

Notice how closely the predicted pattern of isotopic abundances for SO, matches the actual abundances.

We would expect the relative abundance for m/z 64, 65 and 66 to be 100.0, 0.88 and 4.8% respectively.
These expected abundances are within the observed abundances taking into account the error limits.

Unknown No. 2.

m/z Relative abundance
58 12.0
59 0.5
60 0.0

Inserting the appropriate error limits and normalizing m/z 58 to 100% gives us the following normalized
data:

m/z Relative abundance Normalized
58 12.0 100.0

59 0.5+0.20 42+1.7

60 0.0+0.20 0.0+£0.20

From the A + 2 (m/z 60) abundance it is possible that we have one oxygen in our compound. It is also
possible that we do not have any oxygen present (and certainly no other A + 2 elements).
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Page 12

From the A + 1 (m/z 59) abundance and the error limits we have a range from 2.5 to 5.9. In order to
calculate the number of carbons present, we divide each of these values by 1.1 and round appropriately.
This allows us to have three, four or five carbons. The restriction due to mass (a total of 58) eliminates
the five carbon possibility. This gives us the following potential starting points for our molecular
formula:

6]
@
®

A W o w O
o +» o O

For (1) the balance of the mass (58 - 36 = 22) would be due to A elements, since we have already
accounted for the only possible A + 2 elements. The only important A elements left are F and H (iodine
and phosphorus are impossible owing to mass considerations). Why do we not consider nitrogen? From
the nitrogen rule, we must have an even number of nitrogens in order to have an even mass. Since the
smallest even number of nitrogens is two, and two nitrogens represent 28 mass units, we can conclude
that there is no nitrogen present in this material.

For formula 1, we are left with two possibilities: C,H,, and C,H,F. Clearly, C_H,, is impossible, since in

an ordinary saturated hydrocarbon the number of hydrogens is 2n + 2, where n is the number of
carbons. For a three carbon hydrocarbon we would have a maximum of eight hydrogens and thus C,H,,

is ridiculous.

The other alternative, C,H,F, is possible so we will retain it for the time being.

For (2) the balance of the mass (58 - 52 = 6) can only be composed of hydrogens and we arrive at the
formula C,H,O, which is perfectly reasonable.

For (3) the balance of the mass (58 - 48 = 10) leaves us only with hydrogens and we arrive at the
formula C,H,,, once again perfectly reasonable.

The next step is to calculate the saturation index to determine which (if any) of the proposed formulae
results in a possible molecular ion:

Formula R+ DB Possible molecular ion?
C,H,F 3-1/2(4)+1=2 yes
C,H0 3-1/2(6)+1=1 yes
C,Hy, 4-1/210)+1=0 yes

Notice that all of the values calculated for R + DB are whole numbers. If any of the results had ended in
0.5 then we would be dealing with an even-electron (EE) fragment. In this case we would have
eliminated that possibility from our list of molecular ions, since a molecular ion must be an odd-
electron (OE) ion. Remember: all molecular ions will be OE ions, but not all OE ions will be molecular
ions.
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Can we eliminate any of the possible formulae from further consideration? In order to answer this
question, we will have to draw some possible structures. If we cannot draw a possible structure based
on the formula and saturation index, then we can eliminate that possibility. In the present example, we
find that we can draw reasonable structures for each formula.
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H—C=(—CH,F

Il
H,C—C—CH;

CH{CH;CH,CH; o7 CHiGHCH;
CH:

We have extracted the maximum amount of information from this particular group of lines and we still
have not identified the unknown. This is not too surprising since all we have really accomplished so far
is to determine some reasonable formulae for our unknown. We now have to look at the rest of the
fragment lines in the mass spectrum and determine which logical losses from the parent compound
would be responsible for these lines.

Let's suppose that in addition to the lines at m/z 58-60 there were lines at m/z 43, 44 and 45:

m/z Relative abundance
43 100.0
44 3.3
45 0.0

Inserting our error limits we would have:

m/z Relative abundance
43 100.0

44 33+0.3

45 0.0+0.2

From the A + 2 line, we have to include the possibility of having one oxygen. From the A + 1 line, we
definitely have three carbons. But if we have three carbons (mass of 36) then we do not have any
oxygen.

With three carbons, we have to account for seven additional mass units (43 - 36 = 7). Clearly, only
seven hydrogens are possible, resulting in a formula of C,H,. Calculating the saturation index we arrive
at a value of 0.5

R+DB=3—1;2(7)+1;2(0)+ 1 =05
and since this value ends in 0.5 we know that it is an EE ion.

Let us compare what we know about this fragment with the possible molecular ions we have already
identified. Clearly, it is impossible to have this fragment from either C,H,F or C,H,O since there are not
enough hydrogens in these molecules to give us a fragment with the formula C,H,.

We can now conclude that this spectrum must be of a compound with the formula C,H,,. Can we
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identify the specific compound? In principle, the answer to this question is yes, but in practice the
student will find it very difficult. In many cases the spectra of
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isomers are very similar to each other. How then can we finish the identification procedure?

There are several possibilities. We could compare our unknown spectrum with a spectrum from some
standard database such as the NIST Mass Spectral Database. We could compare our unknown spectrum
with authentic spectra (spectra of known compounds collected under the same conditions on the same
spectrometer). We could take the unknown compound, prepare a chemical derivative of the material
and analyze the spectra of the derivatized compound.

It is critically important for the student to recognize the limits of mass spectrometry as well as the
strengths. It is beyond the scope of this text to discuss other qualitative analytical methods, but the
student should remember that other techniques such as infrared spectroscopy and nuclear magnetic
resonance spectrometry can provide a wealth of information about a chemical material. If these other
techniques are available then they should be used in conjunction with mass spectrometry to identify
unknown materials. In our example, we could be dealing with either butane or methylpropane. A simple
proton NMR spectrum of our unknown would allow us to differentiate between these possibilities and
conclusively identify our compound.

After determining one or more reasonable formula(e) for our unknown compound, the next step is to
determine the structure of the compound. In order to determine the structure, we need to consider the
other lines in the mass spectrum and determine what kind of logical losses from the parent compound
would produce these lines. How do we go about the task of identifying logical losses?

One reasonable approach to solving a spectrum is to subtract the mass of the fragment peaks from the
mass of the parent in order to determine which neutral (either a radical or a small, stable molecule) has
been lost from the parent compound. Table 2 (at the end of this chapter) is a tabulation of the common
mass losses for these neutrals and the types of compounds indicated by these losses. Although Table 2
is a useful tool, the student is reminded that this list is not exhaustive and that different types of
compounds can lose the same kinds of neutrals. You must also remember that different neutrals can
have the same mass (28 can be C,H, or CO). Another approach is to tabulate the most common ions
observed for particular values of m/z. In this case, some of the lines in a given spectrum can be assigned
to certain ions. Table 3 (also at the end of this chapter) is such a tabulation and can be used with the
same precautions.

Let us use these two tables to interpret the following spectrum for Unknown No. 3 (Figure 3.1).

Unknown No. 3

The highest mass in the spectrum is m/z 107 and is probably an isotope satellite. This would indicate
that m/z 106 is the molecular ion. The base peak (the line with the greatest intensity) is m/z 105. Clearly,
this line indicates the loss of hydrogen from m/z 106. Table 2 indicates that this is a common loss for
aldehydes, acetals, aryl-CH, groups, N-CH, groups, -CH,CN and alkynes.

For the purposes of this example we will ignore the possibility that nitrogen is present. If m/z 77 is

formed from the molecular ion, then a neutral of mass 29 has been lost, indicating an aromatic
aldehyde, phenol, ethyl derivative or alkane. What if m/z 77 is
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formed from 105? The loss of 28 indicates C,H, and CO as common neutral losses. The loss of 28 is
consistent with phenols, aldehydes, diaryl ethers, quinones and ethyl esters.

Finally, we look at the ion table (Table 3). For m/z 77, the formula C,H, is common (a benzene ring
minus one hydrogen). For m/z 105 we could have C,H.CO*, C,H,CH,CH, or C.H.,CHCH,,.

For the sake of clarity, let us tabulate our observations and deductions:

m/z
107
106
105

77

Observations/deductions

Isotope satellite

Molecular ion

Loss of H from molecular ion

Possible compounds: aldehydes, acetals, aryl-CH, groups, alkynes

Loss of 29 from 106

Possible compounds: aromatic aldehyde, phenol, ethyl derivative or alkane

Loss of 28 from 105

Possible compounds: phenols, aldehydes, diaryl ethers, quinones and ethyl esters

Possible structures or formulae:

77

105

CeHs

Q/CZ{J @/ﬁﬂz’ﬂl’]z O/CHCHE.

Clearly the only structure for m/z 105 that fits with our previous observations is C;H,CO*, indicating an
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aromatic aldehyde. The unknown compound is benzaldehyde.

This example was fairly straightforward and may lead the student astray because of its simplicity. The
student is cautioned that not all lines in a given spectrum will be formed
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directly from the molecular ion. In fact, many of the lines present in a very complicated spectrum will
be due to further fragmentation of higher mass ions. The general procedure to be used is to start with
the molecular ion line and subtract the mass values for corresponding major lines from the molecular
ion line. This process is repeated for successive ion lines moving down in mass from the molecular ion
line.

As an example, consider a hypothetical spectrum composed of four lines. We will label these lines as M
(the molecular ion line), A (the lowest mass fragment line), B (a fragment line of greater mass than line
A) and C (a fragment line of greater mass than B). We would then perform the following operations:

M - C assuming that C is formed directly from the parent.
M - B assuming that B is formed directly from the parent.
M - A assuming that A is formed directly from the parent.
C - B assuming that B is formed from C.
C - A assuming that A is formed from C.
B - A assuming that A is formed from B.

We would then consult the table of neutral fragments (Table 2) to determine the possible types of
compounds that would be consistent with these losses. Finally, we would consult Table 3 to see what
formulae or structures would correspond to the A, B and C ions. From all of the resulting information,
we would then propose a logical structure for our unknown. Of course, if we have a very complicated
spectrum then we should expect to have many more operations to perform.

Unknown No. 4
Consider the following spectrum (Figure 3.2):

100 = 7

156 158

il

Belative abundance (%)
=
I

5 —

| |
S0 100 150
miz

Figure 3.2
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m/z % Relative abundance
50 17.2
51 38.9
74 3.2
75 5.7
76 5.7
77 100.0
78 7.8

156 64.1

157 4.2

158 63.7

159 3.8

The most obvious feature of this spectrum is the characteristic A + 2 pattern of a monobrominated
compound, which is indicated by the lines at m/z 156 and 158. Inserting our error limits and scaling the
158 line to 100% gives us:

m/z % Relative abundance
158 100.0
159 6.0+0.6

which indicates either five or six carbons. Our two possible starting formulae are:

(1) CiBr
(2) C4Br

and there are no other important A + 2 elements with the possible exception of oxygen. Which other
elements could be present?

1. Subtracting 141 (the combined mass of five carbons and one 8'Br) from 158 leaves 17 mass units.
Notice that in calculating the mass of C,Br we used 81 for the bromine, since this would be the 8'Br

isotope. It is important for the student to keep in mind the distinct isotopic forms of the elements when
determining molecular formulae.

From the residual mass, we could either have one oxygen and one hydrogen for a formula of C.HOBY,
or we could have 17 hydrogens for a formula of C,H ,Br. The latter would be impossible since it

violates the 2n + 2 rule which tells us that for five carbons we can have 12 hydrogens. The former gives
us a saturation index of 5, indicating a very unsaturated molecule. This would seem to be very unlikely.

2. Subtracting 153 (the combined mass of six carbons and one 8Br) from 158 leaves five mass units.
The only possibility is five hydrogens, giving us a formula of C;H.Br. The saturation index for this

compound is 4 and it meets the requirements of the OE test.
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The base peak at m/z 77 indicates the loss of 79 from m/z 156 (or the loss of 81 from m/z 158). From
Table 2, this would indicate the loss of Br, which is definitely a logical loss since we know that bromine
is present in the compound. Consulting Table 3 for likely formulae for m/z 77, we see that C,H; is likely
and we can identify Unknown No. 4 as bromobenzene.
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Practice Problems

Page 18

Each of the following problems involves the determination of reasonable molecular formulae and
saturation indices. For convenience, the data are presented in tabular format indicating the m/z value
and the normalized abundance for the A + 1 and A + 2 lines. For this exercise, the only elements

present in these compounds are C, H, N, and O.

Based upon the data presented:

1. Determine all of the reasonable molecular formulae using the above elements.

2. For each formula, calculate the saturation index.

3. Based upon the saturation index, determine whether or not the molecular formula represents a

possible molecular ion.

Detailed solutions to these problems are available in the Appendix.

Problem 1

m/z Normalized abundance
44 100.0%

45 1.2%

46 0.4%
Problem 2

m/z Normalized abundance
30 100.0%

31 2.3%

32 0.0%
Problem 3

m/z Normalized abundance
84 100.0%

85 6.7%

86 0.0%
Problem 4

m/z Normalized abundance
56 100.0%

57 4.7%
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58 0.1%

Problem 5
m/z Normalized abundance
91 100.0%
92 7.6%
93 0.3%
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Problem 6.

m/z Normalized abundance
46 100.0%

47 2.9%

48 0.2%
Problem 7

m/z Normalized abundance
106 100.0%

107 7.6%

108 0.4%
Problem 8

m/z Normalized abundance
93 100.0%

94 7.1%

95 0.2%

Table 2 Mass and formulae of common neutral particles. Note that neutrals can be lost as molecules or as
radicals. In some cases, the formulae of neutral particles will be the same as for fragment ions (Table 3).
This list is not meant to be exhaustive

Mass lost Neutral formula Compound types indicated
1 H Aldehydes, acetals, compounds with aryl-CH,

groups, compounds with N-CH,, compounds with -
CH,CN, alkynes.

2 H, Fused ring aromatic compounds.

14 N Aryl-NO.

15 CH, Acetals, methyl derivatives, t-butyl and i-propyl
compounds, compounds with aryl-C,H, groups,
(CH,),SiO derivatives, alkanes.

16 CH,, NH,, O Aromatic nitro compounds, N-oxides, S-oxides,
aromatic amides.

17 NH,, OH Carbc_>xy|ic acids, arom_at_ic compounds with a
functional group containing oxygen ortho to one
containing hydrogen, e.g. o-nitrotoluene, amines.

18 H,0 Alcohols, aldehydes, ketones, ethers, carboxylic
acids.

19 F Fluoroalkanes.
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26

27

28

29

http://emedia.netlibrary.com/nlreader/nlreader.dl?bookid=17960&filename=Page 19.html

HF
C,H,

C,H,, HCN
C,H, N,, CO

CH;,N, C,H, CHO

Fluoroalkanes.

Aromatic hydrocarbons.

Aromatic amines, aromatic nitriles, nitrogen
heterocycles.

Phenols, aldehydes, diaryl ethers, quinones, aliphatic
nitriles, ethyl esters.

Aromatic aldehydes, phenols, aliphatic nitriles, ethyl
derivatives, alkanes.

(continued)
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Table 2 (continued)

Mass lost

30
31

32

33
34

35 (and 37)
36
38

40
41
42

43

44

45

46

47
49
51
54
55

56

57
58
59
60

61
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Neutral formula
C,H, NO, CH,O NH,CH,
CH,0

CH,OH, S

CH, + H,0, CH,F
H,S

cl

HCl

H,0,
C.H,, CH,CN

C3H5

C,H,, CH,CO

HNCO, CH,CO, CH,

C,H,, CONH,, CH,CO, CO,,
cs

C,H.0

[H,0 + C,H,], NO,, CH,S

C,H,F, CH,S
CH,CI

C,HN

C,H, C,H,0
CH,

CH,=CHCH,CH,,
CH,CH=CHCH,, ,CO

C,H,, C,H.CO
C,H,CO

C,H,0, CH,CO,

COS, CH,COOH, C,H,0H

C,H.S

Page 20

Compound types indicated

Aromatic nitro compounds, aromatic methyl ethers.
Methoxy derivatives, methyl esters.

Ethers, carboxylic acids, sulfur-containing
compounds.

Alcohols, fluoroalkanes.
Thiols

Chloroalkanes
Chloroalkanes

Polycarboxylic acids

Aliphatic nitriles, aromatics.

Propyl esters

Acetates, N-acetyl compounds, butyl ketones.

Propyl derivatives, aliphatic nitriles, amides, methyl
ketones, alkanes.

Aldehydes, esters, acids, amides, thiophenols, aryl-
S-aryl.

Carboxylic acids, ethyl esters, ethers.

Methyl aryl sulfides, cyclothioalkanes, nitro-
aromatics, nitroesters, ethers, carboxylic acids.

Fluoroalkanes, thiols.
Chloroalkanes.

Nitrogen heterocyclics.
Aromatics, cyclic-CO-CH=CH-
Butyl esters.

Pentyl ketones, ArOBuU ethers.

Alkanes, ethers, ketones.
Ketones

Ethers, esters.

Ethers, esters, thiocarbamates.

Thiols, thioethers.
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64 SO,, (CH,0H), Dialcohols, RSO,R, Aryl-SO,0R
79 (and 81) Br

127 |

Bromo compounds

lodo compounds

Table 3 Mass and formulae for common ion fragments. In some cases, fragment ion formulae will be the
same as for neutral particles (Table 2). This list is not meant to be exhaustive

Mass Fragment ion formulae (all ions are positively charged)
15 CH3+

16 ot

17 OH*

18 H,0*, NH,,

19 F*, H,O0*

26 CN*

27 C,H,,

29 CoHs, chox

30 CHNH,, (o,
31 CH,OH*, OCH,,
32 0,,

(continued)
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Table 3 (continued)
Mass

34

35 (and 37)
36
39

43
44
45

47
49

53
55
56
57
59

65

69

77

91

92

93
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Fragment ion formulae (all ions are positively charged)
H,S*

cr

HCI*

CyH,,

CgHy, 1, C=0%, CHN*

[CH,CHO + H]*, CH,CHNH CC=07, (CH,),N*

2+, CO2+, NH2

CH,CHOH?*, CH,CH,OH*, CH,0CH,, 0.1,

CH,SH*, CH,S*
CH,CI*
C4H5+

C,H =CHC=0*

4T+, CH2

C,H

4" "84+

C,H,. . H.C=0*

4%+, C2

(CH),COH*, CH,0C,Hs, o OCHCH,, . CHCH,0H*

@

CH

nr_”f \C_H

Il |
HC——CH

C5H9+’ CFa+, CH3CH:CHC:O+, CH,=C(CH,)C=0"

{CgHz)
{CTH?}

CH,Br*, CH

9+ (terpenes)

Page 21
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= |I
)

105 e c=08 TCH:CHE@ r f,f| CHCH,®
J L cr

107

J_,-:‘“\HH,-“'CHEOE; OH
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4—
Hydrocarbons
We will begin this chapter by looking at three general classes of alkanes; linear, branched and cyclic.

The spectra of ordinary hydrocarbons provide a convenient starting point for learning general
interpretation procedures.

Linear Alkanes

Example 1 Methane (CH,)

100
80—
£ B0 —
5
2 agd
20 -
UIIIIIITIIJIIIIIIIIIIIIP
1 3 5 7 3 11 12 15 17 18
miz
msz %
2 1.2
12 3.8
13 0.7
14 20.4
15 BB.8
16 1000
17 1.6
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Example 2 Ethane (C,H,)

iz
100 4
B0 -
z
§ B0
2
=
# 40 4
204
o 2 |I I : ;
11 19 27 as
ez
miz % miz %
2 1.2 27 36.2
13 1.9 28 L0
14 4.8 29 21.3.
15 6.6 30 232
z5 5.1 31 0.5
26 25.8
Example 3 Butane (C,H,,)
1004 T 43
BO -
g 60
# 404 mizEr | | ™
30 = — iz 58
0 IJI I] . I|:|I I;..... .
16 a0 42 54
miz % miz %
14 2.0 42 12.6
15 108 43 100.0
26 4.0 44 34
27 42,8 50 1.9
28 338 51 1.4
25 44.2 53 1.0
30 1.0 55 1.2
k3 17.3 57 2.7
40 24 58 11.8
41 31.8 59 0.5
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Example 4 Hexane (CH,,)

100 - e &
80 - Mz 43
iz 29
g
# a0
20+ e i Bg
n -| T . 1
a 27 45 &3 a1
miz = 0B miz = 000%
14 1.4 44 16
15 10.2 50 13
26 6.4 51 1.8
27 56.9 53 13
28 16.1 35 5.0
19 61.2 56 245
30 1.3 57 100,41
i9 7.3 58 4.3
40 42 T 5
42 1 6 14.0
43 TE.0 7 0.4
Example 5 Octane (C,H,;)
100 mirda
B0
§ 04
g
] -
40 ks
iz BS
20 MW m
l| { M g
= 'r T T I T .

R B |
24 33 42 31 G0 69 T& BT 95 105

mSz %
7 9.8
28 22
9 1652
39 55
410 1.1
41 4.5
43 T
a3 100,
44 2.9
55 Tl
56 14.0
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mig == 0%
57 303
5% 1.4
69 Lo
70 2.6
71 192
72 1.0
84 48
85 25.1
&6 L&
JE! 10
115 0,2
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Example 6 Dodecane (C,,H,)

100 4
yras ST
&0
E i T
£ - |
# 404 | B
20 ‘A i 470
- b J :] i | 1 l
T L] T T T
27 43 50 TH f1 107 123 138 166171
e
mi % Mz i) msz %
th 1.3 57 1000 B 24
7 254 5B 4.5 a7 1.1
28 57 &7 1.3 T8 6,1
24 384 68 1.0 a9 5.4
39 122 Lig 6.4 112 X
40 493 T4 133 513. 34
43 15,5 T 54.5 (BN 1.7
44 32 T3 31 127 36
53 49 73 2] 141 2.1
54 2.1 B4 ER 170 79
55 1549 85 153 171 1.1
56 17.6
Example 7 Tetradecane (C,,H,,)
T
100 =
mr §7
BO
£ 60
E mer T
# L
meres
20
il
05 T j |I Ij| 4 T T I
33 59 74 90 118 138 150 179
(g
in 14,1 a7 1.4 LE 4.4
40 2.0 GE 14 ] 58
41 8.4 6o .6 112 30
42 l6.0 T 107 113 3T
43 100.0 gl A8.0 126 21
4 1.4 72 2.8 127 32
53 32 83 33 141 14
54 27 LE 50 141 246
55 118 EF M4 155 1.7
56 16,4 L 2.1 1649 1.
57 h2.6 o7 1.4 198 5.0
58 Al
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Ordinary alkanes are characterized as having many relatively weak C-C bonds. The spectra of saturated
alkanes normally exhibit many lines, with the lines occurring as distinct recognizable groups. In any
given group, there will typically be a fragment of the formula C H,,,, (an alkyl ion), the 3C isotope
peak and additional peaks corresponding to C H,., C H,., and C H, .. In any given group, the alkyl peak
will tend to have the greatest intensity.

In general, the lower mass fragments corresponding to two, three, four and perhaps five carbons will
have greater intensity than fragments containing six or more carbons. Two factors affect this difference
in intensity. The first factor is that most mass spectrometers tend to discriminate against higher mass
fragments. Fewer of the high mass ions are collected and therefore the intensity is lower. Second, the
lower mass fragments are typically produced by higher mass fragments undergoing secondary
fragmentation or rearrangements. Students are encouraged to study Examples 1-7, paying close
attention to the patterns produced by these linear alkanes.

The most common fragmentation mechanism encountered with the linear alkanes is simple cleavage of
a C-C single bond to produce a carbocation and an alkyl radical. This can be represented as

[CHg—CHa]*" — cHP® + cHy

The carbocation formed will follow the order of abundance CH,, _ rcpy,. < r,CH* < R,C*. Of course,

with a linear alkane there is no possibility of producing a tertiary carbocation unless significant
rearrangement occurs, but the migration of hydrogen from an adjacent carbon can result in the
formation of a secondary carbocation.

A secondary mechanism involves the loss of an olefin molecule

R—CH:TCHI—CHE'E} — = R—CH® + CH,=CH,

_/

resulting in a new ion 28 mass units smaller. This mechanism accounts for the typical pattern shown by
most alkanes: clusters of fragments separated by 14 amu. Please pay careful attention to the arrows
shown in this and all other examples. A double headed arrow is used to show the movement of a pair of
electrons. Single headed arrows are used to show the movement of a single electron.

In general, linear alkanes will show significant intensity for the molecular ion peak. As the amount of
branching increases, the intensity of the molecular ion peak will decrease, and when the molecule has
significant branching the molecular ion may be undetectable.

While the overall appearance of an ordinary alkane spectrum can be characterized as a series of
fragments differing by 14 amu, the student should be aware that the loss of 14 amu is not generally
considered to be a logical loss. What accounts for the apparent loss of 14 amu? Consider the spectrum
of dodecane (Example 6).
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In this spectrum, we can have the initial fragmentation occur between any two adjacent carbons. If we
initially lose a methyl radical (due to fragmentation between carbons 1 and 2) followed by successive
loss of ethene (a neutral olefin molecule) the resulting ion would have a mass of 127. This fragment and
other smaller fragment ions can also lose ethene, and we can easily imagine m/z 127 losing 28 to form
m/z 99, which loses 28 to form m/z 71, which loses 28 to form m/z 43. Similarly, we can imagine an
initial fragmentation occurring between carbons 2 and 3 producing an ethyl radical and a fragment ion
with a mass of 141. Loss of ethene from this fragment produces an ion with a mass of 113, and the ion
at m/z 113 loses 28 to form m/z 85, which loses 28 to form m/z 57. When we add these two patterns
together we are left with the impression that a single hydrocarbon chain is being broken down, one CH,

unit at a time.

Other mechanisms such as the loss of hydrogen do occur but are generally not important, other than
adding to the complexity of the spectra.

Branched Alkanes

Example 8 2-Methylpropane (C,H,)
100 mizas
80~

60

% Inlensiy

404

20 iz =7
mz 58

o —1 |'|'I| T '||‘ P A Fri
12 17 22 27 32 37 42 47 52 o7

miz % mig
15 Lo 41 349
26 1.0 47 36.7
27 17.3 413 OO0
28 14 44 34
29 4.7 57 37
3% 16 5B 3.9
39 11.2 50 0.2
40 2.0
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Example 9 2-Methylpentane (CH,,)

1040 mr 43
&0~

B0

=% Inlensity

40—
mlr ET T
20—
v BB

P | ‘ e ST
| ull |

o T T T T 'il T -l T
4 14 24 34 44 54 64 T4 84
¥z

miy % miz %
14 12 44 14
15 9.5 51 1.1
26 28 53 1%
27 a5 35 0.7
28 4.5 bR 4.6
24 15.0 57 106
34 200 70 6.8
40 iz 71 155
41 5.5 826 249
412 528 27 0.
43 1000

Example 10 2,2-Dimethylhexane (C,H,,)

100 iz BY
B0 -
=
F B0
4
E iz al
# 4 -
gl R ——
mir 114
0
14 24 34 44 54 B4 T4 B4 04 104114
mr
miz L) miz &
27 10.2 33 33
28 240 55 107
29 192 56 63.5
Ry 127 57 100,90
a0 1 58 4.2
41 48,5 LR 1.4
42 TE T1 1.6
43 253 a9 13.%
51 1.2 1K1 1.0
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Example 11 2,2,3,3,5,6,6-Heptamethylheptane (C,,H,,)

100 4 i 57
80+
£
50 -
ﬁ iz 85
E
* 40 I
T
]
20 J-m-?ﬁﬁ e
0 f T |b T
29 44 [ite] 89 1089 129 140
miz G msz b miz T
27 58 55 9.6 83 B0
23 1.3 56 £3 54 10.2
29 14.1 57 100.0 85 539
K3 54 38 4.4 ia 35
40 1.0 67 1.1 9K 1.6
41 26.3 659 8.0 99 16,3
432 2.5 70 35 100 1.3
43 309 71 215 127 1.5
44 1.0 T2 1.2 144 6.1
] 1.E #2 1.4 141 3.7

The spectrum of a branched alkane is significantly different from that of the corresponding linear
alkane. Fragmentation at the branching points in the molecule allows the formation of secondary or
tertiary carbocations, which are much more stable than primary carbocations. This enhanced stability
results in greater intensity for these lines in the mass spectrum.

Compare the spectrum of Example 8 (2-methylpropane or isobutane) with Example 3 (butane). The
principal differences between these two spectra are a decrease in the intensity of the parent ion in the 2-
methylpropane and the almost complete disappearance of m/z 29 corresponding to the ethyl cation. The
formation of this ethyl cation in 2-methylpropane would require significant rearrangement, whereas in
the butane molecule simple fragmentation with allow the formation with relative ease.

Example 9 (2-methylpentane) compared with Example 4 (hexane) shows an enhancement of m/z 71 due
to loss of methyl from either position in the 2-methylpentane. The fragment at m/z 57 is virtually absent
owing to the difficulty of producing C,H H

9+, while m/z 43 is enhanced as there are two different Cs' '7+ ions which
can be formed by cleavage of the bond between the second and the third carbon in the chain. These possibilities are shown

below (Figure 4.1).

Example 10 (2,2-dimethylhexane, Figure 4.2) shows a significant peak at m/z 99 compared with
Example 5 (octane), where there is no such fragment. This is because, in the 2,2-dimethylhexane, any of
three methyls may be lost, resulting in a very stable tertiary carbocation. Furthermore, the greatly
enhanced m/z 57 is due to cleavage between
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-----------

Figure 4.2

the second and third carbons resulting in two possible C,H,, fragments, one of which is also a tertiary

carbocation.

Finally, Example 11 (2,2,3,3,5,6,6-heptamethylheptane, Figure 4.3) shows a significantly reduced m/z
71 compared with Example 7 (tetradecane) owing to the greater difficulty in forming C,H,,, 1.

abundance of m/z 85 is enhanced since it is possible to fragment the molecule between carbons 4 and 5, producing a

H

secondary carbocation. It is possible to form two fragments corresponding to C7* "15+ (m/z 99) by breaking the bond between

the number 3 and 4 carbons, and one of these fragments would be a very stable tertiary carbocation. Likewise, there are two

H

possible C4' "9+ fragments (m/z 57), each of which is the more stable tertiary carbocation.

In general, the student will find that the spectra of branched alkanes are governed by the loss of the
largest possible alkyl radical (R) and the formation of the most stable carbocation. This is an example of
Stevenson's rule, which tells us that the largest alkyl radical will be lost preferentially.

i miz 57
CH; CH; ; CH,
CI‘Ig._{:}""::: :mz : 'i:H i %_CHJ
CHg,CH;i ; CH;  CH,
niz99 | | miz85
Figure 4.3
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Cyclic Alkanes

Example 12 Cyclohexane (C,H,,)

% rlensiy

| e ER

T

14 24 34 44 54 64 T4 84
mez

100

&0

&0+

.41]-| meE &

= e e

0

a

miT b
15 i
26 6.0
27 .0
28 I7.8
249 132
ig 345
A0 7.1
41 a5.8
41 304
43 14.2
30 3.1
51 43
52 13

LV &
53 57
54 7.0
a3 .1
56 10H31.0
57 52
65 Lo
57 LR
i & 1.5
i 226
10 1.3
g3 4.5
B4 705
i3 4.8

Example 13 Methylcyclohexane (C.H,,)

% Inftersiy

100 4

B0 -

&0

40—

204

mir I

Lo-H

4 14 B4 34 44 B4 B4 T4 B4 B4
mir

mi dd

miz B msz % mig %
14 4.9 51 21 T4 21.46
14 2.0 51 1.1 71 14
27 287 51 7.1 T 1.0
14 2.8 54 6.5 g1 1.5
2% 19.5 35 821 iz 14.2
iR 1.1 56 29.9 3 100.0
EE] 274 57 4.9 B4 6.5
40 i 65 1.1 97 13
41 508 57 50 9% 44.0
4% 354 [ a5 ag 33
413 &5 G649 2.6
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In general the molecular ions formed from cycloalkanes are more abundant than those formed from
their acyclic analogs (see m/z 84 in Example 12 and m/z 98 in Example 13). The interpretation of the
structures of these cycloalkanes is also much more difficult than for the corresponding non-cyclic
forms. The decomposition of the carbon skeleton typically involves cleavage at two bond positions,
which can contribute to considerable randomization. The elimination of an olefin from the molecular
ion will result in the formation of additional odd-electron ions which can be helpful in identifying the
material as a cycloalkane. When the ring structure of the cycloalkane opens, simple cleavage reactions
similar to those seen for the linear alkanes can take place in the normal fashion. Thus, there are two
important mechanisms to consider when interpreting the structure of a cycloalkane.

Formation of the even-electron ion (m/z 69) through simple cleavage and of the important odd-electron
ion (m/z 56) through elimination of an olefin are illustrated in the following mechanism (Figure 4.4).

Fragmentations producing the two important odd-electron ions in methylcyclohexane plus the even-
electron ion base peak are illustrated in Figure 4.5. The elimination of an olefin from the open ring
structure in methylcyclohexane accounts for the odd-electron peak at m/z 70. This reaction is

summarized in Figure 4.6.
@
o i @
— —1.-." CSHQ
ki - CH; mi'z 69

@

@-:} — = CH,=CH,

=
iz 56

Figure 4.4

T
i ' wiz 83

s 56

Figure 4.5
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.
T2 Cf = e

LT
Figure 4.6

Note that in the above example we have chosen to place the positive charge on the most highly
substituted carbon. This is the usual and customary procedure and the student should follow this
procedure whenever possible.

Alkenes

Example 14 Ethene (C,H,)

100 s
B~
§ 60
E e 36
F 40
20 =
Q T T T T '|l T
2 7 12 17 22 27
mz
miz R
14 18
24 1.3
z5 7.3
26 0.1
27 M3
28 100,0
29 22
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Example 15 Propene (C,H,)

100_ el 41
804
£ &0
E
E
# 40 R
20 =
|:| i T |||| I. I| i I T i T
4 14 24 34 44
mir & mfy = 0000®
a2 1.6 a7 4173
12 2.0 28 1.7
13 29 19 74
14 b 40 293
15 7.6 41 JRHRH
Q) 22 42 4.3
25 33 43 2.4
25 13.9

Example 16 (a) 1-Butene (C,H,)

100 ekt
80

F

b

Fd 40 = e B

mir 27
20 1 ‘
" S| | |l R [ | A
4 14 24 34 44 64
mi
[ @ miz i
2 1.2 41 100.0

13 1.3 42 34
14 33 50 6.4
15 £3 il 459
15 1.7 52 14
16 13.0 53 5.8
27 337 54 24
18 8.3 55 18.0
24 129 56 37.5
19 41.9 57 1.8
40 7.5
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Example 16 (b) 2-Butene

100 meE 41
80
=
80
E ol BB
E
g 40 miz 27
20
] '| . LI II || 1 I|||.]I 1
4 14 24 a4 44 54
mr
miz il mig i)
2 1.2 4 1 1000
14 2 A2 3.4
15 79 50 8.9
25 23 51 7.1
26 26.0 52 2.1
27 36,5 53 B4
238 30.6 54 3.9
29 14.7 55 223
39 422 56 48.4
40 %1 57 23
Example 17 (a) 1-Hexene (C,H,,)
100 4
an YL 56
(7 e d
=
F [1u)
H
E
# 40
T B
20 T2 B9
o
4 14 24 34 44 54 64 T4 84
firid
ST o S = mlz o
et 1.6 41 100,40 55 583
14 2.4 42 685 56 79.2
15 116 43 T 4.2
2a 9.6 d 4 1.9 67 2.1
27 74,7 50 9 60 19.2
28 15.1 51 5.1 70 12
Ty 297 52 20 24 4.6
39 56.0 53 B8 45 L7
40 9.6 54 6.3
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Example 17 (b) 3-Hexene

100 ¥ 55
B0 M4l
&
g e0
o
E
# 40 iz 27 I 2
20 }
o | | dl 1 |IJ| PR A 2
T T T ] ] T T 3 L)
4 14 24 34 44 54 64 T4 B4
mir
mfz o msz k) mfz i
15 B3 42 09,3 57 [.2
16 53 43 16.5 5 L4
T 385 50 2.1 7 4.7
Z8 6.5 51 43 =X 1.1
4 153 52 1.9 a9 an3
38 3.0 53 10,2 70 1.4
349 5.1 54 K] 84 kLR
410 T4 35 100,14 83 25
41 £1.2 56 2746
Example 18 (a) 1-Octene (C,H,,)
100 T
44 iz 55
z
& &0 oz 7
£ miz 29
&# 40
20 Mz a3
e 112
o I N SRITIR
24 34 44 54 B4 74 B4 94 104 114
vz
i G mSz o ML U
26 1.8 43 10400 a9 29.6
7 1.3 44 22 T 53.8
28 5.0 3l 1.6 T1 6.7
29 437 53 5.3 g2 2.5
30 1.1 54 6.4 B3 17.8
38 1.2 35 794 R4 0.7
39 28.5 56 iR o7 1.5
410 4.8 57 12.8 112 14
4 ] R1.& a7 18 113 0.2
42 GG, 5 LT 4.1
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Example 18 (b) 4-Octene

100 ruiz 41 mir 58
BO
§ eo
I
=
i 40
mirET aLE T
20 ‘ iz B3 mir 12
u T I ' Y T L
29 45 69 B 108
miz 9% msz a4 msz )
26 1.9 53 6.3 69 247
27 27.6 54 6.4 70 04
29 20.3 55 9,4 71 34
i9 19.6 56 40.7 g1 1.7
40 1 57 12.0 H2 1.1
41 100.0 a5 1.3 B3 12.5
43 34.8 a6 1.1 Hd iH
41 122 a7 7.1 112 128
31 2.3 ag 2.7 113 I.]
Example 19 2-Methyl-1-propene (C,H,)
100 AVE 41
B0
£ 80
[=
g
# a0 S
20 Mﬂl
El a ] I.I] 1 JI. lll II 1 I[Jlil| i !
4 14 24 34 44 54
mz
miz o m %
2 1.1 41 100.0
13 1.4 432 3.7
14 15 50 7.1
15 a0 51 5.5
24 6.7 52 1.5
27 21.9 53 55
28 204 54 13
9 [0.2 55 L6.4
19 527 56 42,3
40 12.0 57 |
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Example 20 Cyclobutane (C,H,)

100 "z 4
an miér 28

60

9% Intengity

iz 56
40

20 ‘
|

IIII! Ls _'le Lally i

VE
Mz ki mig %
26 128 43 1.0
27 276 49 10
28 79.6 50 3.2
29 104 51 2.7
37 1.7 53 15
38 17 54 23
39 14.3 55 19.6
40 60 56 46.6
41 100.0 57 2.0
42 19
The presence of a double bond increases the abundance of the C H,, ., .4 c.Hans series of ions. In general

the presence of a double bond will increase the abundance of the molecular ion for compounds with low molecular weights
(Examples 14-18). The normal ionization site in an alkene is the double bond, as opposed to ionization at any C-C bond in
the alkanes.

Alkenes tend to undergo allylic cleavage as shown in the following example:

e L CHI-CH-%eH—R ——» CHy + CHy=CH-CHR

The ions produced by these processes are resonance stabilized (Figure 4.7).

In propene (Example 15) the peak at m/z 27 is consistent with simple cleavage resulting in the loss of
the methyl radical. This is also seen in 1-butene (Example 16a). The base peak at m/z 41 can be formed
either through a simple cleavage mechanism between the number 3 and 4 carbons or through the allylic
cleavage mechanism shown above. Preference would be given to the simple cleavage mechanism, since
the spectrum of 2-butene (Example 16b) is virtually identical with that of 1-butene. In 2-butene, the
double bond would have to migrate before the allylic cleavage mechanism would be possible.

The double bond in the molecular ion is very mobile and as a consequence the spectra of isomeric
alkenes are very similar unless the double bond is in close proximity to a
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SN
c=C—C—
B

Page 39

i o
(E—H — @ﬁ:—ﬂ::}: + CHye
H H H
LTt
f|:=C—+FE>
H H
Figure 4.7

functional group of some sort. Students are asked to compare Examples 16a, 16b, and 19; 17a and b;
and 18a and b. Cycloalkanes, will also give spectra very similar to those of alkenes (compare Example
20, cyclobutane with 16a and b and 19 or Example 12, cyclohexane with 17a and b).

Dienes

Example 21 (a) 1,2-Butadiene (C,H,)

100 Ve 54
an
-‘E B0 iz 27
LT
E
" 40 e 38
20 H
o 1[ | III .II I |
14 24 a4 44 54
i
Fii A % msz %%
25 a2 48 1.0
18 16.9 440 B4
27 61.8 S0 24.9
28 300 51 2314
14 1.1 52 11.8
ag 57 53 415
18 T.6 54 100.0
349 43.4 535 4.1
40 [.2
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Example 21 (b) 1,3-Butadiene

100 e 3
a0 i 54
I ET
g &0
E
# 40
i ‘ “
a ; aill : | | I | | 1 |
14 24 a4 A4 54
mir
miz v miz %
2 1.7 PR 1.2
12 X7 14 T0k0r,
13 iz 1] in
14 5.1 50 31.3
15 KR 51 237
25 54 52 11.3
24 LN 53 543
7 6f.2 54 g7
28 455 5% i3

Page 40

Not surprisingly, the spectra of isomers containing more than one double bond are also very similar.
The presence of the large peak at m/z 39 in 1,3-butadiene must result from bond migration prior to loss
of a methyl group. As we have seen, the exact location of the double bond can be very difficult to

determine unless other structural features are present in the molecule.

Alkynes.

Example 22 1-Propyne (C,H,)

1060 o Al
&0

=

g &0

£ 40
20 |‘

i i . L | 1
i 24 34 44

mis O s e G
P2 1.7 36 53
13 1.7 a7 198
Id 1.2 38 25.5
15 1.1 34q L
24 1.1 40 L0
23 15 41 ia
14 ]
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Example 23 (a) 1-Butyne (C,H,)

100 mE 54
80 s
£ &0
@
E
3 40 i 27
20 “
0 r wal II s || 3 'II I ] ;
4 14 24 34 44 54
vz
miz & miz % mfz it
1 3.1 18 346 49 75
12 1.1 19 1.2 50 3.0
13 1.3 36 1.1 51 19.7
14 2.2 37 g3 52 810
15 5.1 38 150 53 433
23 31 39 76.2 54 100.0
26 i4.2 40 2.5 55 4.3
27 41.5 45 1.3
Example 23 (b) 2-Butyne
100 Ui
a0
§ a0
o
E
# 40 e 2y
THZ 35
20
0 T T Iil Ll ']JHI I T
4 14 24 44 54
iz
miz % miz %
26 7.4 49 6.7
27 443 50 19.0
2% 13.6 51 17.6
37 2.8 52 9.0
38 26 51 306
39 224 id 1000
4% 1.4 55 4.2
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Example 24 (a) 1-Pentyne (C.H,)

1040 ] mEaT
H ez
&=
&0
g v 37
E mE S
& 40 i‘
*L ol
|
o | , .|.|1 || r|!|| TRl
14 24 34 44 54 G4
i
mSz & miz G fsz &
14 1% 38 136 fil 3.6
15 5.0 i 73 62 4.5
25 2.1 40 0.2 63 a0
26 124 i1 6.2 G4 1.2
27 54.4 42 210 G5 T4
18 2.0 49 2B G& 5.1
x4 20,9 50 116 67 100.0
K 17 il 124 68 14.2
36 1.3 52 4.8 64 0.5
37 10.5 53 485
Example 24 (b) 2-Pentyne
100 v B
80 M e
=
E‘ G0
# 40 mESe
i
20
o || A |I| tll‘ | ||1||I I||II| |I
14 24 34 a4 54 &4
mi
[T o mse % [T %
14 2.0 i 40.4 a0 1.1
15 10.4 40 0.3 41 4.4
25 1.1 41 338 6l 6.2
25 6.5 42 0.6 6l 74
27 32 49 a1 64 1.2
29 3.0 50 13.4 G5 104
3l 4.9 51 15.3 ] 1.2
36 1.1 52 10.0 67 12.2
3T 6.4 53 80.2 &8 100, 0
38 0.3 54 346 69 55
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Reactions similar to those examined for the alkenes are also important for the alkynes. Once again, the
spectra of isomers are very similar to each other.

In general, determining the exact structure of a given alkene, alkyne or diene is a considerable challenge
for the analyst. Normally, one of three methods would routinely be used:

1. Comparison of the unknown spectrum with spectra from a standard database collection (such as the
NIST database).

2. Comparison of the unknown spectrum with an authentic spectrum acquired under the same analytical
conditions as the unknown.

3. Derivatization of the alkene (or alkyne or diene), followed by determination of the structure of the
derivative. Once the structure of the derivative is known, knowledge of the derivatization procedure
used and the products formed should result in the identification of the starting material (the original
alkene).

Aromatic Hydrocarbons

Example 25 Benzene (CH,)

100 miz 78
&80
£ B0
=
£
i 40
miz 51
20 ‘
o - Li : |I | ; ] I L ]i
14 24 34 44 54 64 74
méz
m/lz % m/z %
15 2.0 T3 1.9
26 4.9 T4 5.2
27 3.6 75 1.9
39 14.1 76 5.4
50 19.0 17 15.5
51 211 78 100.0
52 203 79 6.7

63 3.9
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Example 26 Toluene (C,H,)

100
mdz i
B
g 60
g
# 40
20 ¥ G5
o — il y s i I||| II‘L :
14 24 34 44 &4 &4 74 8B4 B4
iz

iy % mir L) mS T o
] 24 50 1.5 66 1.8
26 31 51 0.9 T4 1.4
2% 6.4 52 16 ) 1.4
i 204 53 1.3 56 1.0
40 24 61 26 59 4.0
41 2.4 62 5.0 o 5.2
43 2.2 63 L5 91 1000
45 44 64 14 02 T2.6
46 10 i3] 13.6 93 5.4

Example 27 (a) 1,2-Dimethylbenzene (o-xylene) (C,H,,)

100 miE
80
g 60
2
& ¥z 108
# 40
20
g
a
24 34 44 54 54 T4 B4 94 104
ez
m s T HeS o i &
26 13 61 1.2 79 2S5
27 11.5 G2 2.0 59 24
37 13 63 1.3 ad 1.4
38 13 G4 1.6 91 100.0
39 0.6 63 o7 02 T4
440 2.2 Ga i.1 10z 1.2
41 24 74 2.0 103 5.1
50 TR 75 1.7 104 2.5
51 16.9 16 L3 105 I3
52 %] 17 148 1086 9.9
53 4.3 T8 24 107 33
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Example 27 (b) 1,3-Dimethylbenzene (m-xylene)

100 mez 8
Bl
=
i G
-
& a0 R¥E 105
20
1] ||I .IlI.L IlL IlJLl. . iy IJI JI | T A
24 34 44 54 &4 T4 B4 04 104
mr
miz 5% Sz i3 i b
15 1.2 53 3.0 T3 3.6
27 18 Gl 1.4 TO 8.7
25 1.5 G2 18 Eo 31
3T 1.1 63 5.8 a1 10,0
35 18 o4 I8 92 B0
9 122 L3 o5 1072 14
40 1.4 534 1.1 103 58
41 1.5 T4 246 104 25
50 a.l1 15 1.6 105 1.6
il 126 6 1.8 1046 398
52 51 77 15.1 Pa7 38

Example 27 (c) 1,4-Dimethylbenzene (p-xylene)
100 e

i

Lilt]

% Irbarsiy

T4 iz 106

20

i) L -II 'IlJ'h . ||.1 i |..|||I I | .|-
24 34 44 54 84 T4 824 54 104
miE

medz o wmiz & WSz ki
15 I} 53 3.1 79 Q.1
2h L0 &l 1.2 B 9
27 19 52 3.2 O 100,00
28 1.2 63 1.8 a9 .0
iR 22 G 1.5 102 1.5
349 99 65 8.1 103 6.1
40 i.1 T4 2.8 104 2R
41 1.1 75 1.6 105 198
50 72 TG 1.3 106 ina
51 133 77 1540 107 13
52 4.4 Ty 83
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Example 27 (d) Ethylbenzene

100 e M
a0

=

E &0

2 40

i 10
20
o » .JI I||L | |l| ‘ |."II b | ’ SLlb :
24 34 44 54 64 T4 84 894 104
e

i &% miz % mSz &
15 1.6 63 1.0 91 100.0
27 248 64 1.7 a2 2.0
kY. 2.1 65 13.6 142 1.1
ig 8.5 74 3.2 143 34
50 7.9 75 1.9 10 1.3
51 13.4 TG 1.2 1035 54
52 4.0 77 10,8 [ 36 26.4
53 1.1 TH 9.7 10T 2.1
61 1.0 70 5.1
62 28 89 18

In general, the presence of a benzene ring increases the abundance of the molecular ion peaks compared
with the saturated analogs. Aromatic ring cleavage usually requires high energies, and significant

hydrogen and carbon skeleton rearrangements can occur. Normally, ionization will take place in the nt-
electron system. This is because it is generally easier to remove a n-electron than it is to remove a o-
electron.

In toluene (Example 26) we see the base peak at m/z 91. This is due to the tropylium ion shown in
Figure 4.8.

The tropylium ion is known to be very stable and is formed in preference to the C;H,-CH,, icomer The

tropylium ion is resonance stabilized, with seven resonance structures. The student may wish to draw these seven structures
as an exercise. The tropylium ion is commonly seen in alkylbenzenes (Examples 27a-d), and corresponding ions will also be

observed in other benzene derivatives such as the phenols.

For the alkylbenzenes, the ring position of the alkyl groups usually has very little influence on the
appearance of the spectra, and isomers such as the xylenes and ethylbenzene are often indistinguishable.

@

O

Figure 4.8
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5—
Halogenated Hydrocarbons

Example 28 (a) Chloromethane (CH,CI)

100

mz 50

B0
Mz §5
g &0
£ 40
s 52
20
4] ||l . T | 1 - 1||I |
14 24 a4 44
iz

miI &5 miz o

12 33 a7 1.9

13 54 47 7.1

14 84 43 14

15 T2.4 40 il.4

16 1.0 50 10:0.0

35 6.2 51 38

36 1.6 52 31.0
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Example 28 (b) Dichloromethane (methylene chloride) (CH,CL,)

100 - i
a0
£ &0 v 84 |
£
o a0 TR BE
i 51
20
¢ o ]IJ T T s ll
24 34 44 54 G4 T4 84
miT 0y mig G
35 1.8 51 31.3
36 1.2 57 1.2
41 1.0 B3 1.9
43 1.9 a4 53,6
47 13.9 85 2.0
45 7.8 Ea 393
49 100.0 a8 6.2
30 14

Example 28 (c) Trichloromethane (chloroform) (CHCI,)

100

80

60

% Infansiy

40

20

ez B3

Mz 85

T BT

Akl
I

T T 1 T
24 34 44 54 G4 T4 B4 84 10471147124
mi

mig 0%
35 18.6
36 24
37 5.8
47 351
48 1a.0
49 12.2
50 5.1
82 i
B3 100.0
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Example 28 (d) Tetrachloromethane (carbon tetrachloride) (CCl,)

100 e 17
al
g 80
# 40
miEE2
20 b g4
o II Ll"' II i — L
24 34 44 54 64 74 B4 94 104114124134
i
mSz G miz o miz &
28 E3 a7 234 26 7
is 14.0 40 2.4 [17 1000
a6 57 37 1B 115 1.4
a7 4,4 58 1.4 I1e o811
s 1.7 50 1.3 120 1.1
41 1.2 B2 24.3 izl 3.2
42 1.1 54 15.6 £23 3l
43 30

Example 29 (a) 1-Chloropropane (C,H,Cl)

% Intansity
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100 i 42

80

Gl

JHE 28
44
mz 27
20
[l -
U L ; } II ll[ll III T | L T |.|
i4 24 34 4 54 G4 74
e

miz G miz %

15 21 40 is
26 4.5 41 233
27 6.6 42 1000
28 15.3 43 138
29 45.5 44 4.8
i 1.0 51 16
in 1.8 a3 35
37 3.1 63 [.7
ig 38 T8 6.0
35 11.4 g8d 1.8
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Example 29 (b) 2-Chloropropane

100 oz 43
BO
=
g [=11] e 2T
£
£ 40
20 ' vz 63 iz 7B
o al J f ||!| | ‘ [ .1‘.| | |
T T T T
14 24 34 44 54 B4 74
myz
mfz = miz @ miz T
13 1.0 37 2.5 49 14
I4 2.9 38 12.6 Gl 2.1
15 a8 39 323 G2 3.8
25 1.9 40 1.7 63 219
26 12.1 d] 48,1 64 1.6
27 57.2 432 18.%8 65 6.6
28 2.4 43 100.0 T8 14.2
35 20 44 3.k an 4.5
36 34

Example 30 1-Bromobutane (C,H,Br)

100

vz BT
&0

£ &0 mz 4

i s

i 40

20
Mz 136 e 138
0 iy | — .
29 48 69 849 109
mir

msz T mss % miz e
26 54 42 31 57 10400
27 29.4 43 6B 58 4.2
28 12.4 50 1.2 T1 18
29 45.2 51 1.4) a7 3l
30 1.1 33 1.3 10 29
35 1.5 h 3] 68 136 37
34 11.8 56 133 138 36
40 1.2
41 56.4
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Example 31 2,3-Dibromobutane (C,H,Br,)

100

AIE 8 i 138 | iz 13

21

£ w0

# 4

20

vz mrﬂ PEA
o T
29 40 69 89 109 129 149 169 189 209
iz

mig % miz b miz %
16 4.3 52 1.3 108 13.0
27 G 33 746 119 1.5
28 58 54 16 1 1.6
29 54 35 911 135 106,10
ig 21 36 a0 138 4.4
ia 149 03 1.3 137 D36
40 1.6 k] i1 138 4.5
41 LA (il 1.3 214 14
30 33 fo7 137 216 N
51 35 i I4 218 1.5

Example 32 (a) 1,2-Dichlorobutane (C,H,Cl.,)

100

&0

¥ 60

£

# 40

20

0
mig %
26 120
27 50.0
18 6.4
29 4.0
35 1.6
18 33
37 36
34 57
g 316
40 3.2
a1 100.0
43 4.6
48 1.0
49 17.4
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mirdl

=g

mfz %
50 55
51 10.7
52 1.5
53 10.1
54 19.5
55 7.4
56 f.0
&0 1.1
Gl 10.4
62 10
63 9.6
&4 10.2
&5 20
73 1.3

24 34 44 54:54 Td 24 94 104 114124
o4

mi B
75 a8
T6 2007
17 9.1
T8 15.8
19 274
G 1.7
G0 3949
91 G4
92 12.%
93 1.8
G 1.3
97 3.3
9% 240
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Example 32 (b) 2,3-Dichlorobutane

100 A G2
B0

B mer 2T

a B0 .

E

& 40

T 0
20
miE 58
i : 126G
1d 24 34 44 54 B4 74 34 04 104114124
i

msr o mir B mir T
15 1.9 49 .6 15 1000
15 1.6 51 B0 T8 F |
26 7.4 52 22 T 6.3
27 G50 53 L5 Ta [
28 Lo 54 73 B3 23
29 13.5 55 61.7 ) 1.5
3T 1.5 56k T4 4] 1.0
ik .4 bl EE) 2] Fa N
349 246 L2 1 h3A) bl B4
40 23 63 oL b2 100
a1 201 G 3dd a3 2.6
dd 14 1] 340 125 10
435 1.8 73 1.4

Example 33 1-Bromo-2-chloro-2-methylpropane (C,H,BrCl)

% Intersity

100

BD

GO

40

20

(]

41

2% 48 &9 8% 108 12% 148 160
[

gr, mirn

avE 53

EE U (| i 123

T T

mi T ms % mig i3
146 22 61 2.2 a1 1o0,

7 144 63 .6 az 58
18 1.5 G5 l 93 114
1% 18,3 75 8] 94 L6
37 1.6 Th 1.1 a5 X
18 5.8 77 4.5 107 1.3
39 40,4 Ty 1.4 F1g 1.5
410 4.0 B9 1.2 111 214
41 721 El] 6.1 t22 Lo
41 11.4 33 al 123 raihe)
40 X 34 4.8 7o 1L
50 LG 55 .7 172 16,6
51 28 56 43 74 4.0
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Example 34 3-Chloro-1-hexene (C,H,,Cl)

miz 43
100
a0
£ 60 L
g
o 4
20
D ]
34 44 54 B4 T4 R4 G4 104 114
i
Mz .3 mi oy mi'z &
38 2.0 G 1 1. T 9.4
34 5.0 62 2, 79 2.
40 A8.0 63 o &1 30
41 .0 Gd L. Bz 3.0
4z 104,00 (3] n B3 270
43 20,0 1] Lo 84 240
dd H5.0 a7 26.0 L3 140
4% 3.0 %] 20 RO 1240
4% 440 a9 T @0 9.0
30 4.0 T Lo @1 6.0
5 1] 71 30 @2 LR
52 30 T3 10 @3 1.0
51 26.40 74 1.a 103 1.4
54 20011 ] P50 LLE 1A
55 G340 76 12.0 (R 1.0
56 230 77 70 120 a1
57 1.4

Example 35 Bromobenzene (C,H.Br)

100 LA
an
g 60 i 150
# 40 mer 51
20
n T T L T
29 49 63 Be 108 129 149
e
miz % miz kS
7 27 74 32
L8 4.5 75 3.7
18 1.5 7 5.7
19 3 77 LO0.0
43 1.2 TR T8
44 140 158 G4.1
30 7.2 157 4.2
51 s 158 637
52 20 159 RS
57 1.3
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Example 36 1-Fluorohexane (CH,,F)

100

BO

60

% Imensity
5
2

40

20

1]

L™

i
T T 1

miz & miz 5
29 45,5 54 Lo
33 .0 55 49,5
39 0.9 56 47.5
d 1.0 57 198
41 57.4 549 o
42 60,4 &1 20
43 10,0 64 234
44 2.4 T4 40
46 1.4 T5 50
47 18.8 Bd 30
53 1.0

Example 37 2-lodobutane (C,H,l)

T
2z 2'." az -3? 42 4? 52 5? 62 EI" 72 77 B2 BY

v 184

100 miz 67
BO
=
B0
i
&=
# A0
20
u T T T l T T T
28 48 69 8% 109 128 149 169
iz
miz B miz bl
26 1.5 55 4.4
27 102 56 35
25 24 57 104,40
9 I6.5 58 4.5
38 1.0 127 5.6
g 3.9 128 1.4
40 1.0 155 1.3
41 36.1 184 6.2
42 23 185 1.7
53 1.4
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We can start our study of the halogenated compounds by dividing them into two convenient groups;
those that contain F and | (A elements) and those that contain Cl and Br (A + 2 elements).

Compounds containing Cl and Br will exhibit characteristic lines separated by 2 amu, corresponding to
35Cl and *Cl or °Br and 8'Br. For monohalogenated compounds, the ratio of 3CI:3’Cl will always be
3:1 (3.08:1 exactly) and the ratio of Br:8Br will always be 1:1 (1.02:1 exactly). With relatively little
practice the student should be able to identify the spectra of monochlorinated or monobrominated
compounds by inspection.

It is possible to get an estimate of the number of chlorine or bromine (or both) atoms present in the
compound (or ion) by counting the isotope lines in the spectrum and subtracting 1. A monochlorinated
compound should exhibit two isotope lines, a dichlorinated compound should exhibit three lines and so
on. While this is a generally useful procedure, the student is advised that caution is required when using
it. It is often the case that some of the higher mass lines will have very low intensities and may not be
visible in the spectrum. This is most commonly encountered with the spectra of polychlorinated (or
polybrominated) compounds.

The spectra of polyhalogenated compounds are, of course, much more complicated than those of
monohalogenated compounds. One useful tool is a table giving the relative distributions expected from
various combinations of bromine and chlorine, and the student may find Table 4 to be helpful. Table 4
is not exhaustive and the student may need a simple method for calculating expected isotopic
distributions in polyhalogenated materials. Fortunately, there is a simple way of predicting the pattern
exhibited by molecules containing multiple chlorine and bromine atoms, or containing chlorine and
bromine in some combination. For predicting these patterns, we need only concern ourselves with the
total number of chlorine and bromine atoms.

Consider a molecule containing two chlorine and one bromine atoms. From the table we see that Cl, has

the pattern 9:6:1, while Br has the pattern 1:1. We can predict the pattern produced by two chlorine
atoms and one bromine atom as the product of the

Table 4 Relative distribution of isotope lines for polyhalogenated compounds. This table is representative
and not exhaustive

Compound (M) (M+2) M+4) (M +6) (M +8) (M +10)
Cl, 9 6 1

CiBr 3 4 1

Br, 1 2 1

Cl, 27 27 9 1

CLBr 9 15 7 1

CIBr, 3 7 5 1

Br, 1 3 3 1

Cl, 81 108 54 12 1

Br, 1 4 6 4 1

cl 243 405 270 90 15 1
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Br 1 5 10 10 5 1
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individual patterns and represent this as

(9:6:10(1:1)

(9:6:1) = 1 =361

(9:6: 1= 1 =_ 9:6:1
9:15:7:1

The expected pattern should have four lines, separated by intervals of 2 amu and in a relative ratio of
9:15:7:1.

Similarly a molecule containing four chlorine atoms can be viewed as Cl, x Cl,

(9:6:1) = (9:6:1)
(9:6:1) x 9 =81:54:9
(9:6: )= 6= 54:36:6
:el)=xl= 9:6:1
81:108:54:12:1 for the total pattern.

While in principle this process can be used for any combination of isotopes, most analysts find that it
works best for polyhalogenated compounds. If necessary, other A + 2 elements can be included when
appropriate.

When compounds contain many A + 2 elements, the spectra may not exhibit all of the lines indicated by
the calculation above. In the spectrum of a tetrachlorinated hydrocarbon, for example, we may not be
able to observe the five lines indicated by the calculation. The higher mass members of the series are
often of low intensity and may be missing from the spectrum. We can still determine the total number
of chlorines present by comparing the ratios observed in the mass spectrum with the predicted ratios.

For example, we have a spectrum containing three lines separated by 2 amu. How do we know that the
compound contains four chlorine atoms (as opposed to two bromine atoms)? From our calculation of
the expected distribution for four chlorine atoms, we should observe relative distributions of
81:108:54:12:1. If we re-normalize these distributions, setting the 108 value to 100%, we would have
relative intensities of 75%, 100%, 50%, 11% and 0.9% respectively. We can perform a similar
calculation for the expected distributions of two bromine atoms and determine relative intensity values
of 50%, 100% and 50%.

Finally, we would calculate the relative intensities of the three lines in our spectrum. If the intensities of
the lines in our spectrum are reasonably close to the relative intensities predicted for four chlorine
atoms, then we can conclude that we have a tetrachlorinated compound, even though two of the lines
expected in the spectrum may be missing.

Let us do one more example so that this procedure is clear. Part of the spectrum of a chlorinated
hydrocarbon contains the following lines:

m/z Abundance
290 38.0%
292 75.0%
294 62.0%
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296 28.0%
298 7.0%
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Page 57
How many chlorine atoms are actually present?

We know that we have at least four chlorine atoms, since the number of isotope lines will always be one
greater than the number of chlorine atoms (the same is true for bromine and generally true for all A + 2
elements). If we re-normalize the data, setting the highest abundance to 100%, we get the following
values:

m/z % Abundance Re-normalized
290 38.0% 50.7%
292 75.0% 100.0%
294 62.0% 82.7%
296 28.0% 37.3%
298 7.0% 9.3%

Is this pattern consistent with what we would expect from a compound with four chlorine atoms?
Consulting Table 4, we see that the relative ratios should be:

Line Relative distribution Re-normalized
M 81 75.0%
M+ 2 108 100.0%
M+4 54 50.0%
M+ 6 12 11.1%
M+ 8 1 0.9%

A comparison of the re-normalized values clearly indicates that the compound contains more than four
chlorine atoms.

Does our compound contain five chlorine atoms? Using the data from Table 4 and performing similar
calculations, we get the following results:

Line Relative distribution Re-normalized
M 243 60.0%
M+ 2 405 100.0%
M+4 270 66.7%
M+ 6 90 22.2%
M+ 8 15 3.7%
M + 10 1 0.2%

And once again the predicted and observed values are significantly different.
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What about six chlorine atoms? Consulting Table 4, we find that we do not have tabulated values for
six chlorine atoms. Fortunately, the calculation is a simple one and we arrive at the following values:

Line Relative distribution Re-normalized
M 729 50.0%
M+2 1458 100.0%
M+ 4 1215 83.3%
M+6 540 37.0%
M+8 135 9.3%

M + 10 18 1.2%

M + 12 1 0.06%
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A comparison of the re-normalized intensities for m/z 290-298 compares very favorably with the
intensities predicted for the "M' - "M + 8' values. We can conclude that our compound contains six
chlorine atoms.

This example was very simple, since we limited our A + 2 elements to chlorine. If one or more bromine
atoms may be present, the number of possible combinations increases and so does the amount of work
involved in calculating the various possible distributions.

What about the A elements, fluorine and iodine? Of the two, the spectra of compounds containing
iodine are generally much easier to identify and interpret than those containing fluorine. This is due to
the relative ease with which iodine is lost and the correspondingly large neutral mass loss (127 amu).
The spectra of fluorinated compounds are probably the most difficult of the halogenated hydrocarbon
spectra to interpret. Part of this difficulty is due to the fact that many fluorinated compounds do not
exhibit a molecular ion in their spectra.

The molecular ions of alkyl halides are normally measurable if the halogen is Br or I. When Cl is
present, the intensity of the molecular ion is going to depend on several factors including the number of
Cl atoms, the length of the carbon chain and the amount of branching in the molecule. Generally,
polychlorinated alkanes will not show a significant molecular ion peak. Significant branching will also
reduce the intensity of the molecular ion peak, as will increasing chain length. Normally, these factors
do not affect the brominated or iodinated compounds to the same extent as the chlorinated analogs.

Consider spectra 28a-d. We can easily identify the molecular ion in chloromethane (28a) and in
dichloromethane (28b). In trichloromethane (28c) the molecular ion has a very low intensity and we
have to be careful not to overlook it, while in tetrachloromethane (28d) the molecular ion is absent. This
series of spectra illustrates the effects of multiple chlorines in a very straightforward fashion, as those
effects due to branching and chain length have been eliminated.

In general, the fluorinated hydrocarbons will not show a molecular ion peak (spectrum 36). This makes
fluorinated materials among the most difficult to identify, and certainly the determination of the
molecular formulae for such compounds is quite difficult or impossible unless other stabilizing
functional groups are present.

Halogenated aromatics will show the same trend described above, but in general the intensity of the
molecular ion peak is greater for aromatic compounds than for aliphatic compounds (compare spectrum
35, bromobenzene with spectrum 30, 1-bromobutane). While this increase in stability will allow a
significant molecular ion peak to be observed, the molecular ion peak for fluorinated aromatics may
still be very weak or non-existent.

As a general rule, the influence of halogens on fragmentation reactions is minimal. lodine has the
greatest influence owing to the relative weakness of carbon-iodine bonds. Normally, ionization will
occur by removal of an electron from the halogen atom. The general trend observed in ionization is

n=mns=4aq
where n is a non-bonding electron, « is a pi-bonding electron and o is a sigma-bonding electron.

The most important cleavage in halogenated aliphatic compounds is loss of the halogen as a radical,
producing a carbocation. This carbocation will then fragment further as described in Chapter 4. This
fragmentation mechanism is most important for iodo and

http://emedia.netlibrary.com/nlreader/nlreader.dll?bookid=17960&filename=Page 58.html 29/09/2003


andresfe
Rectangle

andresfe
Rectangle


Page 59

£ N
/;h-—:ll- R+ /

(CHi}n {CHZ:IJ'T
Figure 5.1

bromo compounds, since iodine and bromine are relatively good leaving groups. In chloro and fluoro
compounds, loss of the halogen is less likely and the corresponding lines are less intense, although there
are exceptions in the case of smaller molecules (Example 29b).

Chloro and fluoro compounds will often lose HX, producing a new odd-electron ion (see m/z 90 in
Examples 32a and b). If the compound is a secondary or tertiary halo compound, this loss is much
easier and the odd-electron ion produced will have greater intensity.

The a-cleavage mechanism, forming CH,=X* and an alkyl radical, is generally less important for the
halogenated hydrocarbons. In the spectra of chlorinated and brominated hydrocarbons, loss of an alkyl
radical and formation of a five-membered ring is an important exception, provided that the carbon chain
is longer than C,. This mechanism is shown in Figure 5.1.

Compounds containing F and CI tend to show loss of HF (loss of 20 amu) and HCI (loss of 36 and 38
amu), while loss of HBr and Hl is relatively rare. Compounds containing F or | will also typically show
loss of 19 or 127 respectively. Frequently, this is the only way of demonstrating the presence of either
of these elements.
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6_
Alcohols

Example 38 Methanol (CH,O)

100 iz 41
&0
e T
Z 80
a_E a0 mir g
20
0 : T T II || = T T | :l T T
2 T 12 17 22 2ZT¥ 32 &7
iE
mir 3 s ]
F 14 I8 12.2
12 in Iy 2.0
12 55 10 sa
14 1on 3 1000
15 41.5 12 7.1
] L7 3] 10

Example 39 Ethanol (C,H,O)

100 AER
a0
& 60
5 7 45
o a4
20
a A I I I Ll : i [ '
22 28 34 a0 46
Eited
msr % Hid 2 1%
26 .6 dq2 2.2
27 166 43 7.1
28 53 44 17
9 133 45 48,9
0 4.9 Y 17.9
31 100, 0} 47 0.5
3z 1.0
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Example 40 2-Butanol (C,H,,0)

2 i A4S
Z

g B

=

=

# s
:

MYz 58
|| l‘. ]Ill 1 5l .
(=] 1 T T T I
14 o4 A o i 74

miz G iz %
18 1.6 43 126
149 4.1 44 g3
27 g 45 100.0
28 4.2 46 23
249 1.0 35 25
30 1.1 56 1.2
3l 216 57 35
41 11.5 59 2000
42 2.8 73 13

Example 41 2-Methyl-2-propanol (C,H,,0)

100
8o

=l

& B0

i

a

=

# a4
20 ‘
0 I[ ‘ll[l |I|‘]| T I I| T

14 24 34 44 54 G4
Mz

[T o miz G
14 21 41 18.3
I3 1000 42 27
26 1.3 43 12.1
27 7.2 55 1.6
18 Lo 36 1.9
9 45 37 8.7
il 77T 39 100.0
39 B3 G 3.4
41 Lo
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Example 42 3-Hexanol (C,H,,0)

100 -
80
£ e iz 28
£
L mi2 73
20
o I 4 e lt* e e e e
14 24 34 44 54 B4 T4 B4 04 104
i
miz i miz i mfz i
14 19 ag | 56 5.3
15 &7 ig 14.2 57 9.4
18 1.3 40 22 38 7.5
19 2.3 41 28.1 39 100.0
26 4.8 42 53 60 14
27 38.2 43 40.3 69 1.5
28 B.1 44 6.9 T2 a6
29 304 45 6.9 73 g0
30 21 53 1.5 T4 1.8
3t 54.8 55 T4.4
Example 43 2-Methyl-2-pentanol (C,;H,,0)
100 iz
BO
=
= &0
[
E
# 40 iz 48
M 47
20 l
o 4 m g Jl | R B ey
14 24 34 44 54 B4 T4 B4 94 104
iz
wil 2 % miz £ miz T
15 23 43 0.8 59 100.0
27 184 44 1.1 a1 3.4
28 4.1 45 344 69 6.7
X9 116 35 3.2 71 1.1
31 16.4 36 1.7 g3 1.8
41 02 37 31 87 224
42 33 33 32 Bg 1.2
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Example 44 Cyclohexanol (C,H,,0)

100 iz &7
311

=

E (1]

- i Ez

A4
20
L)
[} I. ...|| Ll 1
T ] T T 1
24 34 44 54 84 T4 B4 54
iz

miz % miz 5 miz B
26 22 50 1.1 131 1.7
27 14.0 51 1.5 59 1.7
49 131 52 1.1 T4 1.6
3l 6.4 53 a7 71 11.9
iQ 131 54 152 12 T4
40 54 55 9.4 149 1.3
41 218 56 13.5 21 4.6
42 L8 57 104,10 82 43.5
43 g0 38 T8 23 34
44 24.2 59 1.1 100 28
45 1% a7 250

Example 45 3-Methylcyclohexanol (C,H,,0)

miz 41

fl —

100
80
£ w0
-
£ 40
20
ey %
18 14.9
L9 1.4
27 447
28 13.3
29 3.2
50 i1
31 16.1
it 36
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az 8.7
43 37.3
44 328
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Example 46 Benzyl alcohol (C,H,0)

100 oz 7
i 10
BD
£ &0
£ f
= 4} mir &1
20 e B
o ll_‘ I|]' T F|
24 34 44 54 G T4 B4 94 104
mz
mSE o miz % miz i
26 1.6 52 10.5 T 737
27 82 53 RS T8 15.9
28 54 54 24 79 1403, 0
29 5.3 55 1.1 EM 8.6
31 4.4 b 1.3 g9 58
37 L5 61 1.6 ad BE
33 4.8 ) 3.2 a1 14.8
39 15.8 63 0.5 92 1.4
40 1.4 Gd 1.4 105 22.6
41 1.4 ] T.6 (R3] 2.4
43 1.1 73 il 1057 656
49 1.9 T4 4.9 108 B34
50 16,7 13 5.0 104 6.3
51 349 16 2.9

Alcohols do not generally show an intense molecular ion peak except for very low molecular weight
members (methanol and ethanol). This will make the determination of the appropriate molecular
formula very difficult or impossible.

lonization generally occurs by removal of an electron from the oxygen atom, following the trend n > =
> . The spectra of alcohols are characterized by a-cleavage reactions. Unlike other isomers we have
encountered, many isomeric alcohols can be distinguished by their mass spectra. Consider the spectra of
2-butanol (Example 40) and 2-methyl-2-propanol (Example 41). Both of these compounds have a line
at m/z 59 which is due to loss of CH, from the molecular ion. While this line is moderately intense in 2-
butanol, it is the base peak in 2-methyl-2-propanol. The base peak in 2-butanol is at m/z 45, which is
due to the loss of C,H, from the molecular ion (Stevenson's rule). These fragmentations are shown in

Figures 6.1 and 6.2.

In general, tertiary alcohols will contain the largest total abundance of oxygen-containing ions in their
spectra, followed by secondary alcohols, with primary alcohols containing the smallest total abundance
of these ions. Normally, the process forming these ions is an initial a-cleavage followed by hydrogen
transfer and the elimination of a neutral molecule with the formula C_H,,. One typical reaction scheme

is shown in Figure 6.3.
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2-Butanol

+OH
;:-'1. D
CHS CH_CHE_CH:* —_— ':HE' + ﬂ‘l3_‘ CHE‘_C-H=OH

I

@®
CH;— CH,— CH—OH
mfz 59

o
CH;— CH=CH;—CH, ——» CH,CH;* + CHg,—CH':%H

|

)
CH;~ CH—0OH
miz 43
Figure 6.1
2-Methyl-2-propano!
&
CH, CH,
&
CHy;— C—0OH
mfz 59
Figure 6.2

Although the above reaction indicates the initial loss of the largest alkyl radical (Stevenson's rule),
similar reactions can occur following the loss of the ethyl or methyl group.

The only other major fragmentation pathways are the loss of H,0 and loss of (H,0+C_H,,) for n>2.

These pathways are not particularly important for branched chain alcohols but are significant for the
linear alcohols. The mechanism is shown in Figure 6.4. Please note that this mechanism is superficially
very similar to a McLafferty
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mfz 73
CHy— CH=0n
miz 45
Figure 6.3
AL e
C:H:—fﬂ l‘l)H CH—CH rb
CH, | ?
» 2 CH,
= cHy” ~ cHy
l -H,0
C,H;— CH
3]
miz B4 CQE CH,
CH;
l - C,H,
miz 56 Gty 'fH
CH,®
Figure 6.4

rearrangement; however, in a true McLafferty rearrangement hydrogen transfer is to an unsaturated
heteroatom (for example, a carbonyl oxygen, C=0).

Normally the transfer of hydrogen will take place from the fourth carbon atom, since this forms a six
member 'ring" intermediate; transfer can take place from the third carbon
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but this is less favorable. With alcohols of C, or greater, loss of C,H, and H,O occurs, as a single
concerted step and the intermediate ion (m/z 84) will show a relatively low intensity.

Notice the masses of the ions formed. These are important OE ions!! The student is reminded that all
OE ions are important and whenever such peaks occur in the spectrum the student must do her or his
best to identify the fragment ion responsible for them.

Cyclic aliphatic alcohols such as cyclohexanol (Example 44) and 3-methylcyclohexanol (Example 45)
will generally exhibit more intense molecular ions than their acyclic analogs, although the molecular
ion lines are still very weak. The first step in the fragmentation process is the opening of the ring
structure by a-cleavage (Figure 6.5).

The student should note that this a.-cleavage can occur in two different ways. Once the ring is opened,
we can have hydrogen transfer or a second a-cleavage eliminating a neutral molecule (Figure 6.6). Both
of these reactions are shown below, with a-cleavage producing the fragment on the left and hydrogen
transfer producing the fragment on the right.

Note the OE ion at m/z 86 formed by elimination of the neutral C,H, molecule. This OE ion can
undergo further a-cleavage reactions eliminating C,H, and producing another OE ion at m/z 44
(C,H,0%). For the ion produced by hydrogen transfer, further a-cleavage produces an EE ion at m/z 71
(Figure 6.7).

While we have been following fragmentations resulting from the ring opening between C, and C,,
similar reactions can be found for the ring opening between C, and C,.

Loss of water is the other major fragmentation pathway and involves transfer of hydrogen from carbon
atoms at the 3, 4 or 5 position in the molecule. This reaction occurs when the molecule is in the boat

form transition state and is shown in Figure 6.8 for cyclohexanol. Students should note that in the boat
form a six-membered ring transition state is easily achieved.

Figure 6.5
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H

(o r\‘]}[
CH,
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CH; CH,
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Figure 6.6
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Figure 6.7
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. HOH
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H_H H H._. H
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Figure 6.8
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CH,-0OHI @OH H
H
I
—_—r - —— H
-H' —CO e
miz 107 w79
H
H )
H
—
gy e
z
miz 77
Figure 6.9

As would be expected, the spectra of aromatic alcohols show the most intense molecular ion lines of all
alcohols. In benzyl alcohol (Example 46) we see the molecular ion line at m/z 108. Other characteristic
lines are at m/z 107 (loss of hydrogen from the parent), m/z 79 (loss of CO from 107) and m/z 77 (loss
of H, from the m/z 79). These reactions are summarized in Figure 6.9.

The spectrum of 2-phenylethanol is shown below (Figure 6.10). In this spectrum we see a relatively
intense molecular ion line at m/z 120. The base peak at m/z 91 is the tropylium ion. This assignment is
verified by the line at m/z 65 which corresponds to loss of C,H, from m/z 91. The line at m/z 92
corresponds to loss of CH,O from the molecular ion. These fragmentation reactions are summarized in
Figures 6.11 and 6.12 respectively.

100 m— a1
—_ 75 -
&
bt
=
£ [| %2
5 50
=
a4
=
=
= 120
o 25 — 55
|
N I
) a0 120
mi'z
Figure 6.10
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@—mzéﬂ}'ﬁﬂ —» CH,=0H + @—crﬂ}

@

.
iz 91
Figure 6.11
E,g. o F
-CH,0
Hr e H
iz 92
Figure 6.12

A second source of the tropylium ion would be loss of H from m/z 92. Note that the hydrogen transfer
from the hydroxyl group to the ring is another example of a six-membered ring transition state.

Finally, consider the fragmentation reactions for 2-methylbenzyl alcohol (Figure 6.13). This is an
example of the ortho effect. The 3- and 4-isomers will also lose water (actually, they will lose OH and
H radicals, which amounts to the same thing) but the amounts of the ion at m/z 104 produced will be
quite different. Once again a six-membered ring transition state is very important. These types of cyclic
fragmentation are very important and are not limited to oxygen-containing compounds.

CH
| CH,
— )
- 1110
mifz 104
{1005

Figure 6.13
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Alkyl Silyl Ethers

When analyzing phenols and alcohols, it is often necessary to convert the relatively non-volatile
hydroxyl groups with some convenient derivatizing agent. One common method used with these
compounds is the formation of trimethylsilyl (TMS) ethers using hexamethyldisilazane:

2ROH + [(CH,)8i],NH — 2ROSI(CH,), + NH,

These TMS ethers are particularly convenient for both gas chromatography and mass spectroscopy,
since the ethers will tend to have higher volatilities than the corresponding alcohols or phenols. When
alcohols are derivatized using this reagent, the TMS ether produced generally exhibits a reasonably
intense parent ion. This is quite convenient, since the majority of alcohols will not exhibit a usable
parent ion, making interpretation quite difficult.

This reagent will also react with free carboxyl and amine groups, producing silyl amines and esters.
However, the silyl amines and esters are very sensitive to water and will readily hydrolyze, regenerating
the amines and acids. TMS ethers can be formed with primary, secondary or tertiary alcohols and with
related compounds such as steroids. With some compounds, significant rearrangements can take place,
with the TMS group exhibiting a migration ability similar to that of hydrogen. The spectra of steroids
are one case in point.

TMS ethers normally exhibit measurable molecular ions at m/z values 72 higher than the original
molecule. TMS ethers will typically produce several characteristic series of fragments. In addition to
loss of methyl from the parent molecule (M - 15) a reasonably important ion series is shown at m/z 31,

45 and 95. These fragments correspond to ions with the formulae SiH,, <., and sic,H7+ which are

produced by elimination of a methyl group and replacement of that group with a hydrogen.

The TMS ethers of phenols are also quite characteristic. In the case of C,H.-O-Si(CH,),, for example,
the parent molecule loses radicals of mass 31 and 33, producing ions corresponding to C,H,0Si* and
CgH,Si*. These ions are reasonably abundant in the spectrum.
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Ethers and Phenols
Example 47 Methoxymethane (dimethy! ether) (C,H,O)
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Example 48 1-Methoxypropane (methyl propyl ether) (C,H,,0)

100 Mz ds
a0
i e0
1]
E
# 40
20 s
4] Ll i 5 i:l T 1 T . L .
2% 39 449 59 69
mr
miz ) miy %
27 4.0 42 2.1
2B 1.0 43 29
29 58 45 100.0
3l 1.7 4 & 2.0
a3 1.3 T3 2.3
ig 1.5 T4 17.7
41 6.3

Example 49 1-Methyl-(1-methylethoxy)ethane (diisopropyl ether) (C,H,,0)

100 bz 45
a0

&0

% Entansity

40

20 e iz BT

W] |..| . I||,= : I : i | ; | .
2% 39 4% 5% 89 T9 59 499
mi
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27 8.0 43 350
TR 1.3 44 1.6
z4a 1.4 45 100.0
31 33 46 z1
ig9 4.4 59 9.8
41 12.3 3] 25
42 34 a7 15.4
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Example 50 1-Propoxypropane (di-n-propyl ether) (C,H,,O)
100 a3

=1

(:14]

%% Inlensy

40

miz T3

20
iz 102

o L L FI |
T ] T I T T
14 24 34 44 54 B4 T4 B4 04 104
ma

mfz % miz 0 %
15 19 4% 100.0
26 2.3 44 5.6
27 178 45 14
28 34 55 6.3
29 73 57 1.1
30 14 59 4.2
31 55 61 1.0
38 1.0 73 219
30 83 74 1.0
40 2.2 102 9.0
41 24.5

Example 51 1-Butoxy-2-methylbutane (butyl isopentyl ether) (C,H,,0)

100 AREET
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mi 43
g &0 Mz 70
LT
=
i 40
20
mwm&m:
o I I[ ] ]
29 44 512 ] B3 109 129
iz
miz % mig ® mfiz %
26 1.4 42 8.7 S8 4.5
27 114 43 63.2 a9 2T
28 5.1 4.4 27 T0 6l.0
29 247 4 5 83 Tl 35.1
in 1. 53 14 T2 2.1
3l 27 55 16.9 T3 1.8
i 6.7 56 132 B7 13.0
40 1.1 57 100.0 101 1.2
41 1.5
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Example 52 Phenol (C,H,O)
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410 14.2 62 24 94 1000
44 1.5 63 540 95 6.5
Example 53 3-Methylphenol (C,H,0)
100 e 10
&0
§ o0
g
& 40 o
miz e
a0
a
19 39 59 ki) 53
mir
sy % miz & mSg &
1§ ) 52 58 76 1.0
26 15 53 14.1 77 26.9
27 11.2 54 Al TE 8.7
29 16 55 i0 T8 0.0
a7 6.4 61 3z 80 6.4
1k 12.4 62 4.8 Bl 1.8
39 .2 63 &4 o 34
44 15 hd .5 440 o0
41 16 ] 4 gl 6.3
47 1.7 66 4.4 106 2.0
43 2.4 67 2.3 mny 801
44 2.2 6% 1.5 108 100.0
0 ] T4 .7 ] 7.7
50 i5.8 75 18
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Example 54 2-Methylphenol (C,H,O)

100 iz 108
BO
g 60
# Pl T
# 44Q
mz e
i a8
20
0
1% 34 58 79 o4
e

mi £, miz 3 mi ]
26 35 iz 9.4 75 15
27 124 53 16,8 7T 422
2R 1.8 54 5.7 TE 11.5
149 31 33 2.7 T4 44.2
37 37 61 0 g0 200
38 7.8 62 4.2 81 2.3
39 2.5 63 9.2 89 159
40 248 6d L5 90 2540
41 1.6 63 318 g1 5.6
43 14 66 A 105 1.0
49 2.6 ik La 17 919
54 142 T3 1.1 108 1040
1 2l T4 i1 15 7.0

As a class, ethers will tend to exhibit more intense parent ions than do the corresponding alcohols.
Branching and increasing carbon chain length can reduce the intensity of the parent ion, and in some
cases the parent will be undetected (Examples 49 and 51).

Ethers undergo a-cleavage reactions producing resonance stabilized oxonium ions, resulting in
characteristic lines at m/z 45, 59, 73 etc. The oxonium ions produced can undergo a second

fragmentation, transferring H from a -carbon, producing an alkene neutral and RCH=0OH* at m/z 31,
45, 59 etc.

Example 48 illustrates the a-cleavage mechanism in 1-methoxypropane. The largest alkyl (CH,CH,) is
lost, as would be expected from Stevenson's rule. In 1-methyl-(1-methylethoxy)ethane (Example 49) we
do not observe the molecular ion. The fragment at m/z 87 results from a-cleavage with loss of a methyl
radical. The base peak at m/z 45 is CH,CH=0OH* produced by B-H transfer. These reactions are shown
in Figure 7.1.

The lines at m/z 43 in 1-methyl-(1-methylethoxy)ethane and 1-propoxypropane (Example 50) are the
result of a second fragmentation pathway (Figure 7.2), which eliminates a neutral aldehyde molecule.

The spectrum of 1-propoxypropane is very different from the spectrum of 1-methyl-(1-methylethoxy)
ethane (Examples 50 and 49 respectively). In 1-propoxypropane we observe the molecular ion at m/z
102, whereas we cannot see the molecular ion in 1-methyl-(1-methylethoxy)ethane. The intense peak at
m/z 73 in 1-propoxypropane is the
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Lyl i ol
+* , @
CHj—ti:—D ill—r— CHy — CH; 4+ CHy—(C—0=C—CH,
CH CH, Hy
3 :
miz &7
T II-I
&
CH,— ?:‘7—0= C—CHy —» CH,CH=CH, + CH;CH=%H
H— I|Z'—H mfz 45
H
Figure 7.1
Ty ¥ ? ®
CHE'?L\%:C_CHE — CH;CH: + CHj{l-.:CHj
H—IF— H H
H miz 43
Figure 7.2

result of a-cleavage with loss of an ethyl radical from either of the n-propyl chains. Finally, the base
peak at m/z 43 in 1-propoxypropane corresponds to loss of CH,=0O from the fragment ion at m/z 73 in a

reaction similar to that shown above, producing a propyl cation.

Aromatic ethers behave similarly to aromatic alcohols. Reactions for methoxybenzene (anisole) are
typical for this class of compound. The charge tends to stay on the ring as opposed to being on the
oxygen molecule. Typically, fragments at m/z 77 and 51 are observed as in other simple benzene
derivatives. An OE ion at m/z 78 can be formed (ionized benzene) by elimination of a neutral aldehyde
molecule, in addition to fragments at m/z 93, 65 and 39. These reactions are summarized in Figure 7.3.

Phenols (hydroxybenzenes) tend to exhibit very intense molecular ion lines. The spectrum of phenol
(Example 52) is dominated by the molecular ion line at m/z 94. The line at m/z 66 is consistent with loss
of CO, indicating that significant rearrangement has occurred. Substituted phenols (Examples 53 and
54) also exhibit very intense molecular ions. The fragment at M - 1 in the spectra of the methylphenols
corresponds to loss of hydrogen from the methyl group and rearrangement to form a hydroxy tropylium
ion (m/z 107). The next fragmentation is loss of CO, producing a line at m/z 79. Resonance stabilization
of the hydroxy tropylium ion is greatest when the hydroxyl group can participate, and the spectrum of
4-methylphenol (not shown) will have the most intense line at m/z 107.

The spectrum of 2-methylphenol exhibits a reasonably intense line at m/z 90. This indicates that a
molecule of water has been lost through the ortho-effect already described. This line is less intense in 3-
and 4-methylphenol.
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O—CH,

miz T8

. C,H,
mi'z 65 miz 51
l - CH,

CBHBEJ miz 39
Figure 7.3

Phenols containing longer hydrocarbon chains undergo benzylic cleavage of the chain, resulting in the
hydroxy tropylium ion at m/z 107. If the hydrocarbon chain is three carbons long (or longer), transfer of

hydrogen from the j~carbon through a six-membered ring intermediate occurs, producing a line at m/z
108.
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8—
Aldehydes and Ketones

Example 55 Methanal (formaldehyde) (CH,O)

100 vz
a0
B
g 60
£
# 40
20
0 '|I T T T
i2 17 ag a7
miz
mes i
12 1.0
13 1.0
14 1.0
15 4.0
28 24.0
29 100.0
a0 58.0
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Example 56 Ethanal (acetaldehyde) (C,H,O)

100 miz 2%
a0 mz 44
=y
g G0
E
# 40
20
0 & i - i I ] x .
22 27 3z a7 42 47
miz
ST o miz G
235 22 41 16
26 38 42 2.4
27 42 43 Ry
28 AT 44 Bl.4
29 1430.0 45 1.5
30D 14

Example 57 Butanal (C,H,0O)

100 miz 44
B0
=
5 a0 Mz 72
= miz 28
# 40
20 [ ‘ms?
0 | | I.| il II | | I 1 . | | | -
24 34 g B4 G4 T
i
miz T miz % mSz %
X6 546 3% g 53 1.3
27 553 19 221 54 23
1k 14.9 41 564 35 23
X0 48,2 42 o7 57 3.0
10 Lo 43 739 71 5.4
il 1.9 44 1000 T2 56,7
37 2.6 4.5 14 T3 34
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Example 58 Pentanal (C,H,,0)

100 e AL
B i
g &0
o
E
£ ap
i 53
20 ‘ IH ’
0 | , |1.. .|||| I...l. . | .m“
4 24 34 44 54 &4 T4 84
e
msr (] miz L mSz o
13 11.0 ig 2279 33 3
18 .3 40 34 55 57
26 0.5 i1 442 56 1.9
7 450 2 135 57 274
18 19.0 43 4.4 58 ilg
x40 T4.8 44 100,13 549 1.1
30 2.2 45 114 &7 1.1
31 0 50 2.1 71 1.7
17 14 51 1.8 6 2
38 A
Example 59 3,3-Dimethylbutanal (C,H,,0)
100 iz a3
BO
o |
E 60 l
2 l
;2 40 Mz T
ntz 23 i
a0
| ‘ e 100
|:| i 1II I | '.I 1 ‘I
19 35 54 748
me
[ % msr ;
15 2.0 50 14
1@ 2.4 il 1.8
27 211 53 38
28 3.5 55 1149
L] 254 56 1.3
38 23 57 3.5
a9 19.9 60 1.2
410 34 71 in4a
41 30.8 T 14,7
473 100.0 100 1.0
44 )
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Example 60 5-Methylhexanal (C,H,,0)

100 e
a0
mzEs
E
50
E T
E
£ ap
p— e mizes
20
ez 114
0 . II .
34 54 T4 94
me
mey i miz % miz %
27 25.0 53 4.0 70 43.0
28 4.0 54 4.0 71 53.0
z9 25,0 55 70.0 72 8.0
39 21.0 56 8.0 81 29.0
40 30 57 260 B2 2.0
41 52.0 58 1L.0 B 6 B.0
472 24.0) 54 2.0 95 2.0
43 100.0 67 20 96 29.0
44 58.0 Y 3.0 97 2.0
45 6.0 69 7.0 114 1.0
Example 61 Benzaldehyde (C,H,O)
100 i 7T e
B0
=
a 1]
O
E
o 40 mr st
20
u e
34 54 74 94
mz
miy 000 0% miz kil mSz ki
26 1.2 51 384 T5 30
27 3.3 52 93 76 34
28 2.6 53 17 77 100.0
29 2.5 61 1.3 7E 13.9
17 2.8 &2 4 14 50
38 3.8 63 19 105 94.5
19 6.3 73 19 106 94,4
49 X T4 62 107 712
50 18.6
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Example 62 2-Fluorobenzaldehyde (C,H,FO)

100 ritdr i3
a0
I
F 60
E
=
¥ 40
mE7E
20 meE 50
ras
o - ||'. |
34 54 T4 94 114
miz
m/ e % msz % niz %
29 22 57 36 77 I.1
il i1 61 2.9 g1 1.1
37 2.2 a2 31 92 1.2
R 2.2 &3 K| 93 Id
49 16 ) 6.0 o4 53
48 2.2 69 T8 93 97
49 2.4 T0 9.4 o6 2.6
50 17.3 T4 &1 B23 100.0
31 8.2 T3 244 124 67.4
52 1.5 Ta 4.9 125 5.6
54 1.1
Example 63 Propanone (acetone) (C,H,O)
100 T 43
8a
=
F 80
b
=
& 40 s
iz 58
20
{ i .|| .||III l|||| I I
4 14 24 34 44 54
miz
mlr % S %
12 1.1 29 4.6
13 2.7 33 4.4
L4 8.7 a1 2.5
15 34.1 42 7.5
25 1.2 43 100.0
2o 6.8 44 2.3
27 3.9 58 234
28 4.5
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Example 64 2-Butanone (C,H,O)

100 miz 43
B0
E 60
I
E
* 40
2.;] e oo METe
i T
o L ] S I | . ;
23 1] 49 549 B2
ez
msz 9 miT 3
28 3.8 43 104.0
27 11.8 4.4 2.5
28 2.3 57 6.6
20 19.4 71 1.0
a1 1.2 73 24.]
42 4.9 713 1.2
Example 65 2-Pentanone (C,H,,0)
100 e 43
BO
§ 60
[}
E
o 40
a0 M EE
Ll i
a T ir 'l T "*’L|| ||' T T
24 34 44 B4 64 74 84
miz
miz & iz &
26 13 44 2.8
7 11.2 45 6.7
28 1.4 5% ]
24 24 57 22
kR 1.1 58 T.2
39 8.1 71 6.4
41 16.5 T2 14
42 123 &6 12.4
43 104,10
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Example 66 4-Methyl-2-pentanone (methyl isobutyl ketone) (C,H,,O)

100 MYz 4
an
=
= Gl
2
£ 40 mizER
20 ‘ ‘ ‘ ‘ ’ mE s M
|:| Liv .I1| L s nlh II T
a4 54 74 94
mE
iz 5 wmSlr T miz &
26 13 41 26.7 5B 1.5
27 0.5 42 2.9 57 4.5
28 3.0 473 100301 58 9.l
20 14.6 44 3.3 i 2.5
T 14 30 1.1 7 1.6
KR 3.2 51 1.2 3] 13.2
3 0.2 33 1.3 100 135
40 3.2 55 za el 1.0
Example 67 4-Heptanone (C,H,,0)
100 A
B0
mi T
g &0
=
E
& 40
20 !
. J —— iy 114
i || I]ll 1 .[1! N 1 T
19 39 1] 8 a9
mi
m/ss % sz i miz %
13 1.3 a7 1.1 57 2.0
14 20 g 0 58 6.5
13 6.8 39 152 0 1.5
18 1.0 40 e 71 742
26 37 41 250 T2 ig
27 355 42 2.1 LR ) 1.2
28 .9 43 1300 00 1.9
249 0.8 44 3.3 114 11.3
31 1.1 53 1.2 115 1.3
32 1.0 55 34
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Example 68 2-Octanone (C,H,,0)

ftfe 43
100
B0 ur—
=
- &0
=
E
& 40
20 FET
I Mz ES
ME 113 M 12
1] A.LI_‘J.\I_A_UI‘ aai . 1 i T I
24 449 i3] fil:] 108
mz
mis % msz o "Mz &
26 1.2 44 24 a4q 1.0
27 12.4 53 1.6 T 1.8
28 2.4 55 5.0 T1 134
19 9.3 56 1.4 T2 1.5
39 L) 37 4.1 E5 5.1
40 1.4 58 729 BA 1.3
41 16.6 59 139 113 2.3
42 4.6 G 1.4 128 19
43 100.0
Example 69 6-Methyl-3-heptanone (C,H,,O)
100 maz s
EO
iz 43
E‘ &0 iz T2
£ rheid e B
# 40
e 99
20 iE 1
0 |t : J E 1| ; | ‘I
19 ] =1 74 a9 118
mi
miz % i &% miz %
15 34 42 1006 71 24,7
16 5.0 43 024 T2 556
27 41.6 44 4,1 T3 57
1E 105 53 5.1 g1 214
29 50.4 5d 22 52 39
ig 2.2 55 18.7 85 6,49
19 219 57 L o0 a4 24,1
410 4.2 58 4,1 128 13.8
41 L2
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Example 70 1-Phenyl-2-propanone (phenylacetone) (C,H,,0)

100 T 43
30 gt
g 60
g
£ 40
m'z 65
iz 134
20
D .!. mu I 1
34 54 T4 94 114
mz
miz G m/z o miz ]
26 1.0 53 1.0 R 1.0
27 4.0 57 1.0 80 7.0
29 1.0 61 1.0 90 5.0
37 1.0 62 4.0 91 B4.0
38 4.0 63 12.0 92 35.0
39 24.0 64 3.0 93 30
40 2.0 65 29.0 103 1.0
41 6.0 66 2.0 105 1.0
42 2.0 74 1.0 115 1.0
43 100.0 75 1.0 116 1.0
44 8.0 76 1.0 117 1.0
45 1.0 TT 3.0 118 1.0
49 1.0 78 1.0 119 1.0
50 6.0 79 1.0 134 23.0
51 11.0 BB 1.0 135 3.0
52 3.0 87 1.0

Aldehydes and ketones usually exhibit a molecular ion, even when some chain branching occurs or the
molecule is of considerable size. The a-cleavage mechanism is generally more important for ketones
than for aldehydes. In aldehydes, loss of hydrogen from the carbonyl carbon will be important when the
acylium ion (RCO") can be stabilized (by an aromatic ring, for example). In ketones, a-cleavage can
produce either of two acylium ions or two alkyl ions. The more abundant acylium ion is formed by loss
of the larger alkyl radical. The more abundant alkyl ion is usually the more stable of the pair of
carbocations. These possibilities are illustrated in Figure 8.1.
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07
R-CZR, —= RC=0 + RS
(rr(r).g. ¥ o
H1E-'4C—Rg —» RyC=0 + K
Figure 8.1
ﬂjHT
Cz (!: — CH,, + CH=C—CH,
C{ 7 New,
CH, :
Figure 8.2

Aldehydes and ketones will also undergo the McLafferty rearrangement. This reaction involves transfer

of hydrogen from a y-carbon to the oxygen, followed by the elimination of an alkene. This results in an
OE ion being formed, and students are once again reminded that all OE fragment ions are important.
This mechanism is shown in Figure 8.2 for Example 68 (2-octanone).

This is such an important reaction that it has been studied in considerable detail, and the following
observations have been made:

1. Transfer of hydrogen is always from the y-carbon. If this carbon is part of a double bond, then the
hydrogen will not be transferred.

2. Other groups such as -S=0, -P=0, C=C-C=N will show the rearrangement. It is not limited to
carbonyl compounds.

3. The a, B and y atoms do not need to be carbon. They can be various combinations of C, N, O and S

so long as there is a y-H that can rearrange. One typical class of compounds meeting this criteria is ethyl
esters.

The following list of general compound types and their McLafferty rearrangement peaks may be useful
for the student.
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Compound type

Aldehydes

Methyl ketones

Amides

Acids

Ethyl ketones

Methy! esters

Propyl ketones

Ethyl esters

Phenyl ketones

Phenyl esters
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m/z

44

58

59

60

72

74

86

58

88

(M-C,H,)

120

136

Structure

: }JH
CH=C,
H

o
Cl{2===f%
CHj

%})H
CHa =r;"
MH;

LOH
CH2=C\
OH

o8
CH;=C,
CHACH;

_E}JH
CHy=
OCH;

;?DH
CH,=C
CHyCH,CH,
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The student should note that, with the propyl ketones, the McLafferty rearrangement can occur twice
consecutively. With the ethyl esters, the rearrangement can occur on either side of the carbonyl with
loss of the alkene from either the acid chain or the alcohol chain. The student should also note that the
CH,= groups in all of these ions can be substituted either singly or doubly. This will increase the m/z

value of the ion.

The spectrum of ethanal (Example 56) exhibits a strong molecular ion at m/z 44 and a base peak at m/z
29. The base peak corresponds to CHO*. In butanal and pentanal (Examples 57 and 58) the base peak at
m/z 44 is the OE ion formed by the McLafferty rearrangement (CH,CHOH). In the spectrum of 3,3-
dimethylbutanal (Example 59) there is a very small peak at m/z 44, indicating that the McLafferty
rearrangement can occur in this molecule. The relatively intense peak at m/z 71 corresponds to loss of
CHO from the parent. The base peak at m/z 43 is consistent with fragmentation between the second and

third carbons, producing CH,CO* or C4H9+. The spectrum of 5-methylhexanal (Example 60) is typical of the larger

aldehydes and exhibits the hydrocarbon series of lines at m/z 29, 43, 57 and 71. The lines at m/z 96 and 81 indicate the

sequential loss of HzO and CH3-

Aromatic aldehydes will have more intense molecular ions than the corresponding aliphatic aldehydes.
The spectrum of benzaldehyde (Example 61) has a very intense molecular ion at m/z 106. Other intense
lines in the spectrum are at m/z 105 (loss of H from the carbonyl carbon), m/z 77 (C6H5+) and m/z 51

(C4H3+). The student should recognize the fragments at m/z 51 and 77 as being characteristic of monosubstituted benzenes.

The spectrum of 2-fluorobenzaldehyde (Example 62) is included to demonstrate that not all fluorinated
compounds have weak or undetectable parent ions. This will often be the case when there are other
more easily ionized functional groups present in fluorinated compounds. The peak at m/z 95
corresponds to loss of CHO from the parent, while m/z 75 is consistent with loss of HF from m/z 95.

Generally speaking, the spectra of ketones will have more intense molecular ions than the
corresponding aldehydes, especially as the size of the molecule increases. This can be seen in the
comparison of 2-pentanone with pentanal (Examples 65 and 58 respectively), methyl isobutyl ketone
with 3,3-dimethylbutanal (Examples 66 and 59 respectively) and 4-heptanone with 5-methylhexanal
(Examples 67 and 60 respectively).

The spectrum of 2-butanone (Example 64) exhibits a base peak at m/z 43 which corresponds to
CH,CO*. The spectrum of 2-pentanone exhibits a weak McLafferty peak at m/z 44. In 4-methyl-2-

pentanone (Example 66) we observe a McLafferty peak at m/z 58 and a-cleavage peaks at m/z 85 and
43.

The spectrum of 4-heptanone exhibits relatively weak OE lines at m/z 72 and 58. The expected
McLafferty peak at m/z 86 has an intensity of about 1.2%. The peak at m/z 58 is very important because
it indicates a double McLafferty rearrangement. The intense line at m/z 71 indicates loss of C,H, from

the parent through a-cleavage, while m/z 43 is consistent with loss of CO from m/z 71. The spectrum of
2-octanone (Example 68) exhibits the expected McLafferty peak at m/z 58.

The spectrum of 6-methyl-3-heptanone (Example 69) exhibits the McLafferty peak at m/z 72. Other
lines in the spectrum are consistent with hydrocarbon fragmentation and the characteristic lines at m/z
29, 43,57, 71, 85 and 99 are readily observed. Finally, the spectrum of 1-phenyl-2-propanone (Example
70) exhibits an intense line at m/z 91. In conjunction with the line at m/z 65 we would identify this as a
tropylium ion. The base peak at m/z 43 is consistent with CH,CO*.

http://emedia.netlibrary.com/nlreader/nlreader.dlI?bookid=17960&filename=Page 90.html 29/09/2003


andresfe
Rectangle

andresfe
Rectangle


Page 91

9_
Esters and Acids

Example 71 Methyl ethanoate (acetic acid, methyl ester) (C,H,O,)

100 rride 43
a0
£z
B &
o
E
# 40
20 avgd
0 |].I | I L ' | : !
28 39 45 59 69
E
miz il miz i
2% .o 43 1000
29 10.5 44 29
o 1.3 45 1.2
31 34 39 37
41 1.1 74 15.2
42 10,2
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Example 72 Ethyl methanoate (formic acid, ethyl ester) (C,H,0O,)

100 mz 31
a0
=
g 60
]
=
Fd
40 S
20 mir 74
o L 'l'J d T T o
29 39 450 59 &4
T
Hif T % miz %
26 17.2 44 | ]
27 inE 45 33.7
23 T8 46 2.3
20 dE.4 47 B3
in 3k 56 4.0
31 100,10 37 1.4
40 1.4 59 1.2
432 2.4 T3 1.9
43 g3 Td 11.4

Example 73 Methyl propanoate (propanoic acid, methyl ester) (C,H,0,)

100 Mz
Bl Tz 57
=
g B0
2
& 40
Mz B8
20 ‘
0 | | |F ‘||JI T 1 II- T T JJT
v 34 44 54 G4 Td 84
e
miz = M T o miz %
25 1.4 33 1.1 57 153
2a 11.4 4 1 1.1 58 7
27 6.7 42 3.1 59 24.6
1R 15.8 473 1. Gl 1.0
29 LD, O d 4 50 87 1.6
30 4.0 55 3.4 BE 21.3
31 7.2 k) 24 B9 1.0
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Example 74 Methyl butanoate (butanoic acid, methyl ester) (C.H,,0,)

160 s
el T4
j204]
E B
# a0
0 | M
| |
[+] ! a
T
Ea

mir % Lt % miz %
15 1.0 38 1% ] 1.5
26 L 3g 158 10 1.8
27 314 al il.E T1 G, 1
13 15.4 42 154 12 3l
29 5.2 a3 100.0 74 0.1
30 1.1 44 0 75 1z
11 53 45 LB 27 132
32 1.4 55 i1.0 101 1.1
i3 1.7 549 N 102 L&
il 1.3 &1 (A

Page 93

Example 75 Methyl 2,4,6-trimethyloctanoate (2,4,6-trimethyl octanoic acid, methyl ester) (C,,H,,0,)

100 mi 18
8O
0 1O
§F w0
=]
E
#an
a0
Mz I
a |
28 45 69 B9 105 123 149 160 18D
e
iy B mig F Hedg %
27 0 T3 TE 115 28
g a0 T4 B3 125 30
3 IL.7 81 1.8 126 2.2
in 55 21 127 129 15.0
40 i3 EF) 14 130 13
41 1.4 B3 41 137 2.0
47 [N} 37 el i3 139 50
43 1.5 28 1000 140 1.0
4 5 13 R a3 141 13
53 10 a3 1.8 143 23
i3 2.2 a7 3 151 16
a6 535 D8 1.2 153 25
57 314 ag 17 155 1.2
58 1.5 11 T2.8 157 LT
59 124 L] [ ] 169 15
&7 23 L1 1.5 171 32
&Y 278 t11 45 200 4.6
TO 45 132 1.8 101 1.4
71 127 HE] 4
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Example 76 Ethyl decanoate (decanoic acid, ethyl ester) (C,,H,,0,)

&0

B0

% Inseraky

40

20

[ ralel]

i

e S0

T T T | — t
29 48 &% 83 100 129 149 169 189
[rrd

[T o méiz T mir %
26 1.5 57 (A LR 1oa.
27 17.3 59 b ] LR .7
28 5.8 &0 138 95 L&
29 44,1 61 A Ly a7
30 1.4 a7 2.6 9a 18
3l 2.1 68 0 13 405
kL 7.2 649 12.0 102 6
40 1.6 70 17.2 111 1.4
41 3.4 11 L) 115 4.5
42 10.1 13 275 129 1.0
45 383 T4 34 143 18
44 1.5 21 2.0 155 L0
45 15.0 83 50 156 1.3
53 14 Ra 4.5 157 6.9
54 2.1 s 4.2 171 1.0
55 235 BT 15 200 1.5
56 L%

Example 77 Methyl undecanoate (undecanoic acid, methyl ester) (C,,H,,0,)

29 4% B9 BB 1'2? 120 148 182 189
s

100

an

g 60

F 40

20

a
HAT 5
27 6.4
2y 13.5
in 4.3
41 0.3
432 45
41 221
43 13
53 1.2
54 LG
55 154
56 3.2
57 86
59 &0
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ey 200

miz B wiE %5
a7 1.6 BE 4.5
65 13 95 1.3
70 1.6 9T 21
T 1.4 LR 1.4
T3 1.g L] 4.8
T4 1000 115 14
T3 11.2 129 X
&1 1.3 143 54
g3 ER: 157 42
B4 2.4 164 4.2
i3 19 17 1.3
ET 44,9 200 32
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Example 78 Methyl 3-methylbenzoate (3-methylbenzoic acid, methyl ester) (C,H,,0,)

100 i 11g
a0
g 6D e
§
# A miz 150
e 55
20
fa] J 1 i.r .||. | e [ i .
44 64 a4 104 124
mz
m/z o msz % miz b
38 L& a3 9.0 972 4.6
39 VR 64 25 105 2.5
41 2.5 i 207 119 100.0
45 1.3 a6 1.2 120 1.0
50 31 T4 1.4 133 1.9
al 4,3 T7 1.4 148 1.8
52 1.2 B9 9.0 150 385
3o L.a 9 4.7 131 34
f2 34 o] G625

Example 79 Methyl phenylethanoate (benzeneacetic acid, methyl ester) (C,H,,0,)

100 | miz
ad
=
E =10
&
z
# 40
Tz 85
20 mir 150
Ll
0 i I.|I " "
249 48 i17] Ba 108 128
miz
miz cg mlz @ milr o
27 L& 52 1.7 aa 20
28 iH 59 10.7 a1 PCHD )
29 2.2 62 23 92 T4
38 24 63 6.7 1005 1.0
349 15.6 54 20 118 4.0
40 1.2 a5 1789 119 1.3
4] 32 T4 1.8 150 14.1
50 il 77 1.3 151 1.3
al 59 B9 4.3
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Example 80 Methanoic acid (formic acid) (CH,0O,)

10 Mz 23
g0
L
E
o 40
20 |
iy [ | | | " ' I ;
14 24 34 44
i
iz % miz B
12 33 30 L7
13 29 44 100
16 52 45 47.6
17 17.1 4a 61.0
28 17.2 47 1.0
29 10:4.0
Example 81 Propanoic acid (C,H,0,)
100 ez 2%
an gfu
=
® ad PV 45
L5
=
# 40
4
20 J ‘J
o | : |t. sl I|“’|I |“ :
19 29 a9 44 59 &8
i
miT o mee G msr G
12 13.1 37 21 46 6.0
16 21.1 I8 1.0 47 4.5
27 al.8 30 ia 55 16.8
28 1003 41 i1 54 16.4
29 #3.7 42 3.5 57 0.1
o 14.1 43 5.4 Ta 48,4
31 4,2 a4 7.1 T4 T8.6
31 1.4 45 358 TS 26
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Example 82 Butanoic acid (C,H,0,)

100 Mz &l
ao
=
i 60
|y
E
# 40
i TE
20 b
T RS
0 | I|| |||| “j ! | ETH (] I
T T T T T T
15 28 389 49 59 B3 7O
s
mlr T mfz T miy T
1% L 440 2.2 Gl 4.6
264 4.0 41 228 649 1.4
27 24.2 472 21 T 23
ZH L0 43 199 71 2.5
29 14.4 44 a1 73 30
il 1.3 45 17.1 74 3.5
a7 1.6 55 240 27 1.5
38 2R Gl 1000 58 2.5
a9 12.9
Example 83 Hexanoic acid (C;H,,0,)
100 mizED
B0
il
E B0
a
3 e,
r d.l:l AVZT
o0 Uz 45
I i
ol M B B
28 43 1] 85 1048
miz
ms B miz o miz o
26 3.7 472 15,2 fi1 1040.0
27 36,0 43 26.5 61 8.5
8 LAY 44 1.2 O 2.0
29 6.0 4.5 198 T0 3l
30 1.6 53 1.6 ] 4L.6
3l 3.0 55 13.6 T4 09
E¥:] 1.5 36 B2 87 1410
30 15.8 57 i a4 1.5
410 Z.a 59 1.6 10k 1.8
41 328
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Example 84 2-Methylpentanoic acid (C,H,,0,)

100 R
80 i
!
£ a0
® 40
20 r,mr:,é e AT
i}
20 49 (] 109
Mz
il G iz 0, Mz o
16 57 42 98 i34 T.1
7 29.3 43 510 aY 13
28 129 a4 21 T 1.9
29 238 45 16.9 71 10,3
30 32 51 13 72 1.1
3l 23 53 2.6 ] 17.3
3T 1.0 55 13.5 74 L0000
ig 24 36 LR ] 75 1.5
39 217 57 2.6 a7 17.1
40 34 30 2.0 g8 14
41 N |
Example 85 2-Ethylhexanoic acid (C,H,,0,)
100 ]
a0
= T 28
E G
# 40
20 maE 101 iz 11
i
Zo 49 69 B9 109
e
m/z 3 Mtz % fL %
26 3 52 Lo g1 1.8
27 A3 33 52 23 L
I8 0.2 55 ML HE ] 1.2
19 26,7 56 ] B3 1.z
3l 2.8 31 5 L 250
33 1.0 58 1.7 RE 694
EX 1.9 59 4.6 89 34
a0 18.6 &0 1.2 a7 2.1
40 53 87 2.0 38 14
41 45,3 3] 1.a Il 1d.8
41 18 59 9.8 1oz 1.1
43 21.7 T 3.7 ({03 1.1
44 2.2 71 Ak 115 L )
45 128 13 L1000 116 .2
30 1.2 74 4.6 127 1.%
Al 2.0

http://emedia.netlibrary.com/nlreader/nlreader.dl?bookid=17960&filename=Page 98.html

Page 98

29/09/2003


andresfe
Rectangle

andresfe
Rectangle


Example 86 Benzoic acid (C,H,0,)

100 mir 108
T TT
a0 v 122
g 80
g
# 40
e
20
o T | T
18 an 59 7 99
e
miy i miz b} iy 0 @
18 30 50 7. 74 TG
26 L.7 51 133 75 34
27 54 52 7.1 76 7.1
28 17.9 53 19 77 ftd
37 1.7 58 1.7 78 32
38 6.2 61 1.2 94 3.5
g 1.2 2 1.1 104 1.3
40 1.4 A3 1.9 105 00,0
44 2.6 65 3 106 1.6
45 20 3 27 122 A3
47 2.0 73 L7 123 6.2
49 2.2
Example 87 4-Methylbenzoic acid (C,H,0,)
100 mizral v 188
80 Mz 118
g 50
£ ap
20 mTEs
0 1 l T T
19 ag 59 T4 43 118 139
e
mSz ] mi'z % iy L)
a7 14 59 35 a0 53
18 27 61 1.3 21 100,00
k¥ 2.0 (%3 1.3 a1 14.9
30 9.8 61 T a7 1.5
a1 LB G4 10 11% 10
43 1.4 65 153 119 756
45 15 B4 1.1 1H) 6.8
50 15 74 1.1 135 2.6
5l 4.8 77 il 134 073
51 1.1 g6 1.0 137 B8
53 1.6 L 5.5
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Example 88 2-Methylbenzoic acid (C,H,0,)

100 mpm PR
Eilv]
z B0 Y2136
-]
i a0 HFES
20
U i
15 34 59 TQ ]| 118 139
s
miz o mse & msz 95
i 6 31 50 1240 Te 30
17 7.4 51 6.8 74 6.8
24 4.1 52 4,7 36 3.0
10 23 53 45 B 287
32 32 59 6.3 Go a5
a7 3.8 Gl 4.8 91 Op.2
ig 7.4 G2 124 g2 7.8
349 278 a3 24.8 118 160, 0
40 4.7 G4 6.6 I9 2835
41 4.2 63 40.3 120 2.1
3 4.0 a6 2.8 1385 599
44 2.6 74 3a 137 3.5
45 105 17 114

Ordinarily, the molecular ions of esters and acids will have low intensities, but in many cases these ions
will be detectable. Aromatic esters and acids can have very intense molecular ions. For the esters, we
can write three general structures (Figure 9.1) where R and Ar represent the alkyl or aromatic group.
Ordinary a-cleavage would be expected to produce six fragment ions (and six corresponding neutrals)

by cleavage of the indicated bonds in Figure 9.2, which are shown for an aliphatic ester. These expected

fragment ions would be R*, RCO", RCOZ+, R'+, R'O+ and R'OCO-. Esters containing aromatic

i
E—=C—=0—R

i
Ar—C—0—R

i
R—C—0—Ar

Figure 9.1
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Figure 9.2

groups would yield the corresponding aromatic ions. In practice, the spectra of esters tend to be
dominated by the RCO*, ArCO* and the McLafferty rearrangement peaks. The other fragment ions may
be present but in most cases will not be particularly significant. In the majority of esters, fragmentation
normally occurs between the carbonyl carbon and the oxygen bridge, with the charge retained on the
carbonyl fragment.

In addition to the a-cleavage and the McLafferty rearrangement, there are two other processes that are

important in ester fragmentation. The first process is j-cleavage in the acid chain of the ester (Figure
9.3) to produce an ion series starting with m/z 87. These ions have been shown to have the structure
indicated in Figure 9.4 and are resonance stabilized. Other ions in the series occur at m/z 101, 115, etc.
corresponding to ethyl, propyl and higher esters.

The second mechanism, which is related to the McLafferty rearrangement, is a double hydrogen
transfer (DHT). This mechanism occurs in the alcohol chain for ethyl and higher esters and can be
viewed as a two step process. In the first step, hydrogen from the adjoining carbon protonates the
oxygen bridge. This is followed by hydrogen transfer from a »-atom and a McLafferty style
rearrangement