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P3 INFRA-RED SPECTROSCOPY

Key Notes

Energy absorption in the IR region of the electromagnetic spectrum results
in the stretching or bending of covalent bonds. More energy is required in a
stretching vibration than a bending vibration. More energy is required to
stretch multiple bonds compared to single bonds. Bonds to light atoms
vibrate faster than bonds to heavy atoms.

An IR spectrum is a measure of energy absorption versus the reciprocal
wavelength (known as the wavenumber) of the radiation involved. The
higher the wavenumber the greater the energy involved.

IR energy is only absorbed if the vibration results in a change in dipole
moment.

The fingerprint region contains many peaks and it is not possible to identify
the majority of peaks present in that region. Some peaks associated with
particular functional groups can be identified if they are more intense than
their neighbors. The fingerprint region is useful when comparing two com-
pounds to see if they are identical. 

Functional groups display characteristic absorptions at particular regions of
the IR spectrum allowing the identification of such groups in a molecule. 
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Introduction Molecules can absorb energy in the infra-red region of the electromagnetic
spectrum resulting in the increased vibration of covalent bonds. There are two
types of vibration resulting either in the stretching or the bending of bonds. These
vibrations occur at specific frequencies (or energies) depending on the bond
involved. It is useful to think of the bonds as springs and the atoms as weights in
order to rationalize the energy required for such vibrations. There are two factors
affecting the frequency of vibration – the masses of the atoms and the ‘stiffness’ of
the bond. Multiple bonds such as double or triple bonds are stronger and stiffer
than single bonds and so their stretching vibrations occur at higher frequency (or
energy). The stretching vibration of bonds also depends on the mass of the atoms.
The vibration is faster when the bond involves a light atom rather than a heavy
atom. Stretching vibrations require more energy than bending vibrations. 



The IR spectrum An IR spectrum is a graph of the absorbed energy versus the wavenumber (υ).
The wavenumber is the reciprocal of the wavelength (i.e. 1/λ) and is measured in
units of cm−1. It is proportional to the frequency or energy of the radiation and so
the higher the wavenumber, the higher the energy. For example, the absorption
peak due to the stretching of an alkyne triple bond comes in the region
2100–2600 cm−1. This corresponds to a higher energy than the stretching
absorption of an alkene double bond that is in the range 1620–1680 cm−1.

The stretching vibration for a C-H bond occurs in the region 2853–2962 cm−1,
compared to the stretching vibration of a C–O bond which occurs in the finger-
print region below 1500 cm−1, illustrating the effect of mass on vibrational
frequency. 

Most stretching vibrations occur in the region 3600–1000 cm−1, whereas bending
vibrations are restricted to the region below 1600 cm−1. The normal range for IR
spectra is 4000–600 cm−1. 

Detectable Not all vibrations can be detected by infra-red spectroscopy. IR energy is only 
absorptions absorbed if the vibration leads to a change in the molecule’s dipole moment. Thus,

the symmetrical C=C stretching vibration of ethene does not result in the
absorption of IR energy, and no absorption peak is observed. 

The fingerprint For most organic molecules, there are a large number of possible bond vibrations, 
region and this number increases as the molecule becomes more complex. As a result,

there are usually a large number of peaks observed such that the IR spectrum of
one molecule is almost certain to be different from that of another. The region
where most peaks occur is generally below 1500 cm−1 and is called the fingerprint
region. This region is particularly useful when comparing the spectrum of a test
compound against the spectrum of a known compound. If the spectra are
identical this is good evidence that both compounds are identical.

Since the fingerprint region is usually complex with many peaks present,
it is not possible to assign the type of vibration associated with each peak unless
a particular peak shows greater intensity over its neighbors or ‘stands alone’.
Absorptions for some functional groups such as esters, nitro or sulfonate groups
do occur in the fingerprint region and can be identified because of their position
and intensity.

Identification of IR spectra are particularly useful for identifying the presence of specific functional 
functional groups groups in a molecule, since the characteristic vibrations for these groups are

known to occur in specific regions of the IR spectrum. For example, absorptions
due to the carbonyl stretching of an aldehyde occur in the region 1690–1740 cm−1

whereas the corresponding absorptions for an ester occur in the region
1735–1750 cm−1. IR tables can be used to assign the various peaks and hence the
functional groups present.
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P4 PROTON NUCLEAR MAGNETIC
RESONANCE SPECTROSCOPY

Key Notes

Nmr spectroscopy involves the detection of nuclei. Nuclei are charged spin-
ning bodies that have an associated magnetic moment. In proton nmr, an
external magnetic field is applied to force protons into two possible orien-
tations which are not of equal energy. Those nuclei spinning with their mag-
netic moments aligned with the field are more stable than those spinning
with their magnetic moments aligned against the field. There is a greater
population of nuclei in the more stable orientation. Applying energy in the
form of electromagnetic radiation causes the nuclei to flip or resonate
between the two orientations resulting in an overall absorption of energy.
When the radiation is stopped, the nuclei relax to the more stable popula-
tion ratio resulting in an emission of energy. A spectrum can be obtained by
measuring the energy absorbed or the energy emitted. The energy required
for resonance is in the radiofrequency region of the electromagnetic
spectrum and is equal to the frequency with which the magnetic moment
precesses round the axis of the applied magnetic field. The precessional
frequency increases if the applied magnetic field is increased. Nmr
spectrometers and spectra are defined by the energy required for resonance. 

The presence of secondary magnetic fields in a molecule means that non-
equivalent protons experience slightly different magnetic fields when the
external magnetic field is applied. This means that different protons require
different energies for resonance and give different signals in a spectrum. 

Electrons are charged spinning bodies, which set up a secondary magnetic
field that opposes the applied field and shields the proton. The greater the
electron density around a proton, the greater the shielding and the less
energy is required for resonance.

The protons which give signals at the right hand side of an nmr spectrum
are more shielded than those at the left-hand side and require less energy to
resonate. The scale used in nmr is known as the chemical shift which is mea-
sured in parts per million relative to the signal for a reference compound
called tetramethylsilane.

The position of a signal in the nmr spectrum is affected by the inductive
effects of various groups. Electron donating groups increase the electron
density round a neighboring proton and lower the chemical shift. Electron
withdrawing groups have the opposite effect.

Introduction

Secondary magnetic
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Inductive effects on
chemical shift 



Introduction Of all the spectroscopic methods, nuclear magnetic resonance (nmr) spectroscopy
is the most useful in determining the structure and stereochemistry of organic
compounds. Nmr spectroscopy detects the nuclei of atoms in a molecule, and one
of the most useful forms of nmr is the detection of hydrogen atoms. The nucleus
of a hydrogen atom is a single proton and so the method is also known as proton
nmr. A proton spins around its axis, and whenever a charged body spins, a
magnetic field is set up which can be represented by a magnetic dipole moment
(Fig. 1a). Under normal conditions, the protons and their magnetic moments are
randomly orientated and so there is no overall magnetic field (Fig. 2a).

However, the situation changes if an external magnetic field is applied to the
sample. In Fig. 1b and c an external magnetic field has been applied in the direc-
tion of the z-axis. This field interacts with the magnetic moment of the nucleus,
forcing the nucleus to spin in only two possible orientations. In Fig. 1b, the nucleus
is spinning such that the magnetic moment is pointing in roughly the same

If an unsaturated group is present in a molecule, it is possible to get
secondary magnetic fields due to diamagnetic circulation. This is a result of
the external magnetic field causing the π electrons to circulate around the
axis of the magnetic field. The effect is large for aromatic rings since six π
electrons are involved, and smaller for groups such as alkenes and ketones.
For most unsaturated systems, the secondary magnetic field enhances the
applied magnetic field and increases chemical shift. The protons of aldehy-
des and carboxylic acids experience secondary magnetic fields due to dia-
magnetic circulation as well as electron withdrawing inductive effects,
resulting in very large chemical shifts.

Spin-spin coupling takes place between protons on neighboring carbon
atoms if the protons concerned have different chemical shifts. When the
protons on one carbon are in resonance, the protons on the neighboring
carbon are not and each neighboring proton can adopt two possible
orientations. These orientations affect the signal of the proton(s) that are in
resonance, resulting in a splitting of the signal. The effect is transmitted
through bonds rather than through space and decreases in magnitude with
the number of bonds involved, such that coupling does not usually take
place beyond three bonds. The number of peaks resulting from splitting is
one more than the number of neighboring protons. The size of the splitting
is called the coupling constant and this is identical for both signals involved
in the coupling.

Integration measures the relative intensity of each signal in the nmr spectrum
and is proportional to the number of protons responsible for that signal.

Related topics Properties of alkenes and alkynes
(H2)

Preparation and properties (I2)
Properties (J2)
Structures and properties (K1)
Preparation and physical properties

of alkyl halides (L1)

Properties of alcohols and phenols
(M3)

Properties of ethers, epoxide and
thioethers (N2)
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Spectroscopy (P1)
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direction as the field. The other orientation (Fig. 1c) has the nucleus spinning such
the dipole moment is pointed roughly against the field. Crucially, these two ori-
entations are not of equal energy. The orientation against the field is less stable
than the orientation with the field (Fig. 2b). This is crucial to understanding why
we get an nmr spectrum. 

The energy difference between the two orientations is extremely small and so
the energy levels involved are almost equally populated. However, there is a
slight excess of nuclei in the more stable energy level, and so if we were to pro-
mote these nuclei to the higher energy level, energy would be absorbed and a
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Fig. 1. Orientation of a proton’s magnetic dipole moment; A) No magnetic field B) Alignment
with magnetic field C) Alignment against magnetic field.

Fig. 2. Energy levels before and after applying an external magnetic field.



spectrum could be measured. Before we look at what energy is required, we shall
return to our picture of the spinning nucleus. Fig. 1b shows the nucleus spinning
with the field – the more stable orientation. Notice that the dipole moment is not
directly aligned with the magnetic field, but is at an angle to it. This means that
the dipole moment experiences a force or a torque, which causes it to rotate or pre-
cess around the z-axis (Fig. 3a) like a gyroscope. A gyroscope is a spinning body
which, when set at an angle to the vertical axis of gravity, precesses round that
vertical axis. The nucleus is undergoing exactly the same kind of motion. It too is
a spinning body but it precesses round the axis of an applied magnetic field. The
rate at which the dipole moment precesses round the z-axis is called the Larmor
frequency and is dependant on the strength of the applied magnetic field. If the
magnetic field increases, the rate of precession increases. 
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In order to get a spectrum we need to get transitions between the two energy
levels. This can be achieved by firing in a burst of energy in the form of electro-
magnetic radiation (Fig. 3b). The effect of this energy is to excite the nucleus and
to cause it to ‘flip’ such that it is now against the magnetic field (Fig. 3c). This
orientation is less stable than the original orientation and so the nucleus has
absorbed energy. It is found that the energy required to do this has the same
frequency as the Larmor frequency. If the electromagnetic radiation is now
stopped, the nucleus relaxes back to the more stable orientation (Fig. 3d). As a
result, energy is emitted. Such energy can be detected and measured leading to a
signal in an nmr spectrum. The energy difference between the two orientations is
extremely small and is in the radiofrequency region of the electromagnetic
spectrum. The energy difference is proportional to the Larmor frequency, which
is proportional to the strength of the external applied magnetic field. In a
magnetic field of 14 100G, the energy difference is 60 × 106 Hz or 60 MHz. In a
magnetic field of 23 500G the energy difference is 100 MHz. NMR spectrometers
work at a specific magnetic field and thus a specific electromagnetic radiation is
required for resonance. The convention is to identify the spectrometers and their
spectra by the strength of the electromagnetic radiation used (i.e. 60 MHz or
100 MHz).

Fig. 3. Larmor frequency and energy transitions.



Secondary At this stage, we can see how a proton is detected by nmr spectroscopy, but if that 
magnetic fields was all there was to it we would only see one signal for every proton in a

molecule. This would tell us nothing about the structure apart from the fact that
protons are present. Fortunately, not all protons require the same energy for
resonance. This is because there are secondary magnetic fields within the
molecule, which influence the magnetic field experienced by each proton.
Secondary magnetic fields are produced by the electrons in the molecule and are
much smaller in magnitude than the applied magnetic field – in the order of 0–10
parts per million (ppm). However, they are sufficiently large enough to result in
different signals for different protons. This means that there should be one signal
for every different (or non-equivalent) proton in the structure. Therefore, it is
useful to identify the number of non-equivalent protons in a molecule in order to
identify the number of signals that should be present in the spectrum. Note that
the protons in a methyl group are equivalent and do not give separate signals
because they are in identical molecular environments. This is also true for the
protons in a CH2 group. (However, there are two situations where the two protons
on a CH2 group become non equivalent, i.e. when they are constrained within a
ring system and when they are next to an asymmetric center.) The size and
direction of secondary magnetic fields depends on electron density, diamagnetic
circulation and spin-spin coupling all of which are discussed below. 

Secondary Fig. 3a shows an isolated proton spinning and precessing in an applied magnetic 
magnetic fields field. So far we have only considered the nucleus of the hydrogen atom, but we 
due to electrons know that electrons must be present. Let us consider the effect of one electron

orbiting the nucleus (Fig. 4). 
Since the electron is a spinning, charged body, it sets up a secondary magnetic

field of its own (Be, Fig. 4). The secondary magnetic field (Be) opposes the exter-
nal magnetic field (Bo). Thus the nucleus is shielded from the external magnetic
field. This means the actual magnetic field experienced by the nucleus is reduced
(Bo–Be). Since the nucleus experiences a reduced magnetic field, the precessional
or Larmor frequency is reduced. This in turn means that less energy is required to
make that nucleus resonate and give a signal. The greater the electron density
round a proton, the greater the shielding and so the position of a signal in an nmr
spectrum can be an indication of electron density in different parts of a molecule.
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The nmr The signals at the right hand side of an nmr spectrum (Fig. 5) are due to protons 
spectrum having a low precessional frequency while the signals at the left-hand side are due

to protons having a high precessional frequency. Low precessional frequency is
associated with high electron density (shielding) while high precessional
frequency is associated with low electron density (deshielding). The energy
required for resonance increases from right to left.
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A scale is needed in order to quantify the position of signals in an nmr spec-
trum. The scale used in nmr does not have absolute values, but is relative to the
signal of a reference compound called tetramethylsilane (TMS) (Fig. 6). The
methyl protons of TMS are equivalent and give one signal that is defined as the
zero point on the scale. The scale is known as the chemical shift and is measured
in parts per million (ppm). What does this mean and why do we not use an
absolute scale, which uses frequency or energy units?

Let us look at what happens if we measure the chemical shift in frequency units
of hertz. The scale shown in Fig. 5A is for a 60 MHz nmr spectrometer. The 60 MHz
refers to the frequency of the energy required to cause resonance. Thus, the signal
at 3 ppm has a Larmor frequency which is 180 Hz faster than the signal due to
TMS (180 Hz is 3 ppm of 60 MHz). 

However, we could also measure this spectrum using a more powerful nmr
spectrometer which results in the protons having precessional frequencies in the
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Fig. 5. An nmr spectrum.
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Fig. 6. Tetramethylsilane (TMS).



order of 100 MHz (Fig. 5b). In this situation, the signal at 3 ppm is due to a proton
that is precessing 300 Hz faster than the protons for TMS. If we measure the chem-
ical shift of this peak in ppm, this would still be 3 ppm, since 300 Hz is 3 ppm of
100 MHz. However, if we used a scale measured in Hertz, we would have to
define the power of the nmr spectrometer used. With chemical shift measured in
parts per million, the chemical shift will be the same no matter which instrument
is used. 

Inductive effects TMS is called an internal reference since it is dissolved in the deuterated solvent 
on chemical used to dissolve the sample. There is a good reason why TMS is used as an 
shift internal reference. Silicon has a tendency to ‘repel’ the electrons in the silicon-

carbon bonds such that they are pushed towards the methyl groups (Fig. 6) – an
inductive effect. This means that the protons in these methyl groups experience a
high electron density that shields the nuclei and results in a low chemical shift,
lower in fact than the vast majority of nmr signals observed in organic molecules. 

330 Section P – Organic spectroscopy and analysis

RO CH3 RO CH3 R C

O

CH3 R C

R

R

CH3 H3C Si

CH3

CH3

CH3R3N CH3

3.8 3.3 3.3 2.2 0.9 0.0

Strongly
deshielded

Strongly
shielded

+

Fig. 7. The inductive effect and chemical shift.

Inductive effects have an important influence on chemical shift. We can see this
with a series of methyl groups (Fig. 7). Going from right to left we have TMS
which sets the scale at 0 ppm. Next we have the methyl group of a saturated
hydrocarbon. The alkyl groups of a hydrocarbon also ‘push electrons’ away from
them and hence increase electron density round a neighboring methyl group.
However this inductive effect is not as powerful as the one caused by a silicon
atom and so the methyl signals in hydrocarbons usually occur about 0.9 ppm. 

In the next case we have a methyl group next to a ketone group. A ketone group
has an electron withdrawing effect, which reduces the electron density around the
neighboring methyl group (deshielding), and so the chemical shift is higher at
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Fig. 8. Nmr spectrum of methyl ethanoate



The applied external magnetic field (Bo) used in nmr has an interesting effect on
the π-electrons of the aromatic ring, causing them to circulate round the ring in a
process known as diamagnetic circulation. This movement in turn sets up a sec-
ondary magnetic field (Be) represented by the force lines shown in Fig. 9. The
direction of these lines opposes the applied magnetic field at the center of the aro-
matic ring, but enhances it at the edges where the aromatic protons are situated.
This means that the field observed by the aromatic protons is increased (Bo+Be)
causing their precessional frequency to increase. This means that a greater energy
is required for resonance, resulting in a higher chemical shift. 

The effect of diamagnetic circulation on aromatic protons is greater than
inductive effects and this can be seen in the nmr spectrum of benzyl methyl ether
(Fig. 10).

The methyl group at 3.6 ppm has a relatively high chemical shift due to the
inductive effect of oxygen. The methylene group at 5.2 ppm has an even higher
chemical shift since it is next to oxygen and the aromatic ring, both of which are
electron withdrawing groups. However, the aromatic protons have the highest
chemical shift at 7.3 ppm since they experience the secondary magnetic field set
up by diamagnetic circulation. 
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Fig. 9. Diamagnetic circulation of an aromatic ring.

about 2.2 ppm. The electron withdrawing effect of an oxygen atom or a positively
charged nitrogen is greater still and so a methyl ether group has a signal at about
3.3 ppm, similar to the methyl signal of a quaternary ammonium salt. 

Since the position of a signal in the nmr spectrum is related to inductive effects,
it is possible to use this knowledge to assign different signals in an nmr spectrum.
For example, the nmr spectrum for methyl ethanoate contains two signals at 2.0
and 3.5 ppm (Fig. 8). The signal at 3.5 ppm can be assigned to CH3

a since it is
directly attached to oxygen. The oxygen has a stronger electron withdrawing
effect than the carbonyl group. NMR tables are also available which show the
typical chemical shifts for particular groups.

Diamagnetic A special type of secondary magnetic effect is called diamagnetic circulation. This 
circulation occurs in functional groups which contain π bonds. As an example, we shall

consider the aromatic ring (Fig. 9). 



Diamagnetic circulation is also possible for other unsaturated systems such as
alkenes. However, the diamagnetic circulation for an alkene is much smaller since
only two π electrons are circulating within a double bond, and so the effect is
smaller. This can be seen in the nmr spectrum of 1,1-diphenylethene where the
alkene protons have a smaller chemical shift at 5.2 ppm compared to the aromatic
protons at 7.3 ppm (Fig. 11). 

An aldehyde proton also experiences a secondary magnetic field due to dia-
magnetic circulation, but in addition there is an inductive effect resulting from the
electron withdrawing effect of the carbonyl group. Thus, an aldehyde proton
experiences two deshielding effects, which means that it has a higher chemical
shift than even an aromatic ring. Typically, the signal appears about 9.6 ppm. 

The combined influences of diamagnetic circulation and inductive effects also
result in high chemical shifts for the OH of a carboxylic acid where the signal can
have a chemical shift larger than 10 ppm. 

For most unsaturated systems, diamagnetic circulation sets up a secondary field
which enhances the applied magnetic field. The exception is alkynes where the
secondary field opposes the applied field and causes shielding.
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Fig. 10. Nmr spectrum of benzyl methyl ether.
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Fig. 11. NMR spectrum of 1,1-diphenylethene.



Spin-spin So far, we have looked at spectra where each signal is a single peak (singlet). 
coupling However, in many spectra, the signal for a particular proton is made up of two or

more peaks. This is due to an effect known as spin-spin coupling which is
normally seen when non-equivalent protons are on neighboring carbon atoms. An
example of this can be seen in the nmr spectrum of the alkene shown in Fig. 12.
There are four non-equivalent protons present in this molecule and so we would
expect four signals. The spectrum does indeed show four signals although there
are six peaks present. The signals at 2.2 ppm and 4.7 ppm are due to the two
methyl groups and are both singlets. However, the signals for the two alkene
protons are both split into doublets. Thus, the two peaks between 5 and 6 ppm
constitute one signal due to HX. The chemical shift of this signal is the midpoint
between the two peaks, i.e. at 5.65 ppm. Similarly the two peaks between 7 and
8 ppm constitute one signal due to HA, with the chemical shift being the midpoint
between the two peaks at 7.6 ppm. 

The alkene signals are present as doublets since the alkene protons A and X are
coupling with each other and are mutually influencing the magnetic field that
they experience. In Fig. 13, we have a simplified diagram where the two alkene
protons are in white, separated from each other by three bonds and the two alkene
carbon atoms in black.  
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Fig. 12. NMR spectrum of a disubstituted alkene.
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Fig. 13. AX Coupling.



Let us concentrate on proton X in Fig.13a. An external magnetic field Bo forces
this proton to adopt two possible orientations with the more stable orientation
shown in Fig. 13a. Energy having the same frequency as the Larmor frequency is
now applied resulting in resonance and a signal in the nmr spectrum. 

So much for proton X, but what is happening to proton A while all this is hap-
pening? Applying a magnetic field also forces this proton to adopt two possible
orientations (Figs. 13c and d). However, the precessional frequency for proton A is
different from that of proton X since proton A is in a different environment. There-
fore, applying energy which has the correct frequency to make proton X resonate
will have no such effect on proton A. This means that the two possible orientations
for proton A are long lived, and resonance does not take place between them. The
dipole moments associated with these orientations can thus generate a small
magnetic field that will influence X. So essentially proton A can be viewed as a
small magnet which has two different orientations. The two different magnetic
fields generated by A are experienced by proton X but it is important to realize
that the effect is not transmitted through space. The nuclei are too far apart from
each other for that to happen. Instead the effect is transmitted through the three
bonds between the two protons. A full explanation of how this happens is not
possible here but the overall effect is that proton A generates two equal but oppos-
ing secondary magnetic fields at proton X. The same thing happens in reverse
when energy is applied to resonate proton A. In that situation, proton X does not
resonate but has two equal and opposite secondary magnetic effects on A.

Let us look at what happens to the signal for proton A when this coupling takes
place (Fig. 14). If coupling did not place, the signal would be a singlet. However
with coupling, A experiences two different secondary magnetic fields from X and
is split into two peaks. 
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The peak at higher chemical shift occurs when the secondary field generated by
proton X is aligned with the applied field. The peak at lower chemical shift occurs
when the secondary field is against the applied field. Since both effects are equally
likely and of the same magnitude the signal for A is split into a doublet where the
peaks are of equal height and equally shifted from the original chemical shift. The
separation between the peaks can be measured and is called the coupling con-
stant. It is given the symbol J and is measured in hertz rather than ppm. The cou-
pling is further specified by defining the coupled protons. Thus, JAX is the coupling
constant between proton A and proton X. 

If we look now at the signal for X, the same thing happens except the secondary
magnetic fields are now due to the different orientations of proton A. The cou-
pling constant for this signal is JXA and must be equal in magnitude to JAX (Fig. 15). 
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Let us now look at a more complicated situation where we have a methyl group
linked to a methine group (see 1,1-dichloroethane; Fig. 16). In this situation, we
have three identical methyl protons (X) separated by three bonds from one CH
proton (A). The spectrum shows two signals. The signal for the methyl protons is
a doublet at 1.55 ppm, while the signal for the methine proton is a quartet at
5.05 ppm.

We look first of all at the effect the methine proton has on the three equivalent
methyl protons. The methine proton can have two possible orientations – either
with the field or against it. The secondary magnetic field associated with these
orientations is transmitted to the methyl protons through the connecting bonds,
which means that the methyl protons are influenced by two equal but opposing
secondary magnetic fields. The signal for the methyl protons is split into a
doublet. 

Let us now consider the influence of the methyl protons on the methine proton.
There are several possibilities here. The methyl protons could all be opposed to
the applied field or they could all be aligned with the field. Another possibility is
for two of the protons to be with the field while one is against the field. Note that
this sort of arrangement is three times more likely than having all the protons

Fig. 15. Coupling constants.



pointing the same way. Finally, two of the protons could be against the field and
one could be with the field. Once again the possibility of this kind of arrangement
is three times more likely than having all the nuclei pointing the same way. Since
there are four different ways of orientating the three methyl protons, the signal for
the methine proton is split into four different peaks (a quartet). These peaks will
not be of equal intensity as there is more chance of certain orientations than oth-
ers. The relative intensities match the statistical probability of the different orien-
tations, i.e. 1 : 3 : 3 : 1.
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Fig. 16. NMR Spectrum of 1,1-dichloroethane.

We can predict the number of peaks in the methine signal (A) and their relative
intensity in the following manner (Fig. 17). If no coupling took place, the signal
would be a singlet. However, there are three neighboring protons due to the
methyl group. We shall see what happens when we split the methine signal with
each of these methyl protons in turn. Coupling with one of the methyl protons
splits the signal into a doublet of intensity 1 : 1. Splitting with a second methyl pro-
ton splits each of these peaks into a doublet. Since the splitting is identical, the two
inner peaks of each doublet overlap to give a single peak such that we end up with
a triplet having an intensity of 1 : 2 : 1. Each of these peaks is now split by the effect
of the third methyl proton to give a quartet of ratio 1 : 3 : 3 : 1. The peak at highest
chemical shift corresponds to the arrangement where the secondary magnetic
field of all three methyl protons is with the applied field and enhancing it. The
peak at the next highest chemical shift corresponds to the situation where two of
the methyl protons are with the applied field and the third is against it. The next
peak has two protons against the applied field and one proton with it. Finally we
have the peak at the lowest chemical shift, which corresponds to the situation
where the magnetic fields of all three methyl protons oppose the applied field.
Note that the chemical shift for the signal is the same as it would have been if no
splitting had occurred (i.e. the middle of the signal). The coupling constants JAX

and JXA are identical for both signals since they are coupled together. 
It is possible to rationalize the coupling patterns and peak intensities for other

coupling systems in a similar manner, but a quicker method is to use a system
known as Pascall’s triangle (Fig. 18). To use the triangle, you first identify the
number of protons that are neighboring the group of interest. This defines which
row of the triangle is relevant. The row indicates the number of peaks one would
expect in the signal and their relative intensity. Consider for example 1,1-
dichloroethane (Fig. 16). The methine group has a neighboring methyl group and



so there are three neighboring protons. The relevant row in Pascall’s triangle has
four entries and so the signal for the methine proton is a quartet with a ratio of
1 : 3 : 3 : 1. When we consider the methyl group, it has one neighboring proton and
so Pascall’s triangle predicts a doublet of ratio 1 : 1.

Note that the number of peaks in a signal is always one more than the number
of neighboring protons.

It is important to note that coupling can only take place between non-equiva-
lent protons of different chemical shifts. Coupling between the protons making up
a methyl group is not possible since they are equivalent to each other. Similarly,
coupling is not possible between the methyl groups of ethane since these groups
cannot be distinguished from each other. It is also important to remember that the
coupling is transmitted through bonds and that the size of this coupling decreases
with the number of bonds involved. In fact, coupling is rarely seen between pro-
tons which are separated from each other by more than three bonds. In effect, this
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means that most coupling takes place between non-equivalent protons on neigh-
boring carbon atoms.

Integration An nmr spectrum contains another piece of useful information which is called
integration. Integration measures the intensity of each signal and is proportional
to the number of protons responsible for that signal. Thus, a signal due to a methyl
group will be three times more intense than one due to a methine (CH) group. 

The integration signal on the nmr spectrum is the sloping line above the signals
(Fig. 19). There is no absolute scale to this line, but the relative heights of the inte-
gration over each signal are proportional to the number of protons responsible for
each signal. Note that it is the height increase over the whole signal that should
be measured (i.e. you measure the height increase over all the peaks in the
coupling pattern). 

Another thing to watch out for is the possibility of OH or NH2 groups being
present in a spectrum. These will also be integrated, but can be distinguished from
CH, CH2 and CH3 groups since the protons in the former disappear from the
spectrum if the sample is shaken with D2O.
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P5 13C NUCLEAR MAGNETIC RESONANCE
SPECTROSCOPY

Key Notes

13C nmr spectroscopy is a valuable tool in structural analysis. The 13C
nucleus is only 1.1% naturally abundant and so signals are weaker than
those present in 1H nmr spectra. 

No coupling is seen between 13C nuclei since the chances of neighboring
carbons both being 13C are negligible.

Coupling is possible between 13C and 1H nuclei. However, proton decou-
pling is usually carried out by continually resonating all the protons while
the 13C spectrum is run. This leads to one singlet for each non-equivalent
carbon. Integration of signals is not possible since this process distorts
signal intensities.

13C nmr spectra contain singlets over a wider range of chemical shifts than
1H nmr meaning that there is less chance of signals overlapping. Direct
information is obtained about the carbon skeleton of a molecule including
quaternary carbons. The number of protons attached to each carbon atom
can be determined by off resonance decoupling or by running DEPT
spectra.

The number of signals indicates the number of non-equivalent carbons. The
number of protons attached to carbon is determined by methods such as
DEPT. The chemical shifts are compared to theoretical chemical shifts
determined from nmr tables or software packages.

Related topics Properties of alkenes and alkynes
(H2)

Preparation and properties (I2)
Properties (J2)
Structures and properties (K1)
Properties of alcohols and phenols

(M3)

Properties of ethers, epoxides, and
thioethers (N2)

Properties of amines (O2)
Chemistry of nitriles (O4)
Spectroscopy (P1)
Proton nuclear magnetic resonance

spectroscopy (P4)

Introduction

Advantages of
13C NMR 

Coupling between
13C and 1H nuclei

Coupling between
13C nuclei

Introduction 1H NMR spectroscopy is not the only useful form of nmr spectroscopy. There are
a large variety of other isotopes which can be used (e.g. 32P, 19F, 2D). However, the
most frequently studied isotope apart from 1H is the 13C nucleus. Like protons, 13C
nuclei have a spin quantum number of 1/2. Thus, the same principles which
apply to proton nmr also apply to 13C nmr. However, whereas the 1H nucleus is
the naturally abundant isotope of hydrogen, the 13C nucleus is only 1.1% naturally

Interpreting
13C spectra



abundant. This means that the signals for a 13C nmr spectrum are much weaker
than those for a 1H spectrum. In the past, this was a problem since early nmr
spectrometers measured the absorption of energy as each nucleus in turn came
into resonance. This was a lengthy process and although it was acceptable for 1H
nuclei, it meant that it was an extremely lengthy process for 13C nuclei since
several thousand scans were necessary in order to detect the signals above the
background noise. Fortunately, that problem has now been overcome. Modern
nmr spectrometers are much faster since all the nuclei are excited simultaneously
with a pulse of energy. The nuclei are then allowed to relax back to their ground
state, emitting energy as they do so. This energy can be measured and a spectrum
produced. Consequently, 13C nmr spectra are now run routinely. At this point, you
may ask whether a 13C nmr spectrum also contains signals for 1H nuclei? The
answer is that totally different energies are required to resonate the nuclei of
different atoms. Therefore, there is no chance of seeing the resonance of an 1H
nucleus and a 13C nucleus within the limited range covered in a typical 1H or 13C
spectrum.

Coupling Unlike 1H nmr where spin spin coupling is observed between different protons, 
between 13C coupling between different carbon nuclei is not observed in 13C NMR. This is due 
nuclei to the low natural abundance of 13C nuclei. There is only 1.1% chance of any

specific carbon in a molecule being present as the 13C isotope. For most medium-
sized molecules encountered by organic chemists, this effectively means that there
will only be one 13C isotope present in a molecule. The chances of having two 13C
isotopes in the same molecule are extremely small, and the chances of two 13C
isotopes being on neighboring carbons are even smaller, so much so that they are
negligible. 

Coupling Although 13C–13C coupling is not seen, it is possible to see coupling between 13C 
between 13C nuclei and 1H nuclei. This might appear strange since we have already stated that 
and 1H nuclei 1H signals are not observed in the 13C spectrum. However, it is perfectly logical to

see coupling between 13C and 1H nuclei even if we don’t see the 1H signals. This is
because the 1H nuclei will still take up two possible orientations in the applied
magnetic field, each of which produce their own secondary magnetic field (see
Topic P4). In practice, such coupling makes the interpretation of 13C nmr spectra
difficult and so 13C spectra are usually run with 13C–1H coupling eliminated. This
is done by continuously resonating all the proton nuclei while the 13C spectrum is
being run such that the signal for each non-equivalent carbon atom appears as a
singlet. This results in a very simple spectrum that immediately allows you to
identify the number of non-equivalent carbon atoms in the molecule from the
number of signals present. This process is known as proton decoupling. One
disadvantage of this technique is that it distorts the intensity of signals and so
integration cannot be used to determine the number of carbon atoms responsible
for each signal. This distortion is particularly marked for signals due to
quaternary carbons, which are much weaker than signals for other types of
carbons.

Advantages of 13C nmr gives a signal for each non equivalent carbon atom in a molecule and this 
13C NMR gives direct information about the carbon skeleton. In contrast, 1H nmr provides

information about the carbon skeleton indirectly and gives no information about
quaternary carbon atoms such as carbonyl carbons. Another advantage of 13C
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NMR is the wide range of chemical shifts. The signals are spread over 200 ppm
compared to 10 ppm for protons. This means that signals are less likely to overlap.
Moreover, each signal is a singlet. This can also be a disadvantage since
information about neighboring groups is lost. However, there are techniques that
can be used to address this problem. For example, information about the number
of protons attached to each carbon atom can be obtained by off resonance
decoupling. In this technique, the 13C spectrum is run such that all the protons are
decoupled except those directly attached to the carbon nuclei. Hence, the methyl
carbons (CH3) appear as a quartet, the methylene carbons (CH2) appear as a
triplet, the methine carbons (CH) appear as a doublet and the quaternary carbons
(C) still appear as a singlet. 

In practice, off resonance decoupling is rarely used nowadays, since a technique
known as DEPT is more convenient and easier to analyze. Unfortunately, it is not
possible to cover the theory behind this technique here. However, a knowledge of
the theory is not necessary in order to interpret DEPT spectra. Such spectra can be
run so that only one type of carbon is detected. In other words, a DEPT spectrum
can be run so that only the methyl signals are detected or the methylene signals,
etc. This allows us to distinguish all four types of carbon, but it means that we
have to run four different spectra. There is a quicker way of getting the same infor-
mation by only running two spectra. A DEPT spectrum can be run such that it
picks up the methyl and methine carbons as positive signals and the methylene
carbons as negative signals (i.e. the signals go down from the baseline instead of
up). The quaternary carbons are not seen. This one spectrum therefore allows you
to identify the quaternary signals by their absence and the methylene signals,
which are negative. We still have to distinguish between the methyl signals and
the methine signals, but this can be done by running one more DEPT spectrum
such that it only picks up the methine carbons.

Interpreting In general, 13C spectra of known structures can be interpreted in the following 
13C spectra stages. First, the number of non-equivalent carbon atoms is counted by counting

the number of signals present in the spectrum, excluding those signals due to the
internal reference (TMS at 0 ppm) or the solvent. The signal for CDCl3 is a triplet
(1 : 1 : 1) at 77 ppm (caused by coupling to the deuterium atom where I=1).

Second, each signal is identified as CH3, CH2, CH or quaternary using off
resonance decoupling or DEPT spectra.

Third, the chemical shifts of the signals are measured, then compared with the
theoretical chemical shifts for the carbons present in the molecule. There are a
variety of tables and equations which can help in this analysis but it should be
noted that the use of such tables is not as straightforward as for 1H nmr analysis.
However, software packages are now available which can calculate the theoretical
chemical shifts for organic structures. These are often incorporated into chemical
drawing packages such as ChemDraw.
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P6 MASS SPECTROSCOPY

Key Notes

A mass spectrum is obtained by ionizing a molecule to give a molecular ion.
This is then accelerated through a magnetic field and the ion is deviated
according to its mass and charge. Routinely, ionization is carried out by
electron ionization, but chemical ionization and fast atom bombardment are
milder methods. Detecting the molecular ion allows identification of the
molecular weight. If this is an odd number it indicates that an odd number
of nitrogen atoms are present.

The pattern of peaks present for a molecular ion can reveal the presence of
chlorine or bromine since there are two naturally occurring isotopes for
these elements. Carbon also has two naturally occurring isotopes (12C and
13C) and so a small peak is often observed one mass unit higher than the
molecular ion. 

The molecular ion is unstable and fragments, producing daughter ions. The
fragmentation patterns that take place are indicative of functional groups in
the molecule. Daughter ions vary in stability and the more stable ones give
stronger peaks. The most intense peak in the spectrum is called the base
peak.

The molecular ion and base peak are identified first. Daughter ions are then
identified and fragmentation patterns determined. 

High-resolution mass spectroscopy is used to measure the mass of a
molecular ion to four decimal places. This allows the determination of the
molecular formula.

Related topics Preparation and properties (I2)
Properties (J2)
Structure and properties (K1)
Preparation and physical properties

of alkyl halides (L1)

Properties of alcohols and phenols
(M3)

Spectroscopy (P1)

Introduction

Fragmentation
patterns and

daughter ions

Analysis of a mass
spectrum

High-resolution
mass spectroscopy

Isotopic ratios

Introduction Mass spectroscopy is useful in the analysis of an organic compound since it can
provide information about the molecular weight, the presence of specific elements
(e.g. nitrogen, chlorine or bromine) and the presence of specific functional groups.
Put at its simplest, a mass spectrum measures the mass of ions, but to be more
precise, it is a measure of the mass/charge ratio (m/e). However, the vast majority
of ions detected are singly charged (e=1). In order to obtain a mass spectrum, the
molecules of the test compound have to be ionized under reduced pressure. There



are several ways in which this can be carried out, but the most common method
is known as electron ionization (EI). 

Electron ionization involves bombarding the test molecule with high-energy
electrons such that the molecule loses an electron and ionizes to give a radical
cation called a molecular ion (also called the parent ion). This molecular ion is
then accelerated through a magnetic field towards a detector. The magnetic field
causes the ion to deviate from a straight path and the extent of deviation is related
to mass and charge (i.e. the lighter the ion the greater the deviation). Assuming a
charge of 1, the deviation will then be a measure of the mass. The mass can then
be measured to give the molecular weight.

The mass of a molecular ion must be even unless the molecule contains an odd
number of nitrogen atoms. This is because nitrogen is the only ‘organic’ element
with an even mass number and an odd valency. Therefore, an odd numbered mass
for a molecular ion is an indication of the presence of at least one nitrogen atom.

Sometimes, the molecular ion is not observed in the spectrum. This is because
electron ionization requires compounds to be vaporized at high temperature and
the molecular ion may fragment before it can be detected. In cases like this, it is
necessary to carry out the ionization under milder conditions such that the mole-
cular ion is less likely to fragment (i.e. by chemical ionization or by fast atom
bombardment). You may ask why these milder conditions are not used routinely.
The reason is that fragmentation can give useful information about the structure
of the molecule (see below).

The molecular ion peak is usually strong for aromatic amines, nitriles, fluorides
and chlorides. Aromatic and heteroaromatic hydrocarbons will also give intense
peaks if there are no alkyl side chains present greater than a methyl group. How-
ever, the peaks for molecular ions can be absent for long chain hydrocarbons,
highly branched molecules, and alcohols.

Isotopic ratios The pattern of peaks observed for a molecular ion often indicates the presence of
particular halogens such as chlorine or bromine. This is because each of these
elements has a significant proportion of two naturally occurring isotopes. Since
the position of the peaks in the mass spectrum depends on the mass of each
individual molecular ion, molecules containing different isotopes will appear at
different positions on the spectrum. Chlorine occurs naturally as two isotopes
(35Cl and 37Cl ) in the ratio 3 : 1. This means that the spectrum of a compound
containing a chlorine atom will have two peaks for the molecular ion. The two
peaks will be two mass units apart with a ratio of 3 : 1. For example ethyl chloride
will have two peaks for C2H5

35Cl and C2H5
37Cl at m/e 64 and 66 in a ratio of 3 : 1.

The naturally abundant isotope for carbon is 12C. However, the 13C isotope is
also present at a level of 1.1%. This can result in a peak one mass unit above the
molecular ion. For methane, the relative ratios of the peaks due to 12CH4 and 13CH4

is 98.9 : 1.1, and so the peak for 13CH4 is very small. However, as the number of car-
bon atoms increase in a molecule, there is a greater chance of a molecule contain-
ing a 13C isotope. For example, the mass spectrum for morphine shows a peak at
m/e 308 and a smaller peak at m/e 309 which is about a fifth as intense. The peak
at m/e 308 is due to morphine containing carbon atoms of isotope 12. The peak at
309 is due to morphine where one of the carbon atoms is 13C (i.e. 13C12C16H18NO3).
The intensity of the peak can be rationalized as follows. The natural abundance of
13C is 1.1%. In morphine there are 17 carbon atoms and so this increases the
chances of a 13C isotope being present by a factor of 17. Hence, the peak at 309 is
approximately 18% the intensity of the molecular ion at 308.
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Fragmentation The molecular ion is not the only ion detected in a mass spectrum. The molecular 
patterns and ion is a high-energy species, which fragments to give daughter ions that are also 
daughter ions detected in the spectrum. At first sight, fragmentation may seem to be a random

process, but fragmentation patterns are often characteristic of certain functional
groups and demonstrate the presence of those groups. 

Due to fragmentation, a mass spectrum contains a large number of peaks of
varying intensities. The most intense of these peaks is known as the base peak and
is usually due to a relatively stable fragmentation ion rather than the molecular
ion. Examples of stable ions are the tertiary carbonium (R3C

+), allylic (=C-CR2
+),

benzylic (Ar-CR2
+), aromatic (Ar+), oxonium (R2O

+) and immonium (R3N
+) ions. 

It is not possible to explain every peak observed in a mass spectrum and only
the more intense ones or those of high mass should be analyzed. These will be due
to relatively stable daughter ions. Alternatively, a fragmentation may result in a
stable radical. The radical being neutral is not observed, but the other half of the
fragmentation will result in a cation which is observed.

Many fragmentations give a series of daughter ions that are indicative of a
particular functional group. In other words, the molecular ion fragments to a
daughter ion, which in turn fragments to another daughter ion and so on. 

The intensity of a peak may sometimes indicate a favored fragmentation route.
However, care has to be taken since intense peaks can arise due to different frag-
mentation routes leading to the same ion, or be due to different fragmentation
ions of the same m/e value.

Analysis of a To illustrate the analysis of a mass spectrum, we shall look at the simple alkane 
mass spectrum nonane (Fig. 1). 

Nonane has a molecular formula of C9H20 and a molecular weight of 128. The
parent ion is the molecular ion at 128. There is a small peak at m/e 129, which is
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Fig. 1. Mass spectrum for nonane.



due to a molecule of nonane containing one 13C isotope (i.e. 12C8
13CH20). The nat-

ural abundance of 13C is 1.1%. Therefore the chances of a 13C isotope being present
in nonane are 9 × 1.1% = 9.9%. 

The base peak is at m/e 43. This is most likely a propyl ion [C3H7]
+. There are

peaks at m/e 29, 43, 57, 71, 85 and 99. These peaks are all 14 mass units apart
which corresponds to a CH2 group. The presence of a straight chain alkane is often
indicated by peaks which are 14 mass units apart (Fig. 2). 
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The characteristic peaks for a straight chain alkane are 14 mass units apart, but
this does not mean that the chain is being ‘pruned’ one methylene unit at a time.
Decomposition of carbocations occurs with the loss of neutral molecules such as
methane, ethene and propene, and not by the loss of individual methylene units.
For example, the daughter ion at m/e 99 can fragment with loss of propene to give
the ion at m/e 57. The daughter ion at m/e 85 can fragment with loss of ethene or
propene to give the ions at m/e 57 and m/e 43 respectively. The daughter ion at
m/e 71 can fragment with loss of ethene to give the ion at m/e 43.

There are significant peaks at m/e 27 and m/e 41. These peaks result from
dehydrogenation of the ions at m/e 29 and m/e 43 respectively. The peak at m/e
41 can also arise from the ion at m/e 57 by loss of methane.

The most intense peaks in the mass spectrum are at m/e 43 and m/e 57. The
ions responsible for these peaks [C3H7]

+ and [C4H9]
+ can arise from primary frag-

mentations of the molecular ion itself, as well as from secondary fragmentations
of daughter ions (m/e 99 to m/e 57; m/e 85 to m/e 43; m/e 71 to m/e 43).

In mass spectroscopy, the ions responsible for particular peaks are enclosed in
square brackets. This is because it is not really possible to specify the exact struc-
ture of an ion or the exact location of the charge. The ionization conditions used in
mass spectroscopy are such that fragmentation ions can easily rearrange to form
structures more capable of stabilizing the positive charge. For example, the frag-
mentation ion at m/e 57 arising from primary fragmentation is a primary carbo-
cation, but this can rearrange to the more stable tertiary carbocation (Fig. 3). 

High-resolution The molecular weight is measured by mass spectroscopy and is usually measured 
mass as a whole number with no decimal places. However, it is possible to measure the 
spectroscopy molecular weight more accurately (high resolution mass spectroscopy) to four

Fig. 2. Fragmentations for nonane (Fragmentations are indicated by the dotted lines. The
solid line at the end of each dotted line points to the part of the molecule which provides the
ion observed in the spectrum.).
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Fig. 3. Rearrangement of a primary carbocation to a tertiary carbocation.



decimal places and establish the molecular formula. Consider the molecules CO,
N2, CH2N and C2H4. All of these molecules have the same molecular weight of 28
and in a normal mass spectrum would produce a molecular ion of that value. In a
high-resolution mass spectrum, the molecular ion is measured to four decimal
places and so we have to consider the accurate atomic masses of the component
atoms. The accurate mass values for the ions are as follows:

CO+ = 12C16O+ Accurate mass = 12.0000 + 15.9949 = 27.9949
N2

+ = 14N2
+ Accurate mass = 28.0061

CH2N
+ = 12C1H2

14N+ Accurate mass = 12.0000 + 2.0156 + 14.0031 = 28.0187
C2H4

+ = 12C2
1H4

+ Accurate mass = 24.0000 + 4.0313 = 28.0313

If the measured mass of the molecular ion is 28.0076, this would be in line with
the theoretical accurate mass for nitrogen (i.e. 28.0062). Note that the peak being
measured in the mass spectrum is for the molecular ion. This ion contains the
most abundant isotope of all the elements present. For example, the molecular ion
for carbon monoxide is made up of 12C and 16O only. There are no molecules pre-
sent containing 13C or 17O since these would occur at a higher position in the mass
spectrum. Therefore, the theoretical values for the molecular weight are calculated
using the atomic weights for specific isotopes and not the accurate atomic weights
of the elements as they occur in nature. The latter (relative atomic weights) take
the relative abundances of the different isotopes into account and will be different
in value. For example, the accurate atomic weight of the carbon isotope 12C is
12.0000 and this is the value used for calculating the accurate mass of a molecular
ion. The accurate relative atomic weight of carbon is higher at 12.011 due to the
presence of the isotope 13C. 
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