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Infrared spectroscopy

Figure 1

Infrared radiation cannot be seen by the human eye.
This is because it lies outside the visible spectrum – it
has a lower energy (Fig. 1). Although it is invisible,
infrared radiation makes a highly visible
contribution  to analytical chemistry.  Infrared
spectroscopy is one of the most important analytical
techniques available to chemists and it is one of the
most familiar.

Infrared spectroscopy has advanced rapidly as an
analytical technique and it can now be used to look
at problems that were once thought to be too
difficult. Protein structures can now be investigated
as can microbiological systems – eg  the identification
of viruses and fungi. Infrared spectroscopy can also be
used to study the particles that block air filters (this
can keep chemical production plants running
smoothly), how fats crystallise in margarines and low
fat spreads, and it can also be used for categorising or
identifying fibres and paint chips in forensic analysis,
and for the screening of illicit substances. (Many
illicit drugs are ‘cut’ by adding other powders and
many of these powders contain carbohydrates that
are identified easily using infrared spectroscopy). One
very common use that most people would not want
to come into contact with is the use of infrared
absorption in breath tests for drink driving.

How a spectrometer works
Conventional infrared spectrometers are double
beam instruments.  This means that there are two
radiation beams, one passing through the sample and
the other passing through a reference – which can be
air. Radiation across the whole frequency range is
passed through the sample. A mono-chromator is
used to select radiation of only one frequency at a
time (monochromatic radiation) to pass through the
sample and the reference. As a particular frequency is
absorbed by the sample less radiation is transmitted.
A detector compares the energy that is transmitted

by the sample with the radiation that is passing
through the reference. From the difference the
spectrum is then plotted.

FTIR spectroscopy
In Fourier transform infrared spectroscopy (FTIR)
only one beam is used (Fig. 2) and all the required
frequencies pass through the instrument at once. It is
called FTIR spectroscopy because a mathematical
treatment – Fourier transformation – is used to
interpret the data and produce a spectrum. FTIR is a
fast, sensitive technique and is now used in most
modern chemical laboratories.

Recording a spectrum
Obtaining a good spectrum can depend on the
sample and how it is introduced into the machine.
The sample can be put into the machine in several
different ways depending on whether the sample is a
gas, a liquid or a solid.

Gases are introduced into the machine in a
special cell which is normally around 10 cm long.
Liquids can be introduced as a thin film between two
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potassium bromide or two sodium chloride discs.
(Sodium chloride cannot be used across the whole
frequency range because it absorbs radiation below
625 cm-1). Solids are ground up in nujol (a long chain
hydrocarbon) or are made into a KBr disc under
pressure.

What absorbs IR radiation?
Only those vibrations that result in the change of
molecular dipole (separation of positive and negative
charges) and having absorption frequencies in the
infrared region of the spectrum absorb infrared
radiation. Simple gas molecules such as H2, CI2 and O2

do not have dipoles and therefore do not give infrared
spectra. However, molecules such as SO2 and CO2 do
have dipoles, hence they have infrared spectra.

The theory
The physical property that is measured in infrared
spectroscopy is the ability of some molecules to absorb
infrared radiation.

Atoms in molecules are not static, as one might
think, but rather they vibrate about their equilibrium
positions. The frequency of these vibrations depends on
the mass of the atom and the length and strength of the
bonds. Molecular vibrations are stimulated by bonds
absorbing radiation of the same frequency as their
natural vibrational frequency (usually in the infrared
region). For each molecule a variety of vibrations is
possible (Fig. 3).

Infrared absorptions
Molecules such as SO2 (Fig. 4) and  CO2 (Fig. 5)
have spectra that are easy to interpret. However, it is
difficult to assign each absorption to a particular
vibrational mode for more complex molecules. This is
not a problem because it is possible to assign
absorptions to the vibrations of certain functional
groups. Because particular types of vibration always
occur at similar frequencies it is possible to build up a
table of characteristic absorption frequencies (Fig. 6).

Figure 4

Figure 5

Figure 3
Note: the + and – symbols indicate a movement

out of and into the plane of the paper respectively

By using characteristic absorption frequencies it is
easy to identify the presence of functional groups in
unknown compounds but more information is
required for a full structural determination. These
characteristic absorptions can sometimes be used to
show the purity of the sample.

The infrared spectrum can be split conveniently
into four regions:
1) 4000–2500 cm–1 : the absorption of single bonds

to hydrogen – eg  C–H, O–H and N–H;
2) 2500–2000 cm–1 : the absorption of triple bonds

– eg  C   C and C   N;
3) 2000–1500 cm-1 : the absorption of double bonds

– eg  C=C, C=O; and
4) 1500–400 cm–1 : absorption owing to other bond

deformations – eg rotating, scissoring and some
bending.

There are some exceptions – eg  N–H bending is
observed at 1620–1550 cm–1.
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Figure 6

C≡C stretch, alkynes, R–C≡C–R (v)

Aliphatic C–H stretch Free O–H stretch (sh) C–O–C asymmetric stretch (vs)

O–H stretch, COOH dimers (w, br)

C–O stretch (v)N–H stretch, amines (v)

C–H bending, C≡C–H (s)

Aromatic C–H stretch (w) C–H stretch, C≡C–H (sh)

O–H stretch, ROH (sh) C–H bending, aliphatic (v)

C–H stretch, alkenes (sh) C–H bending, C=C–H (m–s)
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N–H bend (v)

C=C aromatic stretch (m)

Abbreviations used:
w = weak, m = medium, s = strong, 
vs = very strong, v = variable, 
br = broad, sh = sharp.
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Explaining the regions
1) 4000–2500 cm–1

The high frequency of these stretches is due to the
low mass of the hydrogen atom. Typically C–H
stretches are found here.

2) 2500–2000 cm–1

Relatively high frequencies are required to provide
the high energies necessary to make the strong triple
bonds vibrate – eg  CH3CH2C≡N.

3) 2000–1500 cm–1

This is an important region because it is where the
C=O and C=C absorptions occur. These are
important for identifying compounds containing
these functional groups.

4) 1500–400 cm–1

This region is known as the ‘fingerprint region’
because this part of the spectrum is unique to each
compound. This region is rarely used for identifying
functional groups. Databases of spectral information
in the ‘fingerprint region’ are held by large
organisations and this can help to identify
compounds.

Hydrogen bonding
The absorption by O–H groups in alcohols and
carboxylic acids normally gives broad bands because
the vibrational mode is complicated by hydrogen
bonding. The broadness depends on the degree of
hydrogen bonding. The frequency of an alcoholic

O–H stretch depends on whether the alcohol is
primary, secondary or tertiary.

What is the structure?
It is rare for a structure to be determined on the basis
of an infrared spectrum alone. It is more common to
use the technique to confirm the presence of
functional groups or to support the structures that are
suggested by other analytical techniques.

The spectrum shown (Fig. 7) is for a colourless
mobile liquid which has a relative molecular mass of
78.5. The strong absorption at 1790 cm–1 suggests an acid
chloride (the characteristic absorption for an acyl
chloride – ROCl – is  1815–1790 cm–1), and the relative
mass suggests that chlorine is present. Subtracting the
mass of the acid chloride group (COCl) leaves 15 mass
units, this corresponds to a methyl group. There is also
absorption at  2900 cm–1 which is good evidence of a
C–H stretch. The substance is therefore ethanoyl
chloride, CH3COCl.

The second spectrum (Fig. 8) is of a solid with the
composition C 68.9 per cent, H 4.9 per cent and
O 26.2 per cent, and a relative mass of 122. From this
information and the spectrum it is possible to
determine the structure.

The percentage composition data gives the
empirical formula C7H6O2. From the spectrum, the
strong absorption at 1680 cm–1 suggests a carbonyl
group, and the peak at 2930 cm–1 is consistent with a
carboxylic acid O–H stretch. The sharp peak at
1480 cm–1 indicates the C–C stretch of an aromatic
ring. This should be accompanied by a sharp peak at
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Readers will find a more detailed explanation of infrared spectroscopy in C.B.Faust, Modern Chemical Techniques,
RSC, 1992. For further information contact The Education Department, The Royal Society of Chemistry, Burlington
House, Piccadilly, London W1J 0BA.
This leaflet is produced in association with The Royal Society of Chemistry Fine Chemicals and Medicinals Group.

carboxylic acid group bonded to an aromatic ring
gives a relative mass of 77+45=122. The unknown
sample must be benzoic acid, C6H5COOH.

3050–2950 cm–1 as the aromatic hydrogens vibrate.
This can be seen at the side of the carboxylic O–H
peak. The structure is almost solved now. A

Figure 8

2200 100014001800 400600800300038004600

100

90

80

70

60

50

40

30

20

10

0

Pe
r c

en
t t

ra
ns

m
itt

an
ce

Wavenumber  (cm-1)

Figure 7
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